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Preface
This is Part 2 of Volume 13 of the “Chemical Thermodynamics” (TDB) series, edited by
the OECD Nuclear Energy Agency (NEA), and is the second of two volumes describing
the selection of chemical thermodynamic data for species of iron. As confirmed in 2008,
because of the voluminous information in the literature it was decided that it would be
more efficient to prepare the review in two parts. Part 1 contained assessments of data for
the metal, simple ions, aqueous hydroxido, chlorido, sulfido, sulfato and carbonato
complexes, and for solid oxides and hydroxides, halides, sulfates, carbonates and simple
silicates – data judged to be of key interest for radioactive waste management
calculations. This second part of the review provides assessments of data for sulfide
solids, and solid and solution species with nitrate, phosphate and arsenate, for some
aqueous species not considered in TDB-Iron Part 1, and some aspects of solid solution
formation in iron-oxide and iron-sulfide systems. Even now, because of limitations on
resources and time, many complex solid systems such as iron titanates, aluminates and
more complex systems could not be assessed.
An organisational meeting was convened by Mireille Defranceschi of the NEA
in May 2010 at a symposium in Karlsruhe. Originally the iron Review Team included
Robert Lemire (chairperson), Donald Palmer, Peter Taylor, Hartmut Schlenz (with Dirk
Bosbach), and with Kastriot Spahiu as the NEA/TDB Executive Group Liaison. The first
technical meeting of the Review Team was held at the NEA offices in
Issy-les-Moulineaux, France in July 2011; a second meeting in May 2012 and a third in
October 2013 were held at the same venue. In addition, Peter Taylor and Hartmut
Schlenz met in Jülich in mid-February 2014. Dirk Bosbach subsequently withdrew
to pursue other interests. The final group meeting was held in Washington, D.C., United
States in December of 2016. The TDB-Iron Part 2 project at the NEA was co-ordinated
by Jane Perrone from 2010 through 2013. Then, Maria-Eleni Ragoussi took on those
duties, and was assisted by Davide Costa and Jesus Martinez. She also has carried out
the arduous task of preparing the volume from the drafts submitted by the iron team.
Editorial work was done in 2017 and early 2018, and the draft was submitted for peer
review in the summer and autumn of 2018.
Although almost all of the final Review Team members contributed text and
comments to several of the chapters, primary responsibility for the different chapters was
divided as follows: Peter Taylor for the sections on simple oxides, sulfides, selenides and
tellurides, Hartmut Schlenz for the sections concerning solid solutions, Donald Palmer
for the sections on aqueous halido species not considered in TDB-Iron Part 1, hydrolysis
updates, and nitrato, thiocyanato, sulfito, and aqueous silica and selenium complexes.
The chairman took the lead for the sections on iron phosphates, arsenates, the cyanido
complexes, and updates for several solids.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

vi

Preface

As was noted in TDB-Iron Part 1, ”key” iron-species values often are based on very
limited experimental studies, and few recent experimental values, especially for solution
species have been found. Also, in studies of some complicated systems, such as those
involving aqueous phosphato and arsenato species, the nature and relative amounts of
the different solution species are poorly understood. We have attempted to maintain
consistency with values selected or proposed in earlier TDB volumes (1 through 12). If
this was found to be impossible (only a very few cases), reasons have been presented.
Any chemical thermodynamic database does no more than represent a survey of
what is known as of a particular date. The time required to carefully compile and
consider data dictates that any database is at least slightly “out-of-date” when it appears
in print. The current version is no exception. Although an arbitrary “cut-off” date of
2014 was set for papers used in this review, a number of later papers have been included.
Unfortunately, despite extensive literature searches, it is likely that a few significant
earlier papers have been missed.
Deep River, Canada, February 2020

Robert J. Lemire, Chairperson
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Editor’s note
This is Part 2 of Volume 13 of a series of expert reviews of the chemical thermodynamics
of key chemical elements in nuclear technology and waste management. This volume is
the second part of a review devoted to the inorganic species and compounds of Iron. The
tables contained in Chapters III and IV list the currently selected thermodynamic values
within the NEA TDB Project. The database system developed at the NEA Data Bank
assures consistency among all the selected and auxiliary data sets.
The recommended thermodynamic data are the result of a critical assessment of
published information. The values in the auxiliary data set (see Tables IV-1 and IV-2)
have been adopted from CODATA key values or have been critically reviewed in this or
earlier volumes of the series.
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Part 1
Introductory material

Chapter I

I Introduction
I.1 Background
In the field of radioactive waste management, the hazardous material consists to a large
extent of actinides, fission products and activation products from nuclear reactors, in
addition to lesser amounts from other sources such as waste from medicine, industry
and research facilities. The scientific literature on thermodynamic data, mainly on
equilibrium constants and redox potentials in aqueous solution, has been contradictory
in a number of cases, especially in actinide chemistry. A critical and comprehensive
review of the available literature is necessary to establish a reliable thermochemical
database that fulfils the requirements for proper modelling of the behaviour of actinides
and fission products in the environment.
Between 1963 and 1967, the International Atomic Energy Agency (IAEA) in
Vienna published three technical reports with thermochemical assessments of the
nuclear fuel systems: U-C and Pu-C [1963IAE], UO2 and related phases [1965IAE], and
Pu-O and U-Pu-O [1967IAE]. These reports were followed by nine special issues of
Atomic Energy Review with compilations of physicochemical properties of compounds
and alloys of elements important in reactor technology: Pu, Nb, Ta, Be, Th, Zr, Mo, Hf
and Ti. In 1976, the IAEA also started publication of the series “The Chemical
Thermodynamics of Actinide Elements and Compounds”, oriented towards nuclear
engineers and scientists. This international effort resulted in the publication of ten
volumes, each concerning the thermodynamic properties of a given type of compounds
for the entire actinide series. These reviews cover the literature up to about 1984,
although the last volume published in this series, Part 12: The Actinide Aqueous
Inorganic Complexes [1992FUG/KHO] did not appear until 1992. Unfortunately, four
of the reviews planned for inclusion in the IAEA series, reviews of importance for
radioactive waste management, were never published (for example, Part 10: The
Actinide Oxides and Part 14: Aqueous Organic Complexes).
The Radioactive Waste Management Committee (RWMC) of the OECD
Nuclear Energy Agency (NEA) recognised the need for an internationally
acknowledged, high quality thermochemical database for application in the safety
assessment of radioactive waste disposal, and undertook the development of the NEA
Thermochemical Data Base (TDB) project [1988WAN], [2003MOM/WAN],
[2015RAG/BRA], [2019RAG/COS]. The RWMC assigned high priority to the critical
review of relevant chemical thermodynamic data of compounds and complexes
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containing any of the actinides uranium, neptunium, plutonium or americium, or the
fission product technetium. The first four books in this series on the chemical
thermodynamics of uranium [1992GRE/FUG], americium [1995SIL/BID], technetium
[1999RAR/RAN] and neptunium and plutonium [2001LEM/FUG] originated from this
initiative.
In 1998, Phase II of the TDB Project (TDB-II) was started to provide for
further needs of radioactive waste management programs by updating the existing
database and applying the TDB review methodology to other elements (nickel,
selenium, zirconium) and to simple organic compounds and complexes. In TDB-II the
overall objectives were set by a Management Board, including the representatives of 17
organisations from the field of radioactive waste management. These participating
organisations, together with the NEA, provided financial support for TDB-II. The TDBII Management Board was assisted in technical matters by a group of experts in
chemical thermodynamics (the Executive Group). The NEA acted in this phase as
Project Co-ordinator ensuring the implementation of the Project Guidelines and liaising
with the Review Teams. Five publications resulted from TDB-II: the update on the
chemical thermodynamics of uranium, neptunium, plutonium, americium and
technetium [2003GUI/FAN], the books on chemical thermodynamics of nickel
[2005GAM/BUG], selenium [2005OLI/NOL] and zirconium [2005BRO/CUR] and the
volume devoted to compounds and complexes of the above mentioned metals with
selected organic ligands [2005HUM/AND].
In 2003 TDB-III, the third phase of the Project, began, and it was organised in
a way similar to that used for TDB-II. An expert group was constituted to prepare a
state-of-the-art report on the chemical thermodynamics of solid solutions of interest in
radioactive waste management. That report [2007BRU/BOS] was published as volume
10 of the Chemical Thermodynamics Series. Also, three Review Teams were
established to focus on the elements thorium, tin and iron. The volumes devoted to
inorganic species and compounds of thorium [2008RAN/FUG] and tin
[2012GAM/GAJ] have been published as volumes 11 and 12 of the Chemical
Thermodynamics Series. However, it was recognised early in Phase III that assessment
of the chemical thermodynamics of inorganic species and complexes of iron was too
large an endeavour for a single book. Therefore, in 2008 the NEA RWMC and the
Executive Group endorsed deferral of the assessment of data for some iron species to
Phase IV of the Project. The first of two volumes on iron species and compounds, was
the final deliverable from TDB-III, and was published as volume 13a in the Chemical
Thermodynamics Series. The present volume, the second of the two volumes on iron
species, is published as part of Phase IV.
The earlier volumes of the series are listed in the frontispiece of this volume; it
may be noted that they and the companion volume on the modelling of aqueous
solutions [1997ALL/BAN], are available without charge on the NEA website,
http://www.tdb.nea.fr/dbtdb/info/publications/.
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Simultaneously with the NEA TDB project, other reviews on the physical and
chemical properties of actinides have appeared, including the book by Cordfunke et al.
[1990COR/KON], the series edited by Freeman et al. [1984FRE/LAN],
[1985FRE/LAN], [1985FRE/KEL], [1986FRE/KEL], [1987FRE/LAN], and
[1991FRE/KEL], Part 12 of the IAEA review series by Fuger et al. [1992FUG/KHO]
mentioned above and the two comprehensive books by Katz et al. [1986KAT/SEA] and
Morss et al. [2006MOR/EDE] (particularly Chapter 19 [2006KON/MOR]). All the
compilations mentioned, although much less detailed than the NEA reviews
(particularly with regard to documentation and discussion of published data), are
important sources of information, and complement the thermodynamic data contained in
the TDB volumes (though only with due regard to consistency).

I.2 Focus of the review
The first and most important step in the modelling of chemical reactions is to decide
whether they are controlled by chemical thermodynamics or kinetics, or possibly by a
combination of the two. This also applies to the modelling of more complex chemical
systems and processes, such as waste repositories of various kinds, the processes
describing transport of toxic materials in ground and surface water systems, global
geochemical cycles, etc.
As outlined in the previous section, the focus of the critical review presented in
this book is on the thermodynamic data of iron relevant to the safety assessment of
radioactive waste repositories in the geosphere. This includes the release of waste
components from the repository into the geosphere (i.e. its interaction with the waste
container and the other near-field materials) and their migration through the geological
formations and the various compartments of the biosphere. As ground waters and pore
waters are the transport media for the waste components, knowledge of the
thermodynamics of the corresponding elements in waters of various compositions is of
fundamental importance. Iron is a structural material that may be used during repository
construction, but also is a component of minerals that might be expected to have a
substantial role in conditioning ground water that will come in contact with waste.
The present review therefore puts much weight on the assessment of the
thermodynamics of iron in aqueous solution at ambient temperatures, and makes
independent analyses of the available literature in this area. Appendix B describes in
detail the Specific Ion Interaction Treatment that is the model selected for use in the
NEA TDB review series to describe ionic interactions between components in aqueous
solutions. This allows the general and consistent use of the selected data for modelling
purposes, regardless of the type and composition of the ground water.
The interactions between solid compounds and aqueous solutions are as
important as the interactions within the aqueous solution, because the solid materials in
the geosphere control the chemistry of the ground water, and also contribute to the
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overall solubilities of key elements. The present review therefore also considers the
thermodynamic data of many solid iron compounds.
This book contains a summary and critical reviews of the thermodynamic data
on compounds and complexes containing iron, as reported in the available chemical
literature up to the end of 2014, but several more recent references also are included. A
large number of primary references are discussed separately in Appendix A.
Although the focus of this review is on iron, it is necessary to use data on a
number of other species during the evaluation process that lead to the recommended
data. These auxiliary data are taken both from the publication of CODATA Key Values
[1989COX/WAG] and from the evaluation of additional auxiliary data in the other
volumes of this series detailed above, and their use is recommended by this review.
Care has been taken that all the selected thermodynamic data at standard conditions (cf.
Section II.3) and 298.15 K are internally consistent. For this purpose, special software
has been developed at the NEA Data Bank that is operational in conjunction with the
NEA TDB database system, cf. Section II.6. To maintain consistency in the application
of the values selected by this review, it is essential to use these auxiliary data when
calculating equilibrium constants involving iron compounds and complexes.
The present review is the second of two NEA TDB volumes for iron. The first
[2013LEM/BER] dealt primarily with data for the metal, simple ions, aqueous
hydroxido, chlorido, sulfido, sulfato and carbonato complexes, and for solid oxides and
hydroxides, halides, sulfates, carbonates and simple silicates. In this second volume
other halido complexes, the sulfides, solid solutions of the oxides and sulfides, solids
and complexes with selenium, tellurium and group 15 elements, as well as thiocyanato
and cyanato complexes have been reviewed. A few sections from the first volume have
been updated to include information in recent publications. Neither volume includes
data for species containing organic ligands or species in non-aqueous solvents.

I.3 Review procedure and results
The objective of the present review is to present an assessment of the sources of
published thermodynamic data in order to decide on the most reliable values and their
uncertainties that can be recommended for modelling purposes. Experimental
measurements published in the scientific literature are the main source for the selection
of recommended data. Previous reviews are not neglected, since they form a valuable
source of critical information on the quality of primary publications. When necessary,
experimental source data are re-evaluated by using chemical models which are either
found to be more realistic than those used by the original author, or are consistent with
subsequent experimental information. For example, data on solubilities might need to be
re-interpreted to take into account the crystal structure and particle size of the phases
actually investigated.
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Re-evaluation of literature values might be also necessary to correct for known
systematic errors (for example, if complex formation was neglected in the original
publication) or to make extrapolations to standard state conditions (I = 0) by using the
specific ion interaction (SIT) equations (cf. Appendix B). For convenience, these SIT
equations are referred to in some places in the text as “the SIT”. To ensure that
consistent procedures are used for the evaluation of primary data, a number of
guidelines have been developed. They have been updated and improved since 1987, and
their most recent versions are available at the NEA [1999WAN], [1999WAN/OST],
[2013GRE/MOM], [2000OST/WAN], [2000WAN/OST]. Some of the procedures also
are outlined in this volume, cf. Chapter II, Appendix B, and Appendix C. Parts of these
sections were recently revised in the thorium [2008RAN/FUG] and tin
[2012GAM/GAJ] reviews. Further minor changes were made in this review, including
corrections to a very few entries in the Tables of Appendix B.
Once the critical review process for each volume in the NEA TDB project is
completed, the resulting manuscript is reviewed independently by qualified experts
nominated by the NEA. The independent peer review is performed according to the
procedures outlined in the TDB-6 guideline [1999WAN]. The purpose of the additional
peer review is to obtain an independent view of the judgements and assessments made
by the primary reviewers, to verify assumptions, results and conclusions, and to check
whether the relevant literature has been exhaustively considered. The independent peer
review is performed by scientists having technical expertise in the subject matter to be
reviewed.
The thermodynamic data selected in the present review (see Chapter III) refer
to the reference temperature of 298.15 K and to standard conditions, cf. Section II.3. For
the modelling of real systems it is, in general, necessary to recalculate the standard
thermodynamic data to non-standard state conditions. For aqueous species a procedure
for the calculation of the activity factors is required. As noted earlier, this review uses
an approximate specific ion interaction treatment (SIT) for the extrapolation of
experimental data to the standard state in the data evaluation process, and in some cases
this requires the re-evaluation of original experimental values (solubilities, cell-potential
data, etc.). For maximum consistency, the selected data presented in this review must
always be used in conjunction with this method as described in Appendix B. The
thermodynamic data selected in this review are provided with uncertainties representing
the 95% confidence level. As discussed in Appendix C, there is no unique way to assign
uncertainties, and the assignments made in this review are to a large extent based on the
subjective choices of the reviewers, supported by their scientific and technical
experience in the corresponding area.
The quality of thermodynamic models cannot be better than the quality of the
data on which they are based. The quality aspect includes both the numerical values of
the thermodynamic data used in the model and the “completeness” of the chemical
model used, e.g., the inclusion of all the relevant dissolved chemical species and solid
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phases. For the user it is important to note that the selected data set presented in this
review (Chapter III) is certainly not “complete” with respect to all the conceivable
systems and conditions; there are gaps in the information. The gaps are pointed out in
the main text (Chapters V to X), and this information may be used as a basis for the
assignment of future research priorities. Addition of thermodynamic values from other
sources for modelling purposes without proper consideration of compatibility with the
values in Chapters III and IV may lead to incorrect results.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

Chapter II

II Standards, conventions and
contents of the tables
Equation Section 2
This chapter outlines and lists the symbols, terminology and nomenclature, the units and
conversion factors, the order of formulae, the standard conditions, and the fundamental
physical constants used in this volume. They are derived from international standards
and have been specially adjusted for the TDB publications.

II.1 Symbols, terminology and nomenclature
II.1.1 Abbreviations
Abbreviations are mainly used in tables where space is limited. Abbreviations for
methods of measurement are listed in Table II-1.
Table II-1: Abbreviations for experimental methods.
aix

Anion exchange

AES

Atomic Emission Spectroscopy

BET

Brunauer-Emmett-Teller specific surface area measurement

cal

Calorimetry

chr

Chromatography

cix

Cation exchange

col

Colorimetry

con

Conductivity

cou

Coulometry

cry

Cryoscopy

dis

Distribution between two phases

DSC

Differential Scanning Calorimetry

DTA

Differential Thermal Analysis

EDS

Energy Dispersive Spectroscopy

em

Electromigration

Ecell

Potential difference of an electrochemical cell

(Continued on next page)
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Table II-1 (continued)
EPMA

Electron Probe Micro Analysis

ESR

Electron Spin Resonance Spectroscopy

EXAFS

Extended X-ray Absorption Fine Structure

FTIR

Fourier Transform Infra Red

IDMS

Isotope Dilution Mass–Spectroscopy

IR

Infrared

gl

Glass electrode

ise–x

Ion selective electrode with ion X stated

isop

Isopiestic

ix

Ion exchange

kin

Rate of reaction

LIBD

Laser Induced Breakdown Detection

MVD

Molar Volume Determination

NMR

Nuclear Magnetic Resonance

PAS

Photo Acoustic Spectroscopy

pol

Polarography

pot

Potentiometry

prx

Proton relaxation

qh

Quinhydrone electrode

red

Ecell with redox electrode

rin

Refractometry (refractive index measurements)

SEM

Scanning Electron Microscopy

sp

Spectrophotometry

sol

Solubility

TC

Transient Conductivity

TEM

Transmission Electron Microscopy

TGA

Thermo Gravimetric Analysis

TLS

Thermal Lensing Spectrophotometry

Tj

Temperature jump

TRLFS

Time Resolved Laser Fluorescence Spectroscopy

UV

Ultraviolet

vlt

Voltammetry

XANES

X-ray Absorption Near Edge Structure

XRD

X-ray Diffraction

?

Method unknown to the reviewers

Other abbreviations may also be used in tables, such as SHE for the standard hydrogen
electrode or SCE for the saturated calomel electrode. The abbreviation NHE has been
widely used for the “normal hydrogen electrode”, which is by definition identical to the
SHE. It should nevertheless be noted that NHE customarily refers to a standard state
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pressure of 1 atm, whereas SHE always refers to a standard state pressure of 0.1 MPa
(1 bar) in this review.

II.1.2 Symbols and terminology
The symbols for physical and chemical quantities used in the TDB review follow the
recommendations of the International Union of Pure and Applied Chemistry, IUPAC
[1979WHI], [1993MIL/CVI], [2007COH/CVI]. They are summarised in Table II-2.
Table II-2: Symbols and terminology.
Symbols and terminology
length

l

height

h

radius

r

diameter

d

volume

V

mass

m

relative atomic mass

Ar

molar mass

M

density (mass divided by volume)



molar surface area



time

t

frequency



wavelength



internal transmittance (transmittance of the medium itself, disregarding boundary or

T

container influence)
internal transmission density, (decadic absorbance): log10(1/Ti)

A

molar (decadic) absorption coefficient: A / cB l




relaxation time
Avogadro constant

NA

relative molecular mass of a substance(a)

Mr

thermodynamic temperature, absolute temperature

T

Celsius temperature

t

(molar) gas constant

R

Boltzmann constant

kB

Faraday constant

F

(molar) entropy

Sm

(molar) heat capacity at constant pressure

C p,m

(molar) enthalpy

Hm

(molar) Gibbs energy

Gm

(Continued next page)
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Table II-2 (continued)
Symbols and terminology
μB

chemical potential of substance B
pressure

p

partial pressure of substance B: xB p

pB

fugacity of substance B

fB

fugacity coefficient: fB/pB

 fB

amount of substance(b)

n

mole fraction of substance B:

xB

molarity or concentration of a solute substance B (amount of B divided by the

cB, [B]

volume of the solution) (c)
molality of a solute substance B (amount of B divided by the mass of the solvent) (d)
factor for the conversion of molarity to molality of a solution: mB / cB
mean ionic molality ,
(e)

(ν  ν )
m + 



ν
ν
m+ m

aB

activity coefficient, molality basis: a B / mB

B

activity coefficient, concentration basis: aB / cB

yB

(ν  ν )

mean ionic activity (e), a +

ν

ν

 aB  a+ a
(ν  ν )

mean ionic activity coefficient (e),   +

a
ν

ν

  +  

2

2

ionic strength: I m  ½ i mi zi or I c ½ i ci zi

SIT ion interaction coefficient between substance B 1 and substance B2)
stoichiometric coefficient of substance B (negative for reactants, positive for products
general equation for a chemical reaction

g:
*:

 (B1, B2 )
B
0   B B B

K

charge number of an ion B (positive for cations, negative for anions)

zB

charge number of a cell reaction

n

Potential difference of an electrochemical cell

E

pH =  log10 [ aH+ / (mol·kg )]

pH

molar conductivity



molar conductivity at I = 0

0

superscript for standard state.(g)
°
Ratio of the average mass per formula unit of a substance to 121 of the mass of an atom of nuclide 12C.
cf. sections 1.2 and 3.6 of the IUPAC manual [1979WHI].
This quantity is called “amount–of–substance concentration” in the IUPAC manual [1979WHI]. A
3
solution with a concentration equal to 0.1 mol  dm is called a 0.1 molar solution or a 0.1 M solution.
A solution having a molality equal to 0.1 moles of solute per kg solvent is called a 0.1 molal solution or
a 0.1 m solution.
For an electrolyte N  X  which dissociates into   (   +    ) ions, in an aqueous solution with
molality m, the individual cationic molality and activity coefficient are m (  ν + m) and γ + (  a /m ) .
A similar definition is used for the anionic symbols. Electrical neutrality requires that  + z+    z .
Special notations for equilibrium constants are outlined in Section II.1.7. In some cases, K c is used to
indicate a concentration constant in molar units, and K m a constant in molal units.
See Section II.3.1.
In many places in this volume aW has been used as synonym for aH2O .
+

f:

I

equilibrium constant (f)

1

e:

y



osmotic coefficient, molality basis

d:


m

activity of substance B (*)

a:
b:
c:

mB
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II.1.3 Chemical formulae and nomenclature
This review follows the recommendations made by IUPAC [1971JEN], [1977FER],
[1990LEI] on the nomenclature of inorganic compounds and complexes, except for the
following items:


The formulae of co-ordination compounds and complexes are not enclosed in
square brackets [1971JEN] (Rule 7.21). Exceptions are made in cases where
square brackets are required to distinguish between co-ordinated and uncoordinated ligands.



The prefixes “oxy-” and “hydroxy-” are retained if used in a general way, e.g.,
“gaseous uranium oxyfluorides”. For specific formula names, however, the
IUPAC recommended citation [1971JEN] (Rule 6.42) is used, e.g.,
“uranium(IV) difluoride oxide” for UF2 O(cr).

An IUPAC rule that is often not followed by many authors [1971JEN]
(Rules 2.163 and 7.21) is recalled here: the order of arranging ligands in co-ordination
compounds and complexes is the following: central atom first, followed by ionic ligands
and then by the neutral ligands. If there is more than one ionic or neutral ligand, the
alphabetical order of the symbols of the ligands determines the sequence of the ligands.
For example, (UO2 )2CO3 (OH)3 is standard, (UO2 )2 (OH)3CO3 is not recommended.
It is convenient to have a shorthand method of referring to an ionic medium
where the anion concentration is kept constant, but the cation concentrations vary, since
such solutions are often used to minimise changes in interionic attractions. For this we
enclose the major cation in parentheses. For example, a solution described as “3.00 M
(Na)ClO4” could be a mixture of 0.01 M Th(ClO4)4 and 2.96 M NaClO4 with a total
perchlorate concentration of 3.00 M.
Abbreviations of names for organic ligands appear sometimes in formulae.
Following the recommendations by IUPAC, lower case letters are used, and if
necessary, the ligand abbreviation is enclosed within parentheses. Hydrogen atoms
that can be replaced by the metal atom are shown in the abbreviation with an
upper case “H”, for example: H3edta  , Am(Hedta)(s) (where edta stands for
ethylenediaminetetraacetate).

II.1.4 Phase designators
Chemical formulae may refer to different chemical species and are often required to be
specified more clearly in order to avoid ambiguities. For example, UF4 occurs as a gas,
a solid, and an aqueous complex. The distinction between the different phases is made
by phase designators that immediately follow the chemical formula and appear in
parentheses. The only formulae that are not provided with a phase designator are
aqueous ions. They are the only charged species in this review since charged gases are
not considered. The use of the phase designators is described below.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

14

II Standards, conventions and contents of the tables



The designator (l) is used for pure liquid substances, e.g., H2O(l).



The designator (aq) is used for undissociated, uncharged aqueous species, e.g.,
U(OH)4(aq), CO2(aq). Since ionic gases are not considered in this review, all
ions may be assumed to be aqueous and are not designed with (aq). If a
chemical reaction refers to a medium other than H 2 O (e.g., D 2 O , 90%
ethanol/10% H2O), then (aq) is replaced by a more explicit designator, e.g.,
“(in D 2 O )” or “(sln)”. In the case of (sln), the composition of the solution is
described in the text.



The designator (sln) is used for substances in solution without specifying the
actual equilibrium composition of the substance in the solution. Note the
difference in the designation of H 2 O in Eqs. (II.2) and (II.3). H 2 O(l) in
Reaction (II.2) indicates that H 2 O is present as a pure liquid, i.e., no solutes
are present, whereas Reaction (II.3) involves an HCl solution, in which the
thermodynamic properties of H2 O(sln) may not be the same as those of the
pure liquid H2O(l). In dilute solutions, however, this difference in the
thermodynamic properties of H2O can be neglected, and H2 O(sln) may be
regarded as pure H2O(l).
Example:
UO2 Cl2 (cr) + 2 HBr(sln)
UO2 Cl2 ·3H 2 O(cr)
UO3 (γ) + 2 HCl(sln)

UO2 Br2 (cr) + 2 HCl(sln)

(II.1)

UO2 Cl2 ·H2 O(cr) + 2 H2 O(l)

(II.2)

UO2 Cl2 (cr) + H 2 O(sln)

(II.3)



The designators (cr), (am), (vit), and (s) are used for solid substances. (cr) is
used when it is known that the compound is crystalline, (am) when it is known
that it is amorphous, and (vit) for glassy substances. Otherwise, (s) is used.



In some cases, more than one crystalline form of the same chemical
composition may exist. In such a case, the different forms are distinguished by
separate designators that describe the forms more precisely. If the crystal has a
mineral name, the designator (cr) is replaced by the first four characters of the
mineral name in parentheses. If there is no mineral name, the designator (cr) is
replaced by a Greek letter preceding the formula and indicating the structural
phase, e.g., -UF5, -UF5.

Phase designators are also used in conjunction with thermodynamic symbols to
define the state of aggregation of a compound to which a thermodynamic quantity
refers. The notation is in this case the same as outlined above. In an extended notation
(cf. [1982LAF]) the reference temperature is usually given in addition to the state of
aggregation of the composition of a mixture.
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Example:

f Gm (Na + , 298.15 K)

standard molar Gibbs energy of formation of aqueous Na+ at 298.15 K

Sm (UO2 (SO4 )·2.5H2O, cr, 298.15 K)

standard molar entropy of
UO2 (SO4 )·2.5H 2 O(cr) at 298.15 K

C p,m (UO3 , , 298.15 K)

standard molar heat capacity of -UO3
at 298.15 K

f Hm (HF, sln, HF·7.8H2 O)

enthalpy of formation of HF diluted
1:7.8 with water.

II.1.5 Processes
Chemical processes are denoted by the operator , written before the symbol for a
property, as recommended by IUPAC [1982LAF]. An exception to this rule is the
equilibrium constant, cf. Section II.1.7. The nature of the process is denoted by
annotation of the , e.g., the Gibbs energy of formation, f Gm , the enthalpy of
sublimation, sub H m , etc. The abbreviations of chemical processes are summarised in
Table II-3.
Table II-3: Abbreviations used as subscripts of  to denote the type of chemical process.
Subscript of

1



Chemical process

at

separation of a substance into its constituent gaseous atoms (atomisation)

dehyd

elimination of water of hydration (dehydration)

dil

dilution of a solution

f

formation of a compound from its constituent elements

fus

melting (fusion) of a solid

hyd

addition of water of hydration to an unhydrated compound

mix

mixing of fluids or solid phases1

r

chemical reaction (general)

sol

process of dissolution

sub

sublimation (evaporation) of a solid

tr

transfer from one solution or liquid phase to another

trs

transition of one solid phase to another

vap

vaporisation (evaporation) of a liquid

The non-standard nomenclature ΔXmix is used to describe thermodynamic quantities for solid-phase mixing, following usage in Geiger’s book [2001GEI].
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The most frequently used symbols for processes are  f G and  f H , the Gibbs
energy and the enthalpy of formation of a compound or complex from the elements in
their reference states (cf. Table II-6).

II.1.6 Nomenclature in log terms
It is of course clear that the arguments used in log functions must be dimensionless, and
this practice has been used in writing pressures, usually as log10p/bar. However, since
the units of the equilibrium constants, Km and Kc, are frequently quite cumbersome, they
have been omitted in the log terms of these ( log10 K m and log10 Kc ) to facilitate reading
of the text.

II.1.7 Equilibrium constants
IUPAC has not explicitly defined the symbols and terminology for equilibrium
constants of reactions in aqueous solution. The NEA TDB Project has therefore adopted
the conventions that have been used in the work Stability Constants of Metal Ion
Complexes by Sillén and Martell [1964SIL/MAR], [1971SIL/MAR]. An outline is
given in the paragraphs below. Note that, for some simple reactions, there may be
different correct ways to index an equilibrium constant. It may sometimes be preferable
to indicate the number of the reaction to which the data refer, especially in cases where
several ligands are discussed that might be confused. For example, for the equilibrium:

mM+q L

(II.4)

Mm Lq

both βq , m and β (II.4) would be appropriate, and βq , m (II.4) is accepted, too. Note that,
in general, K is used for the consecutive or stepwise formation constant, and  is used
for the cumulative or overall formation constant. In the following outline, charges are
only given for actual chemical species, but are omitted for species containing general
symbols (M, L).
The expressions in sub-Sections II.1.7.1.1 through II.1.7.1.4 are expressed in
terms of (amount substance) concentrations (i.e., [X]  cX and the constants are Kc;
cf. footnote f to Table II-2), but parallel nomenclature has been used in the rest of the
review for equilibria expressed using molalities (Km) or using activities in thermodynamic equilibrium constants ( K ο ) . The units here for

Kc  Π c B
B

are (mol·dm–3)BB.
II.1.7.1

Protonation of a ligand

H+ + Hr 1L

Hr L

K1, r =

 H r L 
 H   H r 1L 
+
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r H+ + L

1, r =

Hr L

 H r L 
r
 H +   L 
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(II.6)

This notation has been proposed and used by Sillén and Martell [1964SIL/MAR], but it
has been simplified later by the same authors [1971SIL/MAR] from K1,r to K r .
For the addition of a ligand, the notation shown in Eq. (II.7) is used.

HLq 1 + L

Kq =

HLq

 HL q 
 HL q 1   L 

(II.7)

Eq. (II.8) refers to the overall formation constant of the species Hr Lq .

r H+ + q L

q,r =

H r Lq

 H r L q 
r
q
 H +   L 

(II.8)

In Eqs. (II.5), (II.6) and (II.8), the second subscript r can be omitted if r = 1, as
shown in Eq. (II.7).
Example:

H+ + PO34

HPO24

2 H+ + PO34

II.1.7.2

H2 PO4

1,1  1 =

 HPO24  
 H +   PO34 

 H 2 PO 4 
2
 H +   PO34 

1,2 =

Formation of metal complexes

MLq 1 + L

MLq

M+q L

MLq

Kq =

 ML q 
 ML q 1   L

 MLq 
q = 
q

 M  L

(II.9)

(II.10)

For the addition of a metal ion, i.e., the formation of polynuclear complexes, the
following notation is used, analogous to Eq. (II.5):
M + M m 1L

Mm L

K1, m =

 M m L

 M  M m 1L

(II.11)

Eq. (II.12) refers to the overall formation constant of a complex Mm Lq .

mM+q L

Mm Lq

M m Lq 
 q , m =  m q

 M   L

(II.12)
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The second index can be omitted if it is equal to 1, i.e., βq , m becomes q if
m = 1. The formation constants of mixed ligand complexes are not indexed. In this case,
it is necessary to list the chemical reactions considered and to refer the constants to the
corresponding reaction numbers.
It has sometimes been customary to use negative values for the indices of the
protons to indicate complexation with hydroxide ions, OH . This practice is not
adopted in this review. If OH occurs as a reactant in the notation of the equilibrium, it
is treated like a normal ligand L, but in general formulae the index variable n is used
instead of q. If H 2 O occurs as a reactant to form hydroxide complexes, H 2 O is
considered as a protonated ligand, HL, so that the reaction is treated as described below
in Eqs. (II.13) to (II.15) using n as the index variable. For convenience, no general form
is used for the stepwise constants for the formation of the complex MmLqHr. In many
experiments, the formation constants of metal ion complexes are determined by adding
a ligand in its protonated form to a metal ion solution. The complex formation reactions
thus involve a deprotonation reaction of the ligand. If this is the case, the equilibrium
constant is supplied with an asterisk, as shown in Eqs. (II.13) and (II.14) for
mononuclear and in Eq. (II.15) for polynuclear complexes.

MLq 1 + HL

M + q HL

MLq + H+

*

+

*

MLq + qH

m M + q HL

Mm Lq + qH

 ML q   H + 
Kq = 
 ML q 1   HL 

 MLq   H + 
q = 
q
 MHL

q,m

*

+

(II.13)

q

 M m Lq   H + 
= 
m
q
 M  HL

(II.14)
q

(II.15)

Example:

UO2+
+ HF(aq)
2

2+
2

3 UO

UO2 F+  H+

+ 5 H2 O(l)

*

+
5

+

(UO2 )3 (OH) + 5 H

UO2 F+  H+ 
K1 = *1 =  2+   
UO2  HF(aq)

5,3

*

(UO2 )3 (OH)5+   H + 
=
3
 UO2+

2 

5

Note that an asterisk is only assigned to the formation constant if the protonated ligand that is added is deprotonated during the reaction. If a protonated ligand is added and co-ordinated as such to the metal ion, the asterisk is to be omitted, as shown in
Eq. (II.16).

M + q Hr L

M(Hr L)q

 M(H r L) q 
q = 
q

 M  H r L 
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Example:
2+
2

UO

II.1.7.3


4

 UO2 (H 2 PO4 )3 
3 =
 3
 UO2+


2   H 2 PO 4 


4 3

+ 3 H2 PO

UO2 (H2 PO )

Solubility constants

Conventionally, equilibrium constants involving a solid compound are denoted as “solubility constants” rather than as formation constants of the solid. An index “s” to the
equilibrium constant indicates that the constant refers to a solubility process, as shown
in Eqs. (II.17) to (II.19).
M a Lb (s)

Ks,0 =  M  L
a

a M+bL

b

(II.17)

Ks,0 is the conventional solubility product, and the subscript “0” indicates that
the equilibrium reaction involves only uncomplexed aqueous species. If the solubility
constant includes the formation of aqueous complexes, a notation analogous to that of
Eq. (II.12) is used:
 mb

M m Lq + 
 qL
 a


m
M a Lb (s)
a

Ks, q , m =  M m L q   L 

(

mb
q)
a

(II.18)

Example:

Ks,1,1 = Ks,1 =  UO2 F+  F  .

UO2 F+ + F

UO2 F2 (cr)

Similarly, an asterisk is added to the solubility constant if it simultaneously
involves a protonation equilibrium:

m
 mb

M a Lb (s) + 
 q  H+
a
a



 mb

M m Lq + 
 q  HL
a


(

*

K s, q , m

 M m L q   HL 
= 
mb
(
q)
 H +  a

mb
q)
a

(II.19)

Example:

U(HPO4 )2 ·4H2O(cr) + H+
*

*

K s,1,1 = K s,1

UHPO42+ + H2 PO4 + 4H2 O(l)


 UHPO 2+


4   H 2 PO 4 
=
.
 H + 
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II.1.7.4

Equilibria involving the addition of a gaseous ligand

A special notation is used for constants describing equilibria that involve the addition of
a gaseous ligand, as outlined in Eq. (II.20).

MLq 1 + L(g)

MLq

K p, q =




MLq 
ML

q 1  pL


(II.20)

The subscript “p” can be combined with any other notations given above.
Example:
CO2 (g)

CO 2 (aq)

3 UO2+
2 + 6 CO2 (g) + 6 H2 O(l)

CO2 (aq)

Kp 

pCO2

(UO2 )3 (CO3 )66  12 H+
12

 p ,6,3

*

(UO2 )3 (CO3 )66    H + 
= 
3
 UO2+
 6
2  pCO2

UO2CO3 (cr) + CO2 (g) + H2O(l)
*

K p , s, 2

UO2 (CO3 )22  2 H+

 UO2 (CO3 ) 22    H + 
= 
pCO2

2

In cases where the subscripts become complicated, it is recommended that K or

 be used with or without subscripts, but always followed by the equation number of the
equilibrium to which it refers.
II.1.7.5

Redox equilibria

Redox reactions are usually quantified in terms of their electrode (half cell) potential, E,
which is identical to the potential difference of a galvanic cell in which the electrode on
the left is the standard hydrogen electrode, SHE1, in accordance with the “1953
Stockholm Convention” [1993MIL/CVI]. Therefore, electrode potentials are given as
reduction potentials relative to the standard hydrogen electrode, which acts as an
electron donor. In the standard hydrogen electrode, H2(g) is at unit fugacity (an ideal gas
at unit pressure, 0.1 MPa), and H + is at unit activity. The sign of the electrode potential,
E, is that of the observed sign of its polarity when coupled with the standard hydrogen
electrode. The standard electrode potential, E  , i.e., the potential of a standard galvanic
cell relative to the standard hydrogen electrode (all components in their standard state,
cf. Section II.3.1, and with no liquid junction potential) is related to the standard Gibbs
energy change r Gm and the standard (or thermodynamic) equilibrium constant K  as
outlined in Eq. (II.21):

1

The definitions of SHE and NHE are given in Section II.1.1.
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1
RT
 r Gm =
ln K 
nF
nF

E = 

(II.21)

and the potential, E, is related to E  by:

E = E  ( RT /n F ) i ln ai .

(II.22)

For example, for the hypothetical galvanic cell:
Pt

H2(g, p = 1 bar)

HCl(aq, aH + = 1,

f H2

= 1)

Fe(ClO4)2 (aq, aFe2+ = 1)
Fe(ClO4)3 (aq, aFe3+ = 1)

(II.23)

Pt

where denotes a liquid junction and a phase boundary, the reaction is:
Fe3+ + ½ H2(g)  Fe2+ + H+

(II.24)

Formally Reaction (II.24) can be represented by two half cell reactions, each
involving an equal number of electrons, (designated “ e  ”), as shown in the following
equations:
Fe3+ + e
Fe2+
(II.25)
½ H2(g)  H+ + e–

(II.26)

The terminology is useful, although it must be emphasised “ e  ” here does not
represent the hydrated electron.
Equilibrium (II.26) and Nernst law can be used to introduce ae :
E = E  (II.26) 

RT
ln( f H2 / (aH+ ae  ))
F

(II.27)

According to the SHE convention E  (II.26) = 0, f H2 = 1, aH+ = 1, hence
E= 

RT
ln ae
F

(II.28)

This equation is used to calculate a numerical value of ae from potentialdifference measurements vs. the SHE; hence, as for the value of E (V vs. the SHE), the
numerical value of ae depends on the SHE convention. Equilibrium constants may be
written for these half cell reactions in the following way:
aFe2+
K  (II.25) =
(II.29)
aFe3+  ae
K  (II.26) =

aH+  ae
f H2

 1 (by definition)

(II.30)
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In addition, r Gm (II.26) = 0,  r H m (II.26) = 0, r Sm (II.26) = 0 by definition,
at all temperatures, and therefore r Gm (II.25) = r Gm (II.24). From r Gm (II.26) and
the values given at 298.15 K in selected auxiliary data for H 2(g) and H+, the corresponding values for e– can be calculated to be used in thermodynamic cycles involving half
cell reactions. The following equations describe the change in the redox potential of
Reaction (II.24), if pH2 and aH+ are equal to unity (cf. Eq. (II.22)):
 a 2+ 
E(II.24) = E  (II.24) – RT ln  Fe 
(II.31)
 a 3+ 
 Fe 
For the standard hydrogen electrode ae = 1 (by the convention expressed in
Eq. (II.30)), while rearrangement of Eq. (II.29) for the half cell containing the iron perchlorates in cell (II.23) gives:
 a 2+ 
 log10 ae = log10 K  (II.25) – log10  Fe 
 a 3+ 
 Fe 
and from Eq. (II.27):
 a 2+ 
(II.32)
 log10 ae = log10 K  (II.24) – log10  Fe 
 a 3+ 
 Fe 
F
 log10 ae =
E (II.24)
and
(II.33)
RT ln(10)

which is a specific case of the general equation (II.28).
The splitting of redox reactions into two half cell reactions by introducing the
symbol “ e  ”, which according to Eq. (II.27) is related to the standard electrode
potential, is arbitrary, but useful (this e– notation does not in any way refer to solvated
electrons). When calculating the equilibrium composition of a chemical system, both
“ e  ”, and H + can be chosen as components and they can be treated numerically in a
similar way: equilibrium constants, mass balance, etc. may be defined for both.
However, while H + represents the hydrated proton in aqueous solution, the above
equations use only the activity of “ e  ”, and never the concentration of “ e  ”.
Concentration to activity conversions (or activity coefficients) are never needed for the
electron (cf. Appendix B, Example B.3).
In the literature on geochemical modelling of natural waters, it is customary to
represent the “electron activity” of an aqueous solution with the symbol “pe” or “p ”
(   log10 ae ) by analogy with pH (   log10 aH+ ), and the redox potential of an
aqueous solution relative to the standard hydrogen electrode is usually denoted by either
“Eh” or “ EH ” (see for example [1981STU/MOR], [1982DRE], [1984HOS],
[1986NOR/MUN]).
In this review, the symbol E ο ' is used to denote the so-called “formal
potential” [1974PAR]. The formal (or “conditional”) potential can be regarded as a
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standard potential for a particular medium in which the activity coefficients are
independent (or approximately so) of the reactant concentrations [1985BAR/PAR] (the
definition of E ο ' parallels that of “concentration quotients” for equilibria). Therefore,
from
E = E ο' 

RT
  i ln ci
nF

(II.34)

E ο ' is the potential E for a cell when the ratio of the concentrations (not the activities)
on the right-hand side and the left-hand side of the cell reaction is equal to unity, and

Ecο ' = Ecο 

RT
 i ln  c ,i
nF

Ecο ' = Ecο 

RT
 i ln( · m ,i · H* 2 O )
nF

 mi mο  *
( H2O  ο ) m,i
ο 
 ci c 

 c ,i  

(II.35) (II.35a)
(II.35b)
(II.35c)1

where the  c,i and  m,i are the activity coefficients on amount concentration and molality basis, respectively [2008GAM/LOR], related by Eq. (II.35c), H* 2O is the density of
pure water, and  is ( mi ci ) , the ratio of molality to molarity (cf. Section II.2). The medium must be specified. Equation (II.35c) has been derived most elegantly by
[1959ROB/STO].

II.1.8 pH
Because of the importance that potentiometric methods have in the determination of
equilibrium constants in aqueous solutions, a short discussion on the definition of “pH”
and a simplified description of the experimental techniques used to measure pH will be
given here. For a comprehensive account, see [2002BUC/RON].
The acidity of aqueous solutions is often expressed in a logarithmic scale of the
hydrogen ion activity. The definition of pH as:

pH =  log10 aH+ =  log10 (mH+  H+ )
can only be strictly used in the range of the limiting Debye-Hückel equation (that is, in
extremely dilute solutions). In practice the use of pH values requires extra assumptions
as to the values for single ion activities. In this review values of pH are used to describe
qualitatively the ranges of acidity of experimental studies, and the assumptions
described in Appendix B are used to calculate single ion activity coefficients.
The determination of pH is often performed by potential-difference measurements of galvanic cells involving liquid junctions [1969ROS], [1973BAT]. A common
1

H* 2O is a variable depending on T, mο = 1 mol·kg–1, c ο = 1 mol·dm–3.
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setup is a cell made up of a reference half cell (e.g., Ag(s)|AgCl(s) in a solution of constant chloride concentration), a salt bridge, the test solution, and a glass electrode
(which encloses a solution of constant acidity and an internal reference half cell):
Pt(s)

Ag(s)

AgCl(s)

salt
bridge

KCl(sln)

a
where

test
solution

KCl(sln)

AgCl(s)

b

Ag(s)

Pt(s)

(II.36)

stands for a glass membrane (permeable to hydrogen ions).
The potential difference of such a cell is given by:
E = E* 

RT
ln aH + + E j
nF

where E * is a constant, and E j is the liquid junction potential. The purpose of the salt
bridge is to minimise the junction potential in junction “b”, while keeping constant the
junction potential for junction “a”. Two methods are most often used to reduce and control the value of E j . An electrolyte solution of high concentration (the “salt bridge”) is a
requirement of both methods. In the first method, the salt bridge is a saturated (or nearly
saturated) solution of potassium chloride. A problem with a bridge of high potassium
concentration is that potassium perchlorate might precipitate 1 inside the liquid junction
when the test solution contains a high concentration of perchlorate ions.
In the other method the salt bridge contains the same high concentration of the
same inert electrolyte as the test solution (for example, 3 M NaClO 4). However, if the
concentration of the background electrolyte in the salt bridge and test solutions is reduced, the values of E j are dramatically increased. For example, if both the bridge and
the test solution have [ClO4 ] = 0.1 M as background electrolyte, the dependence of the
liquid junction at “b” on acidity is E j   440 [H+] mV·dm3·mol–1 at 25 °C [1969ROS]
(p.110), which corresponds to an error of  0.07 in pH at a pH value of 2.
Because of the problems in eliminating the liquid junction potentials and in
defining individual ionic activity coefficients, an “operational” definition of pH is given
by IUPAC [1993MIL/CVI]. This definition involves the measurement of pH differences
between the test solution and standard solutions of known pH and similar ionic strength
(in this way similar values of  H+ and E j cancel each other when potential-difference
values are subtracted).
Another method of determining the molal H+ concentration, log10 mH , in
chloride solutions up to high ionic strength was proposed by Knauss et al.
[1990KNA/WOL]. The activity of HCl (aHCl) can be measured with a liquid junction
free cell consisting of a H+ sensitive glass electrode and a chloride sensitive electrode
from the relation:
log10 aHCl = ½ ( log10 mH + log10 mCl + log10  H + log10  Cl )
1

KClO4(cr) has a solubility of  0.15 M in pure water at 25 °C
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The value of log10 mH in the test solution can then be derived from the
measured value of log10 aHCl , the given chloride concentration log10 mCl and the
activity coefficients log10  H and log10  Cl which can be calculated either with the
SIT or, for higher chloride concentrations, with the Pitzer equations as proposed by
[1990KNA/WOL].
The measurement and use of pH in equilibrium analytical investigations
creates many problems that have not always been taken into account by the
investigators, as discussed in many reviews in Appendix A. In order to deduce the
stoichiometry and equilibrium constants of complex formation reactions and other
equilibria, it is necessary to vary the concentrations of reactants and products over fairly
large concentration ranges under conditions where the activity coefficients of the
species are either known, or constant. Only in this manner is it possible to use the mass
balance equations for the various components together with the measurement of one or
more free concentrations to obtain the information desired [1961ROS/ROS],
[1990BEC/NAG], [1997ALL/BAN], pp. 326–327. For equilibria involving hydrogen
ions, it is necessary to use concentration units, rather than hydrogen ion activity. For
experiments in an ionic medium, where the concentration of an “inert” electrolyte is
much larger than the concentration of reactants and products we can ensure that, as a
first approximation, their trace activity coefficients remain constant even for moderate
variations of the corresponding total concentrations. Under these conditions of fixed
ionic strength the free proton concentration may be measured directly, thereby defining
it in terms of  log10 [H+] (also often referred to as pHc, and correspondingly pHm for
log10 mH ) rather than on the activity scale as pH, and the value of – log10 [H+] and pH
will differ by a constant term, i.e., log10  H+ . Equilibrium constants deduced from
measurements in such ionic media are therefore conditional constants, because they
refer to the given medium, not to the standard state. In order to compare the magnitude
of equilibrium constants obtained in different ionic media it is necessary to have a
method for estimating activity coefficients of ionic species in mixed electrolyte systems
to a common standard state. Such procedures are discussed in Appendix B.


Note that the precision of the measurement of – log10 [H+] and pH is virtually
the same, in very good experiments,  0.001. However, the accuracy is generally considerably poorer, depending in the case of glass electrodes largely on the response of the
electrode (linearity, age, pH range, etc.), and to a lesser extent on the calibration method
employed, although the stoichiometric – log10 [H+] calibration standards can be prepared
far more accurately than the commercial pH standards.

II.1.9 Order of formulae
To be consistent with CODATA, the data tables are given in “Standard Order of Arrangement” [1982WAG/EVA]. This scheme is presented in Figure II-1 below, and
shows the sequence of the ranks of the elements in this convention. The order follows
the ranks of the elements.
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For example, for uranium, this means that, after elemental uranium and its
monoatomic ions (e.g., U4+ ), the uranium compounds and complexes with oxygen
would be listed, then those with hydrogen, then those with oxygen and hydrogen, and so
on, with decreasing rank of the element and combinations of the elements. Within a
class, increasing coefficients of the higher rank elements go before increasing coefficients of the lower rank elements. For example, in the U–O–F class of compounds and
complexes, a typical sequence would be UOF2 (cr) , UOF4 (cr) , UOF4 (g) , UO2 F(aq) ,
UO2 F+ , UO2 F2 (aq) , UO2 F2 (cr) , UO 2 F2 (g) , UO2 F3 , UO2 F42  , U2 O3 F6 (cr) , etc.
[1992GRE/FUG]. Formulae with identical stoichiometry are in alphabetical order of
their designators.
Figure II-1: Standard order of arrangement of the elements and compounds based on the
periodic classification of the elements (from [1982WAG/EVA]).

II.1.10 Reference codes
The references cited in the review are ordered chronologically and alphabetically by the
first two authors within each year, as described by CODATA [1987GAR/PAR]. A
reference code is made up of the four digits of the year of appearance, followed by the
first three letters of the surnames of the first two authors, separated by a slash.
If there are multiple reference codes, a “2” will be added to the second one, a “3”
to the third one, and so forth. Reference codes are always enclosed in square brackets.
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II.2 Units and conversion factors
Thermodynamic data are given according to the Système International d'unités (SI
units). The unit of energy is the joule. Some basic conversion factors, also for nonthermodynamic units, are given in Table II-4.
Table II-4: Unit conversion factors.
To convert from
(non–SI unit symbol)

to
(SI unit symbol)

multiply by

ångström (Å)
standard atmosphere (atm)
bar (bar)
thermochemical calorie (cal)
1
1
entropy unit e.u. cal·K ·mol

metre (m)
pascal (Pa)
pascal (Pa)
joule (J)

110–10 (exactly)
1.01325105 (exactly)
1105 (exactly)
4.184 (exactly)
4.184 (exactly)

1

J·K ·mol

1

Since a large part of the NEA TDB Project deals with the thermodynamics of
aqueous solutions, the units describing the amount of dissolved substance are used very
frequently. For convenience, this review uses “M” as an abbreviation of “ mol·dm3 ” for
molarity, c, and, in Appendices B and C, “m” as an abbreviation of “ mol·kg1 ” for molality, m. It is often necessary to convert data from molarity to molality and vice versa.
This conversion is used for the correction and extrapolation of equilibrium data to zero
ionic strength by the specific ion interaction treatment, which works on molality basis
(cf. Appendix B). This conversion is made in the following way.
Molality1, mB , is defined as the amount of substance, nB dissolved in the mass
of pure solvent, mA , which in most cases is pure water
mB = nB / mA .

Molarity (concentration), cB , is defined as the amount of substance, nB , dissolved in the volume, V, of solution
cB = nB /V.

Density of solution,  is given by mass of solution divided by its volume,

 = ( nB M B + mA )/V
where M is the molar mass of the solute.

1

In this derivation the symbol m is used with two different meanings: mB denotes the molality of solute B
and mA denotes the mass of solvent A.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

28

II Standards, conventions and contents of the tables

From this it follows that:
mB =

cB
  cB M B

.

When the ionic strength is kept high and constant by an inert electrolyte, I, the
ratio mB/cB can be approximated by
mB
1

cB
  cI M I

where cI is the concentration of the inert electrolyte and MI its molar mass.
Baes and Mesmer [1976BAE/MES], (p.439) give a table with conversion factors (from molarity to molality) for nine electrolytes at various ionic strengths. Conversion factors at 298.15 K for twenty one electrolytes, calculated using the density equations reported by Söhnel and Novotný [1985SOH/NOV], are reported in Table II-5.
Example:

1.00 M NaClO4

1.05 m NaClO4

1.00 M NaCl

1.02 m NaCl

4.00 M NaClO4

4.95 m NaClO4

6.00 M NaNO3

7.55 m NaNO3

It should be noted that equilibrium constants need also to be converted if the
concentration scale is changed from molarity to molality or vice versa. For a general
equilibrium reaction, 0 =  B  B B , the equilibrium constants can be expressed either in
molarity or molality units, K c or K m , respectively:

log10 Kc   B log10 cB
B

log10 K m   B log10 mB
B

With (mB /cB ) = , or (log10 mB  log10 cB ) = log10 , the relationship between
Kc and K m becomes very simple, as shown in Eq. (II.38).

log10 Km  log10 Kc   B log10 

(II.38)

B

 B ν B is the sum of the stoichiometric coefficients of the solutes and the values of  are the factors for the conversion of molarity to molality as tabulated in Table
II-5 for several electrolyte media at 298.15 K. The differences between the values in
Table II-5 and the values listed in the uranium NEA TDB review [1992GRE/FUG]
(p.23) are found at the highest concentrations, and are no larger than  0.003 dm3∙kg–1,
reflecting the accuracy expected in this type of conversion. The uncertainty introduced
by the use of Eq. (II.38) in the values of log10 Km will be no larger than  0.001  B B .
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Table II-5: Factors  for the conversion of molarity, cB , to molality, mB , of a substance B, in various media at 298.15 K (calculated from densities in [1985SOH/NOV]).
 = mB / cB (dm3 of solution per kg of H2O)
c (M)

HClO4

NaClO4

LiClO4

NH4ClO4

Ba(ClO4)2

HCl

NaCl

LiCl

0.10

1.0077

1.0075

1.0074

1.0091

1.0108

1.0048

1.0046

1.0049

0.25

1.0147

1.0145

1.0141

1.0186

1.0231

1.0076

1.0072

1.0078

0.50

1.0266

1.0265

1.0256

1.0351

1.0450

1.0123

1.0118

1.0127

0.75

1.0386

1.0388

1.0374

1.0523

1.0685

1.0172

1.0165

1.0177

1.00

1.0508

1.0515

1.0496

1.0703

1.0936

1.0222

1.0215

1.0228

1.50

1.0759

1.0780

1.0750

1.1086

1.1491

1.0324

1.0319

1.0333

2.00

1.1019

1.1062

1.1019

1.2125

1.0430

1.0429

1.0441

3.00

1.1571

1.1678

1.1605

1.3689

1.0654

1.0668

1.0666

4.00

1.2171

1.2374

1.2264

1.0893

1.0930

1.0904

5.00

1.2826

1.3167

1.1147

1.1218

1.1156

6.00

1.3547

1.4077

c (M)

KCl

NH4Cl

MgCl2

CaCl2

NaBr

1.1418
HNO3

NaNO3

1.1423
LiNO3

0.10
0.25
0.50
0.75
1.00
1.50
2.00
3.00
4.00
5.00
6.00

1.0057
1.0099
1.0172
1.0248
1.0326
1.0489
1.0662
1.1037
1.1453

1.0066
1.0123
1.0219
1.0318
1.0420
1.0632
1.0855
1.1339
1.1877
1.2477

1.0049
1.0080
1.0135
1.0195
1.0258
1.0393
1.0540
1.0867
1.1241

1.0044
1.0069
1.0119
1.0176
1.0239
1.0382
1.0546
1.0934
1.1406
1.1974

1.0054
1.0090
1.0154
1.0220
1.0287
1.0428
1.0576
1.0893
1.1240
1.1619
1.2033

1.0056
1.0097
1.0169
1.0242
1.0319
1.0478
1.0647
1.1012
1.1417
1.1865
1.2361

1.0058
1.0102
1.0177
1.0256
1.0338
1.0510
1.0692
1.1090
1.1534
1.2030
1.2585

1.0059
1.0103
1.0178
1.0256
1.0335
1.0497
1.0667
1.1028
1.1420
1.1846
1.2309

c (M)
0.10
0.25
0.50
0.75
1.00
1.50
2.00
3.00
4.00
5.00
6.00

NH4NO3
1.0077
1.0151
1.0276
1.0405
1.0539
1.0818
1.1116
1.1769
1.2512
1.3365
1.4351

H2SO4
1.0064
1.0116
1.0209
1.0305
1.0406
1.0619
1.0848
1.1355
1.1935
1.2600
1.3365

Na2SO4
1.0044
1.0071
1.0127
1.0194
1.0268
1.0441

(NH4)2SO4
1.0082
1.0166
1.0319
1.0486
1.0665
1.1062
1.1514
1.2610
1.4037

H3PO4
1.0074
1.0143
1.0261
1.0383
1.0509
1.0773
1.1055
1.1675
1.2383
1.3194
1.4131

Na2CO3
1.0027
1.0030
1.0043
1.0065
1.0094
1.0170
1.0268

K2CO3
1.0042
1.0068
1.0121
1.0185
1.0259
1.0430
1.0632
1.1130
1.1764
1.2560

NaSCN
1.0069
1.0130
1.0234
1.0342
1.0453
1.0686
1.0934
1.1474
1.2083
1.2773
1.3557
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II.3 Standard and reference conditions
II.3.1 Standard state
A precise definition of the term “standard state” has been given by IUPAC [1982LAF].
The fact that only changes in thermodynamic parameters, but not their absolute values,
can be determined experimentally, makes it important to have a well–defined standard
state that forms a base line to which the effect of variations can be referred. The IUPAC
[1993MIL/CVI] definition of the standard state has been adopted in the NEA TDB Project. The standard state pressure, p  = 0.1 MPa (1 bar), has therefore also been adopted,
cf. Section II.3.2. The application of the standard state principle to pure substances and
mixtures is summarised below. It should be noted that the standard state is always
linked to a reference temperature, cf. Section II.3.3.


The standard state for a gaseous substance, whether pure or in a gaseous mixture, is the pure substance at the standard state pressure and in a (hypothetical)
state in which it exhibits ideal gas behaviour.



The standard state for a pure liquid substance is (ordinarily) the pure liquid at
the standard state pressure.



The standard state for a pure solid substance is (ordinarily) the pure solid at the
standard state pressure.



The standard state for a solute in a liquid or solid solution is referenced to the
ideal dilute behaviour of the solute. It is the (hypothetical) state of solute B at
the standard molality m◦, standard pressure p◦ and exhibiting infinitely dilute
solution behaviour.

It should be emphasised that the use of superscript,  , e.g., in f H m , implies
that the compound in question is in the standard state and that the elements are in their
reference states. The reference states of the elements at the reference temperature (cf.
Section II.3.3) are listed in Table II-6.
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Table II-6: Reference states for some elements at the reference temperature of 298.15 K
and standard pressure of 0.1 MPa [1982WAG/EVA], [1989COX/WAG], [1991DIN],
[2005GAM/BUG], [2005OLI/NOL].
O2

gaseous

Zn

crystalline, hexagonal

H2

gaseous

Cd

crystalline, hexagonal

He

gaseous

Hg

liquid

Ne

gaseous

Cu

crystalline, cubic

Ar

gaseous

Ag

crystalline, cubic

Kr

gaseous

Ni

crystalline, fcc

Xe

gaseous

Fe

crystalline, cubic, bcc

F2

gaseous

Tc

crystalline, hexagonal

Cl2

gaseous

V

crystalline, cubic

Br2

liquid

Ti

crystalline, hexagonal

I2

crystalline, orthorhombic

Am

crystalline, dhcp

S

crystalline, orthorhombic

Pu

crystalline, monoclinic

Se

crystalline, trigonal

Np

crystalline, orthorhombic

Te

crystalline, hexagonal

U

crystalline, orthorhombic

N2

gaseous

Th

crystalline, cubic

P

crystalline, cubic (“white”)

Be

crystalline, hexagonal

As

crystalline, rhombohedral (“grey”)

Mg

crystalline, hexagonal

Sb

crystalline, rhombohedral

Ca

crystalline, cubic, fcc

Bi

crystalline, rhombohedral

Sr

crystalline, cubic, fcc

C

crystalline, hexagonal (graphite)

Ba

crystalline, cubic

Si

crystalline, cubic

Li

crystalline, cubic

Ge

crystalline, cubic

Na

crystalline, cubic

Sn

crystalline, tetragonal (“white”)

K

crystalline, cubic

Pb

crystalline, cubic

Rb

crystalline, cubic

B

crystalline, rhombohedral

Cs

crystalline, cubic

Al

crystalline, cubic

II.3.2 Standard state pressure
The standard state pressure chosen for all selected data is 0.1 MPa (1 bar) as recommended by IUPAC [1982LAF].
However, the majority of the thermodynamic data published in the scientific
literature, and used for the evaluations in this review, refers to the old standard state
pressure of 1 “standard atmosphere” (= 0.101325 MPa). The difference between the
thermodynamic data for the two standard state pressures is not large and lies in most
cases within the uncertainty limits. It is nevertheless essential to make the corrections
for the change in the standard state pressure in order to avoid inconsistencies and propa-
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gation of errors. In practice the parameters affected by the change between these two
standard state pressures are the Gibbs energy and entropy changes of all processes that
involve gaseous species. Consequently, changes occur also in the Gibbs energies of
formation of species that consist of elements whose reference state is gaseous (H, O, F,
Cl, N, and the noble gases). No other thermodynamic quantities are affected significantly. A large part of the following discussion has been taken from the NBS tables of
chemical thermodynamic properties [1982WAG/EVA], see also Freeman [1984FRE].
The following expressions define the effect of pressure on the properties of all
substances:
 H 
 V 
(II.39)

 = V T 
  V (1  T )
 T  p
 p T

 C p 
  2V 
=

T


 2
 T  p
 p T

(II.40)

 S 
 V 
  = V  =  


p
 T  p
 T

(II.41)

 G 

 = V
 p T

(II.42)

where  

1  V 


V  T  p

(II.43)

For ideal gases, V = RT / p and  = R / pV = 1 /T. The conversion equations
listed below (Eqs. (II.44) to (II.51)) apply to the small pressure change from 1 atm to 1
bar (0.1 MPa). The quantities that refer to the old standard state pressure of 1 atm are
assigned the superscript (atm), and those that refer to the new standard state pressure of
1 bar are assigned the superscript (bar).
For all substances the changes in the enthalpy of formation and heat capacity
are much smaller than the experimental accuracy and can be disregarded. This is exactly
true for ideal gases.
f H (bar) (T )  f H (atm) (T ) = 0
(II.44)

C p(bar) (T )  C p(atm) (T ) = 0

(II.45)

For gaseous substances, the entropy difference is:

 p(atm) 
S (bar) (T )  S (atm) (T ) = R ln  (bar)  = R ln1.01325
p

= 0.1094 J·K–1·mol–1

(II.46)

This is exactly true for ideal gases, as follows from Eq. (II.41) with  = R / pV .
The entropy change of a reaction or process is thus dependent on the number of moles
of gases involved:
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 p(atm) 
 r S (bar)   r S (atm) = δR ln  (bar) 
p

= 0.1094  J·K–1·mol–1
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(II.47)

where  is the net increase in moles of gas in the process.
Similarly, the change in the Gibbs energy of a process between the two standard state pressures is:
 p(atm) 
r G(bar)   r G (atm) =  δRT ln  (bar) 
p

= − 0.03263  kJ·mol–1 at 298.15 K.

(II.48)

Eq. (II.48) applies also to f G(bar)  f G(atm) , since the Gibbs energy of formation describes the formation process of a compound or complex from the reference
states of the elements involved:

f G(bar)  f G(atm) = − 0.03263  kJ·mol–1 at 298.15 K.

(II.49).

The changes in the equilibrium constants and cell potentials with the change in
the standard state pressure follows from the expression for Gibbs energy changes,
Eq. (II.48),
 G (bar)   r G (atm)
log10 K (bar)  log10 K (atm) =  r
RT ln 10

 p (atm) 
ln  (bar) 
(atm)
p

 = δlog  p
 δ 

10
(bar) 
ln10
 p

= 0.005717 

E (bar)  E (atm) = 

rG

(bar)

 rG
nF

(II.50)

(atm)

 p (atm) 
RT ln  (bar) 
p

 δ
nF
 δ

0.0003382
V at 298.15 K
n

(II.51)

It should be noted that the standard potential of the hydrogen electrode is equal
to 0.00 V exactly, by definition.
H +  e

1

2

H 2 (g)

E  def
= 0.00V

(II.52).
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This definition will not be changed, although a gaseous substance, H 2 (g) , is
involved in the process. The change in the potential with pressure for an electrode
potential conventionally written as:

Ag+ + e

Ag(cr)

should thus be calculated from the balanced reaction that includes the hydrogen electrode,
Ag+ + 1 2 H2 (g)
Ag (cr) + H+ .
Here  = . Hence, the contribution to from an electron in a half cell reaction is
the same as the contribution of a gas molecule with the stoichiometric coefficient of 0.5.
This leads to the same value of  as the combination with the hydrogen half cell.
Example:
Fe(cr) + 2 H
CO 2 (g)
NH 3 (g) +
1

2 Cl 2 (g)

+

Fe

2+

=1

+ H 2 (g)

 = 1

CO 2 (aq)
5

4 O 2 (g)

+ 2 O 2 (g) + e

NO(g) +


3

2 H 2 O(g)



ClO 4

E

(bar)

 E

log10 K

 = 0.25

r G

(bar)

 =3

f G

(bar)

(bar)

(atm)

= 0.00017 V

 log10 K
(atm)

 r G

 f G

(atm)

(atm)

=  0.0057

=  0.008 kJ·mol
= 0.098 kJ·mol

–1

–1

II.3.3 Reference temperature
The definitions of standard states given in Section II.3 make no reference to fixed temperature. Hence, it is theoretically possible to have an infinite number of standard states
of a substance as the temperature varies. It is, however, convenient to complete the definition of the standard state in a particular context by choosing a reference temperature.
As recommended by IUPAC [1982LAF], the reference temperature chosen in the NEA
TDB Project is T = 298.15 K or t = 25.00 °C. Where necessary for the discussion, values of experimentally measured temperatures are reported after conversion to the IPTS–
68 [1969COM]. The relation between the absolute temperature T (K, kelvin) and the
Celsius temperature t (°C) is defined by t / °C = T /K – 273.15.

II.4 Fundamental physical constants
To ensure the consistency with other NEA TDB Reviews, the fundamental physical
constants are taken from a publication by CODATA [1986COD]. Those relevant to this
review are listed in Table II-7. Updated values of the fundamental constants can be
obtained from CODATA, notably through its Internet site. In most cases, recalculation
of the NEA TDB database entries with the updated values of the fundamental constants
will not introduce significant (with respect to their quoted uncertainties) excursions
from the current NEA TDB selections.
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Table II-7: Fundamental physical constants. These values have been taken from
CODATA [1986COD]. The digits in parentheses are the one-standard-deviation uncertainty in the last digits of the given value.
Quantity

Symbol

Value

Units

299 792 458

m∙s–1

speed of light in vacuum

c0

permeability of vacuum

0

410 = 12.566 370 614…

10–7 N·A–2

permittivity of vacuum

є0

1/ 0 c = 8.854 187 817…

10–12 C2·J–1·m–1

Planck constant

h

6.626 0755(40)

10–34 J·s

elementary charge

e

1.602 177 33(49)

10–19 C

Avogadro constant

NA

6.022 1367(36)

1023 mol–1

Faraday constant

F

96 485.309(29)

C·mol–1

molar gas constant

R

8.314 510(70)

J·K–1·mol–1

Boltzmann constant, R/NA

kB

1.380 658(12)

10–23 J·K–1

eV

1.602 177 33(49)

10–19 J

1.660 5402(10)

10–27 kg

–7
2

Non–SI units used with SI:
electronvolt, (e/C) J
atomic mass unit,
1 u = mu 

u

12
1
m ( C)
12

II.5 Uncertainty estimates
One of the principal objectives of the NEA TDB development effort is to provide an
idea of the uncertainties associated with the data selected in the reviews. In general the
uncertainties should define the range within which the corresponding data can be
reproduced with a probability of 95%. In many cases, a full statistical treatment is
limited or impossible due to the availability of only one or a few data points.
Appendix C describes in detail the procedures used for the assignment and treatment of
uncertainties, as well as the propagation of errors and the standard rules for rounding.

II.6 Presentation of the selected data
The selected data are presented in Chapters III and IV. Unless otherwise indicated, they
refer to standard conditions (cf. Section II.3) and 298.15 K (25 °C) and are provided
with an uncertainty which should correspond to the 95% confidence level (see Appendix C).
Chapter III contains a table of selected thermodynamic data for individual
compounds and complexes of iron (Table III-1), a table of selected reaction data
(Table III-2) for reactions concerning iron species and a table containing the heat
capacities of individual species of iron (Table III-3) that have been used in the
evaluations. The selection of all these data is discussed in Chapters V to XI. Some of
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the challenges associated with selecting polynomial expressions for C po ,m –T
relationships, especially for solids with lambda-type phase transitions at temperatures
above 298.15 K, are discussed in Chapter III.
Chapter IV contains tables of thermodynamic data for individual species
(Table IV-1) and reaction data (Table IV-2), for auxiliary compounds and complexes
that do not contain iron. Most of these values are the CODATA Key Values
[1989COX/WAG]. The selection of the remaining auxiliary data is discussed in
[1992GRE/FUG],
[1999RAR/RAN],
[2001LEM/FUG],
[2005GAM/BUG],
[2005OLI/NOL] and [2008RAN/FUG].
All the selected data presented in Table III-1, Table III-2, Table III-3, Table
IV-1 and Table IV-2 are internally consistent. Therefore, when using the selected data,
the auxiliary data of Chapter IV must be used together with the data in Chapter III to
ensure internal consistency of the data set.
It is important to note that Table III-2 and Table IV-2 include only those
species for which the primary selected data are reaction data. The formation data
derived therefrom and listed in Table III-1 are obtained using auxiliary data, and their
uncertainties are propagated accordingly. In order to maintain the uncertainties
originally assigned to the selected data in this review, the user is advised to make direct
use of the reaction data presented in Table III-2 and Table IV-2, rather than taking the
derived values in Table III-1 and Table IV-1 to calculate the reaction data. The latter
approach would imply a twofold propagation of the uncertainties and result in reaction
data whose uncertainties would be considerably larger than those originally assigned.
The thermodynamic data in the selected set refer to a temperature of 298.15 K
(25.00 °C), but they can be recalculated to other temperatures if the corresponding data
(enthalpies, entropies, heat capacities) are available [1997PUI/RAR]. For example, the
temperature dependence of the standard reaction Gibbs energy as a function of the
standard reaction entropy at the reference temperature ( T0 = 298.15 K), and of the heat
capacity function is:
 r Gm (T ) =  r H m (T0 ) +




T  r C p ,m (T )



C
(
T
)
d
T

T

S
(
T
)

dT  ,

T0 r p,m
 r m 0 T0

T


T

and the temperature dependence of the standard equilibrium constant as a function of
the standard reaction enthalpy and heat capacity is:

log10 K  (T ) = log10 K  (T0 ) 
1

RT ln(10)



T

 r H m (T0 )  1 1 
  
R ln(10)  T T0 
r C


p ,m

T0

1
(T ) dT +
R ln(10)

where R is the gas constant (cf. Table II-7).
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In the case of aqueous species, for which enthalpies of reaction are selected or
can be calculated from the selected enthalpies of formation, but for which there are no
selected heat capacities, it is in most cases possible to recalculate equilibrium constants
to temperatures up to 100 to 150 °C, with an additional uncertainty of perhaps about  1
to  2 in log10 K, due to neglect of the heat-capacity contributions to the temperature
correction. For isocoulombic/isoelectric reactions the uncertainty may be smaller; for a
detailed discussion see [1997PUI/RAR]. However, it is important to observe that “new”
aqueous species, i.e., species not present in significant amounts at 298.15 K and
therefore not detected, may be significant at higher temperatures, see for example the
work by Ciavatta et al. [1987CIA/IUL]. Additional high–temperature experiments may
therefore be needed in order to ascertain that proper chemical models are used in the
modelling of hydrothermal systems. For many species, experimental thermodynamic
data are not available to allow a selection of parameters describing the temperature
dependence of equilibrium constants and Gibbs energies of formation. The user may
find information on various procedures to estimate the temperature dependence of these
thermodynamic parameters in [1997PUI/RAR]. The thermodynamic data in the selected
set refer to infinite dilution for soluble species. Extrapolation of an equilibrium constant
K, usually measured at high ionic strength, to K  at I = 0 using activity coefficients , is
explained in Appendix B. The corresponding Gibbs energy of dilution is:

dilGm = r Gm  r Gm
=  RT  r ln  

(II.53)
(II.54)

Similarly dil Sm can be calculated from ln   and its variations with T, while:
 dil H m = RT 2  ( r ln   ) p
T

(II.55)

depends only on the variation of  with T, which is neglected in this review, when no
data on the temperature dependence of  s are available. In this case the Gibbs energy of
dilution dil Gm is entirely assigned to the entropy difference. This entropy of reaction is
calculated using r Gm = r Hm  T r Sm , the value of dil Gm and with the approximation that dil Hm = 0.
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Chapter III

Selected iron data
This chapter presents the chemical thermodynamic data set for iron species that has
been selected in this review (TDB-Iron Parts 1 and 2). Table III-1 contains the recommended thermodynamic data of the iron compounds and species, Table III-2 the recommended thermodynamic data of chemical equilibrium reactions by which the iron
compounds and complexes are formed, and Table III-3 the temperature coefficients
from the available heat capacity data for species listed in Table III-1.
The species and reactions in the tables appear in standard order of arrangement. Table III-2 contains information only on those reactions for which primary data
selections are made in TDB-Iron Parts 1 and 2. These selected reaction data are used,
together with data for key iron species and auxiliary data selected in this review, to derive the corresponding formation data in Table III-1. The uncertainties associated with
values for key iron species and the auxiliary data are in some cases substantial, leading
to comparatively large uncertainties in the formation quantities derived in this manner.
The values of r Gm for many reactions are known more accurately than would
be calculated directly from the uncertainties of the f Gm values in Table III-1 and
auxiliary data. The inclusion of a table for reaction data (Table III-2) in this report
allows the use of equilibrium constants with total uncertainties that are based directly on
the experimental accuracies. This is the main reason for including both Table III-1 and
Table III-2.
The selected thermal functions of the heat capacities, listed in Table III-3 refer
to the relation

C p,m (T )  a  bT  cT 2  dT –1  eT 2  fT 3  gT 0.5

(III.1)

Typically (depending on the complexity of the fitted curve) some of the
parameters a, b, c, d, e, f and g are equal to zero (see Table III-3). Often, if the situation
is not complicated by phase transitions, solid heat-capacities are fitted satisfactorily over
wide temperature ranges by the Maier-Kelley equation [1932MAI/KEL], which is a
three-term version with non-zero values for a, b, and e. More terms are necessary for
more complex behaviour, and curves with slight inflections are often fitted well by fiveterm equations (e.g., non-zero values for a, b, c, d and e). For sharp (isothermal or
nearly so) phase transitions, this approach is used to obtain temperature-dependent
equations above and below the phase transition, and to provide a baseline for evaluating
the thermal characteristics of the transition itself.
Gradual phase transitions, often called “lambda-type” because of the gradual
rise and steeper decline of heat capacity (with increasing temperature) associated with
the transition, are more problematic. Large, sometimes multiple features of this kind,
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associated with magnetic and concomitant structural transitions, are characteristic of
many iron compounds, notably many of the oxides and sulfides, as illustrated by
numerous figures in this review. Rigorous treatment of such transitions usually requires
separation of magnetic, lattice (background), and other contributions to the overall heat
capacity, often requiring complex mathematical expressions.
Such complex treatment is generally beyond the scope of the TDB reviews,
because the resulting heat-capacity expressions are not readily incorporated into
thermodynamically based models, e.g., for high-temperature solubility computation. An
exception was made in TDB-Fe Part 1 for the high-temperature heat-capacity of metallic
iron (see Section V.3 of [2013LEM/BER]). Generally, however, satisfactory sequential
polynomial fits could be obtained for relatively short temperature ranges. Usually, the
overlap points for different fits fell on steepening portions of the lambda-type features;
thus, the limiting temperatures for different fitted portions (see Table III-3) do not
necessarily correspond to phase transitions, but merely to the limits of utility of the given
C po ,m (T ) equations. In some cases, the fitted equations for the steepest portions of the
lambda-type features had an excessive number of significant figures (reflecting small
residuals arising from large positive and negative polynomial terms). In such cases the
equations are not given, and incremental values of thermodynamic quantities are
tabulated instead. It is possible that more constrained fitting procedures would be
satisfactory in these cases. In general, the number of equations required was assessed by
the quality of fit, especially the extent to which a fitted curve undulated above and below
the visual flow of the data. The quality of fit for specific cases is generally described in
the relevant entries in Appendix A.
While no C po ,m values below 298.15 K are recommended in this review, lowtemperature heat-capacity data were evaluated in a similar way to obtain entropy values at
298.15 K. The selection of values of C po ,m at 298.15 K usually involved fitting
experimental data between about 250 and 350 K. This was sometimes problematic,
because high- and low-temperature C po ,m data sets often diverge slightly near 298.15 K. In
such cases, every effort was made to make the selected value of C po ,m (298.15 K)
consistent with the equation for C po ,m (298.15 < T/K < T1). Problems also sometimes arise
when there is a solid phase-transition near 298 K, such cases are discussed individually.
A detailed discussion of the selection procedure is presented in Chapters V to
X of TDB-Iron Part 1 and Chapters VII to X of the present volume. It may be noted that
these chapters contain data on more species or compounds than are present in the tables
of Chapter III. The main reasons for this situation are the lack of information for a proper extrapolation of the primary data to standard conditions in some systems and lack of
solid primary data in others.
A warning: The addition of any aqueous species and their data to this internally
consistent database can result in a modified data set, which is no longer rigorous and
can lead to erroneous results. The situation is similar when gases or solids are added.
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Table III-1: Selected thermodynamic data for iron compounds and complexes. All ionic
species listed in this table are aqueous species. Unless noted otherwise, all data refer to
the reference temperature of 298.15 K and to the standard state, i.e., a pressure of
0.1 MPa and, for aqueous species, infinite dilution (I = 0). The uncertainties listed below each value represent total uncertainties and correspond in principle to the statistically defined 95% confidence interval. Data that have been changed from
[2013LEM/BER] are denoted with an asterisk. Values in bold typeface are newly tabulated from material discussed in TDB-Iron Part 2. Values obtained from internal calculation, cf. footnotes (a), (b) and (d), are rounded at the third digit after the decimal point
and may therefore not be exactly identical to those given in Chapters V to XI (TDB-Iron
Parts 1 and 2). Systematically, all the values are presented with three digits after the
decimal point, regardless of the significance of these digits. The data presented in this
table are available on computer media from the OECD Nuclear Energy Agency.
Compound

 f Gmο

(kJ·mol–1)
0.000

-Fe

 f H mο

(kJ·mol–1)
0.000

S mο

C pο,m

(J·K–1·mol–1)
27.085
 0.160

(J·K–1·mol–1)
25.084
 0.500

Fe2+

 90.719 (b)
 0.641

 90.295
 0.522

 102.171 (a)
 2.778

 23.000
 10.000

Fe3+

 16.226 (b)
 0.650

 50.056 (b)
 0.973

 282.404 (b)
 3.927

 108.000
 20.000

Fe0.932O(cr)

 244.593 (a)
 1.906

 265.800
 1.900

56.690 (c)
 0.490

48.970
 0.290

-Fe2O3(cr)

 744.448 (a)
 2.632

 826.290
 2.630

87.400
 0.160

103.930
 0.170

-Fe2O3(cr)

 727.830 (a)
 3.027

 807.990 (b)
 3.023

93.040
 0.400

104.690
 0.350

-Fe3O4(cr)

 1012.719 (a)
 1.609

 1115.780
 1.600

145.890
 0.300

150.780
 1.250

-FeOOH(cr)

 489.537 (a)
 1.996

 560.460
 1.990

59.700
 0.500

74.360
 0.420

-FeOOH(cr)

 479.881 (a)
 2.005

 549.200
 2.000

65.080
 0.460

69.140
 0.560

81.800
 2.000

91.100
 2.000

β-FeOOH∙0.652H2O∙0.0096HCl(cr)
FeOH+

 275.916 (b)
 2.372

(Continued on next page)
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Table III-1 (continued)
Compound

 f H mο

 f Gmο
–1

(kJ·mol )

–1

(kJ·mol )

FeOH

 241.094
 0.764

Fe(OH)+2

 463.107 (b)
 2.375

Fe2(OH)4+
2

 490.635 (b)
 1.446

FeF+

 381.946 (b)
 1.481

FeF2+
FeF2(cr)

2+

S mο

–1

(b)

 297.086
2.776

(b)*

C pο,m
–1

(J·K ·mol )
(J·K ·mol–1)
(b)*
– 123.480
 9.657

 627.773 (b)
 3.576

– 331.321 (b)
 12.942

 332.511 (b)
 0.692

 372.606 (b)
 7.492

-136.680 (b)
 25.153

 669.499 (a)
 8.500

 712.100
 8.500

FeF3(cr)

 991.700
 10.000

FeCl+

 235.824 (b)
 1.853

FeCl2+

 156.119 (b)
 0.873

FeCl2+

 291.332 (b)
 1.442

FeCl2(cr)

 302.190 (a)
 0.527

FeCl2·H2O(cr)

 505.772 (b)
 2.069

FeCl2·2H2O(cr)

 803.802 (b)
 1.661

FeCl2·4H2O(cr)

 1284.545 (b)
 0.709

FeCl3(aq)

 415.700 (b)
 1.843

FeCl3(cr)

 331.505 (a)
 0.260

 194.656 (b)
 4.703

 341.534
 0.502

 1547.654 (b)
 3.243

 395.976
 0.091

FeCl3·2H2O(cr)

 1011.446
 1.503

FeCl3·2.5H2O(cr)

 1162.386
 1.503

86.990
 0.200

–1

68.090
 0.500
91.300
 2.000

– 121.309 (b)
 16.043

118.206
 0.517

76.760
 1.000

300.718 (b)
 11.135

145.470
 0.800

96.590
 1.000

(Continued on next page)
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Table III-1 (continued)
Compound

 f H mο

 f Gmο
–1

(kJ·mol )
FeCl3·3.5H2O(cr)

–1

(kJ·mol )
 1473.416
 1.503

S mο
–1

C pο,m
–1

(J·K ·mol )

 2221.926
 1.503

FeCl3·6H2O(cr)
FeCl4–

 535.501 (b)
 4.402

FeOCl(cr)

 358.618 (a)
 3.002

-Fe2Cl(OH)3(s)(e)

 925.897 (b)
 1.142

FeBr2(cr)

–1

(J·K ·mol–1)

342.000
 4.000

 405.875 (b)
 3.001

82.700
 0.200

70.490
 0.200

 235.779 (a)
 1.337

 247.495
 0.989

140.000
 3.000

80.230
 1.200

FeBr3(cr)

 240.767 (a)
 2.471

 262.592
 0.628

182.200
 8.000

FeI2(cr)

 127.076 (a)
 7.783

 117.900
 5.000

174.000
 20.000

83.690
 5.000

 100.910
 2.000

60.310
 0.220

50.610
 0.170

FeS(s, mackinawaite)
Fe1.000S(cr, troilite)

 96.677(b,e)
 3.178
 101.259 (a)
 2.002

 97.480
 3.930

Fe11/12S(cr, 6C pyrrhotite)
Fe9/10S(cr, 5C pyrrhotite)

 97.893 (a)
 2.232

 95.890
 2.230

63.150
 0.250

51.140
 0.300

Fe0.875S(cr, 4C pyrrhotite)

 97.005 (a)
 2.003

 95.530
 2.000

60.700
 0.340

49.880
 0.350

FeS2(cr, pyrite)

 162.219 (a)
 2.361

 173.630
 2.360

52.920
 0.140

62.270
 0.200

FeS2(cr, marcasite)

 158.317 (a)
 2.442

 169.430 (b)
 2.438

53.920
 0.410

62.660
 0.400

Fe3S4(cr, greigite)

 309.000
 10.000

FeSO+4

 784.488 (b)
 0.960

FeSO4(aq)

 848.651 (b)
 0.784

 991.235 (b)
 6.235

 8.785 (b)
 21.077

(Continued on next page)
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Table III-1 (continued)
Compound

 f H mο

 f Gmο
–1

–1

S mο
–1

C pο,m
–1

(kJ·mol )

(kJ·mol )

(J·K ·mol )

FeSO4·H2O(cr)

 1077.518 (b)
 5.048

 1244.000
 1.500

144.316 (a)
 17.664

FeSO4·4H2O(cr)

 1792.724 (b)
 0.671

 2128.504 (b)
 1.621

276.254 (b)
 5.885

FeSO4·7H2O(cr)

 2507.710 (b)
 0.652

 3012.512 (b)
 0.602

409.118 (b)
 0.825

FeSO4(cr)

Fe2(SO4)3·7.53H2O(cr)

 4852.290
 5.710

Fe2(SO4)3·9H2O(cr)

 5294.520
 5.760

Fe2(SO4)3(cr)

 2263.397 (a)
 3.906

394.400*
 2.000

272.930
 1.000

 1539.738 (b)
 1.284
 12046.200
 12.600

Fe4.78(SO4)6(OH)2.34(H2O)20.71(cr)
(H3O)0.91Fe2.91(SO4)2(OH)5.64(H2O)0.18(cr)

305.600
 0.600

(J·K ·mol–1)
100.780
 2.000

 4106.500
 5.900

Fe2(SO4)3·5H2O(cr)
Fe(SO4)2–

 2584.100
 3.900

–1

 3163.853 (a)
 6.925

 3693.900
 6.500

446.500
 8.000

 3201.220
 3.560

(H3O)1.34Fe(SO4)2.17(H2O)3.06(cr)
(H3O)Fe3(SO4)2(OH)6(cr)
FeO(SO4)0.157(OH)0.686(H2O)0.972(cr)

 884.100
 2.000

FeO(SO4)0.168(OH)0.664(H2O)1.226(cr)

 960.600
 2.000

FeSe1.95

448.200
 0.700

437.500
 2.000

81.400
 2.000

69.300
 2.000

Fe1.042Se(cr)

 75.233 (a)
 4.009

 74.700
 4.000

72.100
 0.800

57.100
 0.700

Fe7Se8(cr,α)

 547.084 (a)
 39.038

 521.000
 39.000

613.800
 5.000

442.100
 4.000

(Continued on next page)
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Table III-1 (continued)
Compound

 f H mο

 f Gmο
–1

S mο
–1

C pο,m

(kJ·mol )
 257.000 (a)
 20.024

(kJ·mol )
 248.000
 20.000

(J·K ·mol )
279.800
 3.000

(J·K ·mol–1)
220.100
 2.000

FeSe2(cr)

 111.722 (a)
 9.022

 120.000
 9.000

83.500
 2.000

70.600
 2.000

FeSeO+3

 446.544 (b)
 3.048

 26.060
 1.810

89.220
 0.150

55.030
 0.090

100.220
 0.200

73.640
 0.100

Fe3Se4(cr,γ)

–1

–1

–1

 2083.916 (b)
 4.463

Fe2(SeO3)3·3H2O(cr)

 29.014 (a)
 1.811

Fe1.111Te(cr,β)
FeTe2(cr,ε)
Fe2TeO6(cr)

180.700
 4.000

FeHPO4(aq)

 1207.253 (b)
 5.954

FeH2PO+4

 1243.283 (b)
 5.954

Fe3(PO4)2·8H2O(cr)(e)

 4425.748 (b)
 4.341

Fe2P2O7(cr)

220.500
 2.430

196.380
 2.160

Fe(PO3)3(cr, monoclinic)

210.000
 3.000

203.200
 3.000

Fe(PO3)3·0.128H2O(cr, monoclinic)

215.400
 2.370

208.480
 2.290

122.210
 1.340

101.960
 1.120

FePO4·2H2O(cr, orthorhombic)

174.000
 7.000

180.500
 0.200

Fe3PO7(cr)

219.730
 2.420

211.440
 2.330

Fe4(P2O7)3(cr)

561.030
 6.170

503.440
 5.540

 1161.338 (a)
 1.411

FePO4(cr, trigonal)

 1267.560
 1.350

(Continued on next page)
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Table III-1 (continued)
Compound

 f Gmο

 f H mο

S mο

C pο,m

(kJ·mol–1)

(kJ·mol–1)

(J·K–1·mol–1)
384.120
 4.230

(J·K–1·mol–1)
346.000
 3.460

Fe3(P2O7)2(cr)
 897.250
 4.700

FeAsO4(cr)
FeAsO4·2H2O(cr, scorodite)

 1283.269 (a)
 4.725

 1507.180
 4.680

188.000
 2.100

185.400
 1.900

FeAsO4·3.5H2O(cr, kaňkite)

 1628.340 (a)
 4.738

 1938.590
 4.660

248.300
 2.800

244.900
 2.400

 4559.684 (a)
 18.357

616.800
 2.000

558.000
 5.600

 752.609
 0.895

95.537
 0.646

82.450
 2.000

 1504.940
 4.670

FeAsO4·2H2O(cr, parascorodite)
Fe4(AsO4)4·3H2O(cr)(e)

 3971.457 (b)
 18.332

FeCO3(aq)

 648.677 (b)
 1.285

FeCO3(cr)

 679.557 (a)
 0.917

Fe(CO3)22–

 1186.670 (b)
 1.293

Fe(CO3)33–

 1736.918 (b)
 11.494

Fe(OH)CO3(aq)

 842.342 (b)
 11.441

Fe(CN)46-

680.226
 21.260

434.945(e)
 21.255

75.035
 6.369

Fe(CN)36-

714.921
— (d)

547.185
— (d)

269.783
— (d)

HFe(CN)36-

655.796
— (d)

437.045
— (d)

164.017
— (d)

H2Fe(CN)62-

642.097 (d)
—

FeSCN2+

59.007 (b)
 4.062

Fe(SCN)+2

138.978 (b)
 6.376

FeSiO3(clino)

90.600
 5.000

(Continued on next page)
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Table III-1 (concluded)
Compound

 f Gmο

 f H mο

S mο

C pο,m

(kJ·mol–1)

(kJ·mol–1)

(J·K–1·mol–1)
94.600
 3.000

(J·K–1·mol–1)

 1377.720 (a)
 1.076

 1476.790
 1.070

151.000
 0.200

131.970*
 0.300

140.200
 0.800

131.100*
 1.000

FeSiO3(ortho)
-Fe2SiO4
-Fe2SiO4
((Fe2+)4.87(Fe3+)2.76Mn1.07Mg0.15Ti0.15O3)
(Si5.94Al0.03Ti0.03O17)(cr)

786.100
 0.800

((Fe2+)5.38(Fe3+)0.66Mn0.08Mg0.8Ca0.05)(Si8O22)
{(OH)1.37Cl0.03O0.6}(cr)

684.900
 2.600

((Fe2+)5.2766(Fe3+)0.12Mn0.0825Mg1.5209)
(Si7.9163Al0.0837O22.0363)(OH)1.9637(cr)

684.900
 3.000

FeCr2O4(cr)

152.200
3.000

133.900
 4.000
144.800
 2.000

NiFe2O4(cr)

 962.271 (a)
 3.044

 1070.900
 2.800

130.000
 4.000

KFe(CN)36-

384.302
— (d)

186.405(d)
— (d)

234.300
— (d)

KFe(CN)26-

424.077
— (d)

297.145
— (d)

405.979
— (d)

 1187.609
— (d)

 1486.279
— (d)

593.095
 0.973

481.400
 3.700

K4Fe(CN)6(cr)

 472.056
— (d)

 613.666
— (d)

420.111
 1.621

332.900
 1.800

K3Fe(CN)6(cr)

 143.194
— (d)

 263.616
— (d)

426.494
 0.206

316.700
 1.300

K4Fe(CN)6·3H2O(cr, monoclinic)

(a)


Value calculated internally using f Gm  f H m  T  Sm,i
.

(b)

Value calculated internally from reaction data (see Table III-2).

(c)

This value excludes a possible small zero-point entropy contribution (see Section VII.2.8.2).

(d)

Uncertainty was not assessed because of approximations needed to generate a self consistent set of

i

values for iron cyanido species and the large uncertainty in ΔfH°m(Fe(CN)46-) (Section X.3.1.3).
Self-consistent uncertainties for reactions between iron cyanido species are listed as part of Table
III-2.
(e)

Rounded values are given in the text.
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Table III-2: Selected thermodynamic data for reactions involving iron compounds and
complexes. All ionic species listed in this table are aqueous species. Unless noted otherwise, all data refer to the reference temperature of 298.15 K and to the standard state,
i.e., a pressure of 0.1 MPa and, for aqueous species, infinite dilution (I = 0). The uncertainties listed below each value represent total uncertainties and correspond in principal
to the statistically defined 95% confidence interval. Data that have been changed from
[2013LEM/BER] are denoted with an asterisk. Values in bold typeface are newly tabulated from material discussed in TDB-Iron Part 2. Values obtained from internal calculation, cf. footnote (a), are rounded at the third digit after the decimal point and may
therefore not be exactly identical to those given in Chapters V to XI (TDB-Iron Parts 1
and 2). Systematically, all the values are presented with three digits after the decimal
point, regardless of the significance of these digits. The data presented in this table are
available on computer media from the OECD Nuclear Energy Agency.
Species

Reaction
log10 K ο

 r H mο

 r Gmο
–1

2+

Fe

(kJ·mol )
Fe(cr) + 2H  Fe + H2(g)
+

(J·K–1·mol–1)

– 90.719
 0.641

Fe2+ + H+  Fe3+ + ½H2(g)
– 13.051 (b)
 0.160

-Fe2O3

(kJ·mol )

2+

15.893 (b)
 0.112
Fe3+

 r Smο
–1

74.494
 0.913

40.238 (a)
 1.699

– 114.894
 4.805

-Fe2O3  -Fe2O3
18.300
 1.490

FeOH+

Fe2+ + H2O(l)  FeOH+ + H+
– 9.100
 0.400

FeOH2+

Fe3+ + H2O(l)  FeOH2+ + H+
– 2.150
 0.070

Fe(OH)+2

12.272
 0.400

38.800*
 2.600

88.974 (a)*
 8.823

Fe3+ + 2H2O(l)  Fe(OH)+2 + 2H+
– 4.800
 0.400

Fe2(OH)4+
2

51.943
 2.283

27.399
 2.283

2Fe3+ + 2H2O(l)  Fe2(OH)24+ + 2H+
– 2.820
 0.110

16.097
 0.628

44.000
 3.000

93.588 (a)
 10.280

(Continued on next page)
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Table III-2 (continued)
Species

Reaction
log10 K ο

FeF

F – + Fe2+  FeF+

FeF2+

1.700
 0.200
F – + Fe3+  FeF2+

+

 r Gmο

 r H mο

 r Smο

(kJ·mol–1)

(kJ·mol–1)

(J·K–1·mol–1)

6.090
 0.040
FeCl+

– 9.704
 1.142
– 34.762
 0.238

12.800
 7.400

159.524
 24.832

Cl – + Fe2+  FeCl+
21.551
 1.775

FeCl2+

Cl – + Fe3+  FeCl2+
1.520
 0.100

FeCl2+

-8.676
 0.571

– 3.996
 1.142

FeCl2(cr) + H2O(g)  FeCl2 H2O(cr)
– 4.380
 0.350

FeCl2·2H2O(cr)

25.000
 2.000

FeCl2 4H2O(cr)  FeCl2·2H2O(cr) + 2H2O(g)
– 4.131
 0.263

FeCl2·4H2O(cr)

23.580
 1.500

FeCl2(cr) + 4H2O(l)  FeCl2 4H2O(cr)
5.921 (c)
 0.176

FeCl3(aq)

– 33.795
 1.007

– 97.283 (a)
 11.252

6.850
 1.142

Cl – + FeCl3(aq)  FeCl4–
– 2.000
 0.700

FeOCl(cr)

– 62.800
 3.200

Cl – + FeCl+2  FeCl3(aq)
– 1.200
 0.200

FeCl4–

104.498 (a)
 15.547

Cl – + FeCl2+  FeCl+2
0.700
 0.200

FeCl2·H2O(cr)

22.480
 4.600

11.416
 3.996

FeCl3(cr) + ½O2(g)  Cl2(g) + FeOCl(cr)
– 9.900
 3.000

-Fe2Cl(OH)3(s)

2Fe2+ + Cl-- + 3H2O(l) ⇌ -Fe2Cl(OH)3(s) + 3H+
– 17.200
 0.200

98.178
 1.142

(Continued on next page)
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Table III-2 (continued)
Species

FeS(s, mackinawaite)

Reaction
log10 K ο

 r Gmο

(kJ·mol–1)
(kJ·mol–1)
Fe2+ + H2S(aq)  FeS(s, mackinawaite) + 2H+
– 3.800
 0.400

FeS2(cr, marcasite)

 r H mο

 r Smο

(J·K–1·mol–1)

21.691
 2.283

FeS2(cr, marcasite)  FeS2(cr, pyrite)
– 4.200
 0.300

FeSO+4

+
Fe3+ + SO2–
4  FeSO4

4.250
 0.100
FeSO4(aq)

Fe2+ + SO2–
4  FeSO4(aq)
2.440
 0.030

FeSO4·H2O(cr)

158.530
 1.500

433.641 (a)
 5.042

– 13.006
 1.310

– 12.068
 0.845

3.146 (a)
 5.229

– 11.245
 0.742

– 5.137
 2.854

2Fe3+ + 3H2SeO3(aq)- + 3H2O(l) ⇌ Fe2(SeO3)3·3H2O(cr) + 6H+
11.300
 0.600

FeHPO4(aq)

29.240
 0.100

Fe3+ + H2SeO3(aq) ⇌ FeSeO3+ + 2H+
0.900
 0.500

Fe2(SeO3)3·3H2O(cr)

58.700
 5.000

FeSO+4 + SO42–  Fe(SO4)2–
1.970
 0.130

FeSeO3+

74.887 (a)
 20.803

Fe2+ + 7H2O(l) + SO2–
4  FeSO4 7H2O(cr)
2.279 (c)
 0.230

Fe(SO4)2–

8.400
 6.200

FeSO4 7H2O(cr)  FeSO4·4H2O(cr) + 3H2O(g)
– 5.123 (c)
 0.018

FeSO4·7H2O(cr)

– 13.928
 0.171

FeSO4 7H2O(cr)  FeSO4·H2O(cr) + 6H2O(g)
– 10.284
 0.876

FeSO4·4H2O(cr)

– 24.259
 0.571

– 64.501
 3.425

Fe2+ + HPO42- ⇌ FeHPO4(aq)
3.600
 1.000

– 20.549
 5.708

(Continued on next page)
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Table III-2 (continued)
Species

FeH2PO+4

Reaction
log10 K ο

 r Gmο

(kJ·mol–1)
Fe2+ + H2PO4- ⇌ FeH2PO+4

– 64.501
 2.283

– 130.657
 8.448

FeCO3(cr)  FeCO3(aq)
– 5.410
 0.158

Fe(CO3)22–

30.880
 0.900

+
CO2(g) + FeCO3(cr) + H2O(l)  Fe(CO3)2–
2 + 2H

– 21.794
 0.158
Fe(CO3)33–

124.400
 0.900

3CO32– + Fe3+  Fe(CO3)3–
3
24.000
 2.000

Fe(OH)CO3(aq)

– 136.993
 11.416

CO32– + Fe3+ + H2O(l)  Fe(OH)CO3(aq) + H+
10.700
 2.000

Fe(CN)46-

(J·K–1·mol–1)

4Fe3+ + 4H3AsO4(aq) + 3H2O(l) ⇌ Fe4(AsO4)4·3H2O(cr) + 12H+
22.890
 1.480

FeCO3(aq)

(kJ·mol–1)

+
3Fe2+ + 2HPO24 + 8H2O(l) ⇌ Fe3(PO4)2·8H2O(cr) + 2H

11.300
 0.400
Fe4(AsO4)4·3H2O(cr)

 r Smο

– 15.412
 5.708

2.700
 1.000
Fe3(PO4)2·8H2O(cr)

 r H mο

– 61.076
 11.416

Fe2+ + 6CN- ⇌ Fe(CN)46– 358.860
 0.330

Fe(CN)36- (d)

Fe(CN)46- + H+ ⇌ Fe(CN)36- + ½H2(g)
– 6.078
 0.178

K4Fe(CN)6·3H2O
(cr, monoclinic) (d)

112.240
 0.656

260.087
 4.059

Fe(CN)46- + 4K+ + 3H2O(l) ⇌ K4Fe(CN)6·3H2O(cr, monoclinic)
4.620
 0.170

K3Fe(CN)6(cr)

34.695
 1.017

– 26.374
 0.972

– 55.174
 0.460

– 96.596
 3.607

– 54.381
 0.994

– 146.893
 5.055

Fe(CN)36- + 3K+ ⇌ K3Fe(CN)6(cr)
1.854
 0.198

– 10.585
 1.133

(Continued on next page)
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Table III-2 (concluded)
Species

K4Fe(CN)6(cr) (e)

K4Fe(CN)6(cr)

Reaction
log10 K ο

 r Gmο

(kJ·mol–1)
Fe(CN)46- + 4K+ ⇌ K4Fe(CN)6(cr)

(e)

– 24.430
 0.571

2.100
 3.000

88.982
 10.243

3.600
 1.000

57.065
 3.488

2.100
 1.300

34.996
 4.464

– 13.699
 1.712

– 13.414
 0.285

– 8.334
 0.285

– 17.467
 0.285

FeSCN2+ + SCN- ⇌ Fe(SCN)+2
2.230
 0.500

(a)
(b)
(c)
(d)

36.864
 2.968

Fe3+ + SCN- ⇌ FeSCN2+
3.060
 0.050

Fe(SCN)+2

15.123
 0.524

Fe(CN)36- + K+ ⇌ KFe(CN)621.460
 0.050

FeSCN2+

4.132
 0.713

Fe(CN)46- + K+ ⇌ KFe(CN)632.350
 0.050

KFe(CN)26-

(J·K–1·mol–1)

HFe(CN)36- + H+ ⇌ H2Fe(CN)262.400
 0.300

KFe(CN)36-

(kJ·mol–1)

Fe(CN)46- + H+ ⇌ HFe(CN)634.280
 0.100

H2Fe(CN)26-

 r Smο

– 40.051
 0.517
K4Fe(CN)6·3H2O(cr, monoclinic) ⇌ K4Fe(CN)6(cr) + 3H2O(l)
– 0.724
 0.125

HFe(CN)36-

 r H mο

– 12.729
 2.854

Value calculated internally using rGm  r Hm  T r Sm .
Value calculated from a selected standard potential.
Value of log10 K  calculated internally from  r Gm .
The values are from the optimisation calculations for data for iron hexacyanidoferrate species (Section
X.1.3.3.1).
The values are from the optimisation calculations for data for iron hexacyanidoferrate species (Section
X.1.3.3.1). This is not an equation that defines the properties of the species in the same way as the values
in most of the other equations, but is included for the convenience of a reader who might need to use the
equilibrium in this way. The listed uncertainty value then is correct.
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FeS2(cr, pyrite)
FeS2(cr, marcasite)
Fe2(SO4)3
Fe2(SO4)3
(H3O)0.91Fe2.91(SO4)2(OH)5.64(H2O)0.18
(H3O)Fe3(SO4)2(OH)6

Fe0.875S(cr, 4C pyrrhotite)

Fe1.000S(cr, 1C pyrrhotite)
Fe9/10S(cr, 5C pyrrhotite)

Compound
-Fe
Fe0.932O
-Fe2O3
-Fe2O3
-Fe3O4(x)
-Fe3O4
-FeOOH(y)
-FeOOH
-FeOOH
FeF2
FeCl2
FeCl3(z)
FeOCl
FeBr2
FeI2
Fe1.000S(cr,troilite)

a
2.72410×101
5.09417×101
5.19344×102
2.54629×102
1.24795×103
1.75512×104
8.03613×101
7.79757×105
9.09807×101
6.87299×101
7.87960×101
6.91730×101
6.70320×101
7.35970×101
8.29690×101
2899.60
5244.81
445.124
1158.198
1.0118917×105
7920.72
253.607
5920.44
62.5786
54.2006
2.02960×102
2.63770×102
2.80600×102
2.87200×102

b
−5.09090×10–3
4.52846×10–3
5.07197×10–1
−2.14079×10–1
1.66142
1.97310×101
−8.75604×10–2
−1.45505×103
4.38991×10–2
2.69560×10–2
9.21200×10–3
9.36200×10–2
2.90370×10–2
2.22600×10–2
2.42700×10–3
– 6.64589
– 11.76573
– 0.132441
– 2.254710
– 152.94331
– 3.79344
– 0.4185207
– 9.221108
1.61068×10-2
2.30381×10-2
3.31520×10–1
2.17630×10–1
6.14900×10–1
6.28100×10–1

c/f ‡
2.35100×10–5
1.91856×10–10 (f)
2.83429×10–4
2.26847×10–4
1.05758×10–3
8.50170×10–3
3.76891×10–4
1.01228
−2.98183×10–5
0
0
0
0
0
0
5.93271×10-3
1.009287×10-2
0
1.774662×10-3
8.6750560×10-2
0
3.794103×10-4
5.485912×10-3
0
0
0
0
0
0

d/g‡‡
0
0
1.26376×105
−3.81757×104
2.99131×105
6.78706×106
−2.01424×103
−1.84429×108
−1.09226×104
0
0
0
0
0
0
– 5.48115×105
– 1.022183×106
– 3.60564×105
– 2.405623×105
– 2.9702358×107
– 5.43663×106
– 4.411398×104
– 1.658617×106
3.99813×103
7.50054×103
0
0
0
0
e
2.42610×105
–2.93969×105
1.19544×107
1.94111×106
2.73311×107
9.89090×108
−5.940812×105
1.62331×1010
3.86790×105
−7.70919×105
−4.24935×105
4.36190×104
4.61900×105
0
0
3.94234×107
7.51200×107
1.08193×108
1.904786×107
3.267564×109
1.25436×109
3.137043×106
1.748825×108
– 1.64668×106
– 2.09551×106
–2.56680×106
5.10870×106
3.19970×106
3.28600×106

Tmin
298.15
298.15
298.15
273
298.15
516.66
200
372.6
200
250
240
200
298.15
298
298
298.15
318.71
660
298.15
420.21
599.32
298.15
401.5
298.15
298.15
250
376.5
274.74
273

Tmax
800
1000
775
400
516.66
713.66
372.6
396
387
675
950
550
662.1
633
633
318.71
440.35
1000
420.21
533.49
740
401.5
540
780
700
376.5
800
394.94
400
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Table III-3: Selected temperature coefficients for heat capacities in the form
C p,m (T )  a  bT  cT 2  dT –1  eT 2  fT 3  gT 0.5 for solids containing iron. The

functions are valid between the temperatures Tmin and Tmax (in K). Units for C p,m are

J∙K–1∙mol–1. Data that have been changed from [2013LEM/BER] are denoted with an
asterisk. Values in bold typeface are newly tabulated from material discussed in TDBIron Part 2.

(Continued on next page)
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‡
‡‡
(x)
(y)
(z)

b
2.3176×10-2
– 43.984
– 1.48700×10-2
– 0.234549
– 2.2132
– 2.77045
5.40879
– 3.5676×10-2
– 0.23319
8.5342×10-2
0.43266
1.25798×10–1
1.45400×10–2
– 5.539×10-2
7.4749×10-2
5.71720×10–1
1.1780
– 0.95166
12.40767
2.92977×10-2

a
56.22
2.15626×104
47.06
879.09
1841.25
1750.15
– 6304.88
69.304
126.606
178.8077
495.57
5.23900×101
1.24260×102
2.6647×102
1.0914×102
6.14270×102
– 452.51
825.16
– 1.988417×104
157.019

– 6.829×10-4
5.4907×10-4
– 2.799578×10-3
– 7.39320×10-6

c/f ‡
– 0.9700×10-6
3.52334×10-2
2.392×10-5
0
1.14699×10-3
1.73651×10-3
– 1.29157×10-3
4.5640×10-5
3.201×10-4
0
0
−3.30800×10–5
0
2.1258×10-5
0
0
1.3695×105
– 1.7216×105
1.401346×107
– 206.323(g)

d/g‡‡
0
– 4.54560×106
0
– 8.60639×105
– 5.31910×105
– 4.48319×105
2.99243×106
0
0
0
0
0
0
– 4.6130×104
1.3148×104
0
– 1.3561×107
1.0343×107
– 3.554504×109
– 1.714170×106

e
– 5.3429×105
3.65114×108
4.519×106
2.83641×108
6.31400×107
4.39587×107
– 4.95330×108
– 6.83986×105
– 1.057410×106
– 2.0977×106
– 5.917706×106
−4.00400×105
−3.37770×106
3.0972×106
– 3.949560×106
−8.88035×106
298.15
447.7
910
250

Tmin
298.15
298.15
660
800
320
298.15
673.3
298
298.15
298.15
250
230
350
230
240
240
447.7
830
1370
1473

Tmax
730
420
1029
1000
850
673.3
853
900
650
1050
465
500
610
1450
650
850

Term is cT 2 if unmarked, or fT 3 if marked “(f)”.
Term is dT -1 if unmarked, or gT -0.5 if marked “(g)”.
The heat-capacity values generated from this expression are approximate.
The values of the coefficients for this temperature range are highly correlated. See TDB Iron Part 1, Section VII.2.9.2 for a consistent heat-capacity equation for this temperature range.
The 298.15 K values for FeCl3(cr) and α-Fe2SiO4 from these equations show very minor mismatches when compared with those in the selected values tables. This is because of rounding
of the coefficients. There are slightly larger mismatches, still well within the specified uncertainties, in the 298.15 K values for γ-Fe2O3, Fe0.932O and α-FeOOH, and these differences
are discussed in the appropriate sections of the text.

FeCr2O4(cr)

Fe1.111Te(cr,β)
FeTe2(cr,ε)
Fe2TeO6(cr)
Fe4(AsO4)4·3H2O(cr)
FeCO3
FeSiO3
α-Fe2SiO4(z) *
γ-Fe2SiO4 *
{Fe25+.2766Fe30+.12Mn0.0825Mg1.5209)
(Si7.9163Al0.0837O22.0363){(OH)1.9637}
NiFe2O4(cr)

Compound
Fe1.042Se(cr)
Fe7Se8(cr,α)
Fe0.875Se(cr,δ)
FeSe(cr,δ)
Fe3Se4(cr,γ)
FeSe1.95(cr)
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Table III-3 (continued)
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Chapter IV

Selected auxiliary data
This chapter presents the chemical thermodynamic data for auxiliary compounds and
complexes which are used within the NEA TDB Project. Most of these auxiliary species
are used in the evaluation of the recommended iron data in Tables III-1, III-2 and III-3.
It is therefore essential to always use these auxiliary data in conjunction with the
selected data for iron. The use of other auxiliary data can lead to inconsistencies and
erroneous results.
The values in the tables of this chapter for auxiliary compounds and complexes
are either CODATA Key Values, taken from [1989COX/WAG], or were evaluated
within the NEA TDB Project, as described in the corresponding chapters of the uranium
review [1992GRE/FUG], the technetium review [1999RAR/RAN], the neptunium and
plutonium review [2001LEM/FUG], the Update review [2003GUI/FAN], the nickel
review [2005GAM/BUG], the selenium review [2005OLI/NOL], the thorium review
[2008RAN/FUG] and the tin review [2012GAM/GAJ].
Table IV-1 contains the selected thermodynamic data of the auxiliary species
and Table IV-2 the selected thermodynamic data of chemical reactions involving auxiliary species. The reason for listing both reaction data and entropies, enthalpies and
Gibbs energies of formation is, as described in Chapter III, that uncertainties in reaction
data are often smaller than the derived Sm , f H m and f Gm , due to uncertainty accumulation during the calculations.
All data in Table IV-1 and Table IV-2 refer to a temperature of 298.15 K, the
standard state pressure of 0.1 MPa and, for aqueous species and reactions, to the infinite
dilution standard state (I = 0).
The uncertainties listed below each reaction value in Table IV-2 are total uncertainties, and correspond mainly to the statistically defined 95% confidence interval.
The uncertainties listed below each value in Table IV-1 have the following significance:
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 for CODATA values from [1989COX/WAG], the  terms have the meaning:
“it is probable, but not at all certain, that the true values of the
thermodynamic quantities differ from the recommended values given in this
report by no more than twice the  terms attached to the recommended
values”.
 for values from [1992GRE/FUG], [1999RAR/RAN], [2003GUI/FAN],
[2005GAM/BUG], [2005OLI/NOL], [2008RAN/FUG] and [2012GAM/GAJ],
the  terms are derived from total uncertainties in the corresponding
equilibrium constant of reaction (cf. Table IV-2), and from the  terms listed
for the necessary CODATA key values.
CODATA [1989COX/WAG] values are available for CO2(g), HCO3 , CO32 ,
H2 PO and HPO24 . From the values given for f H m and Sm the values of f Gm and,
consequently, all the relevant equilibrium constants and enthalpy changes can be calculated. The propagation of errors during this procedure, however, leads to uncertainties in
the resulting equilibrium constants that are significantly higher than those obtained from
experimental determination of the constants. Therefore, reaction data for CO2(g),
HCO3 , CO32 , which were absent form the corresponding Table IV-2 in
[1992GRE/FUG], are included in this volume to provide the user of selected data with
the data needed to obtain the lowest possible uncertainties on reaction properties.

4

Note that the values in Table IV-1 and Table IV-2 may contain more digits
than those listed in either [1989COX/WAG] or in the chapters devoted to data selection in
[1992GRE/FUG], [1995SIL/BID], [2001LEM/FUG], [2003GUI/FAN], [2005GAM/BUG],
[2005OLI/NOL], [2008RAN/FUG] and [2012GAM/GAJ] because the data in the present
chapter are retrieved directly from the computerised database and rounded to three digits after the decimal point throughout.
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Table IV-1: Selected thermodynamic data for auxiliary compounds and complexes
adopted in the NEA TDB Project, including the CODATA Key Values
[1989COX/WAG]. All ionic species listed in this table are aqueous species. Unless
noted otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous
species, a standard state of infinite dilution (I = 0). The uncertainties listed below each
value represent total uncertainties and correspond in principle to the statistically defined
95% confidence interval. Values in bold typeface are CODATA Key Values and are
taken directly from [1989COX/WAG] without further evaluation. Values obtained from
internal calculation, cf. footnotes (a) and (b), are rounded at the third digit after the
decimal point and may therefore not be exactly identical to those given in the chapters
devoted to data selection in [1992GRE/FUG], [1995SIL/BID], [2001LEM/FUG],
[2003GUI/FAN], [2005GAM/BUG], [2005OLI/NOL], [2008RAN/FUG] and
[2012GAM/GAJ]. Systematically, all the values are presented with three digits after the
decimal point, regardless of the significance of these digits. The reference listed for
each entry in this table indicates the NEA TDB Review where the corresponding data
have been adopted as NEA TDB Auxiliary data. The data presented in this table are
available on computer media from the OECD Nuclear Energy Agency.
Compound and
review where adopted
O(g)
[1992GRE/FUG]

f Gm
(kJ∙mol–1)
231.743 (a)
0.100

f Hm

Sm

Cp,m

(kJ∙mol–1)
249.180
0.100

(J∙K–1∙mol–1)
161.059
0.003

(J∙K–1∙mol–1)
21.912
0.001

0.000

205.152
0.005

29.378
0.003

217.998
0.006

114.717
0.002

20.786
0.001

O2(g)
[1992GRE/FUG]

0.000

H(g)
[1992GRE/FUG]

203.276 (a)
0.006

H+
[1992GRE/FUG]

0.000

0.000

0.000

0.000

H2(g)
[1992GRE/FUG]

0.000

0.000

130.680
0.003

28.836
0.002

OH –
[1992GRE/FUG]

– 157.220 (a)
0.072

– 230.015
0.040

– 10.900
0.200

H2O(g)
[1992GRE/FUG]

– 228.582 (a)
0.040

– 241.826
0.040

188.835
0.010

33.609
0.030

H2O(l)
[1992GRE/FUG]

– 237.140 (a)
0.041

– 285.830
0.040

69.950
0.030

75.351
0.080

(Continued on next page)
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Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

Cp,m

(kJ∙mol–1)

(kJ∙mol–1)
– 191.170
0.100

(J∙K–1∙mol–1)

(J∙K–1∙mol–1)

He(g)
[1992GRE/FUG]

0.000

0.000

126.153
0.002

20.786
0.001

Ne(g)
[1992GRE/FUG]

0.000

0.000

146.328
0.003

20.786
0.001

Ar(g)
[1992GRE/FUG]

0.000

0.000

154.846
0.003

20.786
0.001

Kr(g)
[1992GRE/FUG]

0.000

0.000

164.085
0.003

20.786
0.001

Xe(g)
[1992GRE/FUG]

0.000

0.000

169.685
0.003

20.786
0.001

F(g)
[1992GRE/FUG]

62.280 (a)
0.300

79.380
0.300

158.751
0.004

22.746
0.002

F–
[1992GRE/FUG]

– 281.523 (a)
0.692

– 335.350
0.650

– 13.800
0.800
202.791
0.005

H2O2(aq)
[1992GRE/FUG]

F2(g)
[1992GRE/FUG]

0.000

0.000

HF(aq)
[1992GRE/FUG]

– 299.675
0.702

– 323.150
0.716

HF(g)
[1992GRE/FUG]

– 275.400 (a)
0.700

– 273.300
0.700

HF2–
[1992GRE/FUG]

– 583.709
1.200

– 655.500
2.221

88.000 (a)
3.362
173.779
0.003

105.305 (a)
0.008

121.301
0.008

165.190
0.004

Cl –
[1992GRE/FUG]

– 131.217 (a)
0.117

– 167.080
0.100

56.600
0.200

0.000

223.081
0.010

– 104.000
1.000

162.300
3.000

0.000

ClO3–
[1992GRE/FUG]

– 7.903 (a)
1.342

29.137
0.002

92.683 (a)
8.469

Cl(g)
[1992GRE/FUG]

Cl2(g)
[1992GRE/FUG]

31.304
0.002

21.838
0.001

33.949
0.002

(Continued on next page)
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Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

Cp,m

(kJ∙mol–1)
– 128.100
0.400

(J∙K–1∙mol–1)
184.000
1.500

(J∙K–1∙mol–1)

[1992GRE/FUG]

(kJ∙mol–1)
– 7.890 (a)
0.600

HCl(g)
[1992GRE/FUG]

– 95.298 (a)
0.100

– 92.310
0.100

186.902
0.005

29.136
0.002

Br(g)
[1992GRE/FUG]

82.379 (a)
0.128

111.870
0.120

175.018
0.004

20.786
0.001

Br –
[1992GRE/FUG]

– 103.850 (a)
0.167

– 121.410
0.150

82.550
0.200

Br2(g)
[1992GRE/FUG]

3.105 (a)
0.142

30.910
0.110

245.468
0.005

Br2(l)
[1992GRE/FUG]

0.000

0.000

152.210
0.300

BrO3–
[1992GRE/FUG]

19.070 (a)
0.634

– 66.700
0.500

161.500
1.300

HBr(g)
[1992GRE/FUG]

– 53.361 (a)
0.166

– 36.290
0.160

198.700
0.004

29.141
0.003

I(g)
[1992GRE/FUG]

70.172 (a)
0.060

106.760
0.040

180.787
0.004

20.786
0.001

I–
[1992GRE/FUG]

– 51.724 (a)
0.112

– 56.780
0.050

106.450
0.300

I2(cr)
[1992GRE/FUG]

0.000

0.000

116.140
0.300

I2(g)
[1992GRE/FUG]

19.323 (a)
0.120

62.420
0.080

260.687
0.005

IO3–
[1992GRE/FUG]

– 126.338 (a)
0.779

– 219.700
0.500

118.000
2.000

HI(g)
[1992GRE/FUG]

1.700 (a)
0.110

26.500
0.100

206.590
0.004

29.157
0.003

0.000

32.054
0.050

22.750
0.050

277.170
0.150

167.829
0.006

23.674
0.001

128.600
0.300

228.167
0.010

32.505
0.010

ClO4–

HIO3(aq)
[1992GRE/FUG]
S(cr)(orthorhombic)
[1992GRE/FUG]

36.888
0.002

– 130.836
0.797
0.000

S(g)
[1992GRE/FUG]

236.689 (a)
0.151

S2–
[1992GRE/FUG]

120.695
11.610

S2(g)
[1992GRE/FUG]

36.057
0.002

79.686 (a)
0.301

(Continued on next page)
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Table IV-1 (continued)
Compound and
review where adopted

f Gm

SO2(g)
[1992GRE/FUG]

(kJ∙mol–1)
– 300.095 (a)
0.201

SO2–
3
[1992GRE/FUG]

– 487.472
4.020

SO2–
4
[1992GRE/FUG]

f Hm

Sm

(kJ∙mol–1)
– 296.810
0.200

(J∙K–1∙mol–1)
248.223
0.050

– 744.004 (a)
0.418

– 909.340
0.400

18.500
0.400

HS –
[1992GRE/FUG]

12.243 (a)
2.115

– 16.300
1.500

67.000
5.000

H2S(aq)
[1992GRE/FUG]

– 27.648 (a)
2.115

– 38.600
1.500

126.000
5.000

H2S(g)
[1992GRE/FUG]

– 33.443 (a)
0.500

– 20.600
0.500

205.810
0.050

– 886.900
1.000

131.700
3.000

HSO3–
[1992GRE/FUG]

– 528.684
4.046

H2SO3(aq)
[1992GRE/FUG]

– 539.187
4.072

HSO4–
[1992GRE/FUG]

– 755.315 (a)
1.342

Cp,m
(J∙K–1∙mol–1)
39.842
0.020

34.248
0.010

Se(cr) (trigonal)
[2005OLI/NOL]

0.000

0.000

42.090
0.330

25.090 (c)
0.300

Se(monoclinic)
[2005OLI/NOL]

1.281 (a)
0.184

2.140
0.100

44.970
0.400

25.090 (c)
0.800
(c)

Se(l)
[2005OLI/NOL]
Se(g)
[2005OLI/NOL]

195.927 (a)
1.524

Se2–
[2005OLI/NOL]

128.600 (b)
3.000

Se2(g)
[2005OLI/NOL]

92.442 (a)
3.009

Se2–
2
[2005OLI/NOL]

112.670 (b)
6.294

Se3(g)
[2005OLI/NOL]

123.549 (a)
10.439

236.070 (b)
1.521

176.729
0.006

20.819 (c)
0.001

141.100
3.000

247.380
0.400

41.710 (c)
0.200

178.000
10.000

308.900
10.000

(Continued on next page)
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Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

Cp,m

(kJ∙mol–1)

(J∙K–1∙mol–1)

[2005OLI/NOL]

(kJ∙mol–1)
100.590 (b)
9.198

Se4(g)
[2005OLI/NOL]

111.647 (a)
13.406

163.000
12.000

340.600
20.000

Se2–
4
[2005OLI/NOL]

97.580 (b)
12.149

Se5(g)
[2005OLI/NOL]

88.393 (a)
5.256

144.400
4.300

398.300
10.000

Se6(g)
[2005OLI/NOL]

83.638(a)
4.866

136.100
3.800

428.500
10.000

Se7(g)
[2005OLI/NOL]

92.845(a)
4.891

150.200
4.500

487.000
6.000

Se8(g)
[2005OLI/NOL]

100.307(a)
3.580

156.800
3.000

526.200
6.000

SeO(g)
[2005OLI/NOL]

30.855 (a)
6.218

57.400
6.210

233.700
1.000

32.520 (c)
0.250

SeO2(cr)
[2005OLI/NOL]

–171.797 (a)
0.620

–225.390
0.600

67.490
0.400

58.230 (c)
0.180

SeO2(g)
[2005OLI/NOL]

–115.166 (a)
2.600

–110.590 (b)
2.571

262.590
1.250

43.360 (c)
0.150

SeO3(cr)
[2005OLI/NOL]

–86.154 (a)
2.222

–163.100
2.200

91.740
1.000

77.240 (c)
0.790

SeO2–
3
[2005OLI/NOL]

–362.392 (b)
1.756

–507.160
1.130

–5.055 (a)
7.011

SeO2–
4
[2005OLI/NOL]

–439.485 (b)
1.431

–603.500 (b)
3.500

Se2–
3

(J∙K–1∙mol–1)

32.965 (b)
12.687

–414.590 (b)
2.577

Se2O5(cr)
[2005OLI/NOL]
HSe –
[2005OLI/NOL]

43.471 (b)
2.024

H2Se(g)
[2005OLI/NOL]

15.217 (a)
2.003

29.000
2.000

219.000
0.100

H2Se(aq)
[2005OLI/NOL]

21.495 (b)
2.003

14.300 (b)
2.022

148.637 (b)
1.029

HSeO3–
[2005OLI/NOL]

–410.112 (b)
1.166

–512.330
1.010

137.656 (a)
5.184

HSeO4–
[2005OLI/NOL]

–449.474 (b)
1.312

–582.700 (d)
4.700

136.232 (a)
16.370

34.700 (c)
0.100

(Continued on next page)
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Table IV-1 (continued)
Compound and
review where adopted

f Gm
(kJ∙mol–1)

(kJ∙mol–1)
–524.720 (b)
0.650

–425.181 (b)
0.849

–505.320
0.650

H2SeO3(cr)
[2005OLI/NOL]
H2SeO3(aq)
[2005OLI/NOL]

Sm
(J∙K–1∙mol–1)

Cp,m
(J∙K–1∙mol–1)

211.710 (a)
3.601

–530.500
1.880

H2SeO4(cr)
[2005OLI/NOL]
Te(cr)
[1992GRE/FUG]

f Hm

0.000

0.000

49.221
0.050

25.550
0.100

TeO2(cr)
[2003GUI/FAN]

– 265.996 (a)
2.500

– 321.000
2.500

69.890
0.150

60.670
0.150

N(g)
[1992GRE/FUG]

455.537 (a)
0.400

472.680
0.400

153.301
0.003

20.786
0.001

N2(g)
[1992GRE/FUG]

0.000

0.000

191.609
0.004

29.124
0.001

NO3–
[1992GRE/FUG]

– 110.794 (a)
0.417

– 206.850
0.400

146.700
0.400

NH3(aq)
[1992GRE/FUG]

– 26.673
0.305

– 81.170
0.326

109.040
0.913

NH3(g)
[1992GRE/FUG]

– 16.407 (a)
0.350

– 45.940
0.350

192.770
0.050

NH+4
[1992GRE/FUG]

– 79.398 (a)
0.278

– 133.260
0.250

111.170
0.400

– 7.500
2.000

P(am)(red)
[1992GRE/FUG]
P(cr)(white, cubic)
[1992GRE/FUG]

35.630
0.005

0.000

0.000

41.090
0.250

23.824
0.200

P(g)
[1992GRE/FUG]

280.093 (a)
1.003

316.500
1.000

163.199
0.003

20.786
0.001

P2(g)
[1992GRE/FUG]

103.469 (a)
2.006

144.000
2.000

218.123
0.004

32.032
0.002

P4(g)
[1992GRE/FUG]

24.419 (a)
0.448

58.900
0.300

280.010
0.500

67.081
1.500

– 1284.400
4.085

– 220.970
12.846

PO3–
4
[1992GRE/FUG]

– 1025.491
1.576
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IV Selected auxiliary data

Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

[1992GRE/FUG]

(kJ∙mol–1)
– 1935.503
4.563

HPO2–
4
[1992GRE/FUG]

– 1095.985 (a)
1.567

– 1299.000
1.500

– 33.500
1.500

H2PO4–
[1992GRE/FUG]

– 1137.152 (a)
1.567

– 1302.600
1.500

92.500
1.500

H3PO4(aq)
[1992GRE/FUG]

– 1149.367
1.576

– 1294.120
1.616

161.912
2.575

HP2O3–
7
[1992GRE/FUG]

– 1989.158
4.482

H2P2O2–
7
[1992GRE/FUG]

– 2027.117
4.445

H3P2O7–
[1992GRE/FUG]

– 2039.960
4.362

H4P2O7(aq)
[1992GRE/FUG]

– 2045.668
3.299

– 2280.210
3.383

274.919
6.954

As(cr)
[1992GRE/FUG]

0.000

0.000

35.100
0.600

P2O4–
7

(kJ∙mol–1)

(J∙K–1∙mol–1)

Cp,m
(J∙K–1∙mol–1)

24.640
0.500

AsO3–
4
[1992GRE/FUG]

– 648.360 (a)
4.008

– 888.140
4.000

– 162.800
0.600

As2O5(cr)
[1992GRE/FUG]

– 782.449 (a)
8.016

– 924.870
8.000

105.400
1.200

116.520
0.800

As4O6(cubic)
[1992GRE/FUG]

– 1152.445 (a)
16.032

– 1313.940
16.000

214.200
2.400

191.290
0.800

As4O6(monoclinic)
[1992GRE/FUG]

– 1154.009 (a)
16.041

– 1309.600
16.000

234.000
3.000

As4O6(g)
[2005GAM/BUG]

– 1092.716 (a)
16.116

– 1196.250
16.000

408.600
6.000

HAsO2(aq)
[1992GRE/FUG]

– 402.925 (a)
4.008

– 456.500
4.000

125.900
0.600

H2AsO3–
[1992GRE/FUG]

– 587.078 (a)
4.008

– 714.790
4.000

110.500
0.600
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IV Selected auxiliary data

Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

H3AsO3(aq)
[1992GRE/FUG]

(kJ∙mol–1)
– 639.681 (a)
4.015

(kJ∙mol–1)
– 742.200
4.000

(J∙K–1∙mol–1)
195.000
1.000

HAsO2–
4
[1992GRE/FUG]

– 714.592 (a)
4.008

– 906.340
4.000

– 1.700
0.600

H2AsO4–
[1992GRE/FUG]

– 753.203 (a)
4.015

– 909.560
4.000

117.000
1.000

H3AsO4(aq)
[1992GRE/FUG]

– 766.119 (a)
4.015

– 902.500
4.000

184.000
1.000

Cp,m
(J∙K–1∙mol–1)

– 4248.400
24.000

(As2O5)3. 5 H2O(cr)
[1992GRE/FUG]
C(cr)
[1992GRE/FUG]

0.000

C(g)
[1992GRE/FUG]

0.000

5.740
0.100

8.517
0.080

671.254 (a)
0.451

716.680
0.450

158.100
0.003

20.839
0.001

CO(g)
[1992GRE/FUG]

– 137.168 (a)
0.173

– 110.530
0.170

197.660
0.004

29.141
0.002

CO2(aq)
[1992GRE/FUG]

– 385.970 (a)
0.270

– 413.260
0.200

119.360
0.600

CO2(g)
[1992GRE/FUG]

– 394.373 (a)
0.133

– 393.510
0.130

213.785
0.010

CO32–
[1992GRE/FUG]

– 527.900 (a)
0.390

– 675.230
0.250

– 50.000
1.000

HCO3–
[1992GRE/FUG]

– 586.845 (a)
0.251

– 689.930
0.200

98.400
0.500

CN –
[2005OLI/NOL]

166.939 (b)
2.519

147.350 (b)
3.541

101.182 (b)
8.475

HCN(aq)
[2005OLI/NOL]

114.368 (b)
2.517

103.750 (b)
3.536

131.271 (b)
8.440

HCN(g)
[2005OLI/NOL]

119.517 (a)
2.500

129.900
2.500

201.710
0.100

SCN –
[1992GRE/FUG]

92.700
4.000

76.400
4.000

37.135
0.002

144.268 (a)
18.974
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IV Selected auxiliary data

Table IV-1 (continued)
Compound and
review where adopted
Si(cr)
[1992GRE/FUG]

f Gm
(kJ∙mol–1)
0.000

f Hm

Sm

Cp,m

(kJ∙mol–1)
0.000

(J∙K–1∙mol–1)
18.810
0.080

(J∙K–1∙mol–1)
19.789
0.030

Si(g)
[1992GRE/FUG]

405.525 (a)
8.000

450.000
8.000

167.981
0.004

22.251
0.001

SiO2(α– quartz)
[1992GRE/FUG]

– 856.287 (a)
1.002

– 910.700
1.000

41.460
0.200

44.602
0.300

SiO2(OH)2–
2
[1992GRE/FUG]

– 1175.651
1.265

– 1381.960
15.330

– 1.488
51.592

SiO(OH)3–
[1992GRE/FUG]

– 1251.740
1.162

– 1431.360
3.743

88.024
13.144

Si(OH)4(aq)
[1992GRE/FUG]

– 1307.735 (b)
1.156

– 1456.960 (b)
3.163

189.973 (b)
11.296

Si2O3(OH)2–
4
[1992GRE/FUG]

– 2269.878
2.878

Si2O2(OH)5–
[1992GRE/FUG]

– 2332.096
2.878

Si3O6(OH)3–
3
[1992GRE/FUG]

– 3048.536
3.870

Si3O5(OH)3–
5
[1992GRE/FUG]

– 3291.955
3.869

Si4O8(OH)4–
4
[1992GRE/FUG]

– 4075.179
5.437

Si4O7(OH)3–
5
[1992GRE/FUG]

– 4136.826
4.934

SiF4(g)
[1992GRE/FUG]

– 1572.773 (a)
0.814

– 1615.000
0.800

282.760
0.500

73.622
0.500

0.000

31.090
0.150

23.222
0.100

372.000
3.000

167.904
0.005

30.733
0.001

Ge(cr)
[1992GRE/FUG]

0.000

Ge(g)
[1992GRE/FUG]

331.209 (a)
3.000
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IV Selected auxiliary data

Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

Cp,m

GeO2(tetragonal)
[1992GRE/FUG]

(kJ∙mol–1)
– 521.404 (a)
1.002

(kJ∙mol–1)
– 580.000
1.000

(J∙K–1∙mol–1)
39.710
0.150

(J∙K–1∙mol–1)
50.166
0.300

GeF4(g)
[1992GRE/FUG]

– 1150.018 (a)
0.584

– 1190.200
0.500

301.900
1.000

81.602
1.000

0.000

51.180
0.080

27.110
0.080
21.259
0.001

Sn(cr)
[2012GAM/GAJ]

0.000

Sn(g)
[1992GRE/FUG]

266.223 (a)
1.500

301.200
1.500

168.492
0.004

Sn2+
[2012GAM/GAJ]

– 27.390 (a)
0.300

– 9.617
1.236

– 19.889
4.266

Sn4+
[2012GAM/GAJ]

46.711 (b)
3.871

SnO(tetragonal)
[2012GAM/GAJ]

– 255.446 (a)
0.763

– 284.240
0.760

57.180
0.220

47.760
0.080

SnO2(cassiterite,
tetragonal)
[2012GAM/GAJ]

– 516.640 (a)
0.206

– 577.630
0.200

51.770
0.140

55.260
0.090

0.000

64.800
0.300

26.650
0.100
20.786
0.001

Pb(cr)
[1992GRE/FUG]

0.000

Pb(g)
[1992GRE/FUG]

162.232 (a)
0.805

195.200
0.800

175.375
0.005

Pb2+
[1992GRE/FUG]

– 24.238 (a)
0.399

0.920
0.250

18.500
1.000

PbSO4(cr)
[1992GRE/FUG]

– 813.036 (a)
0.447

– 919.970
0.400

148.500
0.600

0.000

5.900
0.080

11.087
0.100

B(cr)
[1992GRE/FUG]

0.000

B(g)
[1992GRE/FUG]

521.012 (a)
5.000

565.000
5.000

153.436
0.015

20.796
0.005

B2O3(cr)
[1992GRE/FUG]

– 1194.324 (a)
1.404

– 1273.500
1.400

53.970
0.300

62.761
0.300

B(OH)3(aq)
[1992GRE/FUG]

– 969.268 (a)
0.820

– 1072.800
0.800

162.400
0.600

B(OH)3(cr)
[1992GRE/FUG]

– 969.667 (a)
0.820

– 1094.800
0.800

89.950
0.600

86.060
0.400

BF3(g)
[1992GRE/FUG]

– 1119.403 (a)
0.803

– 1136.000
0.800

254.420
0.200

50.463
0.100
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IV Selected auxiliary data

Table IV-1 (continued)
Compound and
review where adopted
Al(cr)
[1992GRE/FUG]

f Gm
(kJ∙mol–1)
0.000

f Hm

Sm

Cp,m

(kJ∙mol–1)
0.000

(J∙K–1∙mol–1)
28.300
0.100

(J∙K–1∙mol–1)
24.200
0.070
21.391
0.001

Al(g)
[1992GRE/FUG]

289.376 (a)
4.000

330.000
4.000

164.554
0.004

Al3+
[1992GRE/FUG]

– 491.507 (a)
3.338

– 538.400
1.500

– 325.000
10.000

Al2O3(corundum)
[1992GRE/FUG]

– 1582.257 (a)
1.302

– 1675.700
1.300

50.920
0.100

79.033
0.200

AlF3(cr)
[1992GRE/FUG]

– 1431.096 (a)
1.309

– 1510.400
1.300

66.500
0.500

75.122
0.400

Tl+
[1999RAR/RAN]

– 32.400
0.300

Zn(cr)
[1992GRE/FUG]

0.000

0.000

41.630
0.150

25.390
0.040

Zn(g)
[1992GRE/FUG]

94.813 (a)
0.402

130.400
0.400

160.990
0.004

20.786
0.001

Zn2+
[1992GRE/FUG]

– 147.203 (a)
0.254

– 153.390
0.200

– 109.800
0.500

ZnO(cr)
[1992GRE/FUG]

– 320.479 (a)
0.299

– 350.460
0.270

43.650
0.400

0.000

51.800
0.150

26.020
0.040
20.786
0.001

Cd(cr)
[1992GRE/FUG]

0.000

Cd(g)
[1992GRE/FUG]

77.230 (a)
0.205

111.800
0.200

167.749
0.004

Cd2+
[1992GRE/FUG]

– 77.733 (a)
0.750

– 75.920
0.600

– 72.800
1.500

CdO(cr)
[1992GRE/FUG]

– 228.661 (a)
0.602

– 258.350
0.400

54.800
1.500

CdSO4 8 3 H2O(cr)
[1992GRE/FUG]

– 1464.959 (a)
0.810

– 1729.300
0.800

229.650
0.400

Hg(g)
[1992GRE/FUG]

31.842 (a)
0.054

61.380
0.040

174.971
0.005

Hg(l)
[1992GRE/FUG]

0.000

0.000

75.900
0.120

Hg2+
[1992GRE/FUG]

164.667 (a)
0.313

170.210
0.200

– 36.190
0.800

20.786
0.001
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IV Selected auxiliary data

Table IV-1 (continued)
Compound and
review where adopted

f Gm

f Hm

Sm

Cp,m

(kJ∙mol–1)
153.567 (a)
0.559

(kJ∙mol–1)
166.870
0.500

(J∙K–1∙mol–1)
65.740
0.800

– 58.523 (a)
0.154

– 90.790
0.120

70.250
0.300

Hg2Cl2(cr)
[1992GRE/FUG]

– 210.725 (a)
0.471

– 265.370
0.400

191.600
0.800

Hg2SO4(cr)
[1992GRE/FUG]

– 625.780 (a)
0.411

– 743.090
0.400

200.700
0.200

0.000

33.150
0.080

24.440
0.050
20.786
0.001

Hg2+
2
[1992GRE/FUG]
HgO(montroydite, red)
[1992GRE/FUG]

(J∙K–1∙mol–1)

Cu(cr)
[1992GRE/FUG]

0.000

Cu(g)
[1992GRE/FUG]

297.672 (a)
1.200

337.400
1.200

166.398
0.004

Cu2+
[1992GRE/FUG]

65.040 (a)
1.557

64.900
1.000

– 98.000
4.000

CuSO4(cr)
[1992GRE/FUG]

– 662.185 (a)
1.206

– 771.400
1.200

109.200
0.400

0.000

42.550
0.200

25.350
0.100
20.786
0.001

Ag(cr)
[1992GRE/FUG]

0.000

Ag(g)
[1992GRE/FUG]

246.007 (a)
0.802

284.900
0.800

172.997
0.004

Ag+
[1992GRE/FUG]

77.096 (a)
0.156

105.790
0.080

73.450
0.400

AgCl(cr)
[1992GRE/FUG]

– 109.765 (a)
0.098

– 127.010
0.050

96.250
0.200

Ni(cr)
[2005GAM/BUG]

0.000
0.000

0.000
0.000

29.870
0.200

26.070
0.100

Ni2+
[2005GAM/BUG]

– 45.773
0.771

– 131.800
1.400

– 46.100
7.500

NiO(cr)
[2005GAM/BUG]

– 211.660 (a)
0.422

– 239.700
0.400

38.400
0.400

44.400 (c)
0.100

NiF2(cr)
[2005GAM/BUG]

609.852 (a)
8.001

657.30
8.000

73.520
0.400

63.210
2.000

0.000

30.720
0.100

25.060
0.080

– 55.012 (a)
0.878

Ti(cr)
[1992GRE/FUG]

0.000

Ti(g)
[1992GRE/FUG]

428.403 (a)
3.000

473.000
3.000

180.298
0.010

24.430
0.030

TiO2(rutile)
[1992GRE/FUG]

– 888.767 (a)
0.806

– 944.000
0.800

50.620
0.300

55.080
0.300
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Table IV-1 (continued)
Compound and
review where adopted
TiCl4(g)
[1992GRE/FUG]

f Gm
(kJ∙mol–1)
– 726.324 (a)
3.229

f Hm

Sm

Cp,m

(kJ∙mol–1)
– 763.200
3.000

(J∙K–1∙mol–1)
353.200
4.000

(J∙K–1∙mol–1)
95.408
1.000

0.000

50.200
0.200

27.660
0.050

–1019.000
1.500

–98.200
3.000

42.400
3.000

0.000

9.500
0.080

16.443
0.060

U(cr)
[1992GRE/FUG]

0.000

UO2+
2
[1992GRE/FUG]

–952.551 (a)
1.747

Be(cr)
[1992GRE/FUG]

0.000

Be(g)
[1992GRE/FUG]

286.202 (a)
5.000

324.000
5.000

136.275
0.003

20.786
0.001

BeO(bromellite)
[1992GRE/FUG]

– 580.090 (a)
2.500

– 609.400
2.500

13.770
0.040

25.565
0.100

0.000

32.670
0.100

24.869
0.020
20.786
0.001

Mg(cr)
[1992GRE/FUG]

0.000

Mg(g)
[1992GRE/FUG]

112.521 (a)
0.801

147.100
0.800

148.648
0.003

Mg2+
[1992GRE/FUG]

– 455.375 (a)
1.335

– 467.000
0.600

– 137.000
4.000

MgO(cr)
[1992GRE/FUG]

– 569.312 (a)
0.305

– 601.600
0.300

26.950
0.150

37.237
0.200

MgF2(cr)
[1992GRE/FUG]

– 1071.051 (a)
1.210

– 1124.200
1.200

57.200
0.500

61.512
0.300

0.000

41.590
0.400

25.929
0.300
20.786
0.001

Ca(cr)
[1992GRE/FUG]

0.000

Ca(g)
[1992GRE/FUG]

144.021 (a)
0.809

177.800
0.800

154.887
0.004

Ca2+
[1992GRE/FUG]

– 552.806 (a)
1.050

– 543.000
1.000

– 56.200
1.000

CaO(cr)
[1992GRE/FUG]

– 603.296 (a)
0.916

– 634.920
0.900

38.100
0.400

0.000

55.700
0.210

Sr(cr)
[1992GRE/FUG]

0.000

Sr2+
[1992GRE/FUG]

– 563.864 (a)
0.781

– 550.900
0.500

– 31.500
2.000

SrO(cr)
[1992GRE/FUG]

– 559.939 (a)
0.914

– 590.600
0.900

55.440
0.500

SrCl2(cr)
[1992GRE/FUG]

– 784.974 (a)
0.714

– 833.850
0.700

114.850
0.420

42.049
0.400
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Table IV-1 (continued)
Compound and
review where adopted
Sr(NO3)2(cr)
[1992GRE/FUG]
Ba(cr)
[1992GRE/FUG]

f Gm
(kJ∙mol–1)
– 783.146 (a)
1.018
0.000

f Hm

Sm

(kJ∙mol–1)
– 982.360
0.800

(J∙K–1∙mol–1)
194.600
2.100

0.000

62.420
0.840

Cp,m
(J∙K–1∙mol–1)

Ba2+
[1992GRE/FUG]

– 557.656 (a)
2.582

– 534.800
2.500

8.400
2.000

BaO(cr)
[1992GRE/FUG]

– 520.394 (a)
2.515

– 548.100
2.500

72.070
0.380

BaCl2(cr)
[1992GRE/FUG]

– 806.953 (a)
2.514

– 855.200
2.500

123.680
0.250

0.000

29.120
0.200

24.860
0.200
20.786
0.001

Li(cr)
[1992GRE/FUG]

0.000

Li(g)
[1992GRE/FUG]

126.604 (a)
1.002

159.300
1.000

138.782
0.010

Li+
[1992GRE/FUG]

– 292.918 (a)
0.109

– 278.470
0.080

12.240
0.150

0.000

51.300
0.200

28.230
0.200
20.786
0.001

Na(cr)
[1992GRE/FUG]

0.000

Na(g)
[1992GRE/FUG]

76.964 (a)
0.703

107.500
0.700

153.718
0.003

Na+
[1992GRE/FUG]

– 261.953 (a)
0.096

– 240.340
0.060

58.450
0.150

NaF(cr)
[2001LEM/FUG]

– 546.327 (a)
0.704

– 576.600
0.700

51.160
0.150

NaCl(cr)
[2001LEM/FUG]

– 384.221
0.147

– 411.260
0.120

72.150
0.200

50.500

– 467.580
0.410

NaNO3(cr)
[2003GUI/FAN]
K(cr)
[1992GRE/FUG]

0.000

0.000

64.680
0.200

29.600
0.100

K(g)
[1992GRE/FUG]

60.479 (a)
0.802

89.000
0.800

160.341
0.003

20.786
0.001

K+
[1992GRE/FUG]

– 282.510 (a)
0.116

– 252.140
0.080

101.200
0.200

(Continued on next page)
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Table IV-1 (continued)
Compound and
review where adopted

f Gm
(kJ∙mol–1)

f Hm

KCl(cr)
[2005GAM/BUG]

(kJ∙mol–1)
– 436.461
0.129

KBr(cr)
[2005GAM/BUG]

– 393.330
0.188

KI(cr)
[2005GAM/BUG]

– 329.150
0.137

Sm

Cp,m

(J∙K–1∙mol–1)

(J∙K–1∙mol–1)

– 1180.000
4.100

KH2AsO4(cr)
[2020LEM/PAL]
Rb(cr)
[1992GRE/FUG]

0.000

0.000

76.780
0.300

31.060
0.100

Rb(g)
[1992GRE/FUG]

53.078 (a)
0.805

80.900
0.800

170.094
0.003

20.786
0.001

Rb+
[1992GRE/FUG]

– 284.009 (a)
0.153

– 251.120
0.100

121.750
0.250

Cs(cr)
[1992GRE/FUG]

0.000

0.000

85.230
0.400

32.210
0.200

Cs(g)
[1992GRE/FUG]

49.556 (a)
1.007

76.500
1.000

175.601
0.003

20.786
0.001

Cs+
[1992GRE/FUG]

– 291.456 (a)
0.535

– 258.000
0.500

132.100
0.500

CsCl(cr)
[2001LEM/FUG]

– 413.807 (a)
0.208

– 442.310
0.160

101.170
0.200

52.470

CsBr(cr)
[2001LEM/FUG]

– 391.171
0.305

– 405.600
0.250

112.940
0.400

52.930

α-MgSO4
[2020LEM/PAL]
(a)
(b)
(c)
(d)

– 1288.640
1.280


Value calculated internally using f Gm  f H m  T  Sm,i
.
i
Value calculated internally from reaction data (see Table IV-2).
Temperature coefficients of this function are listed in Table III-3 of [2005OLI/NOL].
As discussed in Sections V.3.3.2 and V.3.4.2 of [2005OLI/NOL].
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Table IV-2: Selected thermodynamic data for reactions involving auxiliary compounds
and complexes used in the evaluation of thermodynamic data for the NEA TDB Project
data. All ionic species listed in this table are aqueous species. The selection of these
data is described in Chapter VI of [1992GRE/FUG] and [2005OLI/NOL]. Unless noted
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous species,
a standard state of infinite dilution (I = 0). The uncertainties listed below each value
represent total uncertainties and correspond in principle to the statistically defined 95%
confidence interval. Systematically, all the values are presented with three digits after
the decimal point, regardless of the significance of these digits. The reference listed for
each entry in this table indicates the NEA TDB Review where the corresponding data
have been adopted as NEA TDB Auxiliary data. The data presented in this table are
available on computer media from the OECD Nuclear Energy Agency.
Species and
review where adopted

Reaction
 r Gm

log10 K 

(kJ∙mol–1)

– 18.152
0.114

12.200
0.300

101.800 (a)
1.077

– 2.511
0.685

3.000
2.000

18.486 (a)
7.090

66.000
30.000

359.590 (a)
100.630

16.000
5.000

88.891 (a)
16.840

HF(aq)
[1992GRE/FUG]
HF2–
[1992GRE/FUG]

F – + HF(aq)  HF2–

HIO3(aq)
[1992GRE/FUG]

H+ + IO3–  HIO3(aq)

S2–
[1992GRE/FUG]

HS –  H+ + S2–

SO2–
3
[1992GRE/FUG]

–
H2O(l) + SO2–
 2OH – + SO2–
4 +2 e
3

H2S(aq)
[1992GRE/FUG]
HSO3–
[1992GRE/FUG]

H2SO3(aq)
[1992GRE/FUG]

0.440
0.120

0.788
0.029

– 19.000
2.000

– 31.400 (b)
0.700

r Sm

(kJ∙mol–1)
F – + H+  HF(aq)
3.180
0.020

r H m

(J∙K–1∙mol–1)

– 4.498
0.166

108.450
11.416

179.230
3.996

H2S(aq)  H+ + HS –
– 6.990
0.170

39.899
0.970

–
H+ + SO2–
3  HSO3

7.220
0.080

– 41.212
0.457

H+ + HSO3–  H2SO3(aq)
1.840
0.080

– 10.503
0.457

(Continued on next page)
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Table IV-2 (continued)
Species and
review where adopted

Reaction
 r Gm

log10 K 

–1

(kJ∙mol )
HSO4–
[1992GRE/FUG]

+

H +

SO2–
4



r Sm

r H m
–1

(kJ∙mol )

–1

(J∙K ∙mol–1)

HSO4–

1.980
0.050

Se(g)
[2005OLI/NOL]

½ Se2(g)  Se(g)

Se2–
[2005OLI/NOL]

Se(cr) + 2 e –  Se2–

Se2–
2
[2005OLI/NOL]

–
2Se2–  Se2–
2 + 2e

Se2–
3
[2005OLI/NOL]

–
3Se2–  Se2–
3 + 4e

Se2–
4
[2005OLI/NOL]

–
4Se2–  Se2–
4 + 6e

– 11.302
0.285

–165.520
0.250

–22.530
0.526

25.320
0.333

49.966
0.333

73.023
0.333

128.600
3.000

–144.530
1.900

–285.210
1.900

–416.820
1.900

SeO2(g)
[2005OLI/NOL]

SeO2(cr)  SeO2(g)

SeO2–
3
[2005OLI/NOL]

HSeO3–  H+ + SeO2–
3

SeO2–
4
[2005OLI/NOL]

HSeO4–  H+ + SeO2–
4

Se2O5(cr)
[2005OLI/NOL]

SeO2(cr) + SeO3(cr)  Se2O5(cr)

HSe –
[2005OLI/NOL]

H2Se(aq)  H+ + HSe –

114.800
2.500

–8.360
0.230

–1.750
0.100

47.719
1.313

9.989
0.571

–20.800
3.200

–103.267 (a)
10.902

–26.100
1.200

–3.850
0.050

21.976
0.285

(Continued on next page)
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Table IV-2 (continued)
Species and
review where adopted

log10 K 

Reaction
 r Gm
–1

–1

(kJ∙mol )

(kJ∙mol )

6.279
0.057

–14.700
0.300

H2Se(aq)
[2005OLI/NOL]

H2Se(g)  H2Se(aq)

HSeO3–
[2005OLI/NOL]

H2SeO3(aq)  H+ + HSeO3–

HSeO4–

H2O(l) + H2SeO3(aq)  3H+ + HSeO4– + 2 e –

[2005OLI/NOL]

–1.100
0.010

–2.640
0.140

–37.289 (c)
0.175

–1

(J∙K ∙mol–1)
–70.363 (a)
1.024

15.069
0.799

212.847
1.000

H2SeO3(cr)
[2005OLI/NOL]

H2O(l) + SeO2(cr)  H2SeO3(cr)

H2SeO3(aq)
[2005OLI/NOL]

3H2O(l) + Se(cr)  2H2(g) + H2SeO3(aq)

HN3(aq)
[1992GRE/FUG]

H+ + N3–  HN3(aq)

NH3(aq)
[1992GRE/FUG]

NH+4  H+ + NH3(aq)

PO3–
4
[1992GRE/FUG]

r Sm

r H m

–13.500
0.180

–50.147
0.147

4.700
0.080

– 9.237
0.022

286.240
0.840

– 26.828
0.457

– 15.000
10.000

39.671 (a)
33.575

52.725
0.126

52.090
0.210

– 2.130 (a)
0.821

70.494
0.171

14.600
3.800

– 187.470 (a)
12.758

3–
+
HPO2–
4  H + PO4

– 12.350
0.030

(Continued on next page)
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Table IV-2 (continued)
Species and
review where adopted

Reaction
 r Gm

log10 K 

–1

(kJ∙mol )
P2O4–
7

HP2O3–
7

 H +
+

–1

(kJ∙mol )

–1

(J∙K ∙mol–1)

P2O4–
7

[1992GRE/FUG]

– 9.400
0.150

H2PO4–
[1992GRE/FUG]

–
H+ + HPO2–
4  H2PO4

H3PO4(aq)
[1992GRE/FUG]

r Sm

r H m

7.212
0.013

53.656
0.856

– 41.166
0.074

– 3.600
1.000

126.000 (a)
3.363

8.480
0.600

69.412 (a)
2.093

22.200
1.000

21.045 (a)
4.673

43.600
0.200

– 30.089 (a)
0.772

H+ + H2PO4–  H3PO4(aq)
2.140
0.030

– 12.215
0.171

HP2O3–
7
[1992GRE/FUG]

3–
+
H2P2O2–
7  H + HP2O7

H2P2O2–
7
[1992GRE/FUG]

H3P2O7–  H+ + H2P2O2–
7

H3P2O7–
[1992GRE/FUG]

H4P2O7(aq)  H+ + H3P2O7–

H4P2O7(aq)
[1992GRE/FUG]

2H3PO4(aq)  H2O(l) + H4P2O7(aq)

CO2(aq)
[1992GRE/FUG]

H+ + HCO3–  CO2(aq) + H2O(l)

CO2(g)
[1992GRE/FUG]

CO2(aq)  CO2(g)

HCO3–
[1992GRE/FUG]

CO32– + H+  HCO3–

CN –
[2005OLI/NOL]

HCN(aq)  CN – + H+

– 6.650
0.100

– 2.250
0.150

– 1.000
0.500

– 2.790
0.170

6.354
0.020

1.472
0.020

10.329
0.020

– 9.210
0.020

37.958
0.571

12.843
0.856

5.708
2.854

15.925
0.970

– 36.269
0.114

– 8.402
0.114

– 58.958
0.114

52.571
0.114

(Continued on next page)
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Table IV-2 (continued)
Species and
review where adopted

log10 K 

Reaction
 r Gm
–1

–1

– 5.149
0.285

– 26.150
2.500

– 70.439 (a)
8.440

75.000
15.000

– 191.460 (a)
50.340

25.600
2.000

– 101.950 (a)
6.719

25.400
3.000

8.613 (a)
10.243

SiO2(OH)2–
2
[1992GRE/FUG]

Si(OH)4(aq)  2H+ + SiO2(OH)2–
2

SiO(OH)3–
[1992GRE/FUG]

Si(OH)4(aq)  H+ + SiO(OH)3–

Si(OH)4(aq)
[1992GRE/FUG]

2H2O(l) + SiO2(-quartz)  Si(OH)4(aq)

Si2O3(OH)2–
4
[1992GRE/FUG]

2Si(OH)4(aq)  2H+ + H2O(l) + Si2O3(OH)2–
4

Si2O2(OH)5–
[1992GRE/FUG]

2Si(OH)4(aq)  H+ + H2O(l) + Si2O2(OH)5–

Si3O6(OH)3–
3
[1992GRE/FUG]

3Si(OH)4(aq)  3H+ + 3H2O(l) + Si3O6(OH)3–
3

Si3O5(OH)3–
5
[1992GRE/FUG]

3Si(OH)4(aq)  3H+ + 2H2O(l) + Si3O5(OH)3–
5

Si4O8(OH)4–
4
[1992GRE/FUG]

4Si(OH)4(aq)  4H+ + 4H2O(l) + Si4O8(OH)4–
4

Si4O7(OH)3–
5
[1992GRE/FUG]

4Si(OH)4(aq)  3H+ + 4H2O(l) + Si4O7(OH)3–
5

– 9.810
0.020

– 4.000
0.100

– 19.000
0.300

– 8.100
0.300

– 28.600
0.300

– 27.500
0.300

– 36.300
0.500

– 25.500
0.300

(J∙K ∙mol–1)

(kJ∙mol )

HCN(g)  HCN(aq)

– 23.140
0.090

–1

(kJ∙mol )
HCN(aq)
[2005OLI/NOL]

0.902
0.050

r Sm

r H m

132.080
0.514

55.996
0.114

22.832
0.571

108.450
1.712

46.235
1.712

163.250
1.712

156.970
1.712

207.200
2.854

145.560
1.712

(a) Value calculated internally using rGm  r Hm  T r Sm .
(b) Value calculated from a selected standard potential.
(c) Value of log10K° calculated internally from  r Gm
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Part 3
Discussion of data selection

Chapter V

Elemental iron
The material in Chapter V of TDB-Iron Part 1 [2013LEM/BER] has not been changed
or augmented in the present volume
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Chapter VI

Simple iron aquo ions
The material in Chapter VI of TDB-Iron Part 1 [2013LEM/BER] has not been changed
or augmented in the present volume.
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Chapter VII

Iron oxygen and hydrogen
compounds and complexes
VII.1 Aqueous iron hydroxido complexes (also see Section VII.1 in
TDB-Iron Part 1)Equation Chapter 7 Section 1

VII.1.1 Aqueous Fe(II) hydroxido complexes (also see Section VII.1.1 in
TDB-Iron Part 1)
In TDB-Iron Part 1 [2013LEM/BER] a paper by Lindstrand [1944LIN2] on hydrolysis
data of Fe2+ was omitted. In that study results were obtained with a potentiometric cell
fitted with a hydrogen electrode and a calomel reference electrode at 293.15 K. Sixteen
pH measurements were made with pure Fe(ClO4 )2 (sln) at 0.0025, 0.005, 0.01 and 0.02
mol∙dm-3 in the absence of a supporting electrolyte and it is assumed that cH+ = cFeOH+ .
Treatment of these results led to log10 *K1o = ‒ (5.84 ± 0.02). The corresponding value of
* o
K1 is more than two orders of magnitude greater than that recommended in TDB-Iron
Part 1 and for reasons discussed in Appendix A no adjustment of the recommended
value is made at this time.

VII.1.2 Fe(III) Hydrolysis (also see Section VII.1.3 in TDB-Iron Part 1)
VII.1.2.1

The first hydrolysis constant (also see Section VII.1.3.1 in TDB-Iron
Part 1)

From the effect of the hydroxide ion on the kinetics of reduction of Fe3 by I , Sykes
[1952SYK] proposed a log10 *K m,1 value (for his Eq. 1) of ‒ 2.53 at Im = 0.067 in a
mixed nitrate, perchlorate medium at 291.15 K. The calculated value of log10 *K m,1
from TDB-Iron Part 1 is  (2.28 ± 0.11) based on an SIT treatment involving an ionicstrength dependent log10 *K m,1 term in the analysis of data for NaClO 4 (sln) from many
studies. This discrepancy may be due in part to the assumption that FeOH 2  is
completely inert to reduction and in part to the complexity of the ionic medium.
An inadequate description of the experimental technique used in the relaxation
rate study by Vdovenko and Stebunov [1969VDO/STE] provided an unacceptable value
of the first hydrolysis constant of iron(III) at 293.15 K and Ic = 0.1.
Two significant papers were overlooked in the TDB-Iron Part 1 evaluation.
One involved an important potentiometric study of iron(III) hydrolysis at 298.15 K and
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Im = 3.50 ( NaClO 4 ) where Ciavatta and Grimaldi heated these solutions to 333.15 K for
one hour before allowing them to cool to 298.15 K in order to facilitate the system
reaching equilibrium [1975CIA/GRI2]. In this manner, they identified three species; the
2
complex predominated, with minor amounts of FeOH2+ and Fe2 (OH)42 .
Fe12 (OH)34
The value of log10 *K m,1 was given as ‒ (3.0 ± 0.2), which is in agreement, within the
combined uncertainties, with  (2.83 ± 0.11) based on the two-term SIT2 treatment in
TDB-Iron Part 1 [2013LEM/BER]1. The second paper involved a spectrophotometric
investigation from 298 to 573 K that produced the values: log10 *K1o = − 2.22
and  r H1o = 43.4 kJ·mol-1 [2008STE/SEW]. A combined regression of these data
limited to T ≤ 473 K and those from Table VII-8 of TDB-Iron Part 1, obtained from the
ionic strength dependent SIT2 treatments, weighted according to the procedures
described in the footnotes to that Table, resulted in: log10 *K1o = − (2.15 ± 0.07) and
 r H1o = (38.8 ± 2.6) kJ·mol-1 at 298.15 K. The latter value,
 r H1o (298.15 K) = (38.8 ± 2.6) kJ·mol-1,

is now recommended over the value previously recommended in TDB-Iron
Part 1:  r H1o = (36 ± 3) kJ·mol-1, a value which was derived over a narrower range of
temperature.
The average value of log10 * K c ,1 reported by Soli and Byrne [1996SOL/BYR]
based on five titrations was converted to molal units to give ‒ (2.75 ± 0.02) (2σ) at Im =
0.68 and 298.15 K, which is in excellent agreement with the value of ‒ 2.73 derived
from the SIT2 treatment in TDB-Iron Part 1. Perera and Hefter [2003PER/HEF]
performed rapid titrations (completed within 10 min) with a glass electrode at extremely
low total iron(III) concentrations ((2-10) × 10-6 mol∙dm-3) over the pH range (0 ≤ pH ≤
12.7) at Im = 0.51 and 1.05 (NaClO4) at 298.15 K. They reported cumulative hydrolysis
constants for the formation of Fe(OH)3n n (n from 1 to 6). After conversion to molal
units their values for log10 *K m,1 are ‒ (2.9 ± 0.1) and ‒ (2.64 ± 0.03) at Im = 0.51 and
1.05, respectively (cf. ‒ 2.73 and ‒ 2.815 from the SIT2 treatment in TDB-Iron Part 1).
However, the values of Perera and Hefter were derived mainly for mixed
HClO 4 / NaClO 4 media with low iron(III) concentrations, orders of magnitude less than
the prevailing stated impurity levels of the reagent grade NaClO 4 used.

VII.1.2.2

The second hydrolysis constant (also see Section VII.1.3.2 in TDB-Iron
Part 1)

There still exists some controversy concerning the value of the second iron(III)
hydrolysis constant, log10 * m ,2 . A paper by Perrin [1959PER] was reviewed in TDBIron Part 1, and although the three hydrolysis constants reported at 293.15 K and Im =
1.05 (NaClO4) were not considered further at that time because of the lack of any
1

See pages 98 and 145-146 in TDB-Iron Part 1.
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experimental details, it is noteworthy (see Figure VII-1) that the value of − 5.73 for
log10 * m ,2 is in reasonable agreement with the preferred values as discussed in Section
VII.1.3.2 of TDB-Iron Part 1. On the other hand, Soli and Byrne [1996SOL/BYR]
claimed log10 * m ,2 values must be < − 7, because Fe(OH)+2 was not observed by them
at Im = 0.685. However, the limited pH range investigated and the complexity of their
solutions would suggest that the resolution of their potentiometric titrations was
insufficient to identify this minor species. In addition to the 1:1 complex, Perera and
Hefter [2003PER/HEF] claimed to have detected up to five additional mononuclear
complexes with log10 * m , n values (n = 2 to 6) at 298.15 K of  (6.8 ± 0.5),
 (13.3 ± 1.2),  (21.9 ± 1.8) at Im = 0.51, and  (7.0 ± 0.3),  (12.4 ± 0.9),
 (20.5 ± 0.7),  (30.7 ± 0.8), and  (43.3 ± 0.7) at Im = 1.05. Figure VII-1 shows the
SIT treatment of log10 * m ,2 agrees well with constants from [2007STE] (solubility
study of 2-line ferrihydrite), but considering the low iron(III) concentrations employed,
which are sensitive to minor protolytic contamination, especially at such high ionic
strengths, and to the number of aqueous species extracted from the data, none of these
values are taken into account at this time, but are of interest for future comparison
purposes.

Figure VII-1: SIT treatment of the second hydrolysis constant for iron(III) perchlorate at
298.15 K taken from Figure VII-10 [2013LEM/BER] including values from [1959PER]
(293.15 K) and [2003PER/HEF] not previously shown.
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VII.1.2.3

The hydrolysis equilibrium for the formation of the dimer (also see
Section VII.1.3.3 in TDB-Iron Part 1)

As mentioned in Section VII.1.2.1, Ciavatta and Grimaldi [1975CIA/GRI2], in an
analysis of their potentiometric titration data, identified Fe2 (OH)42 as a minor species
at 298.15 K and Im = 3.50 (NaClO4). Their reported value of log10 * K m ,2,2 was
– (2.7 ± 0.3) in agreement, within the combined uncertainties, with  (2.44 ± 0.09)
based on the corresponding SIT treatment in [2013LEM/BER]. As the dimer was only a
minor species in their “pre-heated” solutions, no refinement of the original SIT values
selected previously in TDB-Iron Part 1 [2013LEM/BER] is necessary.

VII.1.2.4 Other hydrolysis equilibria (also see Section VII.1.3.5 in TDB-Iron Part 1)
Ciavatta and Grimaldi [1975CIA/GRI2] investigated the hydrolysis of Fe3
potentiometrically in Ic = 3.0 (NaClO4) solutions at 298.15 K. The concentration of
iron(III) ranged from 1.25 × 10-3 to 0.040 mol∙dm-3 with n values, which represent the
average number of ligands per metal atom, varied from 2.3 and 2.833. Slow
polymerisation kinetics were circumvented by heating the solutions to 333 K for one
hour. After cooling to 298.15 K a steady pHc reading was attained after a period of ca.
75 hours. Due largely to the plateau reached in the titration curves at n = 2.833, the
2
species was proposed to be dominant, formed according to the equilibrium:
Fe12 (OH)34
12Fe3+ + 34H2 O(l)

2
Fe12 (OH)34
+ 34H +

(VII.1)

A value for log10 * m,34,12 = – (44.7 ± 0.3) was derived for Im = 3.50 (NaClO4)
at 298.15 K. This multinuclear species has yet to be identified independently and its
formation constant is therefore considered to be tentative, despite the novelty of the
experimental approach taken by these authors.

VII.2 Iron oxides and oxyhydroxides (also see Section VII.2 in TDBIron Part 1)

VII.2.1 Particle size and surface hydration (also see Section VII.2.1 in
TDB-Iron Part 1)
The thermodynamic properties of adsorbed water on iron oxide particle surfaces, and
the effects of particle size on iron oxyhydroxide phase relationships, continue to attract
attention. Recent contributions include a review by Navrotsky et al. [2008NAV/MAZ],
research on the effects of oxide particle size (including iron oxides) on oxidationreduction equilibria [2010NAV/MA], studies of particle-size effects on the heat
capacity of hematite [2010SNO/LEE], and a detailed investigation of the surface
thermodynamics of ferrihydrite [2015HIE]. While detailed discussion of these topics is
beyond the scope of the current review, they provide insight into the complexity of the
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phase relationships, in particular the variation in relative stability of different Fe 2O3(s)
and FeOOH(s) polymorphs with varying particle size ([2008NAV/MAZ] and references
therein).

VII.2.2 Hematite, -Fe2O3 (also see Section VII.2.2 in TDB-Iron Part 1)
VII.2.2.1

Enthalpy of formation of hematite (also see Section VII.2.2.1 in TDBIron Part 1)

Lilova et al. [2012LIL/XU] obtained a value of f H mo (Fe2O3, cr, α, 298.15 K) =
– (829.70 ± 2.42) kJ∙mol-1, based on the relative heats of solution of Fe(cr) and hematite
in molten sodium molybdate (3Na2O∙4MoO3) at 973 K. This value, however, does not
appear to include a complete uncertainty propagation, and the current reviewer obtained
a value of – (829.90 ± 4.56) kJ∙mol-1 by recalculation from the tabulated data in
[2012LIL/XU] (see Appendix A). This value is within the uncertainty limits of the
recommended value in TDB-Iron Part 1, – (826.29 ± 2.63) kJ∙mol-1 [2013LEM/BER];
in view of the relatively large uncertainty in the recalculated value from [2012LIL/XU],
no adjustment is proposed for the value previously recommended in TDB-Iron Part 1.
There is also potential for systematic error because of different heat pick-up by metals
and non-metallic substances during their fall into the hot zone of the calorimeter;
apparently, only Al2O3 was used for calibration.
VII.2.2.2

Heat capacity of hematite (also see Section VII.2.2.2 in TDB-Iron Part 1)

Snow et al. reported new heat-capacity data for hematite by a microcalorimetric method
[2010SNO/SHI], obtaining excellent agreement with Grønvold and Westrum
[1959GRO/WES3]. Deviations of the [2010SNO/SHI] data from [1959GRO/WES3] are
within ± 0.8 % above 30 K, but much larger at lower temperatures, as shown in Figure 3
of [2010SNO/SHI]. This is partly because the absolute values of the low-temperature
heat capacities are small (hence small absolute deviations may be large in percentage
terms), and partly because of the reduced accuracy of Grønvold and Westrum’s data at
T < 10 K. The data from [2010SNO/SHI] include 50 C po ,m values at T < 24 K with an
estimated error of ± 2 %, which is a substantial improvement over the GrønvoldWestrum data set. Nevertheless, there was no significant difference in the entropy
values of hematite at 20 K and 298.15 K, as calculated from the two sets of heatcapacity data during the current review (see the Appendix A entry for [2010SNO/SHI]).
No adjustment is therefore required for the recommended heat-capacity and entropy
values in TDB-Iron Part 1 [2013LEM/BER].
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VII.2.3 Maghemite, -Fe2O3 (also see Section VII.2.4 in TDB-Iron Part 1)
While no changes are recommended here to the thermodynamic values for
stoichiometric γ-Fe2O3 recommended in TDB-Iron Part 1 [2013LEM/BER], new
information on the thermodynamic properties of maghemite-magnetite solid solutions,
in particular an oxide-melt solution calorimetric study by Lilova et al. [2012LIL/XU], is
discussed in Section VII.3.7.

VII.2.4 Magnetite, Fe3O4(cr) (also see Section VII.2.7 in TDB-Iron Part 1)
VII.2.4.1
VII.2.4.1.1

Enthalpy of formation of magnetite (also see Section VII.2.7.2 in TDBIron Part 1)
Calorimetric determinations (also see Section VII.2.7.2.1 in TDBIron Part 1)

For reasons similar to those given above for hematite, no changes are recommended to
the thermodynamic values for stoichiometric Fe3O4 based on the recent oxide-melt
solution calorimetric study by Lilova et al. [2012LIL/XU]. Note, however, that the
thermodynamic properties of various magnetite-based solid solutions are discussed in
Section VII.3.4.

VII.2.5 Wüstite, Fe1xO(cr) (also see Section VII.2.8 in TDB-Iron Part 1)
VII.2.5.1

Enthalpy of formation of wüstite (also see Section VII.2.8.3 in TDBIron Part 1)

The oxide-melt solution calorimetry study on various iron oxides in high-temperature
oxide melts by Lilova et al. [2012LIL/XU] included measurements on a wüstite
specimen of nominal composition Fe0.947O. They obtained values for f H mo (Fe0.947O,
cr, 298.15 K) of – (267.49 ± 2.41) and – (268.49 ± 2.97) kJ∙mol-1, based respectively on
the relative heats of solution of: (a) metallic iron and wüstite in molten sodium
molybdate (3Na2O∙4MoO3) at 973 K; and (b) wüstite and hematite in both molten
(3Na2O∙4MoO3) at 973 K and molten lead borate (2PbO∙B2O3) at 1073 K.
The latter value was adjusted for internal consistency with TDB-Iron Part 1
[2013LEM/BER], and the uncertainty was increased slightly, yielding an enthalpy of
formation, f H mo (Fe0.947O, cr, 298.15 K) = – (266.73 ± 2.00) kJ∙mol-1, for this specific
wüstite composition. This is preferred in the current review to previous, slightly more
precise, and up to 1.5 kJ∙mol-1 more negative, values based on high-temperature
equilibrium measurements (e.g., see Table 4 of [2012LIL/XU]), because of the more
direct nature of the oxide-melt solution calorimetry measurements and, thus, the
avoidance of uncertainties in thermal data for wüstite (see Section VII.2.8.1 of TDBCHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020
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Iron Part 1 [2013LEM/BER]). However, this f H mo value for Fe0.947O is independent of
the recommended value for a different wüstite composition, Fe0.932O, in TDB-Iron
Part 1. It may be used in combination with the heat-capacity data of Todd and
Bonnickson [1951TOD/BON] (see Section VII.2.8.1 of [2013LEM/BER]) to describe
the thermodynamic properties of Fe0.947O, e.g., in treatments where Fe0.947O is selected
as a limiting composition for wüstite. However, no thermodynamic quantities for
Fe0.947O are recommended in Table III-1, because they may mis-represent stability
relationships between the two similar wüstite compositions, Fe0.947O and Fe0.932O. The
composition Fe0.932O was previously selected to represent wüstite in Table III-1 of
[2013LEM/BER] because it was estimated by Grønvold et al. [1993GRO/STO] to be
the composition of wüstite at the iron-wüstite-magnetite eutectoid temperature,
(847 ± 7) K, and ambient pressure. A full description of solid-solution relationships and
thermodynamics within the wüstite phase field was deemed beyond the scope of the
current review, because it is limited to temperatures above (847 ± 7) K.

VII.2.6 Akaganéite, “-FeOOH” (also see Section VII.2.10 in TDB-Iron
Part 1)
VII.2.6.1

Thermodynamic properties of akaganéite (also see Section VII.2.10.1
in TDB-Iron Part 1)

Snow et al. [2011SNO/SMI] reported new heat-capacity data for an akaganéite
specimen of composition FeOOH∙0.652H2O∙0.0096HCl from 0.9 to 303 K. These data
represent a substantial improvement over previous measurements by Lang [2005LAN]
on the same material, and by Wei et al. [2010WEI/WAN] for an akaganéite specimen of
unknown water content.
The following standard entropy and 298.15 K heat-capacity values obtained by
[2011SNO/SMI] are recommended, while noting that the chloride content was much
lower than in typical natural or synthetic akaganéite that has not been treated by dialysis
(see Section VII.2.10 of TDB-Iron Part 1 [2013LEM/BER]):

S mo (FeOOH∙0.652H2O∙0.0096HCl, cr, β, 298.15 K) = (81.8 ± 2.0) J∙K -1∙mol-1,
C po ,m (FeOOH∙0.652H2O∙0.0096HCl, cr, β, 298.15 K) = (91.1 ± 2.0) J∙K -1∙mol-1.

Snow et al. [2011SNO/SMI] showed that, if the excess 0.652 mol H 2O per mol
FeOOH is treated as ice, estimated C po ,m (T ) values for anhydrous akaganéite are
comparable to those for other forms of FeOOH (goethite and lepidocrocite). However,
they note that this treatment appears to over-correct for the heat-capacity contribution
from excess water, at least at T < 40 K, therefore no values are recommended for the
heat capacity or entropy of anhydrous akaganéite, β-FeOOH.
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VII.2.7 Lepidocrocite, -FeOOH (also see Section VII.2.11 in TDB-Iron
Part 1)
VII.2.7.1

Heat capacity and entropy of lepidocrocite (also see Section VII.2.11.1
in TDB-Iron Part 1)

Snow et al. [2011SNO/SMI] reported new heat-capacity data for lepidocrocite below
38 K. These represent an improvement over the data obtained by Majzlan et al. below
15 K [2003MAJ/LAN], and permit a detailed physical description of the heat capacity,
but they do not substantially affect the recommended value of S mo (FeOOH, cr, γ,
298.15 K) in TDB-Iron Part 1.

VII.2.8 Feroxyhyte, - or ′-FeOOH (also see Section VII.2.12 in TDB-Iron
Part 1)
Majzlan et al. measured the heats of dissolution in 5.0 M HCl of four distinct specimens
of feroxyhyte with differing degrees of crystallinity and surplus water content
[2008MAJ/KOC]. These measurements yielded a range of values for the standard
enthalpy of formation, f H mo (FeOOH, s, δ, 298.15 K) = – (547.4 ± 1.3) kJ∙mol-1 to
– (552.6 ± 1.2) kJ∙mol-1, which were adjusted for internal consistency with the TDB
database [2013LEM/BER] to f H mo (FeOOH, s, δ, 298.15 K) = – (547.5 ± 1.6) kJ∙mol-1
to – (552.6 ± 1.5) kJ∙mol-1 (see Appendix A). All values are based on the assumption
that the excess, adsorbed water has liquid-like properties, i.e., physisorbed with
negligible heat of adsorption. Because of the variable and poorly crystalline nature of
both natural and synthetic specimens, no specific value for f H mo (FeOOH, s, δ,
298.15 K) is recommended here. Note, however, that the least negative f H mo value was
obtained from a specimen thought by the authors [2008MAJ/KOC] to correspond most
closely in its degree of crystallinity to natural feroxyhyte (δ′-FeOOH).

VII.2.9 Ferrihydrite, Fe2O3·xH2O(s) (also see Section VII.2.15 in TDB-Iron
Part 1)
The structure of ferrihydrite continues to attract detailed attention and some controversy
[2011MAN], [2011XU/HAU], [2013GIL/ERB], [2014MAN/SKA]. In particular, the
akdalaite-structured model proposed by Michel et al. [2007MIC/EHM] has not been
supported by subsequent research, and a full structural understanding remains elusive.
VII.2.9.1

Thermodynamic properties of ferrihydrite (also see Section VII.2.15.1
in TDB-Iron Part 1)

Snow et al. reported heat-capacity and acid-dissolution-calorimetry measurements on a
two-line ferrihydrite specimen with unusually low water content, FeOOH∙0.027H 2O
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[2013SNO/LIL]. The heat-capacity measurements yielded the following standard
entropy and heat-capacity values:
298.15 K
0K

Smo (FeOOH∙0.027H2O, s, 2L-ferrihydrite) = (71.67 ± 0.20) J∙K-1∙mol-1, and

C po ,m (FeOOH∙0.027H2O, s, 2L-ferrihydrite, 298.15 K) = (79.46 ± 0.20) J∙K-1∙mol-1.

Based on the discussion of [2013SNO/LIL] in Appendix A, the following adjusted
values were obtained in the current review for hypothetical two-line ferrihydrite with
the exact composition FeOOH:
298.15 K
0K

Smo (FeOOH, s, 2L-ferrihydrite) = (70.2 ± 0.6) J∙K-1∙mol-1,

C po ,m (FeOOH, s, 2L-ferrihydrite, 298.15 K) = (77.9 ± 0.6) J∙K-1∙mol-1.

Snow et al. [2013SNO/LIL] also report a value of sol H m (298.15 K) = – (49.12 ± 0.36)
kJ∙mol-1 for dissolution of their two-line ferrihydrite in 5 M HCl, from which they
derive the following enthalpies of formation, again assuming liquid-like enthalpy (i.e.,
weak physisorption) for the 0.027 mol of excess water: 1

f H mo (FeOOH∙0.027H2O, s, 2L-ferrihydrite, 298.15 K) = − (542.3 ± 0.8) kJ∙mol-1,
f H mo (FeOOH, s, 2L-ferrihydrite, 298.15 K) = − (534.6 ± 1.0) kJ∙mol-1.
Corrections to the original calculations, described in Appendix A, plus adjustments for
consistency with the TDB database [2013LEM/BER], yield the following corrected
value:

f H mo (FeOOH, s, 2L-ferrihydrite, 298.15 K) = − (547.1 ± 2.1) kJ∙mol-1.
Gibbs-energy calculations based on these adjusted entropy and enthalpy values (see
Appendix A) indicate that this form of ferrihydrite is only marginally metastable with
respect to lepidocrocite, and about 8.5 kJ∙mol-1 more stable than the estimates discussed
in TDB-Iron Part 1. Furthermore, it is seemingly more stable than the slightly more
crystalline “six-line” variant of ferrihydrite. It is conceivable that more than one
structurally distinct form of “two-line ferrihydrite” exists. No recommendations on
thermodynamic quantities for two-line ferrihydrite are made at this time.

VII.2.10

High-pressure Fe-O-H phases (also see Section VII.2.19 in
TDB-Iron Part 1)

The recent discovery of two high-pressure iron oxide phases, Fe4O5 and Fe5O6, has
attracted considerable ongoing research interest including a detailed, mostly theoretical,
thermodynamic evaluation ([2011LAV/DER], [2015LAV/MEN], [2016MYH/OJW]
and references therein). Hu et al. [2016HU/KIM] identified a pyrite-structured ferrous
1

There are some typographic errors in the enthalpy values given in the final paragraph of Section 3 of
[2013SNO/LIL].
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peroxide phase (FeO2), stable at 76 GPa and 1800 K, and showed that goethite (αFeOOH) decomposes under deep lower-mantle conditions to form FeO2 and release
H2(g).

VII.3 Iron oxide spinel-type solid solutions
This section expands on the previous review of thermodynamic properties of iron
oxides in TDB-Iron Part 1 [2013LEM/BER] and on the update to Section VII.2 of the
present volume.
Regarding iron oxides, the previous work was restricted to rather simple oxides
and solid solutions like hematite or magnetite, respectively. This chapter also reviews
binary and ternary iron spinel solid solutions (including stoichiometric magnetite
(Fe3O4) and maghemite (γ-Fe2O3) as end-members). Besides the selected
thermodynamic data that were reviewed in TDB-Iron Part 1, e.g., enthalpy of formation
and molar heat-capacity values, this section also takes a closer look at mixing
properties. Therefore, additional thermodynamic properties related to the formation of
binary and ternary solid solutions, as well as cation ordering and magnetic ordering
processes within such solid solutions, are reviewed.
To facilitate understanding of the thermodynamics of solid solutions and
order/disorder processes in multiple oxides, respectively, a brief section on these topics
is included in this chapter (Section VII.3.1).

VII.3.1 Thermodynamics of solid solutions (ss)
For more detailed information about the chemical thermodynamics of solid solutions of
interest in radioactive waste management, the reader is referred to the broader
description given by Bruno et al. [2007BRU/BOS] in their TDB report. The following
text is mainly focused on thermodynamic mixing properties, including some examples
related to spinels.
The simplest model of a solid solution is a two-component system (A + B)
where the sum of the mole fractions equals one: xA + xB = 1.

xA A(s)  xB B(s)

A xA BxB (ss)

(VII.2)

At atmospheric pressure and a specific temperature T the molar Gibbs energy of the
solid solution can be described as [2001GEI]:

ΔGm (ss,T )  xA Gmo (A,T )  xBGmo (B,T )  ΔGmmix

(VII.3)

p

ΔG

mix
m

 ΔH

mix
m

 TΔS

mix
m

  V
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(p)dp
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where Gm (ss, T ) is the standard Gibbs energy of the solid solution (ss), Gmo (A, T )
the standard Gibbs energy of end-member A and ΔGmmix represents the Gibbs energy of
mixing. The term ΔVmmix is generally sufficiently small that the last term in ΔGmmix will
be negligible at low or moderate pressures [1983NEI/NAV]. For an ideal solid solution
the enthalpy of mixing is zero (as well as ΔVmmix = 0 and ΔC pmix
,m = 0), and Equations
(VII.5) to (VII.10) are obtained.

ΔH mmix  0

(VII.5)

 ΔGmmix  TΔSmmix

(VII.6)

 ΔSmmix   R  xA ln xA +xB ln xB 

(VII.7)

= RT  xA ln xA +xB ln xB 

(VII.8)

 ΔG

mix
m

ΔA  RTln xA
aA  xA

(VII.9)
(VII.10)

Here R is the universal gas constant,   is the chemical potential of component A, and
a is the activity of component A. We will use the spinel solid solution hercynite
(FeAl2O4)-chromite (FeCr2O4) as a first working example. Statistically ideal mixing is
assumed, i.e., a random distribution of Al and Cr species. Both end-members are normal
spinels without M3+ on the tetrahedral position (see Section VII.3.2). In Equations
(VII.11) to (VII.15) two moles of (Al + Cr) per mole of Fe(Al,Cr) 2 O 4 have to be taken
into account.

ΔSmmix  2R  xFeAl2O4 ln xFeAl2O4  xFeCr2O4 ln xFeCr2O4 

(VII.11)

ΔFeAl2O4 = 2RT ln xFeAl2O4

(VII.12)

ΔFeCr2O4 = 2RT ln xFeCr2O4

(VII.13)

2
FeAl2 O4

aFeAl2O4  x

(VII.14)

2
aFeCr2O4  xFeCr
2 O4

(VII.15)

In the case of a regular solid solution, the enthalpy of mixing is greater than
zero (neglecting any pressure dependence):

ΔH mmix  0

(VII.16)

The enthalpy of mixing can be negative as well, and a typical example is the magnetitemaghemite solid solution (see Section VII.3.7). Although a subregular solution model is
preferred there for better accuracy, the heat of mixing could be fitted as a regular
solution with a slightly smaller value of R2 [2012LIL/XU]. For spinels the contribution
of the configurational entropy is far larger than that of the thermal entropy and gives a
good first approximation of the entropy of mixing of the solid solutions.
If pairwise interactions between A and B nearest neighbours are assumed, then
the increase in the entropy of mixing Smmix arises totally from the configurational
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effects of random (ideal) mixing. The value of ΔGmmix can still be negative throughout
the whole compositional range (as for ideal solid solutions) if the temperature/entropy
contribution outweighs the enthalpy increase. This is more likely at high temperatures,
where T Smmix will be increasingly dominant.
For real solid solutions, excess functions (E) have to be considered (again
neglecting any pressure dependence):

ΔGmmix,E  ΔH mmix,E  TΔSmmix,E

(VII.17)

The simplest formulation for a two-component system is:

ΔGmmix,E  ΔH mmix,E  WH xA xB (ΔSmmix,E  0)

(VII.18)

where WH is the enthalpy interaction parameter. If WH is independent of temperature,
the equation above represents the strictly regular solution. If WH is large and positive,
the model reproduces a symmetric miscibility gap [2007BRU/BOS]. A negative WH
means that the real solid solution is more stable than the ideal one. Not considered here,
but possibly relevant, are phases with different crystal structures and order-disorder
phenomena (ionic, magnetic).
Because the mixing of atoms on a structural site introduces some randomness,
which gives rise to a configurational entropy, the total entropy of mixing of a solid
solution cannot be zero even in a thermodynamically ideal system. It is defined as:

ΔSmmix  ΔSmmix,3rd-law  S conf

(VII.19)

where ΔSmmix,3rd-law is the so-called third-law or vibrational entropy of mixing that can,
for example, be derived from C p measurements and Sconf is a measure of the
distribution of the mixing of atoms in the system. Such distributions can be determined
by sophisticated structure-analysis/refinement strategies.
The general definition of the configurational entropy for a two-component
system is:

S conf   R[x ln x  (1  x)ln(1  x)]

(VII.20)

where x is the molar fraction of the first species. For a normal spinel with random
mixing, the configurational entropy can be defined accordingly:
x x
x
x
S conf =  R{x ln x  (1  x)ln (1  x)  2[ ln  (1  )ln(1  )]}
2 2
2
2

(VII.21)

The definition of Sconf for the solid solution NiFe2O4-NiAl2O4 as a second
working example is more extensive [2012LIL/SHI], because three different cations
Ni2+, Fe3+ and Al3+ are distributed on both tetrahedral and octahedral sites.
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2+
3+
3+
3+
3+
S conf   R{Ni 2+
tet ln(Ni tet )  Fe tet ln(Fe tet )  Al tet ln(Al tet )

2[(

2+
Ni oct
Ni 2+
Fe3+
Fe3+
Al3+
Al3+
) ln( oct )  ( oct ) ln( oct )  ( oct ) ln( oct )]}
2
2
2
2
2
2

(VII.22)

The corresponding entropy of mixing Smmix is defined as:

ΔSmmix =S conf (solid solutions)  xS conf ( NiFe2 O4 )  (1  x) S conf ( NiAl2 O4 )

(VII.23)

The system NiFe2O4-NiAl2O4 is still a rather simple example, which will not
be considered in more detail in the following sections. The configurational entropy Sconf
as well as the related entropy of mixing Smmix look different for each multiple iron
oxide. If three or more end-members have to be considered, the definition of Sconf can
get even more complex.
The situation becomes more complicated if cation ordering occurs, as is the
case in spinel crystal structures. Similar to order/disorder processes in other minerals,
like silicate structures such as feldspar or orthopyroxene, the ordering of cations in
spinel is non-convergent. By definition, in case of non-convergent ordering the
distribution of cations occurs on crystallographically non-equivalent structural sites, and
no symmetry change is involved. The spinel structure has two distinct sites O and T on
which ordering can occur (see Section VII.3.2). A simple equilibrium model for cation
ordering in a spinel AB2O4 is that given by Navrotsky and Kleppa [1967NAV/KLE] and
references therein, which is based on a simple interchange reaction:

(A)  [B]

[A]  (B)

(VII.24)

where ( ) denotes tetrahedral coordination T and [ ] denotes octahedral coordination O,
respectively. Non-configurational changes in entropy are neglected. The extended
model proposed by O’Neill and Navrotsky [1983NEI/NAV], [1984NEI/NAV] states
that the enthalpy of disordering ΔHD can be represented as a quadratic function of the
inversion parameter xinv (i.e., the fraction of tetrahedral sites occupied by B ions):
2
ΔH D  αxinv  βxinv

(VII.25)

where α and β are coefficients that can be determined for a particular spinel from the
cation distribution as a function of temperature. The α and β interchange enthalpy
parameters usually have a similar magnitude but an opposite sign. α can be defined as
the difference between site preference energies of A2+ and B3+ cations. They further
suggested [1984NEI/NAV] that β is approximately constant for a given spinel-charge
type and that for 2-3 spinels (the spinel contains 2+ and 3+ cations), β = – 20 kJ·mol-1.
In that case α retains the meaning of an interchange Gibbs energy or enthalpy.
Experimental studies have since shown that for 2-3 spinels β can adopt a wide range of
both positive and negative values, e.g., + 19.7 kJ·mol-1 for FeAl2 O 4 [1998HAR/RED]
and – 34.1 kJ·mol-1 for ZnFe2 O4 [1992NEI]. If ΔHD is positive, the cation distribution
is between normal and random. ΔHD can change its sign with the solid solution
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composition change, i.e. can go from positive to negative and vice versa going through
zero. Otherwise, in case of a negative value, the distribution is between random and
inverse. The full Gibbs energy due to disordering, ΔGD, can be written as:
2
ΔGD  ΔH D  T (xinv ΔSDo  ΔS conf )  αxinv  βxinv
 T (xinv ΔSDo  ΔS conf )

(VII.26)

where ΔS is the difference in standard-state entropy between fully normal and fully
inverse end-member structures (as a linear function of xinv), and ΔSconf is an ideal
configurational entropy ([1983NEI/NAV], [1994CAR/SAL]). Since ΔSconf is a
straightforward function of xinv, there are three constants α, β and ΔSDo , that have to be
determined from experimental data. Strictly speaking the term in brackets in Eq.
(VII.26) represents an alternative formulation of the entropy of mixing Smmix (VII.19).
Equation (VII.26) is only suitable if no magnetic ordering occurs. Otherwise, the
entropy term has to be extended [2003ZIE/CAS]:
o
D

2
ΔGD  αxinv  βxinv
 T (xinv σel  xinv γσ mag  ΔS conf )

(VII.27)

The coupling parameter, γ , is expected to be a constant, similar to α and β; S in Eq.
(VII.26) is replaced by (σel  γσ mag ) . The contribution of x(σel  γσ mag ) arises from
crystal-field stabilisation effects experienced by cations on T- and O-sites, respectively,
having unpaired 3d electrons. For example σ el =  Rln2 for magnetite (see Section
VII.3.4). The inclusion of σ mag enables the coupling of configurational and magnetic
ordering. However, Equation (VII.25) is for a simple spinel, not for a solid solution. The
formula for the solid solution will contain two α parameters, one for each cation pair. If
the two end members are AB2O4 and AC2O4 then
o
D

H D  x( A B Btet  A  B Aoct Btet )  (1  x)[ A CCtet  A C Aoct Btet ]

(VII.28)

where x is the mole fraction, and A, B, C are the “wrong” cations on the two types of
sites. Two more components to the Gibbs energy of mixing should be considered—the
change in the molar volume (the size-mismatch effect) and the electron-exchange
reaction. A typical example for the latter is the magnetite-maghemite solid solution.
Alternative models for non-convergent cation and magnetic ordering, based on
Landau theory, as well as recent Monte Carlo investigations or Density Functional
Theory calculations on the thermodynamics of cation ordering in spinel, are beyond the
scope of the current review and will not be discussed here. Further detailed information
is given in various references [1994CAR/POW], [1994CAR/SAL], [2007PAL/HAR]
and [2013AND/STA].

VII.3.2 Spinel solid solutions: crystal structure and mineralogy
The spinel crystal structure can be characterised as a cubic close-packed (ccp) array of
oxygen with an average of 2/3 of the metal ions being located on octahedral vacancy
sites (O) and 1/3 of the metal ions being located on tetrahedral vacancy sites (T). The
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structure crystallises in the cubic space group Fd 3m (Z = 8), with 32 oxygen ions and
24 cations in the unit cell. In the real spinel structure the anions are displaced slightly
from ideal close packed positions, away from the nearest tetrahedral cation. This results
in larger tetrahedral sites and smaller octahedral sites. The real cubic spinel structure is
characterised by two parameters—the lattice constant and the dimensionless oxygen
parameter “u”. “u” would be 0.375 for the ideal case, but it is larger (0.375 to 0.39) for
real spinels.The lattice parameter a0 can be calculated approximately as a function of the
ionic radii of the divalent ions M2+ and of the trivalent ions M3+ using the empirical
equation a0/nm = 0.579 + 0.095 rM2+ + 0.279 rM3+ [1992DEE/HOW].
There are two distinct spinel structures, namely normal (direct) spinel
AT[B2]OX4, with A on the T-position, B on the O-position and oxygen on the Xposition, and inverse spinel BT[AB]OX4, with 50 % B on the T- and 50 % B on the Oposition, respectively, as well as A on the O-position and finally oxygen again on the Xposition (e.g., Fe3+T[Fe2+Fe3+]OO4 (magnetite)). The unit cell of a normal spinel has
eight T-positions occupied by divalent cations and 16 O-positions occupied by trivalent
cations. In contrast, the tetrahedral sites in the crystal structure of an inverse spinel are
mainly occupied by trivalent cations and the octahedral sites are occupied by both kinds
of cations.
As well as the two extremes of normal and inverse, intermediate (or partly
inverse) cation distributions are possible and these may vary with temperature
[1967NAV/KLE], [1992PUT]. A completely disordered spinel would have a cation
distribution corresponding to (A1/3B2/3)(A2/3B4/3)O4. There is no change in symmetry
associated with this type of disorder as it only involves a redistribution of cations over
sites which are already differentiated, i.e., tetrahedral or octahedral. Symmetry only
changes when sites which were equivalent in the disordered state (where the average
occupancy is the same) become non-equivalent on ordering. If A and B were ordered
over the 16 equivalent octahedral sites in an inverse spinel, the symmetry would be
reduced.
In mineral sciences three different spinel series have been established, and
additionally a group of oxides with spinel structure.
i) The so-called spinel series in the narrower sense, with Al being located on
the B-position. Such minerals include hercynite (FeAl2O4), spinel (MgAl2O4), gahnite
(ZnAl2O4), galaxite (MnAl2O4), and Ni-spinel (NiAl2O4). All these are normal spinels.
ii) The magnetite series with Fe3+ on the B-position. Known minerals are
magnetite (α-Fe3O4), magnesioferrite (MgFe2O4), franklinite (ZnFe2O4), jacobsite
(MnFe2O4) and trevorite (NiFe2O4). All these phases are inverse spinels.
iii) The chromite series with Cr on the B-position and the minerals chromite
(FeCr2O4), magnesiochromite (MgCr2O4) and picotite ((Mg,Fe)(Cr,Al,Fe)2O4, a variety
of hercynite). Similar to the spinel series all these are normal spinels.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

100

VII Iron oxygen and hydrogen compounds and complexes

iv) Fe-minerals (oxides) with an inverse spinel structure. In this context
maghemite (γ-Fe2O3) and ulvöspinel (Fe2TiO4) are well-known minerals.
The main goal of the current review is to have a database suitable for aqueous
solubility calculations pertinent to nuclear waste management at moderate temperatures.
Furthermore this review strives to be in accordance with recent TDB volumes, where
there is very little information about Ti systems. Moreover the Fe-Ti-O system is only
of minor relevance related to the aforementioned type of calculations. Therefore the
current review will be restricted to the Fe-Ni-Cr-O system, i.e., to the phases magnetite,
trevorite, chromite, maghemite and the known solid solutions of these compounds. The
thermodynamics of ilmenite (FeTiO3), ulvöspinel (Fe2TiO4), pseudobrookite (Fe2TiO5)
and possible solid solutions of these Fe-Ti-O phases with spinels mentioned above are
beyond the scope of the current review.
For the thermodynamic properties of the pure phases magnetite and
maghemite, with the exception of ordering processes, the reader is referred to Section
VII.2 of TDB-Iron Part 1 and to the update to this section within the present volume. As
a short supplement it is mentioned at this point, that when magnetite Fe3+(Fe2+, Fe3+)O4
becomes progressively oxidised, as is often the case in cooling rocks, the Fe2+ will be
converted to Fe3+. When all the Fe is trivalent, the charge balance requires a
stoichiometry of Fe21⅓O32 per unit cell [1992PUT]. This is a defect spinel structure with
an average of 2⅔ vacant sites per unit cell and its mineral name is maghemite. The
Fe2+/Fe3+ ratio in these minerals is controlled by oxygen fugacity. In any oxidising
environment there will always be an excess of Fe3+ and some extra vacant sites. This
affects the magnetic properties of the spinel. The composition of a totally oxidised
maghemite can be written Fe2O3, which is the composition of the mineral hematite
(TDB-Iron Part 1, Sections VII.2.2 and VII.2.4).1

VII.3.3 Thermodynamics of Fe-spinel solid solutions
The description and analysis of Fe-spinel solid solutions in this section will be limited
to the relations between FeO, NiO, γ-Fe2O3 and Cr2O3. Spinel solid solutions within this
compositional range are so-called reciprocal solid solutions, because there is more than
one crystallographic site over which independent mixing of cations can occur.
Generally speaking, there are two types of sites—tetrahedral and octahedral. An
additional energy term must be considered, called the reciprocal Gibbs energy, which
must be added to the Gibbs energy of the solid solution and also must be included in the
activity expressions for the phase, extending the simplified model given by
[1984NEI/NAV] (see Section VII.3.1). As will be shown below, this interaction term
1

The formula Fe2O3 emphasises the compositional similarity of maghemite (γ-Fe2O3) to hematite (αFe2O3), while the alternative formula Fe8/3O4 emphasises the structural relationship with magnetite, Fe3O4,
especially when discussing solid solutions. More complex formulae are occasionally used in this review
when discussing cation vacancies and/or unit-cell contents.
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differs from the so-called Margules parameters for intra-site mixing (see e.g.,
[1993SPE], [2007BRU/BOS] for extensive discussions), because in this model the
magnitude of the interaction parameter will depend on the composition in two different
sites. That is, the reciprocal Gibbs energy is a type of inter-site mixing parameter. The
existence of a reciprocal Gibbs energy arises because the number of independent phase
components necessary to describe the chemical variability of phases with more than one
independent site is fewer than the total number of possible end-members. Consider the
possible spinel composition with two distinct crystallographic sites T and O,
respectively (see Section VII.3.2):
(Ni,Fe2+)T[(Fe3+,Cr)2]OO4
This composition represents a solid solution of the two known minerals trevorite and
chromite. There are four possible end-members, namely
NiFe32 O4 ,
2+
2+
2+
3
3
NiCr2O4, Fe Fe2 O4 and Fe Cr2 O4 . In this example Fe Fe2 O4 represents a
hypothetical magnetite composition that does not exist in nature, with no ferric iron
present on tetrahedral sites. However, a spinel solid solution with this general formula
can be described by three components and is therefore a ternary solution. The Gibbs
energy can be written as:
ΔGm (ss)  xNiFe3+ O ·μNiFe3+ O  xNiCr2 O4 ·μNiCr2 O4  xFe2+ Cr O ·μFe2+Cr O
2

 ΔG

mechanical
m

4

2

 ΔG

mix
m

4

2

 xNiFe3+ O ·μ
2

4

o
NiFe3+
2 O4

 xNiCr2 O4 ·μ

4

o
NiCr2 O4

2

4

o
 xFe2+ Cr O ·μFe
2+
Cr O
2

4

2

(VII.29)
4

 RT ( xNiFe3+ O ·ln aNiFe3+ O  xNiCr2 O4 ·ln aNiCr2 O4  xFe2+ Cr O ·ln aFe2+ Cr O )
2

4

2

4

2

4

2

4

The choice of which three of the four components to use for the description of
the phase is arbitrary [1993SPE] and ΔGm(ss) must be independent of the chosen
components. But a problem arises because the Gibbs energy of the crystal will be a
function of the components used unless the following relation is true (with Fe2+Cr2O4 as
a chosen dependent component):
o
o
o
o
o
ΔGFe
(rec)  μFe
 μNiF
 μNiCr
 μFe
 0 (VII.30)
2+
2+
2+
Cr O
Cr O
e3+ O
Fe3+ O
2 O4
2

4

2

4

2

4

2

4

o
(rec) is called the reciprocal Gibbs energy. In general, there is one
where ΔGFe
2+
Cr2 O4
reciprocal energy term for each dependent component in a phase.

VII.3.4 Magnetite, α-Fe3+(Fe2+Fe3+)O4
This section contains some extensions related to solid solutions for Section VII.2 of
TDB-Iron Part 1 and to the update to this section within this volume, with a particular
focus on ordering processes in magnetite, i.e., cation ordering and magnetic ordering.
The cation distribution in magnetite is fully inverse (Fe3+ (Fe2+ Fe3+ )O4 ) at low
2



temperatures and fully random (Fe1/3
Fe32/3
(Fe22/3
Fe34/3
)O4 ) at high temperatures about
1723 to 1773 K [1981WU/MAS]. For the calculation of the full Gibbs energy due to
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disordering for magnetite for a given temperature (Eq. (VII.26)) it is necessary to
determine both the enthalpy and the entropy part independently. From thermoelectric
power measurements it can be concluded that the enthalpy of disordering ΔHD is not a
function of temperature and only depends on the respective site-preference energies of
the concerned cations Fe2+ and Fe3+ [1967NAV/KLE], [1975JAC/ALC],
[1981WU/MAS], [1982PET/JAC], [1983NEI/NAV], [1983URU], [1984TRE/DOR].
Since α (Eq. (VII.25)) strictly speaking constitutes the sum of the respective site
preference energies [1984NEI/NAV], Ziemniak and Castelli [2003ZIE/CAS] reviewed
the available values for the constants α and β and found significant deviations between
the values that had been determined. Earlier, Urusov [1983URU] mentioned large
discrepancies between determined octahedral site preference energies for Fe 2+ and Fe3+
(Table 1 of Urusov), and the conclusions given by [2003ZIE/CAS] support his results.
For example the determined octahedral site preference energies for Fe 3+ range from
– 22.19 kJ·mol-1 [1983URU] to 16.75 kJ·mol-1 [1967NAV/KLE].
One possible way to determine reasonable values for the constants α and β is to
determine the value for the inversion parameter xinv (Eq. (VII.25) to (VII.27))
accurately, and the site occupancies of Fe2+ and Fe3+ on the tetrahedral and octahedral
positions in the crystal structure of magnetite, respectively. This way the equilibrium
constant KCD [1967NAV/KLE] and the Gibbs energy due to disorder ΔGD (VII.26) can
be calculated, because KCD simply is a function of the inversion parameter xinv:

KCD =

2
xinv
(1  xinv )(2  xinv )

(VII.31)

and hence the Gibbs energy due to disorder can be calculated as:
GD   RT ln KCD

(VII.32)

Using Eq. (VII.25) and the values for the constants α and β given in Table 2 of
Ziemniak and Castelli [2003ZIE/CAS], the temperature-independent enthalpy of
disordering H D can be calculated for various inversion parameters xinv and the
affiliated temperatures. For an inverse spinel like magnetite, H D clearly has to be
negative (see Section VII.3.1). Therefore, all combinations of the constants α and β that
result in a positive value for ΔHD can be ruled out immediately.
Table VII-1 summarises available values for α and β and the resulting values
for H D that were calculated for the inversion parameter xinv = 0.92 [2003ZIE/CAS].
Only the value pairs α/β = 23.52/– 32.66 and 20.68/– 31.02 [2003ZIE/CAS] yield
reasonable values for H D . Since the constraint α = – (2/3) β (VII.27) results in the
most exothermic H D value for magnetite, the value pair α/β = 20.68/– 31.02
represents the preferred option.
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Table VII-1: Available values for the constants α and β for magnetite (Eq. (VII.25)), and
calculated values for the enthalpy of disordering H D (xinv = 0.92 [2003ZIE/CAS]).
Data
are
from
[1983NEI/NAV],
[1984NEI/NAV],
[1987MAT/WOO],
[1989NEL/WOO] and from Table 2 of [2003ZIE/CAS]. Because some of the references
did not calculate uncertainties, the enthalpy values in the last column are also given
without uncertainties.
Reference
[1983NEI/NAV]
[1984NEI/NAV]
[1987MAT/WOO]
[1989NEL/WOO]
[2003ZIE/CAS]
[2003ZIE/CAS]
[2003ZIE/CAS]
[2003ZIE/CAS]

α / kJ·mol-1
16.0
(24.284 ± 19.150)
7.76
(33.75 ± 1.92)
(23.52 ± 3.85)
(34.65 ± 3.75)
(50.66 ± 3.65)
20.68

β / kJ·mol-1
– 20.0
– (22.995 ± 19.150)
– 6.15
– (26.36 ± 1.34)
– (32.66 ± 2.58)
– (38.11 ± 2.51)
– (45.95 ± 2.44)
– (31.02 ± 1.05)

H D / kJ·mol-1
– 2.208
2.870
1.934
8.739
– 6.005
– 0.378
7.715
– 7.230

Because the entropy arising from nonconvergent cation ordering in the inverse
spinel structure of magnetite would make a significant contribution to the total entropy
of magnetite, especially at higher temperatures, information on the cation distribution is
required to account for the entropy of formation. The entropy term of Eq. (VII.26) and
Eq. (VII.27) can be derived quite easily.
 ΔG  ΔH D 
ΔSD =(xinv ΔSDo  ΔS conf )=   D

T



(VII.33)

For an inverse spinel the configurational part of ΔSD can be calculated as
follows:
ΔS conf =  R  (xi ln xi )T  2(yi ln yi )O 

(VII.34)

where xi and yi denote the site occupancies of Fe2+ and Fe3+ on T- and O-sites for
magnetite, respectively. It should be noted that the configurational entropy of the
magnetite should be between – 2Rln2 (11.53 J·K-1·mol-1 for a completely inverse
spinel) and 15.48 J·K-1·mol-1 (random spinel). If ΔSD and ΔS conf are known, then ΔSDo
can be determined. The configurational entropy can be used to determine the entropy of
formation of magnetite at 298 K (see Section VII.2 of TDB-Iron Part 1 for respective
values for iron oxides):
Smo  ( S o (298 K)  S o (0 K))  ΔS conf

(VII.35)

However, there are numerous difficulties in determining the distribution of
Fe2+ and Fe3+ between tetrahedral and octahedral sites precisely and accurately. There is
only a small X-ray scattering contrast between Fe2+ and Fe3+ and the neutron scattering
cross sections for Fe2+ and Fe3+ are also quite similar. Therefore earlier studies were
focused on the determination of cation disorder in magnetite using thermoelectric power
measurements [1981WU/MAS], [1983DIE/WIT], [1984TRE/DOR], [1989NEL/WOO],
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[1991NEL/WOO],
electrical
conductivity
measurements
[1983DIE/WIT],
[1989NEL/WOO], [1991NEL/WOO], Mößbauer spectroscopy [1998WIS/WUR],
[2000MAC/WIS], and magnetic measurements [1995HAR/PUT], [1996HAR/PUT],
[1997HAR/PUT]. Unfortunately, hardly any precise numbers for x and the site
occupancies were given within all these references. Results were only presented
graphically and are therefore not used for further analysis in the current review. More
recently, advanced structure analysis methods could be used, partly in situ or at least as
a function of temperature. Analytical methods applied were resonant powder wide-angle
X-ray scattering (AWAXS) [2003LOR/BER], single crystal and powder X-ray
diffraction [1994NEI/DOL], [1996OKU/KIH], powder neutron diffraction
[2012LEV/GIU], X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism measurements (XMCD) [2006PEA/HEN], [2010PEA/HEN]. Mainly relevant
for the current review are cation distributions below the Curie temperature (Tc) of about
857 K [1996HAR/PUT], [2007ZIE/ANO], and their influence on the thermodynamic
properties of magnetite. Therefore, in the following only data up to this temperature will
be considered.
Okudera et al. [1996OKU/KIH] determined the cell constant a0 for magnetite
in the temperature range 126 to 773 K using single crystal X-ray diffraction. As a result
they published an equation that allows the calculation of a0 as a function of temperature:
a0 /nm  0.83856(7)  2.0(4.0)×10-7 (T /K)  1.03(4)×10-8 (T /K)2 .

To prove the accuracy of their data and the resulting equation above, recent neutron
powder diffraction data published by Levy et al. [2012LEV/GIU] can be used. They
investigated magnetite in the temperature range 298 to 1073 K. Figure VII-2 shows the
cell constants in the temperature range 298 to 773 K. If the data considered are
restricted to the temperature range 298 to 773 K, a very similar equation is obtained:
a0 /nm  0.83849(50)  6.3(2.0)×10-7 (T /K)  1.16(19)×10-8 (T /K)2 .

Both data sets were fitted by a second-degree polynomial, and the agreement
between the cell parameter calculated for a temperature of 298 K using both equations,
and available reference data is very good, e.g., 0.83942(2) nm [1996OKU/KIH],
0.83933(61) nm [2012LEV/GIU],1 0.83941(7) nm [1981FLE], and 0.83970(2) nm
[1994NEI/DOL].
Levy et al. [2012LEV/GIU] not only determined cell constants for magnetite
as a function of temperature, they also determined bond lengths of cation-oxygen bonds
in octahedral and tetrahedral sites. This way they were able to calculate even the site
occupancy of Fe2+ on the T-site and therefore the inversion parameter also as a function
of temperature. This information can be used to calculate KCD , ΔGD , ΔSD , ΔS conf and
ΔSDo , respectively. In Table VII-2 the equilibrium constant KCD and the Gibbs energy
due to disordering ΔGD were calculated using Eq. (VII.31) and Eq. (VII.32). The results,
1

The precision of cell parameters from neutron diffraction is inherently lower than for XRD.
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together with ΔH D (VII.25), subsequently enable the calculation of ΔSD , ΔS conf and
ΔSDo (Eq. (VII.33) and Eq. (VII.34)).

Figure VII-2: Cell constant a0 (nm) for magnetite, determined as a function of
temperature (K) using neutron powder diffraction [2012LEV/GIU]. Error bars are
within the size of the symbol.
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Table VII-2: Calculation of the Gibbs energy and the enthalpy due to disorder, as well
as the relevant entropies (Eq. (VII.33) and Eq. (VII.34)), based on neutron powder
diffraction data on pristine magnetite (Fe3O4) published by Levy et al. [2012LEV/GIU].
T / K xinv

ΔGD / J·mol-1 ΔH D

298
373
473
573
673
773

– 5795.80
– 7587.24
– 8974.58
– 11655.46
– 12769.33
– 10537.12

0.92
0.93
0.92
0.93
0.92
0.87

/ J·mol-1

– (7229.7 ± 888.7)
– (7596.8 ± 908.1)
– (7229.7 ± 888.7)
– (7596.8 ± 908.1)
– (7229.7 ± 888.7)
– (5487.4 ± 794.8)

ΔSD / J·K-1·mol-1 ΔS conf /
J·K-1·mol-1
– (4.812 ± 2.982)
13.791
– (0.026 ± 2.435)
13.595
(3.689 ± 1.879)
13.791
(7.083 ± 1.585)
13.595
(8.231 ± 1.321)
13.791
(6.533 ± 1.028)
14.598

ΔS Do / J·K-1·mol-1
– (20.220 ± 3.242)
– (14.645 ± 2.618)
– (10.980 ± 2.042)
– (7.001 ± 1.704)
– (6.043 ± 1.435)
– (9.271 ± 1.182)
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Plotting xinv ΔSDo as a function of temperature (Figure VII-3) reveals that the
minimum difference of the standard-state entropy between a fully inverse magnetite and
a magnetite that becomes paramagnetic at the Curie temperature Tc can be found at
about (650 ± 1) K. This temperature matches the turning point of the heat capacity C p
from an approximately linear behaviour (similar to C p for maghemite γ-Fe2O3 in this
temperature range) to a different function with increasing temperature towards Tc (see
Figures VII-22 and VII-28 in Section VII.2 of TDB-Iron Part 1 for comparison). At this
temperature the difference between the non-configurational and the configurational
entropy is the smallest.

Figure VII-3: xinv ΔSDo (J·K-1·mol-1) as a function of temperature (K), based on the data
of [2012LEV/GIU], as calculated in Table VII-2.
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The magnetic properties of solid solutions are sensitive to the process of
oxidation, cation ordering, and sub-solidus exsolution. Both in nature and in laboratory
experiments these processes can occur concurrently, resulting in complex
microstructures and a magnetic signature that is characteristic of the mineral processes
that occurred [1996HAR/PUT]. Magnetic ordering in magnetite is known to cause the
moments of the tetrahedral Fe3+ ions to align antiparallel to the moments of the
octahedral Fe3+ and Fe2+ ions. This type of magnetism is referred to as ferrimagnetism
and occurs in magnetite at all temperatures below 857 K. For pure magnetite the
magnetic properties mainly depend on cation ordering, i.e., the effects of
configurational and magnetic ordering are strongly related (Eq. (VII.27)). If magnetite
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forms solid solutions with other oxides, then this phenomenon also depends on chemical
composition, as will be demonstrated in the following Sections VII.3.7 to VII.3.9.
Harrison and Putnis [1995HAR/PUT], [1996HAR/PUT], [1997HAR/PUT]
determined the magnetic properties of pure magnetite with high precision. They
measured the saturation magnetisation per formula unit being MS (4.4 K) = 3.92 μB,
using magnetic field strengths up to 12 Tesla. The corresponding coercivity force is
determined to be only HC = 10 mT and is therefore almost negligible. The Curie
temperature they calculated is TC = (857.3 ± 0.25) K, in good agreement with numerous
reference data in the literature. For a detailed analysis of the magnetic measurements
performed by Harrison and Putnis, the reader is referred to the original publications
cited above.

VII.3.5 Chromite, Fe2+Cr2O4(cr)
Crystalline FeCr2O4 occurs as the mineral chromite, which is the principal commercial
source of chromium; major impurities in the mineral include Al, Ca, Fe 3+, Mg, and Si,
while some Cr-rich ores may have Cr : Fe ratios as high as 2.8 [1982NAF]. Chromium
is also a component of spinel minerals in igneous and metamorphic rocks
[1991SAC/GHI2]. Solid FeCr2O4 is an important constituent of corrosion films on
stainless-steel surfaces, notably in nuclear-reactor cooling circuits [2008TER/YAM],
[2009MOT/BIS]. Under ambient conditions, pure synthetic FeCr 2O4 has a normal spinel
structure: cubic, space group Fd 3m , Z = 4, a0 = (0.8379 ± 0.0002) nm [2007ZIE/ANO].
Low-temperature structural changes and magnetic properties of FeCr2O4 and related
solid solutions, such as Fe1+xCr2−xO4, have been studied in detail (e.g., [2000KLE/NEI],
[2014MA/GAR], and references therein).

VII.3.5.1

Heat capacity and entropy of FeCr2O4(cr)

The following C p -T equation from [2007ZIE/ANO] is recommended, as discussed in
Appendix A:
K
-1
-1
[C po ,m ]1473
250 K  FeCr2 O 4 , cr, T  /J·K ·mol 

157.019  0.0292977 T /K  – 7.39320 10-6 T /K  
2

206.323 T /K 

-0.5

 1714170 T /K  .
-2

This equation bridges the high-temperature C p measurements of [2007ZIE/ANO] and
the low-temperature measurements of [2000KLE/NEI], and compensates for small
deviations in both data sets near 300 K. Adoption of this equation implies acceptance of
the high-temperature C p measurements (by DSC) of [2007ZIE/ANO] in preference to
the equation derived by Naylor [1944NAY] from high-temperature heat-content
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measurements (by drop calorimetry), or related equations proposed by other researchers
[1991SAC/GHI2], [2000KLE/NEI], as compiled and illustrated in the Appendix A
entry for [2007ZIE/ANO]. Those equations give C p values significantly higher (by ~ 5
to 8 % over most of the temperature range) than the ones measured by Ziemniak et al.
[2007ZIE/ANO], which have an overall uncertainty of ~ 3 %. The latter authors suggest
that Naylor’s specimen was not pure, based on the known silica impurity (0.0075 mass
fraction), the lack of control of redox conditions (nominally inert atmosphere), and the
low value for the unit-cell parameter, a0 = 0.8358 nm. Furthermore, derivation of heatcapacity values from drop-calorimetry measurements is inherently less accurate than
direct measurement by either scanning or stepwise methods.
The following recommended value for C po ,m (FeCr2O4, cr, 298.15 K) is
consistent with the above C p -T equation and the C p measurements of [1944SHO],
[2000KLE/NEI], and [2007ZIE/ANO]:
C po ,m (FeCr2O4, cr, 298.15 K) = (133.9 ± 4.0) J∙K-1∙mol-1.

The relatively large uncertainty is due mainly to the anomalous upturn in the
measurements of [2000KLE/NEI] near 310 K, with an onset possibly as low as ~ 250 K,
as discussed in [2007ZIE/ANO]. The following standard entropy value from
[2000KLE/NEI] is recommended, as discussed in Appendix A:

S mo (FeCr2O4, cr, 298.15 K) = (152.2 ± 3.0) J∙K-1∙mol-1.
Correction for the C p -T equation from [2007ZIE/ANO], above, relative to the data of
[2000KLE/NEI], reduces this value by only ~ 0.25 J∙K-1∙mol-1, which is well within the
uncertainty limit, therefore no adjustment is made here. Since FeCr2O4 is a normal
spinel, there is ideally no configurational entropy contribution. Any non-ideal cationsite occupation (i.e., Fe2+ in octahedral sites and Cr3+ in tetrahedral sites) would
introduce a configurational entropy term, which may vary with preparation temperature
and annealing conditions.
Note that the lower entropy value derived by Shomate [1944SHO],
S mo (FeCr2O4, cr, 298.15 K) = (146.0 ± 1.7) J∙K-1∙mol-1, is too low because Shomate’s
data did not extend below 53 K, so that the C p anomaly near 35 K [2000KLE/NEI] was
not detected. An even lower, semi-theoretical entropy value suggested by Sack and
Ghiorso [1991SAC/GHI2], S mo (FeCr2O4, cr, 298.15 K) = (142.68 ± 1.67) J∙K-1∙mol-1, is
not supported by the available C p data [1944SHO], [2000KLE/NEI].

VII.3.5.2

Enthalpy of formation of FeCr2O4(cr)

As described above, Klemme et al. [2000KLE/NEI] reported low-temperature heatcapacity data and derived thermodynamic quantities for FeCr 2O4(cr), but they
concluded that it was premature to recommend values for  f Gmo (FeCr2O4, cr, T), and
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suggested only an estimated value of f H mo (FeCr2O4, cr, 298.15 K) ≈ – 1433 kJ∙mol-1.
Their reasons for caution included: (a) non-stoichiometry of the “FeCr2O4(cr)” phase in
equilibrium with Fe(cr), Cr2O3(cr), and O2(g) at high temperatures (approximated by
Eq. (VII.36), below); (b) technical problems with solid-state electrochemical
measurements using ZrO2-based electrolytes; and (c) relatively large uncertainties with
Cr(cr)-Cr2O3(cr) equilibrium thermodynamics.
Ziemniak et al. [2007ZIE/ANO] reviewed thirteen studies on the stability of
FeCr2O4(cr) over various temperature ranges between 1073 and 1873 K, and selected a
reference value of  r Gmo ((VII.36), 1473 K) = – (214.16 ± 0.63) kJ∙mol-1 for the
reaction:

Fe(cr) + Cr2 O3 (cr) + 0.5O2 (g)

FeCr2 O4 (cr)

(VII.36)

and hence  r G (298.15 K) = – 289.44 kJ∙mol-1,  f G (FeCr2O4, cr, 298.15 K) =
– 1339.40 kJ∙mol-1, and f H mo (FeCr2O4, cr, 298.15 K) = – 1438.52 kJ∙mol-1, with no
estimated uncertainties. This enthalpy value is based in part on a re-evaluation of
f H mo (Cr2O3, cr, 298.15 K) = − 1131.21 kJ∙mol-1 by Ziemniak et al. [2007ZIE/ANO],
which is 3.49 kJ∙mol-1 less negative than the NIST-JANAF tabulated value of
– (1134.7 ± 8.4) kJ∙mol-1 [1998CHA]. In the current review, the value of
f H mo (FeCr2O4, cr, 298.15 K) = – 1438.52 kJ∙mol-1 (and the associated value of
f H mo (Cr2O3, cr, 298.15 K) = – 1131.21 kJ∙mol-1) [2007ZIE/ANO] is accepted as the
best available estimate. The overall uncertainty in this value is dominated by
contributions from the values of  r Gmo ((VII.36), 1473 K) and f H mo (Cr2O3, cr,
298.15 K), and from the thermal data associated with the third-law derivation of
f H mo (FeCr2O4, cr, 298.15 K) from  r Gmo ((VII.36), 1473 K). Given the apparent good
quality of the contributing equilibrium measurements and thermal data, but the large
temperature range of the third-law derivation (from 1473 to 298.15 K) and the
uncertainty about the exact equilibrium oxide composition (i.e., the activity of
FeCr2O4(cr) in the equilibrium approximated by Eq. (VII.36)), the uncertainty in
f H mo (FeCr2O4, cr, 298.15 K) is probably about ± 5 kJ∙mol-1. Thus, a value of
f H mo (FeCr2O4, cr, 298.15 K) = – (1438.5 ± 5.0) kJ∙mol-1 is suggested by the current
reviewer. This is not a recommended value in the strict sense used in the TDB project,
because it does not involve a full re-evaluation of Cr-O thermodynamics, nor a full
uncertainty analysis, and it may not be exactly consistent with the Cp -T equations for
Fe(cr) in TDB-Iron Part 1.
o
m

VII.3.5.3

o
m

Heat capacities of other Fe-Cr-O spinels

Inaba et al. [1982INA/NAK] reported heat-capacity measurements at 200 to 840 K for
three chromite-magnetite solid solutions, Fe3−xCrxO4(cr) with x = 0.6, 0.8, and 1.0.
Fitted C p -T equations, derived in the current review, are included in the Appendix A
entry for [1982INA/NAK], but they are not included in the TDB recommended values.
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Following the discussion in Sections VII.3.2 and VII.3.3, the thermodynamics of these
solid solutions would presumably be complicated by inter-site transfer of Fe2+ and Fe3+
as well as Fe/Cr substitution (see also Section VII.3.9).
A recent structural and magnetic study by Ma et al. [2014MA/GAR] includes
heat-capacity measurements for chromite-magnetite solid solutions, Fe1+xCr2−xO4 with
0.0 ≤ x ≤ 0.8, at ~ 20 to 250 K. These measurements are discussed only briefly by Ma et
al., and are not presented in a form that is readily incorporated into the current review.

VII.3.6 Trevorite, NiFe3+
2 O4 (cr)
Crystalline NiFe2O4, commonly known as nickel ferrite, occurs as the mineral trevorite,
which typically contains small quantities of other spinel-forming elements including Al,
Ca, Co, Cr, Mg, Mn, and Si [1972WAA]. Pure NiFe 2O4 is cubic, space group Fd 3m , a0
= 0.8339 nm,1 Z = 4 [1972WAA], [2005ZIE/GAD], [2007RAM/GAM]. Nickel-rich
ferrites are important constituents of corrosion products and associated films and
deposits on steel surfaces, notably in nuclear-reactor cooling circuits [2002KUR/KUL],
[2012ORL/KUL], [2014NEL/WHI].

VII.3.6.1

Heat capacity and entropy of NiFe2O4(cr)

The following recommended thermodynamic quantities and equations were derived
from the heat-capacity measurements in [1956KIN] and [2014NEL/WHI], as discussed
in the Appendix A entry for [2014NEL/WHI].
Cop ,m  NiFe 2 O 4 , cr, 298.15 K  = 144.8 ± 2.0  J·K -1·mol-1 ,

447.7 K
-1
-1
-4
2
[Cop ,m ]298.15
K (NiFe 2 O 4 , cr, T ) /J·K ·mol =  (6.829 × 10 )(T /K ) +1.1780(T /K) 

452.51  (1.3695 × 105 )(T /K )-1  (1.3561 × 107 )(T /K)-2 ,

K
-1
-1
-4
2
[Cop ,m ]830
447.7 K (NiFe 2 O 4 , cr, T )/J·K ·mol = (5.4907 × 10 )(T /K) – 0.95166(T /K) 

825.16  (1.7216 × 105 )(T /K)-1 +(1.0343 × 107 )(T /K)-2 ,

910 K
830 K

1

ΔSom (NiFe2 O 4 , cr) = 19.63 ± 1.30  J·K -1·mol-1 ,

There is some variation in reported values of the unit-cell constant, from 0.83348 to 0.83393 nm,
depending in part on preparation conditions ([2007ZIE/ANO2], [2011MUK/SAH]; see also Table VII-3);
most values are close to 0.8338 nm.
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ΔH mo (NiFe2 O4 , cr) = (17.04 ± 1.12) kJ·mol-1 ,

K
-1
-1
-3
2
[Cop ,m ]1370
910 K (NiFe 2 O 4 , cr, T )/J·K ·mol =  (2.799578 × 10 )(T /K)  12.40767(T /K) 

1.988417  104  (1.401346 × 107 )(T /K)-1  (3.554504 × 109 )(T /K)-2 .

The value S mo (NiFe2O4, cr, 298.15 K) = (131.80 ± 0.84) J∙K-1∙mol-1 was
adopted by Robie et al. [1979ROB/HEM], based on the low-temperature heat-capacity
measurements in [1956KIN] combined with a configurational contribution of R∙ln(2) =
5.76 J∙K-1∙mol-1, which assumes complete randomisation of octahedral site occupancy
by Ni2+ and Fe3+ in the spinel structure [1961KEL/KIN]. Ivanov et al. [2010IVA/ABR]
studied single crystals of NiFe2O4(cr) by Raman spectroscopy, and concluded that Ni2+
and Fe3+ exhibit 1:1 ordering at the octahedral sites, most probably of tetragonal
P4122/P4322 symmetry. Such ordering, even on a short-range scale, would greatly
reduce the configurational entropy contribution. Conversely, Rietveld XRD studies on
30-nm-sized powders by Mukherjee et al. [2011MUK/SAH] indicated ~ 11 %
occupation of the tetrahedral (T) cation site and ~ 45 % occupation of the octahedral (O)
site in NiFe2O4(cr) by Ni2+, as opposed to the ideal structure with only Fe 3+ in the T sites
and 50 % occupation of the O sites by both Ni2+ and Fe3+. This situation would tend to
increase the configurational entropy. Because of these uncertainties about the
configurational entropy, the following standard entropy value is recommended:

S mo (NiFe2O4, cr, 298.15 K) = (130 ± 4) J∙K-1∙mol−1.
The reasoning behind the markedly higher value of (140.9 ± 5.0) J∙K-1∙mol-1
recommended by Robie and Hemingway [1995ROB/HEM] is unknown. It is likely that
the entropy of different nickel ferrite specimens depends in part on the preparation
conditions, which vary considerably among the different studies discussed above, as
shown in Table VII-3.
Table VII-3: Preparation conditions for NiFe2O4(cr).
Reference
[1968NAV/KLE]

[2007ZIE/ANO2]
[2010IVA/ABR]

[2012LIL/SHI]
[2011MUK/SAH]
[2014NEL/WHI]

Synthesis type
Dry

Preparation
1223 K / 24 h
(minimum)

Annealing / comments
No annealing specified, but
repeated grinding / pelletising
/ heating to assure completion.
Molten KCl / NaCl
1223 K / 2 h
None; crystalline powder.
PbO-PbF2-B2O3 flux, after 1423 K / 48 h dry
1498 K / 48 h in flux, then
dry synthesis
cool at 0.5 K∙h-1 to 1223 K
(large single crystals).
Dry
1673 K / 24 h
1073 K / 24 h after powdering
Coprecipitation +
873 K, time not stated 30-nm powder
calcining
Dry
1823 K / 2 h
1523 K / 48 h; pressed discs
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Enthalpy of formation of NiFe2O4(cr)

Using oxide-melt solution calorimetry with a lead cadmium borate melt, Navrotsky and
Kleppa [1968NAV/KLE] obtained  r H mo (970 K) = − (5.10 ± 1.80) kJ∙mol-1 for the
formation of NiFe2O4(cr) from the oxides:

NiO(cr) + Fe2 O3 (cr,α)  NiFe2 O4 (cr) .
A third-law calculation based on the Cp(T) and entropy values and equations for
NiFe2O4(cr) from Section VII.3.6.1 and the assessed Cp(T) equations, S mo (298.15 K)
values, and f H mo (298.15 K) values for NiO(cr) and Fe2O3(cr, α) from previous TDB
volumes [2005GAM/BUG], [2013LEM/BER], yielded the value: f H mo (NiFe2O4, cr,
298.15 K) = − (1066.9 ± 4.9) kJ∙mol-1. More recently, using oxide-melt solution
calorimetry in molten lead borate, Lilova et al. [2012LIL/SHI] obtained  r H mo
(298.15 K) = − (6.72 ± 2.02) kJ∙mol-1 for formation of NiFe2O4(cr) from the oxides,
whence we obtain the TDB-consistent value: f H mo (NiFe2O4, cr, 298.15 K) =
− (1072.7 ± 3.3) kJ∙mol-1. By combining the two values, derived from [1968NAV/KLE]
and [2012LIL/SHI], the following recommended value was obtained:

f H mo (NiFe2O4, cr, 298.15 K) = − (1070.9 ± 2.8) kJ∙mol-1.
This lies just within the range of values compiled from various sources by Kurepin et al.
[2002KUR/KUL]: − 1070.5 to − 1086.5 kJ∙mol-1. It agrees closely with the
recommended value of − (1070.5 ± 2.0) kJ∙mol-1 in [1995ROB/HEM]. This agreement
is fortuitous, however, because the value in [1995ROB/HEM] is apparently derived
from the  r H mo (970 K) value of [1968NAV/KLE] by using an expression that
overestimates the heat capacity of NiFe2O4(cr) at elevated temperatures (see Figure A57 in Appendix A). Most of the values for f H mo (NiFe2O4, cr, 298.15 K) compiled by
Kurepin et al. [2002KUR/KUL] also appear to be derived from the  r H mo (970 K)
value from [1968NAV/KLE], combined with various ancillary values and/or
assumptions. An exception is a calorimetric study of the reaction
NiO(cr)  2Fe(cr)  (3/2)O2 (g)  NiFe 2 O4 (cr) by Zayonchkovskii and Rubal’skaya,
which led to an NEA-consistent value of f H mo (NiFe2O4, cr) = − (1077.11 ± 9.26)
kJ‧mol-1 (see the Appendix A entry for [1965ZAY/RUB]). This is in fair agreement with
the selected value of ‒ (1070.9 ± 2.8) kJ‧mol-1, albeit with a relatively large uncertainty.

VII.3.7 Magnetite – maghemite, α-Fe3O4 – γ-Fe2O3
The mixing of spinels was extensively investigated by O’Neill and Navrotsky
[1983NEI/NAV], [1984NEI/NAV] and they rationalised experimentally observed
properties in relation to the preferred spinel type (cation distribution), electron exchange
reactions and size mismatch. Magnetism has also been shown to be important. The two
following rules were established: Two normal or two inverse spinels easily form solid
solutions. A normal and an inverse spinel exhibit limited solubility or are simply
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immiscible. In this sense solid solutions of magnetite and maghemite represent a special
case. Magnetite (α-Fe3O4) is an inverse spinel, whereas maghemite (γ-Fe2O3) is a
cation-deficient, fully oxidised variant of the magnetite crystal structure: Fe8/3□1/3O4,
where □ represents a cation vacancy (see TDB-Iron Part 1 [2013LEM/BER], page 178).
Therefore, maghemite can be considered as a defect spinel. There is only sparse
information available about the enthalpies of formation of such solid solutions and the
mixing properties of these two phases, respectively. The only substantial reference is
that of Lilova et al. [2012LIL/XU]. Other authors investigated solid solutions
containing Mn and/or Zn impurities [1993IWA/FUK], or were mainly concerned about
cell constants and magnetic properties, e.g., [1993FUK/IWA], [2006SCH/KEL].
Unfortunately even Lilova et al. [2012LIL/XU] did not measure heat capacities or any
other property as a function of temperature. For a detailed analysis of the experiments
performed and analyses see the Appendix A entry for [2012LIL/XU]. However, within
the uncertainty limits the published cell constants obey Vegard’s rule and agree well
with values from other references [1993FUK/IWA], [2006SCH/KEL]. No uncertainty
values were given, but from their Figure 1 [2012LIL/XU] an uncertainty of
approximately ± 0.0005 nm can be estimated, which is rather large for powder X-ray
diffraction data.

VII.3.7.1

Enthalpy of formation of magnetite-maghemite solid solutions

Lilova et al. [2012LIL/XU] used oxide-melt solution calorimetry to determine Δf H mo
for numerous iron oxide phases, based on heats of solution in sodium molybdate
(3Na2O∙4MoO3) and lead borate (2PbO∙B2O3) melts at 973 and 1073 K, respectively. In
this case, two different solvents (oxide melts) were used in a proof-of-concept exercise;
normally one solvent is sufficient for a given enthalpy measurement. The authors’ main
purpose was to determine the enthalpies of mixing of magnetite-maghemite (Fe3O4Fe8/3O4) solid solutions, but they also used a direct approach to obtain Δf H mo (298.15 K)
values for wüstite (Fe0.947O, cr) (see Section VII.2.8.3 in TDB-Iron Part 1, and VII.2.5.1
in TDB-Iron Part 2), stoichiometric magnetite (Fe3O4, cr), and hematite (Fe2O3, cr, α)
[2012LIL/XU]. The magnetite-maghemite specimens contained less than 1 mol %
hematite. To evaluate the uncertainty in solid-solution compositions, the iron oxides
were characterised by several physicochemical techniques in addition to XRD. The
enthalpy of formation was calculated from the drop-solution enthalpy for only two
magnetite-rich samples, namely Fe2.900O4 (mole fraction Fe3O4 = (0.700 ± 0.030)) and
Fe2.964O4 (mole fraction Fe3O4 = (0.892 ± 0.030)). The calculated weighted average
enthalpies of formation from the elements are:
Δf H mo (Fe2.900O4, cr, 298.15 K) = − (1105.96 ± 2.90) kJ∙mol-1 and
Δf H mo (Fe2.964O4, cr, 298.15 K) = − (1116.64 ± 2.91) kJ∙mol-1.
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Within error limits the latter value is identical to the recommended value in TDB-Iron
Part 1 for pure magnetite, Δf H mo (Fe3O4, cr, 298.15 K) = − (1115.780 ± 1.600) kJ∙mol-1,
whereas Lilova et al. [2012LIL/XU] obtained a more negative value, Δf H mo (Fe3O4, cr,
298.15 K) = − (1123.32 ± 2.42) kJ∙mol-1, recalculated in Appendix A as
− (1123.77 ± 6.76) kJ∙mol-1. It therefore appears that the enthalpies of formation from
[2012LIL/XU] provide a measure of relative stability of oxides in the magnetitemaghemite series, but the absolute values are not compatible with the end-member
recommendations in TDB-Iron Part 1. Note that the uncertainty in the enthalpy of
conversion between various magnetite-maghemite compositions may be relatively
small, because of partial cancellation of some common sources of uncertainty if a full
propagation analysis is followed.
VII.3.7.2

Enthalpy of mixing of magnetite-maghemite solid solutions

For the calculation of the enthalpy of mixing Lilova et al. [2012LIL/XU] preferred a
model for the description of vacancy distribution that accepts octahedral vacancies only.
This seems to be energetically preferable and their assumption is based on their own Fe
L2,3 XMCD (X-ray magnetic circular dichroism) experiments. Additionally, the
enthalpies of mixing are calculated directly from the drop solution enthalpies of the
solid solution and the weighted average of the two end members. To obtain the
parameters in Eq. (VII.37), the drop solution enthalpies were fitted with a third degree
polynomial. This assumption appears to be reasonable and is supported by the results
that were obtained in comparable XMCD experiments on magnetite [2006PEA/HEN],
3+
[2010PEA/HEN]. The related composition is: Fe3+ [Fe2+
x Fe 5-2x  /3 1-x  /3 ]O 4 , where
denotes a vacancy. If vacancies occur on octahedral sites only, then the investigated
solid solutions are not reciprocal in character (see Section VII.3.3). In this case the
application of a Margules formalism by [2012LIL/XU] for the description of intra-site
mixing is reasonable:

ΔH mix  x 1  x   W1 1  x   W2 x 

(VII.37)

where x is the Fe3O4 mole fraction and W1 = – (63.36 ± 8.60) kJ·mol-1 and W2 =
– (17.65 ± 6.40) kJ·mol-1 are Margules mixing parameters, respectively. The negative
values of W1 and W2 imply that solid solutions of magnetite and maghemite are real
rather than ideal. Figure 5 of [2012LIL/XU] reveals that ΔH mix is negative for the
whole composition range and therefore a cation distribution between random and
inverse has to be expected. This is consistent with the assumptions made above.
VII.3.7.3

Configurational entropy and entropy of mixing of magnetitemaghemite solid solutions

The calculation of the configurational entropy for solid solutions is straightforward
when only vacancies on octahedral sites are considered (see above). It can be calculated,
similar to Eq. (VII.34), as:
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(VII.38)

The corresponding entropy of mixing is given by:

ΔS mix  ΔS conf (solid solutions)  xΔS conf (Fe3O4 )  (1  x)ΔS conf (Fe8/3O4 )

(VII.39)

(compare, for example, to Eq. (VII.23))
Regrettably, Lilova et al. [2012LIL/XU] did not provide the necessary information as to
which formula they used exactly for the calculation of the configurational entropies of
the pure end-members. From inspection of their Figure 6(b) [2012LIL/XU] it can be
concluded that for magnetite the simple equation for a fully inverse spinel was
used: ΔS conf =  2Rln2 . The calculation for pure maghemite is more problematic,
because the calculation of ΔS conf depends on the space group which is taken as a basis.
At least three different space groups are possible: The cubic space group Fd 3m (totally
random vacancy distribution), the tetragonal space group P4132 (partly ordered), and the
tetragonal space group P 43 212 (fully ordered vacancy distribution). The latter can
probably be excluded, because in this case according to Majzlan et al. [2003MAJ/LAN]
the value of ΔS conf should be about 2.0 J·K-1·mol-1. Inspection of Figure 6(b) of Lilova
et al. [2012LIL/XU] yields an estimate of about 7.5 J·K -1·mol-1 for the configurational
entropy. Because only cubic cell constants were given by Lilova et al. [2012LIL/XU] it
is assumed that the space group Fd 3m was applied, and therefore the vacancy
distribution is set to totally random. Since no magnetic measurements were performed
by Lilova et al. [2012LIL/XU], the influence of magnetic ordering on the entropy part
of the Gibbs energy due to disorder of these certainly magnetic solid solutions (Eq.
(VII.27)) still remains unexplored, and the calculation of S mix (VII.39) is only of
limited value.
VII.3.7.4

Gibbs energy of mixing of magnetite-maghemite solid solutions

Equal to the enthalpy of mixing, even the Gibbs energy of mixing
Gmmix = H mmix  T Smmix , is negative for all compositions (see Figure 7 of Lilova et al.
[2012LIL/XU]), at least for their calculated temperatures 298 and 873 K, independent
of the model applied for the calculation of vacancy distributions. This result points to
the conclusion that phase separation is very unlikely even at low temperatures. Because
magnetic ordering and its impact on ΔSmmix were not considered by [2012LIL/XU] (see
previous section), in the current review no value for ΔGmmix (ss, cr, 298.15 K) is
recommended.

VII.3.8 Magnetite - trevorite, α-Fe3O4 – NiFe2O4
Both pure end-members of this solid solution are predominantly considered as inverse
spinels with the same cubic space group Fd 3m . That implies a totally random vacancy
distribution (see Sections VII.3.4 and VII.3.6 for comparison). The chemical formulas
of the pure phases at low temperatures can therefore be written as (Fe 3+)[Fe2+Fe3+]O4
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and (Fe3+)[Ni2+Fe3+]O4, respectively, where ( ) denotes a T-site and [ ] an O-site (see
Section VII.3.1). Because Ni2+ exhibits a strong preference for the octahedral site, as
evidenced by a high site-preference energy [Ni2+] = (0.80 ± 0.05) eV [1966ROB/POI],
[1968POI/ROB], it is generally accepted that Ni2+ exclusively remains on octahedral
sites and only intra-site mixing of Ni2+, Fe2+, and Fe3+ occurs on octahedral sites.
However, the results of recent studies cast doubt that Ni2+ really remains on
octahedral positions in the structure of the pure nickel ferrite end-member even at low
temperatures and, therefore, the same behaviour has to be expected for similar solid
solutions. The work reported by Ivanov et al. [2010IVA/ABR] and Mukherjee et al.
[2011MUK/SAH] (already mentioned in Section VII.3.6.1) supplies related
information. Recent XMCD studies performed by Pattrick et al. [2002PAT/LAA] at
STP conditions, and XAS (XANES and EXAFS) studies performed by Nilsen et al.
[2007NIL/NOR] at the Ni K-edge and the Fe K-edge, respectively, resulted in
contradictory conclusions. Pattrick et al. [2002PAT/LAA] determined up to eight atom
percent Ni2+ on the T-site, whereas Nilsen et al. [2007NIL/NOR] assumed nickel ferrite
to be a typical inverse spinel structure with Ni2+ ions being located on the O-site only.
Therefore, the situation remains unclear, and currently the following chemical formula
for magnetite–trevorite solid solutions at low temperatures has to be considered as the
one that is most probable:
3+
2+
2+
3+
(Ni 2+
x Fe1 x )[ Ni (1 2 x ) Fe x Fe1+x ]O 4 .

1

This assumption is supported by the results of several X-ray diffraction analyses
[1962POL/ATK], [2002PAT/LAA], [2015DEE/BAN] and related cell-constant
determinations. Figure VII-4 shows the non-linear behaviour of the a0 cell constant as a
function of the Ni/(Ni+Fe) ratio. At Ni/(Ni+Fe) equal to 1/3 (the pure Ni-ferrite endmember) the value a0 = 0.83381(7) nm determined by [2002PAT/LAA] was used for
the fit.2 The increase of a0 with decreasing Ni content within this compositional region
can be understood quite easily by crystal-chemical considerations. With decreasing Ni
content, Ni2+ on tetrahedral positons has to be substituted increasingly by Fe3+, with a
corresponding reduction of Fe3+ to Fe2+ on octahedral positions, according to the
chemical formula given above. The ionic radius of Ni2+ in four-fold coordination is
about 0.006 nm larger than that of Fe2+ (high spin) ([2005ZIE/GAD] and references
therein), but the ionic radius of Fe2+ (high spin) in six-fold coordination is about 0.009
to 0.013 nm larger than that of Ni2+(depending on applied reference values). Therefore
the trend shown in Figure VII-4 appears to be reasonable, although changes are nonlinear and can best be fitted by a second-degree polynomial. Amazingly the opposite
trend can be observed for samples containing more than 40 mol % of magnetite, i.e., a
decrease of a0 with decreasing Ni-content (see Figure 1 in [2015DEE/BAN]) and a
significant deviation from simple Vegard behaviour. However, the samples investigated
1
2

If a substitution of y = (1-x) is made, this formula reduces to the more familiar NiyFe3-yO4.
See the brief discussion of the cell dimension in Section VII.3.6.
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by Deepak et al. [2015DEE/BAN] were nanoparticles with diameters in the range 6.8 to
11.6 nm and obviously magnetite-trevorite nanoparticles have structural properties that
are different from those of larger crystals. The investigation of the reasons for such
different structural properties is beyond the scope of the current review, but one has to
be aware of it.
Figure VII-4: Lattice parameter a0 (nm) for magnetite-trevorite solid solutions as a
function of composition determined by X-ray diffraction [1962POL/ATK],
[2002PAT/LAA]. Error bars are within the size of the symbol.

0.8365

cell constant

0.8360

0.8355

0.8350

0.8345

0.8340
Data from [1962POL/ATK],[2002PAT/LAA]
2nd degree polynomial fit
0.8335
0.20

0.22

0.24

0.26

0.28

0.30

0.32

0.34

Ni/(Ni+Fe)

Based on the above discussion, both intra-site and inter-site mixing can occur
in magnetite-trevorite solid solutions. Unfortunately, there are no heat-capacity values
at temperatures above that of liquid helium [1962POL/ATK], no reliable values for
enthalpies of formation or enthalpies of mixing, and no reliable values for the
coefficients α and β or any Margules parameters (see Eq. (VII.18) and Eq. (VII.25) in
Section VII.3.1) available in the literature for magnetite–trevorite solid solutions.
O’Neill and Navrotsky [1984NEI/NAV] demonstrated the impact of incorrect values for
α and β (see their Figure 1) when applied for the calculation of enthalpies of mixing or
Gibbs energies of mixing: the results can diverge completely. The problems
encountered in determining the configurational entropy reliably were already described
in detail in Section VII.3.6.1, and therefore it does not appear to be reasonable at this
point to discuss the effect of magnetic ordering on the configurational entropy. Only the
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Gibbs energy of mixing can be determined approximately from electrochemical
potential measurements at high temperatures, as described in the following section.
VII.3.8.1

Gibbs energy of mixing of magnetite-trevorite solid solutions

Katayama et al. [1979KAT/WAT] performed potential-difference measurements on
spinel-type solid solutions of the Fe3O4-NiFe2O4 system, using a galvanic cell
containing ZrO2 + CaO as the solid electrolyte, in the temperature range from 1200 to
1350 K. For each composition of the solid solution, the potential difference of the
electrochemical cell is a linear function of temperature in this high-temperature region
(see the Appendix A entry for [1979KAT/WAT]). The cell potentials are related to the
activity of magnetite in the respective solid solution coexisting with hematite. From the
activity the partial molar Gibbs energy of formation can be derived and subsequently
also the Gibbs energy of mixing of the solid solution. Katayama et al. [1979KAT/WAT]
compared their results to calculations based on cation distributions and to the expected
values for an ideal solid solution. The differences (see their Table 2) are significant and
no reliable determinations of cation distributions as a function of temperature in the
system Fe3O4-NiFe2O4 are available. Therefore extrapolation of their results to lower
temperatures, especially to room temperature, does not appear to be reasonable.
Figure VII-5 shows the Gibbs energy of mixing as a function of composition at
T = 1273 K, which is negative for all compositions, but this function is not totally
symmetric, e.g., as would be expected for an ideal solid solution (dotted line). This
graph looks very similar to calculated values for the Gibbs energy of mixing at T = 1373
K, published by O’Neill and Navrotsky ([1984NEI/NAV]; graph No. 4 in their
Figure 1) and is also comparable to the Gibbs energy of mixing in the system Fe3O4FeCr2O4 at T = 1200 K (see following Section VII.3.9). But at lower temperatures the
development of solvi has to be expected, comparable to calculated solvi at temperatures
below 700 K for the systems Fe3O4-FeCr2O4, Fe3O4-FeAl2O4, and Fe3O4-ZnFe2O4
[1984NEI/NAV]. Unfortunately, no experimental data for the system magnetitetrevorite are available that would enable the determination of ΔGmmix at temperatures
below 1200 K.
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Figure VII-5: Gibbs energy of mixing ΔGmmix (J·mol-1) as a function of composition for
the magnetite-trevorite solid solution at T = 1273 K [1979KAT/WAT]. The solid line
represents the shape of the experimental data, the dotted line the expected values for an
ideal solid solution.
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VII.3.9 Magnetite-chromite, α-Fe3O4-FeCr2O4
As already mentioned in the previous sections, magnetite is an inverse spinel at ambient
conditions and chromite has the crystal structure of a normal spinel at all temperatures.
Therefore, it has to be assumed that upon mixing these two phases will show a limited
solubility especially at low temperatures. Actually, recent literature indicates detection
of a miscibility gap at temperatures below 773.15 to 873.15 K [1984NEI/NAV],
[1991SAC/GHI2], [1993TAY/DIN], [2003ZIE/CAS], [2005KUR]. Based on lattice
parameters determined by X-ray diffraction experiments, early contributions identified
four different structural regions as a function of composition at room temperature for
this solid solution [1954YEA/KOR], [1957FRA], [1964BAL/SIM]. These four regions
were supposed to represent different states of inversion or non-inversion of the spinel
structure, respectively. More recent references only identified three different regions
[1971ROB/WER],
[1972LEV/ROB],
[1984NEI/NAV],
[1991SAC/GHI2],
[2003ZIE/CAS] — an inverse region on the magnetite-rich side, an intermediate region,
and a normal region on the chromite-rich side of this solid solution. None of these
regions is related to a symmetry change at ambient conditions, but cation ordering,
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magnetic ordering and charge hopping occur, as will be described in more detail in the
following section.
All available data were used for an accurate analysis of the compositional
dependence of the lattice constants. The data published by Robbins et al.
[1971ROB/WER] and Levinstein et al. [1972LEV/ROB] are identical and therefore
only the latter were used for the analysis. All data result from ordinary laboratory X-ray
diffraction experiments and therefore comparable precision of the data can be
anticipated. However, the individual error of each data point was taken into account.
The data were fitted by a piecewise least-squares fit using Levenberg-Marquardt
routines. Figure VII-6 shows the result of the fit, and it can be easily noticed that only a
subdivision into three different regions can statistically be justified. For the solid
solution Fe2+ Crx3+ Fe3+
2-x O4 the first region reaches from x = 0 (pure magnetite) to x =
0.5866 and the lattice parameter is reduced from a0 = 0.83958 to 0.83816 nm. The
second region reaches from x = 0.5866 to 1.3213, and a0 increases from 0.83816 to
0.84084 nm. Finally, the third region reaches from x = 1.3213 to 2.0 (pure chromite)
and a0 is decreased again, this time from 0.84084 to 0.83768 nm. This result is
consistent with recent literature [1991SAC/GHI2], [2003ZIE/CAS], the main difference
being a different definition of the composition of the solid solution within these two
references (mole fraction of magnetite or chromite, respectively). Within error limits the
fitted lattice parameter for pure magnetite is what is given in Section VII.3.4 of the
current review. The early subdivision of regions published by Robbins et al.
[1971ROB/WER] is qualitatively comparable to the subdivision that results from this
review, but Figure VII-6 clearly shows that more data can be used for the analysis and
that for example by the inclusion of the data published by Francombe [1957FRA] the fit
can be improved substantially. In the latter reference the author published the
determined lattice parameters partially as values (see Table 1 in [1957FRA]) and
partially as part of his Figure 1 exclusively. Only the tabulated values were used for the
analysis in the current review. Because no tabulated values were given in
[1971ROB/WER] and [1972LEV/ROB], Figure 1 of [1972LEV/ROB] was digitised
and the data points were evaluated electronically, with the implicit consequence of
reduced precision.
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Figure VII-6: Available lattice parameters a0 (nm) for magnetite-chromite solid
solutions as a function of composition determined by X-ray diffraction
[1954YEA/KOR], [1957FRA], [1964BAL/SIM], [1972LEV/ROB]. All data can best be
fitted by a piecewise least-squares fit (Levenberg-Marquardt) with three different parts
(R2 = 0.97922). In this formula x is equal to twice the mole fraction of FeCr 2O4 in the
solid solution.
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VII.3.9.1

Gibbs energy of mixing and miscibility gap of magnetite-chromite
solid solutions

Similar to the case of magnetite-trevorite solid solutions reviewed in Section VII.3.8,
there are only limited experimentally determined heat-capacity values (see Section
VII.3.5.3), no enthalpies of formation and even no entropy values available for the
magnetite-chromite solid solution. Recent literature is restricted to the determination of
activity values for magnetite as a function of composition and temperature
[1975KAT/WAK], [1976SNE/SCH], [1982PET/JAC], from which Snethlage and
Schröcke [1976SNE/SCH] and Petric and Jacob [1982PET/JAC] also calculated the
respective activities of chromite by Gibbs-Duhem integration. If both activities a are
known, the Gibbs energy of mixing can be calculated approximately:

ΔGmmix  RT ( xFe3O4 ln aFe3O4  xFeCr2O4 ln aFeCr2O4 )

(VII.40)
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For example Figure VII-7 shows the activities of Fe3O4 and their deviation from
Raoult’s law in the solid solution magnetite-chromite at 1500.15 K [1975KAT/WAK],
1473.15 K [1976SNE/SCH] and 1673.15 K [1982PET/JAC], respectively. Snethlage
and Schröcke [1976SNE/SCH] also determined the activities of Fe 3O4 at 1273.15 and
1368.15 K.

Figure VII-7: Activities of Fe3O4 and their deviation from Raoult’s law (dashed line) in
the solid solution magnetite-chromite at 1500.15 K [1975KAT/WAK], 1473.15 K
[1976SNE/SCH] and 1673.15 K [1982PET/JAC], respectively. x(Fe3O4) denotes the
mole fraction of Fe3O4.
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As expected the values determined by Petric and Jacob [1982PET/JAC] are
different from the remaining data plotted in Figure VII-7 due to the temperature
difference of up to 200 K, but the activities determined by [1975KAT/WAK] at
1500.15 K are also clearly different from the 1473.15 K values given by
[1976SNE/SCH]. In the compositional range xFe3O4 ≈ 0.9 to 1.0 (Figure VII-7) all
determined activities are identical, irrespective of temperature. Therefore, the mixing
behaviour of all solid solutions in this narrow compositional range is assumed to be
almost identical.
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Only Katsura et al. [1975KAT/WAK] determined the activity-composition
relations using the equilibria of the magnetite-chromite spinel solid solution with
wüstite or with iron, taking the properties of wüstite as a solid solution into account.
Therefore, these data are considered to be the most reliable of those available
[2005KUR] (see Appendix A). However, all data in Figure VII-7 are below the dashed
line representing Raoult’s law. Even if the values for the enthalpy of mixing ΔH mmix are
unknown, the fact that all activities are smaller than the respective mole fractions of
Fe3O4 implies that ΔH mmix must be negative for all compositions between 1473.15 and
1673.15 K.
There are two recent studies [2003ZIE/CAS] and [2005KUR] in which the
structural and thermodynamic properties of the magnetite-chromite solid solution were
analysed in more detail than in previous literature. Unfortunately Ziemniak and Castelli
[2003ZIE/CAS] did not consider the activity data published by Katsura et al.
[1975KAT/WAK] (see above) and instead used the data given by Snethlage and
Schröcke [1976SNE/SCH] and Petric and Jacob [1982PET/JAC] (see Appendix A).
Kurepin [2005KUR] actually used the data of Katsura et al. [1975KAT/WAK], but did
not consider the results of Ziemniak and Castelli [2003ZIE/CAS] and also did not
account for two important aspects, the magnetic ordering between different sublattices
and charge hopping between divalent and trivalent iron on octahedral sites. Since both
aspects are indispensable for an accurate analysis of the system magnetite-chromite, the
following discussion will focus on the results of Ziemniak and Castelli [2003ZIE/CAS]
and the data they used for their analysis.
According to the analysis of the available lattice constants (see previous
section), under ambient conditions the system Fe2+ Crx3+ Fe3+
2-x O4 can be divided into three
different regions (Figure VII-6):
Region I (x = 0 to 0.5866): The system starts with pure magnetite that is almost
inverse at room temperature. Therefore, the tetrahedral T-site (see Eq. (VII.24) and
Section VII.3.4) is totally occupied by Fe3+, and the remaining iron is equally
distributed on the octahedral O-site as Fe2+ and Fe3+. As soon as Cr3+ enters the system,
chromium goes to the O-site exclusively, because of its large octahedral site preference
energy of about – 158.6 kJ mol-1 [2003ZIE/CAS]. This value is comparable to the value
– 157.74 kJ·mol-1 given earlier by Jacob and Alcock [1975JAC/ALC] and used by
Petric and Jacob [1982PET/JAC]. The lattice parameter a0 decreases linearly.
Region II (x = 0.5866 to 1.3213): With increasing x, Fe3+ also begins to occupy
the tetrahedral T-site. Each added Cr3+ displaces one Fe2+ from the octahedral O-site and
Cr3+ still remains exclusively on the O-site. The composition can now be written in the
2+
3+
3+
3+
following form, (Fe12+ x Fe3+
x )[ Fe x Fe 2  2y  x Cr2y ]O 4 , with y  Cr/(Cr  Fe ) . The lattice
parameter a0 increases linearly until the border line to the next region is reached.
Region III (x = 1.3213 to 2.0): In this region Fe3+ moves back to the octahedral
O-site and Fe2+ is located on the tetrahedral T-site only. Again Cr3+ is restricted to the
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O-site. The value x ≈ 1.32 for the left border line of region III is identical to the value
determined by [1971ROB/WER] based on the change of the magnetic moments in this
compositional range (see their Figure 1(c)). Robbins et al. [1971ROB/WER] also
determined the cation ordering of Fe 2+ and Fe3+ approximately in this region using
Mößbauer spectroscopy. The determined site occupancies are more or less estimates
without any given errors. However, by adding an artificial data point at x = 1.0, where
the ratio Fe3+/Fetotal has to be equal to 0.5, and by fitting the data as shown in Figure
VII-8, the determined border at x ≈ 1.32 appears to be reasonable (vertical dashed line
in Figure VII-8). The lattice parameter a0 again decreases linearly until the composition
of the pure chromite end-member of the solid solution is reached.

Figure VII-8: Ratio of Fe3+/Fetotal as a function of x in Fe2+ Crx3+ Fe3+
2  x O 4 fitted by a thirddegree polynomial (R2 = 0.99985). Mößbauer spectroscopy data are from
[1971ROB/WER], and one artificial data point at x = 1.0 was added. The vertical
dashed line represents the border between regions II (left) and III (right) at x ≈ 1.32.1
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The determination of x (the stoichiometric coefficient for Cr) allows the direct determination of the
Fe2+/Fe3+ ratio and therefore of the degree of inversion of the spinel. Figure VII-8 (using the implemented
fit, including one artificial data point) can be used to determine this degree of inversion by a simple
chemical analysis.
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Robbins et al. [1971ROB/WER] stated that for samples of region II the
determination of site occupancies using Mößbauer spectroscopy is not possible and that
even for region I only rough estimates are achievable. As already mentioned in Section
VII.3.4, more advanced and modern analytical methods are required in order to obtain
reliable numbers, i.e., precise and accurate Fe2+ and Fe3+ site occupancies. Currently no
such data are available for the system magnetite-chromite. For this reason recent
literature used calculated site occupancies that originate from constraints as given above
for regions I, II and III and from known site preference energies [1984NEI/NAV],
[1982PET/JAC], [1991SAC/GHI2], [2003ZIE/CAS], [2005KUR].
Ziemniak and Castelli [2003ZIE/CAS] applied four concepts in order to
address deviations from ideality of magnetite-chromite solid solutions comprehensively:
The use of a regular solution model, the calculation of a configurational entropy for the
description of changes in cation disorder between T- and O-sites, pairwise charge
hopping between Fe2+ and Fe3+ on O-sites, and finally they accounted for
thermodynamic effects of magnetic ordering between different sublattices. Pairwise
electron hopping between Fe2+ and Fe3+ on octahedral sites has an impact on the
configurational entropy, and magnetic ordering affects the non-configurational entropy
(see Eq. (VII.27) in Section VII.3.1). The configurational entropy and sequentially the
Gibbs energy of spinels containing both divalent and trivalent iron on octahedral sites
could be significantly affected by the choice of the model: 1) Fe 2+ and Fe3+ could be
assumed to be distinguishable species, or 2) there could be a global delocalisation of the
sixth 3d electron of the Fe2+ ions into a conduction band, or 3) all possibilities in
between. Such delocalisation (rapid electron exchange between Fe2+ and Fe3+) occurs in
pure magnetite (Fe3O4) above the Verwey transition temperature of about 124 K (see
Section VII.2.7 of [2013LEM/BER]).
According to Ziemniak and Castelli [2003ZIE/CAS] (see their Figure 1) the
magnetic ordering contributions to entropy,  mag (see Eq. (VII.27)), at T = 300 K are
negligible for compositions in region III, but become significant for compositions in
regions I and II, especially when a composition is close to that of the pure magnetite
end-member. This result matches the conclusions given by Robbins et al.
[1971ROB/WER], who determined the magnetic moments for the whole compositional
range. They also determined a saturation magnetisation per formula unit MS ≈ 4.0 μB for
magnetite, which is not far from the more recent value published by Harrison and Putnis
[1995HAR/PUT], [1996HAR/PUT], [1997HAR/PUT] (see Section VII.3.4). Based on
Eq. (VII.27) Ziemniak and Castelli [2003ZIE/CAS] determined values of α = 20.68
kJ·mol-1, β = – (31.02 ± 1.05) kJ·mol-1, γ = – (0.664 ± 0.075) J·K-1·mol-1, and σel =
– (0.730 ± 0.081)R. An extensive evaluation of the first two values has already been
given in Section VII.3.4. For a more detailed review of the remaining values see
Appendix A. The calculation of σ mag as a function of composition and temperature can
be performed by using the equations on pages 2082 and 2083 of [2003ZIE/CAS]. Then
the entropy term (σel +γσ mag ) can be used to calculate the non-configurational entropy.
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Finally the complete entropy term can be obtained by calculating the configurational
entropy, using the equations given on page 2087 of [2003ZIE/CAS].
Ziemniak and Castelli [2003ZIE/CAS] used the values obtained to calculate
the full Gibbs energy of disordering ΔGD , (Eq. (VII.27)), as a function of temperature
and composition (i.e., the inversion parameter xinv), to characterise the mixing behaviour
of magnetite-chromite solid solutions (see their Figure 6). The value of ΔGD remains
negative for all compositions at temperatures above 800 K, but below this temperature
an increasing miscibility gap down to room temperature becomes apparent. At ambient
conditions the miscibility gap is practically complete. As already mentioned earlier,
Ziemniak and Castelli [2003ZIE/CAS] did not use the activity data published by
Katsura et al. [1975KAT/WAK]. However, as can be noticed from Figure VII-7, the
enthalpy of mixing ΔH mmix at about 1473 K based on those data should probably be less
negative than ΔH mmix based on the actually applied data of Snethlage and Schröcke
[1976SNE/SCH]. Therefore, it is reasonable to assume that ΔGD would become more
positive at higher temperatures, which in turn means that a complete miscibility gap at
ambient conditions is even more plausible.
Mainly relevant for the purposes of the current review are thermodynamic
properties at temperatures around 300 K. In summary, in most recent publications a
miscibility gap at T ≤ 773 K [2003ZIE/CAS], [2005KUR] has been calculated, but
earlier literature assumed a miscibility gap at T ≤ 873 K [1984NEI/NAV],
[1991SAC/GHI2]. Again this demonstrates the need for a comprehensive understanding
of spinel solid solutions. The most important question is whether the miscibility gap is
complete at ambient conditions or whether there are any residual solid solutions; they
certainly exist at higher temperatures. Based on the results given by Ziemniak and
Castelli [2003ZIE/CAS] and the conclusions presented in the current review, it is
reasonable to assume a complete miscibility gap in the system magnetite-chromite at
ambient conditions. No substantial solid solutions exist at room temperature, and
therefore the thermodynamic properties of the pure end-members magnetite and
chromite that are reviewed and summarised in Section VII.2 of TDB-Iron Part 1
[2013LEM/BER], and in Sections VII.3.4, VII.3.5 and VII.3.9 of the present review are
adequate for any further thermodynamic calculations at relevant repository conditions.
The behaviour of multi-component spinels at temperatures near 600 K (much
higher for some advanced reactor concepts) is relevant to nuclear reactor applications
mentioned in the introductory paragraphs to Sections VII.3.5 and VII.3.6. While these
temperatures are well below those of most solid-solution experimental measurements, it
appears that the phase-separation processes described above, and those between
chromite and ferrite spinels, are pertinent to the spinel corrosion films observed on FeCr-Ni alloys [2002KUR/KUL], [2006ZIE/HAN], [2012ORL/KUL].
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Group 17 (halogens) compounds
and complexes
VIII.1

Aqueous iron halide complexes

(also see Section VIII.2

in TDB-Iron Part 1)

VIII.1.1 Aqueous iron fluoride complexes (also see Section VIII.2.1 in TDBIron Part 1)
VIII.1.1.1 Aqueous iron(III) fluoride complexes
Ahrland [1967AHR] invoked Pearson’s hard-soft interaction theory [1963PEA] of
interactions of metal ions with ligands that was directed specifically to the interactions
of strongly hydrated Fe3+ cations with F anions. Fe3+ is a hard cation and for a given
group of ligands of the same charge, e.g., the halide ions, the complexes formed are
invariably stronger, the smaller the ligand, F being the extreme hard halide ion. The
general equation for the formation of mononuclear fluoridoiron(III) complexes is
represented by:
Fe3+ + nF

FeFn3-n

(VIII.1)

VIII.1.1.1.1 Acid dissociation of HF(aq) in mixed electrolytes
The thermodynamics of hydrofluoric acid dissociation in aqueous solution are
investigated here because virtually all the data for the fluoridoiron(III) complexes were
obtained in the presence of mixed electrolytes at Ic = 0.5 and 1.0 (mainly HClO 4 , HF ,
NaClO 4 ) so that it became necessary to see if the pertinent HF(aq) dissociation
constants could be calculated from the SIT under these particular conditions.
HF(aq)

H  F

(VIII.2)

The molar acid dissociation constants for hydrofluoric acid gathered from the
literature at mainly 298.15 K were converted to molal quantities where necessary using
the appropriate electrolyte solution densities available in [1985SOH/NOV]. These
literature data are summarised in Table VIII-1.
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Table VIII-1: Values of the HF(aq) dissociation constants, log10 K1 , and enthalpy of
dissociation in kJ∙mol-1 reported and recalculated where necessary.
T/K

Method Medium
103cX(a)

log10 K c ,1
reported

Im

log10 K m ,1
used

References

con

≤ 20 cF
cH  < 0.02

< 0.02

log10 K1o
– 2.961
‒ 3.162

0

log10 K1o
– (2.961 ± 0.100)
‒ (3.162 ± 0.100)

[1938WOO]

pot

1-1000 cHF

< 1.0

log10 K1o
‒ (3.101 ± 0.005)
‒ (3.173 ± 0.005)
‒ (3.249 ± 0.005)

1.03

log10 K1o
‒ (3.101 ± 0.020)
‒ (3.173 ± 0.020)
‒ (3.249 ± 0.020)

[1947BRO/VRI]

cal

35.77

0

 r H mo
‒ (13.31 ± 0.06)
‒ (2.940 ± 0.015)

≤ 0.14

 r H mo
‒ (13.31 ± 0.12)
‒ (2.919 ± 0.030)

[1953HEP/JOL]

log10 K1o
‒ (3.180 ± 0.010)
 r H mo
‒ (13.4 ± 0.5)
o
r Cp,m
‒ (144 ± 8)
log10 K1o
‒ (3.164 ± 0.010)
±(2 σ )

0

log10 K1o
‒ (3.186 ± 0.016)
 r H mo
‒ (13.3 ± 1.4)

[1963ELL]

0.01
-0.515

log10 K1o
‒ (3.164 ± 0.020)

[1969BAU]

log10 K1o
< 0.29
‒ 2.963
‒ 3.107
‒ 3.122
‒ 3.136
‒ 3.165
‒ (2.944 ± 0.020)
1.05
‒ (3.020 ± 0.016)
‒ (3.103 ± 0.012)
‒ (3.190 ± 0.015)
 r H1 ‒ (13.6 ± 0.8)

log10 K1o
‒ (2.963 ± 0.020)
‒ (3.107 ± 0.020)
‒ (3.122 ± 0.020)
‒ (3.136 ± 0.020)
‒ (3.165 ± 0.020)
‒ (2.919 ± 0.030)
‒ (2.999 ± 0.030)
‒ (3.082 ± 0.030)
‒ (3.169 ± 0.030)

[1970HAM/WU]

‒ (2.954 ± 0.002)

1.05

‒ (2.933 ± 0.002)

[1971AHR/KUL]

0.00120.03

log10 K1o
[1971PAT/MOR]
‒ (3.267 ± 0.006) (d)

273.15
298.15
288.10
298.15
308.15
298.15

Ic

cNaF

293.15

pot

< 335 cF
25-50 cH 

1.0

con

< 10 mHF

pot

0.1-10 cF
0.01
10-20 cHNO3 -0.5

est

< 4000 cHF

pot

< 3 cF
≈ 5 cH 

1.05

[1954AHR/LAR]

NaClO4

298.15

(b)

298.15

Im
0.086

NH4 NO3

273.15
289.15
291.15
293.15
298.15
298.15
308.15
318.15
328.15
298.15

(c)

≤ 0.29

1.0

NaClO4

pot

< 28 cH 

1.0

[1970WAL]

NaClO4

298.15

pot

0.5-10 cNaF
0.5-29 cHCl

0.0012 log10 K1o
-0.03 ‒ (3.233 ± 0.004)

295.15

pot

298.15

pot

0.0005 ‒ (2.835 ± 0.006)(c)
-0.005
log10 K1o
< 0.5
< 0.5
‒ (3.165 ± 0.007)

288.10
298.15
308.15

pot

≈1 cNaF
0.5-5 cHCl
≤ 500 cHF
≤ 7.8 cNaF
100200 cF (e)
1-250 cH 

0.5

‒ (2.80 ± 0.02)
‒ (2.88 ± 0.01)
‒ (2.96 ± 0.01)

0.509

− (3.164 ± 0.006)

[1971WAR]

log10 K1o
‒ (3.165 ± 0.007)

[1973KRE/CHI]

‒ (2.79 ± 0.02)
‒ (2.87 ± 0.02)
‒ (2.95 ± 0.02)

[1974SAL/STE]

NaNO3

(Continued on next page)
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Table VIII-1 (continued)
T/K

298.15(f)

Method Medium
Ic
103cX(a)
pot
0.7-0.9 mF Im
10 mH 
1.0

log10 K c ,1
reported
log10 K m ,1
‒ (2.911 ± 0.013)

Im

0.01
-0.5

log10 K1o
‒ (3.18 ± 0.02)

0.01
-0.513

0.1

‒ 3.101

0.1

log10 K m ,1
used

References
[1983BEC/BIL]

NaCl

pot

< 0.6 cF
< 50 cH 

sp

? mNaF

298.15

(c)

log10 K1o
‒ (3.192 ± 0.007)

[1984HEF2]

NaClO4

298.15

[1992USH/ATK]

(CH3 )4 NCl

(a)
(b)
(c)
(d)
(e)
(f)

Where the subscript “X” is a designator for the medium.
Conductance measurements were made from 298.15 to 473.15 K.
This limit is not entirely certain.
This value was rejected; see the Appendix A entries.
Precipitation was observed but not characterised.
Potentiometric measurements were made from 298.15 to 523.15 K; p = 3.1 MPa

The pertinent data from Table VIII-1 are shown in Figure VIII-1 in an SIT plot.
The data are split into two groups: those from Hefter [1984HEF2] corresponding to a
predominantly NaClO 4 medium that resulted in the quantities at 298.15 K,
log10 K1o (VIII.2) = – (3.192 ± 0.007);  (VIII.2) = (0.178 ± 0.025) kg·mol-1.

The second data set shown corresponds to mixed ionic media being composed
of Na+, H+, F– and ClO 4 . An unweighted isothermal regression of these data gave:
log10 K1o (VIII.2) = – (3.153 ± 0.032);  (VIII.2) = (0.181 ± 0.036) kg·mol-1.

Finally, an overall unweighted SIT fit which included data from 273.15 to
328.15 K, and assumed that the ion-interaction term is temperature independent from
288.15 to 328.15 K, gave the following thermodynamic quantities, which are in
excellent agreement with those recommended currently by the NEA:
log10 K1o (VIII.2) = – (3.178 ± 0.006);  r H mo ((VIII.2), 298.15 K) = – (13.34 ± 0.14)
kJ·mol-1;  (VIII.2) = (0.168 ± 0.007) kg·mol-1.

The TDB recommends values (Table IV-2) of log10 K1o (VIII.2) =
– (3.180 ± 0.020) and  r H mo ((VIII.2), 298.15 K) = ‒ (12.20 ± 0.30) kJ·mol-1, and the
tabulated ion-interaction parameters for NaClO4 solutions (Tables B-4 and B-5) lead to
 (VIII.2) = (0.16 ± 0.03) kg·mol-1. Vasil’ev and Kozlovskii [1973VAS/KOZ]
measured the enthalpy of association of H+ and F– to form HF(aq) in NaCl and
NaClO 4 solutions and reported  r H mo ((VIII.2), 298.15 K) = – (13.35 ± 0.21) kJ·mol-1
in excellent agreement with the value derived in this review.
More importantly, the near equality of the  values for the different media
allows for the possibility that the SIT can be applied to the iron(III) fluoride
complexation studies which were mainly carried out in the mixed Na+, H+, F– and ClO 4
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H   F ) values measured in an HNO3
media. Interestingly, the log10 K c ,1 (HF
medium [1979HAM] were reported to have the same ionic-strength dependence as
those reported in an NaNO3 medium, in keeping with the finding above regarding the
similarity in HClO 4 and NaClO 4 media.

Figure VIII-1: SIT treatment of the acid dissociation constants for HF(aq) at 298.15 K
where the dashed line results from a fit of the data from [1984HEF2] in a predominantly
NaClO4 medium and the solid line comes from the combined fit of all the data, with the
exception of the few so indicated in Table VIII-1.

-3.1
NEA-TDB
[1938WOO]
[1947BRO/VRI]
[1963ELL]
[1970HAM/WU]

log10K1-2D

-3.2

[1970WAL]
[1971AHR/KUL]
[1973KRE/CHI]
[1984HEF2]

-3.3

-3.4
0.0

0.5

1.0

Im

An SIT treatment of Baumann’s experiments in NH 4 NO3 medium [1969BAU]
yielded: log10 K1o = − (3.16 ± 0.01) and  = (0.030 ± 0.029) kg·mol-1 at 298.15 K.
The former is in excellent agreement with the recommended value, while from the latter
a selected value

 (NH+4 , F ) = – (0.04 ± 0.03) kg·mol-1
is derived.1
The need to study the formation of iron(III) fluoride complexes in quite acidic
solutions to minimise the formation of hydroxido complexes brings other considerations
into play. Nevertheless, it is apparent from the studies examined here that certain high1

In Table VIII-8 of the TDB-Thorium volume a value of + (0.03 ± 0.02) kg·mol-1 is listed for ε(NH4 , F ) .
If a Δε value of (0.10 ± 0.02) kg·mol-1, consistent with that value of ε(NH4 , F ) , is imposed on the
scattered data in [1969BAU], a log10 K o value of – (3.15 ± 0.02) is obtained. This is almost identical to
the value, – (3.16 ± 0.01), obtained from the SIT treatment when Δε is allowed to vary.
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order species such as H2F+ [1984HEF] and {(HF)2 F , (HF)3 F and (HF)4 F } proposed
by McTigue et al. [1985MCT/ODO] to exist in moderately concentrated aqueous HF
have not been substantiated. On the other hand, the existence of HF2 was substantiated by
a regression of the near-infrared spectra of HF solutions [1997THO/SHE] and by many
potentiometric studies summarised below. The pertinent equilibrium is:
HF(aq) + F

HF2

(VIII.3)

The average value of log10 K o (VIII.3) from five potentiometric studies is
(0.48 ± 0.26) (2 σ ) [1938WOO], [1947BRO/VRI], [1969BAU], [1970HAM/WU] and
[1973KRE/CHI]. In the absence of activity coefficient data with respect to the species
involved in the equilibrium, it is sufficient to assume that they cancel out for this
isocoulombic reaction, particularly because log10Ko(VIII.3) is poorly defined and its
effect on the formation constants of fluoridoiron(III) complexes is expected to be small.
From their calorimetric measurements in NaCl and NaClO4 solutions, Vasil’ev and
Kozlovskii [1973VAS/KOZ] reported a value of  r H mo ((VIII.3), 298.15 K) =
‒ (17.6 ± 2.1) kJ·mol-1, which in the absence of other results is offered here for
consideration with caution.

VIII.1.1.1.2 FeF2+
Fe3+ + F

FeF2 

(VIII.4)
3 n
n

The available experimental data for the formation of all FeF
complexes are
summarised in Table VIII-2. Most studies involved potentiometric measurements that
used fluoride-sensitive electrodes or monitored the Fe(III)/Fe(II) couple during
additions of fluoride titrant where the reasonable assumption was made that
fluoridoiron(II) complexes could be ignored. The formation of HF2 was generally
taken into account. Virtually no data are available below an ionic strength of 0.5
mol·dm-3, making extrapolation to zero ionic strength difficult due to the established
dependence of  (Fe3 , X ) on ionic strength that is most pronounced for Ic ≤ 0.5.
Moreover, because hydrolysis of Fe3+ is significant even at low pH, experiments were
generally conducted at pH ≤ 2 such that either a significant fraction or virtually the
entire cation inventory of the solutions was in fact H +. Allowance for Fe3+ hydrolysis
was still necessary unless the pH was < 0.
An original potentiometric investigation of iron(III) fluoride complexation
[1949DOD/ROL] relied on the rapid, reversible Fe(III)/Fe(II) couple at a gold electrode in
a concentration cell with formation constants for the first two fluoride complexes being
derived at Ic = 0.5 and 298.15 K. The kinetics of Fe(II, III) exchange between Fe2+ and
FeFn3 n complexes were reported mainly at 273 K and Ic = 0.5 (predominantly HClO4 and
some additional NaClO4) [1953HUD/WAH]. The reactions were first order with respect
to each iron reactant. The respective step-wise formation constants for these species,
which were derived from the rate law and converted here to molal units [1985SOH/NOV]
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are: K m, n = mFeF3n /( mFeF3n1 mF ) = 9.5 × 104, 7.6 × 103 and 9.8 × 102, respectively.
n 1
n
Connick et al. [1956CON/HEP] reported a very thorough potentiometric study of the first
three fluoride complex formation equilibria at 288.12, 298.15 and 308.15 K (Im = 0.506)
that gave (2 σ uncertainties): log10 Km,1 = (5.17 ± 0.28), r Hm,1 = (10.0 ± 1.2) kJ·mol-1,
r Sm,1 = 133 J·K-1·mol-1; log10 m,2 = (9.1 ± 0.9), r H m,2 = (18 ± 4) kJ·mol-1, r Sm,2 =
234 J·K-1·mol-1 (cf. [1967AHR]), and finally log10 m,3 = 12. Yalman [1961YAL] carried
out potentiometric titrations at 299.85 K in 0.513 mol·kg-1 HClO4 solutions in which
dissociation of HF(aq) was ignored. A treatment of existing results from two theses (not in
hand), and Connick et al., and Hepler’s potentiometric study, [1956CON/HEP] was
presented. They also gave the enthalpy and entropy of reaction. Ahrland [1967AHR] reanalysed earlier data and derived r Hc,1 (298.15 K) = 9.83 kJ·mol-1 at Ic = 0.50, which is
virtually identical to the value in [1956CON/HEP], and a corresponding value of  r H1o =
14.2 kJ·mol-1. Solvent extraction, potentiometry and calorimetry were employed by
Walker and Choppin [1967WAL/CHO] to interrogate the thermodynamics of formation
of fluorido complexes at 298.15 K and Im = 1.05 (NaClO4), including those of iron(III) for
n = 1-3. A combined potentiometric study at 298.15 K and Im = 0.513 (NaClO4)
[1969AZI/LYL2] appears to have been initiated mainly to prove the utility of the fluoridesensitive electrode versus a half cell containing the iron(II)/iron(III) couple. Virtually
identical results were obtained with both cell configurations. Two sets of titration
experiments were carried out by Sidorenko and Gordienko [1969SID/GOR2] using 1
mol·dm-3 ionic-strength solutions in which HClO4 was the main supporting electrolyte.
The temperature was not given, but is assumed to have been 298 K. The first series was
optimised to measure the formation constants of the first two fluoridoiron(III) complexes.
The average value of log10 Kc,1 is given as (5.40 ± 0.09). Johansson’s [1975JOH2]
potentiometric study of the formation of the FeF2+ complex at 298.15 K utilised a fluoridesensitive membrane electrode versus an Ag|AgCl(s) reference electrode in a cell with
liquid junction. The ionic strength was controlled mainly with NaClO4 at Ic either 0.5
( cFe(III) was varied from 0 to 0.1 mol·dm-3; cH+ = 0.2 mol·dm-3) or 1.0 ( cFe(III) was varied
from 0 to 0.05 mol·dm-3; cH+ = 0.4 mol·dm-3). The author recognised that the metal-ion
concentrations eventually exceeded the constant ionic medium principle in each series,
and adopted the approach of extrapolating the observed  K1 values to zero metal
concentration. The application of potentiometry by Khachaturyan and Belyakova
[1976KHA/BEL2] relied on the effect of Fe3+ complexation on the rapid Fe(III)/Fe(II)
redox couple at a platinum electrode to derive the formation constants of the mono- and
difluoridoiron(III) complexes presumably at 298.15 K and Ic = 0.5 (0.5 mol·dm-3 HClO4,
or 0.1 mol·dm-3 HClO4 and 0.4 mol·dm-3 NaClO4). A potentiometric investigation by Soli
and Byrne [1996SOL/BYR] was carried out in 0.68 mol·kg-1 (NaClO4) solution to
simulate a sea-water environment at 298.15 K. However, the concentrations of metal ion
were quite low for potentiometric work, 5 × 10-5 mol·kg-1.
Isolated potentiometric studies were also carried out in nitrate media
[1942BRO/GUS], [1947BAB/KLE] and [1979HAM], but for reasons outlined in the
corresponding Appendix A entries these data could not be evaluated further.
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Table VIII-2: Values of the formation constants, log10 m, n , for the FeFn3 n complexes
cited in the literature(a).
T/K

Method

Medium

n

log10  m,n (a)

?

pot

KNO3

1

(5.14 ± 0.01) 0.010

2

(9.12 ± 0.01)

1

5.27

2

9.72

3

12.9

4

14.9

5

15.3

HClO4

1

5.02

NaClO4

2

8.78

1

5.01

2

8.77

1

5.02

2

8.78

1

5.00

2

8.74

1

5.00

2

8.75

1

4.99

2

8.70

1

4.92

?

1

4.98

0.41

0.51

[1953HUD/WAH] calc cF

2

8.86

3

11.85
5.13

≈ 0.5

0.513

[1953SAI]

?

0.0944

0.513

[1956CON/HEP]

calc cF

?

sp

298.15 pot

HNO3

298.15? sp
273.15 kin

HClO4

mH + / mol·kg-1

Im

References

Comments

0.556

[1942BRO/GUS] calc cF

0.10

0.105

[1947BAB/KLE]

0.0333

0.513

[1949DOD/ROL] calc cF

calc cF

0.0547
0.0550
0.114
0.115
0.285
[1951EVA/URI]

?

NaClO4

298.15 sp

HClO4

1

288.12 pot

HClO4

1

5.12

NaClO4

2

8.99

3

11.75

1

5.13

2

9.05

3

11.87

1

5.12

2

9.03

3

11.91

1

5.12

2

9.02

3

11.84

0.0437

0.0184

0.00994

(Continued on next page)
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Table VIII-2 (continued)
T/K

Method

Medium

298.15

308.15

n

log10  m,n (a)

mH + / mol·kg-1

1

5.16

0.0495

2

9.11

3

12.01

1

5.17

2

9.07

1

5.16

2

9.07

1

5.16

2

9.06

1

5.24

2

9.22

1

5.23

2

9.21

1

5.24

2

9.26

1

5.24

2

9.24

1

5.24

2

9.21

1

5.24

2

9.25

3

12.24

Im

References

Comments

0.0944
0.0925
0.0949
0.0975
0.0957
0.0975
0.0598
0.106
0.0565

273.15 pot

NaClO4

1

5.40

?

0.050

[1957SMI2]

calc cF

299.85 pot

HClO4

1

5.54

0.513

0.52

[1961YAL]

calc cF

2

9.86

1

5.76

[1964BRA/SWI]

recalc

2

10.20

1

6.02

0

[1967AHR]

a review

1.05

[1967WAL/CHO] calc cF

0.513

[1969AZI/LYL2] exp mF

?

rin

?

298.15 est

r H

?

o
m

14.2
298.15 pot

298.15 pot

NaClO4

NaClO4

1

5.16

0.05

2

9.03

0.10

3

11.44

1

5.15

?

5.19
2

9.05
9.10

3

~ 12
12.02

(Continued on next page)
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Table VIII-2 (continued)
T/K

Method

Medium

n

log10  m,n (a)

mH + / mol·kg-1

Im

References

?

cou

HClO4

1

5.40 ± 0.09

1.03

1.05

[1969SID/GOR2] calc cF

2

9.80 ± 0.04

3

12.28 ± 0.04
?

[1947BAB/KLE]+ calc cF

?

sp

Fe(ClO4 )3 1

ESR

NH4F

298.15 pot

HClO4

5.3(b)

Comments

[1970LEV/STE]
2

9.8(b)

3

13.0(b)

4

15.0(b)

5

15.3(b)

6

15(b)

1

5.15 ± 0.10

0.204

0.513

1

5.12 ± 0.09

0.420

1.05

1

5.31

0.513

0.513

2

9.01

1

5.37

0.103

0.513

2

8.97

1

1.94(c)

3.16

3.16

2

3.083(c)

3

2.8(c)

1

2.08(c)

2

3.94(c)

3

2.7(c)

1

2.045(c)

1

5.19

2

9.13

3

12.06

1

5.16

~ 0.025

2

9.11

~ 0.002

3

11.96

~ 0.002

[1975JOH2]

exp mF

NaClO4

298.15 pot

HClO4

[1976KHA/BEL2] calc cF

NaClO4

318.15 pot

HNO3

333.15

298.15 est

298.15 pot

NaClO4

NaClO4

0.99

3.18

[1979HAM]

exp cF

0.513

[1980BON/HEF]

Review

0.68

[1996SOL/BYR]

exp mF

0.990

3.18

4
13.7
~ 0.002
(a) These molal formation constants have been converted where necessary from the reported molar values,
although those shown in italics are as reported because either the temperature or ionic medium, or both,
were not specified.
(b) Levanon et al. [1970LEV/STE] appear to have tabulated formation-constant values from Babko and
Kleiner [1947BAB/KLE] (though that reference was not cited).
(c) The formation constants correspond to { Fe3+  nHF(aq)

FeFn3n  nH+ }.
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For the case of n = 1 in a mixed Na+, H+, ClO 4 medium the SIT yields the
equation:
log10 K1o (VIII.4)  log10 K m,1  6 D  { (FeF2+ , ClO4 )   (Fe3+ , ClO4 )}mClO 
4

 (Na + , F )mNa   (H + , F )}mH


(VIII.5)



log10 K m,1  6 D   (Na + , F )mNa    (H + , F ) mH  log10 K1o   ' mClO

(VIII.6)

4

The plot in Figure VIII-2 utilises this relationship (dashed line) with  (H + , F )
assumed to be equal to  (H+ , Cl ) and results in log10 K1o ((VIII.4), 298.15 K) =
(5.99 ± 0.28),  ' = { (FeF2+ , ClO4 )   (Fe3+ , ClO4 )} =  (0.45 ± 0.44) kg·mol-1 (2 σ )
and hence  (FeF2+ , ClO4 ) = (0.28 ± 0.5) kg·mol-1 at 298.15 K. This highly uncertain
value of  (FeF2+ , ClO4 ) can be compared to  (FeCl2+ , ClO4 ) = (0.63 ± 0.05) kg·mol-1
and  (FeOH2+ , ClO4 ) = (0.46 ± 0.05) kg·mol-1 [2013LEM/BER]. If one were to
assume
that
=
=
 '
{ (FeF2+ , ClO4 )   (Fe3+ , ClO4 )}
2+

3+

{ (FeOH , ClO4 )   (Fe , ClO4 )} =  (0.27 ± 0.07) kg·mol-1, then log10 K1o ((VIII.4),
298.15 K) = (6.10 ± 0.09) (solid line).
A further complication arises in that  (Fe3+ ,ClO4 ) is not independent of ionic
strength, with the strongest curvature being exhibited at Im < 0.5. If it is again assumed
that { (FeF2+ , ClO4 )   (Fe3+ , ClO4 )} = { (FeOH2+ , ClO4 )   (Fe3+ , ClO4 )} then a
correction to the value of log10 K1o ((VIII.4), 298.15 K) would yield (6.03 ± 0.10). By
way of comparison, for the analogous chloride system, the fit which included the mixed
chloride-perchlorate solutions ([2013LEM/BER] Section VIII.2.3) led to:
log10 K1o = (1.53 ± 0.04) and  '  { (FeCl2+ , ClO4 )   (Fe3+ , ClO4 )} = − (0.10 ± 0.02)
kg·mol-1.
Finally, regression of all the formation constants obtained experimentally in
HClO4/NaClO4 media listed in Table VIII-2, where the experimental conditions are
defined using the above assumptions that  ' =  (0.27 ± 0.07) kg·mol-1, led to
log10 K1o ((VIII.4), 298.15 K) = (6.09 ± 0.04) and  r H mo ((VIII.4), 298.15 K) =
(12.8 ± 7.4) kJ·mol-1.
The selected values are:
log10 K1o ((VIII.4), 298.15 K) = (6.09 ± 0.04),

 r Gmo ((VIII.4), 298.15 K) = – (34.76 ± 0.24) kJ·mol-1,
 r H mo ((VIII.4), 298.15 K) = (12.8 ± 7.4) kJ·mol-1,
 r Smo ((VIII.4), 298.15 K) = (160 ± 25) J·K-1·mol-1.
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Figure VIII-2: SIT treatment of the formation constant data from Table VIII-2 for the
monofluoridoiron(III) complex at 298.15 K.
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(a) Although no temperature was reported, it is assumed to be ca. 298 K.

VIII.1.1.1.3 FeF2+
Fe3+ + 2F

FeF2

(VIII.7)

For this case of n = 2 the SIT yields the equation:
o
log10  m,2  10 D  2{ (Na + , F )mNa    (H + , F ) mH }  log10  2,1
  ' mClO

(VIII.8)

4

The fit according to Equation (VIII.8) using the available results obtained
experimentally in HClO4/NaClO4 media listed in Table VIII-2 at 298.15 K is illustrated
in Figure VIII-3 with the unweighted linear regression (dashed line) yielding:
log10 2o ((VIII.7), 298.15 K) = (9.96 ± 0.33) and  ' = { (FeF2+ , ClO4 ) 
 (Fe3+ , ClO4 )} =  (1.32 ± 0.54) kg·mol-1 (2 σ ) from which  (FeF2+ , ClO4 ) =
 (0.6 ± 0.5) kg·mol-1. There are no reliable analogues for the difference in ioninteraction coefficients, { (FeF2+ , ClO4 )   (Fe3+ , ClO4 )} , but clearly this fit produced a
totally unrealistic value for  (FeF2+ , ClO4 ) . A regression of all the log10  m ,2 values in
Table VIII-2 at the various temperatures with the exception of that from [1961YAL],
which proved to be an extreme outlier, and assuming that  r H m (VIII.7) and  ' are

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

138

VIII Group 17 (halogens) compounds and complexes

independent of temperature, yielded log10 2o ((VIII.7), 298.15 K) = (10.41 ± 0.33),
 r H mo (VIII.7) = (22 ± 14) kJ·mol-1 and  ' =  (0.64 ± 0.31) kg·mol-1 (2 σ ). This fit
is represented by the solid line in Figure VIII-3 and results in  (FeF2+ , ClO4 ) =
(0.1 ± 0.3) kg·mol-1. Based on this value alone, the results of this second regression are
to be preferred.

Figure VIII-3: SIT treatment of the formation constant data from Table VIII-2 for the
difluoridoiron(III) complex at 298.15 K.
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VIII.1.1.1.4 FeF3(aq) and higher-order complexes
The scatter in the formation constants for higher-order fluoridoiron(III) complexes is
such that it is unreasonable to attempt to treat these values further at this time, while
also acknowledging that high fluoride concentrations were generally employed to allow
speciation calculations to be made. An ESR spectroscopic investigation by Levanon et
al. [1970LEV/STE] was carried out in a mixed ionic medium, and casts some doubt on
the speciation derived therefrom.
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VIII.1.2 Aqueous iron(II) chloride complexes (see Section VIII.2.2 in TDBIron Part 1)
No new thermodynamic data were found.

VIII.1.3 Aqueous iron(III) chloride complexes (also see Section VIII.2.3 in
TDB-Iron Part 1)
Murata and Irish [1988MUR/IRI], in a paper not cited in Part 1 of the iron review
[2013LEM/BER], reported that Raman spectra indicated that a hydrated melt of
FeCl3  6H 2 O(l) consisted mainly of FeCl2 (H2 O)4 and FeCl4 species. Subsequently,
EXAFS [1999INA/FUN] was used to establish the relative mole fractions of
Fe(H2 O)36 and Fe(H2 O)5Cl2 in aqueous HClO4 solutions containing 0.194 mol·dm-3
Fe(III), 0.000 to 0.501 mol·dm-3 Cl with a total acid concentration of 1.0 mol·dm-3.
The reported value for Kc,1 of (3.8 ± 0.4) dm3·mol-1 is reasonable, but the high chloride
ion concentration renders it unique to that medium. Stefánsson et al. [2008STE/LEM]
reported spectrophotometric data from 298 to 473 K supplemented by densityfunctional-theory calculations from which they derived formation constants for the
FeCl(H 2 O)52  and FeCl2 (H2 O)4 complexes at 298.15 K. Although their values are in
reasonable agreement with those recommended in TDB-Iron Part 1 [2013LEM/BER],
the assumptions regarding activity coefficients are rather naïve and no experimental
data were provided, which precludes a re-evaluation. Interestingly, their tabulated bond
lengths (Fe-O and Fe-Cl) derived from the density-functional-theory calculations for the
complexes FeCl3n n (where n = 0-4) compare favourably with those reported from
neutron diffraction, XAFS and XRD experiments. They also suggested that the neutral
trichlorido iron complex has either a tetrahedral or trigonal-bipyramidal configuration,
whereas FeCl4 is definitely tetrahedral.

VIII.1.4 Aqueous iron complexes with bromide
VIII.1.4.1 Aqueous iron(II) complexes with bromide
VIII.1.4.1.1 FeBr+
A solution X-ray diffraction study [1984ICH/WAK] of 4.5 mol∙dm-3 FeBr2 (sln)
confirmed the octahedral symmetry of the inner-sphere monobromidoiron(II) species
with a peak at 0.27 nm. No higher-order bromidoiron(II) complexes were detected nor
were any reported in other studies with the possible exception of [1985BIA/PAO] (see
discussion below). Given the paucity of information for the iron(II)-bromide system, it
is of interest to note that Macklin and Plane [1970MAC/PLA] used Raman
spectroscopy to identify four ZnBrn2  n species in 4 mol∙dm-3 (cΣFe(II)  cΣBr ) solutions
from 293 to 368 K. The Zn 2 ion might be considered as a reasonable surrogate for
Fe 2  , albeit with a stronger tendency to complex halide ions. The log10 Kc,1 value for
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ZnBr 2 formation was given as – 1.9. Clearly this small value could only be derived
from direct spectroscopic identification of the complexed species and leads to the
conclusion that the only relevant equilibrium in the relatively dilute Fe2+-Br– solutions
at ambient conditions is likely to be:
Fe2  Br 

FeBr 

(VIII.9)

In contrast to the case for formation of analogous chloridoiron(II) complexes
[2013LEM/BER], very few studies have been made of this equilibrium, largely because
the bromidoiron(II) complex is significantly weaker, so that the results therefore tend to
be more ambiguous. It should also be noted that for the formation constant for the
analogous bromidonickel(II) complex, which could be studied without concern that
small degrees of oxidation could lead to increased apparent bromide complexation, a
provisional value of log10 K1o = ‒ (0.03 ± 1.30) at 298.15 K was derived
[2005GAM/BUG], but the large uncertainty still reflects the difficulty in quantifying
such weak interactions.
Wells and Salam [1967WEL/SAL] interpreted the effect of anions (fluoride,
chloride, bromide and hexafluorophosphate) on the kinetics of oxidation of Fe(II) by
H 2 O 2 to extract the formation constants for the Fe(II) complexes with various anions,
noting that complexation enhanced the rate of oxidation. In the case of bromide, a linear
relationship was found when plotting the observed bimolecular rate constant versus
cBr . From this behaviour the authors concluded that FeBr  was the only significant
complex present in solution over the measured temperature range (273 to 298 K). The
experimental results taken from their Table 2 are summarised in Table VIII-3. The
heading to the authors’ Table 2 indicates the log10 K1 values are at “μ” (Ic) = 1, whereas
only one of the experiments listed was at this ionic strength. Figure 7 in this paper does
indicate that additional kinetic experiments were conducted at Ic = 1, which would
imply Ic = 0 or 2 at cBr = 0, and Lemire et al. [2013LEM/BER] proposed that the
formation constants may correspond to cBr = 0. These results are too ambiguous to be
considered further.

Table VIII-3: Values of the formation constant log10 K1 of the FeBr  complex as cited in
the literature.
T/K

medium

273.15
278.15
283.15
298.15
298

NaBr  NaClO4
NaBr  NaClO4
NaBr
NaBr  NaClO4
Self

Ic
4.0
4.0
1.0
4.0
12.5

log10 K1
reported
0.84
0.60
0.31
‒ 0.27
‒ 0.28

method

References

sp/kin
sp/kin
sp/kin
sp/kin
XRD

[1967WEL/SAL]
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Bianchi and Paoletti [1985BIA/PAO] provided rare thermodynamic data for
the formation of a higher-order Fe(II) complex with bromide, viz., FeBr42  , based on
calorimetric measurements for the dissolution of (Et 4 N)2 (FeBr4 )(cr) . Activity
coefficients appear to have been ignored and yet the authors assumed a value of H 4o =
‒ 3.8 kJ∙mol-1 for the formation of ZnBr42 according to:
Zn 2  4Br 

ZnBr42 ,

as reported in [1970MAC/PLA], though those Raman spectral measurements were
made at a total (Zn + Br) concentration of 4 mol∙dm-3. Bianchi and Paoletti also made
the assumption that H o for the dissolution reaction to form MBr42 according to
(Et 4 N)2 (MBr4 )(s)

2 Et 4 N  MBr42 ,

was the same for all the divalent metal cations (M2+) investigated, including Fe2+. For
these reasons, the results in [1985BIA/PAO] are discounted and the reviewer concludes
that FeBr42  has not yet been verified in solution.
Although FeBr  apparently forms in concentrated aqueous solutions of FeBr2,
no values of log10 K1o ((VIII.9), 298.15 K) can be recommended nor could any
experimental data be found from which a value of  (Fe2  , Br  ) could be extracted.
VIII.1.4.2 Aqueous iron(III) complexes with bromide
VIII.1.4.2.1 FeBr2+
Raman spectra indicated that a hydrated melt of Fe(H2O)6Cl3 consisted mainly
of Fe(H2 O)4 Cl2 and FeCl4 species [1988MUR/IRI]. The general ambiguities
introduced by studies of iron(III) chloride complexes, as described in Section VIII.1.3,
will be seen to be magnified in the following discussion of the even weaker bromide
complexation.
The formation of the monobromidoiron(III) complex is represented by the
equilibrium:

Fe3+  Br 

FeBr 2+

(VIII.10)

The relevant experimental results are summarised in Table VIII-4. As noted in
the footnote to this table, several authors proposed the formation of a dibromidoiron(III)
complex at the highest bromide ion concentrations investigated. However, these
observations were invariably made where the ionic strength due to the supporting
electrolyte was compromised by a high bromide ion contribution. In other words, the
fitting procedures used by the authors could not distinguish between a non-linearity in
bromide concentration due to higher-order complexation and unaccounted-for trends in
the activity coefficients. Moreover, even the monobromidoiron(III) complex is so weak
that its formation constant is highly uncertain because generally high bromide
concentrations were employed.
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Table VIII-4: Values of log10 K1 and the enthalpies of reaction to form the FeBr 2 
complex as reported in the literature and recalculated where possible. The reported
uncertainties are assumed to be at the 1 σ level.
T/K

Medium

299.9 HClO4
303HBr/ClO4
313
298.15 NaBr, H/NaClO4
293.15 Fe(NO3 )3 , KNO3

Ic

log10 K c ,1
reported
1.092 – (0.30 ± 0.17)
0.59 f H1
25.5 ± 0.8
1.2
– 0.21(a)
0.48- log10 K1o
3.00 (1.30 ± 0.09)
1.2
– (0.154 ± 0.012)

log10 K m ,1
recalculated
– (0.32 ± 0.17)

− (1.50 ± 0.08)
– (1.41 ± 0.13)
– 1.47
– 0.68(b)
– 1.32
– 0.51(b)
– 1.21
1.0
– (0.12 ± 0.03)(c)
1.2
– (0.27 ± 0.45)
2-4
log10 K1o
(0.570 ± 0.013)
 r H1o
(27.2 ± 2.1)
kJ·mol-1
log10 K1o
(0.579 ± 0.013)
log10 K1o
(0.603 ± 0.008)
log10 K1o
0.630
log10 K1o
(0.707 ± 0.010)
log10 K1o
(0.872 ± 0.008)
log10 K1o
(1.140 ± 0.013)
0.49- log10 K1o
3.33 0.53
 r H1o
25.5 kJ·mol-1
0.68
0.88
1.06
4
– 0.1 (d)

− (1.52 ± 0.08)
– (1.43 ± 0.13)
– 1.49

293.15 H/NaClO4
1:6
274.75 H/(Li?)ClO4 , Br H/(Li?)ClO4,Br 1.0
274.75
274.75
288.95
298.15
298.15 HBr/ClO4
298.15 H/NaClO4
278.15 Mg(NO3 )2
or
Al(NO3 )3

283.15
288.15
293.15
298.15
308.15
323.15
283.15 H/NaClO4

293.15
303.15
313.15
298.15 HBr, H/NaClO4
1:3
298.15 HBr
(a)
(b)
(c)
(d)

log10 K1o
(1.33 ± 0.06)
– (0.259 ± 0.012)

Method References
sp

[1942RAB/STO]

sp
sp

[1955LIS/RIV3]
[1957YAT/TET]

sp

[1967MAS]

kin
sp
kin
kin

[1969CAR/ESP]

– 1.34
kin
– 1.23
– (0.15 ± 0.03)
– (0.37 ± 0.45)
log10 K1o
(0.63 ± 0.03)
 r H1o
(24.7 ± 0.1)
kJ·mol-1
log10 K1o
(0.72 ± 0.05)
log10 K1o
(0.74 ± 0.03)

dis
kin
sp

log10 K1o
(0.91 ± 0.11)
log10 K1o
(1.01 ± 0.04)
log10 K1o
(1.30 ± 0.06)
sp
log10 K1o
(0.80 ± 0.01)
 r H1o
(28.9 ± 2.1) kJ·mol-1
(0.96 ± 0.01)
(1.15 ± 0.01)
(1.32 ± 0.03)
dis

0.52- log10 K1o
2.08 1.15
A log10  c,2 value of ‒ 0.68 was also derived.
Purported to be for log10 K1 (outer sphere) .
A log10 K 2 value of ‒ 0.36 was also derived.
A log10 K 2 value of 0.00 was also derived.
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Carlyle and Espenson [1969CAR/ESP] studied the rates of formation of innerand outer-sphere monobromidoiron(III) complexes and their redox reactions with Cr 2 
and Eu 2 spectrophotometrically in 1 mol·dm-3 H/LiClO4 solutions. Their formation
constants were so small as to be virtually negligible under most circumstances, but
because these measurements were based on observed spectral differences and
independently measured rate constants, the formation constants must be considered as
applying to the formation of real species. The agreement between the formation
constants reported at 274.75 K based on spectrophotometric and kinetic data is also
reassuring.
A solvent-extraction study [1969MOR/WIL] carried out at 298.15 K and Ic =
1 (cH ) was reviewed in [2013LEM/BER] in reference to the formation of the monoand dichloridoiron(III) complexes. This work suffered from the common problem that
high concentrations of either HCl or HBr were used relative to the ionic strength,
making differentiation between mass-action and activity-coefficient effects difficult. It
appears that cBr reached 0.9 mol·dm-3. Neglecting the significant medium change, the
authors reported K1 = 0.76 dm3·mol-1 and  2 = 0.44 dm6·mol-2 from their least-squares
analysis. In the previous Appendix A entry of [1969MOR/WIL] it was argued that due
to the similar values of  (Fe3 , ClO4 ) and  (Fe3 , Cl ) , as well as  (H  , ClO4 ) and
 (H , Cl ) , the high concentrations of HCl could be effectively ignored and the
medium could be treated as containing purely HClO4 for the purposes of applying the
SIT treatment. In the absence of definitive values for  (H , Br  ) and  (Fe3 , Br  ) , it
remains to be seen if this logic is applicable to a bromide analogue. The SIT treatments
below are all presented with this gross assumption in mind.
An SIT fit of the spectrophotometric data in [1957YAT/TET] yielded values of
log10 K1o for the FeBr 2  association reaction of (1.33 ± 0.06) (2 σ ) and  =
‒ (0.116 ± 0.004) kg∙mol-1 at 293.15 K. From the list of TDB ion-interaction
coefficients the value of  (FeBr 2+ , NO3 ) would be (0.19 ± 0.09) kg∙mol-1. In a similar
study, Kochergina et al. [1970KOC/VAS] conducted experiments from 278.15 to
323.15 K at ionic strengths of “2.0, 3.0, and 4” mol·dm-3 (in an acidified nitrate medium
containing Mg(NO3 )2 and Al(NO3 )3 ). Based on an extended Debye-Hückel equation
they reported log10 K1o (VIII.10) = (0.715 ± 0.010) (1 σ ) and  r H mo = (27.2 ± 2.1)
kJ∙mol-1 at 298.15 K. An SIT treatment gave log10 K1o (VIII.10) = (0.91 ± 0.11)
and  r H mo = (24.7 ± 0.1) kJ∙mol-1 (2 σ ) at 298.15 K with an average temperatureindependent  = ‒ (0.06 ± 0.02) kg∙mol-1. Teruya et al. [1971TER/SEK] also
measured the formation constant of FeBr 2  spectrophotometrically from 283.15 to
313.15 K, pHc ≈ 0 and Ic = 3.0 ( HClO 4 + NaClO 4 + NaBr ) with initial concentrations of
cBr = 0.005 mol·dm-3, cFe(III) = 0.05-0.33 mol·dm-3, cFe(III) / cBr > 10.
Figure VIII-4 shows the results of application of the SIT to this internally
consistent data set, although the apparent linearity of these plots may result from the
lowest ionic strength being ca. 0.5 mol·kg-1, hiding the deviation from linearity that
must result from the  (Fe3 , ClO4 ) term. One further concern is that, although the
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bromide ion concentration was too low to affect the ionic strength, the concentrations of
HClO 4 and Fe(ClO4 )3 probably did. The results of the SIT treatments are summarised
in Table VIII-5.

Figure VIII-4: Results of an SIT treatment of the FeBr 2  formation constant data in
[1971TER/SEK].
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Table VIII-5: Values of log10 K1o and  determined from an SIT treatment of the data
in [1971TER/SEK] with (2 σ ) uncertainties which are simply statistically based.
T/K
283.15
293.15
303.15
313.15

log10 K1o
(0.80 ± 0.02)
(0.96 ± 0.02)
(1.15 ± 0.02)
(1.32 ± 0.05)

 / kg∙mol-1
(0.246 ± 0.012)
(0.247 ± 0.014)
(0.254 ± 0.004)
(0.260 ± 0.022)

R2
0.9967
0.9942
0.9997
0.9908

Application of the SIT treatment to all the relevant log10 Km,1 values at
298.15 K, again with the gross assumption of the near equality of the  (Fe3 , ClO4 ) and
 (Fe3 , Br  ) coefficients, as well as  (H  , ClO4 ) and  (H , Br  ) , led to the results
depicted in Figure VIII-5. A weighted fit of these data assuming the same  value of
0.25 kg∙mol-1 [1971TER/SEK] applies to all the constants measured in perchlorate
solutions, yielded log10 K1o = (0.95 ± 0.10) at 298.15 K.
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Figure VIII-5: Results of an SIT treatment of the FeBr 2  formation constant data at
298.15 K in perchlorate media.
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Based on a weighted linear regression of only the log10 K1o values shown in
Table VIII-5, log10 K1o = (1.06 ± 0.01) was obtained at 298.15 K with
 r H1o = (28.9 ± 2.1) kJ∙mol-1 (2 σ ). However, taking all the results shown in Figure
VIII-6 into account a weighted regression with log10 K1o at 298.15 K fixed at 0.95
resulted in  r H1o = (23 ± 10) kJ∙mol-1 (2 σ ) at 298.15 K. Kochergina and Vasilyev
[1970KOC/VAS] reported a  r H1o value of (27.2 ± 2.1) kJ∙mol-1 based on their
spectrophotometric study in HNO3 solutions from 278.15 to 323.15 K. Earlier
spectrophotometric measurements [1942RAB/STO] in a mixed electrolyte of HBr and
HClO 4 (Ic = 0.56) produced a value of  r H1 = (25.5 ± 0.8) kJ∙mol-1, although the ratio
of Br  to ClO 4 was undefined and the uncertainty is unrealistic considering the
temperature variation was only 10 K.
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Figure VIII-6: Temperature dependence of log10 K1o for the formation of FeBr 2  .
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A simple average of the  values in Table VIII-5 yields (0.25 ± 0.01)
kg∙mol (2 σ statistical uncertainty). However, this SIT analysis assumed that the
dominant electrolyte in solution was NaClO 4 , which was not the case, so that the
uncertainty is increased to 1 = (0.25 ± 0.05) kg∙mol-1, which leads to a large
 (FeBr 2 , ClO4 ) value of (0.86 ± 0.05) kg∙mol-1 (2 σ ), cf.  (FeOH2 ,ClO4 ) = 0.38
kg∙mol-1 and  (FeSCN2 ,ClO4 ) = 0.45 kg∙mol-1, but it should be noted that
 (FeCl2 , ClO4 ) was also found to be large at (0.63 ± 0.05) kg∙mol-1 as was
 (FeCl2 ,Cl ) at (0.64 ± 0.06) kg∙mol-1 [2013LEM/BER]. All of these ion-interaction
coefficients were derived with the assumption that  (Fe3 , X ) is independent of ionic
strength. In the bromide case, where data were only available at Ic > 0.5, this assumption
is justified. The mean value of  = ‒ (0.06 ± 0.01) kg∙mol-1 was extracted from the
data in [1970KOC/VAS] over the temperature range 278.15 to 323.15 K, but this value
is also simply an average of the results in HNO3 + Al(NO3 )3 and HNO3 + Mg(NO3 )2
solutions. On the other hand, the SIT fit of the data in [1957YAT/TET] yielded
 = ‒ (0.116 ± 0.004) kg∙mol-1 at 293.15 K in KNO3 solutions, from which a
tentative selected value
-1

 (FeBr 2 , NO3 ) = (0.19 ± 0.09) kg∙mol-1
is obtained.
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As mentioned above no thermodynamic quantities are selected for the
monobromidoiron(III) complex, but tentative values of log10 K1o = (0.95 ± 0.10) and
 r H1o = (23 ± 10) kJ∙mol-1 (2 σ ) at 298.15 K are suggested.
VIII.1.4.2.2 FeBr2+
As discussed in Section VIII.1.4.2.1 (see also the footnotes to Table VIII-4)
thermodynamic data for the formation of a dibromidoiron(III) complex according to the
equilibrium,

Fe3+  2Br 

FeBr2

(VIII.11)

are scarce and ambiguous, and there appears to be no spectroscopic evidence for its
existence. Higher-order complexes are bound to occur at very high bromide
concentrations and high temperatures. Only one spectrophotometric study
[1971TER/SEK] is worthy of discussion, because Teruya et al. employed a different set
of solution compositions than were used to investigate the monobromidoiron(III)
complex (for K 2 : initial concentrations were cFe(III) = 0.001, cBr / cFe(III) > 100 with
cBr < 2 mol∙dm-3), thereby not prejudicing the value of K 2 . The authors obtained an
internally consistent set of data, which could be treated with the SIT as shown in Table
VIII-6.

Table VIII-6: Values of log10 K 2o and  2 determined from an apparent SIT treatment
of the data in [1971TER/SEK] (2σ).
T/K
283.15
293.15
303.15
313.15

log10 K 2o
‒ (0.14 ± 0.04)
‒ (0.04 ± 0.08)
(0.02 ± 0.08)
(0.13 ± 0.04)

 2 / kg∙mol-1
(0.240 ± 0.030)
(0.233 ± 0.050)
(0.253 ± 0.050)
(0.238 ± 0.026)

R2
0.9919
0.9758
0.9805
0.9934

The bromide concentration was varied to the point where it effectively replaced
the perchlorate concentration such that the SIT assumption of a swamping electrolyte
medium was not met. If  2 were taken as an empirical fitting parameter, the estimated
value of log10 K 2o at 298.15 K would be (0.0 ± 0.4) (2 σ ) while  r H 2o = (15 ± 2)
kJ∙mol-1 (2 σ ).
However, as a consequence of the mixed electrolyte media employed,
principally the high contribution of bromide ion to the ionic strength, no thermodynamic
data for the FeBr2 ion are selected or even suggested here.
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VIII.1.5 Aqueous iron(III) chlorate and bromate complexes
Only one paper on this subject was found and it described solvent-extraction
experiments which were reported to quantify the formation of the first and second
chlorato- and bromatoiron(III) complexes from 288.2 to 308.2 K at an ionic strength of
1.0 mol·dm-3 (HClO4) [1971MOR/HED]. The extractant was dinonylnaphthalene
dissolved in n-heptane pre-saturated with 1.0 mol·dm-3 HClO 4 . The distribution of
iron(III) was determined using the tracer 59 Fe present at a total aqueous iron(III)
concentration of 5 × 10-6 mol·dm-3. The chlorate and bromate concentrations were
varied from 0.1 to 0.8 mol·dm-3 so that the formation constants derived by Morris et al.
were biased by the variation in activity coefficients in the mixed aqueous electrolyte
medium. Retreatment of the distribution ratios by this review in terms of the first
complex only, allowed the values of the apparent formation constants to be extrapolated
empirically to zero ligand concentration to give the approximate “real” formation
constant values. Only data at 298.2 K were considered. The chlorate data showed a nonlinear trend with the molality of the ligand, whereas those for bromate were quite linear,
so that in the former case only the two lowest values were extrapolated, noting that
these dependencies incorporate both activity coefficient variations and the increasing
role of the second complex. This approach yielded: K m ,1 (FeClO32  ) = (1.6 ± 0.2)
and K m ,1 (FeBrO32  ) = (2.42 ± 0.02), cf. (0.40 ± 0.03) and (2.27 ± 0.21), respectively,
reported by Morris et al. Assuming the same ion-interaction coefficients applied as for
the formation of the well-characterised FeSCN2+ complex, then log10 K1o (FeClO32 ) ≈
(0.5 ± 0.3) and log10 K1o (FeBrO32 ) ≈ (0.64 ± 0.12) at 298.2 K. These small and
approximate formation constants are presented as provisional values only.

VIII.1.6 Aqueous iron complexes with iodide and iodate
VIII.1.6.1 Iron(II) iodide complexation
No credible thermodynamic data for complexation of iron(II) by iodide were found.
VIII.1.6.2 Iron(III) iodide complex formation
Solutions of iron(III) and iodide are inherently unstable as dictated by the reaction:
2Fe3+ + 2I

2Fe2+ + I2

(VIII.12)

Nevertheless, Novoselov and Ptitsyn [1965NOV/PTI] claimed to have derived
formation constants for the first and second iodidoiron(III) complexes at 298.15 K and
Ic = 0.1 (HClO4 ) based on electrochemical measurements at a platinum electrode. They
reported instability constants for the complex ions, FeI 2+ and FeI 2 , as being 1.4 × 10-3
and 2.7 × 10-2 mol∙dm-3, respectively. However, retreatment of their experimental
results not only failed to reproduce these constants when the data were plotted, but the
regression failed to converge unless one value was fixed and then the value of the
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second constant was much larger (by a factor of more than 100) than that derived by the
authors.
Sykes [1952SYK] studied the retardation effects of various anions on the
kinetics of reaction (VIII.12), but concluded that the contribution of FeI 2  to the rate
law could be neglected at total iron(III) and iodide concentrations of 0.00167 and 0.005
mol∙dm-3. In a companion study [1952FUD/SYK] it was suggested that FeI2+ was a
reactive intermediate and the rate constants for the formation and dissociation steps
suggested that FeI 2  is a weak complex ( Kc,1 = k1/k2 = (1 ± 2) at 292.15 K and Ic =
0.0673), which would be consistent with the similar finding for the chlorido and
bromido complexes, showing that they become progressively weaker with increasing
anion size. This result is in stark contrast to the values reported in [1965NOV/PTI].
Finally, an unsubstantiated value for K1o of (75 ± 25) at 298.15 K was suggested based
also on a kinetic study of Reaction (VIII.12) [1936HER/BRA].
VIII.1.6.3 Iron(III) iodate complex formation
It is of marginal interest to know that transient binuclear species are formed rapidly in
solution as a result of the reaction of the hydrolysed iron(III) dimer, Fe2 (OH)24 , with a
range of ligands such as SCN  , Cl , Br  , SO 24  , NO3 , IO3 , HSO3 and SeO24
[2001LEN/FAB]. However, the systems discussed in this review are confined generally
to the formation of thermodynamically stable aqueous mononuclear iron(II) and
iron(III) complex species, complexes formed between Fe3 and I and SO32  being the
exceptions.

VIII.2

Iron halide compounds

(also see Section VIII.3 in TDB-

Iron Part 1)

VIII.2.1 Iron chlorine compounds (also see Section VIII.3.2 in TDB-Iron
Part 1)
VIII.2.1.1 Hydrated iron(II) chlorides (also see Section VIII.3.2.2 in TDB-Iron
Part 1)
VIII.2.1.1.1 Fe2Cl(OH)3(cr)
Three distinct crystallographic forms of Fe2Cl(OH)3(s) have been identified
[2007REG/NEF]. The available thermodynamic studies have been carried out using a
solid synthesised by mixing aqueous solutions of FeCl2·4H2O(cr) with a solution of
NaOH [1997REF/GEN], [2008REM/REF] or KOH [2011NEM/XIO]. Although it is
difficult to distinguish unambiguously the  form (hexagonal) from the  form
(orthorhombic) [2007REG/NEF], the solid prepared in this way has generally been
identified in the literature as -Fe2Cl(OH)3(s) [2007REG/NEF], [2008REM/REF].
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Refait and Génin [1997REF/GEN] allowed Fe2Cl(OH)3(s) to oxidise to form
chloride “green rust 1”, and measured the electrochemical potential and pH values of
the solution during the oxidation. Based on these, they reported a value of (0.51 ± 0.04)
V for E° of the reaction:

2Fe2 Cl(OH)3 (s) + (n  2)H2 O(l)

(FeIII )(FeII )3 Cl(OH)8 ·nH2 O + 2H+ + Cl  e

and – 918.8 kJ·mol-1 for  f Gmo (Fe2Cl(OH)3, s, 298.15 K). Rémazeilles and Refait
[2008REM/REF] found that Fe(OH)2(s) and -Fe2Cl(OH)3(s) were in equilibrium in
contact with solutions with a “pH” value of (7.5 ± 0.1) and a total final chloride
concentration of (0.53 ± 0.07) mol·dm-3, and by using – 492 kJ·mol-1 for
 f Gmo (Fe(OH)2, s, 298.15 K), they calculated – 923.5 kJ·mol-1 for  f Gmo (Fe2Cl(OH)3, s,
298.15 K). In both cases the reported values of  f Gmo (Fe2Cl(OH)3, s, 298.15 K) depend
on the value used for  f Gmo (Fe(OH)2, s, 298.15 K). As discussed in Section VII.2.18.1
of Part 1 of the TDB iron review [2013LEM/BER], samples of Fe(OH)2(s) are difficult
to characterise and a wide range of values of  f Gmo (Fe(OH)2, s, 298.15 K) has been
found. This makes values for  f Gmo (Fe2Cl(OH)3, s, 298.15 K) based on literature values
of  f Gmo (Fe(OH)2, s, 298.15 K) problematic. For example, based on their own auxiliary
data, Rémazeilles and Refait [2008REM/REF] obtained – (926 ± 6) kJ·mol-1 for
 f Gmo (Fe2Cl(OH)3, s, 298.15 K) from the E° value reported by Refait and Génin
[1997REF/GEN].
Nemer et al. [2011NEM/XIO] measured the solubility of Fe2Cl(OH)3(s) at
(298.15 ± 1.5) K in a series of aqueous solutions of sodium chloride (0.1 to 5 m).

Fe2 Cl(OH)3 (s) + 3H+

Cl + 2Fe2+ + 3H2 O(l)

(VIII.13)

SIT recalculation of their results using values of  f G and  from TDB-Iron Part 1
[2013LEM/BER] (cf. Appendix A) gives values of (17.22 ± 0.16) for log10 K o (VIII.13)
and – (925.8 ± 1.6) kJ·mol-1 for  f Gmo (Fe2Cl(OH)3, s, 298.15 K) if the analysis is
restricted to measurements at ionic strengths ≤ 3m. If all the solubility measurements
are included, log10 K o (VIII.13) is (17.20 ± 0.19) and  f Gmo (Fe2Cl(OH)3, s, 298.15 K)
is – (925.9 ± 1.7) kJ·mol-1 (all uncertainties are 2).
o
m

In the present review the results of the solubility study are considered to be of
good quality, are assumed to refer to -Fe2Cl(OH)3(s), and a value of

log10 K o (VIII.13) = (17.2 ± 0.2)
is selected, and hence

 f Gmo (-Fe2Cl(OH)3, s, 298.15 K) = – (925.9 ± 1.7) kJ·mol-1.
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VIII.2.2 Iron iodine compounds
VIII.2.2.1 Iron(III) iodate
Von Endrédy [1934END] described the simple preparation of almost pure Fe(IO3 )3 (s)
(molecular mass 580.5551 g∙mol-1) which was obtained in two forms, presumed to be α
and β isomorphs, with solubilities at 293.15 K of 6.2 × 10-4 and 5.7 × 10-4 mol∙dm-3,
respectively. The solids appear to have only been characterised by elemental analyses.
Nassau et al. [1973NAS/SHI] repeated the preparative method of von Endrédy
[1934END], but were only able to isolate one solid which did not contain waters of
hydration. At 368.15 K their synthesis yielded crystals which were characterised as
anhydrous Fe(IO3 )3 (cr) . The powder XRD pattern was reported by Abrahams et al.
[1973ABR/SHE], and a full X-ray determination of the structure of FeI3O9(cr) prepared
by hydrothermal oxidation of FeI2(s) was reported by Jansen [1976JAN].
In pure water dissolved Fe(IO3 )3 (cr) would be expected to dissociate; Fe(III)
would be in solution primarily in the form of the hydrolysis species Fe(OH)2 and
FeOH 2  , and at the reported solubility values precipitation of solid Fe(III) oxides and
hydroxides might be expected. It is not clear from the paper of von Endrédy [1934END]
that the residual solid was analysed at the end of the solubility experiments. No
thermodynamic quantities for Fe(IO3)3(cr) are selected in the present review.
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Group 16 and group 15
compounds and complexes
IX.1

Sulfur compounds and complexes

(also see Section IX.1 in

TDB-Iron Part 1)

IX.1.1 Iron sulfides (also see Section IX.1.1 in TDB-Iron Part 1)
IX.1.1.1

Iron sulfide solids

The chapter completes the partial discussion of iron sulfides in Section IX.1.1 of TDBIron Part 1, which focused primarily on aqueous iron(II) sulfide complexes and the
solubility of mackinawite.

IX.1.1.1.1 The Fe-S phase diagram
Some knowledge of Fe-S phase relations is helpful for understanding the
thermodynamic properties of iron sulfides, especially the phases in the pyrrhotite group.
Figure IX-1 shows major high-temperature features of the phase diagram, and Figure
IX-2 shows one version of the complexity within the pyrrhotite group (~ 0.466 ≤ xFe ≤
0.500) at temperatures below 600 K. Details of composition ranges and boundary
temperatures vary among many different published variations of this phase diagram,
e.g.,
[1971NAK/MOR],
[1973RIS],
[1976POW/FIN],
[1982KIS/SCO],
[1992GRO/STO], [2005WAN/SAL], but there is general agreement that the pyrrhotites
occupy a single phase field above ~ 600 K, which is subdivided at lower temperatures
into immiscible troilite, hexagonal pyrrhotite, and monoclinic pyrrhotite phase fields,
with further subdivision of the hexagonal pyrrhotite region into several distinct
modifications. Some major papers dealing with these modifications draw close parallels
between natural and synthetic pyrrhotites, e.g., [1952GRO/HAR], [1976POW/FIN],
[1982KIS/SCO].
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Figure IX-1: High-temperature Fe-S phase diagram from [1976RAU2] after Burgmann
et al. [1968BUR/URB]. Reprinted from [1976RAU2], Copyright (1976), with
permission from Elsevier. Compositions are expressed as mole % S; to convert to xS,
divide by 100. The principal features of interest for the current review are the α and β
transitions of FeS at 411 and 598 K and the pyrite-pyrrhotite-liquid-vapour invariant
point at 1015 K (phase-boundary temperatures vary slightly among different sources).
Phase relations below 600 K are over-simplified (see Figure IX-2).

mol % S
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Figure IX-2: Low-temperature Fe-S phase diagram from [1976POW/FIN]. Reprinted
from [1976POW/FIN], Copyright (1976), with permission from the South African
National Institute for Metallurgy. Py = pyrite; Pom = monoclinic pyrrhotite; 1C, 2C, 4C,
5C, 6C, 11C, MC, NA, nC, and NC refer to various pyrrhotite superstructures (see text).
The presence of a low-temperature stability field for smythite is unconfirmed (see
Section IX.1.1.1.4.3), and greigite is probably metastable under all conditions (see
Section IX.1.1.1.4.4). Details within the pyrrhotite region (~ 46.6 to 50.0 atomic % Fe,
i.e., ~ 0.466 ≤ xFe ≤ 0.500) vary considerably among different studies. Note that
temperatures in this figure are in °C.

t / °C

100xFe (upper scale); Fe:S molar ratio (lower scale)

The pyrrhotite group includes all iron monosulfides of the general formula
Fe1-xS (including both troilite and pyrrhotite) that possess the NiAs (B8) substructure
[1964CAR/DES], [1982KIS/SCO]. The ideal structure of FeS thus consists of a
hexagonal close-packed array of S atoms, with Fe atoms occupying one-half of the
octahedral sites between the hexagonal layers. The FeS6 octahedra are linked by facesharing into linear chains along the c axis, by edge-sharing to six neighbours in the Fe
layer within the ab plane, and by vertex sharing to twelve next-nearest neighbours in
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adjacent layers. The dimensions of the NiAs sub-cell in pyrrhotites are approximately a
= 0.345 nm, c = 0.58 nm, varying slightly with composition.
The variable composition of pyrrhotite was recognised in the 19th century, as
reviewed by Allen et al. [1912ALL/CRE]. Detailed understanding of phase
relationships evolved slowly, however, and remains incomplete because of slow
equilibration among the many superstructures that exist at temperatures below 600 K,
especially over the composition range 0.464 ≤ xFe ≤ 0.482 (Fe0.866S to Fe0.931S)
[1971NAK/MOR],
[1973RIS],
[1982KIS/SCO],
[1992GRO/STO].
These
superstructures arise in pyrrhotite from ordering of vacancies in the Fe sublattice
([1976POW/FIN], [2005WAN/SAL], and references therein), and in troilite from
triangular cluster formation within the Fe sublattice [1970EVA], accompanied by shifts
of Fe and S atoms from the ideal NiAs-type lattice positions. Individual superstructures
are often referred to by the specific multiples of NiAs-type sub-cells that define the
superstructure cell (e.g., [1952GRO/HAR], [1964CAR/DES], [1971NAK/MOR],
[1972SCH/VAU], [1975MOR/GYO], [1982KIS/SCO]). Specific examples are
described in the discussions of troilite and individual pyrrhotite phases. For brevity,
authors commonly refer to phases by the c-axis multiple alone, e.g., 2C, 4C, 5C, etc.,
rather than a full description, e.g., monoclinic pyrrhotite is commonly known simply as
4C pyrrhotite, rather than by the full supercell description (2A, 2·31/2A, 4C). The
pyrrhotites include non-commensurate phases, i.e., superstructures with non-integral
multiples of A or C, the crystallographic interpretation of which is a complex, ongoing
challenge [2011HAR/POL]. The relationships between some of these phases at T < 583
K are discussed further below.
Five phases in the pyrrhotite group appear to be stable near ambient
temperature, based on studies of both natural and synthetic materials [1971NAK/MOR],
[1973RIS], [1982KIS/SCO], [1992GRO/STO]. These five phases have the following
nominal compositions and abbreviated superstructure designations: Fe 1.000S (2C;
troilite); Fe11/12S (6C pyrrhotite); Fe10/11S (11C pyrrhotite); Fe9/10S (5C pyrrhotite);
Fe7/8S (monoclinic or 4C pyrrhotite). Collectively, the 6C, 11C, and 5C pyrrhotites and
intermediate compositions are known as intermediate or hexagonal pyrrhotites, although
their true crystallographic symmetry is not hexagonal near ambient temperature (see the
individual phase descriptions, below).
Synthesis of a pure, specific pyrrhotite requires careful homogenisation and
annealing, as well as compositional control. Slow approach to equilibrium at
temperatures below 600 K is problematic for calorimetric and phase-diagram studies,
and understanding of phase relationships among the five phases listed above remains
incomplete [1992GRO/STO]. Hydrothermal experimental methods alleviate this kinetic
difficulty to some extent, as compared with dry synthesis and prolonged annealing, but
equilibrium phase data remain sparse below 450 K and absent below about 390 K
[1973RIS], [1982KIS/SCO].
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Stoichiometric Fe1.000S has hexagonal symmetry and a (31/2A, 2C)
superstructure below about 420 K [1970EVA], [1992GRO/STO]. Unlike the various
pyrrhotite superstructures, this one arises from triangular clustering of Fe atoms within
the ab plane, rather than ordering of Fe vacancies, of which there are of course none in
stoichiometric FeS; strictly speaking, only this low-temperature form of FeS is known
as troilite. Above 420 K, the structure was once thought to be a simple (1A, 1C) NiAs
type, but it is now known to be a (2A, C) superstructure with hexagonal symmetry
([1992GRO/STO] and references therein), which is maintained up to the Néel
temperature (the upper limit of magnetic ordering, which is near 590 K for all
pyrrhotite-group compositions; see Section IX.1.1.1.1.1). This phase transition near
420 K, sometimes called the α transition, is marked by an abrupt decrease of about 1 %
in the c unit-cell dimension [1952GRO/HAR] and a change from semiconducting to
metal-like electrical properties [1956KAM/HIH], [1976HOR/TOW].
The hydrothermal study by Kissin and Scott [1982KIS/SCO] provides a
coherent picture of phase relations between hexagonal pyrrhotite, monoclinic pyrrhotite,
and pyrite at temperatures between about 373 K and 740 K, although it differs in detail
from other studies [1971NAK/MOR], [1973RIS], [1992GRO/STO], hence the
simplified phase diagram in Figure IX-2 (which pre-dates some of these references) is
tentative and incomplete. Note, however, the critique of some details of the Kissin-Scott
phase diagram in Section IX.1.1.1.2.3.
At 600 K there are only two phases, namely pyrite (FeS 2) and the pyrrhotite
solid solution (Fe1-xS, 0.0 ≤ x ≤ ~ 0.1). Note that troilite is no longer structurally distinct
at this temperature, and Fe1-xS exhibits only the simple NiAs structure type (1C), as
opposed to the various superstructures at lower temperatures, and there is no long-range
ordering of the vacancies within the pyrrhotite crystal structure [1964TOU/BAR],
[1970WAR], [1976RAU2], [1979FRY/SME], [1987STO/GRO], [1996LI/FRA],
[1996LI/FRA2], [2003FRO], [2011HAR/POL], [2011MIY/HAY], [2013LAN/HAR].
The concentration of iron vacancies in pyrrhotite at T > 593 K has been shown to be
primarily a function of temperature and the fugacity of sulfur [1964TOU/BAR],
[1976RAU2], [2013LAN/HAR]. Such pyrrhotite can be regarded as a solid solution of
FeS and □S, where □ represents a vacancy in the iron sub-lattice. The □S component
exchanges with the surrounding medium, and its activity and molar fraction in the solid
solution relate to the sulfur fugacities in that medium. Hence, an increasing sulfur
fugacity increases the number of vacancies within the high-temperature pyrrhotites, up
to a limiting composition at which pyrite precipitates, as discussed at the end of this
section.
Upon cooling below a critical temperature, vacancies start ordering and the
various superstructures crystallise. In the compositional range of the NC-pyrrhotites,1
1

N is a single parameter, commonly ranging from 4.5 to 6, that defines the geometry and periodicity of the
superstructure.
CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

158

IX Group 16 and group 15 compounds and complexes

the ordering leads to the successive formation of the so-called MC superstructure at
583 K, the NA superstructure at 533 K, and the NC superstructure at 483 K (see Figure
IX-2). The crystal structures of the MC- and NA-pyrrhotites are currently not known.
Because the X-ray diffraction patterns derived from such structures are highly variable,
it can be speculated that planar defects play important roles in these cases. However, the
direct observation of such defects by TEM is challenging because of the high
temperatures needed and the inherent problem of losing sulfur to the instrument
vacuum.
At ambient temperatures, NC-pyrrhotites are frequently found to coexist with
4C-pyrrhotite [2013LAN/HAR], either as lenticular lamellae within 4C-pyrrhotite or
vice versa. Analysis by TEM has shown that the N values of the coexisting NCpyrrhotite from several localities vary within a narrow range between 4.75 and 4.95,
suggesting that the density and configuration of anti-phase boundaries in this structure
are thermodynamically favoured. Exsolution lamellae of 4C-pyrrhotite appear to evolve
by pushing away adjacent anti-phase boundaries and thus enlarging the 4C-domain
between them. Along the margins of larger exsolution lamellae, either 4C within NC or
vice versa, complicated node structures occur, in which anti-phase boundaries
terminate. These nodes have been found in samples from several different locations and
suggest that the coexisting pyrrhotites are a thermodynamically stable pair, or at least
very close to thermodynamic equilibrium [2011HAR/POL]. The underlying reasons
favouring the defect NC structures over the exsolution and coexistence of troilite and
4C-pyrrhotite remain unknown.
Figure IX-3 demonstrates the connection between the crystal structure and the
enthalpy of formation (see following text) for the compositions Fe1.000S, Fe0.900S and
Fe0.875S. At room temperature these compositions adopt 2C, 5C and 4C structures,
respectively (see above), whereas at 600 K all three are of the 1C structure type. This
assumption is supported by the available unit-cell constants at 633.15 K
[1952GRO/HAR] for the reviewed compositional range, which show a clear linear
relationship between composition and unit-cell volume, as shown in Figure IX-4. The
enthalpy of formation (per S atom) is nearly the same for the three compositions at
600 K, whereas the enthalpy of formation at 298.15 K of Fe 1.000S (2C) is clearly
different from those of Fe0.900S (5C) and Fe0.875 (4C) (see Section IX.1.1.1.2).
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Figure IX-3: Enthalpy of formation from the elements for the pyrrhotite compositions
Fe1.000S, Fe0.900S, and Fe0.875S at 298.15 and 600 K (p = 1 MPa). Values at 298.15 K are
those selected in the current review (Section IX.1.1.1.2), and values for 600 K are based
on Table 6 of [1992GRO/STO], adjusted for consistency with the selected 298.15 K
values.
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Figure IX-4: Unit-cell volumes (VUC) of pyrrhotite solid-solutions as a function of the
cube of the cation radius of six-fold coordinated Fe2+ ( FeVI 2 ) at T = 633.15 K. Error
bars are within symbol size. Data are from [1952GRO/HAR], Table 8. r3(Fe2+VI) =
(0.061 nm)3 x ; x = 1.0, 0.971, 0.926, 0.893, and 0.877, respectively.1
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Some published phase diagrams, including those proposed by Kissin and Scott
[1982KIS/SCO], indicate that the solid-solution (1C) phase field extends below 373 K
for compositions between stoichiometric FeS and the iron-rich boundary of the
intermediate pyrrhotites. Grønvold and Stølen [1992GRO/STO], however, argue
convincingly for the existence of ordered, possibly non-commensurate, structures for all
pyrrhotites below the Néel temperature (see Section IX.1.1.1.1.1).
Above 600 K there is generally good agreement on phase boundaries among
different published phase diagrams (e.g., [1976RAU2], [1976POW/FIN],
[1987STO/GRO], [1992GRO/STO]), but there are some inconsistencies for the 1C
phase field limits near 600 K, a temperature just above the Néel transition (Section
IX.1.1.1.1.1). For example, [1987STO/GRO] indicates that Fe0.900S lies within the onephase 1C field at this temperature, whereas Rau places this composition within the twophase (1C + pyrite) field [1976RAU2].
1

The ionic radius of Fe2+ (for a coordination number (CN) of 6) was taken from Shannon [1976SHA].
Indeed, the cell constants in [1952GRO/HAR] were given as a function of temperature, but only the data
at T = 633 K were used, to get the direct link to Figure IX-3. This demonstrates that no phase transition is
present as a function of composition at temperatures greater than 600 K (only the 1C structure exists) and
that there is only a slight linear increase of the unit cell volume with increasing iron content. The r-value
is simply the third power of the ionic radius of Fe2+ (0.061 nm CN = 6), multiplied by the Fe:S ratio.
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An important feature of the phase diagram is the pyrite-pyrrhotite solvus
(phase boundary), defined by a combination of pyrrhotite composition and sulfur
fugacity ( fS2 ) as a function of temperature, as defined originally by Arnold [1962ARN]
and Toulmin and Barton [1964TOU/BAR], and refined in numerous subsequent studies
([1986BAR/PAR], [2006OSA/CHA], and references therein). Some of these studies
included T- fS relationships within the pyrrhotite field as well as at the pyrrhotite2
pyrite boundary. In the current review, these relationships are particularly important in
defining the enthalpy of formation of pyrite (see Section IX.1.1.1.3.2).

IX.1.1.1.1.1

Magnetic phase transitions in the pyrrhotite group

All compositions within the pyrrhotite group are paramagnetic above about 590 K, and
magnetically ordered at lower temperatures. The upper transition (Néel) temperature
near 590 K is sometimes referred to as the β-transition [1952GRO/HAR], [1970WAR],
[1972SCH/VAU], [1976POW/FIN], [2005WAN/SAL]. 1 The magnetic properties vary
with composition and temperature, based on a combination of parallel spin orientation
within the Fe layers and antiparallel orientation between adjacent layers. The net
magnetic moment is determined by the sequence of fully occupied and partly vacant Fe
layers in the specific superstructures, and is zero (antiferromagnetic) for the 5C, 6C, and
11C pyrrhotites, whereas monoclinic (4C) pyrrhotite is ferrimagnetic ([2005WAN/SAL]
and references therein).
Troilite is also antiferromagnetic, and it shows a spin-orientation transition
from parallel to perpendicular, relative to the crystallographic c axis, at a temperature Ts
= 453 K for pure FeS. The value of Ts decreases with decreasing Fe content, so that the
magnetic transition sometimes overlaps the α structural transition of troilite (see Section
IX.1.1.1.2.1 and Appendix A entry for [1992GRO/STO]). Thus the structural and
magnetic transitions are sometimes confused as a single process [1958HIR/MUR],
[1972SCH/VAU]. Careful studies by Andresen and Torbo [1967AND/TOR] indicate
that the variation of Ts with composition is dependent on annealing conditions, and
probably related to non-equilibrium states of partial vacancy ordering in slightly nonstoichiometric compositions, and thus does not represent an equilibrium magnetic phase
boundary.
Schwarz and Vaughan [1972SCH/VAU] also studied a third magnetic
transition boundary, Tγ, for compositions with 0.47 ≤ xFe ≤ 0.48 (approximately Fe0.89S
to Fe0.92S), previously identified by Grønvold and Haraldsen [1952GRO/HAR]. The γtransition is characterised by a change from antiferromagnetic properties below Tγ to
ferrimagnetic above, these properties being associated with a change in the vacancy
ordering pattern (i.e., the superstructure type). At a higher transition temperature, TC,
1

This is sometimes confused by early phase nomenclature, in which troilite, hexagonal pyrrhotite, and
monoclinic pyrrhotite are referred to as the β1, β2, and β3 phases, respectively [1952GRO/HAR],
[1967AND/TOR].
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but below the Néel temperature, properties revert to antiferromagnetic. 1 The values of
Tγ and TC vary with increasing iron deficiency, from about 430 to 490 K and about 480
to 580 K, respectively [1972SCH/VAU]. Monoclinic pyrrhotite is ferrimagnetic
throughout its stability range [1952GRO/HAR], [1972SCH/VAU], [2004POW/VAQ].

IX.1.1.1.2 Thermodynamic properties of the pyrrhotite group
IX.1.1.1.2.1

Troilite (stoichiometric or near-stoichiometric, hexagonal FeS)

Synthesis of troilite requires either precise composition control and prolonged reaction
and annealing or the presence of excess iron. It is a rare mineral, limited to strongly
reducing conditions, often associated with meteorites, and is also present on the lunar
surface [1970EVA]. It is hexagonal, space group: P62c , with the unit-cell dimensions
a0 = 0.5962(2) nm, c0 = 1.1750(3) nm, Z = 12, ρcalc = 4.84 g∙cm-3 [1970EVA].
Temperature- and pressure-dependent phase transitions are discussed briefly in Sections
IX.1.1.1.1 and IX.1.1.1.5.3, respectively.

IX.1.1.1.2.1.1 Heat capacity and entropy of troilite
Heat-capacity data for stoichiometric FeS from Grønvold et al. at 6.97 ≤ T/K ≤ 344.7
[1959GRO/WES] and from Grønvold and Stølen at 304.78 ≤ T/K ≤ 996.92
[1992GRO/STO] were combined as a single data set for assessment in this review, as
described in the Appendix A entry for [1992GRO/STO], yielding the following
recommended thermodynamic values and expressions:
C po ,m (Fe1.000S, cr, troilite, 298.15 K) = (50.61 ± 0.17) J·K-1·mol-1,

S mo ( Fe1.000S, cr, troilite, 298.15 K) = (60.31 ± 0.22) J·K-1·mol-1,
K
-1
-1
-3
2
[C po ,m ]318.71
298.15 K (Fe1.000S, cr, troilite, T)/J·K ·mol = 5.93271×10 (T/K) –
5
-1
7
6.64589 (T/K) + 2899.60 – 5.48115×10 (T/K) + 3.94234×10 (T/K)-2,
440.35 K
-1
-1
-2
2
[C po ,m ]318.71
K (Fe1.000S, cr, troilite, T)/J·K ·mol = 1.009287×10 (T/K) –
6
-1
7
11.76573 (T/K) + 5244.81 – 1.022183×10 (T/K) + 7.51200×10 (T/K)-2.

For most purposes, the second of these equations can be extended down to 298.15 K,
but it does not reproduce exactly the recommended value for C po ,m (Fe1.000S, cr, troilite,
298.15 K).
An isothermal approximation for the sharp α transition at 419.66 K has the
following properties:

 trs H mo = (3.91 ± 0.20) kJ·mol-1,
1

This was denoted Tc by Schwarz and Vaughan [1972SCH/VAU], although it does not meet the strict
definition of a Curie transition.
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 trs Smo = (9.31 ± 0.47) J·K-1·mol-1.
Because fitted expressions in the lambda-type transition regions require unusually high
precision, tabulated thermodynamic quantities for Fe1.000S at temperatures between 460
and 660 K are included in the Appendix A entry for [1992GRO/STO] in Appendix A.
Between 660 and 1000 K, the heat capacity is described by the expression:
K
-1
-1
[C po ,m ]1000
660 K (Fe1.000S, cr, 1C pyrrhotite, T)/J·K ·mol = − 0.132441 (T/K) + 445.124 −
5
-1
3.60564×10 (T/K) + 1.08193×108 (T/K)-2.

IX.1.1.1.2.1.2 Enthalpy of formation of troilite
Early attempts to measure the enthalpy of formation of troilite gave values ranging from
about – 75 to – 100 kJ∙mol-1, as summarised by Zeumer and Roth [1935ZEU/ROT].
This poor agreement was partly due to the difficulty of obtaining pure FeS by directcombination calorimetry, or achieving quantitative conversion of FeS (e.g., to SO2(g)
and Fe3O4(cr)) by combustion calorimetry (e.g., [1942LIP/USK]), and partly to the
limited understanding of non-stoichiometric pyrrhotites and the differences between
FeS phases obtained by low-temperature aqueous and high-temperature anhydrous
methods.
Slightly more recent direct-combination calorimetry studies yielded more
reproducible results:  f H o = − (95.3 ± 0.7) kJ∙mol-1 [1935ZEU/ROT];  f H o =
− (93.3 ± 5.0) kJ∙mol-1
[1939KAP/KOR];
− (96.2 ± 1.3) kJ∙mol-1
f H o =
[1951KAP/GOL2]. These values, however, are less negative than the selected value
discussed below, probably because of disequilibrium with respect to the structural and
magnetic phase transitions of troilite above 400 K (see Section IX.1.1.1.2.1.1 and the
entry for [1992GRO/STO] in Appendix A), i.e., the calorimetric methods did not permit
adequate annealing of the troilite product.
The following adjusted or recalculated values for  f H o (FeS, cr, troilite,
298.15 K), in chronological order, were obtained as described in the appropriate entries
in Appendix A.

1



 f H o = − (100.05 ± 2.11) kJ∙mol-1 by third-law calculation from hightemperature gas (H2 + H2S)/solid (Fe + FeS) equilibrium measurements
[1951ALC/RIC],1 using heat-capacity expressions based on data from
Grønvold et al. [1959GRO/WES], [1992GRO/STO], as discussed in Section
IX.1.1.1.2.1.1;



 f H o = − (98.91 ± 2.28) kJ∙mol-1 by acid-dissolution calorimetry at 303.15 K
[1964ADA/KIN];

Similar results from related studies are discussed in the entry for [1951ALC/RIC] in Appendix A.
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 f H o = − (102.59 ± 2.94) kJ∙mol-1 by high-temperature direct-reaction
calorimetry [1988CEM/KLE];



 f H o = − (100.89 ± 4.20) kJ∙mol-1 by oxide-melt solution calorimetry in a
sodium molybdate melt [2010XU/NAV].

Although the FeS specimen used by Adami and King [1964ADA/KIN] was chemically
pure, it is doubtful that the quenched material was fully equilibrated with respect to the
structural and magnetic transitions below 600 K (see Section IX.1.1.1.1.1), therefore the
second of these four values is eliminated from the final selection process. Combination
of the remaining three values yields f H mo (FeS, cr, troilite, 298.15 K) =
− (100.91 ± 1.59) kJ‧mol-1, in close agreement with Robie and Hemingway’s evaluation
of − (101.0 ± 1.5) kJ‧mol-1. The uncertainty is increased slightly in the following
recommended value to allow for some remaining uncertainty about the exact form of
FeS(cr) used or obtained in the various studies.

 f H o (FeS, cr, troilite, 298.15 K) = − (100.91 ± 2.00) kJ∙mol-1.
Dissolution-kinetic experiments on troilite by Tewari and Campbell [1976TEW/CAM]
yielded a more negative estimate,  f H o = − 109 kJ∙mol-1, based on measured
equilibrium solubility values and auxiliary thermodynamic data similar to TDB
recommended values. This corresponds to equilibrium Fe 2+(aq) concentrations about 1.5
orders of magnitude lower than expected, at a given pH, from the enthalpy of formation
recommended above. The dissolution experiments were performed under H 2S(g) at
0.1 MPa, a condition where troilite is metastable with respect to formation of higher
sulfides, balanced by H2 generation. Therefore, although alteration of troilite to higher
sulfides in aqueous H2S solutions is typically only observable at elevated temperatures
[1979TAY/RUM], and no alteration products were detected by XRD after the
dissolution tests [1976TEW/CAM], it is possible that the solubility values do not refer
to congruent dissolution of troilite.

IX.1.1.1.2.2

“Hexagonal” (intermediate) pyrrhotites

Hexagonal pyrrhotites, occupying a narrow composition range with 0.472 ≤ xFe ≤ 0.479,
are widespread in nature, including massive sulfide ore bodies; their combination of
industrial importance and physicochemical complexity has led to a large body of
literature summarised in several reviews [1970WAR], [1976POW/FIN],
[2005WAN/SAL]. Specific compositions within this closely related group of phases are
metrically hexagonal or very nearly so, but actually have lower crystallographic
symmetry than hexagonal [1975MOR/GYO], [1975MOR/GYO2].
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IX.1.1.1.2.2.1 6C pyrrhotite (nominally Fe 11S12 or Fe11/12S)
A recent single-crystal structure refinement for a natural 6C pyrrhotite with the
composition Fe10.91Ni0.05S12 was based on a monoclinic unit cell with the dimensions a0
= 0.68973(15), b0 = 1.1954(3), c0 = 1.7602(4) nm, β = 101.302(4)°, space-group: Cc,
with Z = 4 (based on the nominal formula Fe11S12) and ρcalc = 4.663 g∙cm-3
[2010VIL/LIL]. These cell dimensions differ only slightly from those reported by
Morimoto et al. [1975MOR/GYO2], which refer to a non-standard crystallographic
setting with the space group Fd, as described by de Villiers and Liles [2010VIL/LIL]. 1
The following adjusted enthalpy of formation (see Appendix A) from the
oxide-melt solution calorimetry study of Xu and Navrotsky [2010XU/NAV] is
recommended:

f H o (Fe11/12S,cr) = − (97.48 ± 3.93) kJ∙mol-1.
There appear to be no heat-capacity data for pure Fe11/12S. Grønvold et al.
[1992GRO/STO] indicate that their heat-capacity measurements for Fe0.98S refer to a
two-phase mixture of FeS and Fe11/12S (xFeS = 0.76). Significant shift and broadening
of the large phase-transition features for FeS near 400 K in the heat-capacity curve for
Fe0.98S, however, prevent a clean subtraction of the large FeS component. The pure FeS
curve already has a significant transition contribution at 298.15 K (Figure 2 of
[1992GRO/STO]), making it difficult even to estimate a value for C po (Fe11/12S, cr,
298.15 K) from the data for Fe0.98S.

IX.1.1.1.2.2.2 11C pyrrhotite (nominally Fe10S11 or Fe10/11S)
There are no thermodynamic data or precise unit-cell dimensions for 11C pyrrhotite.
The a0 and b0 unit-cell dimensions can be assumed to be similar to the values for 5C and
6C pyrrhotites, with a c0 value equal to the sum of the 5C and 6C values, and β ≈ 90°.
For most solubility calculations on the Fe-S system, 11C pyrrhotite can probably be
either ignored or treated as a mixture of 5C and 6C pyrrhotites.

IX.1.1.1.2.2.3 5C pyrrhotite (nominally Fe 9S10 or Fe9/10S)
A recent single-crystal structure refinement for a natural 5C pyrrhotite with the
composition Fe8.892Ni0.115S10 was based on an orthorhombic unit cell with the
dimensions a0 = 0.6893(3), b0 = 1.1939(3), c0 = 2.863(1) nm, and space-group: Cmce
(formerly Cmca), with Z = 8 (based on the nominal formula Fe9S10) and ρ(calc.) =

1

This non-standard description refers to a pseudo-orthorhombic, doubled unit cell that is more convenient
for describing the structural stacking sequence of the Fe vacancies, and also permits a direct comparison
with the structure determination for 6C pyrrhotite (Section IX.1.1.1.2.2.1, [2010VIL/LIL]).
CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

166

IX Group 16 and group 15 compounds and complexes

4.643 g∙cm-3 [2009VIL/LIL]. These cell dimensions differ only slightly from those
reported by Morimoto et al. [1975MOR/GYO2].
IX.1.1.1.2.2.3.1 Heat capacity and entropy of Fe9/10S
Based on data from Grønvold et al. [1991GRO/STO] and a similar analysis to that
described above for troilite (Section IX.1.1.1.2.1.1), the following thermodynamic
quantities and C po ,m -T relationships are recommended for Fe0.9S.
C po ,m (Fe9/10S, cr, 298.15 K) = (51.14 ± 0.30) J·K-1·mol-1,

[( Smo (298.15K)  Smo (0 K)), Fe9/10S, cr] = (63.15 ± 0.25) J·K-1·mol-1,
420.21 K
-1
-1
-3
2
[C po ,m ]298.15
K (Fe9/10S, cr, T)/J·K ·mol = 1.774662×10 (T/K) −

2.254710 (T/K) + 1158.198 − 2.405623×105 (T/K)-1 + 1.904786×107 (T/K)-2,
K
-1
-1
-2
2
[C po ,m ]533.49
420.21 K (Fe9/10S, cr, T)/J·K ·mol = 8.6750560×10 (T/K) − 152.94331 (T/K) +
7
-1
101189.17 − 2.9702358×10 (T/K) + 3.267564×109 (T/K)-2,
740 K
-1
-1
6
[C po ,m ]599.32
K (Fe9/10S, cr, T)/J·K ·mol = − 3.79344 (T/K) + 7920.72 − 5.43663×10

(T/K)-1 + 1.25436×109 (T/K)-2.
Because of curve-fitting difficulties at temperatures between 530 and 600 K, as
discussed in Appendix A, values for C po ,m and derived thermodynamic quantities for
Fe9/10S(cr) at selected temperatures are given in Table A-38 of the Appendix A entry for
[1991GRO/STO].

IX.1.1.1.2.2.3.2 Enthalpy of formation of Fe9/10S
The Gibbs energy for the sulfidation of FeS(cr, troilite) to Fe 0.9S(cr) was obtained by
Gibbs-Duhem integration of the temperature-composition-fugacity relationship from
Toulmin and Barton [1964TOU/BAR], then the enthalpy of reaction was obtained by a
third-law calculation, as described in Appendix A.
1
FeS(cr)  S(cr)
9

10
Fe9/10S(cr)
9

(IX.1)

 r H mo (298.15 K) = − (5.56 ± 2.13) kJ∙mol-1.
Combined with the recommended value of f H mo (FeS, cr, troilite, 298.15 K) =
− (100.91 ± 2.00) kJ∙mol-1 (Section IX.1.1.1.2.1.2), this yields f H mo (Fe0.9S, cr, 5C
pyrrhotite, 298.15 K) = − (95.82 ± 2.63) kJ∙mol-1. This is in close agreement with the
adjusted value (see Appendix A) of f H mo (Fe9/10S, cr) = − (96.05 ± 4.20) kJ∙mol-1
obtained by Xu and Navrotsky using oxide-melt solution calorimetry [2010XU/NAV].
Combining these two values in accordance with Appendix C yields the recommended
value:
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f H mo (Fe9/10S, cr, 5C pyrrhotite, 298.15 K) = − (95.89 ± 2.23) kJ∙mol-1.
Grønvold et al. [1992GRO/STO] tabulated thermodynamic properties for troilite and
various pyrrhotites (their Table 6), derived from a combination of their own heatcapacity measurements, the enthalpy of formation for troilite from Cemič and Kleppa
[1988CEM/KLE], and Gibbs-Duhem integration of sulfur fugacity data at 919 K from
Toulmin and Barton [1964TOU/BAR] and Rau [1976RAU2]; their values correspond to
an enthalpy of sulfidation  r H mo (IX.1, 298.15 K) = − 5.89 kJ∙mol-1, in good agreement
with the value of − (5.56 ± 2.13) kJ∙mol-1 obtained above (see also the discussion of
Figure IX-3).

IX.1.1.1.2.2.4 Other hexagonal pyrrhotite compositions
A number of papers deal with the thermodynamics of pyrrhotite compositions that do
not correspond to specific single phases at ambient temperature. Toulmin and Barton’s
study [1964TOU/BAR] and related papers on the relationship between equilibrium
sulfur fugacity, temperature, and pyrrhotite composition above the β-transition
temperature are particularly important. Their application to the calculation of
f H mo (298.15 K) values for specific pyrrhotite compositions and for pyrite is described
elsewhere in this review, including the Appendix A entry for [1964TOU/BAR].
Papers on the thermodynamics of pyrrhotites other than troilite and the 4C, 5C,
6C, and 11C phases at temperatures below the β-transition temperature are of limited
value for the current review because they refer either to mixtures of the phases already
evaluated or to non-equilibrium, quenched material. Examples include zinc-reduction
calorimetry on pyrrhotites by Ariya et al. [1966ARI/MOR], thermal analysis of the
direct sulfidation of FeS(cr) by Bugli et al. [1972BUG/ABE], and thermal analysis of
the reaction of FeS(cr) with SO2(g), also by Bugli et al. [1975BUG/ABE]. These papers
are discussed in the Appendix A entries for [1966ARI/MOR] and [1975BUG/ABE]. In
addition, some of the pyrrhotite compositions studied by Grønvold and Stølen
[1992GRO/STO] and by Xu and Navrotsky [2010XU/NAV] do not correspond to single
phases, and are therefore not reviewed in detail.
A recent powder X-ray diffraction analysis (Rietveld refinement) for a
synthetic hexagonal pyrrhotite with simple NiAs-type crystal structure was performed
by Tavakoli and Navrotsky [2013TAV/NAV]. The refinement was based on the
hexagonal space group P63/mmc with the unit-cell dimensions a0 = 0.34491(5) nm and
c0 = 0.57519(7) nm. The same publication included high-temperature oxide-melt dropsolution calorimetry measurements for this material [2013TAV/NAV], from which the
authors obtained the enthalpy of formation f H mo (Fe0.919S, cr, 298.15 K) =
– (96.1 ± 2.8) kJ∙mol-1; adjustment for internal consistency with NEA TDB auxiliary
data (see the Appendix A entry for [2013TAV/NAV]) yields f H mo (Fe0.919S, cr,
298.15 K) = – (96.4 ± 2.9) kJ∙mol-1. This result is consistent with the values for four
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other pyrrhotite compositions discussed in the current review (see preceding sections
and Figure IX-5). There are no heat-capacity data or entropy values available for
Fe0.919S.
Figure IX-5: Enthalpies of formation (per mol S) at 298.15 K for pyrrhotite-group
compositions, plotted as a function of the iron content, with linear fit.
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IX.1.1.1.2.3

Monoclinic pyrrhotite (compositions near Fe0.875S, nominally Fe7S8
or Fe7/8S)

A highly iron-deficient, monoclinic modification of both natural and synthetic
pyrrhotite was detected by several researchers in the 1940s, as reviewed by Grønvold
and Haraldsen [1952GRO/HAR]. Many publications refer to this material as
stoichiometric Fe7S8 (Fe0.875S; xFe = 7/15), but there does appear to be some
compositional variation, within the range 0.465 ≤ xFe ≤ 0.468 (about Fe0.87S to Fe0.88S;
[1970WAR], [1976POW/FIN], [2005WAN/SAL], and references therein).
The structure of monoclinic pyrrhotite is usually described as a 2 3A , 2A, 4C
(or simply 4C) superstructure of the NiAs (B-8) structure type common to all
pyrrhotites (e.g., [1975MOR/GYO] and references therein). The structure was inferred
by Bertaut [1953BER], as confirmed and refined by Tokonami et al. [1972TOK/NIS]
and Powell et al. [2004POW/VAQ], to have alternating layers of fully occupied and
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ordered, half-occupied Fe sites, with a face-centred stacking sequence generating the 4C
multiple of the pseudo-hexagonal c axis. The 2 3A , 2A, 4C superstructure unit cell
corresponds to the space group F2/d, which is a non-standard setting of the
conventional space-group C2/c [1953BER], [1972TOK/NIS], [2004POW/VAQ].
Reported unit-cell dimensions vary only slightly, and the real variation over the small
range of composition is not established [1992GRO/STO].
The following dimensions from the two single-crystal structure refinements
cited above are representative. Space group: C2/c, a0 = 1.19258(2) nm, b0 = 0.68822(1)
nm, c0 = 1.29245(2) nm, β = 118.051(1)°, Z = 4 based on the formula Fe7S8
([2004POW/VAQ]; high-purity, carefully annealed synthetic material, target
composition Fe0.875S, no chemical analysis). Alternative crystallographic description,
space group: F2/d, a0 = 1.1902(8) nm, b0 = 0.6859(5) nm, c0 = 2.2787(10) nm, β =
90.43(5)°, Z = 8, ρcalc = 4.62 g∙cm-3 ([1972TOK/NIS]; natural specimen from Kisbanya,
Romania). Monoclinic pyrrhotite is strongly ferrimagnetic, unlike troilite and the 5C,
11C, and 6C “hexagonal” pyrrhotites, as discussed in Section IX.1.1.1.1.1.
A second, metastable form of Fe7S8 with trigonal symmetry and a 2 3A , 3C
superstructure can be obtained by quenching synthetic preparations from temperatures
well above 600 K ([1976POW/FIN], [1979NAK/TOK], [2005WAN/SAL], and
references therein). The structure was refined by Nakano et al. [1979NAK/TOK], who
obtained the following unit-cell data: space group P3121; a0 = 0.68652(6) nm, c0 =
1.7046(2) nm, Z = 3, ρcalc = 4.64 g∙cm-3(recalculated in the present review). As with
monoclinic pyrrhotite, the structure has alternating layers of fully occupied and ordered,
half-occupied Fe sites, but the stacking sequence of the partly occupied layers, and thus
the pattern of inter-layer Fe-Fe interactions, are different. Wand and Salveson
[2005WAN/SAL] imply that this variant is ferrimagnetic, as expected.
A third structural variant with composition near Fe 7S8 is “anomalous
monoclinic pyrrhotite”, so called because of the unusual pattern of XRD relative
intensities. Discovered by Clark [1966CLA], it was subsequently found to be rather
widespread in nature, apparently as a low-temperature oxidation product of hexagonal
pyrrhotite ([1976POW/FIN] and references therein). The composition of this material is
near Fe0.866S (xFe ≈ 0.464). Its stability relative to monoclinic pyrrhotite is unknown, but
its antiferromagnetic properties imply a less ordered arrangement of vacancies than in
the 4C and 3C structures discussed above. This and its low-temperature formation
suggest that it is most likely metastable with respect to either monoclinic pyrrhotite or
(given the extremely iron-deficient composition) a mixture of monoclinic pyrrhotite and
pyrite.
Some solid/vapour phase-equilibrium studies led to the conclusion that
monoclinic pyrrhotite is metastable with respect to pyrite + hexagonal pyrrhotite
[1969ARN], whereas Nakazawa and Morimoto [1971NAK/MOR] concluded that it is
stable up to the combined magnetic and structural order-disorder transition (β transition)
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near 590 K. Unfortunately, anhydrous studies of this sort are limited by sluggish
reaction kinetics below ~ 600 K. More sensitive experiments using hydrothermal
crystallisation allow phase-equilibrium studies to be extended down to ~ 500 K
[1973RIS], [1982KIS/SCO]. On this basis, Rising [1973RIS] concluded that monoclinic
pyrrhotite is stable up to (524 ± 3) K, and indicated a narrow, roughly symmetrical
stability field near the composition Fe0.875S, apparently derived from Clark’s findings
[1966CLA]. Further hydrothermal experiments by Kissin and Scott [1982KIS/SCO]
showed a similar critical temperature of 527 K for the three-phase assemblage
(hexagonal pyrrhotite + monoclinic pyrrhotite + pyrite), but with a critical composition
for the monoclinic phase just marginally more iron-deficient than that of the equilibrium
hexagonal phase. This is difficult to reconcile with the monoclinic (4C) structure, and
suggests the possibility of even more subdivision of the hexagonal and monoclinic
phase fields than shown in Figure IX-2.
The variable-temperature, powder neutron-diffraction study by Powell et al.
[2004POW/VAQ] confirmed that monoclinic pyrrhotite can persist metastably up to the
Néel transition at (598 ± 5) K. This is consistent with the conclusion in Ward’s review
[1970WAR] that monoclinic pyrrhotite is stable below ~ 500 K, and metastable with
respect to pyrite + hexagonal pyrrhotite at ~ 500 to ~ 590 K. A recent solid-state
electrochemical study of pyrrhotite-pyrite equilibria led to a slightly higher estimated
stability limit for monoclinic pyrrhotite of (574 ± 5) K [2005CHA/OSA]. Note that,
because of the shape of the stability field inferred by Kissin and Scott [1982KIS/SCO], 1
the thermal stability limit for monoclinic pyrrhotite may be higher than that of the exact
composition Fe7S8. This feature of the Kissin-Scott phase diagram, however, has been
questioned by Chareev et al. [2014CHA/VOR], who refer to “an implausible bend of
the monoclinic pyrrhotite-pyrite solvus from [1982KIS/SCO]”. The situation is further
complicated by the re-appearance of Fe0.875S and more iron-deficient pyrrhotite at
temperatures above ~ 740 K, as the pyrrhotite solid-solution (1C phase) field expands
with increasing temperature (e.g., [1962ARN], [1964TOU/BAR], [1976RAU2]; see
Figure IX-1).
The instability of Fe0.875S between ~ 500 and ~ 740 K is manifested in the
“phase reaction” thermal anomaly observed at temperatures near 700 K in heat-capacity
measurements by Grønvold and Stølen [1992GRO/STO], as discussed in Appendix A.

IX.1.1.1.2.3.1 Heat capacity and entropy of monoclinic pyrrhotite
Combination of the heat-capacity measurements for Fe0.877S at low temperatures
[1959GRO/WES] and for Fe0.875S at high temperatures [1992GRO/STO], as discussed

1

Figure IX-2 taken from [1976POW/FIN], predates [1982KIS/SCO], but it shows a similarly curved cusp
at the high-temperature end of the monoclinic pyrrhotite phase field.
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in the Appendix A entry of [1992GRO/STO] in Appendix A, yielded the following
recommended values and expressions:
C po ,m (Fe0.875S, cr, 298.15 K) = (49.88 ± 0.35) J·K-1·mol-1,

S mo ( Fe0.875S, cr, 298.15 K) = (60.70 ± 0.34) J·K-1·mol-1,
401.5 K
-1
-1
-4
2
[C po ,m ]298.15
K (Fe0.875S, cr, T)/J·K ·mol = 3.794103×10 (T/K) –

0.4185207 (T/K) + 253.607 – 4.411398×104 (T/K)-1 + 3.137043×106 (T/K)-2,
K
-1
-1
-3
2
[C po ,m ]540
401.5 K (Fe0.875S, cr, T)/J·K ·mol = 5.485912×10 (T/K) –

9.221108 (T/K) + 5920.44 – 1.658617×106 (T/K)-1 + 1.748825×108 (T/K)-2.
No recommendations are made for T > 540 K, because of the disproportionation and
recombination reactions at temperatures between ~ 500 and ~ 740 K (see above), but
the thermodynamic properties obtained from [1992GRO/STO] and reproduced in the
Appendix A entry for [1992GRO/STO], Table A-42, are probably reliable single-phase
values at temperatures between 800 and 1000 K.

IX.1.1.1.2.3.2 Enthalpy of formation of monoclinic pyrrhotite
By using oxide-melt solution calorimetry in molten sodium molybdate, Xu and
Navrotsky
[2010XU/NAV]
obtained
cr,
298.15 K)
=
f H mo (Fe0.875S,
-1
− (94.44 ± 2.98) kJ∙mol , adjusted in the current review (see Appendix A) to
− (94.61 ± 3.19) kJ∙mol-1. Based on the authors’ XRD characterisation, this value
applies to the 3C crystallographic modification of Fe0.875S but, given the similar degree
of vacancy ordering and other structural similarities (see above), the enthalpy of
transformation between the metastable 3C and stable 4C modifications is likely to be
very small.
Grønvold and Stølen tabulated thermodynamic quantities for (1/1.875)
Fe0.875S(cr) that correspond to f H mo (Fe0.875S, cr, 298.15 K) = − 97.45 kJ∙mol-1, with no
overall uncertainty estimate. This was based on a Gibbs-Duhem integration for the
reaction:
0.875FeS (cr, troilite) + 0.0625S2 (g)

Fe0.875S

using S2(g) activity data at 919 K from Rau [1976RAU2], and Toulmin and Barton
[1964TOU/BAR], and a third-law calculation using the authors’ heat-capacity data for
FeS(cr, troilite) and Fe0.875S(cr) [1992GRO/STO], and the value of f H mo (FeS, cr,
troilite, 298.15 K) = − 102.59 kJ∙mol-1 from Cemič and Kleppa [1988CEM/KLE]. By
applying the recommended value of f H mo (FeS, cr, troilite, 298.15 K) =
− (100.91 ± 2.00) kJ∙mol-1 from the current review, an adjusted value of f H mo (Fe0.875S,
cr, 298.15 K) = − (95.98 ± 3.00) kJ∙mol-1 was obtained.
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Chareev and Osadchii [2005CHA/OSA] used solid-state electrochemical
methods to investigate pyrrhotite-pyrite equilibria, and derived a value of
f H mo (Fe0.875S, cr, 298.15 K) = − (166.5 ± 3.0) kJ∙mol-1 based on a non-standard state
for sulfur of S2(g). Conversion to the solid-sulfur standard state and adjustment for TDB
consistency (see Appendix A entry of [2005CHA/OSA] in Appendix A) yielded a value
of f H mo (Fe0.875S, cr, 298.15 K) = − (95.90 ± 3.00) kJ∙mol-1.
There is thus good agreement between these three, largely independent values
for the enthalpy of formation of Fe0.875S, with a range of only 1.46 kJ∙mol-1, well within
the uncertainty limits of ~ 3 kJ∙mol-1 for each value. Combination of the three values in
accordance with Appendix C yields an average value of f H mo (Fe0.875S, cr, 298.15 K) =
− (95.53 ± 1.77) kJ∙mol-1. The uncertainty is adjusted upward slightly in the following
recommended value.

f H mo (Fe0.875S, cr, 298.15 K) = − (95.53 ± 2.0) kJ∙mol-1.
A much more negative value of f H mo (Fe0.877S, cr, 298.15 K) = − (105.4 ± 1.7) kJ∙mol-1
was obtained from calorimetric measurements on the reaction of monoclinic pyrrhotite
with zinc by Stolyarova and Bezmen [1976STO/BEZ]. This value was excluded from
the current evaluation, because of uncertainty in the thermodynamic data for the ZnS(s)
reaction product, as discussed in the Appendix A entry for an earlier paper on similar
calorimetric measurements for other pyrrhotite compositions [1966ARI/MOR]. Such a
negative f H mo value would also imply a greater margin of stability for monoclinic
pyrrhotite than is indicated by other studies (see Section IX.1.1.1.2.3).
Chareev et al. [2014CHA/VOR] recently studied the reaction:

7FeS2  cr, pyrite   12Ag(cr)

8Fe0.875S  cr, monoclinic pyrrhotite   6Ag 2S(cr)

by an electromotive force technique in the following solid-state electrochemical cell:
(-) Pt | Ag | AgI | Ag2S, Fe0.875S, FeS2 | Pt (+).
Based on the observed linear dependence between electromotive force and temperature,
they obtained the following temperature dependence for sulfur fugacity of the pyritemonoclinic pyrrhotite equilibrium:

log10 fS2 = 14.079 – 14406 (T/K)-1, (500 < T/K < 565),
whence they calculated: f H mo (Fe0.875S, cr, 298.15 K) = − (93.16 ± 3.01) kJ∙mol-1
(adjusted by the reviewer to the solid-sulfur standard state), and S mo (Fe0.875S, cr,
298.15 K) = (66.7 ± 1.3) J∙K-1∙mol-1. Chareev et al. [2014CHA/VOR] note, however,
that these values are “for comparison only” and that they depend on the accuracy of
thermodynamic data used for Ag2S(cr) (they used data from Richardson and Jeffes
[1952RIC/JEF]). Since data for the latter phase have not yet been evaluated in the TDB
project, no attempt has been made in the current review to incorporate the findings of
[2014CHA/VOR] into the assessment for monoclinic pyrrhotite.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

IX.1 Sulfur compounds and complexes

173

IX.1.1.1.3 Pyrite (cubic FeS2)
Pyrite is a widespread and abundant sulfide mineral, its lustrous golden crystals giving
rise to the vernacular name “fool’s gold”. The crystal structure is cubic, space group:
Pa3, unit-cell dimension a0 = 0.5418 nm, Z = 4 ([1969BRO/KJE] and references
therein), ρcalc = 5.010 g·cm−3 [1995SMY/COR]. The arrangement of Fe and S 2 moieties
is related to the NaCl structure type, with six-fold coordination of Fe by S atoms, while
each S is coordinated to one S and three Fe atoms. Pyrite is the thermodynamically
stable form of FeS2 (see also the discussion of marcasite, Section IX.1.1.1.4.5). Its
sedimentary formation and role in biogeochemical sulfur cycles have received particular
attention from geochemists, e.g., [2004SCH], [2007RIC/LUT], and references therein.
Pyrite is also widespread in other geological settings, such as metamorphic and intrusive
igneous rocks and coal, sometimes in solid solution with other metal dichalcogenides.
Pyrite is thermally stable up to 1016 K in the presence of liquid sulfur at a
pressure of ~ 1 MPa; the limiting temperature increases gradually with increasing
pressure to 1083 K at 500 MPa [1959KUL/YOD]. At lower pressures the stability limit
with respect to pyrrhotite is defined by temperature and sulfur fugacity (see Sections
IX.1.1.1.1 and IX.1.1.1.3.2). Pyrite does not display either magnetic ordering or any
ambient-pressure phase transitions below the thermal decomposition temperature. It is
thermodynamically stable relative to its dimorph, marcasite (orthorhombic FeS 2) at all
temperatures, though marcasite can be kinetically stable at temperatures up to ~ 700 K
(see Section IX.1.1.1.4.5.2).

IX.1.1.1.3.1

Heat capacity and entropy of pyrite

Two papers by Grønvold and Westrum provide heat-capacity data for pyrite at
temperatures from 5 to 350 K [1962GRO/WES] and from 300 to 780 K
[1976GRO/WES], as summarised in Appendix A. Earlier measurements over more
limited ranges of temperature by Eucken and Schwers at 21 to 84 K [1913EUC/SCH]
and Anderson at 55 to 298 K [1937AND3] were less precise and presumably less
accurate (see Figure 2 of [1962GRO/WES]), and are not considered further here. Hightemperature heat-content measurements by Coughlin [1950COU] provided eleven
enthalpy values from 404.8 to 979.9 K. Mraw and Naas [1979MRA/NAA2] tested a
DSC method for heat-capacity measurement at 100 to 800 K by comparing their results
with those of Grønvold and Westrum (see above), obtaining good overall agreement but
lower precision.
Analysis of the combined data sets for pyrite from [1962GRO/WES] and
[1976GRO/WES] in the current review is described, and compared with the original
authors’ findings and Coughlin’s measurements [1950COU], in the Appendix A entry
for [1976GRO/WES]. This treatment was relatively simple because of the absence of
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solid phase transitions; it yielded the following recommended heat-capacity and entropy
values.
C po ,m (FeS2, cr, pyrite, 298.15 K) = (62.27 ± 0.20) J·K-1·mol-1,

S mo (FeS2, cr, pyrite, 298.15 K) = (52.92 ± 0.14) J·K-1·mol-1.
The following expression represents heat-capacity values from 298.15 to 780 K.
K
-1
-1
-2
[C po ,m ]780
298.15 K (FeS2, cr, pyrite, T)/J·K ·mol = 1.61068×10 (T/K) + 62.5786 +
3
-1
6
-2
3.99813×10 (T/K) − 1.64668×10 (T/K) .

The maximum deviation between this expression and the experimental C po ,m values is
0.43 J·K-1·mol-1. It yields enthalpy and entropy values within ± 10 J·mol-1 and ± 0.02
J·K-1·mol-1, respectively, of the smoothed values for 298.15 < T/K < 780 in Table 2 of
[1976GRO/WES]. It also yields enthalpy values in good agreement (within ± 0.21
kJ·mol-1) with those of [1950COU] at four temperatures between 803.6 and 979.9 K,
suggesting that this heat-capacity expression can be used reliably beyond the fitted
temperature range up to the stability limit of pyrite.

IX.1.1.1.3.2

Enthalpy of formation of pyrite

Early determinations of f H mo (FeS2, cr, pyrite, 298.15 K) by calorimetric methods
show considerable variation, and the following values are given only for historic
interest: f H mo = − 148.5 kJ∙mol-1 by sodium peroxide fusion [1913MIX]; f H mo =
− 177.8 kJ∙mol-1 by combustion [1942LIP/USK]; f H mo = − 163.2 kJ∙mol-1 by zinc
reduction [1966MOR/STO].
The following adjusted values for f H mo (FeS2, cr, pyrite, 298.15 K), were
obtained, as described in the appropriate entries in Appendix A.


f H mo = − (171.64 ± 5.88) kJ∙mol-1
calorimetry [1988CEM/KLE];



f H mo = − (175.85 ± 6.18) kJ∙mol-1 by oxide-melt solution calorimetry in a
sodium molybdate melt [2010XU/NAV];



f H mo = − (173.63 ± 2.83) kJ∙mol-1 is obtained by combining (i) the enthalpy of
formation
of
troilite
(  f H o (FeS,
cr,
troilite,
298.15 K)
=
− (100.91 ± 2.00) kJ∙mol-1, from Section IX.1.1.1.2.1.2) and (ii) the enthalpy of
sulfidation of troilite to pyrite:

by

high-temperature

direct-reaction

FeS (cr, troilite) + S (cr, orthorhombic)  FeS2 (cr, pyrite)
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for which f H mo = − (72.72 ± 2.00) kJ∙mol-1, based on data from [1964TOU/BAR]
and adjusted with data from [2006OSA/CHA], as described in the Appendix A
entry for [1964TOU/BAR].1
Combination of these three values in accordance with Appendix C leads to the
following recommendation:

f H mo (FeS2, cr, pyrite, 298.15 K) = − (173.63 ± 2.36) kJ∙mol-1.
This value is slightly more negative and less precise than Robie and Hemingway’s
evaluation,  f H o = − (171.5 ± 1.7) kJ∙mol-1 [1995ROB/HEM]. This can be attributed to
inclusion of the recent result from Xu and Navrotsky [2010XU/NAV], assignment of a
relatively large uncertainty to the value from [1988CEM/KLE], and the resultant
weighting of the recommended value in favour of the adjusted results of the ToulminBarton study [1964TOU/BAR].

IX.1.1.1.3.3

Solubility of pyrite

Research on the solubility of pyrite under hydrothermal conditions, in both natural and
industrial systems, has been aimed mainly at understanding solution chemistry,
especially Fe2+ chloride complexation, and transport processes, rather than the
thermodynamic properties of pyrite itself, e.g., [1962POH], [1978CRE/SUS],
[1978TEW/WAL], [1994OHM/HAY].

IX.1.1.1.4 Metastable phases
IX.1.1.1.4.1

Mackinawite (tetragonal and “amorphous” FeS)

Early studies of the stability and solubility of iron sulfides were hampered by lack of
understanding of the different phases formed by low-temperature aqueous and hightemperature anhydrous syntheses. The occurrence of tetragonal “FeS” as a corrosion
product on iron or steel exposed to aqueous H2S was first established by Berner
[1962BER]; it was previously misidentified as cubic Fe 9S8 (and named kansite) by
analogy with the mineral pentlandite, (Ni,Fe)9S8. Following Berner’s report, a flurry of
papers in the 1960s, as reviewed by Ward [1970WAR], identified the mineral
mackinawite as a natural form of tetragonal “FeS”, often containing small amounts of
Co, Ni, and Cu.

1

Other small adjustments of Toulmin and Barton’s pyrrhotite-pyrite phase boundary [1964TOU/BAR],
such as those recommended by Scott and Barnes [1971SCO/BAR] and other authors discussed by Barker
and Parks [1986BAR/PAR], and by Lusk and Bray [2002LUS/BRA] are assumed to be superseded by the
solid-state electrochemical work of Osadchii and Chareev [2006OSA/CHA]. Less comprehensive studies
preceding [1964TOU/BAR], such as Rosenqvist’s equilibrium H2S/H2 gas-composition measurements
[1954ROS], and early decomposition-pressure measurements (e.g., [1917ALL/LOM] and references
therein) are also not reviewed here in detail.
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Mackinawite has the “anti-PbO” crystal structure, i.e., PbO structure with Pb
replaced by S and O by Fe, as inferred by Berner [1962BER] and confirmed in
subsequent structure refinements ([1995LEN/RED] and references therein).
Mackinawite is tetragonal, space group: P4/nmm, with unit-cell dimensions a0 = 0.3674
nm, c0 = 0.5033 nm, Z = 2 [1995LEN/RED], which yield ρ(calc.) = 4.30 g∙cm-3. Early
literature indicates a composition near Fe1.06S [1970WAR] but more recent research
results, as reviewed by Rickard and collaborators [2005RIC/MOR], [2007RIC/LUT],
are more consistent with stoichiometric FeS. The principal structural features are FeS
layers, perpendicular to the c axis, with almost perfect tetrahedral coordination of Fe by
S and substantial metallic bonding (intra-layer Fe-Fe distance of 0.2598 nm), but only
S...S van der Waals interactions between the layers [1995LEN/RED]. The theoretical
molar volume (i.e., based on unit-cell dimensions) of 20.45 cm3 is intermediate between
the values of 18.15 cm3 for troilite (which has both intra- and inter-layer Fe-Fe bonding;
see Section IX.1.1.1.2.1) and 23.98 cm3 for cubic FeS (which has no Fe-Fe bonding; see
Section IX.1.1.1.4.2).
Mößbauer-spectroscopic and neutron-diffraction studies indicate that
mackinawite is not magnetically ordered [1970WAR], consistent with some theoretical
calculations [2008DEV/GRA], though Power and Fine stated that “the electrical and
magnetic properties are uncertain” [1976POW/FIN], and recent theoretical and
experimental studies indicate antiferromagnetic behaviour [2011KWO/REF].
Freshly precipitated FeS is often referred to as “amorphous FeS”, but it is more
accurately described as a disordered, nanocrystalline mackinawite with crystallite
dimensions as low as ~ 2 nm [2003WOL/GAA], [2005RIC/MOR], [2006RIC/GRI],
[2007RIC/LUT]. The alteration sequence of mackinawite to greigite and pyrite has
attracted a lot of research attention, mostly because of the importance of sedimentary
pyrite as a sink in the biogeochemical sulfur cycle [2005RIC/MOR], [2007HUN/BEN],
[2007RIC/LUT], [2008LI/SAN].
Fine-grained, synthetic mackinawite is sensitive to air oxidation, and
pyrophoric when dry [1979TAY/RUM], [1996WAL/STE]. The difficulty of isolating
pure material probably accounts for the unfortunate lack of calorimetric data for
mackinawite. In the absence of oxygen, thermal transformation to hexagonal pyrrhotite
occurs at ~ 400 to 510 K, depending on the origin of the specimen [1976POW/FIN],
while a related pressure-induced transformation occurs at ~ 3 GPa at ambient
temperature [2009EHM/MIC].
Recently, Lai et al. [2015LAI/ZHA] reported a hydrothermal (373 to 413 K)
synthesis of well-crystallised mackinawite with improved resistance to air oxidation,
compared with typical precipitates. This material appears to be slightly iron-rich,
Fe1.03±0.04S and superconducting at 5 K. It offers some hope for reliable future heatcapacity measurements on synthetic mackinawite.
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Some thermodynamic insight is provided by the numerous solubility studies
that were reviewed in Section IX.1.1.1 of TDB-Iron Part 1, leading to the recommended
equilibrium constant at 298.15 K:
log10Ko = (3.8 ± 0.4),
for reaction:

FeS (mackinawite) + 2H+

Fe2+ + H2S (aq)

(IX.3)

which yielded the recommended Gibbs energy value:

 f Gmo (FeS, s, mackinawite, 298.15 K) = − (96.677 ± 3.178) kJ·mol-1.
The Gibbs energy of formation of troilite, based on the recommended values in
this review, is  f Gmo (Fe1.000S, cr, troilite, 298.15 K) = − (101.259 ± 2.002) kJ·mol-1;
thus, mackinawite appears to be metastable with respect to troilite by a Gibbs-energy
margin of 4.6 kJ·mol-1, part of which can be attributed to the small crystallite size of
mackinawite typically used in solubility measurements. It is likely that the Gibbs energy
for well-crystallised, bulk mackinawite is more negative than the solubility-based value
for fine-grained material selected above.

IX.1.1.1.4.2

Cubic (sphalerite-type, B3) and hexagonal (wurtzite-type, B4) FeS

Cubic FeS occurs as an ephemeral corrosion product on iron exposed to aqueous H2S at
pH values between 2 and 6 and temperatures up to 365 K [1970MED],
[1970TAK/ZOK], [1980SHO/TAY], [1986MUR/BAR]. It is the metastable iron sulfide
end-member of the sphalerite solid-solution series (Zn,Fe)S. Reported values for the
unit-cell parameter a0 vary between 0.5417 and 0.5426 nm [1970MED],
[1970TAK/ZOK]. By analogy with ZnS, the space group is presumed to be F 43m with
Z = 4, and ρcalc ≈ 3.66 g∙cm-3. The structure can be described as a cubic close-packed S
sublattice with Fe occupying one-half of the tetrahedral sites in an ordered, face-centred
cubic arrangement.
Cubic FeS is always formed in association with mackinawite and sometimes
also troilite. Shoesmith et al. found that cubic FeS, along with solution-grown
mackinawite and troilite, arises from locally high Fe release rates (and hence local
supersaturation) at cracks and pits in a solid-state-formed base layer of mackinawite on
corroding iron (or carbon steel) in aqueous H2S solutions [1980SHO/TAY].
Cubic FeS transforms to mackinawite spontaneously at ambient temperature
[1970MED],
[1970TAK/ZOK],
[1980SHO/TAY],
[1986MUR/BAR].
The
transformation requires only the movement of one half of the Fe atoms between
adjacent tetrahedral sites in the S sublattice, combined with relaxation of atomic
positions from ideal close-packed sites [1980SHO/TAY], [1986MUR/BAR]. Because
of its low thermal stability and the invariable presence of other Fe-S phases, no
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thermodynamic measurements have been reported for cubic FeS. It is therefore possible
only to say that  f Gmo (FeS, s, cubic) is less negative than  f Gmo (FeS, s, tetragonal
[mackinawite]). Because its formation is associated with localised, corrosion-driven
supersaturation on a sub-millimetre scale, it is not possible to estimate an upper
solubility limit and hence a limiting value for  f Gmo (FeS, s, cubic).
Cubic FeS is paramagnetic; it transforms near 234 K to a low-temperature,
orthorhombic, antiferromagnetic phase [1978WIN/SRO], [2009DEV]. The unit-cell
dimensions, measured at 81 K, are a = 0.554 nm, b = 0.5487 nm, c = 0.5195 nm, space
group (by elimination): F222.
Takeno et al. also refer to a wurtzite (hexagonal ZnS) type of FeS phase,
observed by B.J. Skinner and reported to them by private communication, but
apparently never published [1970TAK/ZOK]. Wurtzite resembles sphalerite at the
nearest-neighbour level (mutual tetrahedral coordination of Fe and S), but is based on
an hexagonal, rather than cubic, close-packed S sublattice. Thermodynamic properties
of the wurtzite and sphalerite forms of FeS would thus be expected to differ only
slightly (see the discussion of ZnS in the Appendix A entry for [1966ARI/MOR]).

IX.1.1.1.4.3

Smythite, (Fe, Ni)9S11 or Fe13S16

Smythite was discovered by Erd et al. as opaque metallic inclusions in calcite crystals
from Bloomington, Indiana [1957ERD/EVA]. The initial structure determination was
based on a hexagonal (rhombohedral), space group: R 3m , Z = 3 (based on Fe3S4), and
unit-cell dimensions a0 = 0.345 nm, c0 = 3.45 nm. The structure consists of slabs of four
approximately hexagonal close-packed layers of S atoms, with Fe fully occupying three
layers of octahedral sites in a pyrrhotite-like arrangement. The slabs are stacked in an
ABC sequence, bound primarily by van der Waals forces, but note the comments below
on the exact composition.
Detailed investigation of an iron-rich smythite from Cobalt, Ontario
[1970TAY] yielded a composition Fe 9S11 (approximately Fe3.25S4) and a measured
density of 4.33 g·cm-3. This deviation from the ideal Fe3S4 stoichiometry implies that
the inter-slab layers in the crystal structure are not entirely Fe-free. X-ray diffraction
indicated a doubling of the c axis reported by Erd et al. [1957ERD/EVA] and a
lowering of symmetry, perhaps to primitive hexagonal [1970TAY]. Further
investigation of smythite from several sites, including the Indiana type locality, led to
redefinition of smythite as (Fe,Ni)9S11, with the Ni content varying between 0.4 and
7.5 percent by mass [1972TAY/WIL]. The presence of nickel does not seem to be
essential for smythite formation, and the Ni-free formulation Fe13S16 was obtained by
Fleet [1982FLE] and used by Krupp [1994KRU].
Synthetic smythite was obtained by Rickard [1968RIC] as a major, but not
pure, product from the reaction of aqueous sodium sulfide with solid FeCO 3 under
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ambient conditions; this deceptively simple synthesis was not reproduced until 1996 by
Furukawa and Barnes [1996FUR/BAR]. The latter authors investigated several smythite
formation reactions and assigned the formula Fe9S11 to Ni-free samples based on their
review of previous studies of both synthetic and natural materials [1996FUR/BAR].
Several other formation pathways of smythite (described as Fe 13S16 after Fleet
[1982FLE]) from other iron sulfide precursors are summarised by Krupp [1994KRU].
Taylor deduced that the upper limit of thermodynamic stability for smythite
(relative to pyrite + pyrrhotite) can be no higher than 348 K, though dry decomposition
is very slow even at 483 K [1970TAY]. Thus, it has not been observed in any of the
hydrothermal or dry thermal investigations of pyrite-pyrrhotite phase relations discussed
in Section IX.1.1.1.1. Furukawa and Barnes [1996FUR/BAR] concluded that smythite
does not occupy a stability field in the Fe-S phase diagram, and that its formation by
various routes is invariably kinetically controlled. This conclusion is accepted in the
present review.
There do not appear to be any available thermodynamic data for smythite,
doubtless due to the difficulty of preparing macroscopic quantities of pure material. If
smythite is metastable with respect to disproportionation, according to the equation:

Fe9S11 (cr, smythite)

28 Fe S (cr, monoclinic pyrrhotite)  5 FeS (cr, pyrite)
2
3 0.875
6
(IX.4)

this implies a lower limit for the Gibbs energy of formation,  f Gmo (Fe9S11, cr, smythite,
298.15 K) > − (1041 ± 19) kJ·mol-1, based on the data recommended in this review for
pyrite and monoclinic pyrrhotite.
A monoclinic form of Fe3S4 has been reported recently [2015XU/SHE] as
topotaxial, nanocrystalline precipitates in a natural specimen of 4C pyrrhotite from
Sudbury, Canada. As a defect-rich derivative of pyrrhotite, it might be considered an
iron-deficient extreme form of smythite, coincidentally having the same composition,
Fe3S4, originally assigned to smythite by Erd et al. [1957ERD/EVA].

IX.1.1.1.4.4

Greigite (cubic Fe3S4)

Greigite, or iron thio-spinel, is the only iron sulfide phase that has a crystallographic
structural analogue (magnetite, Fe3O4) in the Fe-O system. Several synthetic and
mineralogical papers in the late 1950s and early 1960s preceded a full mineralogical
description of greigite by Skinner et al. [1964SKI/ERD]. The role of greigite as an
intermediate in the conversion of mackinawite to pyrite has attracted considerable
interest ([2007HUN/BEN], [2005RIC/MOR], [2007RIC/LUT], and references therein).
Its magnetic properties have been investigated in detail ([2011ROB/CHA] and
references therein), and several reviews describe its structure and physicochemical
properties (e.g., [1970WAR], [1976POW/FIN], [2005RIC/MOR], [2007RIC/LUT], and
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references therein). Greigite is cubic: Fd3m, with the unit-cell dimension a0 = 0.9876
nm,1 Z = 8 (assuming the nominal composition Fe3S4), ρcalc ≈ 4.08 g·cm-3
[1964SKI/ERD].
The compositional range of greigite is difficult to establish, because it is
usually fine-grained and rarely pure. Synthetic material typically contains other iron
sulfides [1964BER], [2007RIC/LUT], while natural greigite is often mixed with
oxyhydroxides and other sedimentary minerals, and may also contain small quantities of
Co, Ni, and Cu in solid solution [1964SKI/ERD], [2005RIC/MOR], [2007RIC/LUT].
Analogy with the magnetite-maghemite system suggests that composition could vary
from Fe3S4 to Fe2S3 (Fe2.667S4), whereas reported greigite compositions range from
Fe2.83S4 to Fe3.11S4 [2007RIC/LUT].
The difficulty of procuring pure greigite has so far prevented any heat-capacity
and enthalpy measurements. It is ferrimagnetic [1972SPE/COE], [1992HOF],
[1995ROB], [2011ROB/CHA], but thermal decomposition and/or air oxidation prevent
measurement of the Curie temperature, for which estimates vary from 543 to 800 K
([1992HOF], [2011ROB/CHA], [2011WAN/CAO] and references therein). A recent
measurement of TC = 677 K was reported by Wang et al. [2011WAN/CAO]. The heatcapacity curve of greigite would be expected, like those of pyrrhotites, to show a large
λ-type anomaly with a peak at the Curie temperature. There is no indication of a lowtemperature Verwey (Fe2+/Fe3+ order/disorder) transition of the type observed for
magnetite (see TDB-Iron Part 1, Section VII.2.7.1.1).
Berner reported a short series of solubility measurements on synthetic greigite
[1967BER2]. By limiting the amount of air access to the synthesis solutions, he was
able to obtain small quantities of fairly pure greigite, free of pyrite, which yielded seven
solubility measurements based on precipitation (i.e., from above saturation) at pH 2.92
to 2.99, and two measurements based on dissolution (from below saturation) at pH 4.01
and 4.04.
Berner interpreted his data in terms of the (metastable) solubility equilibrium:

Fe3S4 (s)

3Fe2+ (aq) + 3S2- (aq) + S(s)

(IX.5)

Because of difficulty defining the properties of S2−(aq), Rickard and Luther
[2007RIC/LUT] re-interpreted Berner’s measurements in terms of the alternative
equation:

Fe3S4 (s) +3H+ (aq)

3Fe2+ (aq) + 3HS (aq) + S(s)

(IX.6)

for which they obtained log10K = − 12.84, whence, using values of  f G (HS−, aq) =
+12.2 kJ·mol-1 and  f Gmo (Fe2+, aq) = − 90.53 kJ·mol-1, they obtained  f Gmo (Fe3S4, cr)
= − 308.30 kJ·mol-1. Substituting the TDB recommended value of  f Gmo (Fe2+, aq) =
o
m

1

Reported values of a0 for synthetic material vary from 0.981 to 0.990 nm [1972SPE/COE], [1992HOF].
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− (90.719 ± 0.641) kJ·mol-1, the TDB auxiliary value of  f Gmo (HS−, aq) =
(12.243 ± 2.115) kJ·mol-1, and including a 2σ value of 0.75 in log10K (based on the
variation found by Berner), yields a value  f Gmo (Fe3S4, cr) = − (308.7 ± 7.9) kJ·mol-1.
Berner’s unconfirmed assumption that orthorhombic sulfur is one of the
solubility-controlling phases, plus the very fine-grained nature of the greigite and the
possible contribution from mackinawite impurity [2007RIC/LUT], indicate that the
uncertainty in this Gibbs energy value may be somewhat larger, and the following value
is therefore recommended:

 f Gmo (Fe3S4, cr) = − (309 ± 10) kJ·mol-1.
This value indicates that greigite is metastable, with  f Gmo = − (58 ± 12) kJ·mol-1 for the
disproportionation Reaction (IX.7):

8 Fe S (cr, monoclinic pyrrhotite)  2 FeS (cr, pyrite) (IX.7)
2
3 0.875
3
based on the data recommended in this review for pyrite and monoclinic pyrrhotite.
Walker et al. [1996WAL/STE] obtained an experimental heat of oxidation of greigite
(to α-Fe2O3 and SO2) of approximately – 2100 kJ∙mol-1, from which they estimated
f H mo (Fe3S4, cr, greigite, 298.15 K) = – 320 kJ∙mol-1. No uncertainty estimate is given,
but it would evidently be quite large, because the heat of oxidation was corrected for
~ 37 % pyrite (FeS2) but not for ~ 5 % elemental sulfur in the greigite.
Fe3S4 (cr, greigite)

IX.1.1.1.4.5

Marcasite (orthorhombic FeS2)

Marcasite is less abundant in nature than its stable dimorph, pyrite, and conditions for
its synthesis are somewhat limited, as discussed below. It crystallises in the
orthorhombic space group: Pnnm, with the unit-cell dimensions a0 = 0.4436, b0 =
0.5414, c0 = 0.3381 nm, Z = 2 [1995SMY/COR], [1973BRO/KJE]. The nearestneighbour geometry is the same as in pyrite, with 6-coordination of Fe by S atoms,
while each S of the S2 moiety is coordinated to three Fe atoms. The theoretical density
is lower, however (4.91 vs 5.01 g·cm-3), and the network topology is different: pyrite
can be described in terms of interlocking Fe2S3 rings, whereas marcasite consists of
equal numbers of Fe2S2 and Fe2S4 rings [1980TAY]. This means that conversion of
marcasite to pyrite is a reconstructive transformation requiring either an aqueous
medium or relatively high temperatures, i.e., near 700 K on an experimental time-scale
([1976GRO/WES] and references therein). Slight deviations from the ideal
stoichiometry FeS2, as compiled for example by Buerger [1934BUE], may provide
clues to formation conditions but not to structural or thermochemical essentials.
Marcasite has not been obtained by dry synthesis methods; in aqueous media
its formation is favoured over a limited range of acidic conditions and relatively low
temperatures, but even then it is commonly formed together with pyrite or other iron
sulfides, [1964BER], [1979SHO/RUM], [1991SCH/BAR], [1991STA/GOL]. It can be
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synthesised in the most favourable acidic media at temperatures up to 473.15 K
[1991STA/GOL] or at even higher temperatures [1991SCH/BAR]. Its non-appearance
in dry and hydrothermal phase-equilibrium studies [1964TOU/BAR], [1973RIS],
[1982KIS/SCO], and limited conditions of formation in aqueous media, all point to it
being either metastable or, at best, stable only at low temperatures. The heat-capacity
measurements of Grønvold and Westrum, as discussed in Sections IX.1.1.1.4.5.1 and
IX.1.1.1.4.5.2 and in Appendix A, provide convincing evidence that marcasite is
metastable with respect to pyrite at all temperatures [1976GRO/WES]. This is
consistent with the conclusion of Schoonen and Barnes [1991SCH/BAR] that, while
marcasite may sometimes be formed in hydrothermal reactions above 623.15 K, it can
persist on a geological time-scale only below 433.15 K ([1991SCH/BAR] and
references therein).

IX.1.1.1.4.5.1 Heat capacity and entropy of marcasite
The thermal properties of marcasite, as determined by Grønvold and Westrum at
temperatures from 5 to 700 K [1976GRO/WES], are very similar to those of pyrite, with
marcasite having slightly higher heat-capacity and entropy values than pyrite at all
temperatures. As with pyrite, there are no major thermal anomalies for marcasite
between 5 and 700 K [1976GRO/WES]. The following heat-capacity and entropy
values are recommended (see Appendix A entry for [1976GRO/WES]).
C po ,m (FeS2, cr, marcasite, 298.15 K) = (62.66 ± 0.40) J·K-1·mol-1,

S mo (FeS2, cr, marcasite, 298.15 K) = (53.92 ± 0.41) J·K-1·mol-1.
The following expression represents heat-capacity values for marcasite from 298.15 to
700 K.
K
-1
-1
-2
[C po ,m ]700
298.15 K (FeS2, cr, marcasite, T)/J·K ·mol = 2.30381×10 (T/K) +
3
-1
6
-2
54.2006 + 7.50054×10 (T/K) − 2.09551×10 (T/K) .

The maximum deviation between this expression and the experimental C po ,m values is
0.48 J·K-1·mol-1. Appropriate integration yields enthalpy and entropy increments above
298.15 K within ± 20 J·mol-1 and ± 0.06 J·K-1·mol-1, respectively, of the smoothed
values for marcasite at temperatures from 298.15 to 700 K in Table 2 of
[1976GRO/WES]. All of the above values and expressions are corrected for the
estimated (6.5 ± 2.5) percent pyrite impurity (by mass) in the marcasite specimen used
for the heat-capacity measurements [1976GRO/WES]. This adjustment is very small,
because of the identical composition and similar thermal properties of marcasite and
pyrite. No correction was made for the small quantity of Pb impurity (~ 0.2 percent by
mass; chemical form unknown but likely PbS).
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IX.1.1.1.4.5.2 Enthalpy of formation of marcasite
There appear to be no accurate, direct measurements of the enthalpies of formation or
combustion of marcasite. Early calorimetric studies on the combustion of pyrite and
marcasite, and on their reaction with sodium peroxide (Na 2O2), did not reveal any
significant enthalpy difference between these two forms of FeS 2 ([1913MIX] and
references therein), although one more recent study indicated a difference as high as
about 23 kJ∙mol-1 [1942LIP/USK]. The uncertainty in absolute enthalpy values was,
however, evidently large because of the undefined reaction products. For example,
Mixter obtained a heat of formation (presumably near 298 K) of – 148.5 kJ∙mol-1 for
both phases [1913MIX], which is about 25 kJ∙mol-1 less negative than current values for
f H mo (FeS2, cr, pyrite, 298.15 K), as discussed in Section IX.1.1.1.3.2. Other
contemporary evidence cited by Mixter [1913MIX] indicated that pyrite is the more
stable of the two phases, albeit by a small margin.
During heat-capacity measurements on marcasite, Grønvold and Westrum
detected the onset of exothermic conversion of marcasite to pyrite at 700 K, and found
that it was essentially complete after 4 h at 750 K [1976GRO/WES].
FeS2 (cr, marcasite)

FeS2 (cr, pyrite)

(IX.8)

Assessment of their measurements in the Appendix A entry for [1976GRO/WES]
yielded the following value for the enthalpy of this reaction.

 r H mo (FeS2, cr, marcasite → pyrite, 298.15 K) = − (4.2 ± 0.3) kJ·mol-1.
In combination with the value of f H mo (FeS2(cr, pyrite)) =
– (173.63 ± 2.36) kJ·mol-1, recommended in Section IX.1.1.1.3.2, this yields the
following recommended enthalpy of formation for marcasite.

f H mo (FeS2, cr, marcasite, 298.15 K) = – (169.43 ± 2.38) kJ·mol-1.

IX.1.1.1.5 Other reported iron sulfides
IX.1.1.1.5.1

Ferric sulfide, Fe2S3, and its derivatives

Ward commented that the existence of Fe 2S3 “has been repeatedly asserted and at least
as often disputed” [1970WAR]. He cited several then-recent reports of syntheses, partly
supported by XRD and Mößbauer spectroscopic data, but concluded: “[…] the time is
not yet ripe for reviewing the subject, but it is hoped [...] that a few well-established
compounds may finally emerge”. Power and Fine cited two additional 1973 references
claiming synthesis of Fe2S3 [1976POW/FIN], but 30 years later, little further progress
had been made [2007RIC/LUT]. Thus, fully characterised material, and hence
thermodynamic data, have yet to be documented for this composition. If it exists at all,
Fe2S3 is almost certainly metastable with respect to disproportionation to pyrite and
monoclinic pyrrhotite, given its absence from numerous careful phase-equilibrium
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studies in the Fe-S system. Because the existence of Fe2S3(cr) is not soundly
established, any literature values for its thermodynamic properties, such as the enthalpy
of formation given by [1963BOU/BRE], are considered by the current reviewer to be
dubious.
In contrast to the difficulty of obtaining pure Fe(III) sulfide, as noted by
Rickard and Luther [2007RIC/LUT], alkali-metal iron(III) sulfides, such as
MFeS2∙xH2O (M = Na, K, Rb, Cs; 0 ≤ x ≤ 2), are easily prepared in alkaline sulfide
solutions, though of limited thermal stability [1978TAY/SHO]. They also occur in
nature as minerals such as erdite, NaFeS2∙2H2O [1980CZA/LEO], but apparently lack
thermodynamic characterisation. The principal structural feature is a linear, polymeric
FeSn
2n anion consisting of edge-sharing FeS4 tetrahedra [1980KON/EVA]. Details of
these and other ternary iron sulfides, such as thio-spinels (apart from greigite, Section
IX.1.1.1.4.4), are beyond the scope of this review.
IX.1.1.1.5.2

Nickel-free pentlandite, Fe9S8

While the original misidentification of tetragonal FeS as cubic Fe9S8 has been noted
elsewhere in this review, the reported formation of cubic Fe 9S8 as a thin film by a flashevaporation/vacuum-deposition technique may be valid, but characterisation is limited
[1973NAK/OSA], [1976POW/FIN].

IX.1.1.1.5.3

High-pressure phases

This topic is discussed only briefly here, because it is beyond the normal scope of TDB
reviews. Phase relationships in the Fe-S system at extreme pressures have attracted
attention in part because of their possible relevance to the physics and chemistry of
planetary
interiors
[1997FEI/BER],
[2001KAV/DUF],
[2004URA/SOM],
[2008MOR/AND], [2008ONO/OGA], [2010KAM/TER]. Five polymorphs of FeS have
been identified experimentally, and their densities and P-T boundaries have been
determined, at pressures up to 35 GPa and temperatures up to 2200 K [1997KUS/SYO],
[2001KAV/DUF], [2004URA/SOM]. These phases are denoted FeS I (troilite) to
FeS V; all are variants of the closely related NiAs and MnP structure types
[1973SEL/KJE], including the three that exist at different temperature ranges at ambient
pressure (see Section IX.1.1.1.1). Ab initio calculations at still higher pressures indicate
the possible existence of a further MnP-type variant (FeS VI) at 40 to 135 GPa and a
distorted NaCl-type structure (FeS VII) at 135 to 400 GPa [2008ONO/OGA].
A phase with the composition Fe3S is an important feature of the Fe-FeS
subsystem at pressures above ~ 8 GPa and it, too, has been studied by scientists
interested in planetary core physics and chemistry [2010KAM/TER], [2011SAK/OHT].
XRD studies have shown that Fe3S and ε-Fe coexist stably up to 220 GPa and 3300 K,
while the solubility of S in Fe increases from near-negligible levels under ambient
conditions to xS ≈ 0.08 at 86 GPa and 2200 K [2010KAM/TER]. An Fe3S2 phase has
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also been claimed but apparently not confirmed in the Fe-FeS system at 14 GPa
[1997FEI/BER].
Mackinawite undergoes an irreversible phase transition to FeS (II), an
antiferromagnetic variant of the MnP structure type (see above) at ~ 3 GPa, the
transition being induced by the closure of the van der Waals gap in the layered
mackinawite structure ([2009EHM/MIC]; see Section IX.1.1.1.4.1). A high-pressure
XRD study of pyrite and marcasite did not reveal any phase transitions at pressures up
to 34 GPa [1985CHA/SCH].

IX.1.1.1.5.4

Obsolete and erroneous nomenclature

The following information was gleaned mainly from the reviews by Ward [1970WAR],
Power and Fine [1976POW/FIN], and Rickard and Luther [2007RIC/LUT]. The iron
sulfide corrosion product named kansite is identical with mackinawite (tetragonal FeS).
Hydrotroilite, often described as “hydrous iron sulfide”, especially in earlier literature
[1940LAU/WOO], is apparently poorly crystallised mackinawite; other terms for this
material include “precipitated FeS” and, misleadingly, “amorphous FeS”. Mackinawite
also appears to have been misidentified in the past as valleriite, a complex mineral with
a
layered
crystal
structure
of
variable
composition,
nominally
4(Fe,Cu)S‧3(Mg,Al)(OH)2 [2017MUC]. Melnikovite is normally synonymous with
greigite, although the name was originally coined for a variant of FeS2 [1966RAD].

IX.1.2 Iron sulfates (also see Section IX.1.2 in TDB-Iron Part 1)
IX.1.2.1

Iron sulfate compounds (also see Section IX.1.2.2 in TDB-Iron Part 1)

IX.1.2.1.1 Iron(II) sulfate hydrates (also see Section IX.1.2.2.2 in TDB-Iron Part 1)
Thermodynamic models for the systems FeSO 4 - H 2 O (271.15 to 493.15 K) and
FeSO4 -H 2 O-H 2SO4 (273.15 to 373.15 K, 0 to 10 mol·kg-1 H 2SO 4 ) have been
developed by Kobylin et al. [2011KOB/SIP], [2012KOB/SIP]. Grevel and Majzlan
[2011GRE/MAJ] also have published a detailed discussion of the relationship of the
chemical thermodynamic properties of the iron(II) sulfate hydrates, FeSO4 ·H2 O(cr) ,
FeSO4 ·4H 2 O(cr) , and FeSO4 ·7H 2 O(cr) . In general the conclusions of the latter
assessment (cf. Appendix A for a comparison) are similar to what was published in
TDB-Iron Part 1 [2013LEM/BER]. In all these new reviews no new experimental data
have been reported, and in each case the iron(II) sulfate system is considered in
isolation from any re-evaluation of the chemical thermodynamic quantities of other iron
species. This is a key weakness, and different from the procedure used by Parker and
Khodakovskii [1995PAR/KHO] and in the TDB assessment (e.g., [2013LEM/BER],
Chapter XI).
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A recent publication [2007WAN/DEB] does provide experimental results of
another thermogravimetric and differential scanning calorimetry study for
FeSO4 ·7H 2 O(cr) between 273 and 623 K but, as discussed in Appendix A, this and
similar studies provide only crude estimates of values for the enthalpies for the
dehydration steps. In the present volume no modifications have been made to the values
selected for the chemical thermodynamic quantities of the iron(II) sulfate hydrates in
TDB-Iron Part 1 [2013LEM/BER].

IX.1.2.1.2 Hydrated iron(III) sulfates and other solids in the Fe2O3-SO3-H2O
system (also see Section IX.1.2.2.4 in TDB-Iron Part 1)
Over the last few years there has been increased interest in compounds formed in this
system. The previously undescribed hydrate Fe2 (SO4 )3·3H 2 O (cr) has been prepared
under hydrothermal conditions [2011XU/PAR]. Also, two more acid sulfates have been
reported, H3OFe(SO4 )2 (cr) [2009PET/VAL], [2010XU/PAR], obtained by dehydration
of rhomboclase ( (H5 O2 )Fe(SO4 )2 ·2H2 O (cr) ), and Fe2 (SO4 )3·H2SO4 ·28H2 O (cr)
[2013HEN/ZUR], [2013SCH/HEN], which was isolated from Fe2 (SO4 )3 -H 2 O-H 2SO4
solutions. Also, using single-crystal X-ray diffraction Majzlan et al. [2010MAJ/DOR]
have established that coquimbite and paracoquimbite are not polymorphs. In general;
coquimbite incorporates aluminium. Paracoquimbite is found if the amount of
aluminium in “ Fe2 (SO4 )3·9H 2 O ” is small, whereas the coquimbite structure is taken
on as the composition approaches Fe1.5 Al0.5 (SO4 )3·9H 2 O .
Ackermann et al. [2009ACK/LAZ] used acid-solution calorimetry (5 mol·dm-3
aqueous HCl) to determine enthalpy of formation values for kornelite
( Fe2 (SO4 )3 ~7.75H 2 O (cr) ) and paracoquimbite (Fe2 (SO4 )3·9H 2 O (cr)) . Based on
single-crystal diffraction experiments, the stoichiometry of the kornelite sample actually
was Fe2 (SO4 )3·7.53H2 O . The procedures were similar to those used in earlier studies
with Fe2 (SO4 )3 (cr) [2005MAJ/NAV] and Fe2 (SO4 )3·5.03H 2 O (cr) [2006MAJ/NAV]
(as discussed in TDB-Iron Part 1). After recalculation using TDB-consistent auxiliary
data (cf. Appendix A), the following values are obtained and selected:

Δf H mo ( Fe2 (SO4 )3·7.53H2 O , cr, 298.15 K) = – (4852.29 ± 5.71) kJ·mol-1,

Δf H mo ( Fe2 (SO4 )3·9H 2 O , cr, 298.15 K) = – (5294.52 ± 5.76) kJ·mol-1.
Papers have been published that describe the approaches to equilibrium
boundary conditions between several Fe2 (SO4 )3 hydrates and, in some cases, between
the solids and their saturated aqueous solutions [2009XU/TOS], [2011KON/WAN],
[2012WAN/LIN] for different ranges of temperature and relative humidity. Such studies
are difficult to carry out because of the complexity of the system, the slow approach to
equilibrium, the formation of metastable solids, and the high solute solubilities and
solution viscosities. In most cases the different solids were identified by X-ray
diffraction or Raman spectroscopy. Changes in overall composition sometimes have
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been judged by the mass of water lost from mixed solids during the approach to
equilibrium. The work of Wang et al. [2012WAN/LIN] provides a good summary of the
complexities of transformation (over four years) of kornelite, crystalline and amorphous
iron(III) sulfate pentahydrate, rhomboclase (an acidic sulfate) and ferricopiapite (a basic
sulfate) as a function of time, temperature (278 to 323 K) and relative humidity (6 to
100 %). There also has been a preliminary report on transformation reactions between
basic iron(III) sulfates [2013LU/WAN]. However, primarily because of the difficulty in
isolating and separating the small amounts of solids, the equilibration-experiment
samples, unlike the samples used in the calorimetry experiments [2003MAJ/NAV],
[2005MAJ/NAV], [2006MAJ/NAV], [2009ACK/LAZ], were not subjected to detailed
elemental analysis.
The study of Kong et al. [2011KON/WAN] established (cf. Appendix A) that
an assemblage of iron(III) sulfate pentahydrate with kornelite was close to equilibrium
at 308.95 K and 54.32 % relative humidity and at 329.35 K and 63.62 % relative
humidity. Neglecting heat-capacity terms, their results can be used to determine an
average value (308.95 to 329.35 K) of – 49.8 kJ·mol-1 for rH(IX.9)/n
iron(III) sulfate pentahydrate + nH2O(g)

kornelite .

(IX.9)

Again neglecting the temperature dependence of rH(IX.9)/n, the difference in
the enthalpies of formation of iron(III) sulfate pentahydrate and kornelite is – 291.6
kJ·mol-1 per water of hydration. This is in fair agreement with – 294.7 kJ·mol-1 per
water of hydration based on the calorimetric studies of Fe2 (SO4 )3·5.03H 2 O (cr)
[2006MAJ/NAV] and Fe2 (SO4 )3·7.53H 2 O (cr) [2009ACK/LAZ] and the discussion of
the latter paper in Appendix A.

IX.1.3 Iron sulfites
IX.1.3.1

Aqueous iron(III) sulfite complex formation

Raman spectral evidence based on the significant downward shift of the S-O stretching
vibration to 938 cm-1 at relatively high Fe(III):S(IV) concentrations was considered as
being evidence of Fe-O rather than Fe-S bonding by analogy with complexes of other
first-row transition metal ions [1988CON/HOF]. Conklin and Hoffmann also observed
that ligand substitution reactions are generally controlled by the water-exchange rate
with the central metal ion that in the case of Fe3+ is relatively slow with kex = 160 s-1.
This exchange rate is within the timeframe of a stopped-flow spectrophotometric
measurement. Such kinetic studies [1998LEN/FAB], [2002LEN/FAB] of the interaction
of aqueous iron(III) and sulfite (Ic = 1.0, NaClO4, at 283.15 and 298.15 K) involved
analysis of the kinetic data [1998LEN/FAB], and deconvolution of the spectra
[2002LEN/FAB]
to
identify
the
presence
of
and
Fe(H2O)5SO3
3
Fe2 (H2O)8 (-OH)(-SO3 ) . The rate-determining redox decomposition reaction
involved the dissociation of the sulfitoiron(III) complex to form a sulfite radical which
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was rapidly oxidised by Fe(OH2 )36 . Analysis of the kinetic data led to a
log10*Kc(IX.10) value of (0.13 ± 0.05) at 298.15 K and Ic = 1.0 (NaClO4)
[2002LEN/FAB] (cf. log10*Kc(IX.10) < 0.4 [1971CAR3]). The molar decadic
absorbance of Fe(H2O)5SO3 needed to extract this constant was given as (49.2 ± 3.4)
m2·mol-1 at 430 nm.

Fe(H2O)36 + HSO3

Fe(H2O)5SO3  H+

(IX.10)

A combination of log10 *Kc (IX.10) and log10 Kc,2 ( HSO3
H+ + SO32 ) taken from
Lente’s PhD thesis [2001LEN], led to log10 K c (IX.11) = 6.48 at 298.15 K and Ic = 1.0
(NaClO4) (cf. log10 K o (IX.11) = 6.85 at 298.15 K proposed by Betterton [1993BET] for
one of two reaction schemes).

Fe(H2O)36 + SO32

Fe(H2O)5SO3  H2 O(l)

(IX.11)

Betterton [1993BET] also proposed the formation of a hydrogensulfitoiron(III) complex
with a log10 K1o value of 1.74 at 298.15 K (refers to K7 in [1993BET]), but this review
considers it highly improbable that this species has measurable stability (see
Appendix A).
In their earlier paper [1998LEN/FAB], Lente and Fábián used solutions with
excess iron(III) over S(IV) (whereas all experiments from other laboratories contained
solutions with excess S(IV)), and reported the slower kinetics of sulfite uptake to form
Fe2 (H2O)8 ( -OH)( -SO3 )3 according to Reaction (IX.12):

Fe2 (H2O)8 (-OH)24  HSO3

Fe2 (H2O)8 (-OH)(-SO3 )3  H2O(l)

(IX.12)

They reported log10 K c (IX.12) = (3.37 ± 0.16), derived from their data at 430 nm,
283.15 K and Ic = 1.0 (NaClO4). On the basis of their treatment of the kinetic data,
which led to the recognition of the importance of the Fe2 (H2 O)8 ( -OH)( -SO3 )3
species in the overall speciation scheme, they suggested that the results of previous
studies [1971CAR3], [1988CON/HOF], [1989KRA/ELD], [1989KRA/ELD2],
[1993BET] should be re-evaluated by incorporating this dimer into their reaction
schemes. However, the slow rate of decomposition of the dimer means that it does not
contribute significantly to the rate law for sulfite oxidation, which in fact is controlled
by the intramolecular electron-exchange reaction within the Fe(H2O)5SO3 complex to
form a sulfite radical, and that species in turn reacts rapidly with Fe(H2O)36 to form
sulfate [2002LEN/FAB]. Certainly, the contention of van Eldik and others that the
kinetics of reaction {Fe(H2O)5OH2  HSO3 / SO32 } are much faster than those of
{Fe(H2O)36  HSO3 / SO32 } appears to be fully justified and contradicts the earlier
finding in [1988CON/HOF]. It should be noted that Cavasino [1968CAV] earlier
carried out a similar study of the rapid kinetics of complexation of Fe(III) by sulfate that
also demonstrated the greater lability of Fe(H2 O)5OH2 compared to Fe(H2O)36 . Of
course, this system does not involve the possibility of linkage isomerisation.
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Of the earlier studies, Kraft and van Eldik [1989KRA/ELD],
[1989KRA/ELD2] provided the most detailed analysis of their stopped-flow and rapidscan spectrophotometric and FTIR data. These experiments were conducted from 286 to
313 K with cFetotal at (0.25-6) × 10-3, cS(IV) at (0.5-30) × 10-3, pH from 1.3 to 2.9, and Ic =
0.1 (NaClO4), i.e., cS(IV) > cFetotal . From their proposed reaction mechanism, in which the
sulfite complexes were considered to be S-bonded,1 the following reaction scheme and
formation constants (298 K values) were proposed:

Fe(H2O)36

Fe(H2O)5OH2  H+ ,

2


3

Fe(H2 O)5OH  HSO

*

Kc = 0.0064

(IX.13)

cis-Fe(H2 O)4 OH(SO3 )(aq)  H  H2 O(l) ,
+

*

Kc = (600 ± 30)

(IX.14)

cis-Fe(H2O)4OH(SO3 )(aq)  H+

3


3

Fe(H2 O)5SO  HSO

Fe(H2O)5SO3

3 2

(IX.15)

trans-Fe(H2O)4 (SO )  H  H2O(l) ,
+

*

Kc = (205 ± 20)

(IX.16)

cis-Fe(H2O)4OH(SO3 )(aq)  HSO3

cis-Fe(H2O)4 (SO3 )2  H2O(l) ,

Kc = (40 ± 20)

(IX.17)

3 2


3

trans-Fe(H2O)4 (SO )  HSO

3
3 3

Fe(H2O)3 (SO )  H  H2O(l) ,
+

*

Kc = (53 ± 8)

(IX.18)

cis-Fe(H2O)4 (SO3 )2  HSO3

Fe(H2O)3 (SO3 )33  H+ +H2O(l) ,

*

Kc = (650 ± 150)

(IX.19)

Prinsloo et al. [1997PRI/BRA] presented new spectrophotometric data to support the
above reaction scheme although this review considers that the selected treatment of
their data was not justified. The following formation constants with statistical 2σ
uncertainties under the same experimental conditions were calculated by this review cf.
the Appendix A entry for [1997PRI/BRA]:

Fe(H2O)5OH2  HSO3

Fe(H2O)5SO3  H2O(l) , Kc,1 = (710 ± 510)

Fe(H2 O)5SO3  HSO3

(IX.20)

Fe(H2O)4 (SO3 )2  H2O(l)  H , Kc,2 = (420 ± 340) (IX.21)

Fe(H2 O)4 (SO3 )2  HSO3

Fe(H2 O)3 (SO3 )33  H+  H2O(l), Kc,3 = (160 ± 70) (IX.22)

In their second paper [1989KRA/ELD2], the authors included other Fe(III) and
S(IV) hydrolysis species, but the reaction scheme and the formation constants were
essentially the same. An increase in the number of sulfite ligands destabilised the
complex with respect to reduction to Fe(II), so that the half-life of the Fe(H2 O)3 (SO3 )33
species was only 5 to 10 s. The presence of dissolved oxygen causes rapid oxidation of
1

Note, however, that sulfite ions are linked to iron by Fe-O coordination in the crystal structure of αFeSO3·3H2O [1979JOH/LIN].
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Fe(H2O)5OH to Fe(III), rendering it a true catalyst. The overall general rate law is
 dcS(IV) / dt  kcFe(III) cSO2 , with the overall rate constant k = (1.2 ± 0.3) × 106
3
dm-3∙mol·s-1 at 293 K over the pH range 0 to 5. A later paper from the same laboratory
[1997PRI/BRA] claimed that, because Betterton’s measurements [1993BET] were
made after 160 ms, this did not allow him to distinguish between the different
complexation steps. This statement is difficult to rationalise in that Betterton varied the
sulfite concentration, 0.005 ≤ cS(IV) total ≤ 0.10, at lower total iron(III) concentrations
which should have favoured the formation of the higher-order complexes reported by
van Eldik and coworkers.
Notwithstanding
the
suggested
importance
of
the
additional
Fe2 (H2O)8 ( -OH)( -SO3 )3 dimeric species to the above reaction scheme, it must be
remembered that none of these complexes has been isolated and their existence is
predicated by complicated analyses of spectral and kinetic data that have not been
verified. Therefore, none of the formation constants derived from these studies can be
selected or recommended in the present review.
IX.1.3.2

Iron (II) sulfite solids

Several iron(II) sulfites have been characterised: FeSO3 (cr) [1980BUG/CAR],
FeSO3·2½H2 O(cr)
FeSO3  2H2 O(cr)
[1981LUT/ECK],
[1980JOH/LJU],
[1981LUT/ECK], α-FeSO3  3H 2 O(cr) [1979JOH/LIN], [1981LUT/ECK], and
γ-FeSO3  3H2 O(cr) [1981LUT/ECK]. Also, Margulis et al. [1981MAR/ROD] reported
solubilities of an iron sulfite, FeSO3·1½H 2 O(s) for temperatures from 293 to 353 K;
however, as discussed in Appendix A, the experimental conditions were inadequately
specified to allow a reliable Δ f Gmo value to be calculated for the solid. Linkson
[1982LIN] reported a solubility approximately an order of magnitude lower, based on
measurements using a freshly precipitated solid, possibly in the presence of excess
sulfite. No other credible chemical thermodynamic quantities appear to have been
reported for these compounds.

IX.1.3.3

Iron hydroxidosulfite (“green rust”)

Properties of a “green rust one” sulfite compound [1997SIM/GEN], [1998SIM/REF]
have been reported, including voltametric measurements of the electrochemical
potential at which suspensions of Fe(OH) 2 are oxidised in aqueous sulfite solutions
[1997SIM/GEN]. The sulfite “green rust one” is metastable [1998SIM/REF], and is
oxidised to the sulfate-containing “green rust two” (cf. TDB-Iron Part 1, Section
IX.1.2.2.6) before further oxidation to a mixture of γ-FeOOH(cr) and α-FeOOH(cr)
[1997SIM/GEN] (cf. Appendix A). The electrochemical studies indicate that for

8Fe(OH)2 (s)  SO32  2H  mH2 O(l)
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(FeIII )2 (FeII )6 (OH)16SO3  mH 2 O(s)  ½H 2 (g)
Δ f G (IX.23) is – (111.9 ± 5.8) kJ·mol-1 at 298.15 K. Any calculated value of
Δf Gmo ((FeIII )2 (FeII )6 (OH)16 SO3·nH2 O(s)) depends on the value used for
Δf Gmo (Fe(OH)2 , s) . However, samples of Fe(OH)2(s) are difficult to characterise and a
wide range of values of Δ f Gmo (Fe  OH 2 , s) has been found (TDB-Iron Part 1, Section
VII.2.18.1). In the present review no values are selected for the thermodynamic
quantities of the “green rust” hydroxidosulfite.

IX.2

Selenium compounds and complexes

IX.2.1 Iron selenide solids
This section updates and expands the previous review of thermodynamic properties of
iron selenides in the TDB selenium review [2005OLI/NOL]. The large number of metal
selenide systems treated in that volume necessitated a relatively terse approach to
reviewing individual systems, and Appendix A entries for key iron selenide papers were
not included. The overall structure of the current review follows the same sequence of
individual phases as in Section V.11.3.1 of [2005OLI/NOL]. It includes several
additions and revisions to the recommended thermodynamic values, and some
information on the crystallography and geochemistry of iron selenides, while new
entries for key papers are given in Appendix A.

IX.2.1.1

Comparison of the Fe-Se and Fe-S systems: structure and mineralogy

The iron-selenium phase diagram, as reviewed by Okamoto [1990OKA], is reproduced
in Figure IX-6. There are several structural parallels, but far from complete analogy,
with the iron-sulfur system (see Section IX.1.1.1.1). Most importantly, there is no
stable, stoichiometric FeSe phase below 730 K. Instead, an iron-rich phase with the
approximate composition Fe1.042Se (FeSe0.96), isostructural with mackinawite (tetragonal
FeS or anti-PbO-type structure; β iron monoselenide in the discussion below) is stable.
The iron-deficient δ phase, Fe1-xSe, analogous to pyrrhotite (NiAs structure type; see
Section IX.1.1.1.2) is limited to compositions near Fe7Se8 at low temperatures, but
extends over a much wider range of compositions above about 650 K. The composition
Fe0.92Se melts congruently at 1348 K [1990OKA]. There are no known selenide
analogues of troilite (low-temperature, stoichiometric FeS) or the various ordered,
hexagonal pyrrhotites such as Fe9S11 and Fe11S12 (see Section IX.1.1.1.2.2); however,
there is exact structural analogy between the 3C and 4C superstructure variants of
Fe7Se8 and Fe7S8, (see Section IX.1.1.1.2.3) except that the low-temperature, 4C
modification of Fe7Se8 has triclinic rather than monoclinic symmetry [1961OKA],
[1979PAR/NAK], [1999KOB/NOZ]. An account of the direct synthesis of β iron
monoselenide from the elements, including the sequential, intermediate formation of
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higher selenides (evidently under kinetic/mass-transfer control), was provided by Grivel
et al. [2011GRI/WUL]. This provides some insight into the difficulties of preparing
phase-pure specimens of pyrrhotites, including troilite, in the Fe-S system (see, e.g.,
Sections IX.1.1.1.1 and IX.1.1.1.2.1), as well as the general difficulty of measuring
directly the enthalpies of formation for Fe-X compounds (X = O, S, Se, Te).
The γ iron-selenide phase has a narrow composition range near Fe3Se4 at
ambient temperature, and a more extensive solid-solution range at higher temperatures,
up to about 1000 K. It is not structurally analogous to greigite (cubic Fe 3S4, see Section
IX.1.1.1.4.4), but instead is derived from the NiAs structure [1956OKA/HIR],
[1970AND/LAA]. Iron diselenide is structurally analogous to FeS 2, with pyrite- and
marcasite-like forms, but their relative stability is reversed, with the marcasite form
being stable up to the decomposition temperature of 858 K (see Section IX.2.1.6). Solid
FeSe2 appears to have greater compositional variation (selenium deficiency) than FeS 2
at temperatures approaching this decomposition [1972SVE].

Figure IX-6: The Fe-Se phase diagram (after [1990OKA]). Reprinted from [1990OKA],
Copyright (1990), with permission from ASM International. Note that temperatures are
given in °C and compositions are expressed in weight percent and atomic percent
selenium. To convert atomic percent selenium to xSe, divide by 100.
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Magnetic properties of iron selenides are discussed briefly in Appendix A where they
pertain to interpretation of Cp anomalies [1959GRO/WES2], [1968GRO]. No
comprehensive review of these properties has been found during the current review, but
the magnetic properties of the NiAs-family phases have been investigated in some
detail, e.g., by Hirone and colleagues [1954HIR/MAE4], [1956HIR/CHI], Okazaki
[1961OKA], and Terzieff and Komarek [1978TER/KOM], [1978TER/KOM2]; there
are also numerous Mößbauer studies on these phases. Tetragonal Fe1+xSe and related
ternary selenides have recently attracted a great deal of attention for their lowtemperature superconducting properties, e.g., [2008HSU/LUO]. Herbel et al.
[2003HER/BLU] have reported the formation of “FeSe” mediated by certain seleniumreducing anaerobic bacteria.
Iron selenide minerals are much scarcer than iron sulfides. The best-known
mineral is ferroselite, the marcasite-type variant of FeSe2 [1956FLE], [1958KUL/DON],
[1959COL]. Its occurrence in oxidising uranium deposits [1977HOW] indicates it is a
potential minor alteration product that could limit the movement of radioactive 79Se in
high-level nuclear waste repositories. Rare occurrences of the pyrite variant of FeSe2
have been assigned the mineral name dzharkenite [1996JAM/KOV]. The mineral name
achavalite has been coined for a pyrrhotite-type iron selenide, nominally FeSe
([1972FRA], [1996SIM/ESS], and references therein).
There is limited information on solid-solution formation between isostructural
pairs of iron selenides and iron sulfides, e.g., [1972FRA], [1973RIS]. Reduced selenium
is often associated with pyrite (cubic FeS 2), but it is often difficult to distinguish
between incorporation in solid solution, adsorption, and separate precipitation of iron
selenide(s) [1987AUC/FOU], [2000BEL/CHE], [2003YAK/BEL], [2004KUL/PRA],
[2013CUR/AIM]. The substitution of tellurium in iron selenide has attracted some
attention in superconductor research [2014MOU/GRO].

IX.2.1.2

β iron monoselenide, ~ Fe1.04Se

This phase is tetragonal; representative values of the unit-cell dimensions are a = 0.3771
nm, c = 0.5521 nm at 293 K [1968GRO]; other researchers have reported slightly lower
values ([2008HSU/LUO] and references therein). By analogy with mackinawite, the
space group is probably P4/nmm, with Z = 2 [1995LEN/RED]; a phase transformation
at 105 K, with reduction of symmetry to triclinic below that temperature, has been
reported [2008HSU/LUO], but no associated heat effects have been detected
[1959GRO/WES2]. Different publications describe this phase as iron-rich (Fe1+xSe)
[1968GRO], [1979SCH/MIK] and selenium-deficient (FeSe1-y) [2008HSU/LUO]. The
iron-rich formula is used in several thermodynamic studies, including the TDB
selenium review [2005OLI/NOL], and is retained in this review. Calculated density
values, ρcalc, for Fe1.042Se assuming either an excess-Fe or Se-deficient structure are 5.80
g∙cm-3 and 5.57 g∙cm-3, respectively.
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The aqueous preparation and recrystallisation of metastable, stoichiometric,
tetragonal FeSe(cr) were described by Nitsche et al. [2012NIT/GOL]. Above ~ 570 K,
this substance decomposes irreversibly to the thermodynamically stable phase
assemblage, Fe1+xSe(cr, β) + Fe7Se8(cr, α). The reported characterisation of tetragonal
FeSe(cr) includes crystallographic analysis (a0 = 0.37790(1) nm, c0 = 0.55111(3) nm,
Z = 2, space group: P4/nmm) and preliminary magnetic measurements but no
thermodynamic data [2012NIT/GOL].
As in TDB-Selenium [2005OLI/NOL], the following values from the lowtemperature heat-capacity study by Grønvold and Westrum [1959GRO/WES2] have
been evaluated and are recommended:1

S mo (Fe1.042Se, β, 298.15 K) = (72.1 ± 0.8) J∙K-1∙mol-1,
C po , m (Fe1.042Se, β, 298.15 K) = (57.1 ± 0.7) J∙K-1∙mol-1.

A possible zero-point contribution to the entropy of up to 1.53 J∙K-1∙mol-1 is
discussed in the Appendix A entry for [1959GRO/WES2], but not applied here because
of the likelihood of some short-range vacancy ordering in the well-annealed and slowcooled specimen. The following temperature-dependent heat-capacity relationship,
derived previously [2005OLI/NOL] from Grønvold’s high-temperature measurements
[1968GRO] is also recommended:
K
-1
-1
-3
[C po ,m ]730
298.15 K (Fe1.042Se, β)/J∙K ∙mol = 56.22 + 23.176 × 10 (T/K) –

0.9700 × 10-6 (T/K)2 – 5.3429 × 105 (T/K)-2 .
Grønvold obtained f H mo (Fe1.042Se, β, 298.15 K) = − 69.6 kJ∙mol-1 from direct
heat-of-reaction measurements for a range of iron-selenium combinations at 1050 K
[1972GRO]. His estimated uncertainty for the calorimetric measurements was ± 0.6 %,
but the additional uncertainty in the thermal data to convert from 1050 to 298.15 K was
not included. In the TDB selenium review [2005OLI/NOL], a value of f H mo (Fe1.042Se,
β, 298.15 K) = − (69.6 ± 4.0) kJ∙mol-1 was recommended; recalculation during the
current review (see the Appendix A entry for [1972GRO]) yielded a marginally
different value of − (69.8 ± 4.0) kJ∙mol-1.
Piacente et al. [1992PIA/SCA] measured the decomposition pressure, pSe2 ,
over FeSe0.96 (δ′) at 1152 to 1203 K, and derived a standard sublimation enthalpy that
corresponds to f H mo (FeSe0.96, β, 298.15 K) = − (69.5 ± 0.2) kJ∙mol-1, which is
equivalent to f H mo (Fe1.042Se, β, 298.15 K) = − (72.4 ± 0.2) kJ∙mol-1. This value omits
the uncertainty in the ancillary thermal data, and appears to involve an extrapolation of
Grønvold’s [1968GRO] heat-capacity data for Fe1.042Se above 1050 K that does not
include a small enthalpy term for the peritectoid reaction to form FeSe 0.96(δ′) near
1

The precise composition Fe1.042Se is retained here from Grønvold and Westrum [1959GRO/WES2] to
avoid introducing rounding errors.
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1149 K [1992PIA/SCA]. Nevertheless, this result suggests that Grønvold’s [1972GRO]
heats of formation for iron selenides may have a positive bias, a conclusion also reached
by Svendsen [1972SVE] and by Schuster et al. [1979SCH/IPS].1 This is most likely due
to either incomplete reaction or incomplete measurement of the final stages of reaction
in Grønvold’s heat-of-formation study [1972GRO].
An approach to evaluate f H mo (Fe1.042Se, β, 298.15 K), based on measured and
calculated pSe2 over stoichiometric FeSe(δ) + Fe(cr) near 1100 K, was devised in the
current review. It is assumed that pSe2 = pSetot for the relatively high temperatures and
low values of pSetot involved.2
Figure IX-7 compares experimental values for pSe2 for the decomposition
Reaction (IX.24):
Fe1.000Se(δ)

Fe(cr) + 0.5Se2 (g)

(IX.24)

from Svendsen [1972SVE] and Piacente et al. [1992PIA/SCA] with a calculated line
based on data from [1968GRO] and [1972GRO], including an extrapolated heatcapacity relationship for (Fe1.042Se, s) above 1050 K. Note that the term (Fe1.042Se, s)
represents Fe1.042Se(β) below 730.8 K and {Fe1.000Se(δ) + 0.042Fe(cr)} above 730.8 K.
The calculation thus takes account of the peritectoid Reaction (IX.25) at 730.8 K:
Fe1.042Se(β)

Fe1.000Se(δ) + 0.042Fe(cr)

(IX.25)

based on the following equations, as discussed in the Appendix A entry of [1968GRO]:

f H mo (Fe1.000Se, δ, T) = f H mo (Fe1.042Se, β, 298.15 K) + T298.15 K H mo (Fe1.042Se, s) –
[( H mo (Se, l, T) − ( H mo (Se, cr, trigonal, 298.15 K)] – 1.042 ×
T
o
298.15 K H m (Fe, cr)
and C po ,m (Fe1.000Se, δ, T) = C po ,m (Fe1.042Se, s, T) – 0.042 × C po ,m (Fe, cr, T).
The similar slopes in the three lines in Figure IX-7 indicate that both Svendsen
[1972SVE] and Piacente et al. [1992PIA/SCA] attained equilibrium, but there is some
evidence that Svendsen’s pressure measurements may be too low. Conversely,
Grønvold’s heats of formation may be insufficiently negative (see Appendix A),
resulting in a positive bias to the calculated pressures. The separation of the three lines

1

2

The results of Svendsen [1972SVE] and especially Schuster et al. [1979SCH/IPS] appear to exaggerate
this bias, as discussed in Appendix A and at various points in this chapter.
This is consistent with the estimated saturated-vapour speciation diagram for selenium (Figure V-1 of
[2005OLI/NOL]). Here, pSe is the selenium vapour pressure summed over all Sen species.
tot
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at 1050 K (the upper limit for available thermal data) yielded three values of
 f H mo  Fe1.042Se, β, 298.15 K  by third-law calculation, as follows:

f H mo (Fe1.042Se, β, 298.15 K) = − 69.8 kJ∙mol-1 derived from [1972GRO],

f H mo (Fe1.042Se, β, 298.15 K) = − (74.7 ± 4.0) kJ∙mol-1 derived from [1992PIA/SCA],
f H mo (Fe1.042Se, β, 298.15 K) = − 77.4 kJ∙mol-1 derived from [1972SVE].
Uncertainties are not assigned to the first and third values, which are thought to have
significant positive [1972GRO] and negative [1972SVE] biases (see Appendix A).

Figure IX-7: Comparison of calculated and experimental equilibrium values for pSe2
over stoichiometric FeSe(δ) + Fe(cr) near 1100 K. The linear fit for data from
[1992PIA/SCA] is based on their equation. The linear fit for data from [1972SVE], and
the calculated line based on data from [1968GRO] and [1972GRO], were obtained in
the current review.
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No value for f H mo (Fe1.042Se, β, 298.15 K) was derived from Schuster et al.
[1979SCH/IPS], because their extrapolation to stoichiometric FeSe appears to yield
unrealistically low decomposition pressures (see Appendix A). The three values listed
above are all consistent with the upper (least negative) limit of f H mo (Fe1.042Se, cr,
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298.15 K) = − 69 kJ∙mol-1 derived in this review from the calorimetric study of
Kapustinskii and Golutvin [1951KAP/GOL] (see Appendix A). The new recommended
value is:

f H mo (Fe1.042Se, β, 298.15 K) = − (74.7 ± 4.0) kJ∙mol-1.
Because of the evidence for unquantified biases in the values derived from
[1972GRO] and [1972SVE], this recommended value is equal to the value derived from
[1992PIA/SCA]. This is very close to a value of f H mo (Fe1.042Se, β, 298.15 K) =
− (75.4 ± 6.1) kJ∙mol-1, reported by Svendsen for a Gibbs-Duhem integration based on
some of his high-temperature activity data. This was not included in the evaluation
because of the limited details of Svendsen’s calculation [1972SVE], and because much
of Svendsen’s experimental data was already used in the above assessment. The new
recommended value is more negative than that in TDB-Selenium [2005OLI/NOL],
which accepted Grønvold’s value [1972GRO].

IX.2.1.2.1 Enthalpies of reaction for the selenidation sequence, Fe1.042Se to FeSe2
Having obtained a revised value for f H mo (Fe1.042Se, β, 298.15 K), it is important to
incorporate it into the selenidation sequence, Fe1.042Se → [FeSe] → Fe7Se8 → Fe3Se4 →
FeSe2, to obtain consistent enthalpies of formation for the higher selenides. Because
stoichiometric FeSe is not a stable solid phase near ambient temperature, the following
three reactions are considered:
7
7
Fe1.042Se(β)  (8 
)Se(cr)  Fe7 Se8 ( )
1.042
1.042

(IX.26)

3
4
Fe7 Se8 ()  Se(cr)  Fe3Se 4 (  )
7
7

(IX.27)

and

1
2
Fe3Se 4 (  )  Se(cr)  FeSe 2 (cr)
3
3

(IX.28)

Enthalpy values and calculations for these reactions are compiled in Table IX-1, and the
resulting f H mo values for the higher selenides are recommended in Sections IX.2.1.4,
IX.2.1.5, and IX.2.1.6. A full analysis of uncertainty propagation and cancellation in
this selenidation sequence was not possible with the available published data, so a few
subjective values, deemed reasonable and consistent in the present review, were
assigned as indicated in the footnotes to Table IX-1.
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Table IX-1: Derivation of f H mo (298.15 K) values for higher iron selenides.
Source
 r H mo (298.15 K)/
 f H mo (Product,
kJ∙mol-1
298.15 K) / kJ∙mol-1
Formation
Fe1.042Se(β)
− (74.7 ± 4.0)(a)
This review
− (74.7± 4.0)(a)
− (69.6 ± 4.0)(b)
[1972GRO]
− (69.6 ± 4.0)(b)
(b)
− (75.4 ± 6.1)
[1972SVE]
− (75.4 ± 6.1)(b)
(IX.26)
Fe7Se8(α)
+ (4.3 ± 48.0)(f)
[1972GRO]
− (463.5 ± 20.0)(b)
− (29.5 ± 32.0)(e)
[1972SVE]
− (536.0 ± 43.9)(c)
--[1979SCH/IPS]
− 612.0(j)
(i)
− (19.1 ± 32.0)
Recommended
− (520.9 ± 37.8)(k)
(IX.27)
Fe3Se4(γ)
− (13.5 ± 24.0)(f)
[1972GRO]
− (212.1 ± 13.0)(b)
(d)
− (27.6 ± 18.4)
[1972SVE]
− (257.3 ± 26.4)(c)
− (28.9 ± 18.4)(h)
[1979SCH/IPS]
− 291.2(j)
(i)
− (24.9 ± 18.4)
Recommended
− (248.2 ± 19.8)(k)
(IX.28)
FeSe2(cr)
− (32.3 ± 4.0)(g)
[1968GRO]
--− (37.2 ± 8.4)(d)
[1972SVE]
− (123.0 ± 12.1)(c)
− (37.2 ± 8.4)(i)
Recommended
− (119.9 ± 9.2)(k)
(a) Uncertainty calculated in Section IX.2.1.2 of this review.
(b) Uncertainty from TDB-Selenium [2005OLI/NOL].
(c) Author’s uncertainty [1972SVE].
(d) Uncertainty calculated from apparent error propagation in  f H mo values in [1972SVE].
(e) Assigned uncertainty of 4.0 kJ∙(mol Se)-1 by this reviewer.
(f) Assigned uncertainty of 6.0 kJ∙(mol Se)-1 by this reviewer.
(g) Upper limit, based on enthalpy of decomposition of FeSe1.95 to Fe0.65Se at 857 K from [1975GRO].
(h) Assigned the same uncertainty as the value from [1972SVE].
(i) Weighted average of listed values, but with uncertainty retained from [1972SVE].
(j) Uncertainty not given; evidence of large negative bias (see Section IX.2.1.2 and Appendix A).
(k) Propagated uncertainty for the selenidation reaction sequence.
Reaction

IX.2.1.3

Product

δ iron monoselenides, Fe1-xSe

As noted in the TDB selenium review [2005OLI/NOL], the stability field for this solidsolution phase extends over the temperature range 623-1348 K and the composition
range 0 ≤ x ≤ 0.28, and the high-temperature heat capacity for the composition Fe0.875Se
is represented by the equation:
K
-1
-1
-3
-6
2
[C po ,m ]1020
660 K (Fe0.875Se, δ)/J∙K ∙mol = 47.06 – 14.87 × 10 (T/K) + 23.92 × 10 (T/K) +
5
-2
45.19 × 10 (T/K) .

Low-temperature heat-capacity relationships for this composition are discussed in
Section IX.2.1.4.1
The following high-temperature heat-capacity expression for Fe1.000Se(δ) was
derived from Grønvold’s data for the overall composition Fe 1.042Se [1968GRO], as
described in Appendix A:

1

For application to the formula Fe7Se8, all coefficients in this heat-capacity equation should be multiplied
by eight.
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K
-1
-1
-1
[C po ,m ]1000
800 K (Fe1.000Se, δ)/J∙K ∙mol = – 2.34549 × 10 (T/K) + 879.09 –

8.60639 × 105 (T/K)-1 + 2.83641 × 108 (T/K)-2.
Activity-composition-temperature relationships within the Fe1−xSe(δ) phase field have
been measured by vapour-pressure measurements [1972SVE] and isopiestic methods
[1979SCH/IPS]. These studies are somewhat beyond the scope of this review, and the
treatment of total selenium pressures to obtain pSe2 values and hence selenium
activities cannot be emulated in a fully TDB-consistent manner because heat-capacity
data are lacking for the Sey(g) species with y > 2 [2005OLI/NOL]. Note that [1972SVE]
and [1979SCH/IPS] present selenium activities with respect to gaseous and liquid
standard states, respectively. There is little overlap in the regions of activitycomposition-temperature space explored in the two studies. Schuster et al.
[1979SCH/IPS] used approximate Gibbs-Helmholtz calculations to compare their
results with Svendsen’s [1972SVE] at selected temperatures (with appropriate change
of standard state) and noted generally good agreement, except for their extrapolation to
stoichiometric FeSe. In this review, data from [1972SVE] and, to a limited extent,
[1979SCH/IPS] are used to evaluate standard enthalpies for the selenidation sequence
for the crystalline phases Fe1.042Se → [FeSe] → Fe7Se8 → Fe3Se4 → FeSe2, as described
in Section IX.2.1.2.1.
As discussed in Section IX.2.1.1, stoichiometric FeSe is not a stable single
phase at ambient temperature, therefore reported values for f H mo (Fe1.000Se, cr,
298.15 K) are either fictive (based on interpolated heat-capacity functions) or erroneous
(inaccurate phase identification), and no value is recommended in this review. Instead,
various reported values are either (a) adjusted to the composition Fe1.042Se
([1951KAP/GOL], [1972SVE], [1992PIA/SCA]; see Section IX.2.1.2) or (b) excluded
for reasons discussed in Appendix A [1887FAB], [1962RUM/ZHI], [1979SCH/IPS].
IX.2.1.4

α iron monoselenide, Fe7Se8

The ordered, iron-deficient iron selenide, Fe7Se8, exists as two different superstructures
of the NiAs type: a low-temperature 2 3A, 2 A, 4C triclinic form and a hightemperature 2A, 3C trigonal form, usually designated 4C and 3C, respectively. Each has
an ordered array of Fe vacancies on one-quarter of the sites in alternate layers, but the
structures differ in their stacking sequences [1961OKA], [1972FRA]. Energetic
differences are expected to be small, but significant differences in low-temperature heat
capacities have been reported [1999KOB/NOZ], as discussed below.
The 4C form of Fe7Se8 is triclinic with the unit-cell dimensions a0 = 1.253 nm,
b0 = 0.7236 nm, c0 = 2.354 nm, α = 89.8°, β = 89.4°, γ = 90.0° [1961OKA]. With Z = 8
by analogy with 4C-Fe7S8 (see Section IX.1.1.1.2.3), these dimensions yield ρcalc = 6.36
g∙cm-3. The space group (centrosymmetric P 1 or non-centrosymmetric P1) has not been
determined. The 3C form is trigonal, space group P3121, a0 = 0.72613 nm, c0 = 1.7675
nm, Z = 3, ρcalc = 6.31 g∙cm-3 [1979PAR/NAK]. Temperature-dependent lattice
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parameters of the NiAs-type sub-cell were measured up to about 610 K by Okazaki
[1961OKA] and up to 768 K by Grønvold [1968GRO].
The following properties, based on low-temperature heat-capacity
measurements by Grønvold and Westrum on 3C-Fe7Se8 [1959GRO/WES2], were
recommended in the TDB selenium review [2005OLI/NOL] and re-evaluated and
accepted in the current review:
C po , m (Fe7Se8, α, 298.15 K) = (442.1 ± 4.0) J∙K-1∙mol-1,

and S mo (Fe7Se8, α, 298.15 K) = (613.8 ± 5.0) J∙K-1∙mol-1.
Heat capacity for this composition within the δ phase field above 660 K is
discussed in Section IX.2.1.3. The following, additional heat-capacity equation and
bridging quantities were derived in the current review from the high-temperature heatcapacity measurements by Grønvold [1968GRO]:
420 K
-1
-1
-2
2
[C po ,m ]298.15
K (Fe7Se8, α)/J∙K ∙mol = 3.52334 × 10 (T/K) – 43.984 (T/K) +

2.15626 × 104 − 4.54560 × 106 (T/K)-1 + 3.65114 × 108 (T/K)-2,
660 K
298.15 K

660 K
420 K

Smo (Fe7Se8, cr) = 237.8 J∙K-1∙mol-1,

660 K
298.15 K

and

Smo (Fe7Se8, cr) = 404.1 J∙K-1∙mol-1,

H mo (Fe7Se8, cr) = 186.31 kJ∙mol-1,

660 K
420 K

H mo (Fe7Se8, cr) = 126.82 kJ∙mol-1.

The bridging terms are necessary because of difficulty fitting acceptable
polynomial equations to the two large Cp anomalies with peaks at 451 K and 638 K (see
the entry for [1968GRO] in Appendix A). The enthalpy and entropy of the
transformation between the α and γ forms of Fe7Se8 have not been separately evaluated,
but they are included in the bridging terms.
Low-temperature heat-capacity measurements by Kobayashi et al.
[1999KOB/NOZ] show marked differences in the electronic contributions to Cp for 3Cand 4C-Fe7Se8, and also suggest there may be a small systematic error of about − 0.3
J·K-1∙mol-1 in the value given above for S mo (Fe7Se8, α, 298.15 K). This discrepancy is
well within the estimated uncertainty limits, and no adjustment or thermodynamic
distinction between the two superstructures is recommended until comparative Cp data
are available for both 3C- and 4C-Fe7Se8 for the entire temperature range from 0 to
298.15 K.
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Three experimentally based values for f H mo (Fe7Se8, α, 298.15 K) have been
obtained:
− (463.5 ± 20.0) kJ∙mol-1 ([1972GRO], with uncertainty estimate from
[2005OLI/NOL]),
− (528.8 ± 42.0) kJ∙mol-1 ([1972SVE], as adjusted in [2005OLI/NOL]),
and − 612 kJ∙mol-1 with no uncertainty estimate [1979SCH/IPS].
TDB-Selenium [2005OLI/NOL] recommended the first of these values. In the
current review, f H mo (Fe7Se8, α, 298.15 K) was evaluated by assessing  r H mo for the
selenidation Reaction (IX.29):
7
7
Fe1.042Se(β)  (8 
)Se(cr)  Fe7 Se8 ()
1.042
1.042

(IX.29)

as described in Section IX.2.1.2.1, yielding the recommended value:

f H mo (Fe7Se8, α, 298.15 K) = − (521 ± 39) kJ∙mol-1.
This is more negative than the previous recommended value [2005OLI/NOL], because
it assigns greater weight to the results from [1972SVE] than those from [1972GRO],
while excluding the value from [1979SCH/IPS], which appears to have a large negative
bias (see Appendix A).

IX.2.1.5

γ iron monoselenides, Fe3±ySe4

The γ phase field extends up to 996 K, with a narrow composition range near Fe3Se4 at
ambient temperature, but the field widens and shifts to more selenium-rich
compositions at higher temperatures. The selenium-rich limiting composition with an
approximate value of xSe = 0.61 occurs at 858 K, the peritectic decomposition
temperature of iron diselenide (see Section IX.2.1.6). A two-phase region separates the
γ and δ phase fields, but some details below 700 K are undetermined (Figure IX-6).
Fe3Se4 is monoclinic, with a 3 A, A, 2C superstructure of the NiAs family.
The structure, deduced by Okazaki and Hirakawa [1956OKA/HIR] and refined by
Andresen and van Laar [1970AND/LAA], has ordered vacancies on one-half of the iron
sites in alternate layers. The unit-cell dimensions at 293 K are a = 0.6187 nm, b =
0.3525 nm, c = 1.129 nm, β = 91.98°, space group I2/m, Z = 2 [1970AND/LAA], which
yields a calculated density ρcalc = 6.52 g∙cm-3.
The following properties, based on low-temperature heat-capacity
measurements by Grønvold and Westrum [1959GRO/WES2], as recommended in
TDB-Selenium [2005OLI/NOL], were evaluated and accepted in the current review:
C po , m (Fe3Se4, γ, 298.15 K) = (220.1 ± 2.0) J∙K-1∙mol-1,
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and S mo (Fe3Se4, γ, 298.15 K) = (279.8 ± 3.0) J∙K-1∙mol-1.
The previous decision [2005OLI/NOL] to exclude Cp data for Fe3Se4 from a more
recent study by Guseinov et al. [1989GUS/ALD], because of the relatively short
annealing time for their sample,1 is accepted here. Specific-heat curves depicted by
Hirone and Chiba [1956HIR/CHI], for a range of FeSe x compositions, 1.00 ≤ x ≤ 1.35,
do not provide any numerical values.
The following, additional heat-capacity equation and bridging quantities were
derived in the current review from the high-temperature heat-capacity measurements by
Grønvold [1968GRO]:
K
-1
-1
-3
2
[C po ,m ]850
320 K (Fe3Se4, γ)/J∙K ∙mol = 1.14699 × 10 (T/K) – 2.2132 (T/K) +
5
-1
7
1841.25 − 5.31910 × 10 (T/K) + 6.31400 × 10 (T/K)-2,

320 K
298.15 K

Smo (Fe3Se4, γ) = 15.4 J∙K-1∙mol-1,

320 K
298.15 K

H mo (Fe3Se4, γ) = 4.74 kJ∙mol-1.

The bridging terms are necessary because of difficulty fitting the Cp curve for the
descending portion of the λ-type anomaly, associated with the magnetic Néel transition,
with a peak at 307 K [1959GRO/WES2], [1968GRO].
In TDB-Selenium [2005OLI/NOL], two reported values of f H mo (Fe3Se4, γ,
298.15 K) were noted: − (212.1 ± 13.0) kJ∙mol-1 ([1972GRO], with uncertainty estimate
from [2005OLI/NOL]), and − (257.3 ± 13.0) kJ∙mol-1 [1972SVE]; an average value of
− (235 ± 30) kJ∙mol-1 was selected [2005OLI/NOL]. An additional value of – 291.2
kJ∙mol-1, with no uncertainty estimate, was obtained from isopiestic measurements by
Schuster et al. [1979SCH/IPS]. In the current review, f H mo (Fe3Se4, α, 298.15 K) was
evaluated by assessing  r H mo for the selenidation Reaction (IX.30):
3
4
Fe7 Se8 ( )  Se(cr)
7
7

Fe3Se 4 (  )

(IX.30)

as described in Section IX.2.1.2.1, yielding the recommended value:

f H mo (Fe3Se4, γ, 298.15 K) = − (248 ± 20) kJ∙mol-1.
This is more negative than the previous recommended value [2005OLI/NOL], because
it assigns greater weight to the results from [1972SVE] and [1979SCH/IPS] than those
from [1972GRO].

1

The short annealing time implies that phase equilibrium may not have been achieved (see the Appendix A
entry for [1989GUS/ALD]).
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Iron diselenide, Fe1±zSe2

The thermodynamically stable, marcasite-type form of FeSe2(cr) (ferroselite) is
orthorhombic, space group Pnnm, with the unit-cell dimensions a = 0.4800 nm, b =
0.5782 nm, c = 0.3583 nm, Z = 2, yielding a theoretical density ρcalc = 7.14 g∙cm-3, in
good agreement with a pycnometric value of 7.09 g∙cm-3 [1974KJE/RAK]. Numerous
other publications report marginally different unit-cell dimensions for both natural and
synthetic material, e.g., [1956FLE], [1958KUL/DON], [1962GRO/WES], [1975GRO].
Some of this variation, especially in the b value, is apparently due to variable
composition [1975GRO], as also detected in Svendsen’s thermodynamic studies
[1972SVE], [1972SVE2].
The cubic, pyrite-type form of FeSe2 (space group Pa3, Z = 4) has been
reported as the mineral dzharkenite (containing small quantities of Co and Cu) with the
unit-cell dimension a0 = 0.5783 nm (Yashunsky et al. 1995, as abstracted by
[1996JAM/KOV]) and as a high-pressure synthesis product with a0 = 0.5786 nm
[1968BIT/BOU]. The latter cell parameter yields ρcalc = 7.33 g∙cm‑3 for pure FeSe2. All
of the following thermodynamic information pertains to the marcasite-structured form
of FeSe2.
The following properties, based on low-temperature heat-capacity
measurements by Grønvold and Westrum [1962GRO/WES], were recommended in the
TDB selenium review [2005OLI/NOL]:
C po , m (FeSe2, cr, 298.15 K) = (72.9 ± 1.0) J∙K-1∙mol-1,

and S mo (FeSe2, cr, 298.15 K) = (86.8 ± 1.0) J∙K-1∙mol-1.
Grønvold [1975GRO] later re-evaluated the phase composition of the specimen used for
the low-temperature study, and recommended the following revision after correction for
a larger quantity of Fe3Se4 impurity than previously suspected:
C po ,m ({FeSe1.95(cr) + 0.05Se(cr)}, 298.15 K) = 70.59 J∙K-1∙mol-1,

and

298.15 K
0K

Smo ({FeSe1.95(cr) + 0.05Se(cr)}, 298.15 K) = 83.47 J∙K-1∙mol-1.

Note that these values reflect the presence of some free selenium, with a
correspondingly selenium-deficient composition for the diselenide, based on mass
balance for the exact stoichiometry used in Grønvold’s synthesis.
Assuming negligible values for both the zero-point entropy of slow-cooled
FeSe1.95 and the entropy of reaction for recombination of {FeSe 1.95(cr) + 0.05Se(cr)} to
FeSe2.00(cr), the following revised values and uncertainties are recommended, based on
the discussion of [1975GRO] in Appendix A and below:
C po ,m (FeSe2, cr, 298.15 K) = (70.6 ± 2.0) J∙K-1∙mol-1,

and S mo ( FeSe2, cr, 298.15 K) = (83.5 ± 2.0) J∙K-1∙mol-1.
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By subtracting the contribution from Se(cr) using TDB values, the following
properties are obtained and recommended for the sub-stoichiometric composition,
FeSe1.95(cr):
C po ,m (FeSe1.95(cr), 298.15 K) = (69.3 ± 2.0) J∙K-1∙mol-1,

and S mo (FeSe1.95(cr), 298.15 K) = (81.4 ± 2.0) J∙K-1∙mol-1.
The following equations for FeSe2(cr), which were recommended in TDB-Selenium
[2005OLI/NOL], are based on fitting high-temperature Cp values from Grønvold
[1975GRO] for {FeSe1.95(cr) + 0.05Se(cr)} and enthalpy values from drop-calorimetry
on a specimen of composition FeSe1.973 by Svendsen [1972SVE2]:
K
-1
-1
-2
[C po ,m ]600
298.15 K (FeSe2, cr)/J∙K ∙mol = 37.014 + 8.0273 × 10 (T/K) +

9.57991 × 105 (T/K)-2 ,
K
-1
-1
and [C po ,m ]853
600 K (FeSe2, cr)/J∙K ∙mol = − 835.808 + 1.050076 (T/K) +

1.056967 × 108 (T/K)-2 .
As noted above, these equations are not based on single-phase measurements and are no
longer recommended. Furthermore, note that the first equation yields a value for
C po ,m (FeSe2, cr, 298.15 K) of 71.72 J∙K-1∙mol-1, which differs significantly from the
previously recommended value [2005OLI/NOL] of (72.9 ± 1.0) J∙K-1∙mol-1.
The following composition-corrected Cp equations for FeSe1.95(cr), based only
on Grønvold’s data [1975GRO], are now recommended instead. For a recommended
procedure to describe the heat capacity of other compositions (FeSe 2±x(cr), including
stoichiometric FeSe2), please see the discussion of [1975GRO] in Appendix A. This
procedure is consistent with the values, S mo (FeSe2.00, cr, 298.15) = (70.6 ± 2.0)
J∙K-1∙mol-1 and C po ,m (FeSe2.00, cr, 298.15) = (83.5 ± 2.0) J∙K-1∙mol-1, recommended
above.
K
-1
-1
[C po ,m ]673.3
= 1.73651 × 10-3 (T/K)2 – 2.77045 (T/K) +
298.15 K (FeSe1.95, cr)/J∙K ∙mol
1.75015 × 103 − 4.48319 × 105 (T/K)-1 + 4.39587 × 107 (T/K)-2 ,
K
-1
-1
and [C po ,m ]853
= − 1.29157 × 10-3 (T/K)2 + 5.40879 (T/K) −
673.3 K (FeSe1.95, cr)/J∙K ∙mol
6.30488 × 103 + 2.99243 × 106 (T/K)-1 − 4.95330 × 108 (T/K)-2 .

Olin et al. [2005OLI/NOL] recommended a value f H mo (FeSe2, cr, 298.15 K)
= − (101.3 ± 15.0) kJ∙mol-1, based on Grønvold’s measured enthalpy for the peritectoid
decomposition of FeSe2,  r H mo (857 K) = (30.93 ± 0.05) kJ∙mol-1. This underestimates
the enthalpy of the selenidation Reaction (IX.31):
1
2
Fe3Se 4 (  )  Se(cr)
3
3

FeSe 2 (cr)
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because Grønvold’s enthalpy change refers to decomposition of FeSe 1.95 to Fe0.65Se
(Fe2.6Se4) rather than stoichiometric FeSe2 to Fe3Se4 [1975GRO]. Therefore, the derived
enthalpy of the above selenidation reaction is an upper limit,  r H mo ((IX.31), 298.15 K)
≤ − 32.3 kJ∙mol-1. The value obtained by Svendsen [1972SVE], using a Gibbs-Duhem
integration and third-law calculation, is preferred (see Section IX.2.1.2.1), and the
following value is recommended:

f H mo (FeSe2, cr, 298.15 K) = − (120 ± 9) kJ∙mol-1.
As with the f H mo values for the other iron selenides discussed here, this value is more
negative than the previous recommendation [2005OLI/NOL], because of greater weight
given to Svendsen’s results [1972SVE] in the current review.
Doi et al. [2016DOI/UCH] recently reported solubility measurements on
precipitated FeSe2(cr) from both above and below saturation at 298 K, after treatment at
348 K to promote the formation of FeSe2(cr), which was confirmed by XRD. They
performed a rigorous analysis of their solubility data in terms of the oxidative
dissolution reaction:

2FeSe2 (cr)

2Fe2  Se24  2e

(IX.32)

This treatment included corrections for the presence of aqueous FeOH+ and HSe , and
an SIT procedure to correct for ion interactions. This led to an experimental value for
log10 K o ((IX.32), 298 K) = – (17.09 ± 0.28), compared with a calculated value of
– (20.41 ± 5.26). The latter value is based on TDB values for FeSe 2(cr) and Fe2+, but not
for Se 24  . Application of the TDB value of Δf G o ( Se 24  ) = (97.580 ± 12.149) kJ∙mol-1
[2005OLI/NOL] would decrease the calculated value of log10Ko to – 20.88, with a
marked increase in uncertainty. The difference between the experimental and calculated
equilibrium constants suggests that Δ f H o (FeSe2, cr) may be less negative than the
value of – (108.7 ± 15.0) kJ∙mol-1 in the TDB selenium review [2005OLI/NOL], which
is opposite to the correction recommended in the current re-evaluation (see above).
Possible reasons include more complex aqueous selenium chemistry than modelled by
Doi et al. [2016DOI/UCH] and potential involvement of amorphous or nanocrystalline
material in their solubility equilibria.

IX.2.2 Iron selenites and selenates
IX.2.2.1

Iron(II) selenite and selenate complex formation

Selenium has four principal oxidation states, selenide(–II), selenium(0), selenite(IV)
and selenate(VI), and is therefore an analogue of sulfur. The aqueous chemistry
incurred by these species has been reviewed extensively and critically in the TDB
selenium review [2005OLI/NOL]. However, in that review Olin et al. did not report or
discuss any studies relating to iron(II) selenates or selenites.
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For the case of reactions of iron(II) with selenite at Ic = 0.15 (NaClO4) and
293.15 K, Torres et al. [2010TOR/PIN] were able to extract information related to two
equilibria (IX.33) and (IX.34) from treatment of their potentiometric titration data, but
primary experimental data were not provided nor were the criteria given by which the
speciation was selected.

log10 K c ,1,1 (Fe 2+  H +  SeO32 

FeHSeO3 ) = (11.42 ± 0.06)

(IX.33)

log10  c ,3,2 (Fe  3H  2SeO


3 2

(IX.34)

2+

+

2
3

FeH3 (SeO ) ) = (24.65 ± 0.06)

Conversion to simple complexation equilibria at Im = 0.151 and 293.15 K, based on an
SIT treatment of the protonation equilibrium constants derived by Torres et al., gave:
log10 Km (Fe2+  HSeO3

FeHSeO3 )  (3.68  0.06)

log10 m (Fe  HSeO  H2SeO3 (aq)
2+


3

(IX.35)


FeHSeO3 (H2SeO3 ) )  (7.00  0.07)

(IX.36)

In regard to iron(II) selenates, Olin et al. [2005OLI/NOL] cited only the kinetic
study of Wells and Salam [1968WEL/SAL] conducted at 298.15 K and Ic = 1, and
stated that their data treatment was flawed. Torres et al. [2010TOR/PIN] subsequently
reported that only one equilibrium constant (for Reaction (IX.37)) could be extracted
from their potentiometric titrations conducted at 293.15 K and Ic = 0.15, namely, after
conversion to molal units:

log10 * m (Fe2+  2H+  2SeO24

log10 m (Fe2+  2HSeO4

Fe(HSeO4 )2 (aq)) = (9.69 ± 0.04)

Fe(HSeO4 )2 (aq)) = (5.67 ± 0.08)

(IX.37)
(IX.38)

In view of the apparent problems with interpretation of the data in
[1968WEL/SAL] and the discrepancies between the values of the protonation constants
derived by Torres et al. [2010TOR/PIN] and those adopted in the TDB project, no
complexation constants are selected at this time.

IX.2.2.2

Iron(III) selenite complex formation

Olin et al. [2005OLI/NOL] gave a brief discussion of papers available on iron(III)
selenites, but the only aqueous complex identified was FeSeO3 , for which a value of
log10  o ((IX.39), 296 K) = (11.15 ± 0.11) was quoted based on the work of Rai et al.
[1995RAI/FEL3].
Fe3  SeO32

FeSeO3+

(IX.39)

Earlier Hamada et al. [1965HAM/ISH] carried out a spectrophotometric study
using acidic iron(III) solutions (2.66 × 10-4 mol∙dm-3 Fe(ClO4)3(sln)) to which
H 2Se O3 (sln) was added at 293, 298, 303 and 313 K, and although Reaction (IX.40)
was mentioned by Olin et al., this study was not reviewed. The ionic strength was fixed
at 1 mol∙dm-3, constituted with significant amounts of HClO4 (sln) (0.5 to 1.0

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

IX.2 Selenium compounds and complexes

207

mol∙dm-3), and H 2Se O3 (sln) . The spectra of these mixed electrolyte solutions could be
explained better in terms of the complex FeHSeO32 rather than the species FeSeO3
Fe3  H2SeO3 (aq)

FeHSeO32  H 

(IX.40)

and this conclusion of the authors is favoured by the data that they presented.
As discussed in Appendix A [1965HAM/ISH], the reported formation
constants *Kc ( *Km ) for Reaction (IX.40) at Ic = 1 are 3.25, 3.45, 3.67 and 4.10 at
293, 298, 303 and 313 K, respectively. However, because these are relatively small
association constants for an Fe3 complex, the reported enthalpy of reaction of 4.04
kcal∙mol-1 (16.9 kJ∙mol-1) is not accepted in the present review.
If the SIT is used with 0.73 and 0.14 kg·mol-1 for  (Fe3+ ,ClO4 ) and
 (H+ ,ClO4 ) , respectively (Appendix B), and  (FeHSeO32 ,ClO4 ) = 0.3 to 0.4
kg·mol-1, (based on analogy with various values for other 2+ cations with ClO4 ), Δ =
– 0.29 to – 0.19 kg·mol-1, and a value of 1.06 to 1.16 is calculated for log10 *K o (IX.40).
As discussed in the TDB selenium review [2005OLI/NOL], Rai et al.
[1995RAI/FEL3] carried out a careful solubility study to determine a value for the
solubility product of a hydrated iron(III) selenite solid, identified as
Fe2 (SeO3 )3  6H 2 O(cr) , and a value for the formation constant for the complex
FeSeO3 . The Appendix A entry for [1995RAI/FEL3] in TDB-Selenium
[2005OLI/NOL] indicates that at that time “no recalculation was attempted” of the
results of Rai et al. [1995RAI/FEL3] (likely because no TDB-consistent values were
available for iron species). Nevertheless, a TDB selected value for
f Gmo (Fe2 (SeO3 )3  6H2 O, cr) was proposed [2005OLI/NOL]. As discussed in the
Appendix A entry for Rai et al. [1995RAI/FEL3] of the present volume, that value has
meaning only in conjunction with a value of f Gmo (FeSeO3 ) , which was not selected
[2005OLI/NOL]. Reanalysis of the data of Rai et al. [1995RAI/FEL3] using TDB
values for the selenite protonation constants [2005OLI/NOL] and for Fe 3+ and its
hydrolysis species [2013LEM/BER], and considering formation of the complexes
FeHSeO32 and FeSeO3 , is discussed in Section IX.2.2.3 and in the Appendix A entry
for Rai et al. [1995RAI/FEL3]. There, the reasons for rejection of the complex
FeHSeO32 are presented.
IX.2.2.3

Fe(III)-Se(IV)-O and Fe(III)-Se(IV)-O-H solids

The mineral mandarinoite was initially described as a tetrahydrate [1978DUN/PEA],
though a full crystal structure [1984HAW] later showed a sample of mandarinoite to be
a hexahydrate, Fe2 (SeO3 )3  6H 2 O(cr) , in which three of the six water moieties were
hydrogen bonded, with no direct bonding to the Se or Fe atoms. Pinaev and Volkova
[1970PIN/VOL] described a solid with a similar X-ray powder diffraction pattern as a
heptahydrate. Various other FeIII -SeIV -O and FeIII -SeIV -O-H compounds have been
synthesised, and their crystal structures reported [1978VAL/KOS], [1987MUI/VAL],
[1992GIE], [1993GIE], [1994GIE/PER]. Nishimura et al. [2005NIS/HAT] concluded
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from a phase-diagram study of aqueous solutions containing H2SeO3 and initially
amorphous precipitated iron selenite that the stable solids in the system after
equilibration for three months at 298.15 K were Fe2 (SeO3 )3  5H2 O(cr) (with a powder
XRD pattern similar to that of mandarinoite [1978DUN/PEA]) and Fe(HSeO3 )3 (cr) . It
is almost certain that the latter compound was the same as the one for which a full
structure has been reported by Muili and Valkonen [1987MUI/VAL], and probably the
same as the “ Fe2 O3  6SeO2  2H 2 O ” of Pinaev and Volkova [1976PIN/VOL]. The
powder XRD pattern for the “ Fe2 (SeO3 )3  6H 2 O(cr) ” solid reported by Rai et al.
[1988RAI/MAT] did not correspond to that of mandarinoite [1978DUN/PEA], but it
was later shown [1996GIE/PER] that the pattern was essentially identical to that of the
rhombohedral trihydrate, for which the full crystal structure has been reported
[1994GIE/PER]. Though it has been reasonably well established that, in contact with
aqueous solutions, the hydrated solid with the mandarinoite structure is converted into
the rhombohedral trihydrate at temperatures somewhat above 360 K [1976PIN/VOL],
[2005NIS/HAT], the relative stabilities of hydrated solids at lower temperatures have
not been clearly established. In the solubility experiments of Rai et al.
[1995RAI/FEL3], even after more than four years at (296 ± 2) K, the powder XRD
pattern of the equilibrated solid (initially prepared at 363 K) was found to be
unchanged.
Unfortunately, the concentration of iron in the solutions of Nishimura et al. at
298.15 K was generally at or below the detection limit of their analytical method.
Therefore, direct comparison of their solubility results with those of Rai et al.
[1995RAI/FEL3] is impossible (though rough calculations suggest that the stabilities of
the solids in the two studies were in fact similar).
Based on the solubility study of Rai et al. [1995RAI/FEL3], complex
formation between selenite and iron(III) was established in acidic solutions. Hamada et
al. [1965HAM/ISH], from a spectrophotometric study using solutions with perchloric
acid concentrations between 0.5 and 1.0 mol·dm-3 at a total ionic strength Ic =1, reported
a value of 3.45 for *K (IX.41) (also see the discussion above in Section IX.2.2.2).
Fe3  H2SeO3 (aq)

FeHSeO32  H 

(IX.41)

From this, using 0.73 and 0.14 kg·mol-1 for  (Fe3+ ,ClO4 ) and  (H+ ,ClO4 ) ,
respectively, (Appendix B) and a value of 0.3 to 0.4 kg·mol-1 for  (FeHSeO32 ,ClO4 )
based on analogy with other values in Appendix B, a value between 1.07 to 1.17 can be
calculated for log10 *K (IX.41).
As shown in the Appendix A entry, even with the larger of these values of
log10 K (IX.41), 1.17, the amount of FeHSeO32 calculated to have formed in most of
the solutions of Rai et al. [1995RAI/FEL3] is quite small. Thus, recalculations indicate
that FeSeO3 may be important, as originally suggested by Rai et al. [1995RAI/FEL3]
*

o

Fe3  H2SeO3 (aq)

FeSeO3+ + 2H+
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with an approximate value of log10 *K o (IX.42) of 0.9, cf. Appendix A. Using a
Δ (IX.42) value of – 0.05 kg·mol-1 (based on a value of 0.4 kg·mol-1 for
 (FeSO3 , ClO4 ), estimated by analogy with  (FeSO4 , ClO4 ) ), a value of – 0.23 is
calculated for log10 *K (IX.42) under the conditions of the experimental work of
Hamada et al. [1965HAM/ISH]; were that the case, and if the value for log10 *K (IX.41)
is 0.54 [1965HAM/ISH] (298.15 K), it can be calculated that between 17 and 34 % of
the iron complex in the solutions of Hamada et al. would have been FeSeO3 .
Thus, the complexation results from the two studies [1965HAM/ISH],
[1995RAI/FEL3] are inconsistent; the solubility product value for the solid of Rai et al.
[1995RAI/FEL3] is reasonably well defined, but has meaning only within the context of
a selected complexation model. Dissolution of the selenite solid is best described in
terms of
Fe2 (SeO3 )3  3H2 O(cr)  6H

2Fe3  3H 2SeO3 (aq)  3H 2O(l) .

(IX.43)

In the present review, the complex FeHSeO32+ is rejected, and the following
values are selected:
log10 K o (IX.42) = (0.9 ± 0.5)
log10 K o (IX.43) = – (11.3 ± 0.6)

where the uncertainties in the equilibrium constants of Reactions (IX.42) and (IX.43)
are estimates. Thus, values for Δ r Gmo (IX.42) and Δ r Gmo (IX.43) and Δf Gmo (FeSeO3 )
and Δf Gmo (Fe2 (SeO3 )3  3H2 O, cr) also are selected. The selections are made with the
recognition that the complexation behaviour in acidic solutions containing iron(III) and
selenite probably is more complicated than presented here, but these values likely are
adequate for most modelling purposes. The previously proposed values for the
solubility
product
of
Fe2 (SeO3 )3  6H 2 O(cr) and Δf Gmo (Fe2 (SeO3 )3  6H2 O, cr)
[2005OLI/NOL] are deleted from the lists of TDB selected values.
IX.2.2.4

Iron hydroxidoselenate (“green rust”)

Preparation of a “green rust two” selenate compound, analogous to the sulfate green
rust, [1959BER/DAS], [2003SIM/FRA], has been reported [2000REF/SIM]. The
selenate “green rust two” is metastable [2000REF/SIM], and the Se(VI) is reduced, first
to Se(IV) before further reduction to Se(0) or FeSe 2(cr). In the presence of other greenrust compounds such as those containing sulfate [1997MYN/TOK] or carbonate
[2009CUI/PUR], Se(VI) is readily reduced to Se(0) and iron selenides. In the present
review no values are selected for the thermodynamic quantities of the green rust
hydroxidoselenate.
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Tellurium compounds and complexes

IX.3.1 Iron tellurides
The half-lives of radioactive tellurium isotopes are all either short (< 120 days) or
extremely long (> 1013 years), therefore tellurium is not a fission product of concern in
long-term nuclear waste management. Some short-lived isotopes are important in a
reactor-safety context, either in their own right or as precursors of iodine, and tellurium
also plays a role in fuel-cladding corrosion and other important nuclear-material
interactions [1993CHA/JUN]. This prompted a critical review of the thermodynamic
properties of binary Fe-Te phases by Ball et al. [1992BAL/DIC]. Since much of the
information covered in that review was published between 1985 and 1990, it largely
supersedes the earlier review by Mills [1974MIL]. Several other reviews and
compilations of similar vintage to [1992BAL/DIC] include limited information on iron
tellurides, derived in some cases from Mills’ review [1988AFI/KEL], [1993CHA/JUN],
[1995ROB/HEM].
Figure IX-8 shows the portion of the Fe-Te phase diagram for tellurium atomic
fractions from 0.4 to 0.7, reproduced from Baba et al. [1988BAB/VIS]. This diagram
was selected for its clear depiction of the relationships among the six binary phases (β,
βʹ, γ, δ, δʹ, and ε). It agrees in most respects with the assessed Fe-Te phase diagram of
Okamoto and Tanner, who include an extensive bibliography and a compilation of
reported crystallographic parameters [1990OKA/TAN]. Note that stoichiometric FeTe
does not exist as a single equilibrium phase at any temperature. The only stable binary
iron tellurides below 792 K are Fe1+xTe(cr, β) and Fe1±yTe2(cr, ε). The current review is
therefore restricted to these two phases; it draws heavily from the critical review by Ball
et al. [1992BAL/DIC], with minor updates and adjustments. Ball et al. also discuss the
limited thermodynamic data and estimates available for some of the high-temperature
phases.
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T/K

Figure IX-8: Binary phase region of the Fe-Te phase diagram, reproduced from Figure 1
of Baba et al. [1988BAB/VIS]. Reprinted from [1988BAB/VIS], Copyright (1988),
with permission from Elsevier. This figure includes two interpretations of compositional
limits for the β phase, according to [1974IPS/KOM2] (narrow limits, dashed lines) and
[1988BAB/VIS] (wider limits, dot-dash lines), as discussed in Section IX.3.1.1.

xTe
IX.3.1.1

β iron monotelluride, Fe1+xTe

Various researchers use different formulae for the β phase: FezTe1−z, FeTe1−y, or Fe1+xTe,
where z = 1/(2 – y) = (1 + x)/(2 + x).1 The unit cell is tetragonal, with dimensions a0 =
1

In this case, x is a stoichiometric coefficient, not a mole fraction.
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0.382, c0 = 0.628 nm (varying slightly with composition [1990OKA/TAN]; see below),
and the space group is P4/nmm with Z = 2. The β phase is isostructural with
mackinawite (tetragonal FeS) and β-Fe1+xSe (see Sections IX.1.1.1.4.1 and IX.2.1.2,
respectively). Density measurements by Grønvold et al. [1954GRO/HAR] indicate that
the β phase is primarily iron-rich, rather than tellurium-deficient, with respect to the
ideal unit-cell contents Fe2Te2, therefore the formulation Fe1+xTe reflects the
crystallographic nature of the non-stoichiometry.1
According to Okamoto and Tanner [1990OKA/TAN], who reviewed the
literature up to 1983, the maximum composition range for the β phase (near 1000 K) is
0.461 ≤ xTe ≤ 0.487 (~ Fe1.169Te to ~ Fe1.053Te). More recently, Saha et al.
[1988SAH/VIS] reported an iron-rich limiting composition near FeTe0.8 (~ Fe1.25Te),
and Baba et al. [1988BAB/VIS] obtained limits of 0.650 to 0.682 mass fraction Te
(Fe1.230Te and Fe1.065Te) at 868 K (see Figure IX-8).
Selected thermodynamic properties in this review are based on the
representative composition Fe1.111Te, which corresponds to the material used for lowtemperature heat-capacity measurements by Westrum et al. [1959WES/CHO]. The
measured density of Fe1.111Te(cr, β) is 6.78 g∙cm-3 [1954GRO/HAR]. The equilibrium
composition range at 298.15 K is unknown, but it is likely narrow and close to Fe 1.11Te.

IX.3.1.1.1 Heat capacity and entropy of Fe1+xTe
The following recommended heat-capacity and entropy values for Fe1.111Te(cr) were
derived from [1959WES/CHO], and constitute only minor adjustments of previously
published values (see Appendix A):
C po , m (Fe1.111Te, β, 298.15 K) = (55.03 ± 0.09) J∙K -1∙mol-1,

S mo (Fe1.111Te, β, 298.15 K) = (89.22 ± 0.15) J∙K-1∙mol-1.
The following recommended C p  T equation, derived from heat-capacity measurements
in [1959WES/CHO] and [1974MIK/IPS], is adjusted slightly from the corresponding
equation for Fe0.526Te0.474(cr, β) in [1992BAL/DIC], as discussed in the Appendix A
entry for [1974MIK/IPS].
K
(Fe1.111Te, cr, β)/J∙K-1∙mol-1 = 0.000045640 (T/K)2 – 0.035676 (T/K) +
[C po ,m ]900
298 K

69.304 − 683986 (T/K)-2.
Numerous recent studies of low-temperature structural and magnetic phase transitions
in β-Fe1+xTe(cr) were inspired by interest in the high-temperature superconducting
properties of mixed iron telluride selenides, Fe1+yTe1−xSex. Many of these studies
1

Grønvold et al. [1954GRO/HAR] measured a pycnometric density of 6.777 g∙cm ‑3 for the composition
FeTe0.90 at 20 °C, from which they inferred the unit-cell contents 2.19 Fe and 1.98 Te atoms, without any
estimated uncertainties.
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include heat-capacity measurements for various compositions, e.g., Fe1.092Te and
Fe1.142Te below 90 K [2009HU/BOZ], Fe1.068Te below 110 K [2009LI/CRU], Fe1.11Te
and Fe1.13Te below 70 K [2011ROS/CHE], Fe1.09Te below 300 K [2012ZAL/XU], and
Fe1.057Te below 140 K and Fe1.141Te below 120 K [2013ROD/SOK]. The very small
figures used to present the Cp data in these publications do not allow detailed
comparison with data from [1959WES/CHO], and in most cases the restricted
temperature ranges prevent the extraction of thermodynamic quantities for 298.15 K.
Mani et al. obtained 181 Cp measurements on polycrystalline Fe1.1Te(cr) by
quasi-adiabatic heat-pulse calorimetry within the temperature range 61.5 < T/K < 283.6
([2011MAN/JAN]; data tables courtesy of Dr. Awadhesh Mani). The molar Cp values
were up to ~ 5 % lower than those reported by Westrum et al. for Fe1.111Te(cr)
[1959WES/CHO], but becoming higher at T > 255 K. The observed Cp anomaly due to
the first-order phase transition was smaller and displaced to slightly higher temperature:
67 K, with about 1 K of hysteresis between heating and cooling runs [2011MAN/JAN];
cf. 63 K [1959WES/CHO]. These differences are possibly due to differences in sample
preparation and annealing conditions (more prolonged in [1959WES/CHO]), as well as
the slightly different stoichiometry. No adjustments are recommended for the heatcapacity and entropy values of Fe1.111Te(cr). Structural and magnetic details of the phase
transition in Fe1+xTe(cr) have been reported by Fobes et al. [2014FOB/ZAL].

IX.3.1.1.2 Enthalpy of formation of Fe1+xTe
The following enthalpy value is based on the dissolution-calorimetric study at 298.15 K
by Shukla et al. [1990SHU/PRA], as discussed in Appendix A:  f H mo (FeTe0.9, cr, β,
298.15 K) = − (23.46 ± 1.63) kJ∙mol-1; this corresponds to the following recommended
value:

 f H mo (Fe1.111Te, cr, β, 298.15 K) = − (26.06 ± 1.81) kJ∙mol-1.
Ball et al. [1992BAL/DIC] found that the result of [1990SHU/PRA] is
fortuitously equal to the unweighted average of four selected values they recalculated
from high-temperature studies, namely solid-state electrochemical measurements by
Geiderikh et al. [1961GEI/GER], and tellurium vapour-pressure or partial-pressure
measurements by Ipser and Komarek [1974IPS/KOM], Saha et al. [1985SAH/VIS],
[1988SAH/VIS] (results based on Te(g) data only), Baba et al. [1988BAB/VIS], and
Prasad et al. [1988PRA/MOH]. While some of these values are complicated by variable
composition of the β phase, and the uncertainties are relatively large, the overall
agreement supports the recommended value.
Just too late for inclusion in the review by Ball et al. [1992BAL/DIC], Piacente
et al. [1992PIA/SCA2] studied the vaporization of β iron tellurides by a torsion-effusion
technique. From measurements on an estimated tellurium-poor limiting composition of
FeTe0.85 at 905 to 1106 K, they obtained a 298.15 K value of – (17.5 ± 2.0) kJ∙mol‑1 for
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the heat of formation of FeTe0.85 at 298.15 K, which corresponds to − (20.6 ± 2.4)
kJ∙mol‑1 for an alternative formulation Fe1.176Te(cr) of the type adopted in the current
review. This value is significantly less negative (per mol Te) than the value for
Fe1.111Te(cr), selected above, and is not evaluated further.
Values excluded by Ball et al. [1992BAL/DIC], and by Mills in an earlier
review [1974MIL], include two early results based on stoichiometric “FeTe”
preparations: heats of dissolution in bromine water by Fabre [1888FAB] and tellurium
partial-pressure measurements by Rumyantsev et al. [1962RUM/ZHI]. Ball et al. also
excluded results based on Te2(g) partial-pressure data from Saha et al. [1985SAH/VIS],
[1988SAH/VIS].
Additional information and interpretation for the incongruent vaporisation of
iron tellurides have been reported by Narasimhan and Viswanathan [2013NAR/VIS],
[2013NAR/VIS2]; however, these papers deal primarily with the Mn-Te and Mn-Te-O
systems.

IX.3.1.2

Iron ditelluride (ε phase; frohbergite)

The ε phase can be described as FexTe1−x, Fe1±yTe2, or FeTe2±z, where x = (1 ± y)/(3 ± y)
= 1/(3 ± z). Density measurements by Grønvold et al. [1954GRO/HAR] indicate that the
Fe1±yTe2 formulation is crystallographically correct (see below), with composition
varying from Fe1.026Te2 to Fe0.952Te2. The FeTe2±z formulation (FeTe1.95 to FeTe2.10) is
more often used, partly because it simplifies reaction equations and Gibbs-Duhem
calculations. Other researchers have obtained a somewhat narrower compositional range
than that reported by Grønvold et al. [1990OKA/TAN]. The thermodynamic properties
discussed below are based on the stoichiometric composition FeTe 2.000, which was used
for low-temperature heat-capacity measurements by Westrum et al. [1959WES/CHO].
The equilibrium composition range for the ε phase at 298.15 K is unknown, but it is
likely narrow and close to stoichiometric FeTe2.
The ε phase occurs as the only known binary iron-telluride mineral,
frohbergite. A relatively rare substance, its composition is usually close to
stoichiometric FeTe2, but it also occurs in solid solution with CoTe 2 (mattagamite)
[1988AFI/KEL], [1988AFI/KEL2].
The crystal structure of the ε phase is closely related to that of marcasite (see
Section IX.1.1.1.4.5). Single-crystal XRD analysis of near-stoichiometric FeTe2 yielded
the following parameters for the orthorhombic unit-cell: a0 = 0.52655(8), b0 =
0.62679(8), c0 = 0.38738(7) nm; space-group Pnnm or Pnn2; Z = 2, ρcalc = 8.08 g∙cm‑3
[1970BRO/KJE], [1973BRO/KJE]. Other reported parameters (with a0 and b0 values
transposed), compiled by Okamoto and Tanner [1990OKA/TAN], show some
compositional and inter-laboratory variation. Grønvold et al. reported calculated (XRDbased) and measured density values of 8.05 and 8.09 g∙cm-3, respectively, for FeTe2.000
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(cr, ε) [1954GRO/HAR]. They reported measured densities from 8.09 (interpolated) to
7.93 g∙cm-3 for compositions from “FeTe1.95” to “FeTe2.10”, respectively, reflecting
progressive removal of iron rather than addition of tellurium.

IX.3.1.2.1 Heat capacity and entropy of ε-FeTe2
The following recommended heat-capacity and entropy values for FeTe2.000(ε) were
derived from [1959WES/CHO], and constitute only marginal adjustments of previously
published values, including slight increases in the estimated uncertainties (see
Appendix A):
C po , m (FeTe2.000, ε, 298.15 K) = (73.64 ± 0.10) J∙K -1∙mol-1,

S mo (FeTe2.000, ε, 298.15 K) = (100.22 ± 0.20) J∙K -1∙mol-1.
The following recommended Cp -T equation, derived from heat-capacity
measurements in [1959WES/CHO] and [1974MIK/IPS], is adapted from the
corresponding equations for Fe0.333Te0.667(ε) in [1992BAL/DIC], as discussed in the
Appendix A entry for [1974MIK/IPS].
K
(FeTe2.000, ε)/J∙K-1∙mol-1 = 0.0003201 (T/K)2 − 0.23319 (T/K) + 126.606 –
[C p ,m ]650
298.15 K

1057410 (T/K)-2.

IX.3.1.2.2 Enthalpy of formation of ε-FeTe2
There appear to be no direct calorimetric measurements of the enthalpy of formation of
ε-FeTe2. Ball et al. [1992BAL/DIC] recommended a value of  f H mo (Fe0.333Te0.667, ε,
298.15 K) = − (23.4 ± 2.0) kJ∙mol-1, which is equivalent to  f H mo (FeTe2.000, ε,
298.15 K) = − (70.2 ± 6.0) kJ∙mol-1. This is an unweighted average of values that Ball et
al. [1992BAL/DIC] obtained by recalculation from three high-temperature studies:
solid-state electrochemical measurements by Geiderikh et al. [1961GEI/GER],
isopiestic tellurium-vapour measurements by Ipser and Komarek [1974IPS/KOM], and
Knudsen-effusion mass-spectrometric studies by Baba et al. [1988BAB/VIS]. In these
recalculations, Ball et al. used thermodynamic parameters for elemental tellurium from
Cordfunke and Konings [1990COR/KON], but do not cite a source for thermal data on
Fe(cr). Since no heat-capacity values for elemental tellurium at T > 298.15 K are
currently recommended in the TDB Project, the enthalpy of formation given above is
not a fully TDB-consistent value. Nevertheless, future adjustments to the enthalpy of
formation of ε-FeTe2 are likely to be small unless direct calorimetric determinations are
made.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

216

IX Group 16 and group 15 compounds and complexes

IX.3.2 Iron tellurites and tellurates
IX.3.2.1

Iron tellurites

Reliable information on the thermodynamic properties of iron tellurites is limited.
Sokolov et al. [1977SOK/SAM] carried out heat-of-solution measurements to determine
the
heat-of-formation
values
for
several
transition-metal
tellurites
including Fe2 Te3O9 ·2H 2 O . The reported value for Δ f H o ( Fe2 Te3O9 ·2H 2 O , am,
298.15 K) was – (3126.3 ± 15.9) kJ·mol-1. As discussed in Appendix A, enthalpy-offormation values reported for tellurites in the paper are approximately 333 kJ·(mol Te)-1
more negative than those recalculated in the present review, but no reason for the
difference could be found.
The values of the heat capacities of Fe2 TeO5 (cr) , Fe2 Te3O9 (cr) and
Fe2 Te4 O11 (cr) were determined by Gospodinov and Atanasova [2008GOS/ATA] using
differential scanning calorimetry at a series of temperatures from 403 to 553 K. The
results were fitted by the authors by functions of the form C po ,m (T) = a + bT – cT-2, and
from these equations C po ,m (298.15 K) values of 150.4, 178.9 and 416.2 J·K -1·mol-1 can
be calculated for Fe2 TeO5 (cr) , Fe2 Te3O9 (cr) and Fe2 Te4 O11 (cr) , respectively.
However, as discussed in Appendix A, extrapolation functions lead to large
uncertainties in the 298.15 K values. The experimental results for Fe2 Te4 O11 (cr) are
generally more than 30 % greater than those calculated additively from the binary
oxides using the Neumann-Kopp rule [2003LEI/CHU]. In the present review no values
are selected for C po ,m (298.15 K) for these tellurites.

IX.3.2.2

Fe2TeO6(cr): iron tellurate

Sahu et al. [2014SAH/RAW] measured the heat capacity of Fe2 TeO6 (cr) from 300 to
870 K using a commercial temperature-modulated differential scanning calorimeter. A
least-squares treatment was reported to give:
C po ,m ( Fe2 TeO6 , cr, T)/J·K-1·mol-1 = 211.575 + 10.44 × 10-3 (T/K) – 4.43 × 106 (T/K)-2
for 300 to 870 K.

Dawar et al. [2015DAW/JAI] carried out inverse drop-calorimetry measurements from
483 to 1083 K, and reported an equation for [Hm° (T/K) - Hm° (298.15 K)] ( Fe2 TeO6 , cr),
constrained to the value C po ,m ( Fe2 TeO6 , cr, 298.15 K) = 164.88 J·K-1·mol-1, attributed
to Sahu et al. [2014SAH/RAW], and consequently
C po ,m ( Fe2 TeO6 , cr)/J·K-1·mol-1 = 213.036 + 50.462 × 10-3 (T/K) – 5.6304 × 106 (T/K)-2

for 298.15 to 1083 K.
As discussed in the Appendix A entry for Dawar et al. [2015DAW/JAI], if their equally
weighted results are unconstrained except that the value of [ H mo (T/K) - H mo (298.15 K)]
for Fe2 TeO6 (cr) must be zero at 298.15 K, then
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C po ,m ( Fe2 TeO6 , cr)/J·K-1·mol-1 = 178.8077 + 85.342 × 10-3 (T/K) –2.0977 × 106 (T/K)-2
(IX.44)

for 483 to 1083 K, and from the extrapolated function, C po ,m ( Fe2 TeO6 , cr, 298.15 K) =
180.7 J·K-1·mol-1.
For reasons discussed in the Appendix A entry for [2015DAW/JAI], Equation
(IX.44), based on the equally weighted drop-calorimetry results of Dawar et al., is
accepted in the present review for the temperature range 298.15 to 1050 K, as is
C po ,m ( Fe2 TeO6 , cr, 298.15 K) = (180.7 ± 4.0) J·K-1·mol-1.

The uncertainty has been estimated in the present review, and takes into consideration
that the lowest furnace temperature used by Dawar et al. was 483 K.
Sahu et al. [2014SAH/RAW] used a transpiration method to measure partial
pressures of TeO 2 (g) over Fe2 TeO6 (cr) at temperatures between 949 and 1053 K, and
a second-law calculation to generate values of Δ f Gmo ( Fe2 TeO6 , cr, 298.15 K),
Δf H mo ( Fe2 TeO6 , cr, 298.15 K) with an estimated value of S mo ( Fe2 TeO6 , cr,
298.15 K). Krishnan et al. [2001KRI/SIN] used a Knudsen-cell method to obtain
experimental values for Δ f Gm ( Fe2 TeO6 , cr, T) over a similar temperature range (979
to 1052 K). The values reported in the two studies differ by more than 20 kJ·mol -1
below 1000 K and by approximately 30 kJ·mol-1 at 1050 K. As discussed in
Appendix A, the two groups used markedly different values for Δ f Gmo ( TeO2 , g, T) and
Δ f Gmo (Fe2O3, α, T). However, use of common-source auxiliary data (from Sahu et al.
[2014SAH/RAW] for Δ f Gmo ( TeO2 , g, T), and from Lemire et al. [2013LEM/BER] for
Δ f Gmo (Fe2O3, α, T)) to re-evaluate the experimental results indicated that the differences
likely were even greater. This and other discrepancies discussed in the Appendix A
entry for the paper of Sahu et al. [2014SAH/RAW] also cast doubt on their hightemperature chemical-potential diagrams for the Fe-Te-O system. Furthermore, neither
paper discusses how their results might have been affected by formation of other minor
volatile tellurium species [1990COR/KON]. Dawar et al. [2015DAW/JAI] also carried
out transpiration experiments with Fe2 TeO6 (cr) at higher temperatures, 1103 to
1203 K. Their results are reasonably consistent with those of Krishnan et al.
[2001KRI/SIN]. The magnetic susceptibility curve of Fe2TeO6 (cr) [1968DEH/NEW]
exhibits two peaks, a sharp one at 201 K and a broad one at 233 K, and this suggests
that any estimates of the value of S mo ( Fe2 TeO6 , cr, 298.15 K) not based on lowtemperature heat-capacity data (e.g., 155.4 J·K-1·mol-1 [2014SAH/RAW], 165.3
J·K-1·mol-1 [2015DAW/JAI]) should be regarded with caution. In the present review no
298.15 K values are selected for Δ f Gmo (Fe2TeO6, cr), S mo ( Fe2 TeO6 , cr) or
Δf H mo (Fe2TeO6, cr).
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IX.4

IX.4.1 Aqueous iron nitrate solutions
No evidence has been found in the scientific literature for the existence of aqueous
nitratoiron(II) complexes. As discussed in Sections IX.4.2.1 and IX.4.2.2, simple
iron(II) and iron(III) nitrate hydrates are very soluble in water.
IX.4.1.1

Determination of the Fe2+ -NO3 ion-interaction coefficient

Lemire et al. [2013LEM/BER] noted that no value of  (Fe2+ , NO3 ) was available in
the literature. The lack of osmotic-coefficient data for iron(II) nitrate solutions is not
surprising in view of the instability of these solutions to oxidation over extended periods
of time. In the Appendix A entry of TDB-Iron Part 1, in reference to [1976RAM] it was
stated that “There is no selected value available for the formation constant of FeNO3
nor for  (Fe2+ , NO3 ) , but an estimate based on a correlation of existing 1  (M2+ , NO3 )
values with mean metal-water distances from [1988MAR] produces  (Fe2+ , NO3 ) =
(0.16 ± 0.09) kg·mol-1.”
In TDB-Iron Part 1, an evaluation of the osmotic-coefficient data from Moog
et al. [2004MOO/HAG] yielded a value of  (Fe2+ ,Cl ) = (0.17 ± 0.01) kg·mol-1 at
298.15 K. By analogy, when the known interaction coefficients  (M 2+ ,Cl ) , where M
= Mn, Co, Ni and Cu, were fitted as a function of the corresponding reciprocal mean
ion-water distances [1988MAR], a compatible value of  (Fe2+ ,Cl ) = (0.15 ± 0.02)
kg·mol-1 was derived.
Additional osmotic coefficient data are available for other divalent metal
nitrates beyond those considered previously in TDB-Iron Part 1, and perhaps more
significantly these values should be assessed over the same ionic strength range outlined
in the TDB-2 guidelines, preferably to Im < 3.5 for this charge type. According to the
SIT, the osmotic coefficient, , can be expressed as:

  1

 2 ln(10)
2 A ln(10) 
1
 2 ln(1  1.5 I m )  
 (M 2  , NO3 ) I m
1  1.5 I m 
3
9
(1.5) I m 
1  1.5 I m


(IX.45)
where A represents the Debye-Hückel parameter. Rearrangement of Equation (IX.45)
allows linear plots to be constructed from which the desired  (M 2+ , NO3 ) values can
be derived from the slope. For the M(NO3 )2 salts in question this analysis was limited
to Im ≤ 3 and these results are listed in Table IX-2.

1

The author used Me to represent a generic symbol for a metal whereas M is generally used in this review.
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Table IX-2: Ion-interaction coefficients  (M 2+ , NO3 ) derived from osmotic-coefficient
data available at 298.15 K in the literature with statistical uncertainties quoted at 2 σ
and the mean M-O distance (nm) for six H 2 O in the first solvation shell, dion-w/nm, for
the corresponding M2+ cations [1988MAR].

Cation

 (M2+ ,NO3 )
kg·mol-1

Mg 2+

(0.162 ± 0.001)
(0.168 ± 0.001)
(0.162 ± 0.001)
(0.159 ± 0.011)
(0.136 ± 0.002)
(0.152 ± 0.002)
(0.116 ± 0.002
(0.110 ± 0.003)
(0.124 ± 0.002)
(0.137 ± 0.003)
(0.155 ± 0.003)
(0.154 ± 0.002)
(0.152 ± 0.002)

[1940ROB]
[1942ROB/WIL]
[1982SAD/LIB]
[2007GUE/MAR]
[1982SAD/LIB]
[1982SAD/LIB] (0.182 ± 0.010)(b)
[1942ROB/WIL]
(0.11 ± 0.01)(a)
[1955ROB/STO]
[1982SAD/LIB]
[1942ROB/WIL]
(0.16 ± 0.02)(a)
[1955ROB/STO]
[1982SAD/LIB]
[1982SAD/LIB]
(0.14 ± 0.01)(a)

(0.098 ± 0.003)
(0.092 ± 0.002)

[1942ROB/WIL]
[1955ROB/STO]

Mn 2+
Ni 2+
Cu 2+
(average)
Zn 2+

Co 2+
Fe 2+
Cd 2+

Original
Reference

 (M 2+ , NO3 )
kg·mol-1
TDB
(0.17 ± 0.01)(a)

(0.09 ± 0.02)(a)

dion-w
nm
(0.209 ± 0.004)

(0.219 ± 0.001)
(0.206 ± 0.001)
(0.240 ± 0.010)

(0.210 ± 0.007)

(0.211 ± 0.002)
(0.211 ± 0.001)
(0.230 ± 0.003)

Pb 2+
Ca 2+

(a)
(b)
(c)
(d)

(0.20 ± 0.12)(a), (c)
(0.00 ± 0.07)
[1935PEA/BLA]
(0.02 ± 0.01)(a) (0.242 ± 0.005)
(0.020 ± 0.003)
[1940ROB]
(0.018 ± 0.003)
[1955ROB/STO]
(0.028 ± 0.005)
[2007GUE/MAR]
Sr 2+
− (0.047 ± 0.003)
[1942ROB/WIL]
0.264
− (0.048 ± 0.004)
[1955ROB/STO]
Ba 2+
− (0.27 ± 0.03)
[1942ROB/WIL] − (0.28 ± 0.03)(a), (d)
0.29
− (0.29 ± 0.02)
[2007GUE/MAR]
Attributed to [1980CIA].
[2005GAM/BUG] in which osmotic coefficients from [1982SAD/LIB] and [1982SAR/COV] were
treated up to Im = 15.
Listed as being ionic-strength dependent and therefore this value was not used in this correlation.
This value appears to be erroneous (only four values to Im ≤ 0.4), although a similar value was also
obtained from [2007GUE/MAR] (again only four values to Im ≤ 1.2); it is not plotted in Figure IX-9.

The unweighted regression of the  (M2+ , NO3 ) values obtained from the SIT
treatment (weighted average of values in column 2 of Table IX-2 and footnotes) versus
the mean ion-water distance [1988MAR] at 298.15 K yielded the equation:

 (M2+ , NO3 ) / kg  mol-1 = − (0.766 ± 0.085) + (0.192 ± 0.019) dion-w/nm

(IX.46)

with R2 = 0.956. The resulting estimate of  (Fe , NO ) is (0.14 ± 0.03) kg·mol-1 (cf.
 (Fe2+ ,Cl ) = (0.15 ± 0.02) kg·mol-1 obtained in TDB-Iron Part 1 from the same
2+


3
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relationship but based on fewer data) and is very similar to those for other first-row
transition metal ions with similar ionic radii, for example, Ni 2+ , Co 2+ and Zn 2+ , so that
a similar value would have been obtained from a simple averaging of these values.

Figure IX-9: Correlation of ion-interaction parameters for divalent metal nitrates with
the reciprocal of the mean ion-water distance [1988MAR] at 298.15 K where: the open
circles correspond to values in Table IX-2, column 2; the open squares correspond to
TDB recommended values, and the solid circle is the estimated value for
 (Fe2+ , NO3 ) ; the line was generated by the regression of the SIT values and the
dashed curves are the 2σ confidence limits.
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Herdman and Neilson [1992HER/NEI] used neutron diffraction to elucidate the
coordination of Fe3+ in three concentrated D2O solutions, i.e., 1.48 to 1.96 mol·dm-3.
The octahedral symmetry of the unhydrolysed Fe3+ ion was confirmed in nitrate
solutions. In each solution, a well-defined hydration structure was identified with
nearest neighbour Fe3+…O and Fe3+…D correlations of (0.201 ± 0.002) and
(0.268 ± 0.003) nm, respectively. Herdman and Neilson also confirmed the results of an
earlier XRD investigation conducted over a slightly wider concentration range
[1979CAM/MAG] in that no nitrate anions could be detected in either the first or
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second hydration shell of Fe3+ in an unheated 1.48 mol·dm-3 Fe(NO3 )3 solution in
which the ratio of Fe3+ :D2 O:NO3 was 1:30:3.7. In a companion study
[1992HER/NEI2], neutron diffraction was used to interrogate the structure of a 1
mol·kg-1 iron(II) chloride D 2 O solution (the molality of DCl was greater than 1). The
octahedral hydration shell of Fe 2+ was identified with nearest neighbour Fe 2+ …O and
Fe 2+ …D distances of (0.212 ± 0.002) and (0.275 ± 0.005) nm, respectively.
An XRD study of Fe(H2 O)6 (NO3 )3  3H2 O(cr) determined the mean Fe3+ -O
distance in the octahedral configuration to be (0.1986 ± 0.0007) nm [1977HAI/BEA].
It was claimed by Morris and Sturgess [1969MOR/STU] that Thoms and
Gantz [1946THO/GAN] were the first to identify a nitratoiron(III) complex, but this
early paper merely describes near-UV/visible spectral changes associated with mixing
Fe3+ with various anions. Moreover, Thoms and Gantz specifically noted that no
spectral perturbation was observed in a mixture of 0.003 mol∙dm-3 FeCl3 with 0.006
mol∙dm-3 NaNO3 . The conclusion of this review is that complex formation in iron(III)
nitrate solutions can be ignored in calculating the thermodynamic properties of these
solutions at ambient conditions for low to moderate electrolyte concentrations. The
following discussion is presented to substantiate this conclusion.
The only iron(III) nitrate species proposed to form in relatively dilute aqueous
nitrate solutions is the mononitratoiron(III) complex or the hexaaquoiron(III) nitrate ion
pair as represented in the general Reaction (IX.47). The results of these studies are
summarised in Table IX-3 as well as the rather dubious results for the formation of
mixed nitrate and nitric acid iron(III) species at very high HNO3 concentrations
[1970KLY/SMI2]. The formation of a mixed hydroxidonitratoiron(III) solid phase,
Fe(OH)2 NO3 (s) , was also postulated [1973DAN/CHI].

Fe3  NO3

FeNO32+

(IX.47)

Sykes [1952SYK] reported Kc,1 (IX.47) = 0.68 at Ic = 0.066 (Im = 0.067), but with
cNO = 0.057 mol∙dm-3. A second value of Kc,1 (IX.47) = 0.6 was given at Ic = 0.426 (Im
3
= 0.432) where the nitrate molarity appeared from a small graph to have been varied
from ca. 0.1 to 0.4 mol∙dm-3. An enhanced kinetic effect due to interaction of the
proposed FeNO32 complex with iodide could not be ruled out as was suggested to be
the case for the corresponding chlorido complex. This possibility indicated that the
reported formation constants were at best only lower limits. However, the larger issue,
which is common to all the studies listed in Table IX-3, is that high nitrate
concentrations were required to observe any indication of an associative interaction.
This phenomenon is common to many studies of weak ionic interactions, the
consequences of which are that in the absence of any spectral evidence for the formation
of a distinct nitrate containing species all the results presented here are considered to be
ambiguous.
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Table IX-3: Experimental and recalculated formation constants for the FeNO32
complex and other thermodynamic quantities (units for  r H mo are kJ·mol-1).
Method

T/K

Medium (aq)
mol∙dm˗3

Reported value

Reference

kin

293.15

0.066

Kc,1 = 6.8

[1952SYK]

293.15

0.426
HNO3, Na/KNO3,
Na/KClO4
0.345-2.77 ≈ cNO

Kc,1 = 0.6

K1o ≈ 10

[1959MAT]

cFe(NO3 )3 =

Kc,1 = 5.7

[1964HOR/MYE]

[1969MOR/STU]

293.15

Kc,1 = (1.32 ± 0.03)
 r H mo = ‒ (38 ± 10)
Kc,1 = 0.82 ± 0.03)

298.15

Kc,1 = (0.59 ± 0.03)

303.15

Kc,1 = (0.52 ± 0.03)

313.15

Kc,1 = (0.28 ± 0.03)

pot

298.15

3

con

298.15

cHNO3 = 0.05

dis

283.15

Ic = 1.0
HNO3, HClO4

sp

298.15

cHNO3 = 4.62-12.69

sp

293.15

Ic = 0.4
HNO3, HCl

 c,3,1,1 = (2.5 ± 0.1) × 10-2
 c,3,3,1 = (8.0 ± 1.7) × 10-3
Kc,1 = 0.6 (3.2)

[1970KLY/SMI2]
[1988FEN/WAK]

A potentiometric investigation was carried out by Mattoo [1959MAT] over a
range of ionic strengths, 0.345, 0.69, 1.38 and 2.77 mol∙dm-3, at 298.15 K. The effect of
iron(III)-nitrate interactions on pH due to competition with the much stronger ligand,
sulfate, was interpreted as a measure of nitrate association. Here again, high nitrate
concentrations had to be employed to observe this effect; these experiments also were
compromised by the presence of sulfate and an inadequate calibration of the glass
electrode. The value of log10 K1o  (1.1 ± 0.3) for the formation of the FeNO32
complex was derived from an SIT treatment with the over-riding caveat that the
dominant anion in solution was nitrate and that only one potential measurement was
made at each ionic strength [1959MAT].
The results of other attempts to quantify the stability of an iron(III) nitrate
complex or ion pair are also ambiguous for the same reasons that are inherent in most
measurements of weak ionic interactions [1964HOR/MYE], [1969MOR/STU].
Conductance measurements as a function of pressure [1964HOR/MYE] led to Kc,1 = 5.7
dm3∙mol-1 at 0.103 MPa for the formation of the FeNO32 complex. However, a number
of assumptions were made, viz., no association occurred between Fe3+ and ClO 4 in
solutions of the same molarity; hydrolysis of Fe3+ was insignificant; and more
significantly, the sum of the limiting molar conductivities of the individual ions in each
of these two systems was the same and independent of pressure with an assumed value
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for the FeNO32 complex taken from the literature. The latter assumption is suspect in
such relatively concentrated solutions for conductance measurements (see Table IX-3)
with high contributions from the highly conductive hydrogen ion.
Morris and Sturgess [1969MOR/STU] used a liquid-liquid extraction technique
in an attempt to measure the formation constant of FeNO32 in an aqueous solution with
Ic = 1 (HNO3-HClO4) from 283.15 to 313.15 K while the nitrate ion concentration was
varied from 0.1 to 1.0 mol∙dm-3. The linear dependence of the reciprocal of the
distribution coefficient on nitrate concentration was interpreted as evidence for the
exclusive formation of FeNO32 with no consideration of the contribution of activity
coefficients with this systematic change in the ionic medium. Moreover, the magnitude
of the “apparent” formation constants for this species listed in Table IX-3 is extremely
small for the formation of a 3:1 complex.
The results of two spectrophotometric investigations are listed in Table IX-3.
Firstly, Feng and Waki [1988FEN/WAK] postulated the formation of FeCl2  , but this
was rejected in TDB-Iron Part 1 principally because the authors ignored the effect on
the ion-interaction coefficients at high ligand concentrations, a problem that is
magnified here for the weaker nitrate analogue. Secondly, Klygin et al.
[1970KLY/SMI2] also made spectrophotometric measurements at 390, 400 and 410 nm
(298.15 K) with iron(III) concentrations of 0.016 mol∙dm -3 while the total HNO3
concentration was varied from 4.62 to 12.69 mol∙dm-3. The associated HNO3
concentration was estimated from proton NMR data [1960HOO/REI]. The authors
claimed to have identified two nitrate complexes from a regression of their data over
distinct nitric acid concentration ranges, but apparently they ignored the variation in
activities while proposing two equilibria existed:

Fe3  3NO3  HNO3 (aq)

Fe(NO3 )3 (HNO3 )(aq)

Fe(NO3 )3 (HNO3 )(aq)  2HNO3 (aq)

(IX.48)

Fe(NO3 )3 (HNO3 )3 (aq) (IX.49)

They then claimed that the least-squares regression of optical density versus
nitrate and associated nitric acid concentrations yielded the molar absorption
coefficients of both complexes and the formation constants given in Table IX-3. These
claims are considered to be totally unrealistic. Even given the likelihood that nitrate and
possibly nitric-acid-containing complexes do exist at these extreme concentrations, the
stoichiometries of the species proposed to form in Reactions (IX.48) and (IX.49) are
unfounded, and their thermodynamic properties are therefore rejected by this review.
Danesi et al. [1973DAN/CHI] proposed a value for the formation of a nitratecontaining hydroxide according to the equilibrium:

Fe3  NO3  2H2 O(l)

Fe(OH)2 NO3 (s)  2 H 

(IX.50)

The proposed solid was not characterised but their potentiometric data strongly
supported the Fe:OH ratio of this mononuclear solid phase.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

224

IX Group 16 and group 15 compounds and complexes

Despite the diversity of all the experimental investigations reviewed in this
section, no definitive evidence for the formation of specific nitratoiron(III) complexes
has been established and therefore the thermodynamics of such solutions may be treated
as involving strong electrolytes to at least moderate concentrations, e.g., 2 mol∙dm-3
Fe(NO3 )3 .

IX.4.1.3

Determination of the Fe3+ -NO3 ion-interaction coefficient

Given that aluminium(III) nitrate solutions are sparingly associated [1935PEA/BLA],
this solute can be used potentially as a surrogate to determine the ion-interaction
coefficients for the corresponding iron(III) salt, while noting that  (Fe3+ ,Cl ) was also
estimated by analogy to the  (Al3+ ,Cl ) value. However, the following discussion
indicates that there are some complications in the comparison of the osmotic coefficient
data for the two aluminium salts. Firstly, consideration of the results for AlCl 3 solutions,
which were presented in TDB-Iron Part 1, reveals an ionic-strength dependence (see
Figure IX-10 where y is defined by Equation (IX.51) according to the SIT), if the value
obtained by Apelblat et al. [2002APE/KOR2] at saturation were to be ignored.
y   1

   
3 A ln(10) 
1
 2 ln(1  1.5 I m )       ln(10) (Al3 , Cl )
1  1.5 I m 
3
(1.5) I m 
1  1.5 I m
     

(IX.51)
An unweighted regression of all the available results represented by the solid line in
Figure IX-10 yielded an  (Al3+ ,Cl ) value of (0.41 ± 0.06) kg·mol-1 whereas limiting
the molality range to < 1.1 mol·kg-1 produced a value of (0.34 ± 0.04) kg·mol-1, which
is in fact the value used previously in TDB-Iron Part 1 (Section VI.4.1) to derive
 (Fe3+ ,Cl ) . Secondly, the value adopted in the TDB Project (see Appendix B),
 (Al3+ ,Cl ) = (0.33 ± 0.02) kg·mol-1, stems from the work of Ciavatta [1980CIA],
who cited the compilation of “smoothed” osmotic-coefficient data in [1955ROB/STO].
Figure IX-10 illustrates that the data listed by Robinson and Stokes most likely
came from their “experimental data” [1949ROB/STO] which, like those reported in
[1941MAS], were also given at evenly spaced intervals of molality indicating that they
were probably smoothed graphically. This problem notwithstanding, Ciavatta
[1980CIA] stated that the values of the interaction coefficients given in Table 5 of that
publication represent weighted averages “when a trend not exceeding 0.03 was
observed in the I range from 0.5 to 3.5 mol/kg.” Limiting the [1955ROB/STO] data to
Im  3.6 gives  (Al3+ ,Cl ) = (0.32 ± 0.02) kg·mol-1 (see dashed line in Figure IX-11).
Comparison of the  (Al3+ ,Cl ) value for this truncated data set and (0.34 ± 0.04)
kg·mol-1 obtained for the current data set to Im  6.6 indicates good agreement over the
wider range of ionic strength. Thirdly, examination of the data to Im  12,
acknowledging an ionic-strength dependence consistent with that observed in the
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independent  (Fe3+ ,ClO4 ) results yielded 1 (Fe3+ , Cl ) = 1 (Al3+ ,Cl ) =
(0.72 ± 0.06) kg·mol-1 and  2 (Fe3+ ,Cl ) =  2 (Al3+ , Cl ) = − (0.55 ± 0.05) kg·mol-1.

Figure IX-10: Plot of “y” versus mAl for AlCl3(sln) at 298.15 K as reported in part in
TDB-Iron Part 1.
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Fourthly, the only experimental data found in the literature are vapour-pressure
measurements [1935PEA/BLA] of aluminium nitrate solutions to saturation molality
(3.1607 mol·kg-1) that resulted in a value of  (Al3+ , NO3 ) = (0.25 ± 0.02) kg·mol-1
over the entire range of Im with the caveat that the lower ionic strength data, i.e., Im  6,
are significantly scattered. If the Apelblat and Korin [2002APE/KOR2] data point is to
be believed, then there is no real curvature in this plot out to Im ≈ 19. This is difficult to
reconcile with the ionic-strength behaviour of aluminium chloride and iron(III)
perchlorate solutions. Therefore, any use of the aluminium nitrate ion-interaction
coefficient as a surrogate for  (Fe3+ , NO3 ) must be limited to Im  6 with an increased
uncertainty. Finally, it is noteworthy that the TDB values for  (Cr 3+ ,Cl ) and
 (Cr 3+ , NO3 ) are listed as (0.30 ± 0.03) and (0.27 ± 0.02) kg·mol-1, respectively. These
can also be considered because chromium(III) nitrate, and with less confidence
chromium chloride, are only weakly associated at 298.15 K. The chromium(III) osmotic

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

226

IX Group 16 and group 15 compounds and complexes

coefficient data compiled in [1955ROB/STO] extend to Im = 7.2 and 8.4, respectively.
Recalculation of these coefficients over the full range of ionic strengths and Im  3.6
gave  (Cr 3+ ,Cl ) = (0.31 ± 0.01) and (0.29 ± 0.02) kg·mol-1 and  (Cr 3+ , NO3 ) =
(0.270 ± 0.003) and (0.26 ± 0.01) kg·mol-1, respectively. No detectable ionic-strength
dependence was noted. The review suggests a tentative value for  (Fe3+ , NO3 ) =
(0.26 ± 0.08) kg·mol-1 for use to Im  6.

Figure IX-11: Plot of “y” versus Im for Al(NO3 )3 (sln) at 298.15 K [1935PEA/BLA]
where the solid and dashed lines represent fit to Im ≈ 19 and Im = 6, respectively.
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IX.4.2 Iron nitrate solids
IX.4.2.1

Iron(II) nitrate solids

There is little information in the literature about the physical and thermodynamic
properties of solids in the Fe(II) - NO3 - H 2 O system. Funk [1899FUN], [1900FUN2]
reported solubilities of a hexahydrate (melting point 333.6 K) for temperatures between
264.2 and 297.2 K,1 and of a higher hydrate, possibly the nonahydrate, at lower
1

It appears that the solubility values for 288.15 and 298.15 K from [1865ORD] were incorrectly tabulated
by [1899FUN] as referring to 298.15 and 323.15 K. Thus, the agreement between the two sets of
measurements is closer than reported by Funk [1899FUN].
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temperatures (246.2 to 257.6 K). At the temperatures of the measurements the solids are
very soluble in water, ~ 3 to 9 mol·kg-1 with respect to anhydrous Fe(NO3 ) 2 . Values
for f H mo (Fe(NO3 )2 ,cr) and f Gmo (Fe(NO3 )2  9 H2 O,cr) reported in the tables of
Karapet’yants and Karapet’yants [1968KAR/KAR]1 are calculated estimates, and have
not been substantiated by further experimental measurements. No other thermodynamic
data could be found for these iron(II) nitrate solids.

IX.4.2.2

Iron(III) nitrate solids

Iron(III) nitrate nonahydrate is precipitated from sufficiently concentrated aqueous
nitric acid solutions of iron(III). It is highly soluble in water (> 2.9 mol·kg-1 for T
 273 K), melts near 320 K [1850ORD], [2008GOU/KAD], and is a stable solid at
temperatures near and below 300 K [1907JON]. Several studies of the solubility of this
solid have been carried out as a function of temperature and nitric acid concentration
[1909CAM/ROB2],
[1929MAL2],
[1956KIR/UST],
[1964YEE/DAV],
[2008GOU/KAD], or with Fe(NO3 )3  9 H 2 O(cr) as an end-member in a study of a
system also containing another nitrate salt [1927MAL], [1927MAL2], [1929MAL],
[1939ZAS/RAV],
[2005MAR/MIN],
[2007GOU/KAD],
[2008GOU/KAD],
[2011GOU/KAD]. As noted in Figure 6 of the report by Yee and Davis
[1964YEE/DAV], the 298 K solubility measurements of Malquori [1929MAL2] and of
Cameron and Robinson [1909CAM/ROB2] for the Fe(NO3 )3 - HNO3 - H 2 O(cr) system
are not in particularly good agreement at the higher nitric acid weight fractions. The
structure of the monoclinic nonahydrate (space group P21/c) has been determined
[1977HAI/BEA]; Fe3 is octahedrally coordinated, with six water ligands.
In several of the ternary-system studies with high total aqueous nitrate
concentrations, formation of the hexahydrate, Fe(NO3 )3  6 H 2 O(s) , also has been
reported [1854HAU], [1929MAL2], [2011GOU/KAD]. However, the hexahydrate does
not seem to be formed in the Fe(NO3 )3 - H 2 O binary system or during the gradual
heating of the nonahydrate [1958WEN], [1982MU/PER], [1998BAW/FRI],
[1998ELM/GAB], [1999WIE/KOZ]. Thermal decomposition studies at low heating
rates (~ 1 K·min-1) [1982MU/PER], [1999WIE/KOZ] are in agreement that at a total
pressure near 0.1 MPa the nonahydrate loses substantial weight fractions in at least two
steps, between 305 and 373 K and then again above 400 K. The material is transformed
to α-Fe 2 O3 in flowing air at ca. 400 to 523 K depending on heating rate. However,
there is no unambiguous evidence for formation of lower hydrates or the anhydrous
nitrate salt, and even the low-temperature processes also likely involve melting,

1

Actually, it was the 1970 translation that was used (J. Schmorak), Humphrey Sci. Publ. (Ann Arbor).
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hydrolysis and denitration. Indeed, Wieczorek-Ciurowa and Kozak [1999WIE/KOZ]
found that after 22 weeks at 348 K in air the nonahydrate decomposed to form a mixture
of α-Fe 2 O3 and FeOOH(s) . As discussed in Mellor’s treatise [1935MEL], there were
early reports of even less hydrated solids and nitric acid adducts, but no conclusive
indication that these are stable phases.
Berthelot [1875BER4], [1897BER2] reported a value for the heat of solution of
the nonahydrate in water at 285.55 K (12.4 °C). This is the source of the values for
f H mo (Fe(NO3 )3  9 H2 O(cr)) in several standard (related) compilations [1929BIC],
[1936BIC/ROS], [1952ROS/WAG], [1982WAG/EVA]. Here, as discussed in
Appendix A, we have used auxiliary data consistent with the current TDB review to
obtain an approximate value of f H mo (Fe(NO3 )3  9 H2 O, cr, 298.15 K) = ‒ (3274 ± 8)
kJ·mol-1, but have not retained this as a selected value.

IX.4.2.2.1 Iron(III) hydroxide nitrate solids
Studies of hydrolysis of aqueous solutions of iron(III) nitrate or dehydration of iron(III)
nitrate nonahydrate have suggested the formation of large hydroxido- or
hydroxidooxido-polymers with the empirical composition Fe(OH) z (NO3 )3 z (z = 2.32.5) [1966SPI/ALL], [1976DOU/DEB], and several related solids containing nitrate
have been proposed or isolated: Fe(OH)2 NO3 (s) [1973DAN/CHI], [1999WIE/KOZ];
FeO(OH)1 x (NO3 ) x (cr) (x = 0.2-0.3) [1996SCH/FRI]; Fe(OH)(NO3 )2  yH 2 O(s) (y =
Fe4 (OH)11 NO3  2 H2 O(cr)
2.0-2.2)
[1999WIE/KOZ],
[2013GUO];
and
Fe4 (OH)11 NO3 (cr) [1988LOP/GAR]. Schwertmann et al. [1996SCH/FRI] described
FeO(OH)1 x (NO3 ) x (cr) (x = 0.2-0.3) as having a structure related to  -FeOOH
(akaganéite, Section VII.2.6), and concluded that the XRD pattern was incompatible
with those reported for Fe4 (OH)11 NO3  2 H2 O(cr) and Fe4 (OH)11 NO3 (cr) by LópezDelgado et al. [1988LOP/GAR]. Danesi et al. [1973DAN/CHI] proposed a formation
constant value for Fe(OH)2 NO3 (s) , but that material was not isolated or, as is the case
for all these solids, well-characterised. No reliable thermodynamic quantities are
available for any of these solids.

IX.5

Phosphorus compounds and complexes

IX.5.1 Introduction
Iron phosphates, and to a lesser extent phosphonites and phosphinites, are of interest to
scientists with very different primary areas of research—glasses for nuclear waste
management, agriculture with respect to phosphate availability to plants, geology,
reversibility of uptake of lithium ions for batteries, and catalysis. Therefore, the focus of
the experimental work has been very diverse, and little has been prompted by an interest
in thermodynamic measurements relevant to the behaviour for nuclear waste disposal at
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temperatures at which water is liquid at pressures near 100 kPa. The following sections
contain much more descriptive material than has been usual in most of the other reviews
of the TDB series. However, no attempt has been made in this review to carry out a
comprehensive review of the solids and solid solutions with respect to their structures.
There are several polymorphs for some of the solids, and it is essential to try to attribute
the comparatively meagre thermodynamic measurements to the proper materials. Good
experimental thermodynamic measurements sometimes have been carried out without
proper consideration of the complexities requiring better sample characterisation. The
solubilities of the solids are low, and most solution measurements have been restricted
to very limited ranges of pH. Also, there often has been a tendency (especially with
respect to solubility and spectroscopic measurements) to oversimplify the nature of
species formed in solution between iron cations, subject to hydrolysis, and phosphate in
its various protonated forms. The thermodynamic properties of iron phosphides are not
assessed in the present review.

IX.5.2 Minerals and other solids in the Fe-P-O-H system
IX.5.2.1

Phase-diagram studies

Solids reported in the Fe-P-O-H system are listed in Table IX-4. Phase diagram studies
of the Fe2 O3 -P2 O5 system [1935WEN], [1961KOR/ROY] recently have been reviewed
by Zhang et al. [2011ZHA/SCH] who carried out further experiments, primarily for
temperatures between 1100 and 1500 K. Four compounds were identified: FePO4 ,
Fe3 PO7 , Fe4 (P2 O7 )3 , and Fe(PO3 )3 . Reduced solids, Fe3 (PO4 )2 and Fe2 P2 O7 , are
formed as intermediates in the treatment of Fe2 O3 -FePO4 mixtures with hydrogen
[1961KOR/ROY] (823 to 973 K); Fe2 P2 O7 also has been reported to form if
FePO4 (cr) is heated above 1300 K at reduced pressure [1974TET/PEC].
Phase-diagram studies of the P2 O5 -Fe2 O3 -H2 O system indicated several
equilibrium solids including:


Fe2 O3·P2 O5 ·xH 2 O(cr) (x = 4 or 5) [1878ERL], [1926CAR/HAR],
[1954JAM/SAL];



Fe2 O3·(P2 O5 )2 ·8H2 O(cr) [1878ERL], [1923CAR/HAR], [1954JAM/SAL];



Fe2 O3·(P2 O5 )3 ·6H2 O(cr) [1878ERL], [1923CAR/HAR], [1954JAM/SAL];



Fe2 O3·(P2 O5 )3·10H 2 O(cr) [1923CAR/HAR], [1954JAM/SAL].

Equilibrium is reached slowly, isolation of the solids has proven to be difficult,
even from solutions equilibrated at 343 K [1923CAR/HAR], and it appears that other
metastable solids also are formed. The compound with an Fe:P ratio of 1:1 was assumed
by Carter and Hartshorne [1923CAR/HAR] likely to be related to the mineral strengite,
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FePO4 ·2H 2 O(cr) . However, as discussed below, there now are several known
polymorphs of FePO4 ·2H2 O .

It is possible that Fe2 O3·(P2 O5 )2 ·8H2 O(cr) is the same as the
Fe(H 2 PO4 )(HPO4 )·xH 2 O of Pierri et al. [2000PIE/TSA] and probable that
Fe2 O3·(P2 O5 )3 ·6H2 O(cr) [1878ERL] is the “hygroscopic amorphous” solid
Fe(H2 PO4 )3 mentioned by Tjapkin [1983TJA] and also the same as in the
microcrystalline powder samples used by dYvoire [1961YVO] and Baies et al.
[2006BAI/PRA] to determine a crystal structure. Pralong et al. [2006PRA/CAI]
reported a crystal structure for H3O(Fe(H2O))3∙(H8(PO4)6)∙3H2O, which again could be
Fe(H 2 PO4 )(HPO4 )·xH 2 O [2000PIE/TSA], x = 7/3, as a decomposition product of
Fe(H2 PO4 )3 . However, Bosman et al. [1986BOS/BEU] published the crystal structure
of (H3O)Fe3·(H 2 PO4 )6 ·(HPO4 )2 ·4H 2 O , which has an Fe:P ratio of 3:8, consistent with
a solid described by Shishkin et al. [1958SHI/KRO] and dYvoire [1961YVO],
[1961YVO2].
Carter and Hartshorne [1926CAR/HAR] also studied a limited range of the
iron(II)-P2 O5 -H 2 O system at 343 K. The only solids that were isolated gave analyses
(FeO)2 (P2 O5 )·5H 2 O(cr) ,
(FeO)2 (P2 O5 )·3H 2 O(cr) ,
corresponding
to
and
(FeO)(P2 O5 )·4H 2 O(cr) . The last two of these also had been reported earlier in the
literature [1861DEB], [1878ERL]. However, no corresponding minerals seem to have
been described, and such solids would be highly susceptible to at least partial oxidation.
Ebert and Kavan briefly described phase relationships of Fe(III) and Fe(II) in
aqueous systems with P(III) species at 298.15 K. For Fe(III) they reported
Fe4 H33 P15 O45 ·6H 2 O(cr) , FeH3 P2 O6 ·3H 2 O(cr) , and Fe2 (HPO3 )3·9H 2 O(cr) in the
Fe2 (HPO3 )3 -H3 PO3 -H2 O
system
[1975EBE/KAV],
and
for
Fe(II),
FeHPO3·3H 2 O(cr) , FeH10 P4 O12 ·4H 2 O(cr) , and FeH4 P2 O6 ·½H 2 O(cr) in the
FeHPO3 -H3 PO3 -H2 O system [1978EBE/KAV].

Table IX-4: Minerals and other solids in the Fe-P-O(-H) system.
Iron(III)-phosphorus(V) minerals
Mineral
strengite (orthorhombic)

Fe:P
1:1

Formula
FePO4·2H2O

metastrengite II (monoclinic)
1:1
(= phosphosiderite =clinostrengite)

FePO4·2H2O

rodolicoite (a) (orthorhombic)

1:1

Fe1.04P0.96O4.00

santabarbaraite

3:2

Fe3 (PO4 )2 (OH)3·5H2O

tinticite

3:2

Fe3(PO4)2(OH)3·3H2O

grattarolaite (a)

3:1

Fe2.99 P1.01O7

(Continued on next page)
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Table IX-4 (continued)
Fe-P-O(-H) minerals with iron(II) or with both iron(II) and iron(III)
Mineral
Fe:P
FeIII:FeII Formula
2:1
(Fe2+ )3 (Fe3+ )6 (PO4 )4 (OH)12
laubmannite (of Moore [1970MOO2]) 9:4
barbosalite

3:2

2:1

Fe3 (OH)2 (PO4 )2

lipscombite

3:2

2:1

Fe3 (OH)2 (PO4 )2

giniite

5:4

4:1

Fe5 (PO4 )4 (OH)2·2H2O

rockbridgeite

5:3

4:1

Fe5 (PO4 )3 (OH)5

metavivianite (triclinic)

3:2

x:(3-x)

(Fe2+ )3-x (Fe3+ ) x (PO4 )2 (OH) x ·(8-x)H2O

vivianite (monoclinic)

3:2

Fe(II)

Fe3 (PO4 )2·8H2O

ludlamite

3:2

Fe(II)

Fe3 (PO4 )2·4H2O

phosphoferrite

3:2

Fe(II)

Fe3 (PO4 )2·3H2O

Other Fe-P-O-H solids (synthesis, phase diagram studies)
Formula
Fe:P
~ 5:4
(Fe3+ )4.78 (PO4 )4 (OH)2.35 (H 2O)3.58

Source
[1988JAM/DUT], [2010CAO/ZHU]

Fe5 (PO4 )4 (OH)2·2H2O “ferric
giniite”

5:4

[2009RON/ROD]

(Fe3+ )5.3 (PO4 )4 (OH)4

4:3

[1988JAM/DUT], [1989TOR/REI],
[2012MAR/BOU]

Fe3 (PO4 )2 (OH)3 “synthetic
end-member kryzhanovskite”

3:2

[1980MOO/ARA]

Fe4 (OH)3 (PO4 )3

(Fe2O3 )3 (P2O5 )2·10H2O(am)

3:2

[2001PRO/CIA]

“colloidal ferric phosphate hydrate”

1:1

[1961EGA/WAK], [2010BOO/PUT]

FePO4·2H2O (metastrengite I)

1:1

[2003REA/SCR]

FePO4·2H2O (amorphous)

1:1

[2002SON/YAN]

FePO4·H2O

1:1

[2010MAR/CRO], [2012MAR/BOU]

Fe2 (HPO4 )3

2:3

[1998PIE/DAL]

[1989TOR/REI]
Fe2P2O7 HPO4

2:3

Fe4 (P2O7 )3·xH2O

2:3

Fe2 (HPO3 )3 (cr)

2:3

[1848SCH] (x=9), [1909PAS],
[1966LEI/GRE]
[1991SGH/DUR2]

Fe2 (HPO3 )3·9H2O(cr)

2:3

[1975EBE/KAV2]

Fe(H2 PO4 )(HPO4 )·xH2O

1:2

[2000PIE/TSA]

= ⅓H3O(Fe(H2O))3∙(H8(PO4)6)∙3H2O
if x = 7/3

1:2

[2006PRA/CAI]

= ½(Fe2O3·(P2O5 )2·8H2O) if x = 2½ 1:2

[1878ERL], [1923CAR/HAR],
[1954JAM/SAL]

(Continued on next page)
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Table IX-4 (continued)
Formula
FeH3P2O6·3H2O(cr)

Fe:P
1:2

Source
[1975EBE/KAV2]

(H3O)Fe3·(H2 PO4 )6 (HPO4 )2·4H2O

3:8

Fe(H2PO4 )3·xH2O  hygroscopic

1:3

[1958SHI/KRO], [1961YVO2],
[1986BOS/BEU]
[1961YVO], [1983TJA], [2006BAI/PRA]

= ½(Fe2O3·(P2O5 )3·10H2O) if x = 2 1:3

[1923CAR/HAR], [1954JAM/SAL]

= ½(Fe2O3·(P2O5 )3·6H2O) if x = 0

1:3

[1878ERL], [1954JAM/SAL]

FeH6P3O9·H2O(cr)

1:3

[1975EBE/KAV2]

Fe(HPO3H)3 (monoclinic)

1:3

[1991SGH/DUR]

Fe(HPO3H)3 (hexagonal)

1:3

[2003RAK/SGH]

Fe(H2 PO2 )3 (cr)

1:3

[2006KUR/NAU]

Fe4H33P15O45·6H2O(cr)

4:15

[1975EBE/KAV2]

FeHPO3·3H2O(cr)

1:1

[1979EBE/KAV]

(FeO)2 (P2O5 )·5H2O(cr)

1:1

[1926CAR/HAR]

(FeO)2 (P2O5 )·3H2O(cr)

1:1

[1926CAR/HAR]

II

(H3O)2 Fe 5 (HPO3 )6 (cr)

5:6

[2006FAN/LI]

(FeO)(P2O5 )·4H2O(cr)

1:2

[1926CAR/HAR]

FeH2 P2O5 (cr)

1:2

[1979EBE/KAV]

FeH4P2O6·½H2O(cr)

1:2

[1979EBE/KAV]

FeH10 P4O12·4H2O(cr)

1:4

[1979EBE/KAV]

Anhydrous high-temperature solids
Formula
Fe:P
3:1
Fe III3PO 7

Source
[1983MOD/COU], [1961KOR/ROY]

FeIII PO4 (  6 polymorphs)

1:1

FeIII 4 (P2O7 )3

2:3

FeIII (PO3 )3 (5 polymorphs)

1:3

FeIII FeII (PO4 )O

2:1

[2002SON/ZAV], [2002SON/YAN],
[2002ALI/GAG], [2003REA/SCR],
[1976KIN/SHI], [1998PAS/ROZ],
[2003HAI/CAM]
[1961KOR/ROY], [1990REI/TOR],
[2011ZHA/SCH]
[1961KOR/ROY], [1962YVO2],
[2006BAI/PRA], [2011ZHA/SCH]
[1990IJJ/MAL]

FeIII 4 FeII3 (PO4 )6

7:6

[2010ZHA/BRO]

Fe 2 Fe (P2O7 )2

3:4

[2010ZHA/BRO]

FeII3 (PO 4 ) 2

3:2

[1961KOR/ROY]

1:1

[1961KOR/ROY], [1974TET/PEC]

III

II

II

Fe 2 P2 O 7

(a) The empirical formulae for rodolicoite, “Fe1.04P0.96O4” and grattarolaite “Fe2.99P1.01O7” are based on TEM
microprobe analysis [1997CIP/MEL]. The slight charge imbalance implicit in these formulae is likely due
to a combination of analytic uncertainty and the presence of minor amounts of charge-compensating ions.
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Minerals and other solids

Some minerals are strictly iron(III)-phosphorus(V) compounds, including strengite,
phosphosiderite (clinostrengite), rodolicoite, santabarbaraite, tinticite and grattarolaite.
The first three have atomic ratios of Fe:P of 1:1. In the earlier literature the
orthorhombic form of the dihydrate, strengite, was generally considered to be the stable
hydrate near 300 K. That may be the case, but more recently Song et al.
[2002SON/ZAV] and Reale et al. [2003REA/SCR] have shown that there are three
crystalline forms of FePO4 ·2H2 O that can be isolated under very slightly different
conditions (but also see [1961REM/BOU]). Gradually under conditions of solution
reflux, the orthorhombic form corresponding to strengite, and the metastable
“metastrengite I”, are converted to “metastrengite II”, a monoclinic form corresponding
to phosphosiderite. Though at temperatures slightly higher than 298.15 K the
monoclinic form appears to be thermodynamically stable [2004DEL/WUR], it is not
firmly established that this is the case at 298.15 K. All three forms can have slightly
more than 2.0 molecules of water per FePO4 unit [2003REA/SCR], and in some cases
there also has been evidence for hydration as low as 1.6H2O. Synthetic amorphous
material FePO4 ·xH2 O (1.6  x  6.4) also has been reported [1961EGA/WAK],
[1992CIA/IUL3], [2002MAS/REA]. A monohydrate, FePO4 ·H2 O (i.e., H2FeOPO4),
has been synthesised [2010MAR/CRO] from LiFePO4 (OH) by ion-exchange. The
steps in the thermal dehydration of the latter compound are very different from those of
the FePO4 ·2H 2 O(cr) polymorphs.
The anhydrous minerals grattarolaite and rodolicoite apparently are related to
the synthetic materials Fe3 PO7 (cr) and the “-quartz” form of FePO4 (cr) . As
discussed by Song et al. [2002SON/ZAV] and Reale et al. [2003REA/SCR], many
different crystallographically distinct forms of FePO4 (cr) can be synthesised at
atmospheric pressure. Also, at high pressures, above 2.5 GPa, the “-quartz” phase is
transformed simultaneously into two different phases [1997PAS/ROZ], one crystalline
[2010ARR/BIS] and one amorphous. Further details about thermodynamic properties of
different forms of FePO4 (s) and its hydrates are discussed below. Santabarbaraite,
Fe3 (PO4 )2 (OH)3 ·5H2 O(am) [2003PRA/CIP], is the end product of in situ oxidation of
the monoclinic iron(II) phosphate, vivianite, Fe3 (PO4 )2 ·8H 2 O(cr) , and the intermediate
partially oxidised triclinic metavivianite ( (Fe2+ )3-x (Fe3+ ) x (PO4 )2 (OH) x ·(8-x)H2 O(cr) ).
As noted by Pratesi et al. [2003PRA/CIP] many earlier studies on “vivianite” were
actually related to partially oxidised solid(s) (though Rodgers and Henderson
[1986ROD/HEN] have expressed a somewhat different view). Ludlamite and
phosphoferrite [1971MOO3] are less hydrated iron(II) phosphate minerals. Mixed
oxidation-state hydroxidophosphato minerals (and similar synthetic solids)
[1970MOO2] include lipscombite [1994ROU/VAR], rockbridgeite [1994ROU/VAR],
giniite [1994ROU/VAR], and barbosalite, Fe3 (OH)2 (PO4 )2 [1959LIN/CHR],
[1994ROU/VAR].
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IX.5.3 The Fe(II)-P-O-H system
IX.5.3.1

Heat-capacity and entropy measurements for solids in the Fe(II)-P-OH system

Shi et al. have reported heat-capacity measurements (between 2 and 300 K) for the
iron(II) phosphate solid Fe2 P2 O7 (cr) [2013SHI/ZHA]. These then were integrated to
derive the entropy value for this compound at 298.15 K. Their value and smoothed heat
capacity value for 298.15 K are accepted in the present review.
C po , m ( Fe2 P2 O7 , cr, 298.15 K) = (196.38 ± 2.16) J·K-1·mol-1,

S mo ( Fe2 P2 O7 , cr, 298.15 K) = (220.50 ± 2.43) J·K-1·mol-1.
Forstat et al. [1965FOR/LOV], [1970FOR/LOV] measured low-temperature heatcapacity values for vivianite, Fe3 (PO4 )2 ·4H 2 O(cr) (1.8 to 25 K), and ludlamite,
Fe3 (PO4 )2 ·4H 2 O(cr) (2.4 to 68 K). However, no higher temperature measurements
have been reported to make available C po ,m or S mo values for these solids at 298.15 K.

IX.5.3.2

Aqueous phosphato complexes of iron(II)

Values of formation constants for hydrogenphosphato complexes have been determined
from solubility [1972NRI2] and potentiometric [1964LAH/ADI], [1992CIA/IUL]
studies (Table IX-5). However, the formation constants of ~ 107 reported for
FeHPO4 (aq) by Lahri and Aditya [1964LAH/ADI] are inconsistent with those from the
other studies, and are much greater (by several orders of magnitude) than formation
constants of similar complexes with other +2 cations. The formation constant values
reported by Nriagu [1972NRI2] for FeH2 PO4+ and FeHPO4 (aq) were obtained from
data for a very limited range of pH and for very low solution concentrations of
phosphate and iron(II). Nevertheless, the complexes, especially FeH2 PO4+ , are
calculated to be 10 to 30 % of the iron in the experimental solutions. Because of the low
ionic strengths,  0.04 mol·dm-3, the I = 0 values from this study are especially reliable.
Ciavatta et al. [1992CIA/IUL] did experiments using higher ionic-strength solutions (Ic
= 3.0), covering a much greater range of iron(II) and phosphate concentrations. They
identified two additional phosphato complexes, Fe(H 2 PO4 )2 (aq) , and FeH3 (PO4 )2
from the experiments with high total phosphate (0.1 to 0.997 mol·dm-3). A version of
the SIT was then used to calculate formation constant values for I = 0. Both the study of
Nriagu [1972NRI2] and that of Ciavatta et al. [1992CIA/IUL] relied on “goodness-offit” calculations to identify the complexes, and no spectroscopic or other direct evidence
was provided for the species. The zero ionic-strength values for formation of
FeHPO4 (aq) (Reaction (IX.52)) in the two studies are similar, 10(3.6±0.3) and 10(4.08±0.09),
whereas the values for formation (Reaction (IX.53)) of FeH2 PO4+ , apparently a more
significant species in both studies, differ markedly (10 (2.7±0.2) and 10(1.01±0.10)). Ciavatta et
al. [1992CIA/IUL] attributed the difference to the lower significance of formation of
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outer-sphere iron(II) phosphato complexes in their high perchlorate concentration
medium. In the present review we accept the formation-constant values for the 1:1
complexes at 298.15 K from the low ionic-strength solubility study, but with
substantially increased uncertainties.

Fe2+ + H2 PO4

FeH2 PO4

(IX.52)

log10K°(IX.52) = (2.7 ± 1.0)

Fe2+ + HPO42

(IX.53)

FeHPO4 (aq)

log10K°(IX.53) = (3.6 ± 1.0)
There seems to be good reason to believe that the higher complexes exist, but their
identification and correction of any proposed formation constants to values for I = 0 are
not convincing. The results of Ziemniak et al [1995ZIE/JON], who measured the
solubility of magnetite in basic phosphate aqueous solutions between 294.3 and 562.0 K
(for values of pH25 °C between 9.36 and 10.14), suggest that anionic phosphato species
of iron(II) may exist.

IX.5.3.3

Solubility of iron(II) phosphates

There have been several studies of the solubility of vivianite [1970ROS] and synthetic
vivianite [1972SIN], [1972NRI2], [1994BOR/TOM], Fe3 (PO4 )2 ·8H 2 O(cr) . Except for
the value of Singer [1972SIN], which may have been based on a slightly oxidised solid
[1972NRI2], the reported solubility products (Table IX-6) are similar. If the reaction is
written as:

Fe3 (PO4 )2 ·8H2 O(cr)  2H+

3Fe2+  2HPO42  8H2 O(l)

(IX.54)

thus eliminating reliance on the rather uncertain third dissociation constant of
phosphoric acid, and the values are adjusted to apply to I = 0, the values of
log10*K°(IX.54) range from – 10.7 to – 11.0 if formation of iron(II) phosphato
complexes is neglected. Nriagu [1972NRI2] showed that inclusion of possible
formation of the complexes FeH2 PO4 and FeHPO4 (aq) in the data analysis raises the
calculated value of log10* K o (IX.54) by 0.3. The results of Rosenqvist [1970ROS]
based on samples of natural waters are approximate at an unspecified temperature and
in the paper of Al-Borno and Tomson [1994BOR/TOM] there are inconsistencies in the
reported total iron and phosphorus concentrations, as discussed in Appendix A.
Therefore, in the present review we accept the value of – 11.3 for log10K°(IX.54) from
the work of Nriagu [1972NRI2], but with the uncertainty increased to ± 0.4. Thus,

 r Gmo (IX.54) = (64.5 ± 2.3) kJ·mol-1
and

 f Gmo ( Fe3 (PO4 )2 ·8H 2 O , cr, 298.15 K) = – (4425.7 ± 4.3) kJ·mol-1.
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Al-Borno and Tomson [1994BOR/TOM] carried out measurements from
278.15 to 363.15 K. There are inconsistencies in the authors’ data analysis method that
leave in doubt their reported solubility-product values for temperatures other than
298.15 K (cf. Appendix A). The results do suggest that there is no strong temperature
dependence. Ogorodova et al. [2017OGO/VIG] reported a value of – (5119 ± 19)
kJ·mol-1 for Δf H mo (Fe3(PO4)2·8H2O(cr)) based on experiments using a single natural
III
vivianite with the composition FeII2.32 Fe0.33
Mg0.35 (PO4 )2 (OH)0.33·7.67H2 O(cr) . Their
o
estimated value for Δf H m (Fe3(PO4)2·8H2O(cr)) based on samples with this single
natural composition is not recommended in the present review, nor is any value
accepted for  r H mo (IX.54).

Table IX-5: Summary of experimental conditions and formation constants reported for
phosphato complexes in the aqueous Fe(II)-P-O-H system. For discussion of the
evaluations, see the corresponding Appendix A entries.
Method
Ionic medium
Fe2+ + H 3 PO4 (aq)
FeH 2 PO4+ + H +
pot
Fe2+ + H 2 PO4

3 mol·dm-3 NaClO4

T/K

log10

Reference

298.15

– (1.28 ± 0.05)

[1992CIA/IUL]
[1992CIA/IUL2]

(2.7 ± 0.2)
(1.01 ± 0.10)

[1972NRI2](b)
[1992CIA/IUL]

– (5.60 ± 0.02)

[1992CIA/IUL]
[1992CIA/IUL2]

7.03(a)

[1964LAH/ADI]

FeH 2 PO4+

sol
I0
298.15
pot
I  0 (SIT-type extrap.)
298.15
Fe2+ + H 3 PO4 (aq)
FeHPO4 (aq) + 2H +
pot
Fe2+ + HPO42

pot

3 mol·dm-3 NaClO4

298.15

FeHPO4 (aq)

I  0 (from Ic < 0.18 Davies 293.15
equation)
I  0 (from Ic < 0.18 Davies 303.15
equation)
I0
293-303

sol
I0
298.15
pot
I  0 (SIT-type extrap.)
298.15
Fe2+ + 2H 3 PO4 (aq)
Fe(H 2 PO4 )2 (aq) + 2H +
pot

3 mol·dm-3 NaClO4

Fe2+  2H 3 PO4 (aq)

pot

sol (Fe3O4)

H = 53.6
kJ·mol-1
(3.6 ± 0.3)
(4.08 ± 0.09)

[1972NRI2](b)
[1992CIA/IUL]

– (1.84 ± 0.02)

[1992CIA/IUL]
[1992CIA/IUL2]

– (7.10 ± 0.03)

[1992CIA/IUL]
[1992CIA/IUL2]

8.40(c)

[1995ZIE/JON]

FeH 3 (PO4 )2  3H +

3 M NaClO4

Fe(OH)2 (aq) + H 2 PO4

298.15

7.34(a)

298.15
Fe(OH)(HPO4 )  H 2O(l)

298.15

(Continued on next page)
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Table IX-5 (continued)
log10

Method
Ionic medium
T/K
Fe(OH)2 (aq) + HPO42
Fe(OH)2 (HPO4 )2
sol (Fe3O4)
Fe(OH)2 (aq) + PO43

3.93(c)

298.15

Reference
[1995ZIE/JON]

Fe(OH)2 (PO4 )3

sol (Fe3O4)
298.15
4.62(c)
[1995ZIE/JON]
(a) Using 298.15 K values for phosphoric acid dissociation equilibria from [1965LAH]  values from
Latimer [1952LAT].
(b) Linked to the solubility product value for vivianite.
(c) From the Table VI values of Ziemniak et al. [1995ZIE/JON]. The authors used an extended DebyeHückel equation (1.5 I in the denominator) with no ion-interaction term. As discussed in Appendix A, the
authors’ reported values for formation of {Fe(OH)(HPO4)- + H2O(l)} and Fe(OH)2(H2PO4)-, which should
have been mathematically indistinguishable in the data analysis, are inconsistent.

Table IX-6: Summary of experimental conditions and results of measurements of
solubility equilibria for iron(II) phosphates, and values for the equilibrium according to
Reaction (IX.54).
Reference

Ionic medium

3Fe2+ + 2HPO42- + 2OH  (+6H 2O)

[1970ROS]

Fe3 (PO4 )2·8H 2O(cr)

[1972NRI2]

T/K

Reported equilibrium
constant

– log10*K°
Reaction (IX.54)

room

log10Kc = – 39 to – 40
wrong sign (see
Appendix A)

10.7 recalc.
[1972NRI2]

vivianite

Im ~ 0.03 (interstitial
water)
3Fe2+  2PO43-  8H 2O(sln)

Ic < 0.05
H3PO4 solutions

298.15 K log10K° = – (36.0 ± 0.1) (11.3 ± 0.1)
(including
(including
complexation)
complexation)
log10K° = – (35.7 ± 0.2) (11.0 ± 0.2)
(neglecting
(neglecting
complexation)
complexation)

Fe3 (PO4 )2·8H 2O(cr) + 4H +

3Fe2+ + 2H 2 PO4 + 8H 2O(sln)

0.1 mol·dm-3 NaClO4
298.15
pH 4-8
Fe3 (PO4 )2·8H 2O(cr) + 2H +
3Fe2+ + 2HPO42- + 8H 2O(sln)

[1972SIN]

[1994BOR/TOM]

0.05 mol·dm-3
CH3COOH
0.05 mol·dm-3
CH3COONa

log10Kc = – 7.1

278.15 to – log10K°298.15 =
363.15
(11.06 ± 0.18)
(including complexation
[1972NRI2])
(10.87 ± 0.27) (278.15 K)
11.40 (318.15 K)
11.44 (323.15 K)
11.97 (333.15 K)
12.06 (343.15 K)
12.29 (353.15 K)
12.51 (363.15 K)

8.3 recalc.
[1994BOR/TOM]
(11.06 ± 0.18)
(at 298.15 K,
including
complexation
[1972NRI2])
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IX.5.3.4

Aqueous polyphosphato complexes of iron(II)

Iron(II) forms diphosphato and triphosphato complexes when iron(II) is added to
aqueous sodium diphosphate and sodium triphosphate solutions. 1 A limited number of
quantitative studies have reported formation constants of iron(II) complexes with
5
diphosphate (P2 O72  ) [1989LEE/KWO], [1999MAT/PRI], and triphosphate (P3O10
)
and some of their protonated forms [1968WEL/SAL], [1989LEE/KWO],
[1999MAT/PRI], but identification of the predominant species is problematic. On the
basis of a kinetic study of oxidation of Fe(II) by H2O2(aq), Wells and Salam
[1968WEL/SAL] also concluded that Fe2+ can form 1:1 complexes with P3 O39 and
HP3 O92  . A summary of reported complexation-constant values is provided in
Table IX-7. Although the results suggest formation of polyphosphato complexes, for
reasons discussed in Appendix A no values for formation constants of such species are
accepted in the present review. The formation constants proposed from the study of
Mateescu et al. [1999MAT/PRI] for the diphosphato and triphosphato complexes of
iron(II) (for 1 mol·dm-3 KCl solutions and low ligand:metal ratios) are probably the best
available in the current literature.
Table IX-7: Summary of experimental conditions and reported experimental formation
constants(a) for complexes in the aqueous Fe(II)-H 4 P2 O7 -H 2 O , Fe(II)-H5 P3O10 -H 2 O
and Fe(II)-H3 P3O9 -H 2 O systems.
Method
Fe2+ + P2O74
?

Ionic medium
FeP2O72

?

T/K

pHc range

log10 c

Reference

?

?

5.2

298.15

2 to 12

10.87

[1955KOM]
fide [1965SPI/MAK]
[1999MAT/PRI]

pot
1 mol·dm-3 KCl
298.15
4-x 
6-2x 
Fe2+ + 2Hx P2O7 
Fe(Hx P2O7 )2 

2 to 12

4.67

[1999MAT/PRI]

pot
1 mol·dm-3 KCl
2+
Fe + HP2O73
FeHP2O7

pol

0.025 mol·dm-3 KNO3 +
NaHCO3 – NaOH
5
3
Fe2+ + P3O10
FeP3O10

room(?)

~ 10

5.08

[1989LEE/KWO]

kin
1 mol·dm-3 NaClO4
pot
1 mol·dm-3 KCl
4
2
Fe2+ + HP3O10
FeHP3O10

298.15
298.15

a(H+) ~ 1.5-2.0
2 to 12

2.54
7.72

[1968WEL/SAL](a)
[1999MAT/PRI]

pot
1 mol·dm-3 KCl
2+
3

Fe + H 2 P3O10
FeH 2 P3O10

298.15

2 to 12

3.44

[1999MAT/PRI]

kin
1 mol·dm-3 NaClO4
pot
1 mol·dm-3 KCl
2+
2
Fe + H3 P3O10
FeH3 P3O10 (aq)

298.15
298.15

a(H+) 0.6-1.0
2 to 12

2.38
0.34

[1968WEL/SAL](a)
[1999MAT/PRI]

298.15

a(H+) 0.3-0.5

2.12

[1968WEL/SAL](a)

kin

1 mol·dm-3 NaClO4

(Continued on next page)
1

Though metastable, these anions can persist for many hours in aqueous solutions before substantial
hydrolysis to simple phosphates [1955WAZ/GRI].
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Table IX-7 (continued)
Method
Fe2+ + P3O93

Ionic medium
FeP3O9

1 mol·dm-3 NaClO4
1 mol·dm-3 NaClO4
1 mol·dm-3 NaClO4
1.8 mol·dm-3 NaClO4
Fe2+ + HP3O92
FeHP3O9 (aq)

kin

T/K

pHc range

273.15
283.15
298.15
308.15

log10 c
1.72
1.43
1.15
0.76

Reference
[1968WEL/SAL]

4 mol·dm-3 NaClO4
298.15
1.79
[1968WEL/SAL]
4 mol·dm-3 NaClO4
298.15
1.02
4 mol·dm-3 NaClO4
308.15
0.81
4 mol·dm-3 NaClO4
318.15
0.49
(a) The reported values usually have incorporated dissociation constants for H4P2O7 and H5P3O10 that are
inconsistent with those used in other studies and/or with those in Chapter IV of the present volume. Those
5
used by Wells and Salem [1968WEL/SAL] for protonation of P3O10
are especially problematic, and their
reported formation constants almost certainly refer to more highly protonated forms of the ligand. For
discussion of the references, see the corresponding Appendix A entries.
kin

IX.5.4 The Fe(III)-P-O-H system
IX.5.4.1

Thermodynamic measurements for solids in the Fe(III)-P-O-H system

Though there are several magnetic susceptibility studies and numerous studies of
thermal decomposition, comparative thermodynamic-property studies on the many wellcharacterised Fe(III)-P-O-H solids are sparser. Characterisation of some of the samples
used, especially in measurements reported before 2000, is sometimes ambiguous;
results from samples with identical stoichiometries are difficult to compare, and may be
contradictory. Some of the reactions between or leading to different forms of
FePO4 ·2H 2 O(s) and FePO4 (s) are summarised below,1 and chemical thermodynamic
values reported for some of these solids are given in Table IX-8.





1

418 to 443 K, hydrothermal
FePO4 ·2H 2 O(strengite, orthorhombic) 


FePO4 ·2H 2 O(phosphosiderite, monoclinic)

< 423 K in air
FePO4 ·2H2 O(amorphous) 
 FePO4 (amorphous)
> 873 K

FePO4 (trigonal=rodolicoite)

Rémy refers to the nomenclature as used in [1961REM/BOU].
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413 K in air
FePO4 ·2H2 O(metastrengite I, orthorhombic) 
 FePO4 -I(Rémy)
513 K
813 K

 FePO4 (hexagonal (tridymite)) >>

 FePO4 (trigonal=rodolicoite)

353 K vacuum or < 453 K in air
FePO4 ·2H 2 O(strengite, orthorhombic) 




> 593 K
FePO4 (orthorhombic, FePO4 -III(Rémy)) 
FePO4 (hexagonal (β-tridymite))
>723 K

 FePO4 ( trigonal=rodolicoite)







353 K vacuum or < 453 K in air
FePO4 ·2H2 O(phosphosiderite, monoclinic) 
 FePO4 (monoclinic)
> 673 K

FePO4 (trigonal=rodolicoite)

Br2 (l) in acetonitrile
LiFePO4 (orthorhombic (olivine)) 
 FePO4 (orthorhombic-1=heterosite)
883 K
773
 FePO4 (trigonal=rodolicoite)

ion exchange
LiFePO4 (OH)(triclinic) 
 FePO4 ·H2 O(monoclinic)
773883 K

 FePO4 (trigonal=rodolicoite)



~980 K
α-FePO4 (trigonal=rodolicoite) 
β-FePO4 (hexagonal)
this α-β transition is reversible



~1183 K, 5 GPa
β-FePO4 (hexagonal) 
 FePO4 (orthorhombic-3) + FePO4 (amorphous)



10 GPa
α-FePO4 (trigonal=rodolicoite) 
 FePO4 (orthorhombic-3)  FePO4 (amorphous)

IX.5.4.2

Heat-capacity and entropy measurements for solids in the Fe(III)-P(V)O-H system

Rojo et al. [2003ROJ/PIZ] provided a graph of heat-capacity measurements for
Fe(PO3 )3 (monoclinic) from 1.8 to 34 K. Shi et al. have reported heat-capacity
measurements (between 2 and 300 K) for several iron(III) phosphorus(V) solids
Fe(PO3 )3·0.128H2 O(cr)
including
[2013SHI/ZHA],
[2013SHI/WOO]
(cf.
Appendix A), FePO4 (cr) [2013SHI/ZHA2], Fe3 PO7 (cr) and Fe4 (P2 O7 )3 (cr)
[2013SHI/ZHA3]. The results of Rojo et al. [2003ROJ/PIZ] for Fe(PO3 )3 (monoclinic)
appear to be in rough agreement with those of the later study [2013SHI/ZHA], but the
reported measurements covered only a limited temperature range and were not used
further in the present review. The experimental values of C po ,m /T [2013SHI/ZHA] were
integrated by Shi et al. to derive entropy values for the compounds at 298.15 K. As
discussed in Appendix A, the following values from these integrations and the
smoothed heat-capacity values for 298.15 K are accepted in the present review.
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C po ,m ( Fe(PO3 )3·0.128H 2 O , monoclinic, 298.15 K) = (208.48 ± 2.29) J·K-1·mol-1,

S mo ( Fe(PO3 )3·0.128H 2 O , monoclinic, 298.15 K) = (215.40 ± 2.37) J·K-1·mol-1,
C po ,m ( FePO4 , trigonal, 298.15 K) = (101.96 ± 1.12) J·K-1·mol-1,

S mo ( FePO4 , trigonal, 298.15 K) = (122.21 ± 1.34) J·K-1·mol-1,
C po ,m ( Fe3 PO7 , cr, 298.15 K) = (211.44 ± 2.33) J·K-1·mol-1,

S mo ( Fe3 PO7 , cr, 298.15 K) = (219.73 ± 2.42) J·K-1·mol-1,
C po ,m ( Fe4 (P2 O7 )3 , cr, 298.15 K) = (503.44 ± 5.54) J·K-1·mol-1,

S mo ( Fe4 (P2 O7 )3 , cr, 298.15 K) = (561.03 ± 6.17) J·K-1·mol-1.
As discussed in Appendix A, values for C po ,m and S mo of monoclinic Fe(PO3 )3 at
298.15 K, can be calculated from those for Fe(PO3 )3·0.128H 2 O (cr) by treating the
associated water as hexagonal ice (Ih) or as zeolitic water. On that basis
C po ,m ( Fe(PO3 )3 , monoclinic, 298.15 K) = (203.2 ± 3.0) J·K-1·mol-1,

S mo ( Fe(PO3 )3 , monoclinic, 298.15 K) = (210.0 ± 3.0) J·K-1·mol-1.
are accepted; the uncertainties are estimated in the present review.
Egan et al. [1961EGA/WAK] carried out a study of heat capacities of two
hydrated iron phosphate solids [1961EGA/WAK]. Measurements were carried out
between 7.75 and 311.6 K on a sample of crystalline FePO4 ·2H2 O prepared by a
hydrothermal synthesis [1959CAT/HUF], and identified by those authors as being the
same as the mineral strengite. The heat-capacity values increased smoothly with
increasing temperature above 30 K, but the existence of a peak was indicated at or
below 7.75 K, the lowest measurement temperature. In the present review (cf.
Appendix A) a series of functions were fit to the data (values of Cp/T) for temperatures
between 7.75 and 311.6 K. From the function based on the data for 174.5 to 311.6 K a
smoothed heat-capacity value for 298.15 K is calculated and accepted.
C po ,m ( FePO4 ·2H2 O , orthorhombic, 298.15 K) = (180.5 ± 0.2) J·K-1·mol-1.

The uncertainty is an estimate.
However, as the authors were unable to establish the temperature of the
maximum of the low-temperature peak, estimation of the contribution to the entropy for
0 to 7.75 K is speculative. The reviewer considers it to be unlikely that the value of Cp/T
at the low-temperature maximum is much greater than 2 J·K-2·mol-1, so the value of
Tmax likely is  7.0 K. It also is probable that the decrease of Cp/T below Tmax is
somewhat more rapid than a linear decrease (Cp  T2). Thus, an entropy contribution of
K
ΔS mo .
between 3 and 10 J·K-1·mol-1 is reasonable for 7.75
0K
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Reported stoichiometry
FePO4

FePO4·4H2O

FePO4·2H2O

FePO4·2H2O(cr)

Reference
[1934ROT/MEI]

[1938SAN3]

[1938SAN3]

[1961EGA/WAK]

identified as strengite
(orthorhombic form) by X-ray
diffraction

characterisation details not
reported

characterisation details not
reported
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m

(FePO4·2H2O,
orthorhombic, 298.15 K) =
1888
kJ·mol-1
o
Δ– H

solution calorimetry

f

FePO4·2H2O,
orthorhombic, 298.15 K) =
(174
± 7) J·K-1·mol-1
S mo

adiabatic calorimetry
Cp(T) measurements

(Continued on next page)

The material was dried at
378.15 K

The dihydrate and the dehydrated
solid likely were either
amorphous, or the orthorhombic
forms (strengite and its
dehydration product) or the
monoclinic forms
(phosphosiderite and its
dehydration product). The extent
of hydration of the solids was not
determined.

measurement of pH O
2
for dehydration to FePO4

Comments
Most likely the amorphous or
orthorhombic form resulting from
the dehydration of the amorphous
or orthorhombic dihydrate
[2002SON/ZAV]
There is no unambiguous
evidence for the existence of a
stoichiometric tetrahydrate. The
extent of hydration of the solids
was not determined.

Δf H mo

Value (recalculated)
(FePO4, cr, 298.15 K
= – (1255.0 ± 3.7) kJ·mol-1

measurement of pH O
2
for dehydration to
FePO4·2H2O

Form / synthesis method
Type of measurement
dehydration of the dihydrate at solution calorimetry
573.15 K

Table IX-8: A summary of thermochemical measurements (not including solubilities) reported for solids in the Fe(III)-P-O(-H) system
with an Fe:P ratio of 1:1.
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Reported stoichiometry

FePO4·2H2O(am)

FePO4

FePO4

FePO4

Reference

[1961EGA/WAK]

[2006IYE/DEL]

[2006IYE/DEL]

[2013SHI/ZHA2]

Type of measurement

form not specified

FePO4(trigonal)

FePO4 (orthorhombic-1)

The sample was dried under
vacuum until the stoichiometry
was that of a dihydrate

Comments

Δf H mo (FePO4, trigonal,
298.15 K) = – 1268 kJ·mol-1

The sample was prepared by a
method (including heating to
1073.15 K) [2010ZHA] that
should lead to synthesis of the
trigonal form [2002SON/ZAV],
[2006IYE/DEL]

Δf H mo (FePO4, orthorhombic, Prepared by delithiation of
298.15 K) =
LiFePO4 using NO2BF4 in
– 1279 kJ·mol-1
acetonitrile

Δf H mo (FePO4·2H2O, am,
298.15 K) =
– 1857 kJ·mol-1

S (FePO4·2H2O, am,
298.15 K) = (189 ± 7)
J·K-1·mol-1

o
m

Value (recalculated)

relaxation method Cp(T) S mo (FePO4, trigonal,
measurements
298.15 K) = 122 J·K-1·mol-1

drop calorimetry

drop calorimetry

X-ray diffraction showed only adiabatic calorimetry
weak lines suggesting strengite Cp(T) measurements
or metastrengite
(phosphosiderite)
[1959CAT/HUF]
solution calorimetry
[1960HUF/CAT]

Form / synthesis method

Table IX-8 (continued)
IX.5 Phosphorus compounds and complexes
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On this basis

S mo ( FePO4 ·2H2 O , orthorhombic, 298.15 K) = (174 ± 7) J·K-1·mol-1
is accepted, slightly greater than the 171.3 J·K-1·mol-1 proposed originally by the
authors.
Egan et al. [1961EGA/WAK] also reported heat-capacity measurements (7.97
to 303.34 K) for a “colloidal” dihydrate solid, and the heat-capacity values were greater
than for the crystalline solid. A peak was observed in the plot of Cp/T against T at ~ 9 K.
Tjapkin [1983TJA], based on differential-scanning calorimetry, reported that
no anomaly was found in the specific heat of “hygroscopic, monoclinic” Fe(H2 PO4 )3
in the temperature range 100 to 373 K. However, no analytical or heat-capacity values
were provided in that publication, and later measurements [2006BAI/PRA] indicate that
there is a sharp increase in the magnetic susceptibility below 30 K.

IX.5.4.3

Enthalpies and Gibbs energies of formation for solids in the Fe(III)-PO-H system

IX.5.4.3.1 Anhydrous FePO4(s)
By dehydration at 573 K Roth et al. [1934ROT/MEI] synthesised FePO4 (cr) from a
hydrated solid reported as Fe(Fe(PO4 )2 )·5H2 O (described earlier by Weinland and
Ensgraber [1914WEI/ENS] and Carter and Hartshorne [1923CAR/HAR]). Analyses of
the anhydrous solid corresponded only roughly to those expected for the anhydrous
monophosphate. Measurements of the enthalpy of solution of this solid in excess 24 %
aqueous HCl (sln) at 293.15 K were reported, as were the enthalpies of solution of
Fe2 O3 (cr) and (excess) P2 O5 (cr) into the same solvent. As discussed in the
Appendix A entry for [1934ROT/MEI], recalculation from the equally weighted
tabulated values gives – (89.35 ± 3.41) kJ·mol-1 for the enthalpy of reaction at 293.15 K
for
½Fe2 O3 (cr)  ½ P2 O5 (cr)

FePO4 (cr)

(IX.55)

The average heat capacity of FePO4 (cr, trigonal) between 293.15 and 298.15 K is
(101.4 ± 1.1) J·K-1·mol-1 based on the work of Shi et al. [2013SHI/ZHA2]. This heatcapacity value is used here for the FePO4 (cr) prepared by [1934ROT/MEI], but with
the uncertainty increased to ± 5 J·K-1·mol-1, as the solid used by Shi et al. probably was
a different polymorph of FePO4 (cr) . As C po ,m for Fe2 O3 (cr) [2013LEM/BER] and
P4O10(cr) [1978GLU/GUR] are known, the value of  r C po ,m (IX.55) is – (3.4 ± 5.0)
J·K-1·mol-1. Thus,  r H mo ((IX.55), 298.15 K) is – (89.33 ± 3.41) kJ·mol-1. Using a value
of – (3010.1 ± 3.2) kJ·mol-1 for f H mo ( P4 O10 , cr, 298.15 K) from Glushko et al.
[1978GLU/GUR] and the TDB selected value for f H mo ( Fe2 O3 , , 298.15 K)
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[2013LEM/BER], a value of – (1255.0 ± 3.7) kJ·mol-1 is calculated for f H mo ( FePO4 ,
cr, 298.15 K).
Iyer et al. [2006IYE/DEL] used oxide-melt solution calorimetry to determine
values for the formation enthalpies at 298.15 K of two polymorphs of FePO4 (s) , and
probably neither polymorph was the one used by Roth et al. [1934ROT/MEI]. From the
measurements using the orthorhombic-2 (heterosite structure) form obtained by
delithiation of LiFePO4 (almost certainly not the same orthorhombic form as is obtained
by dehydration of orthorhombic FePO4 ·2H2 O [2002SON/ZAV]), the value of
f H mo ( FePO4 , cr, 298.15 K) is calculated to be – (1279.23 ± 1.44) kJ·mol-1. From the
measurements using the trigonal form obtained by heating the heterosite form to above
950 K, the value of f H mo ( FePO4 , cr, 298.15 K) is calculated to be – (1267.56 ± 1.35)
kJ·mol-1. This apparently substantial stabilisation of the heterosite form compared to the
trigonal form has been questioned on both theoretical and experimental grounds
[2010ARR/BIS]. As discussed in Appendix A, differential thermal analysis results
[2006IYE/DEL] using similarly prepared samples are consistent with the dropcalorimetry results, and suggest that the entropy of the heterosite form is substantially
more positive than the entropy of the trigonal form. It is unfortunate that no dropcalorimetry measurements were carried out on other polymorphs of FePO4 (s) or on
samples of the trigonal solid prepared from a different starting material.
Based on the reported synthetic methods, the only FePO4 (s) polymorph for
which there are both entropy and enthalpy of formation values for 298.15 K is the
trigonal form.

f H mo ( FePO4 , trigonal, 298.15 K) = – (1267.56 ± 1.35) kJ·mol-1,
 f Gmo ( FePO4 , trigonal, 298.15 K) = – (1161.34 ± 1.41) kJ·mol-1.

IX.5.4.3.2 FePO4 hydrates
Egan et al. [1961EGA/WAK] measured the heat of dissolution of the crystalline
orthorhombic dihydrate into 4.036 mol·kg-1 HCl(sln) at 343.15 K. The value was
corrected to 298.15 K and combined with: (a) heat of dilution data for HCl(sln) and
H3 PO4 (sln) [1982WAG/EVA], (b) measurements of sln H mo of FeCl3 (cr) ,
H3 PO4 ·1.0055H 2 O(l) and H 2 O(l) in the acid medium, (c) f H mo values from Tables
III-1 and IV-1 of the present review for FeCl3 (cr) , HCl(g) and H 2 O(l) , and (d) f H mo
for H3 PO4 (cr) [1998CHA]. From these, a value of – (1888.0 ± 5.0) kJ·mol-1 is
calculated for f H mo ( FePO4 ·2H2 O , cr, 298.15 K), where the uncertainty is an estimate.
As discussed below in Section IX.5.4.4, solubility studies suggest that the value – 1888
kJ·mol-1, may be too positive. When – (1888.0 ± 5.0) kJ·mol-1 is combined with the
value selected for S mo ( FePO4 ·2H2 O , orthorhombic, 298.15 K), the calculated value of
 f Gmo ( FePO4 ·2H2 O , cr, 298.15 K) is – (1658.1 ± 5.4) kJ·mol-1. That value, similar to
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those cited in several standard databases [1971NAU/RYZ], [1982WAG/EVA],
[1995ROB/HEM], also may be too positive.
The authors [1961EGA/WAK] also reported the enthalpy of dissolution of
“colloidal” FePO4 ·2H2 O , likely nanosize particles, at 298.15 K, under similar
conditions, and the enthalpy of formation was found to be ~ 30 kJ·mol-1 greater than
that of the crystalline material. However, the nature of this less stable solid was not
well-established (cf. Appendix A).
Sano [1938SAN3] reported the values for the vapour pressure of water over
(initial) FePO4 ·2H2 O from 290 K to 337 K. The dehydration reaction was assumed to
be
FePO4 ·2H 2 O(cr)

FePO4 (s) + 2H 2 O(g)

(IX.56)

and the plot of – log10 pH2O against 1/T is linear. No analysis results were given for the
solids. Recalculation using 105 Pa as the standard state pressure and treating  r C p as
zero over the small temperature range of the measurements gives  r Gm ((IX.56),
298.15 K) = 25.20 kJ·mol-1, and  r H m ((IX.56), 298.15 K) = 106.70 kJ·mol-1.
However, as discussed in Appendix A, this value is very sensitive to the stoichiometry
of Reaction (IX.56), i.e., the assumption that the initial solid is the stoichiometric
dihydrate.
If this enthalpy of Reaction (IX.56) is combined with f H mo ( FePO4 , cr,
298.15 K) from the studies of Iyer et al. [2006IYE/DEL] or Roth et al.
[1934ROT/MEI], values of – 1869.6, – 1857.9 and – 1845 kJ·mol-1 are calculated
for f H mo ( FePO4 ·2H2 O , cr, 298.15 K). Combination of the results of Sano
[1938SAN3] and Roth et al. [1934ROT/MEI] was apparently the source of the value in
the compilation of Rossini et al. [1952ROS/WAG]. These are 18 to 43 kJ·mol-1 less
negative than the – 1888 kJ·mol-1 value determined from the results of Egan et al.
[1961EGA/WAK], and also are inconsistent with results from solubility studies (Section
IX.5.4.4). This indicates that the results from Sano [1938SAN3] likely are in error.
Sano [1938SAN3] also reported values for the vapour pressure of water from
297 K to 336 K over (initially) FePO4 ·4H 2 O (s) .
FePO4 ·4H 2 O(s)

FePO4 ·2H2 O(s) + 2H2 O(g)

(IX.57)

This leads to values of 20.3 kJ·mol-1 for  r G ((IX.57), 298.15 K) and 93.6 kJ·mol-1 for
 r H ((IX.57), 298.15 K). Though there certainly are indications that near 300 K there is
a poorly-crystalline (or perhaps amorphous) solid which has a larger amount of
associated water than do the crystalline dihydrates, there is little evidence in the
literature for FePO4 ·4H 2 O(s) as a distinct phase in the Fe2 O3 -P2 O5 -H2 O system. The
stoichiometry of commercial iron(III) phosphate hydrates seems to vary substantially
[2002MAS/REA], [2007BOO/DAN].
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IX.5.4.4

Aqueous phosphato complexes of iron(III) and the solubility of
iron(III) phosphates

As noted by Galal-Gorchev and Stumm [1963GAL/STU], Nriagu [1972NRI3], Ciavatta
et al. [1992CIA/IUL3] and Iuliano et al. [2007IUL/CIA], solubility product values for
iron(III) phosphates cannot be established in the absence of values (measured or
assumed) for the formation constants of phosphato complexes of iron(III).
Although there have been many studies of the formation of phosphato
complexes of iron(III) (cf. Table IX-9), there still is considerable uncertainty as to the
stoichiometry and stability of the major species. The low solubility of solids in
the Fe-P-O-H system has limited the range of conditions for the complexation studies to
low pH solutions, and almost all have been carried out with the primary phosphate
solution species being H3 PO 4 (aq) . In several early studies results were explained in
terms of formation of simple 1:1 cationic complexes, FeH2 PO2+
and/or FeHPO +4 .
4
However, Banerjee [1950BAN] provided electrochemical evidence for formation of an
anionic complex in solutions containing an excess of (total) phosphate with respect to
iron(III). Salmon [1952SAL], [1953SAL] and Jameson and Salmon, [1954JAM/SAL],
based on ion-exchange studies, also concluded that an anionic complex is formed in
solutions with high phosphate concentrations. The study of Ziemniak et al.
[1995ZIE/JON], who measured the solubility of magnetite in basic phosphate aqueous
solutions between 294.3 and 562.0 K (for values of pH25 °C 9.36-10.14), further
substantiated the probable existence of anionic phosphato species of iron(III). Pilipenko
and Ivashchenko [1956PIL/IVA], Holroyd and Salmon [1957HOL/SAL], and Holroyd
et al. [1957HOL/JAM] concluded that multinuclear iron complexes form in many
solutions with an iron(III) to total phosphate ratio greater than one. Galal-Gorchev and
Stumm [1963GAL/STU], working with solutions with cFetotal < 10-4 and total phosphate
concentrations ranging over several orders of magnitude (Ic = 0.4 ( NaClO 4 )) proposed
formation-constant values for FeH2 PO2+
and FeHPO +4 . Their results suggested that
4
polynuclear iron(III) complexes formed in solutions with cFetotal> 5 × 10-5, and they
found evidence for higher phosphato complexes as the phosphate concentration was
increased. However, no stoichiometries were proposed for such species.

Table IX-9: Summary of experimental conditions, and experimental and re-evaluated
formation constants, for complexes in the aqueous Fe(III)-H3 PO4 -H 2 O system. For
discussion of the re-evaluations, see the corresponding Appendix A entries. Values of
log10c were calculated using molarities.
Method Ionic medium
Fe3+ + H 3 PO4 (aq)
FeH 3 PO43+
pot
pot
UV

3 mol·dm-3 NaClO4
3 mol·dm-3 NaClO4

T/K

log10 c

Reference

298.15
298.15

1.37
(0.6 ± 0.2)
(1.0 ± 0.2)

[1992CIA/IUL2]
[1995CIA/IUL]

Re-evaluation

(Continued on next page)
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Table IX-9 (continued)
T/K

log10 c

Reference

298
298

1.40
1.56

[1963GAL/STU]

room
room(?)
298.15
323.15
298.15
298.15

1.67(a)
1.72
1.63
1.5
1.56
(1.61 ± 0.06)
(1.43 ± 0.13)

[1969BOH/PEE]
[1973SID/ZHU]
[1985WIL/PAT]

0.665 mol·dm-3 ( NaNO3 + 303.15
0.100 HNO3 )
I  0 (from Ic ~ 0.05 ( KCl ) 298
DH limiting law equation)
0.4 mol·dm-3 NaClO4
298
298

(1.19 ± 0.01)

[1942LAN/KIE]

0.43(b)

[1956AMO]

– 0.28
– 0.14

[1963GAL/STU]

I  0 (from Ic < 0.04 Davies 298
equation)
Ic (0.037 NaClO4 )
298-323

1.17(b)

[1965LAH]

Method
Ionic medium
Fe3+ + H 3 PO4 (aq)
FeH 2 PO24 + H +
pot
0.4 mol·dm-3 NaClO4
UV
UV+pot
UV
0.1 mol·dm-3 ( HCl+KCl )
amp
3 mol·dm-3 (Na/H)ClO4
UV
2.5 mol·dm-3 NaClO4
pot
3 mol·dm-3 NaClO4
pot
3 mol·dm-3 NaClO4
UV
Fe3+ + H 3 PO4 (aq)
FeHPO4 + 2H +
vis
UV
pot
UV
UV+pot
UV

pot
amp
ix
pot
pot

(1.55 ± 0.06)

I  0 (from Ic  0.2 Davies
equation)
3 mol·dm-3  Na/H ClO4
Various
0.1 mol·dm-3 NaClO4
3 mol·dm-3 NaNO3

3 mol·dm-3 NaNO3

sol
Im  0.03
Fe3+ + H 3 PO4 (aq) + H 2O
UV
Ic = 0.05
Fe3+ + 2H 3 PO4 (aq)
pot
UV

[1992CIA/IUL2]
[1995CIA/IUL]

– (0.15 ± 0.04)

298

H = – 20.2
kJ·mol-1
1.32(b)

room(?)
room(?)
room(?)
298.15

– 0.03
0.3
0.33
1.28

[1973SID/ZHU]
[1974FIL/GAL]
[1974RAM/MAN]
[1988KHO/ROB]

– (0.6 ± 0.3)
– (0.2 ± 0.2)

[1995CIA/IUL]

0.78

[1988KHO/ROB]

(1.3 ± 0.3)

[2007IUL/CIA]

– 6.4

[1974FIL]

(2.74 ± 0.05)
(2.57 ± 0.13)

[1995CIA/IUL]

pot
3 mol·dm-3 NaClO4
298.15
UV
Fe3+ + H 3 PO4 (aq)
FePO4 (aq) + 3H +
pot

Re-evaluation

298.15

298.15
Fe(OH)PO4 +4H +

293.15
FeH(H2 PO4 )22 + H +

3 mol·dm-3 NaClO4

298.15

l og10 K o =
(3.08 ± 0.72)

l og10 K o =
(2.19 ± 0.72)

(Continued on next page)
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Table IX-9 (continued)
log10 c

Reference

1.2
1.2

[1985WIL/PAT]

298.15
298.15

2.91
(2.31 ± 0.09)
(2.33 ± 0.07)

[1992CIA/IUL2]
[1995CIA/IUL]

293.15

– 8.9

[1974FIL]

room(?)

4.2

[1974FIL/GAL]

room(?)

– 2.12

[1974RAM/MAN]

298.15

– 0.17

[1992CIA/IUL2]

Method
Ionic medium
T/K
Fe3+ + 2H 3 PO4 (aq)
Fe(H 2 PO4 )+2 + 2H +
UV
2.5 mol·dm-3 NaClO4
298.15
323.15
3 mol·dm-3 NaClO4
3 mol·dm-3 NaClO4

pot
pot
UV

Fe(PO4 )32 + 6H+

Fe3+ + 2H3 PO4 (aq)

UV

Ic = 0.05

4 2

3+

Fe + 2H 3 PO4 (aq)

ix

Fe(HPO ) + 4H

various
-3

pot

0.1 mol·dm

pot

3 mol·dm-3 NaClO4
3+

Fe + 2H 3 PO4 (aq)

298.15

Fe3+ + 3H 3 PO4 (aq)

pot
UV

3 mol·dm

298.15

298.15

NaClO4

2Fe3+ + H 3 PO4 (aq)

0.1 mol·dm-3 HNO3

room(?)
4
4 2

3Fe + 2H 3 PO4 (aq)

Fe3 H(PO ) + 5H

3 mol·dm-3 NaClO4

3Fe + 3H 3 PO4 (aq)

3 mol·dm

Fe3 H4 (PO ) + 5H
-3

[1995CIA/IUL]

9.15

[1954RAM/BOS]

1.91

[1966FIL/CHE2]

7.241

[1992CIA/IUL2]

7.65

[1992CIA/IUL2]

9.74

[1992CIA/IUL2]

3Fe + 4H 3 PO4 (aq)

Fe3 H6 (PO ) + 6H
-3

NaClO4

11.61

[1992CIA/IUL2]

+

298.15

NaClO4
3
4 4

3+

3 mol·dm

(2.5 ± 0.1)
(2.5 ± 0.1)

+

298.15

NaClO4
4
4 3

3Fe + 3H 3 PO4 (aq)

3 mol·dm

298.15

Fe3 H 2 (PO ) + 7H
-3

3+

pot

[1995CIA/IUL]

+

2
4 3

3+

pot

(3.63 ± 0.07)
(3.44 ± 0.12)

Fe2 HPO44+ + 2H +

3+

pot

[1995CIA/IUL]

Fe(H 2 PO4 )4 + 4H +

308.15
H3PO4 (1.62 mol·dm-3)/
NaH2PO4 (0.701 mol·dm-3)
mixtures (>0.3 mol·dm-3 in
H 2 PO 4 )

iex

(1.31 ± 0.04)
(1.13 ± 0.15)

Fe(H 2 PO4 )3 (aq) + 3H +
-3

Fe3+ + 4H3PO4 (aq)

pol

+

FeH(H 2 PO4 )3 + 2H +

3 mol·dm-3 NaClO4

pot
UV

+

Fe(HPO4 )(H 2 PO4 )(aq) + 3H

Fe3+ + 3H 3 PO4 (aq)

pot

NaClO4

3 mol·dm-3 NaClO4

pot
UV

Re-evaluation

+

298.15

(Continued on next page)
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Table IX-9 (continued)
Method

Ionic medium
3 mol·dm-3 NaClO4

pot

3Fe + 5H 3 PO4 (aq)

3 mol·dm-3 NaClO4

pot
3+

Reference

13.09

[1992CIA/IUL2]

11.90

[1992CIA/IUL2]

10.99

[1992CIA/IUL2]

5.84(c)

[1995ZIE/JON]

4.68(c)

[1995ZIE/JON]

Re-evaluation

298.15

298.15

Fe3 H9 (PO4 )6 (aq) + 9H +

3Fe + 6H 3 PO4 (aq)

3 mol·dm-3 NaClO4

Fe(OH)3 (aq) + HPO24

298.15

Fe(OH)3 (HPO4 )2-

sol
I = 0 (extrapolated)
( Fe3O4 )
Fe(OH)4 + HPO24

log10 c

Fe3 H8 (PO4 )52 + 7H +

3+

pot

T/K

Fe3 H9 (PO4 )35 + 6H +

3Fe3+ + 5H 3 PO4 (aq)

298.15

Fe(OH)4 (HPO4 )3-

sol
I = 0 (extrapolated)
( Fe3O4 )
Fe(OH)(HPO4 ) + 2H2O(l)

298.15

Fe(OH)3 (H2 PO4 ) + ½H2 (g)

sol
I = 0 (extrapolated)
298.15
– 5.23(c)
[1995ZIE/JON]
( Fe3O4 )
(a) This is an approximate value based on a Davies equation calculation in the present review used to
estimate the first deprotonation constant of H3PO4 . The authors used a value from van Wazer
[1958WAZ]
(b) This is an approximate value, as the source of the author(s)’ values for protonation of phosphate is
unclear.
(c) From the Table V values [1995ZIE/JON]. The authors used an extended Debye-Hückel equation (1.5I in
the denominator) with no ion-interaction term.

Filatova and Chepelevetskii [1966FIL/CHE], Ciavatta [1974CIA], and Filatova
et al. [1976FIL/SHE] further established the existence of multinuclear iron complexes
by various techniques including UV spectrophotometry, magnetic susceptibility
measurements, Mößbauer spectroscopy and potentiometry. Although di-iron species
generally were proposed, in several cases the rather sparse experimental results might
equally well have been explained by formation of tri-iron complexes. Results from the
quantitative ion-exchange study of Filatova and Chepelevetskii [1966FIL/CHE2] (cf.
Appendix A), suggested formation of a highly-charged cationic complex, Fe2 HPO4+
4 .
However, Ciavatta et al. [1992CIA/IUL2], who in the analysis of their potentiometric
study considered a much wider group of possible competing complexes, suggested
Fe3 H(PO4 )24+ and Fe3 H4 (PO4 )34+ . Lente et al. [2000LEN/MAG] carried out a stoppedflow kinetic study using solutions with high concentrations of iron(III), and proposed
7
as an intermediate species in the formation of a
Fe4 (PO4 )(OH)2 (H 2 O)16
monophosphatoiron(III) complex, presumed to be FePO4 (aq) .
Many authors have interpreted their results only in terms of complexes with
H 2 PO4 and/or HPO24  using deprotonation constants and associated activity coefficient
corrections for the experimental medium from several different sources. However,
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Ciavatta et al. [1974CIA], [1992CIA/IUL2], [1995CIA/IUL], [2007IUL/CIA] have
shown that simple graphical analyses of potentiometric, polarographic and
spectrophotometric data for the Fe-P-O-H system, as used in most of the earlier studies
(i.e., [1942LAN/KIE], [1956AMO], [1965LAH], [1974RAM/MAN]), are almost
certainly inadequate. Furthermore, as the complexation reactions may involve highlycharged species, the relative importance of different species is strongly affected by the
nature of the ionic medium.
Though a number of studies have been made of the solubility of iron(III)
phosphate solids, the reported solubility-product values generally have been
inconsistent (Table IX-10). In many cases, the values relate to ill-defined, amorphous or
metastable solids, or do not properly account for complexation. Several of the studies
[1957CHA/JAC], [1972NRI3], [2007IUL/CIA] refer to the solubility of synthetic
strengite near 298.15 K. However, as mentioned above, under the conditions often used
for the synthesis of this orthorhombic solid it also is possible to prepare the (possibly
more stable) “metastrengite II”, a monoclinic form corresponding to phosphosiderite.
Ciavatta et al. [1992CIA/IUL2], [1995CIA/IUL] reported evidence for
formation of many complexes in solutions (Ic = 3, cH+  0.03) containing low
concentrations of iron(III) and phosphate, and different complexes were indicated to be
important at different free-acid concentrations. Furthermore, Iuliano et al.
[2007IUL/CIA] proposed an additional species in low-ionic-strength solutions that was
not identified in their extensive studies [1995CIA/IUL] in 3 mol·dm-3 NaClO4.
If the dissolution reaction is written as

FePO4 ·2H2 O(cr) + 2H+

Fe3+ + H2 PO4 + 2H2 O(l) ,

(IX.58)

thus eliminating reliance on values for the second and rather uncertain third dissociation
constants of phosphoric acid, the values of log10K°(IX.58) (adjusted to apply to I = 0)
range from – 8.84 to – 5.6 for well-characterised crystalline material near 298 K. GalalGorchev and Stumm [1963GAL/STU], Nriagu [1972NRI3], Ciavatta et al.
[1992CIA/IUL3] and Iuliano et al. [2007IUL/CIA] attempted to incorporate corrections
for formation of phosphato complexes of iron(III), and the latter group re-analysed the
data of Nriagu [1972NRI3] using formation constant values for their more extensive set
of complexes.
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Table IX-10: Summary of experimental conditions and results of measurements of
solubility equilibria for iron(III) phosphates.
Reference
FePO4 (am)
[1951ZHA]

Ionic medium
Fe3+  PO34
~ 0.2 mol·dm-3
HCl , also an
acetate
buffer+ HCl
(“pH”=1.12)
[1963GAL/STU] 0.4 mol·dm-3
NaClO4
[2000PIE/TSA]
I0
FePO4·2H 2O(cr)
Fe3+  H 2 PO 4  2OH 
[1957CHA/JAC] 0.05 mol·dm-3
KCl
[1962CHA/TAL] solids in soils
(0.02 mol·dm-3
KCl )
[1972NRI3]
Ic < 0.03
H3PO4
solutions

T/K

Kc

log10K°(IX.58)

291-293

1.3 × 10-22

– 2.7

298.15

10-22.8 to 10-24.6

– 2.1 to – 3.9(a)

298.15

10-26.4

– 5.7(b)

296-298
~ 360
293 to 294

10-33.6 to 10-34.6
10-33.4 to 10-35.1
10-32.3 to 10-33.7

– 5.6 to – 6.6
– 5.4 to – 7.1
– 4.3 to – 5.7

(298.15 ± 0.1 10-34.88
0)

FePO4 (am)(c)  3H 
Fe3+  H 3 PO4 (aq)
[1992CIA/IUL3] 3 mol·dm-3
298.15
10-(2.85 ± 0.08)
NaClO4 pot
I0
10-(4.0 ± 0.2)
FePO4·2H 2O(“strengite”)  3H 
Fe3+  H 3 PO4 (aq)  2H 2O(l)
[2007IUL/CIA]
sol Im  0.03
298.15
10-(6.70 ± 0.30)

– 6.9
(– (8.60 ± 0.33)
recalc.
[2007IUL/CIA])

– (6.14 ± 0.20)
– (8.84 ± 0.30)

calorimetry with Smo (FePO4·2H 2O, 298.15 K, orthorhombic) = (174 ± 7) J·K-1·mol-1
strengite
Δ f Gmo = – 1615.1 kJ·mol-1
[1934ROT/MEI] + Δf H mo = – 1845 kJ·mol-1
2.19
[1938SAN3]
[1961EGA/WAK] Δf H mo = – (1888.0 ± 5.0) kJ·mol-1 Δ f Gmo = – (1658.1 ± 5.4) kJ·mol-1 – (5.3 ± 1.0)
Fe(H 2 PO4 )(HPO4 )·xH 2O(s)
Fe3+  H 2 PO4  HPO24  xH 2O
[2000PIE/TSA]
I0
298.15
10-19.4
Fe(HPO4 )1½ (s)
Fe3+ + 1½HPO 24
[1998PIE/DAL]
I0
298.15
10-20.03
(a) This is log10Kc, not log10K°.
(b) This is an approximate value, as the source of the authors’ values for protonation of phosphate is unclear.
(c) For a precipitated solid aged for a minimum of 50 hours. More details are provided in the corresponding
Appendix A entry.

To determine Gibbs energy of formation values for modelling the behaviour of
Fe(III) in phosphate-containing natural systems, it would appear that the key studies
should be:


the solubility studies of Iuliano et al. [2007IUL/CIA] and Nriagu [1972NRI3];
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the extensive complexation studies of Khoe and Robins [1988KHO/ROB] and
Ciavatta and Iuliano [1995CIA/IUL];



the calorimetry study of Egan et al. [1961EGA/WAK].

Unfortunately, the results of these studies do not seem to be compatible.
Among the possible sources of the inconsistencies include:


as discussed above the difficulties in preparing and using pure strengite for the
solubility measurements;



the lack of mention of “blank” solubility experiments (all components except
the strengite) in [1972NRI3], [2007IUL/CIA];



the fact that FePO4 (aq) was not considered in determination of complexationconstant values in [1995CIA/IUL].

There is a lack of details on other models tested in [1995CIA/IUL] and too
little basis for selection of such a large number of complexes. Similarly, in the paper by
Khoe and Robins [1988KHO/ROB] there is a lack of details on models tested using
more species. The Ks and 31 values in [2007IUL/CIA] are correlated such that the value
of their product is known much better than either value separately (though analysis of
the solubility data excluding results from solutions with mPtotal< 0.04, and with only the
complexes proposed by Ciavatta and Iuliano [1995CIA/IUL] suggests a value of ~ – 8.4
for log10K°(IX.58). No major anionic species was reported in either the Khoe and
Robins [1988KHO/ROB] or Ciavatta and Iuliano [1995CIA/IUL] papers even though
electrochemical and ion-exchange studies suggest one should exist (the formation
constant value reported for Fe(HPO4 )2 [1995CIA/IUL] indicates this to be a very
minor species). Complicating any discussion of the various results, the raw
experimental data were not reported by either Ciavatta and Iuliano [1995CIA/IUL] or
Khoe and Robins [1988KHO/ROB].
In the course of the present review, extensive recalculations of the data from
Iuliano et al. [2007IUL/CIA] and Nriagu [1972NRI3] have been carried out. SIT ionic
strength corrections were applied to the data, though for the purposes at hand (Im
< 0.03), the interaction coefficients of uncharged species with the medium were
assumed to be zero1. The calculations indicated that the “strengite” used by Nriagu
[1972NRI3] was slightly less stable than that used in [2007IUL/CIA] (the difference in
log10Ks is approximately 0.2-0.3). As discussed in Appendix A, at least some values in
the large array of complexation constants used by Iuliano et al. [2007IUL/CIA] must be
incorrect. Attempts to determine complexation constants and solubility products
1

In the calculation [2007IUL/CIA] of the complexation constants from [1995CIA/IUL] to I = 0 from
Im = 3.5 for use with the solubility data, it appears that the values in Table 2 in [2007IUL/CIA] were
determined using a value of D of 0.25 (as in the TDB series, e.g., [1992GRE/FUG] or Eq. B.8 in the
present volume), not Equation 4 of [2007IUL/CIA], and that the complexation constants were not
converted to molal units before applying the SIT.
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together from the limited data in these two solubility studies (separately or combined)
were not successful. The overall “best” fits of the models did generate solubility product
values consistent with those reported by Iuliano et al. [2007IUL/CIA]. Also, as
discussed by Iuliano et al., no unambiguous information could be derived about the
predominant complex(es) formed in the solubility experiments for total phosphate
molalities 0.02 to 0.1. The slope of plots of log10mFetotal against log10mH+ could be
attributed to any of several complexes when the system was modelled over these limited
experimental molality ranges. The slope modelled using the species FeH6 (PO4 )3 (aq) ,
proposed by Ciavatta and Iuliano [1995CIA/IUL], provided better agreement with the
experimental results than most.
When the solubility product of Iuliano et al. [2007IUL/CIA], and their
calculated value for the solubility product based on the experiments of Nriagu
[1972NRI3], were used as fixed values, complexation constants could only be found for
the species pair FePO4 (aq) and FeH6 (PO4 )3 (aq) or, with a markedly greater value for
χ2 (chi-square), for the pair FePO4 (aq) and FeH2 PO2+
4 . Attempts to determine all three
complexation-constant values in a single calculation generated negative complexation
constants. Addition of FeHPO +4 , FeH2 (PO4 )2 , or FeH3 (PO4 )2 (aq) to the species list
did not solve the convergence problems.
As discussed in Appendix A, solubility product values greater by 1-2 orders of
magnitude (i.e., more positive values of  f Gmo ( FePO4 ·2H2 O , cr, 298.15 K) would help
remove much of the inconsistency in interpretation between the solubility study
[2007IUL/CIA] and the earlier potentiometric and spectrophotometric study by the
same group [1995CIA/IUL]. Also, although overall a slightly better fit was found using
the (incorrect) [2007IUL/CIA] analysis, even a solubility product (Reaction (IX.58))
estimate of 10-6.8 (rather than 10-8.8 [2007IUL/CIA]) did not substantially affect the
agreement between the experimental and calculated solubility values. It simply resulted
in a correspondingly lower calculated stability for FePO4 (aq) . Based on the calorimetry
results of Egan et al. [1961EGA/WAK], the value of  f Gmo ( FePO4 ·2H2 O , cr,
298.15 K) is calculated to be – (1658.1 ± 5.4) kJ·mol-1 and therefore Kso (IX.58) is
10-(5.3 ± 1.0). However, use of that value for the solubility product, more than three orders
of magnitude greater than was proposed by Iuliano et al. [2007IUL/CIA]), did not lead
to a satisfactory fit. Similarly, the complexation constants reported by Khoe and Robins
[1988KHO/ROB] are incompatible with the combined solubility [2007IUL/CIA] and
calorimetry results [1961EGA/WAK].
Using the TDB value 10-2.14 for the deprotonation constant of H3 PO 4 (aq) , the
results of the solubility studies can be explained reasonably with sets of values ranging
from:

log10 Kso (IX.58) = – 9.1

o
log10  3,1
(IX.59) = 1.7

o
log10 3,3
(IX.59) = 4.5

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

IX.5 Phosphorus compounds and complexes

255

to

log10 Kso (IX.58) = – 7.1

o
log10  3,1
(IX.59) = – 0.3

o
log10 3,3
(IX.59) = 2.5

where  po, q is the equilibrium constant for the reaction:
Fe3+  qH3 PO 4 (aq)

FeH - p (H3 PO 4 )3q p  pH +

(IX.59)

and the value of f Gmo (FePO4 ·2H2 O,s, 298.15 K) falls in the range – 1668 to – 1680
kJ·mol-1. Assuming the entropy of the solid based on calorimetry [1961EGA/WAK] is
close to being correct, the value of f H mo (FePO4 ·2H2 O) then would fall in the range
– 1898 to – 1909 kJ·mol-1. As noted above, the calorimetry-based value
(– (1888.0 ± 5.0) kJ·mol-1) [1961EGA/WAK] falls well outside this range, and appears
to be in error.
It is clear that other complexes exist and probably contribute to the total
solubility. Thus the complicated speciation in low ionic-strength solutions containing
low concentrations of iron(III) and an excess of phosphate (> 0.02 m) remains
unresolved. As discussed by Iuliano et al. [2007IUL/CIA], there also is no reason to
assume that the structures of such complexes are those of the simple formulae used
here. In the present review no values are selected for the formation constants of iron(III)
complexes with phosphate or for the solubility product of FePO4 ·2H 2 O(cr).
Pierri and Dalas [1998PIE/DAL] reported solubility measurements at 298.15 K
(pH  2) for a solid described as Fe2 (HPO4 )3·xH 2 O, and Pierri et al. [2000PIE/TSA]
reported solubility measurements for precipitated Fe(H 2 PO4 )(HPO4 )·xH 2 O(cr) in
aqueous solutions at 298.15 K (pH  3). Characterisation of the acidic phosphate solids
of iron(III) is not straightforward. The first composition does not appear to correspond
to any solid for which a crystal structure has been reported (e.g., [1961YVO],
[1961YVO2], [1986BOS/BEU], [2006BAI/PRA]), while Fe(H 2 PO4 )(HPO4 )·xH 2 O(cr)
might be the H3O(Fe(H2O))3∙(H8(PO4)6)∙3H2O of Pralong et al. [2006PRA/CAI].
Furthermore, interpretation of the solubilities is fraught with the same complications
found in assessing solubility results for strengite, perhaps even more so as most of the
reliable complexation studies have been carried out in solutions with higher acidity. The
Fe2 (HPO4 )3·xH 2 O
reported
solubility-product
values
for
and
Fe(H 2 PO4 )(HPO4 )·xH 2 O(cr) cannot be accepted without further verification.
IX.5.4.5

Aqueous diphosphato complexes of iron(III) and the solubility of
Fe4(P2O7)3·xH2O

The preparation of Fe4 (P2 O7 )3·xH 2 O(s), characterised by Schwarzenberg [1848SCH]
by elemental analysis and dehydration as the nonahydrate, has been reported by several
researchers, as has its solubility in various media [1935MEL2]. Also, formation of
iron(III) complexes with diphosphate (and protonated forms) has been widely reported.
It is clear that iron(III) forms strong diphosphato complexes when iron(III) is added to
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aqueous sodium diphosphate solutions, but identification of the predominant species has
proven problematic. Leitsin and Grekov [1966LEI/GRE] studied the solubility of
Fe4 (P2 O7 )3·xH2 O(s) in acidic aqueous nitrate solutions. The solubility (at 293.15 K and
variable ionic strength) had a minimum in solutions with pH c values between 2.0 and
3.5, but increased sharply for solutions with pH c values > 4. This indicated formation of
strong diphosphatoiron(III) complexes, but the extent of protonation of the ligand in the
complex was not determined. In common with the studies of phosphato complexes,
there is marked disagreement as to the stoichiometry and extent of protonation of the
major species. In earlier work it was incorrectly assumed that the nature of the
complexes could be deduced directly from the stoichiometries of the solid iron(III)
diphosphates ([1926ROS] and references therein). Somewhat later, results from
potentiometric titration [1949ROG/REY], [1951BAN/MIT], calorimetric titration
[1951BAN/MIT], conductometric titration [1949ROG/REY], polarographic [1949ERI],
[1949ROG/REY], [1956YAK], [1956SUB], [1963RAM/KUM], solubility [1956YAK],
[1966LEI/GRE] and ion-transport studies [1951BAN/MIT], [1965SPI/MAK] indicated
formation of anionic complexes, usually with Fe:P2 O7 ratios of 1:2 and 1:1. Also,
potentiometric titrations of aqueous tetrasodiumdiphosphate solutions with solutions of
simple iron(III) salts [1949ROG/REY], [1951BAN/MIT] resulted in a drop in pH. This
indicates that the ligands in such complexes are not strongly protonated in neutral and
basic solutions (the complexes Fe(P2 O7 )5-2 and FeP2 O7 have been proposed
[1949ROG/REY]).
Some spectrophotometric studies have indicated that cationic complexes such
as FeH3 P2 O72+ and FeH2 P2 O7+ are formed in acidic solutions (pH < 3.8)
[1966AND/SHE], [1966VAS/VAS]. However, using the reported formation constants,
none of these cationic species appear to be sufficiently strong to avoid precipitation of
ferrihydrite, even in some of the experimental solutions with pH values greater than 2.5.
Also, Leitsin and Grekov [1966LEI/GRE] found that with a decrease in the acidity of
their solutions the normal salt (hydrated Fe4 (P2 O7 )3 ) “is converted into a basic salt, and
the precipitate acquires a yellowish tinge”. Certainly diphosphato complexation
reported in neutral and basic solutions (e.g., [1949ERI], [1951BAN/MIT], [1956YAK],
[1963RAM/KUM]) must involve other species, and to derive useful formation constant
values a direct relationship must be established between proposed complexes and other
iron(III) species for which chemical thermodynamic quantities are known. One
possibility in weakly acidic solutions might be Fe(H2 P2 O7 )2 , which was proposed by
Spivakovskii and Makovskaya [1965SPI/MAK] from a study involving potentiometry,
spectrophotometry and solvent extraction, and using solutions with pH values between
0.3 and 3. Unfortunately, the methods used for data analysis in the more detailed
studies, [1965SPI/MAK], [1966AND/SHE], [1966VAS/VAS], did not allow for the
possibility that more than one complex might be a major species in any one solution,
and in no single study were the diphosphate, acid and iron(III) concentrations varied
systematically. A summary of reported complexation constant values is provided in
Table IX-11. No values for the formation constants of diphosphatoiron(III) complexes
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are selected in the present review and for similar reasons no values are selected for the
formation of the triphosphatoiron(III) complexes proposed by Sheka and Andrasemko
[1968SHE/AND], [1968AND/SHE]. If required for modelling purposes, the
(inconsistent) diphosphato complexation-constant values proposed by Vasil’eva and
Vasil’ev [1966VAS/VAS] for FeH2 P2 O7 and by Spivakovskii and Makovskaya
[1965SPI/MAK] for Fe(H2 P2 O7 )2 appear to be the least problematic.

Table IX-11: Summary of experimental conditions and experimental formation
constants(a)
for
complexes
in
the
aqueous
Fe(III)-H4 P2 O7 -H2 O and
Fe(III)-H5 P3O10 -H 2 O systems.
T/K

pHc range

log10 c

Reference

room(?)

6 to 9.6

22.19

[1956YAK]

293.15

0.3 to 3

12.07
12.38
12.74

[1965SPI/MAK]

0.1 mol·dm-3 ( HCl/NaCl )
I = 0 (Davies)

293.15
298.15(b)

0.8 to 3.75

10.41
(11.25 ± 0.32)

[1966AND/SHE]

Fe3+ + H 3 P2O7
FeH 3 P2O72
UV
0.1 mol·dm-3 ( HCl/NaCl )
I = 0 (Davies)

293.15
298.15(b)

0.8 to 3.75

5.38
(6.05 ± 0.14)

[1966AND/SHE]

kin

298.15

1.47 to 2.60

(6.43 ± 0.05)

[1967SHE/AND]

Method
3+

Ionic medium

Fe + 2HP2O

var

3
7

Fe(H 2 P2O7 )2

?? var, no added salts

Fe3+ + 2H 3 P2O7

UV

Fe(HP2O )

var?

Fe3+ + 2H 2 P2O72

pot
UV
UV/extr

3
7 2

Fe(H 3 P2O7 )2

I = 0 (Davies)

Fe3+ + H 2 P2O72

FeH 2 P2O7

UV

0.1 mol·dm-3 ( HCl/NaCl )
I = 0 (Davies)

293.15
298.15(b)

0.8 to 3.75

5.29
(6.62 ± 0.17)

[1966AND/SHE]

kin

I = 0 (Davies)

298.15

1.47 to 2.60

(6.97 ± 0.24)

[1967SHE/AND]

UV

Ic = 1.0 (HNO3/KNO3)
Ic = 1.5 (HNO3/KNO3)
Ic = 2.0 (HNO3/KNO3)

room(?)

– 0.29 to 0.53 5.81
5.71
5.58

[1966VAS/VAS]

(Continued on next page)
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Table IX-11 (continued)
Method
3+

Ionic medium

2Fe + P2O

kin

4
7

Fe2 P2O

I = 0 (Davies)

Fe3+ + H 2 P3O130

UV
UV

UV

pHc range

log10 c

Reference

298.15

1.47 to 2.60

(23.50 ± 0.20)

[1967SHE/AND]

293.15
293.15(?)
293.15
293.15(?)

2.3 to 4.0

5.10
(7.15 ± 0.21)
5.03
(7.03 ± 0.15)

[1968SHE/AND](c)

293.15(?)
293.15(?)

4.5 to 9.5

18.85
(20.63 ± 0.11)

[1968AND/SHE]

FeH 2 P3O10 (aq)

0.1 mol·dm-3 ( HCl/NaCl )
I = 0 (Davies)
0.1 mol·dm-3 ( HCl/NaCl )
I = 0 (Davies)

Fe3+ + 2HP3O140

T/K
2
7

1.8 to 4.5

[1968AND/SHE]

Fe(HP3O10 )52

0.1 mol·dm-3 ( HCl/NaCl )
I = 0 (Davies)

(a) The reported values usually have incorporated dissociation constants for H4P2O7 and H5P3O10 that are
inconsistent with those used in other studies and/or with those in Chapter IV of the present volume. For
discussion of the references, see the corresponding Appendix A entries.
(b) Reported values [1966AND/SHE] for I = 0 appear to be for 293.15 K, but were stated explicitly in a later
paper by the authors [1967SHE/AND] to be for 298.15 K; the method of temperature correction was not
reported.
(c) In their first paper on triphosphato complexes of iron(III) [1968SHE/AND] the authors also reported a
FeH3P3O1+0 (log10c = 5.04) in
value for the equilibrium constant of the reaction Fe3+ + H3P3O120
+
solutions in the pH range 0.8 to 2.3. There is no mention of the species FeH3P3O10
in their second paper
[1968AND/SHE], even though it is concluded that FeH2 P3O10 (aq) predominates in solutions over part of
the same pH range.

IX.5.4.6

Complexes of iron(III) in the Fe(III)-H3PO3-H2O and Fe(III)-H3PO2H2O systems

Several complexation studies for Fe(III) with H 2 PO3 [1966MAS/AGA], [2001LEN]
or with H 2 PO2 [1950BAN2], [1964NOV/MUZ], [1967MAS/AGA], [1969ESP/DUS],
[2001LEN] have been carried out in acidic solutions. The results are summarised in
Table IX-12, and the references are discussed in Appendix A. Espenson and Dustin
[1969ESP/DUS] provided a discussion of literature values for the first deprotonation
constants of H3PO3(aq) and H3PO2(aq); however, there does not appear to be a good
recent analysis of the other chemical thermodynamic quantities for H 2 PO3 , H 2 PO2 , or
their parent acids. Such an assessment is beyond the scope of the current review and
therefore, at present, no values related to these species can be selected.
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Table IX-12: Summary of experimental conditions and reported experimental formation
constants(a) for the complexes in the Fe(III)-H3 PO3 -H 2 O and Fe(III)-H3 PO2 -H 2 O
systems.
Method
Ionic medium (Ic)
Fe3+ + H 2 PO3
FeH 2 PO32

T/K

pHc range

log10 c

Reference

UV

0.015 ( HNO3 /KNO3 )

297.15

0.12 ( HClO4 /NaClO4 )

4.72
4.44
4.47
4.92
(2.69 ± 0.04)

[1966MAS/AGA]

pot

2.0
1.9
1.0
1.8
0.3 to 2.5

7.84
6.43
6.46

[1966MAS/AGA]

[1950BAN2]
[1964NOV/MUZ]
[1967MAS/AGA]
[1969ESP/DUS]
[2001LEN]
[1964NOV/MUZ]
[1967MAS/AGA]

UV-vis
1 ( NaClO4 )
Fe3+ + 2H 2 PO3
Fe(H 2 PO3 )2

283.15

UV
pot

297.15

2.0
1.0
1.8

298.15
293.15
298.15
283.15

cH+ = 0.1
1.27
0.3 to 2.5

2.77
3.62
4.01
3.04
(2.81 ± 0.01)

298.15
293.15

cH+ = 0.1
1.27

6.40
6.79

0 (extrap)
0.12 ( HClO4 /NaClO4 )

Fe3+ + H 2 PO2

[2001LEN]

FeH 2 PO22

UV-vis
pot
0.13
UV
0.2
kin
1 ( HClO4 /LiClO4 )
UV-vis
1 ( NaClO4 )
Fe3+ + 2H 2 PO 2
Fe(H 2 PO2 ) 2
pot
0.13 HClO4
UV
0.2
Fe3+ + 3H 2 PO2
Fe(H 2 PO2 )3 (aq)

UV
0.2
293.15
1.27
8.96
[1967MAS/AGA]
(a) The calculations and reported values often have incorporated dissociation constants for protonated
phosphonic and phosphinic acid species that are inconsistent between the different studies. For
discussion of the references, see the corresponding Appendix A entries.

IX.5.5 Heat-capacity and entropy measurements for a mixed
oxidation state solid in the Fe-P-O-H system
Shi et al. [2013SHI/ZHA2] have reported heat-capacity measurements (between 2 and
300 K) for the iron(II/III) solid FeII FeIII 2 (P2 O7 )2 (cr) . These then were integrated to
derive an entropy value for this compound at 298.15 K. The authors’ value for the
entropy and their smoothed heat-capacity value for 298.15 K are accepted in the present
review.
C po ,m ( Fe3 (P2 O7 )2 , cr, 298.15 K) = (346.00 ± 3.46) J·K-1·mol-1,

S mo ( Fe3 (P2 O7 )2 , cr, 298.15 K) = (384.12 ± 4.23) J·K-1·mol-1.
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IX.6

Arsenic compounds and complexes

IX.6.1 Comments on auxiliary data for arsenic species
In Volume 1 of the TDB series ([1992GRE/FUG], Section VI.3.3) it was noted that a
complete reanalysis of chemical thermodynamic data for arsenic species was needed,
but that such an analysis was not within the scope of the TDB review. 1 Since then,
Nordstrom and Archer [2003NOR/ARC] 2 and Nordstrom et al. [2014NOR/MAJ] have
carried out a thorough re-evaluation and regression analysis of selected thermodynamic
data of arsenic species. Their reviews include values for elemental arsenic, the simple
arsenic oxides and sulfides and their hydrolysis products, and many other arseniccontaining species. However, as discussed by Nordstrom and Archer, their proposed
values depend not just on information in the evaluated studies of arsenic species and
equilibria, but also on the selected set of auxiliary chemical thermodynamic data. Such
auxiliary data may not be completely compatible with those used in the TDB project. It
is clear that the values for arsenic species as proposed by Nordstrom et al.
[2014NOR/MAJ] form a superior, internally consistent data set. However, in the
present volume we continue to use the values proposed in Grenthe et al.
[1992GRE/FUG] as the “most suitable” set of auxiliary data for arsenic species. Most
importantly, this maintains consistency with selections in previous TDB volumes. The
issue of maintaining overall thermodynamic consistency when adding values to (or
changing values within) standard databases (e.g., CODATA [1989COX/WAG]) is
extremely complicated and needs to be addressed further for arsenic species, but this is
still far beyond the scope of the present review.

IX.6.2 Minerals and other solids in the Fe-As-O-H system
Solids reported in the Fe-As-O-H system (excluding the iron arsenides) are listed in
Table IX-13. Some minerals are strictly iron(III)-arsenic(V) compounds, including the
well-established scorodite (orthorhombic) [1997BLA/DEN], as well as parascorodite
(trigonal) [1999OND/SKA] and kaňkite (monoclinic) [1976CEC/JAN], all with atomic
ratios of Fe:As of 1.0. It has been reported that at 428 K parascorodite is converted to
scorodite over a period of two months [1999OND/SKA], and work by Majzlan et al.
[2012MAJ/DRA] also is consistent with parascorodite being metastable with respect to
scorodite at 298.15 K. Majzlan et al. [2016MAJ/DAC], found Fe4 (AsO4 )4 ·3H2 O to be
stable with respect to scorodite near 298.15 K.
1

2

One aspect not mentioned previously [1992GRE/FUG] is a spread of more than 0.2 in values of the
logarithm (base 10) in literature values for the second dissociation constant of arsenic acid at 298.15 K
[1982WAG/EVA], [1976BAE/MES], [1990ROB], [2006LAN/MAH], [2006RAP/OLA].
A key assessment paper cited by Nordstrom and Archer as “Archer and Nordstrom (2000)”, was never
published (see [2014NOR/MAJ] and a reference therein to Archer and Nordstrom (2002), unpublished).
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Table IX-13: Minerals and other solids in the Fe-As-O(-H) system.
Iron(III)-arsenic(V) minerals
Mineral
scorodite

Fe:As
1:1

Formula
FeAsO4  2H2O

parascorodite

1:1

FeAsO4  2H2O

kaňkite

1:1

FeAsO4  3.5H2O

kamarizaite

3:2

Fe3 (AsO4 )2 (OH)3  3H2O

ferrisymplesite

3:2

Fe3 (AsO4 )2 (OH)3  5H2O

angelellite

2:1

Fe4O3 (AsO4 )2

H3O+-exchanged pharmacosiderite

4:3

(H3O)Fe4(AsO4)3(OH)4·4H2O

kaatialaite

1:3

Fe(H2AsO4 )3  xH2O (x  3 to 5)

Fe-As-O(-H) minerals with iron(II) (rather than iron(III)) or arsenic(III) (rather than arsenic(V))
Mineral
Fe:As
Formula
Fe3 (AsO4 )2 (OH)2  4H2O
bendadaite
3:2
parasymplesite

3:2

Fe3 (AsO4 )2  8H2O

symplesite

3:2

Fe3 (AsO4 )2  8H2O

schneiderhöhnite

4:5

Fe4As5O13

Other Fe-As-O-H solids (synthesis, phase diagram studies)
Formula
Fe:As
Source
[1981MAK/SAG]
4:1
Fe8As2O11·4H2O (a)

Fe3AsO7·6H2O

3:1

[1981MAK/SAG]

Fe4As2O11·xH2O (x = 10-14)

2:1

[1981MAK/SAG]

(H3O)Fe4 (AsO4 )3 (OH)4·4.5H2O

4:3

[2010MIL/HAG]

FeAsO4·xH2O (x = 5 to 7)

1:1

FeAsO4·H2O

1:1

[2006LAN/MAH], [2008PAK/DUT], [2009CHE/JIA],
[2009DRA/FIL]
[1996NIS/ROB]

Fe4 (AsO4 )4·3H2O

1:1

[1991JAK/KWI], [2016MAJ/DAC]

Fe2 (HAsO4 )3·xH2O

2:3

[1950TAK/SAS], [1994SWA/MON]

FeH3 (AsO4 )2·yH2O

1:2

[1996NIS/ROB], [1927HAR]

Fe(H2 AsO4 )3·xH2O (x  5)

1:3

[1950TAK/SAS], [1996NIS/ROB], [1991JAK/KWI]

Anhydrous high-temperature solids
Formula
FeAsO4

Fe:As
1:1

Fe4As2O11

2:1

Source
[1956SHA/SHA], [1968YVO/RON],
[1968YVO/RON2], [1988DUT/JAM],
[2003BAZ/MES]
[1965KOR/ROY], [1968YVO/RON2]

Fe3AsO7

3:1

[1968YVO/RON2]

(a)

The authors’ Fe:As ratio and formula are in agreement, but their analyses do not support the
reported Fe:O and Fe:H2O ratios—possibly the intended formula could have been Fe8As2O15·14H2O
or Fe8As2O17·12H2O.

The minerals angelellite [1997BLA/DEN], ferrisymplesite [1997BLA/DEN],
and kamarizaite [2010CHU/PEK] are richer in iron. The latter two phases are not
structurally related, as kamarizaite has been found to be structurally identical to the
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corresponding
iron(III)
phosphate,
tinticite
[2016KOL/LEN].
Kaatialaite
[1997BLA/DEN] is richer in arsenic than in iron. The dimorphs, symplesite and
parasymplesite are iron(II) compounds with arsenic(V) [1997BLA/DEN]; and
bendadaite [2010KOL/ATE] and schneiderhöhnite [1997BLA/DEN] are mixed
iron(II)/iron(III) compounds—the former with arsenic(V), the latter with arsenic(III).
Matsubara et al. [2009MAT/MIY] have suggested that “ferrisymplesite” may be formed
as an intermediate in the transformation of symplesite to bendadaite. Mills et al.
[2010MIL/HAG] identified a natural sample, (H3O)Fe4 (AsO4 )3 (OH)4  4H 2 O, with an
Fe:As ratio of 4:3, that was slightly more deficient in water than
synthesised
from
natropharmacosiderite
(H3O)Fe4 (AsO4 )3 (OH)4  4.5H 2 O,
+
(Na0.75K0.14Ba0.11)Fe4(AsO4)3(OH)3.89O0.11·4H2O, with H3O replacing the other cations.
Pharmacosiderite, a long-recognised basic arsenate, has the nominal formula
KFe4 (AsO4 )3 (OH)4  xH2 O (x = 6 to 7) (see [2012BAU] and references therein).
Synthesis of solids with the stoichiometry FeAsO4  2H 2 O has been reported
by many research groups. A crystalline material corresponding to scorodite can be
prepared from solutions of salts of iron(III) to which arsenic(V) salts or As 2 O5 has
been added, followed by heating in an autoclave at temperatures near 430 K
[1988DUT/JAM], [1988KRA/ETT], [2007BLU/DEM], [2007XU/ZHO]. A less
crystalline form of iron(III) arsenate FeAsO4  xH 2 O (x = 5 to 7), characterised by two
broad diffuse peaks in its X-ray diffraction pattern, has been found in many studies
[2006LAN/MAH], [2008PAK/DUT], [2009CHE/JIA], [2009DRA/FIL]. Paktunc et al.
[2008PAK/DUT] concluded that this “ferric arsenate” is polymeric, consisting of short,
single chains of corner-linked FeO6 octahedra, with arsenate tetrahedra bridging
adjacent octahedral corners. Thus, it is structurally related to the iron(III) sulfates
butlerite, parabutlerite and fibroferrite (TDB-Iron Part 1, Section IX.1.2.2.4). However,
Chen et al. [2009CHE/JIA] contended that this solid is a poorly-crystalline scorodite,
and at the time of writing of the present review the different interpretations of the
structure remain unresolved [2010JIA/CHE], [2010PAK]. Several hydrates with Fe:As
ratios > 1 were prepared by Makhmetov et al. [1981MAK/SAG], but the reported
stoichiometries have not been confirmed. The Fe2 O3 -As 2 O5 -H 2 O phase-diagram
studies of Takahashi and Sasaki [1950TAK/SAS], Taboada et al. [2008TAB/CAS] and
Nishimura and Robins [1996NIS/ROB] agree that there is a hydrated solid with an
iron(III) to arsenic(V) ratio of 1:3, and hydrothermal synthesis of a compound with this
composition also has been reported [1991JAK/KWI]. However, Fe2 (HAsO4 )3  xH2 O
[1950TAK/SAS], [1994SWA/MON] was not found in the study of Nishimura and
Robins [1996NIS/ROB], who instead reported Fe H3 (AsO4 )2 10H 2 O . It has been
suggested that in strongly acidic solutions near or slightly above 300 K,
FeAsO4  2H 2 O is unstable with respect to formation of Fe2 (HAsO4 )3  xH2 O
[2001ZHU/MER], Fe H3 (AsO4 )2 10H 2 O [2006LAN/MAH] or Fe(H2AsO4)3·5H2O
[1996NIS/ROB], [2008TAB/CAS].
DYvoire and Ronis [1968YVO/RON], [1968YVO/RON2] found that in air, at
atmospheric pressure, FeAsO4  2H 2 O is dehydrated to FeAsO4 below 430 K and,
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although there are at least two polymorphs, only a single anhydrous form persists to
1000 K. At higher temperatures that solid loses arsenic(V) oxide to sequentially form
Fe4 As2 O11 (also see [1956SHA/SHA]), probably similar to angelellite, then
Fe3 AsO7 and Fe2 O3 . Ondruš et al. [1999OND/SKA] found similar results for
dehydration of a sample of parascorodite (but at a slightly higher temperature), with the
final product (1670 K) being α-Fe 2 O3 . The dehydration curves do not seem to show
stepwise loss of water, e.g., to Fe4 (AsO4 )4  3H2 O [1991JAK/KWI], though Nishimura
and Robins [1996NIS/ROB] reported hydrothermal synthesis (463 K) of what appeared
to be FeAsO4  H 2 O , but with an X-ray diffraction pattern similar to that reported by
Swash and Monhemius [1994SWA/MON] for Fe2 (HAsO4 )3  xH2 O . Based on their
description of the conditions for its synthesis, it seems likely that the FeAsO4  H 2 O of
Nishimura and Robins [1996NIS/ROB] actually was Fe4 (AsO4 )4  3H2 O ; a full crystal
structure for the latter compound was reported [1991JAK/KWI] and thermodynamic
quantities were reported by Majzlan et al. [2016MAJ/DAC]. Majzlan et al.
[2012MAJ/DRA] have suggested from calorimetric studies that anhydrous FeAsO4 (cr)
may even have a small field of stability at < 1 % relative humidity at temperatures
below 300 K.

IX.6.3 Thermodynamic quantities for iron(II) arsenates
IX.6.3.1

The iron(II) solids symplesite and parasymplesite

As discussed by Ito [1954ITO], “the mineral of the composition Fe3 (AsO4 )2  8H 2 O is
dimorphous”. Symplesite has a triclinic structure, and parasymplesite is a monoclinic
form that is similar to the phosphate mineral vivianite. Little work has been undertaken
to determine the thermodynamic quantities for these solids. Khoe et al.
[1991KHO/HUA] reported a solubility product of 4 × 10 -41 based on the pH of initial
precipitation, and Johnston and Singer [2007JOH/SIN] reported a value of 10 - (33.25±0.46)
based on solubility measurements using solutions with pH values between 7.0 and 8.5.
The value of Khoe et al. [1991KHO/HUA] appears to be a molar solubility product
((cFe2 )3 (cAsO3 ) 2 ) in a 3.0 mol·dm-3 aqueous solution of NaClO4 . Their experiments
4
were carried out in acidic solutions in which the primary arsenate species were
H3 AsO4 (aq) and H2 AsO4 , and the deprotonation constant values the authors cited as
having been used for calculation of cAsO3 seem more appropriate for dilute aqueous
4
media. The value of 0.76 can be back-calculated for log10 Kc (IX.60) (3 mol·dm-3
NaClO4 (sln) ) from the value of Khoe et al.

3Fe2  2H3 AsO4 (aq)

Fe3 (AsO4 )2  xH2 O(s)  6H

(IX.60)

and from that, – 39.9 is obtained for log10 K o (IX.60). However, the value from
Johnston and Singer [2007JOH/SIN], which indicates a substantially greater solubility,
was obtained in solutions at higher pH, where formation of iron(II) arsenato complexes
might be expected to be more important; these were not mentioned in the paper.
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Because of the uncertainties and discrepancies in the two relevant studies, in the present
review no value is selected for the solubility product of Fe3 (AsO4 )2  xH 2 O(s) , though a
value of approximately 10-40 for ((aFe2 )3 (aAsO3 )2 ) seems reasonable.
4

IX.6.3.2

Aqueous arsenato complexes of iron(II)

At least two studies [1992WHI], [2007MAR/ACC] have suggested estimated values for
the formation constants of FeH2 AsO4 , FeHAsO4 (aq) and FeAsO4 at 298.15 K. Khoe
et al. [1991KHO/HUA] showed that there was no clear evidence of formation of any of
these complexes in potentiometric studies of solutions with pH values between 1 and 2.
This does not preclude possible formation of such complexes in neutral or slightly basic
solutions. No values for thermodynamic quantities for these species are selected in the
present review.

IX.6.4 Thermodynamic quantities for iron(III) arsenates
IX.6.4.1

Heat-capacity and entropy values for iron(III) arsenates

The thermodynamic information on iron(III) arsenates was reviewed and augmented by
Majzlan et al. [2012MAJ/DRA]. Heat-capacity measurements for samples of synthetic
scorodite and natural kaňkite1 were carried out from 2 to 300 K. From analysis of the
heat-capacity data, entropy values can be calculated for scorodite and kaňkite. As
discussed in Appendix A of the present review, re-analysis confirms the values reported
by the authors for S mo and C po , m for scorodite at 298.15 K, but suggests very small
discrepancies in the values reported for kaňkite.
In the present review, the following values are selected:
C po ,m (FeAsO4·2H2O, scorodite, 298.15 K) = (185.4 ± 1.9) J·K-1·mol-1,

S mo (FeAsO4·2H2O, scorodite, 298.15 K) = (188.0 ± 2.1) J·K-1·mol-1,
C po ,m (FeAsO4·3.5H2O, kaňkite, 298.15 K) = (244.9 ± 2.4) J·K-1·mol-1,

S mo (FeAsO4·3.5H2O, kaňkite, 298.15 K) = (248.3 ± 2.8) J·K-1·mol-1.
In a later paper Majzlan et al. [2016MAJ/DAC] reported heat-capacity measurements
for samples of FeAsO4 ·0.75H 2 O (i.e., Fe4 (AsO4 )4 ·3H2 O ), for temperatures between 2
and 464 K:
C po ,m ( Fe4 (AsO4 )4 ·3H2 O , cr, 298.15 K) = (558.0 ± 5.6) J·K-1·mol-1,
1

The values for kaňkite [2012MAJ/DRA] were determined on natural material that was characterised
primarily by powder X-ray diffraction. Later, the authors found that kaňkite transforms to FeAsO 4·2H2O
with layered structure and renewed attempts to solve the structure of kaňkite showed that some of the
specimens transformed spontaneously to FeAsO4·2H2O even at room temperature or upon cryogenic
treatment [2016MAJ/PAL]. Thus, the authors are now concerned about measured values for kaňkite
reported in [2012MAJ/DRA] because the sample was X-rayed only at the beginning of the calorimetric
work, not every day [2019MAJ].
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S mo ( Fe4 (AsO4 )4 ·3H2 O , cr, 298.15 K) = (616.8 ± 2.0) J·K-1·mol-1.
As discussed in Appendix A, there are minor discrepancies between the heat-capacity
values determined by relaxation calorimetry near 298 K and the values determined by
differential-scanning calorimetry (DSC). Nevertheless, the values above are selected for
298.15 K in the present review, as is an equation calculated using all the DSC data and the
relaxation-calorimetry results for temperatures above 250 K, equally weighted, with the
heat-capacity value at 298.15 K fixed at the value determined by relaxation calorimetry.
C p ,m ( Fe4 (AsO4 )4 ·3H2 O , cr)/J·K-1·mol-1 = 495.57 + 0.43266(T/K) – 5917706(T/K)-2

(250 to 465 K).
Majzlan et al. [2012MAJ/DRA] also provided reasonable estimated entropy
and heat-capacity values for FeAsO4 (cr, 298.15 K) and FeAsO4·2.0H2O (parascorodite,
298.15 K). However, as is the case for most estimated thermodynamic quantities, in the
present review these additional values have not been incorporated in the table of TDB
selected values (Chapter III).

IX.6.4.2

Enthalpy of formation values for iron(III) arsenates

Values for the enthalpies of solution in 5 mol·dm-3 HCl(sln) of KCl(cr), FeAsO4(cr),
synthetic scorodite, natural parascorodite and natural kaňkite were measured by Majzlan
et al. [2012MAJ/DRA]. The enthalpy of formation for each of these four iron(III)
arsenates has been recalculated using the thermodynamic cycles proposed by Majzlan et
al. [2012MAJ/DRA] based on the formation enthalpy of lepidocrocite
[2007MAJ/MAZ], but with – (1180.0 ± 4.1) kJ·mol-1 for f H mo (KH2AsO4, cr,
298.15 K) from measurements of the heat of solution of KH 2AsO4(cr) in water
(18.26 ± 0.88) kJ·mol-1 [2012MAJ/DRA], and TDB-compatible auxiliary data including
f H mo (KCl, cr, 298.15 K) (cf. Appendix A). These recalculated values are selected:

f H mo (FeAsO4, cr, 298.15 K) = – (897.25 ± 4.70) kJ·mol-1,
f H mo (FeAsO4·2H2O, scorodite, 298.15 K) = – (1507.18 ± 4.68) kJ·mol-1,

f H mo (FeAsO4·2.0H2O, parascorodite, 298.15 K) = – (1504.94 ± 4.67) kJ·mol-1,
f H mo (FeAsO4·3.5H2O, kaňkite, 298.15 K) = – (1938.59 ± 4.66) kJ·mol-1.
IX.6.4.3

Solubility measurements for iron(III) arsenates

Many papers have reported solubility measurements for these solids [1956CHU3],
[1978TOZ/UME], [1978NIS/TOZ], [1981MAK/SAG], [1985DOV/RIM], [1987ROB],
[1988KON/STE], [1988KRA/ETT], [1990ROB], [1996NIS/ROB], [2006RAP/OLA],
[2007BLU/DEM], [2010PAK/BRU], [2012MAJ/DRA], [2016MAJ/DAC]. Most of
these solubility measurements (Table IX-14) were performed with the purpose of
establishing whether iron(III) arsenates could be used to limit the total arsenic
concentrations in mine-waste streams.
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Table IX-14: Reported(a) solubility products for iron(III) arsenate compounds (as
expressed for the reaction Fe3+ + AsO34  xH2 O
FeAsO4 ·xH2 O(s).
Reference
[1956CHU3]

[1978TOZ/UME]
[1978NIS/TOZ]
[1981MAK/SAG]

Solid
Medium
precipitated from cH+ 10-3-10-2 (HNO3)
sulfate medium
cH+ 10-3-10-2 (H2SO4)
probably poorly
crystalline
material
precipitated

-3

< 0.013 mol·dm H2SO4

T/K
293.15

Reported value(a)
2.7 × 10-21(Kc)
7.4 × 10-21(Kc)

298

298
310
322
334
346
(298.15 ± 0.50)
298 ?
(296 ± 1)

2.5 × 10-22 (Ks,0)
3.5 × 10-21 (Ks,0)
2.5 × 10-20 (Ks,0)
1.4 × 10-19 (Ks,0)
7.8 × 10-19 (Ks,0)
3.6 × 10-18 (Ks,0)
2 × 10-22
4.6 × 10-23 (b)
3.89 × 10-25

[1985DOV/RIM]
[1987ROB]
[1988KRA/ETT]
[1989KRA/ETT]
[1990ROB]
[1996NIS/ROB]

crystalline
precipitated
crystalline

[2001ZHU/MER]

assessment

I=0

298.15

[2006LAN/MAH]

assessment

I=0

298.15

[2006RAP/OLA]

precipitated

298.15

[2007BLU/DEM]
[2010PAK/BRU]

crystalline
crystalline

1.0 mol·dm-3 NaClO4
I0
0.1 mol·dm-3 NaNO3

295
298.15

2.5 × 10-25
1.58 × 10-26
[2006LAN/MAH]
amorphous
10- (23.44 ± 0.35)
crystalline
10- (25.83 ± 0.07)
amorphous
10- (23.0 ± 0.3)
8.3 × 10-22
5.0 × 10-25
4.0 × 10-26
1.1 × 10-26

[2012MAJ/DRA]
[2012MAJ/DRA]

scorodite
kaňkite

from  f H mo and S mo (c)

298.15
298.15

10- (25.83 ± 0.52)
10- (23.92 ± 0.51)

poorly crystalline
crystalline

298 ?
298 ?

from  f H and S
o
m

o (c)
m

(a) Calculated by the authors, or from their reported Gibbs energies, using their values for the deprotonation
constants of H3AsO4(aq) and complexation and hydrolysis constants for iron(III), not the values from
Chapters III or IV.
(b) As indicated in the values used later by Krause and Ettel [1988KRA/ETT], the value for f Gmo (AsO3-4 ) in
Table 2 of Robins [1987ROB], used to calculate this solubility product, should read – 648.39 kJ·mol-1.
(c) No solubility product was calculated directly from the reported solubility measurements.

Interpretation of the solubility measurements in terms of thermodynamic
quantities is fraught with pitfalls. Except in very acidic solutions, the most stable iron
arsenates in the Fe-As-O(-H) system under oxidising conditions near 300 K are crystalline
FeAsO4·2H2O and Fe4(AsO4)4·3H2O. The former is much more common, but the latter,
though more stable [2016MAJ/DAC], forms readily only at temperatures between 450 and
500 K and with oxygen partial pressures of 350 to 700 kPa. However, these solids are
metastable with respect to hematite and goethite for pH values greater than ~ 2 and are
metastable even with respect to ferrihydrite (itself a metastable solid) at higher pH values.
The precipitate that initially forms on addition of an acidic solution of iron(III) to
a solution containing arsenic(V) at ~ 300 K is an amorphous form with approximately the
same stoichiometry as scorodite. Langmuir et al. [2006LAN/MAH] and Paktunc and
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Bruggeman [2010PAK/BRU] showed that the solubility results of Chukhlansev
[1956CHU3], Tozawa et al. [1978TOZ/UME], Makhmetov et al. [1981MAK/SAG] and
Robins [1987ROB] were reasonably consistent, but reflected the solubility of a solid less
stable than FeAsO4·2H2O(cr). Another study [2006RAP/OLA] using the precipitated solid
was performed using a constant ionic-strength medium (1 mol·kg-1 NaClO4/HClO4), and
gave comparable results, but no similar study using FeAsO4·2H2O(cr) seems to have been
reported. At ~ 340 K Paktunc et al. [2008PAK/DUT] precipitated hydrated scorodite
from solutions with a pH value of 1 but, initially, the less stable form from solutions of
lower acidity. Solubility experiments in which iron(III) arsenates appear to have dissolved
congruently are scarce, and even then their interpretation has been the subject of debate.
Several of the solubility studies were undertaken using solutions containing sulfate ions,
introducing concomitant complications of sulfate complexation of iron(III) and possible
formation of mixed sulfate-arsenate solids. Finally, Majzlan [2011MAJ]1 has confirmed
that ferrihydrite strongly sorbs arsenate-containing ions to form “As-rich hydrous ferric
oxide” solids with an As:Fe molar ratio as great as 0.2. This undoubtedly complicates the
interpretation of iron-arsenate solubility studies carried out by precipitation in weakly
acidic and near-neutral solutions [2012MAJ/DRA].
IX.6.4.3.1 Solubility measurements for FeAsO4·2H2O (scorodite)
Many of the literature solubility-product values (Table IX-14) have been critically
reviewed previously [2001ZHU/MER], [2006LAN/MAH], [2010PAK/BRU]. For the
reasons discussed above, for the purpose of estimating the Gibbs energy of formation of
FeAsO4·2H2O(cr) from solubility measurements, it is best to exclude:


measurements using solids not shown to be crystallographically consistent with
scorodite;
 measurements made under highly acidic conditions in which Fe(H2AsO4)3·xH2O
or FeH3(AsO4)2·10H2O may be stable with respect to FeAsO4·2H2O(cr);
 measurements made under conditions that might have led to incorporation of
sulfate in the solid.
Furthermore, analysis of solubility data (e.g., [2007BLU/DEM]) obtained under
conditions where FeAsO4·2H2O(cr) and ferrihydrite both exist (with high ratios of As:Fe
in the final solutions) must assume:



the “solubility product” of ferrihydrite in experiments in the same data set is not
dependent on the hydrogen-ion concentration;
the nature of the ferrihydrite solid is unchanged over the time of each
experiment.

This results in rejection of measurements in experiments where precipitation of
iron(III) oxide or hydroxide solids (ferrihydrite, goethite) occurred. These restrictions
undoubtedly exclude the results of some excellent studies, but are necessary to ensure that
this evaluation deals with a single (albeit probably metastable) solid.
results
1

Even within these constraints there are problems in assessing the remaining
[1988KRA/ETT], [1996NIS/ROB], [2007BLU/DEM], [2010PAK/BRU],

Majzlan [2011MAJ] also compares the effect of sorbed arsenate on ferrihydrate solubility with the effect
of sorbed phosphate and with that of sulfate-containing schwertmannite (see Sections VII.1.4 and
IX.1.2.2.4 of TDB-Iron Part 1).
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[2012MAJ/DRA]. The calculation of the reported solubility products (Table IX-14)
required values for the deprotonation constants for H3AsO4(aq), hydrolysis constants for
Fe3+, formation constants for Fe(III) arsenato complexes and, in some cases, formation
constants for the iron(III) sulfato complexes, as well as assumptions about the activity
coefficients of all species. Furthermore, as noted by Langmuir et al. [2006LAN/MAH],
apparent charge imbalances sometimes make it difficult to discern the composition of the
“final” solutions in some studies (e.g., [1996NIS/ROB], [1988KRA/ETT]).
In the present review, as discussed in the corresponding Appendix A entries, we
have used the work of Krause and Ettel [1988KRA/ETT] (pH values between 1.41 and
2.43), Nishimura and Robins (pH values between 1.74 and 2.79) and Paktunc and
Bruggeman (pH 2, only) to calculate two sets of values, {10(5.07±0.22), 10(5.01±0.22), and
10(5.31±0.34)} and {10(6.41±0.66), 10(6.35±0.66), and 10(6.65±0.71)} for K°(IX.61) depending on the
value used for the complexation constant of log10K°(IX.62) (cf. the Appendix A entries for
[1988KHO/ROB], and [2006RAP/OLA]).

Fe3+  H3 AsO4 (aq)  2H2 O(l)
Fe3+  H3 AsO4 (aq)

FeAsO4 ·2H2 O(cr)  3H+

FeHAsO4 + 2H+

(IX.61)
(IX.62)

The measurement of pH is not carefully described in any of these studies, there
are apparent inconsistencies in the solution compositions in at least two of the studies
[1996NIS/ROB], [1988KRA/ETT], and there is only one measurement reported in the
appropriate pH range in the third study [2010PAK/BRU]. The simple averages of these
sets of values are log10K°(IX.61) = 5.13 and 6.47. Within the uncertainty limits the lower
of these is the same as the value log10K°(IX.61) = (4.67 ± 1.10) obtained from calorimetric
measurements [2012MAJ/DRA] as discussed above.
From the results of the calorimetry studies (Sections IX.6.4.1 and IX-6.4.2),
 f Gmo (FeAsO4·2H2O, scorodite, 298.15 K) = – (1283.27 ± 4.73) kJ·mol-1, and in the
present review it is concluded that the calorimetric measurements for
FeAsO4 ·2H 2 O (scorodite) are less subject to ambiguity, and therefore are used to
calculate the selected thermodynamic quantities for scorodite; again, it must be
emphasised that much of the uncertainty in all of these values arises from uncertainties in
the auxiliary data.
For comparison, if the dissolution reaction is written as

FeAsO4 ·2H2 O(scorodite, 298.15 K) + 2H+

Fe3+ + H2 AsO4 + 2H2 O(l)

(IX.63)

parallel to Reaction (IX.58) discussed for strengite solubility (Section IX.5.4.4), one
obtains log10K°(IX.63) = – (6.9 ± 1.1).
IX.6.4.3.2 Stability of amorphous iron(III) arsenate
In the present review, no values are selected for thermodynamic quantities of amorphous
iron arsenate, which is metastable. Reviews by Zhu and Merkel [2001ZHU/MER] and
Langmuir et al. [2006LAN/MAH] agree that, based on the solubility data, an ion activity
product ( aFe3+ aAsO3 ) of ~ 10-23 might be appropriate. From the considerations described
4
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above, especially the uncertainties in the auxiliary data, this should be considered as no
better than an order-of-magnitude estimate.
IX.6.4.3.3 Solubility measurements for Fe4(AsO4)4·3H2O (cr)
Majzlan et al. [2016MAJ/DAC] have measured the solubility of Fe4 (AsO4 )4 ·3H2 O(cr) in
nitric acid solutions. As discussed in Appendix A, in contact with such solutions this solid
was found to be less soluble (i.e., more stable) than FeAsO4 ·2H 2 O (scorodite). In the
present review the reported solubility product value has been used to calculate
log10K°(IX.64) = – (22.89 ± 1.48)

Fe4 (AsO4 )4 ·3H2 O(cr)  12H+

4Fe3+  4H3 AsO4 (aq)  3H2 O(l)

(IX.64)

and using the TDB values from Chapter III

Δ f Gmo ( Fe4 (AsO4 )4 ·3H2 O , cr, 298.15 K) = – (3971.5 ± 18.3) kJ·mol-1.
IX.6.4.4
Aqueous arsenato complexes of iron(III)
There is good spectroscopic evidence that arsenato complexes of iron(III) form in acidic
solutions [1987ROB], [2006RAP/OLA], but these appear to be markedly weaker than the
corresponding phosphato complexes [1988KHO/ROB]. However, only a limited number
of experimental studies have reported values of formation constants for these species
[1988GLA], [1987ROB], [1988KHO/ROB], [1990ROB], [1996NIS/ROB], [2001LEN],
[2006RAP/OLA]. At least two other studies [1992WHI], [2007MAR/ACC] have
suggested estimated values. The values in several papers associated with Robins, his
research group, and co-workers [1987ROB], [1987ROB/GLA], [1990ROB],
[1996NIS/ROB] are difficult to re-evaluate, as they simply list Gibbs energy values,
derived from the fitting of complicated models to rather sparse data, without specifying
sources of fixed auxiliary data or procedures used for activity corrections1. They also do
not discuss differences found between values proposed in the different papers. Thus, for
example, the value of  r Gmo (IX.65):

FeHAsO4 + H+

FeH2 AsO42

(IX.65)

is given as – 5.0 kJ·mol-1 [1987ROB], – 5.4 kJ·mol-1 [1990ROB], and – 11.3 kJ·mol-1
[1996NIS/ROB] for I ~ 0 (but is – 6.5 to – 6.7 kJ·mol-1 from the re-evaluations by
Langmuir et al. [2006LAN/MAH]). Calculated estimated values are similar: ~ – 7
kJ·mol-1 [1992WHI], – 7.4 kJ·mol-1 [2007MAR/ACC].
Raposo et al. [2006RAP/OLA] found that only one complex, FeHAsO4 , was
needed to explain their UV spectrophotometric results for cH+ values between 10-0.4 and
10-2.2 mol·dm-3 in 1 mol·dm-3 NaClO4/HClO4 solutions. Lente [2001LEN] proposed
formation of FeH2 AsO42 at 283.15 K in 1 mol·dm-3 NaClO4; Khoe and Robins
1

Whiting [1992WHI] indicated, based on a private communication from Dr. Robins with respect to
[1990ROB], that “due to the contractual obligations under which the research … was conducted” the
detailed experimental procedures and raw data were not made available. It has been assumed that the
same difficulties also applied to at least some of Dr. Robins’ other publications.
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[1988KHO/ROB] carried out a potentiometric study in 3.0 mol·dm-1 aqueous NaNO3
solutions for cH+ values between 10-0.97 and 10-1.99 mol·dm-3, and proposed FeHAsO4 and
FeAsO4 (aq) . Ion-interaction coefficients consistent with those listed in Appendix B have
not previously been reported for FeHAsO4 with ClO 4 and NO3 and, as discussed in
Appendix A, it is difficult to use these experimental values, especially those from the
measurements in nitrate medium, to calculate reliable thermodynamic constants (for I = 0).
As discussed in Section IX.5.4.4, in the similar phosphate system in acidic
solutions Ciavatta [1974CIA] and Ciavatta et al. [1992CIA/IUL2], [1995CIA/IUL]
proposed a much more extensive series of complexes with Fe:P ratios of 1:1
(FeH 2 PO24  ) , 1:2 (Fe(H3 PO4 )(H2 PO4 )2+ ) , Fe(H 2 PO4 )2 , Fe(H2 PO4 )(HPO4 )(aq) and
1:3 ( Fe(H3 PO4 )(H 2 PO4 )2 , Fe(H 2 PO4 )3 (aq) ), as well as several species with two to four
iron atoms. In a later paper Iuliano et al. [2007IUL/CIA] proposed an additional neutral
species, FePO4(aq). For reasons discussed in Section IX.5.4.4 and in the Appendix A
entries, it is not believed that this series of complexes has been established
unambiguously. Many of these would be major species only at high acid and phosphate
concentrations at high ionic strengths. Nevertheless, it is possible that future experimental
studies will confirm parallel species in the iron(III)-arsenic(V) system. The complex
FeH2 AsO42 [1987ROB/GLA], [2001LEN] may well exist at very high acidities, but no
value can be proposed based on the available data. At present there also do not appear to
be adequate data to support the existence of a diarsenato species such as Fe(AsO4 )32 ,
proposed by Robins [1990ROB] and Nishimura and Robins [1996NIS/ROB] or any
triarsenato species. Regardless of stoichiometry, formation of any diarsenato complex in
amounts sufficient to elevate the total iron solution concentrations would be expected only
in solutions with high arsenic concentrations and with pH values well above 3, solutions
in which equilibrium iron solids would otherwise have very low solubilities. Also, because
of the low solubility of solids in the iron(III)-arsenic(V) system, it is likely that only
mononuclear iron species can be of any importance.
Using estimated values for  (FeHAsO4 , NO3 ) and  (FeHAsO4 , ClO4 ) of
(0.2 ± 0.2) kg·mol-1, the recalculated values of log10K°(IX.66)

Fe3+  H3 AsO4 (aq)

FeHAsO4 + 2H+

(IX.66)

are (0.57 ± 0.21) (from the results of Raposo et al. [2002RAP/SAN], [2006RAP/OLA])
and (1.91 ± 0.72) (from the results of Khoe and Robins [1988KHO/ROB]). These values
are not in good agreement and no value for the complexation constant is selected in the
current review. A similar recalculation gives (0.07 ± 0.72) for log10K°(IX.67) from the
results of Khoe and Robins [1988KHO/ROB].

Fe3+  H3 AsO4 (aq)

FeAsO4 (aq) + 3H+

(IX.67)

Thus, FeAsO4(aq) probably is not formed in substantial amounts in low ionic-strength
media under the acidic conditions studied, and no formation-constant value is selected in
this review.
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X

Group 14 compounds and
complexes
Equation Chapter 633 Section 10

X.1

Carbon compounds and complexes

(also see Section X.1 in

TDB-Iron Part 1)

X.1.1

Cyanido complexes and compounds of iron

Experimental investigations related to simple cyanide-containing complexes and
compounds of iron are reviewed in Sections X.1.1.1 and X.1.1.2. In Section X.1.1.3 all
of this information is considered together to generate a self-consistent optimised set of
values for thermodynamic quantities for Fe(CN)36 , Fe(CN)64 and their potassium
salts.
X.1.1.1

Cyanido complexes and compounds of iron(II)

Experimental investigations of cyanido complexes of iron(II) in aqueous solutions have
been confined almost exclusively to determining properties of the strongly bound
Fe(CN)64 complex anion and its salts. The experimental work leading to information
about the chemical thermodynamic quantities for that anion, its protonation, the
formation of ion pairs with K+ and the related potassium salts is discussed below in
Sections X.1.1.1.1 to X.1.1.1.10 and X.1.1.3. Thermodynamic properties of
hexacyanidoiron(II) salts other than those of potassium have been less thoroughly
investigated, and are considered to be beyond the scope of the present review, as are
studies of association of Fe(CN)64  with other cations, as reported in other compilations
[1964SIL/MAR], [1971SIL/MAR].
There also have been several studies related to the species Fe(CN)5 (OH2 )3
and its reaction with CN  and other ligands [1953EMS], [1955EMS/LEG], [1964LEG],
[1973TOM/MAL], [1975JAM/MUR].

Fe(CN)5 (OH2 )3  CN

Fe(CN)64  H2 O(l)

(X.1)

These provide information related to the value for K 6 (X.1). Emschwiller and
Legros [1955EMS/LEG], based on equilibrium and kinetic measurements, reported the
value of this equilibrium constant to be (2.00 ± 0.03) × 108 dm3∙mol-1 for a 293.15 K
solution, 0.2 mol·dm-3 in Fe(CN)64  with a pH value of 7.73. Legros [1964LEG] carried
out a further extensive set of kinetic and equilibrium measurements. For 293.15 K
solutions 0.2 to 0.4 mol·dm-3 in Fe(CN)64 , she found values of the equilibrium
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constant ranged from 6 × 106 to 2 × 108 dm3∙mol-1, being higher at higher ionic strengths
and pH. James and Murray [1975JAM/MUR] reported a significantly different value,
1.2 × 1010 dm3∙mol-1 at 298.15 K and Ic = 1.0 (NaClO4).
Gáspár and Beck [1983GAS/BEC] carried out a study of the photocatalysis of
the replacement reaction of a cyanido ligand by a water molecule (the reverse of
Reaction (X.1)) in acidic and basic solutions. In basic solution their rate constants for
the forward and backward reactions were given as “k6” = (3.0 ± 0.5) × 10-8 s-1 and “k6”
= (1.5 ± 0.2) dm3·mol-1·s-1. The temperature was controlled at (298.1 ± 0.1) K, and in a
later paper Beck [1987BEC] indicated that the ionic strength was 1 mol∙dm-3. The ratio
of the two rate constants gave an approximate estimate of the equilibrium constant and
Beck [1987BEC] stated that the derived value, (5.2 ± 1.5) × 107 dm3∙mol-1 for K c (X.1),
could only be considered as tentative until confirmed by independent measurements. In
the present review no value is selected for the equilibrium constant.

X.1.1.1.1

Heat-capacity and entropy of K4Fe(CN)6·3H2O (monoclinic)

The stable form of the crystalline trihydrate is monoclinic, though a metastable
tetragonal phase readily forms on recrystallisation from water at room temperature. The
tetragonal form changes irreversibly to a monoclinic form below ~ 218 K
[1975OGU/MAT]. Heat-capacity values for the monoclinic phase over a wide range of
temperatures have been reported by Malcolm et al. [1973MAL/STA] (9.6 to 300.7 K),
Matsui et al., Oguni et al. [1973MAT/OGU] [1975OGU/MAT] (14.6 to 302.7 K), and
by Nakagawa et al. [1963NAK/SAW] over a more limited range of temperature for a
sample of uncertain crystalline form. For reasons discussed in Appendix A, the heatcapacity values from the paper of Nakagawa et al. [1963NAK/SAW] are not used in the
present review in the selection of chemical thermodynamic quantities for
K4Fe(CN)6·3H2O. On raising the temperature of the monoclinic ferroelectric ( Cs4 )
6
phase there is a reversible transition to a monoclinic paraelectric phase ( C2h
) at 247.8 K
-1
-1
with an associated transition entropy of ~ 10 J·K ·mol . Oguni et al. [1975OGU/MAT]
also reported heat-capacity values for the tetragonal form of the hydrate (232.8 to
286.9 K), as well as heat-capacity values for all the corresponding forms of the
trideuterate. The results for C po ,m (K4Fe(CN)6·3H2O, monoclinic, T) from the two studies
are similar, though except near the transition temperature the values from the study of
Malcolm et al. [1973MAL/STA] are generally 0.3 to 0.6 % greater than those reported
by Oguni et al. [1975OGU/MAT]. The transition was more sharply defined in the more
extensive later study, and therefore the entropy of transition was established over a
smaller temperature range.
The reported C po ,m values, when refitted in the present review (cf.
Appendix A), result in values for C po ,m (K4Fe(CN)6·3H2O, monoclinic, 298.15 K) of
483.2 J·K-1·mol-1 [1973MAL/STA] and 479.5 J·K-1·mol-1 [1975OGU/MAT]. Values
calculated for 282 K are about 2 % lower than the rudimentary values suggested by the
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early work of Schottky [1908SCH]. The lowest-temperature sets of C po ,m measurements
were extrapolated to 0 K using functions having the form C po ,m  T 3 and lead to
S mo (K4Fe(CN)6·3H2O, monoclinic, 298.15 K) values of 593.5 J·K-1·mol-1
[1973MAL/STA] and 592.0 J·K-1·mol-1 [1975OGU/MAT].
In the present review the simple average recalculated values for S mo and C po ,m at
298.15 K [1973MAL/STA], [1975OGU/MAT] have been obtained, with uncertainties
estimated in the present review as the differences between the values from the two
studies. The value:
C po ,m (K4Fe(CN)6·3H2O, monoclinic, 298.15 K) = (481.4 ± 3.7) J·K-1·mol-1

is selected. The value (592.8 ± 1.5) J·K-1·mol-1 for S mo (K4Fe(CN)6·3H2O, monoclinic,
298.15 K) is incorporated in the optimisation calculations for the hexacyanido
compounds and complexes in Section X.1.1.3 and based on the optimisation,
S mo (K4Fe(CN)6·3H2O, monoclinic, 298.15 K) = (593.10 ± 0.97) J·K-1·mol-1

is selected.

X.1.1.1.2

Solubility and calculation of the Gibbs energy of formation of
K4Fe(CN)6·3H2O(cr)

The solubility of K4Fe(CN)6·3H2O(cr) in aqueous solution can be used to link the Gibbs
energy of formation of the solid to the Gibbs energy of formation of
Fe(CN)64 [1966ROC], [1973MAL/STA]. Measurements of the solubility of
K4Fe(CN)6·3H2O(cr) (0.8958 mol∙kg-1, for an unspecified crystalline form) were
reported by Vallance [1927VAL], cf. the discussion in Appendix A, who also provided
a summary of earlier work.
At saturation, by definition,  r Gmo = 0 for
K4 Fe(CN)6·3H 2O(cr)

Fe(CN)64 (sln)  4K+ (sln)  3H 2O(sln)

(X.2)

and the Gibbs energy of solution for
K4 Fe(CN)6·3H 2O(cr)

Fe(CN)64 + 4K + +3H 2O(l)

(X.3)

is calculated from the properties of the saturated solution according to
3
sol Gmo  – RTln(256(msat )5  5 aW
),

where msat, γ and aw are the salt molality, activity coefficient and water activity for the
saturated solution.
The main published source available for the osmotic coefficients and activity
coefficients of aqueous solutions of K4Fe(CN)6 is the book by Robinson and Stokes
[1959ROB/STO] (Appendix 8.10, Tables 8 and 18). For K4Fe(CN)6 the values there
were based on the experimental vapour-pressure studies of Robinson [1937ROB]. The
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tabulated activity-coefficient values were anchored to an estimate of 0.139 for a 0.1
mol∙kg-1 solution, based on freezing-point depression data. For a 0.854 mol∙kg-1 solution
of
K4Fe(CN)6
(saturation
[1927VAL];
i.e.
(0.896 ± 0.020)
mol∙kg-1
K4Fe(CN)6·3H2O(cr)) the activity coefficient based on Robinson and Stokes is 0.0465.
Brubaker’s γ values for solutions of K4Mo(CN)8 [1956BRU], [1959ROB/STO] are
rather similar, and for 0.854 mol∙kg-1 K4Mo(CN)8 a γ value of 0.0477 can be calculated.
In the present review the value 0.0465 is used for γ in a saturated K4Fe(CN)6 solution,
based on the values tabulated by Robinson and Stokes, and the uncertainty is estimated
to be ± 0.002. The value of aW is 0.962 based on a value of 0.501 for 
[1959ROB/STO]. From these, ΔsolGmo (K4 Fe(CN)6·3H2O,cr) = (26.52 ± 0.61) kJ·mol-1.
Based on the optimisation calculations outlined in Section X.1.1.3,

Δsol Gmo (K4Fe(CN)6·3H2O, cr) = (26.374 ± 0.972) kJ·mol-1
is selected.

X.1.1.1.3

Enthalpy of solution measurements for K4Fe(CN)6·3H2O(cr)

A heat of solution of approximately 71 kJ·mol-1 for the trihydrate was reported by
Berthelot [1875BER], [1875BER4] (284 K, final molality 0.2 mol∙kg-1) and Schottky
[1908SCH] reported a heat of solution (~ 63 kJ·mol-1) for a solid with the composition
K4Fe(CN)6·2.53H2O (290 K, final molality 0.02 mol∙kg-1). The results are in poor
agreement with values from later work at 298.15 K, and are not used further here. Using
the results of Hepler et al. [1960HEP/SWE], who took into account heat of dilution
values [1956LAN/MIE], an average value of (55.00 ± 0.29) kJ·mol-1 is calculated for
Δsol H mo  K 4 Fe(CN)6 ·3H 2 O, cr, 298.15 K  . From a more limited series of careful
measurements, Malcolm et al. [1973MAL/STA] also reported 55.00 kJ·mol-1 for the
monoclinic form.
Using the TDB values for Δf H mo (K+, 298.15 K) and Δf H mo (H2O(l), 298.15 K)
this leads to – (1921.1 ± 0.4) kJ·mol-1 for { Δf H mo (K4Fe(CN)6∙3H2O, cr, 298.15 K) –
Δf H mo ( Fe(CN)64 , 298.15 K)}.
Based on the optimisation calculations outlined in Section X.1.1.3,

Δsol H mo (K4Fe(CN)6·3H2O, cr) = (55.174 ± 0.460) kJ·mol-1
is selected.

X.1.1.1.4

Heat capacity and entropy of K4Fe(CN)6(cr)

Heat-capacity values over a wide range of temperatures have been reported by Malcolm
et al. [1973MAL/STA] (11.1 to 303.0 K) and by Oguni et al. [1975OGU/MAT] (12.2 to
302.5 K). The results are similar, though for temperatures above 60 K the values of
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Oguni et al. are generally 0.4 to 0.8 % greater than those reported by Malcolm et al. At
lower temperatures the percentage difference increases.
o

The reported C p ,m values, when refitted in the present review (cf.
o
Appendix A), result in values for C p ,m (K4Fe(CN)6, cr, 298.15 K) of 332.0 J·K-1·mol-1
[1973MAL/STA] and 333.8 J·K-1·mol-1 [1975OGU/MAT]. The lowest-temperature sets
o
of C p ,m measurements were extrapolated to 0 K using functions having the form
o
C p ,m = AT 3, and this leads to S mo (K4Fe(CN)6, cr, 298.15 K) values of 419.2 J·K-1·mol-1
[1973MAL/STA] and 422.8 J·K-1·mol-1 [1975OGU/MAT]. The results of Oguni et al.
[1975OGU/MAT] appear to extrapolate more smoothly to 0 K, and the results from the
later study also are slightly less scattered. Nevertheless, considering the sensitivity of
the results to the possible presence of small amounts of water in the samples, in the
o
present review the simple average values for S mo and C p ,m at 298.15 K are used with
uncertainties estimated as the differences between the values from the two studies. The
value

C po ,m (K4Fe(CN)6, cr, 298.15 K) = (332.9 ± 1.8) J·K-1·mol-1
is selected. The value (421.0 ± 3.6) J·K-1·mol-1 for S mo (K4Fe(CN)6, cr, 298.15 K) is
incorporated in the optimisation calculations for the hexacyanido compounds and
complexes in Section X.1.1.3 and based on the optimisation,
S mo (K4Fe(CN)6, cr, 298.15 K) = (420.11 ± 1.62) J·K-1·mol-1

is selected.

X.1.1.1.5

Enthalpy of solution measurements for K4Fe(CN)6(cr)

A heat of solution of approximately 50 kJ·mol-1 was reported by Berthelot [1875BER],
[1875BER4] (~ 284 K, final molality 0.2 mol∙kg-1) and Schottky [1908SCH] reported
52 kJ·mol-1 (290 K, final molality 0.02 mol∙kg-1).
K 4 (Fe(CN)6 )(cr)

Fe(CN)64 + 4K +

(X.4)

These results are not used further here as they were not obtained under
standard conditions and the values are only in rough agreement with later careful work.
From the work of Hepler et al. [1960HEP/SWE], who took into account heat of dilution
values [1956LAN/MIE], an average value of (40.20 ± 0.56) kJ·mol-1 is calculated for
Δsol H °  K 4 Fe(CN)6 , cr, 298.15 K  . From a more limited series of careful
measurements, Malcolm et al. [1973MAL/STA] reported 40.45 kJ·mol-1. The main
source of uncertainty in both cases is from the dilution, and the average value
(40.3 ± 0.6) kJ·mol-1 can be used.
Using the TDB value – (252.14 ± 0.08) kJ·mol-1 for Δf H mo (K+, 298.15 K), this
leads to – (1048.9 ± 0.6) kJ·mol-1 for { Δf H mo (K4Fe(CN)6, cr, 298.15 K) –
Δf H mo ( Fe(CN)64 , 298.15 K)}.
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Based on the optimisation calculations outlined in Section X.1.1.3,

Δsol H mo (K4Fe(CN)6, cr) = (40.051 ± 0.517) kJ·mol-1
is selected.

X.1.1.1.6

Dehydration of K4Fe(CN)6·3H2O(cr)

There have been several studies of the vapour pressure of water over
K 4 Fe(CN)6 ·3H2 O(cr) and K 4 Fe(CN)6 ·3H2 O(cr)-K 4 Fe(CN)6 (cr) mixtures. Early work
by Lescoeur [1896LES] and Schottky [1908SCH] suggests vapour pressures of slightly
less than 1000 Pa at 293.15 K, somewhat lower than the value 1260 Pa found from later
measurements [1938SAN4] at the same temperature. For 298.15 K the results of
Malcolm et al. [1973MAL/STA] lead to (1827 ± 38) Pa, in reasonable agreement with
(1773 ± 75) Pa from the work of Sano [1938SAN4] (cf. Appendix A). For

K 4 Fe(CN)6 ·3H2 O(cr, 298.15 K)

K 4 Fe(CN)6 (cr, 298.15 K) + 3H2 O(l)

(X.5)

 r G (X.5) at 298.15 K is (4.32 ± 0.30) kJ·mol from the work of Sano [1938SAN4]
and (4.09 ± 0.16) kJ·mol-1 from the work of Malcolm et al. [1973MAL/STA]. The
weighted average of these results is (4.14 ± 0.14) kJ·mol-1.
o
m

-1

Sano [1938SAN4] also reported the results of water vapour-pressure
measurements as a function of temperature (292 to 373 K) from which a value of
(17.9 ± 3.0) kJ·mol-1 is calculated for  r H mo (X.5).
The enthalpy of dehydration of K 4 Fe(CN)6 ·3H2 O(cr) also can be calculated
from the enthalpies of solution of K 4 Fe(CN)6 ·3H2 O(cr) and K 4 Fe(CN)6 (cr) ,
corrected to standard state conditions using appropriate values for the heats of dilution
[1956LAN/MIE].
 dehyd H mo (K 4 Fe(CN)6 ·3H 2 O, cr, 298.15 K) =
Δsol H mo (K 4 Fe(CN)6 , cr, 298.15 K) – Δ sol H mo (K 4 Fe(CN) 6 ·3H 2 O, cr, 298.15 K)

From the work of Hepler et al. [1960HEP/SWE]

Δsol H mo (K 4 Fe(CN)6 ·3H2 O, cr, 298.15 K) = (55.00  0.29) kJ·mol1 ,
and
Δsol H mo (K 4 Fe(CN)6 , cr, 298.15 K) = (40.20  0.56) kJ·mol1 .
o
Thus, Δ dehyd H m (K 4 Fe(CN)6 ·3H 2 O, cr, 298.15 K) is 14.8 kJ·mol-1 (i.e., (55.00 – 40.20)
-1
kJ·mol ). Similar differences were found directly from the results from
[1960HEP/SWE] for dissolution to comparable final salt concentrations in moles—for
example at 0.005 mol∙kg-1  dehyd H mo is 14.8 kJ·mol-1 (i.e., (58.4 – 43.6) kJ·mol-1).
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From the work of Malcolm et al. [1973MAL/STA] the value of
 dehyd H mo (K 4 Fe(CN)6 ·3H 2 O, cr, 298.15 K) is 14.5 kJ·mol-1 (i.e., (55.0 – 40.5)
kJ·mol-1).
Based on these values for the enthalpies of solution of K 4 Fe(CN)6 ·3H2 O(cr)
and K 4 Fe(CN)6 (cr) , (14.7 ± 0.7) kJ·mol-1 at 298.15 K is calculated from calorimetry
for  r H mo (X.5).
The results from both the vapour-pressure measurements and the calorimetry
measurements are included in the optimisation of chemical thermodynamic quantities
for the hexacyanidoiron(II/III) complexes and their potassium salts in Section X.1.1.3.
Based on the optimisation calculations
Δ dehyd Gmo (K4Fe(CN)6·3H2O, cr) = (4.132 ± 0.713) kJ·mol-1

and
Δ dehyd H mo (K4Fe(CN)6·3H2O, cr) = (15.123 ± 0.524) kJ·mol-1

are selected.

X.1.1.1.7

The heat of formation of Fe(CN)46

The value of f H mo (Fe(CN)64 ) at 298.15 K in most standard tables is founded in one of
two sets of results. In earlier compilations the values (510 kJ·mol -1) [1929BIC]1; 508.8
kJ·mol-1 [1936BIC/ROS]1; 530.1 kJ·mol-1 [1952ROS/WAG]) are traceable to work by
Berthelot [1875BER] who reported – 329 kJ·mol-1 for the heat of the reaction

Fe(OH)2 (s)  6HCN(aq)  4KOH(sln)

K 4 Fe(CN)6 (sln)  6H 2 O(sln )

(X.6)

at approximately 293 K. This also was used together with other measurements reported
by Berthelot [1875BER], [1875BER4], Joannis [1882JOA], Muller [1900MUL], and
Chrétien and Guinchant [1903CHR/GUI], who reported values related to the heat of
dissolution in water of H4Fe(CN)6(cr) and the heat of neutralisation of that acid, to
obtain values for other hexacyanidoiron(II) species.
As discussed previously in TDB-Iron Part 1, Fe(OH)2(s) is a variable and
poorly characterised, extremely air-sensitive, at best microcrystalline solid, and in each
of these early compilations the value for f H mo (Fe(CN)64 ) also appears to have relied
on a f H mo value for Fe(OH)2(s) based on measurements by Thomsen [1908THO].
Indeed, in the 1982 US-NBS Tables [1982WAG/EVA] the value of – 569 kJ·mol-1 for
Δf H mo (Fe(OH)2 , s, 298.15 K) likely could be traced to that same source.
Using 298.15 K TDB values for HCN(aq), OH  and H2O(l), but with – 569
o
kJ·mol-1 for Δf H m (Fe(OH)2 , s, 298.15 K) and – 329 kJ·mol-1 for H (X.6), and
1

At 291.15 K.
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making no attempt to correct for temperature or ionic strength, a rough calculated value
of f H mo (Fe(CN)64 ) would be (519 ± 30) kJ·mol-1. The uncertainty is an estimate
mainly
reflecting
the
large
uncertainty
in
the
TDB
value
for
f H mo (HCN(aq)) [2005OLI/NOL] and the uncertainty in the appropriate value
for Δf H mo (Fe(OH)2 , s, 298.15 K) .
Guzzetta and Hadley [1964GUZ/HAD] measured the heat of reaction of an
aqueous sulfate solution of Fe2+ into 1 mol·dm-3 aqueous potassium cyanide solution at
298.55 K. The reported value for complexation of cyanide with Fe 2+ was – (308.4 ± 2.3)
kJ·mol-1; however, the measurements were not undertaken with the purpose of
determining a value for f H mo (Fe(CN)64 ) . Application of satisfactory heat-of-dilution
corrections and corrections for association of K + with the hexacyanidoiron(II) ions
would be difficult, and were not reported in the original paper nor attempted in the
present review.
In 1965 Watt et al. [1965WAT/CHR] reported – (358.86 ± 0.33) kJ·mol-1 for
H (X.7) at 298.15 K
o
m

Fe2+ + 6CN

Fe(CN)64

(X.7)

based on measurements of the heat of addition of excess aqueous KCN to dilute
solutions of aqueous FeSO4. The final total ionic strengths in these experiments were
moderately low (Ic from 0.036 to 0.072), and the results were adopted for use in later
compilations; thus 455.6 kJ·mol-1 [1969WAG/EVA], [1982WAG/EVA], 457.7 kJ·mol -1
[1999YUN] for f H mo (Fe(CN)64 ) . Using TDB values with – (358.86 ± 0.33) kJ·mol-1
for H mo (X.7), the calculated value of f H mo (Fe(CN)64 ) is (434.9 ± 21.3) kJ·mol-1 and
the large uncertainty reflects the substantial uncertainty in Δf H mo (CN ) . The difference
between this value and values in the earlier tables [1982WAG/EVA], [1999YUN]
mainly reflects different selected values for Δf H mo (CN ) ; 147.35 kJ·mol-1 in the TDB
reviews [2005OLI/NOL] and 150.6 kJ·mol-1 in the US-NBS Tables [1982WAG/EVA].
The difference of more than 80 kJ·mol-1 in f H mo (Fe(CN)64- ) as calculated
from the experimental measurements for Reactions (X.6) and (X.7) is difficult to
explain except in terms of a major experimental error, an incorrect interpretation of at
least one set of experiments, or a completely incorrect value for the enthalpy of
formation of one of the species other than Fe(CN)64 . This is especially true when it is
considered
that
the
uncertainties
for
Δf H mo (CN , 298.15 K)
and Δf H mo (HCN(aq), 298.15 K) are strongly correlated and the uncertainty for
 r H mo (X.8)

6HCN(aq)

6H+ + 6CN

is only 1.2 kJ∙mol-1.
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In the absence of other information, the value based on the work of Watt et al.
[1965WAT/CHR] is selected in the present review and, in effect, used as a fixed value
to anchor the optimisation of other thermodynamic quantities in Section X.1.1.3.
f H mo (Fe(CN)64 ) = (434.945 ± 21.255) kJ·mol-1.

X.1.1.1.8

Protonation of Fe(CN)46 

There are several papers [1935KOL/TOM2], [1941LAN/KIE], [1941NEK/ZOT],
[1957HSU/HO], [1962JOR/EWI], [1967HAN/IRV], [1987DOM/GAR] describing
studies of the protonation of Fe(CN)64 . The following values (Table X-1) have been
reported for the first and second protonation constants for Fe(CN)64 . In the calculations
of the reported values various procedures were used to extrapolate experimental results
to zero ionic strength, but only Hanania et al. [1967HAN/IRV] appear to have
considered the effect of formation of KFe(CN)36 ion pairs.
Table X-1: Reported values for the first and second protonation constants for Fe(CN)64
at 298.15 K.

‡

Reference

log10 K o (X.9)

[1935KOL/TOM2]
[1941LAN/KIE]
[1941NEK/ZOT]‡
[1957HSU/HO]
[1962JOR/EWI]
[1967HAN/IRV]
[1987DOM/GAR]

4.25
4.17
4.30
4.35
(4.17 ± 0.02)
(4.28 ± 0.02)
(4.19 ± 0.02)(a)
(4.15 ± 0.13)(b)

 r H mo (X.9)
/ kJ·mol-1

log10 K o (X.10)  r H mo (X.10)
/ kJ·mol-1

0.0
(2.1 ± 2.1)

3.00
2.57
(2.22 ± 0.15)
(2.3 ± 0.1)
(2.65 ± 0.02)(a)
(2.65 ± 0.30)(b)

0
~ 4.2

At ~ 290 K
(a)
Derived [1987DOM/GAR] from potentiometric measurements.
(b)
Derived [1987DOM/GAR] from spectrophotometric measurements.

In the present review the equilibrium-constant value from Hanania et al.
[1967HAN/IRV] for the first protonation reaction is selected, as is their enthalpy of the
reaction. Slightly larger uncertainties in these selected values are estimated in the
present review:
Fe(CN)64 + H+

HFe(CN)36

(X.9)

log10 K o (X.9) = (4.28 ± 0.10),
 r H mo (X.9) = (2.1 ± 3.0) kJ·mol-1.

For the second protonation reaction the selected equilibrium constant value is the
average of the values of Jordan and Ewing [1962JOR/EWI], Hanania et al.
[1967HAN/IRV] and Domingo et al. [1987DOM/GAR].
HFe(CN)36 + H+

H2 Fe(CN)62

(X.10)

log10 K o (X.10) = (2.4 ± 0.3).
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Domingo et al. [1987DOM/GAR] also reported values ( log10 K o = – (1.08 ± 0.03) and
log10 K o = – (2.54 ± 0.10)) for the third and fourth protonation constants based on
spectrophotometric measurements in strong perchloric acid solutions.
X.1.1.1.9

Association of the hexacyanidoiron(II) ions with K+

Association of potassium ions with Fe(CN)64  has been proposed on the basis of
conductance [1937DAV], [1949JAM], spectroscopic [1957COH/PLA], and ionselective electrode studies [1966CHL/LIS], [1967EAT/GEO], and a calorimetry study
also has been reported [1967EAT/GEO]. These results are summarised in Table X-2.
Table X-2: Reported values for the association constants Fe(CN)64  with K+ at 298.15 K.
Reference
[1937DAV]
[1949JAM]
[1957COH/PLA]
[1966CHL/LIS]
[1967EAT/GEO]

log10 K o (X.11) Δ r H mo / kJ·mol-1
~ 2.3
~ 2.3
2.37
2.23(a)
16.2(b)
(2.35 ± 0.02)
(4.2 ± 1.3)(c)
(2.5 ± 1.7)(d)

(a) At 297.8 K;
(b) At an average temperature of 305.1 K.
(c) Δ r H mo from calorimetry.
(d) Δ r H mo from the temperature variation of the association constants
determined by potentiometry.

In the present review the equilibrium-constant values (with slightly larger
estimated uncertainties) and (weighted) average enthalpy-of-reaction values from Eaton
et al. [1967EAT/GEO] are selected.
Fe(CN)64 + K +

KFe(CN)36

(X.11)

o

log10 K (X.11) = (2.35 ± 0.05),
 r H mo (X.11) = (3.6 ± 1.0) kJ·mol-1.

X.1.1.1.10 Reduction of Fe(CN)63 to Fe(CN)46 at 298.15 K
There have been many studies of the reduction of Fe(CN)36 to Fe(CN)64  at 298.15 K.
Several [1935KOL/TOM], [1965LIN/BRE], [1967HAN/IRV], have involved
measurements of cell electrochemical potentials using low concentrations of Fe(CN)36
and Fe(CN)64  , and extrapolation of the results to zero ionic strength. Rock [1966ROC]
also carried out electrochemical-potential measurements, but worked with higher solute
concentrations and applied activity coefficients (based on literature osmotic-coefficient
measurements) to obtain a value for E°.
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In two of these electrochemical studies [1965LIN/BRE], [1967HAN/IRV],
potentials were measured over limited ranges of temperature, and enthalpy values for
Reaction (X.12) were reported. Hepler et al. [1960HEP/SWE] carried out a calorimetric
study of the oxidation of Fe(CN)64  using Br2(l) as the oxidant. Watt et al.
[1965WAT/CHR] carried out a direct measurement of the heat of reaction of Fe2+ with
excess CN– to form Fe(CN)64  , and a pair of reactions involving permanganate
oxidation to determine a value for the heat of reaction of Fe3+ with CN– to form
Fe(CN)36 . As discussed in the Appendix A entry for Watt et al. [1965WAT/CHR],
those results also can be used to calculate a value for the heat of the reduction reaction.
Fe(CN)36 + ½H2 (g)

Fe(CN)64 + H+

(X.12)

A summary of the results is provided in Table X-3, while the papers are discussed in
more detail in Appendix A.

Table X-3: Experimental results for reduction of Fe(CN)36 to Fe(CN)64 .
E° / V

Δ r Gmo /

0.3560

kJ·mol-1
– 34.35

Δ r H mo / kJ·mol-1

Comment

Reference

electrochemical-potential
measurements at low ionic strengths

[1935KOL/TOM]

– (112.62 ± 1.68) reaction with Br2

– (105.63 ± 1.77)

[1960HEP/SWE]

comparison of formal potentials at
higher molalities

[1962JOR/EWI]

Fe(CN)36 value from reaction with

[1965WAT/CHR](a)

MnO 4
0.3644

– 35.16

0.3704

– 35.74

– 115.7
(293 to 308 K)

limited electrochemical-potential
measurements

[1965LIN/BRE]

electrochemical-potential
measurements and literature

[1966ROC]

– (111.71 ± 1.25) electrochemical-potential
[1967HAN/IRV]
(288 to 303 K)
measurements at moderately low ionic
strengths
(a) Note that Hanania et al. [1967HAN/IRV] do not discuss the earlier result from [1965WAT/CHR]
0.3550

– 34.25

Accurate extrapolation to zero ionic strength to obtain values for E° is difficult
for reactions involving highly-charged ions, and Hanania et al. [1967HAN/IRV] noted
that the extrapolations of the rather sparse results of Lin and Breck [1965LIN/BRE] do
not properly approach an expected Debye-Hückel limiting slope. The lowest
concentration solutions used by Hanania et al. [1967HAN/IRV], though more dilute
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than those used by Lin and Breck [1965LIN/BRE], are more concentrated than the
lowest concentration solutions used by Kolthoff and Tomsicek [1935KOL/TOM]. Of
these three studies, only the latter used solutions with different molar ratios of
Fe(CN)64  to Fe(CN)36 in addition to solutions with equimolar ratios of the two anions.
Rock [1966ROC] (who selected an electrode combination specifically designed to
minimise liquid-junction potential problems) suggested that liquid-junction potential
problems might account in part for the differences between his value for E° and those of
Lin and Breck [1965LIN/BRE] and Kolthoff and Tomsicek [1935KOL/TOM] (and the
later results of Hanania et al. [1967HAN/IRV] were obtained using electrodes similar to
those of Lin and Breck [1965LIN/BRE]). However, as discussed in Appendix A, some
of the activity coefficient values used by Rock [1966ROC] also are open to question.
Jordan and Ewing [1962JOR/EWI] demonstrated that, using experimentally
determined acid dissociation-constant values for H2 Fe (CN)62 and the value of E° for
the reduction of Fe(CN)64  to Fe(CN)36 from Kolthoff and Tomsicek [1935KOL/TOM],
the calculated potentials for the reduction reaction in solutions with molar
concentrations of H+ of 0.1 and 0.5 mol∙dm-3 were consistent within ~ 0.01 mV with
values reported in the literature. This was noted as evidence to support the E° value of
Kolthoff and Tomsicek [1935KOL/TOM].
Actually, the disagreement between the values reported for E° is relatively
small. In the present review, the unweighted average of the values of Kolthoff and
Tomsicek [1935KOL/TOM], Rock [1966ROC] and Hanania et al. [1967HAN/IRV], is
calculated to be (0.3604 ± 0.0170) V, and therefore – (34.8 ± 1.6) kJ·mol-1 for
Δ r Gmo (X.12). The three separate results were retained in the optimisation of chemical
thermodynamic quantities for the hexacyanidoiron(II/III) complexes and their
potassium salts (Section X.1.1.3). The limited results from the work of Lin and Breck
[1965LIN/BRE] are rejected.
Based on the optimisation,
Δ r Gmo (X.12) = – (34.70 ± 1.02) kJ·mol-1

is selected.
The reduction-enthalpy values are not in good agreement. Here the results of
Lin and Breck are again excluded for reasons discussed above and in Appendix A. The
results of Hepler [1960HEP/SWE] and Hanania et al. [1967HAN/IRV] are in rough
agreement, but those of Watt et al. [1965WAT/CHR] are considerably less negative.
Using the average (weighted) results of Hepler et al. [1960HEP/SWE] and Hanania et
al. [1967HAN/IRV], – (112.03 ± 1.00) kJ·mol-1, and also including the result of Watt et
al. [1965WAT/CHR] (see Section X.1.1.3.1), leads to an average value of – 108.8
kJ·mol-1 for Δ r H mo (X.12), with an estimated uncertainty of ± 5.0 kJ·mol-1, spanning the
range of the uncertainties of those values.
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This value is not selected. Instead, the three separate results are retained in the
first attempt to optimise the chemical thermodynamic quantities for the
hexacyanidoiron(II/III) complexes and their potassium salts (Section X.1.1.3). In the
first cycle of that optimisation the experimental uncertainties listed in Table X-3 are
used. The resulting value – 110.8 kJ·mol-1 is even more negative than the weighted
average or simple average.
Based on the optimisation calculations, the results from Watt et al.
[1965WAT/CHR] were rejected and
Δ r H mo (X.12) = – (112.24 ± 0.66) kJ·mol-1

is selected.
X.1.1.2

Cyanido complexes and compounds of iron(III)

There exist surprisingly few thermodynamic data for the formation of Fe(CN)3n n
species in aqueous solution (Equation (X.13)) with the exception of those for
Fe(CN)36 , possibly because the latter is indeed such a strong complex.
Fe3  nCN

Fe(CN)3n n

(X.13)

The early literature was reviewed by Stephenson and Morrow
[1956STE/MOR], Hepler et al. [1960HEP/SWE], Busey [1965BUS], and Rock
[1966ROC] among others. Beck [1987BEC] wrote in his review of the stability
constants of cyanido complexes that most of the information was qualitative and
controversial. He pointed out that there were physical reasons for this state of affairs
such as the volatility of hydrogen cyanide: redox reactions of cyanide leading to the
formation of cyanogen and cyanate, photochemical reactions of some of the cyanido
complexes, and redox reactions of some cyanido complexes. Indeed, he found no data
for the stepwise formation of either iron(III) or iron(II) cyanido complexes except for
the hexacyanido complex.
The experimental work leading to information about the chemical
thermodynamic quantities for that anion, its protonation, the formation of ion pairs with
K+ and the related potassium salts is discussed below in Sections X.1.1.2.1 to X.1.1.2.6
and X.1.1.3. Thermodynamic properties of hexacyanidoiron(III) salts other than those
of potassium (many of which were summarised by Beck [1987BEC]) have been less
thoroughly investigated, and are considered to be beyond the scope of the present
review, as are studies of association of Fe(CN)36 with other cations [1952GIB/MON],
[1966MIR/RUT], [1967RUT/MIR], [1972STA/CHO].
Ibers and Davidson [1951IBE/DAV] demonstrated that the brown solutions
containing iron(III) and hexacyanidoiron(III) ions were due to the formation of what
must be considered to be an outer-sphere complex ion pair, Fe[Fe(CN)6 ](aq) .
Fe3+  Fe(CN)36

Fe[Fe(CN)6 ](aq)

(X.14)
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These spectrophotometric measurements yielded formation constants,
Kc,1,1 (X.14) of 35 and (19.8 ± 2.2) kg∙mol-1 (2σ) at 299 K and Im = 0.5132 and 1.0515
(NaClO4), respectively, and (14.3 ± 4.3) kg∙mol-1 at Im = 1.0338 (NaNO3). To evaluate
whether this ion pair would affect the interpretation of the data presented above, the SIT
treatment was applied to the two Kc,1,1 values obtained in aqueous NaClO4 yielding:
log10 K1o (X.14) = 4.43 and Δε =  0.54 kg·mol-1.
X.1.1.2.1

Cyanido iron(III) complexes (n = 1-3)

It is noteworthy that Perera and Hefter [2003PER/HEF] carried out a systematic
spectrophotometric study, which produced the formation constant values listed in Table
X-4. The cyanide concentrations were  0.56 mol·dm-3, and the ionic strength was
maintained with NaClO4. The resolution of the ionic-strength effect on these formation
constants is insufficient to allow any extrapolation to I = 0 to be made. Also, the
authors’ values of log10 c,6 are significantly smaller than other estimates suggest (cf.
Section X.1.1.3). All the formation constants derived from this study await confirmation
by other investigators.

Table X-4: Values of the logarithm of the formation constants log10  n (n = 1-3) at
298.15 K [2003PER/HEF].

X.1.1.2.2

T/K

n

Medium

Ic

298.15

1

NaClO4

0.50
1.00

log10  c ,n
reported
(8.55 ± 0.06)
(8.5 ± 0.1)

2

0.50
1.00

(16.0 ± 0.2)
(15.8 ± 0.8)

3

0.50
1.00

(22.2 ± 0.5)
(23.1 ± 0.2)

Method

Reference

sp

[2003PER/HEF]

Heat capacity and entropy of K3Fe(CN)6(cr)

Although there have been several studies of the variation of the heat capacity of
K3Fe(CN)6(cr) with temperature, most have focused on the nature of antiferromagnetic
ordering below 1.0 K. There is a strong λ-type anomaly at 0.129 K [1963DUF/LUB],
[1968RAY/VIL], [1979FRI/GOT]. Two other studies also covered only a limited range
of temperature, 0.67 to 19.9 K by Gregor and Fritz [1961GRE/FRI], and 0.4 to 4 K by
Fritz et al. [1976FRI/CES]. Stephenson and Morrow [1956STE/MOR] measured heat
capacities over a much wider temperature range, between 15 and 295 K, and a small
anomaly also was found near 131 K. Later work [1976FRI/CES] does not appear to
confirm the existence of the small heat-capacity maximum at 1.2 K reported by Gregor
and Fritz [1961GRE/FRI].
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In addition to the heat-capacity values tabulated by Stephenson and Morrow
[1956STE/MOR], and Gregor and Fritz [1961GRE/FRI], and the “smoothed” values
listed by Fritz et al. [1976FRI/CES], [1979FRI/GOT], values were also obtained by
digitisation of values plotted in the papers by Duffy et al. [1963DUF/LUB] and Rayl et
al. [1968RAY/VIL]. The several results below 1 K are in good agreement.
Extrapolation of the values from Stephenson and Morrow to 298.15 K gives
o
(316.7 ± 1.3) J·K-1·mol-1 for the value of C p ,m (cf. Appendix A). In the present review
arbitrary polynomial and exponential-decay functions have been fitted to the available
( C p / T) data (equally weighted). From these, a value of 426.44 J·K -1·mol-1 was
298.15 K
o
obtained for [0.04
. Several methods of extrapolation to 0 K were attempted, and
K ΔSm ]
K
o
an additional contribution from [0.04
seems to be between 0.00 and 0.03
0.00 K ΔSm ]
298.15 K
o
-1
-1
J·K ·mol , much less than the overall uncertainty in [0.04
. The value
K ΔSm ]

C po ,m (K3Fe(CN)6, cr, 298.15 K) = (316.7 ± 1.3) J·K-1·mol-1
is recommended, and the value (426.5 ± 0.3) J·K-1·mol-1 for S mo (K3Fe(CN)6, cr,
298.15 K) is incorporated in the optimisation calculations for the hexacyanido
compounds and complexes in Section X.1.1.3; the uncertainty for the entropy value is
an estimate.
Based on the optimisation,
S mo (K3Fe(CN)6, cr, 298.15 K) = (426.49 ± 0.21) J·K-1·mol-1

is selected.

X.1.1.2.3

Solubility and calculation of the Gibbs energy of formation of
K3Fe(CN)6(cr)

The solubility of K3Fe(CN)6(cr) in aqueous solution can be used to link the Gibbs
energy of formation of the solid to the Gibbs energy of formation of Fe(CN)36
[1960HEP/SWE]. The most reliable solubility value for K3Fe(CN)6(cr) at 298.15 K
appears to be that based on the data reported by Friend and Smirles [1928FRI/SMI]
(1.50 ± 0.03) mol∙kg-1, cf. the discussion in Appendix A.
At saturation, by definition, Δ r Gmo = 0 for
K3 Fe(CN)6 (cr)

Fe(CN)36 (sln) + 3K + (sln) ,

and the Gibbs energy of solution
K3 Fe(CN)6 (cr)

Fe(CN)36  3K +

(X.15)

is calculated from the properties of the saturated solution according to
Δ r Gmo (X.15) = – RTln(27(msat)4γ4).

where msat and γ are the salt molality and activity coefficient for the saturated solution.
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The main published source available for the osmotic coefficients and activity
coefficients for aqueous solutions of K3Fe(CN)6 is the book by Robinson and Stokes
[1959ROB/STO] (Appendix 8.10, Tables 8 and 18). For K3Fe(CN)6 the values therein
were based on the experimental vapour-pressure studies of Robinson and Levien
[1947ROB/LEV]. The tabulated activity-coefficient values in the book were anchored
to an estimate of 0.268 for a 0.1 mol∙kg-1 solution. For a (1.50 ± 0.03) mol∙kg-1 solution
of K3Fe(CN)6 (saturation [1928FRI/SMI]) the activity coefficient based on Robinson
and Stokes is 0.121. This is quite different from 0.153 tabulated in the original paper
[1947ROB/LEV]. For solutions of K3Co(CN)6 the γ values from Wynveen et al.
[1960WYN/DYE] are rather similar to those for K3Fe(CN)6 in Robinson and Stokes
[1959ROB/STO], and for 1.50 mol∙kg-1 K3Co(CN)6 a γ value of 0.117 can be calculated.
In the present review the value 0.12 is used for γ in a saturated solution of K3Fe(CN)6,
based on the values tabulated by Robinson and Stokes, and the uncertainty is estimated
to be ± 0.03. From these, Δ r Gmo (X.15) = (8.83 ± 2.86) kJ·mol-1.
The rather large uncertainty arises primarily from the uncertainty in γ.
Based on the optimisation calculations outlined in Section X.1.1.3,

Δsol Gmo (K3Fe(CN)6, cr) = (10.585 ± 1.133) kJ·mol-1
is selected.

X.1.1.2.4

Enthalpy of solution measurements for K3Fe(CN)6(cr)

A value of ~ 60 kJ·mol-1 at 286 K (final solution molality ~ 0.4 mol∙kg-1) can be
calculated from the early work of Joannis [1882JOA]. From the careful work of Hepler
et al. [1960HEP/SWE], who took into account heat of dilution values [1956LAN/MIE],
an average value of (54.42 ± 0.36) kJ·mol-1 is calculated for Δsol H o (K3Fe(CN)6, cr,
298.15 K).
Using the TDB value – (252.14 ± 0.08) kJ·mol-1 for Δf H mo (K+, 298.15 K), this
leads to – (810.8 ± 0.4) kJ·mol-1 for

{Δf Hmo (K3 Fe(CN)6 , cr, 298.15 K)  Δf Hmo (Fe(CN)36 , 298.15 K)} .
Based on the optimisation calculations outlined in Section X.1.1.3,

Δsol H mo (K3Fe(CN)6(cr)) = (54.381 ± 0.994) kJ·mol-1
is selected.

X.1.1.2.5

Protonation of Fe(CN)63

There appears to be agreement that Fe(CN)36 is essentially unprotonated in solutions
with a pH value greater than 1 [1962JOR/EWI]. Domingo et al. [1990DOM/GAR] have
reported values ( log10 K o = – (0.60 ± 0.02), – (3.23 ± 0.03) and – (6.25 ± 0.10)) for the
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three protonation constants based on spectrophotometric measurements in strong
perchloric acid solutions, but these values are not selected in the present review.

X.1.1.2.6

Association of hexacyanidoiron(III) ions with K+

Association of potassium ions with Fe(CN)36 is indicated based on the conductance
work of Hartley and Donaldson [1937HAR/DON] (see Monk [1949MON]) and James
and Monk [1950JAM/MON], the ion-selective electrode studies of Chlebek and Lister
[1966CHL/LIS] and Eaton et al. [1967EAT/GEO], and the calorimetry study of Eaton
et al. [1967EAT/GEO] (Table X-5).

Table X-5: Reported values for the association constants of Fe(CN)36 with K+ at
298.15 K.
Reference
[1949MON]
[1937HAR/DON]
[1950JAM/MON]
[1966CHL/LIS]
[1967EAT/GEO]

log10 K o (X.16)
~ 1.4

Δ r H mo / kJ·mol-1

~ 1.2
1.4
(1.46 ± 0.02)

10.8(a)
(2.1 ± 2.1)(b)
(2.1 ± 1.7)(c)
(a)
At an average temperature of 305.1 K.
Δ r H mo from calorimetry.
(b)
Δ r H mo from the temperature variation of the association constants
(c)
determined by potentiometry.

In the present review the equilibrium constant values (with slightly larger
estimated uncertainties) and (weighted) average enthalpy-of-reaction values from Eaton
et al. [1967EAT/GEO] are selected.
Fe(CN)36  K +

KFe(CN)62

(X.16)

log10 K o (X.16) = (1.46 ± 0.05),
Δ r H mo (X.16) = (2.1 ± 1.3) kJ·mol-1.

X.1.1.3

Optimisation and selection of thermodynamic quantities
hexacyanido complexes of iron and their potassium salts

for

As shown above, chemical thermodynamic information for hexacyanido complexes of
iron and their potassium salts is available from a wide range of experiments
(Table X-6). Therefore, a weighted least-squares fitting process similar to that described
in Chapter XI of Part 1 of the TDB iron review [2013LEM/BER] was used to generate
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an optimised self-consistent set of selected values of the thermodynamic quantities for
Fe(CN)36 , Fe(CN)64 and their potassium salts.
As discussed above, the only linkage of the values for these optimised
enthalpies and Gibbs energies of reaction to the selected values for other iron species is
through the value of – (358.86 ± 0.33) kJ·mol-1 for Δ r H mo (X.7), which, in essence,
defines the value for Δf H mο ( Fe(CN)64 ). Some implications of this are discussed further
below.

Table X-6: Initial experimental values as used in the hexacyanidoiron(II/III)
optimisation (subscripts e1, e2, e3 refer to different experimental measurements of the
same value).
Quantity

Smo (K 4 Fe(CN)6·3H2O,cr)e
Smo (K 4 Fe(CN)6 ,cr)e
Smo (K3Fe(CN)6 ,cr)e
Δsol H mo (K 4 Fe(CN)6·3H 2 O, cr )
Δsol H mo (K 4 Fe(CN)6 , cr )
Δsol H mo (K 3Fe(CN)6 , cr )
Δdehyd Hmo (K4Fe(CN)6·3H2O,cr)
ΔdehydGmo (K4Fe(CN)6·3H2O,cr)
ΔsolGmo (K 4 Fe(CN)6·3H2O, cr)
ΔsolGmo (K 3Fe(CN)6 , cr)

Δ redGmo (Fe(CN)36 )e1
ΔredGmo (Fe(CN)36 )e2
ΔredGmo (Fe(CN)36 )e3
Δ red H mo (Fe(CN)36 )e1
Δ red H mo (Fe(CN)36 )e2
Δ red H mo (Fe(CN)36 )e3

X.1.1.3.1

Input value
(592.8 ± 1.5) J·K-1·mol-1
(421.0 ± 3.6) J·K-1·mol-1
(426.5 ± 0.3) J·K-1·mol-1
(55.00 ± 0.30) kJ·mol-1
(40.30 ± 0.60) kJ·mol-1
(54.42 ± 0.36) kJ·mol-1
(17.9 ± 3.0) kJ·mol-1
(4.14 ± 0.14) kJ·mol-1
(26.52 ± 0.61) kJ·mol-1
(8.83 ± 2.86) kJ·mol-1
– (34.35 ± 1.00) kJ·mol-1
– (35.74 ± 1.00) kJ·mol-1
– (34.25 ± 1.00) kJ·mol-1
– (112.62 ± 1.68) kJ·mol-1
– (105.63 ± 1.77) kJ·mol-1
– (111.71 ± 1.25) kJ·mol-1

Source
Section X.1.1.1.1
Section X.1.1.1.4
Section X.1.1.2.2
Section X.1.1.1.3
Section X.1.1.1.5
Section X.1.1.2.4
Section X.1.1.1.6
Section X.1.1.1.6
Section X.1.1.1.2
Section X.1.1.2.3
Section X.1.1.1.10
Section X.1.1.1.10
Section X.1.1.1.10
Section X.1.1.1.10
Section X.1.1.1.10
Section X.1.1.1.10

Evaluation of the results from the first assessment cycle and input
values for the second assessment cycle

The majority of the values (Table X-7) are consistent within the stated uncertainties.
The exceptions are Δred H (Fe(CN)36 ) , Δ red G(Fe(CN)36 ) and sol G (K 3 Fe(CN)6 , cr) .
The assessed value of sol G (K 3 Fe(CN)6 , cr) was based on combining the results of
solubility measurements with activity coefficients based on a single set of measured
osmotic coefficients. The inconsistent values for Δred H (Fe(CN)36 ) described above
were obtained from three completely different types of measurements. The resulting
“optimised” value, – 110.8 kJ·mol-1 for red H (Fe(CN)36 ) , is more negative than that
obtained from combining the weighted average of the results of Hepler et al.
[1960HEP/SWE] and Hanania et al. [1967HAN/IRV] with the value of Watt et al.
[1965WAT/CHR], or than the simple average of the three values. Because of this, for a
second assessment cycle, the value for red H (Fe(CN)36 ) from Watt et al. has been
discarded, and the weighted average of the other two values,  112.03 kJ·mol-1, has
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been used. For the input values of Δ red G(Fe(CN)36 ) the estimated uncertainties were
increased slightly to 1.10 kJ·mol-1. Then, not only does the optimised value
for red H (Fe(CN)36 ) become consistent within the stated experimental uncertainties,
but so does the value for sol G (K 3 Fe(CN)6 , cr) . Furthermore, the least-squares
treatment of the full set of experimental data is improved significantly regardless of
what uncertainty is assigned to the input value of red H (Fe(CN)36 ) . Therefore, in the
final analysis (Table X-8 and Table X-9) the weighted average (and uncertainty) from
the results of Hepler et al. [1960HEP/SWE] and Hanania et al. [1967HAN/IRV] has
been used for  red H (Fe(CN)36 ).
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12

11

9
10

8

1
2
3
4
5
6
7

o
m

o
m

Δ re1G(Fe(CN)36 )e1  Δf Gmo (Fe(CN)64 )  Δf Gmo (Fe(CN)36 )
Δre1G(Fe(CN)36 )e2  Δf Gmo (Fe(CN)64 )  Δf Gmo (Fe(CN)36 )
Δred G(Fe(CN)36 )e3  Δf Gmo (Fe(CN)64 )  Δf Gmo (Fe(CN)36 )
Δ red H (Fe(CN)36 )e1  Δf H mo (Fe(CN)64 )  Δf H mo (Fe(CN)36 )
Δ red H (Fe(CN)36 )e2  Δf H mo (Fe(CN)64 )  Δf H mo (Fe(CN)36 )
Δ red H (Fe(CN)36 )e3  Δf H mo (Fe(CN)64 )  Δf H mo (Fe(CN)36 )
(a) Values of ΔH and ΔG are in kJ·mol-1; values of S are in J·K-1·mol-1; Tr is the reference temperature, 298.15 K.
* Calculated differences exceed the uncertainties based on the preliminary assessments.

Δf H mo (K 4 Fe(CN)6 ,cr)  Δf H mo (K 4 Fe(CN)6·3H 2O,cr)  Tr (S om (K 4 Fe(CN)6·3H 2O,cr)  Smo (K 4 Fe(CN)6 ,cr )

o
m

ΔdehydG(K4Fe(CN)6·3H2O,cr)  Tr (3S (H2 ,g)  (3/2)S (O2 ,g)  3Δf G (H2O,l) =

Δdehyd H (K4Fe(CN)6·3H2O,cr)  3Δf Hmo (H2O,l)  Δf Hmo (K4Fe(CN)6 ,cr)  Δf Hmo (K4Fe(CN)6·3H2O,cr)

Δf H mo (Fe(CN)36 )  Δf H mo (K3Fe(CN)6 , cr ) +Tr S om (K3Fe(CN)6 ,cr )

solG((K3Fe(CN)6 ,cr)  3Δ f Gmo (K + ) +Tr (3Smo (K,cr)  Smo (Fe,cr)  6Smo (C, cr)  3Smo (N 2 , g) 

+ 3Smo (H2 ,g)  (3/2Smo (O2 ,g) =Δf H mo (Fe(CN)64 ) –Δf H mo (K 4 Fe(CN)6 ·3H2 O,cr) +Tr (Smo (K 4 Fe(CN)6 ·3H2 O,cr)

ΔsolG(K 4 Fe(CN)6 ·3H2 O,cr)  3Δf Gmo (H2O,l)  4Δf Gmo (K + ) +Tr (4Smo (K,cr) +Smo (Fe,cr) + 6Smo (C, cr) + 3Smo (N2 ,g)

Δsol H (K 4 Fe(CN)6·3H2 O,cr)  4Δf H mo (K + )  3Δf H mo (H2O,l)  Δf H mo (Fe(CN)64 )  Δf H mo (K 4 Fe(CN)6 ·3H2 O,cr)
Smo (K3Fe(CN)6 , cr)e = Smo (K3Fe(CN)6 , cr)
sol H (K 4 Fe(CN)6 , cr)  4Δf H mo (K + )  Δf H mo (K 4 Fe(CN)6 , cr)  Δf H mo (Fe(CN)64 )

– 34.35
– 35.74
– 34.25
– 112.62
– 105.63
– 111.71

875.39
924.20

1103.94

592.80
810.84
421.00
1921.05
426.50
1048.86
2343.48

first assessment cycle

(subscripts e1, e2, e3 refer to different experimental measurements related to the same equation)
Smo (K 4 Fe(CN)6·3H 2O,cr)e = Smo (K 4 Fe(CN)6·3H2O,cr )

sol H (K3 Fe(CN)6 , cr )  3Δf H mo (K + )  Δf H mo (K3Fe(CN)6 , cr) +Δf H mo (Fe(CN)36 )
Smo (K 4 Fe(CN)6 ,cr )e = Smo (K 4 Fe(CN)6 ,cr )

(LHS) value(a) from the

Equations used in the first optimisation assessment cycle

– 34.66
– 34.66
– 34.66
– 110.75
– 110.75
– 110.75

872.63
924.19

1106.96

593.18
810.77
420.23
1921.25
426.49
1048.63
2343.23

value(a)

(RHS) optimised

Table X-7: Summary of the equations used in the first hexacyanidoiron(II/III) optimisation, and results from the optimisation cycle.

0.31
–1.08(*)
0.41
– 1.87(*)
5.12(*)
– 0.96

2.76
0.01

– 3.02(*)

– 0.38
0.07
0.77
– 0.20
0.01
0.23
0.25

difference
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Table X-8: Recalculated (selected) self-consistent experimental quantities and assessed
uncertainties.
Quantity
Smo (K 4 Fe(CN)6·3H 2O,cr )
Smo (K 4 Fe(CN)6 , cr )
Smo (K3Fe(CN)6 ,cr )
Δsol H mo (K 4 Fe(CN)6·3H 2O,cr)
Δsol H mo (K 4 Fe(CN)6 ,cr )
Δsol H mo (K 3Fe(CN)6 ,cr )
Δdehyd Hmo (K4Fe(CN)6·3H2O,cr)
ΔdehydGmo (K4Fe(CN)6·3H2O,cr)
ΔsolGmo (K 4 Fe(CN)6 ·3H 2O,cr)
ΔsolGmo (K 3Fe(CN)6 ,cr )
Δred Gmo (Fe(CN)36 )
Δ red H mo (Fe(CN)36 )

Value
(593.095 ± 0.973) J·K-1·mol-1
(420.111 ± 1.621) J·K-1·mol-1
(426.494 ± 0.206) J·K-1·mol-1
(55.174 ± 0.460) kJ·mol-1
(40.051 ± 0.517) kJ·mol-1
(54.381 ± 0.994) kJ·mol-1
(15.123 ± 0.524) kJ·mol-1
(4.132 ± 0.713) kJ·mol-1
(26.374 ± 0.972) kJ·mol-1
(10.585 ± 1.133) kJ·mol-1
– (34.695 ± 1.017) kJ·mol-1
– (112.240 ± 0.656) kJ·mol-1

Source

Eq. (X.3)
Eq. (X.4)
Eq. (X.15)
Eq. (X.5)
Eq. (X.5)
Eq. (X.3)
Eq. (X.15)
Eq. (X.12)
Eq. (X.12)

Table X-9: Fitted self-consistent thermodynamic quantities from the least-squares
optimisation calculations.
Quantity

Value

Δ f H mο (K 4 Fe(CN)6·3H 2O,cr)
 1486.279 kJ·mol-1
Δf H mο (K 4 Fe(CN)6 ,cr)
 613.666 kJ· mol-1
ο
Δf H m (K3Fe(CN)6 ,cr)
 263.616 kJ·mol-1
Δf H mο (Fe(CN)36 )
547.185 kJ·mol-1
Δf Gmο (Fe(CN)64 )
680.226 kJ·mol-1
Δf Gmο (Fe(CN)36 )
714.921 kJ·mol-1
ο

-1
Δf H m (CN ) = 147.35 kJ·mol exactly
(a)

Statistical uncertainty from the fit using
a constant TDB value for Δ f H mο (CN  ) (a)
0.308 kJ·mol-1
0.406 kJ·mol-1
0.708 kJ·mol-1
0.656 kJ·mol-1
0.666 kJ·mol-1
0.769 kJ·mol-1

The values in Table X-9 are parameters obtained directly from the least-squares fit, and
the tabulated uncertainties reflect only the uncertainties from the fitting procedure using
the constant TDB value for Δf H mο (CN ) , 147.35 kJ·mol-1. However, the actual TDB
uncertainties in the chemical thermodynamic quantities Δ f Gmο , Δf H mο and S mο for
HCN(aq) and CN  (aq) are rather large [2005OLI/NOL]. When calculating values of
Δ f Gmο , and Δf H mο for hexacyanido species, the incorporation of large uncertainties in
the corresponding quantities for CN  with a multiplicative factor of six leads to a large
uncertainty (± 21.3 kJ·mol-1) in the value for Δf H mο (Fe(CN)64 ) , and hence to very large
uncertainty values for other quantities for hexacyanido species in Table X-9 and Table
III-1. The much smaller uncertainties in the values for the reaction enthalpies and Gibbs
energies in Table X-8 are calculated in the present review on the basis of a constant
value for Δf H mο (CN ) , and because the uncertainties in the quantities for the
hexacyanido species are highly correlated, these reaction enthalpy and Gibbs energies
values and their uncertainties are essentially unaffected; therefore, the values in Table
X-8 with their uncertainties are selected values. The derived values of Smo (Fe(CN)64 )
and Smo (Fe(CN)36 ) , 75.1 and 269.3 J·K-1·mol-1, respectively, also are essentially
unaffected by use of the constant value for Δf H mο (CN ) . When using values for
hexacyanido species, the reaction values and uncertainties (Table III-2) should be
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employed if at all possible. The large differences between the values for Δ f Gmο and
Δf H mο tabulated in the present review and those in earlier standard works such as the
US-NBS compilation [1982WAG/EVA] arise primarily from such differences in the
values for Δf H mο (CN ) —the TDB value is (147.35 ± 3.54) kJ·mol-1, and the US-NBS
value is 150.6 kJ·mol-1. Based only on Δ r H (X.17) and TDB values in Table III-1,
Δf H mο (Fe(CN)64 ) = (434.9 ± 21.3) kJ·mol-1. The uncertainty values for the selfconsistent set of optimised quantities in Table X-9 are the uncertainty values not
incorporating the additional uncertainty of ~ 21.3 kJ·mol-1 from the uncertainty
ο
4
in Δf H mο (CN ) (i.e., Δf H m (Fe(CN)6 ) = 434.9 kJ·mol-1 was a fixed value in the
calculation).
The selected values lead to 40.4 and 47.4 for the values of log10 6o for
Reactions (X.17) and (X.18), respectively,
Fe2+ + 6CN

Fe  CN 6

(X.17)

Fe3+ + 6CN

Fe  CN 6

(X.18)

4

3

—smaller than those calculated using data from the US-NBS Tables [1982WAG/EVA],
but larger than those proposed by Watt et al. [1965WAT/CHR] and Busey [1965BUS],
and larger than the log10 m,6 (Reaction (X.18)) value from Perera and Hefter
[2003PER/HEF] (Table X-10). Reported log10 6o values are strongly affected by the
choice of values for auxiliary species and whether internal database consistency has
been maintained.

Table X-10: Comparison of values of log10  6 (X.17) and log10  6 (X.18) at 298.15 K
reported in the literature or calculated using literature tabulations, with values from the
current review.
Ic

0

I=0
I=0
I=0
I=0
0.50 NaClO4
1.00 NaClO4
I=0

log10 6 (X.17)
24
36.9(a)
35.4
45.6(a)
36.9

40.4

log10 6 (X.18)
31
43.9(a)
43.6
52.6(a)
43.9
(38.9 ± 0.9)(c)
(38.7 ± 0.7)(c)
47.4

Method
cal + calc(b)

calc(b)
sp

Reference
[1956STE/MOR]
[1965BUS]
[1965WAT/CHR]
[1982WAG/EVA]
[1987BEC]
[2003PER/HEF]

calc(d)

this review

cal + calc(b)

(a) Calculated in this review from tabulated Gibbs energy values.
(b) The authors’ reported constants were calculated by incorporating values for auxiliary species from
various sources.
(c) Also see the Appendix A entry for [2003PER/HEF].
(d) These are TDB-consistent values.
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Iron(III) thiocyanate complex formation

X.1.2.1

Mononuclear iron(III) thiocyanate complex formation

In a review of linkage isomerism, Burmeister [1968BUR] confirmed that thiocyanate is
bound to the iron(III) centre via a Fe-N bond although in this NEA series the formation
equilibrium for monothiocyanato complex is written as follows:

Fe3+  SCN

FeSCN2+ .

(X.19)

In the first of their three papers dedicated to aqueous iron(III) complexes
[1955LIS/RIV], [1955LIS/RIV2], [1955LIS/RIV3], Lister and Rivington pointed out
that following the original study [1855GLA], it was not until almost a century later that
two independent studies [1937MOL2] and [1941BEN/FRE] declared that the intense
colour generated by iron(III) thiocyanate solutions was due to the formation of
FeSCN2+ . Indeed, the resulting sharp and intense peak in the visible region of the
spectrum was used in the early days of spectrophotometry as a wavelength calibration
standard. Other earlier publications were aimed at identifying these complexes
[1940KIS/ABR], [1946BAB], [1949POL/SMI]. Thiocyanate is generally considered to
be unprotonated in all the studies examined in this section [1947GOR/CON].
Formation constants for all six Fe(SCN)3n n species have been reported and
these data are summarised in Table X-11. However, invariably for n > 2, the thiocyanate
concentration exceeded ca. 20 % of the prevailing ionic strength, such that in the
absence of supporting spectroscopic information, the values for higher-order-complex
formation constants must be considered to be ambiguous.

Table X-11: Values of the logarithm of the formation constant of the Fe(SCN)3n n
complexes, log10 K n , cited in the literature and recalculated (and retained for further
evaluation) in this review, with assigned uncertainties.
T/K

n Medium

Ic

298.15 1 NaCl
NaSCN
298.15 1 HClO4

0.665

298.15 1 HClO4

0.5
0.128
1.0
1.8
0.2
0.2
1.0
1.8
1.0
1.8

291.15 1 NaClO4
HClO4
HNO3
LiNO3
KNO3

1.0

log10 Kc,n
reported
(1.48 ± 0.03)

Im

Method

References

sp

[1941BEN/FRE]

(2.102 ± 0.032)
(2.105 ± 0.032)(a)
(2.140 ± 0.006)
2.374
(2.107 ± 0.020)
(2.088 ± 0.004)
(2.251 ± 0.017)
(2.293 ± 0.018)
(2.039 ± 0.020)
(2.058 ± 0.019)
(1.995 ± 0.018)
(1.959 ± 0.004)

1.05

(2.08 ± 0.08)

sp

[1941EDM/BIR]

0.513
0.129
1.05
1.97
0.202

(2.13 ± 0.04)
(2.73 ± 0.04)
(2.09 ± 0.04)
(2.05 ± 0.04)
(2.25 ± 0.06)

sp

[1947FRA/OSW]

sp

[1951MAC/MIT]

1.05
1.95

(1.98 ± 0.04)
(1.92 ± 0.04)

log10 Km,n
retained

(Continued on next page)
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Table X-11 (continued)
T/K

n Medium

2 HNO3
KNO3
KSCN
5
6
2 HClO4
5 NaClO4
6 NH4SCN
298.15 1 HClO4
NaSCN
NaClO4
283 - 2 ?
289
298.15 1 NaClO4

2
293.15 1

291.15 1
2
1
2
300
1
2
295- 1
296

1.8

1.28

 (1.57 ± 0.06)
 (1.51 ± 0.07)
(1.75 ± 0.03)
 (0.70 ± 0.03)
 (1.03 ± 0.03)
(2.06 ± 0.01)

Im

log10 Km,n
retained

Method

dis

1.36

(2.03 ± 0.10)

sp

[1953BET/DAI]

sp

[1955IWA/SHI]

NaClO4
HClO4

0.5

(2.143± 0.002) 0.513

(2.13 ± 0.04)

KNO3

0.13-1.92

1.31
3.17-2.84

1.92

Mg(NO3 )2

0.08-2.70

3.06-2.67

2.70

Al(NO3 )3

0.08 - 3.00 3.07-1.60

3.00

Mg(ClO4 )2

0.13 - 2.85 3.11-2.47

2.85

HClO4
NaSCN

0.56

(1.29 ± 0.20)
sp
log10 K1o
(3.079 ± 0.018)(c)
log10 K1o
(3.013 ± 0.025)(c)
log10 K1o
(3.047 ± 0.029)(c)
log10 K1o
(3.096 ± 0.065)(c)
sp

HClO4

NaClO4

NaNO3

KNO3
Mg(NO3 )2
Mg(NO3 )2

NaClO4

?
0.2-0.8

2.16
1.15
0.65
2.12
1.00
0.51
2.15
1.12
0.31- 2.21 log10 K1o
(3.121 ± 0.020)
log10 K1o
(3.107 ± 0.013)
log10 K1o
(3.114 ± 0.011)
log10 K1o
(3.118 ± 0.014)
0.51 - 2.31 log10 K1o
(3.167 ± 0.017)
0.3 - 7
log10 K1o
3.12
1.4
2.35

2

1.55

3

1.31

References

dis

1.2
1.2

LiNO3

295- 1
296
298.15 1

1.65 to
1.8

log10 Kc,n
reported
(2.02 ± 0.07)

log10 c,2
2.30
log10 K1o
3.029
2.114
(1.19 ± 0.03)

1
2
298.15 1

Ic

1.27

sp
log10 K1o
(3.049 ± 0.010)(c)
(2.09 ± 0.04)
(1.16 ± 0.04)

[1955LIS/RIV]

[1956LAU]

pot

[1957YAT/TET]

[1958PER2]

pot
0.52
2.47
2.37
2.38
2.44
2.59
3.52

1.50

(2.14 ± 0.10)
pot
(1.11 ± 0.20)
sp
log10 K1o
(3.057 ± 0.027)(c)
log10 K1o
(3.092 ± 0.027)(c)
log10 K1o
(3.072 ± 0.016)(c)
log10 K1o
(3.065 ± 0.028)(c)
(3.126 ± 0.025)(c)

[1961YAL]

sp
log10 K1o
(3.114 ± 0.019)(c)
ion(b)

[1963VAS/MUK]

[1962VAS]

[1964JOZ/MAS]

(1.61 ± 0.30)

(Continued on next page)
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Table X-11 (continued)
T/K

n Medium
4

log10 Kc,n
reported
0.66

NaClO4
NaSCN

Im

log10 Km,n
retained

Method

References

sp

[1964VAS/MUK3]

dis

[1965MIR/RUT]

4.0

0.21
2.1

3.0

1.3
0.5
0
 0.1
 0.1
2.18

3.48

2
3
4
5
6
298.15 1 LiNO3

3.0

1.43
1.40
1.30
‒ 0.071
‒ 0.092
2.19

3.48

log10 K1o
(2.89 ± 0.14)(c)

sp

[1965MIR/RUT2]

2
298.15 1

HNO3

1.0
0.4-2.0

2.11

log10 K1o
(3.07 ± 0.02)

sp

[1966VAS/VAS]

293.15 1

HClO4

0.2

1.48
log10 K1o
(3.09 ± 0.02)
(2.11 ± 0.01)

sp

[1968MAS]

298.15 1

NaClO4
HClO4
NaSCN

1.0

(2.10 ± 0.01)

pot

[1968POR/CAS]

dis

[1973MAD/MED]

kin

[1978MIE/PAR]

kin

[1981TRI/USH](d)

dis

[1985BJE]

295296

5
1

Ic

2
3
4
5
6
298.15 1

KSCN
NaNO3

LiClO4
LiSCN

2
298.15 2
3
4
5
6
293.15 1
298.15
303.15
298
1
297

1
2
3

1.05

(1.04 ± 0.03)

NaClO4 /SCN

2.0

NaClO4
HClO4

1.0

1.48
1.00
0.67
0.18
‒ 0.6
(2.11 ± 0.01)

0.4

(2.09 ± 0.02)
(2.04 ± 0.01)
2.17

NaClO4
HClO4
NaF3CSO3
HF3CSO3

1.0

(2.30 ± 0.05)
(1.69 ± 0.05)
(0.4 ± 0.1)

(2.09 ± 0.04)

(1.02 ± 0.08)
2.21

(1.44 ± 0.10)

1.05
(2.08 ± 0.08)
0.409

(2.16 ± 0.08)

1.05
(1.66 ± 0.10)
(0.4 ± 0.2)

(Continued on next page)
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Table X-11 (continued)
T/K

n Medium

298.15 1
2
3

Ic
1.0

NaClO4

log10 Kc,n
reported
(2.11 ± 0.01)
(1.23 ± 0.02)
(0.48 ± 0.09)

Im
1.05

log10 Km,n
retained
(2.10 ± 0.04)
(1.21 ± 0.08)

Method

References

sp, cal

[1992OZU/KUR](e)

NaClO4
NaSCN
(a) After correction for hydrolysis by Frank and Oswalt [1947FRA/OSW].
(b) “ion” represents paper ionophoresis.
(c) From the SIT with an ionic-strength dependent Δ  .
(d) Δr H1 = ‒ 6.7 kJ·mol-1.
(e) Additional calorimetric titration experiments yielded: Δr H1 = ‒ (6 ± 1), Δ r H 2 = ‒ (5 ± 2), and Δr H3 =
‒ (8 ± 2) kJ·mol-1 at the same conditions.

Application of the SIT to the first formation constant, Km,1 , in various
electrolyte media where a supporting electrolyte was dominant, led to the values given
in Table X-12. It must be noted, however, that in the five cases where the supporting
electrolyte was a salt, significant concentrations of acid with a common anion were also
present to mitigate hydrolysis of Fe3+. Consequently, in each case the correction for
hydrolysis was small and no correction was deemed to be necessary when the ionic
medium was HClO4.
Table X-12: Results of the SIT treatment of log10 Km,1 values listed in Table X-11 and
the fits of the combined results shown in Figure X-1 where all the uncertainties are 2 σ
statistical.
Δ 2
Δ1
kg·mol-1
kg·mol-1
2σ ± 0.010) – (0.291 ± 0.018)
298.15 ±
(3.049
NaClO4
293.15 (3.079 ± 0.018)  (0.235 ± 0.022) (0.290 ± 0.051)
KNO3
(3.013 ± 0.025)  (0.214 ± 0.029) (0.206 ± 0.051)
Mg(NO3 )2
(3.047 ± 0.029)  (0.192 ± 0.039) (0.204 ± 0.063)
Al(NO3 )3
(3.096 ± 0.065)  (0.247 ± 0.071) (0.232 ± 0.107)
Mg(ClO4 )2
295.5 (3.057 ± 0.027)  (0.285 ± 0.029) (0.217 ± 0.055)
NaClO4
(3.092 ± 0.027)  (0.203 ± 0.031) (0.093 ± 0.059)
LiNO3
(3.072 ± 0.016)  (0.202 ± 0.018) (0.138 ± 0.033)
NaNO3
(3.065 ± 0.028)  (0.196 ± 0.029) (0.171 ± 0.055)
KNO3
(3.126 ± 0.025)  (0.172 ± 0.025) (0.128 ± 0.043)
Mg(NO3 )2
295.6 (3.114 ± 0.019) ‒ (0.115 ± 0.010)
Mg(NO3 )2
298.15 (2.89 ± 0.14)(a) ‒ (0.20 ± 0.08)
H,LiNO3
298.15 (3.065 ± 0.016) ‒ (0.133 ± 0.012)
HNO3
(2.964 ± 0.024) ‒ (0.250 ± 0.024) (0.231 ± 0.047)
0.202 298.15 (3.060 ± 0.010) (0.258 ± 0.016)
NaClO4 -1.36
(2.981 ± 0.027) (0.328 ± 0.029)
(0.379 ± 0.111)
HClO4
(a) An approximate value of log10  2o = 4.5 was derived from only two values of

Medium

Im
max.
0.8
1.92
2.70
3.00
2.85
2.47
2.37
2.38
2.44
2.59
3.52
2.23
2.11

T/K

log10 K1o

R2

0.984
0.988
0.978
0.965
0.915
0.996
0.995
0.998
0.990
0.998
0.978
0.924
0.973
0.996
0.973
0.983
log10  c,2

Reference
[1955LIS/RIV]
[1957YAT/TET]

[1962VAS]

[1963VAS/MUK]
[1965MIR/RUT2]
[1966VAS/VAS]
weighted fit
.

The result of application of the SIT treatment to the log10 Km,1 values
recalculated in this review is illustrated in Figure X-1 for HClO 4 and HClO 4 - NaClO 4
solutions at 298.15 K. From Table X-12 it is apparent that the established ionic-strength
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dependent  (Fe3+ , ClO4 ) term only manifests itself significantly above Im  1.4,
allowing a conventional linear SIT formulation to be used below this value.
Figure X-1: Results of an SIT treatment of the log10 Km,1 (X.19) values at 298.15 K in
HClO4 and/or NaClO4 solutions.

3.6

log10Km,1+ 6D

3.4

3.2

[1947FRA/OSW]
[1941EDM/BIR]
[1953BET/DAI]
[1961YAL]
[1968POR/CAS]
[1978MIE/PAR]
[1981TRI/USH]
[1992OZU/KUR]

3.0

2.8

2.6
0.0

0.5

1.0

1.5

2.0

Im
From the linear SIT treatment of the {log10Km,1(X.19) + 6D} values given in
Table X-12, log10Ko = (3.06 ± 0.01) at 298.15 K in HClO4 and/or NaClO4 solutions,
which is in excellent agreement with log10Ko = (3.07 ± 0.02) determined in
predominantly HNO3 solutions [1966VAS/VAS]. The selected value with increased
uncertainty is taken to be:
log10 K1o (X.19) = (3.06 ± 0.05).

The temperature dependence of Kc,1 was measured by Lister and Rivington
[1955LIS/RIV] at Ic = 1.2 (NaClO4) over the range 278.15 to 318.15 K. After
conversion to molal quantities, an unweighted linear regression of log10 Km,1 versus
(T/K)-1 gave: Δr Hm,1 = ‒ (5.3 ± 0.6) kJ∙mol-1 (2 σ ) at 298.15 K and Im = 1.27 ( NaClO 4 ),
which is in reasonable agreement with ‒ (6 ± 1) kJ∙mol-1 reported from calorimetric
titrations at Im = 1.05 (NaClO4) [1992OZU/KUR]. A titration calorimetric study
[1989HIL/KOR] yielded a Δ r H1 value of ‒ (4.42 ± 0.52) kJ·mol-1 at 298 K, but the
unknown effects of hydrolysis preclude retention of this value.
From the value of Δε1 [1955LIS/RIV] and the corresponding ion-interaction
coefficients [2013LEM/BER]:
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 (FeSCN2+ , ClO4 )  1   (Fe3+ , ClO4 )   (Na + ,SCN  ) = (0.49 ± 0.05) kg∙mol-1.

The selected value is:

 (FeSCN2+ , ClO4 ) = (0.49 ± 0.05) kg∙mol-1,
preferred to the value of 0.45 kg∙mol-1 listed in a previous TDB volume
[2003GUI/FAN]
for
The
spectrophotometric
study
 (FeSCN2+ , ClO4 ) .
[1966VAS/VAS] in nitric acid medium at 298.15 K yielded  =  (0.13 ± 0.01)
kg∙mol-1 as the ionic-strength independent value. From the estimate of  (Fe2+ , NO3 ) =
(0.14 ± 0.03) kg·mol-1 (see Section IX.4.1.1) it follows that

 (FeSCN 2+ , NO3 ) = (0.13 ± 0.04) kg·mol-1
which is also selected in this review.

X.1.2.2

Higher-order iron(III) thiocyanate complexes

Fe3+ + nSCN

Fe(SCN)3-n n

(X.20)
3-n
n

Of the data listed in Table X-11 for the higher-order complexes, Fe(SCN) where n =
2-6, with one exception [1985BJE], only those for the Fe(SCN)2 species could be
considered as having merit quantitatively, because generally investigators found it
necessary to raise the SCN  concentration to high levels to “observe” the higher-order
complexes, thereby invalidating the supporting electrolyte criterion. Even so, relatively
high concentrations of HClO 4 were also required to minimise Fe3+ hydrolysis such
that all of the solutions studied contained mixed electrolytes. Ignoring this last
impediment for the moment, an SIT treatment of these data led to the results illustrated
in Figure X-2. A regression of the results for NaClO4 -HClO4 -NaSCN solutions gave:
log10 K 2o = (1.88 ± 0.43) and Δ =  (0.24 ± 0.34) kg∙mol-1 at 298.15 K. A simple
average of the log10 K m,2 resulted in
log10 K 2o = (2.23 ± 0.50)

which is the selected value, mainly because the regression is strongly biased by the
result in [1973MAD/MED].
The work of Bjerrum [1985BJE] is worthy of special mention as his solvent
extraction experiments resulted in the exclusive identification of Fe(SCN)3 (aq) in the
organic phase. Consequently, a value of log10 Km,3 = (0.4 ± 0.2) in 1.05 mol·kg-1
(NaF3CSO3-HF3CSO3-NaSCN) solutions at 298.15 K appears reasonable, where the
reported uncertainty has been doubled in this review. Ozutsumi et al. [1992OZU/KUR]
reported a similar value for log10 Kc,3 in Ic = 1 (NaClO4-HClO4-NaSCN) solutions,
based on spectrophotometric measurements, but the common problems of relatively
high NaSCN concentrations and in deconvolution of the spectra preclude acceptance
of their result.
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Figure X-2: Attempted SIT treatment of the formation constants of Fe(SCN)2 in
NaClO4 solutions at 298.15 K.
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X.1.2.3

Mixed iron(III) thiocyanate complex formation

A spectrophotometric study [1955LIS/RIV2] provided results for the formation of
Fe(SO4 )2 , Fe(SO4 )(HSO4 )(aq) , Fe(SO4 )(SCN)(aq) and Fe(SO4 )2 (SCN)2 at
298.15 K with Ic = 1.2 (NaClO4) and c = 0.2. As stated in Appendix A of
[2013LEM/BER], the values of c,1,1 (Fe(SO4 )(SCN)(aq)) = 1.15 × 104 dm6∙mol-2 and
 c ,2,1 (Fe(SO4 )2 (SCN)2  ) = 4.9 × 105 dm9∙mol-3 appear to be too high, and these
constants were therefore not considered further in that review.
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A review of the third paper in the series by Lister and Rivington [1955LIS/RIV3] is
summarised in Appendix A of TDB-Iron Part 1, focusing on chloridoiron(III)
complexes. Those measurements were made at 298.15 K and Ic = 1.2 (NaClO4), cFe(III) =
0.001, cHClO4 = 0.2, cSCN = 0.00125, cBr = 0-1.0 and cCl = 0-1.2. Values of
K c ,1 (FeSCN 2  ) = 130 and  c ,2 (Fe(SCN) 2 ) = 1950 obtained in [1955LIS/RIV] were
used in their data treatment. The following formation constant values were reported:
 c ,1,1 (FeBrSCN  ) = 21,  c ,1,1 (FeClSCN  ) = 265 and c,1,1 (FeBr2SCN(aq)) = 120. The
use of high chloride and bromide concentrations, which eventually dominated over the
perchlorate concentration, brings into question the validity of these constants, and even
the existence of the mixed bromido complexes must be questioned in view of the
weakness of this ligand in the absence of thiocyanate.

X.2

Silicon compounds and complexes

X.2.1

Iron silicate compounds (also see Section X.2.1 in TDB-Iron Part 1)

X.2.1.1

-Fe2SiO4 (fayalite) (also see Section X.2.1.1 in TDB-Iron Part 1)

X.2.1.1.1

Heat capacity and entropy of -Fe2SiO4 (also see Section X.2.1.1.1 in
TDB-Iron Part 1)

o
The equations for the heat capacity and heat content ( HTo -H ref
) of fayalite above 230 K
have been reassessed with consideration of the recent drop calorimetry and extensive
DSC results of Benisek et al. [2012BEN/KRO]. As discussed in Appendix A, the DSC
results for temperatures between 400 and 700 K are systematically 1-4 J·K-1·mol-1
greater than those reported by Watanabe [1982WAT].

Polynomial functions were fitted to the combined results of Kelley [1941KEL],
Orr [1953ORR], Robie et al. [1982ROB/FIN], Watanabe [1982WAT], Stebbins and
Carmichael [1984STE/CAR], Dachs et al. [2007DAC/GEI], and Benisek et al.
[2012BEN/KRO] for temperatures between 231 and 1371 K. The fitting program was
designed to handle the enthalpy-difference and heat-capacity experimental data
together, weighted using uncertainties assigned as described in the Appendix A entries
in [2013LEM/BER] and in the present volume.
o
o
-1
-5
2
[ H m,
T -H m, 298.15 K ] (Fe2SiO4, α, T) / kJ·mol = 0.26647 (T/K) – 2.7696 × 10 (T/K) +
-9
3
3
-1
2
7.0859 × 10 (T/K) – 46.130 ln(T/K) – 3.0972 × 10 (T/K) + 1.9604 × 10

230 to 1450 K
C

o
p ,m

(Fe2SiO4, α, T) / J·K ·mol = 266.47 – 0.05539 (T/K) + 2.1258 × 10-5 (T/K)2 –
4.6130 × 104 (T/K)-1 + 3.0972 × 106 (T/K)-2
-1

-1

230 to 1450 K.
Comparison of the heat-content values calculated from these equations with
values from the equations proposed in the TDB-Iron Part 1 volume [2013LEM/BER],
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indicates a difference that approaches 1 kJ·mol-1 at 800 K and is 1.6 kJ·mol-1 at 1450 K.
At the highest temperatures (1400-1450 K), heat-capacity values calculated with the
revised equation are considerably less (by 10-20 J·K-1·mol-1) than those found using the
previous equation [2013LEM/BER]. The equations above are selected in preference to
those selected in TDB-Iron Part 1.
A value of (131.97 ± 0.30) J·K‑1·mol‑1 is calculated for C po ,m (Fe2SiO4, α,
298.15 K) from these equations. In TDB-Iron Part 1 a value of (132.03 ± 0.30)
J·K‑1·mol‑1 was selected. Within the estimated uncertainty limits the two values are in
good agreement, and in Table III-1 the minor adjustment is made from the previously
selected value of C po ,m (Fe2SiO4, α, 298.15 K) [2013LEM/BER]. Therefore, the selected
value is
C po ,m (Fe2SiO4, α, 298.15 K) = (131.97 ± 0.30) J·K‑1·mol‑1.

X.2.1.2

-Fe2SiO4 (also see Section X.2.1.2 in TDB-Iron Part 1)

X.2.1.2.1

Heat capacity and entropy of -Fe2SiO4 (also see Section X.2.1.2.1 in
TDB-Iron Part 1)

The discussion and conclusions presented for γ-Fe2SiO4 in the first TDB volume on
iron [2013LEM/BER] have been reconsidered in light of the recent results of Yong et
al. [2007YON/DAC]. Using heat-pulse calorimetry they carried out extensive heatcapacity measurements, from 5.14 to 303.15 K. As discussed in the Appendix A entry
for this paper, these measurements lead to:

Smo (Fe2SiO4 , γ, 298.15 K) = (140.2 ± 0.8) J·K-1·mol-1,
and this value is accepted in the present review.
As shown in Figure X-3, these heat-capacity measurements [2007YON/DAC]
indicate that values of C po ,m (Fe 2SiO 4 , γ) are only very slightly less (by ≤ 1 J·K-1·mol-1)
than the values of C po ,m (Fe2SiO4 , α) for temperatures near 300 K, but the difference
becomes larger at lower temperatures (Figure X-3).
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Figure X-3: Comparison of experimental heat-capacity values for α-Fe2SiO4 and
γ-Fe2SiO4 from 170 to 340 K.
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As discussed previously [2013LEM/BER], Watanabe [1982WAT] reported a
differential scanning calorimetric determination of heat capacities from 350 to 700 K,
and Agoshkov [1985AGO] reported Calvet immersion calorimetry results
( HT -H 298.15 K ) for temperatures from 240 to 1170 K (therefore for average
measurement-temperatures from 269 to734 K). The γ form is metastable with respect to
the  form at 0.1 MPa pressure, and some conversion to the α form begins near
1200 K [1985AGO]. The difference in the values between C po ,m (Fe2SiO4 , α) and
C po ,m (Fe 2SiO 4 , γ) increases again at temperatures above 300 K [1982WAT], and the
results of the two high-temperature studies [1982WAT], [1985AGO] agree within
~ 3 %. The work of Agoshkov leads to heat-capacity values above 350 K (to
approximately 650 K) that are approximately mid-way between those of Watanabe for
γ-Fe2SiO4 and the results of Orr [1953ORR] for α-Fe2SiO4 . At lower temperatures, the
sparse results of Agoshkov are statistically indistinguishable from the results of Yong et
al. [2007YON/DAC] or from literature results for α-Fe2SiO4 [1941KEL], [1953ORR],
[1982ROB/FIN], [2007DAC/GEI].
In the present review, an equation for the temperature dependence of
C po ,m (Fe 2SiO 4 , γ) is calculated by a weighted least-squares fit to the results of
Watanabe [1982WAT], Agoshkov [1985AGO] and, for temperatures above 240 K,
Yong et al. [2007YON/DAC].
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C po ,m (Fe2SiO 4 , γ, T ) / J·K-1·mol-1 = 109.14 + 7.4749 × 10-2(T / K) +1.3148 × 104

(T / K)-1 – 3.949560 × 106 (T / K)-2
240 to 650 K

(X.21)

and a revised value is selected for
C po ,m (Fe2SiO 4 , γ, 298.15 K) = (131.1 ± 1.0) J·K-1·mol-1.

Figure X-4: Comparison of values calculated from Equation (X.21) for
C po ,m (Fe 2SiO 4 , γ, T ). The solid line, —, is from the weighted fit of the experimental
heat-capacity values from Watanabe [1982WAT], Agoshkov [1985AGO] and Yong et
al. [2007YON/DAC] for temperatures above 240 K.
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As shown in Figure X-4, the fit is not particularly good above 300 K (± 2 %)
because of the systematic difference between the results of Agoshkov [1985AGO] and
those of Watanabe [1982WAT].

X.2.2

Aqueous iron(III) silica complex formation

Spectrophotometric measurements of Reaction (X.22) have been reported at Ic = 0.1
(NaClO 4 ) {Im = 0.101} [1965WEB/STU], [1973OLS/OME]:

Fe3+ + Si(OH)4 (aq)

FeOSi(OH)32+ + H+

(X.22)
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The latter measurements conducted from pH 1.5 to 3.0 at 291, 298 and 305 K
yielded K c ,1 (X.22) = 0.25,  r H1 = 15.6 kJ∙mol-1 at 298 K; the former produced a
value of * K c ,1 (X.22) = 0.57. At pH > 3.0 unidentified polymeric species were formed
[1973OLS/OME]. Porter and Weber [1971POR/WEB] had difficulty reproducing the
results of Weber and Stumm [1965WEB/STU] at pH > 2 due to rapid polymerisation of
the Si(OH)4(aq) solutions. However, it is not clear as to the pH of the three solutions in
which increasing degrees of polymerisation were observed, and no complexation
constants were reported.
*

The [1973OLS/OME] spectrophotometric study was supported by
polarographic measurements at 298.15 K that produced a value of * K c ,1 (X.22) = 0.34.
The average value of * K c ,1 (X.22) is (0.39 ± 0.32) at 298 K. The uncertainty is
almost 20-fold higher than the statistical uncertainty extracted by digitising the plot
(Figure 2) in [1973OLS/OME]. This average value corresponds to log10 *K m,1 (X.22) =
‒ (0.41 ± 0.36) (2σ). Application of the SIT with a Δε value of – (0.568 ± 0.098)
kg·mol-1 [2017PAT/BYR] leads to log10 * K1o (X.22) = − (0.03 ± 0.04) (2σ). In this
paper by Patten and Byrne a similar value of log10 * K1o (X.22) = − (0.12 ± 0.04) (2σ)
was reported, while an earlier solubility study [1979REA] using amorphous silica
yielded a value of ‒ (0.02 ± 0.45) (2σ).
A weighted average of these values results in log10 * K1o (X.22) =
− (0.08 ± 0.15) (2σ) which is not selected but is provided for informational purposes
only.
Kul’ba et al. [1975KUL/FOM] used a titanium electrode to interrogate highly
concentrated Fe(III), H3PO4, HF and Fe(III), H3PO4, H2SiO4 solutions and proposed the
formation of the species FeFn3 n (n = 1-4) but acknowledged that mixed fluorido and
hydrogenfluoridoiron(III) species may have also existed. However, no complexation
constants for iron(III) with SiF62  or other Si(IV) species were proposed, and the
experimental conditions were well outside those in the range of interest to this review.
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Chapter XI

Resolution of values from
different chemical
thermodynamic cycles
The material in Chapter XI of TDB-Iron Part 1 [2013LEM/BER] has not been changed
or augmented in the present volume.
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Chapter XII

Discussion of auxiliary data selection
XII.1 α-MgSO4(cr)
Ko and Daut [1980KO/DAU] measured the heats of the following reactions using 4.36
mol·kg-1 HCl(aq) as the solvent. The averages and 95 % confidence limits have been
recalculated in the present review.
a) (H2SO4 + 6H2O)(l) = H+(sln) + SO 24  (sln)+6H2O(sln)
b) MgO(cr)+2H+(sln) = Mg2+(sln) + H2O(sln)

– (5.198 ± 0.049) kJ·mol-1
– (151.384 ± 0.176) kJ·mol-1
– (2.246 ± 0.046) kJ·mol-1

c) 7H2O(l) = 7H2O(sln)
d) -MgSO4(cr) = Mg2+(sln) + SO 24  (sln)

– (55.759 ± 0.077) kJ·mol-1

The value of Δf H mo “(H2SO4 in 6.0 H2O)” was reported in the US-NBS Tables
[1982WAG/EVA] (albeit from a 1964 assessment) to be – 874.222 kJ·mol-1. In the same
reference, Δf H mo (SO42 ) was reported as – 909.27 kJ·mol-1. The CODATA value for
Δf H mo (SO42 ) is slightly more negative, – 909.34 kJ·mol-1, so the value of Δf H mo (H2SO4 in
6.0 H2O) becomes – (2589.27 ± 1.20) kJ·mol-1, where the uncertainty has been estimated in
the present review. CODATA values for Δf H mo (MgO, cr) and Δf H mo (H2O, l) are
– (601.60 ± 0.30) and – (285.83 ± 0.04) kJ·mol-1, respectively. Therefore
Δf H mo (-MgSO4) = r(a) + r(b) – r(c) – r(d) + Δf H mo (H2SO4 in 6.0 H2O) + Δf H mo
(MgO(cr)) – 7 Δf H mo (H2O(l)) = – (5.198 ± 0.049) – (151.384 ± 0.176) + (2.246 ± 0.046) +
(55.759 ± 0.077) – (2589.27 ± 1.20) – (601.60 ± 0.30) + 7(285.83 ± 0.04) kJ·mol-1

and the value
Δf H mo (MgSO4, α, 298.15 K) = – (1288.64 ± 1.28) kJ·mol-1

is selected.
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DeKock [1986DEK] carried out a similar recalculation, but incorporated the 1977
CODATA value, – 909.60 kJ·mol-1, for Δf H mo (SO42 ) [1978COD], [1978COD2]. Therefore,
he obtained – 308.03 kcal·mol-1 (– 1288.80 kJ·mol-1) for Δf H mo (-MgSO4). Unfortunately,
some later authors [2005MAJ/NAV], [2009ACK/LAZ] continued to use the DeKock value
even though the CODATA value for Δf H mo (SO42 ) had been revised [1989COX/WAG].

XII.2 KH2AsO4(cr)
The details for the reason the value

Δf H mo ( KH 2 AsO4 , cr, 298.15 K) = – (1180.0 ± 4.1) kJ·mol-1
is selected for use in the present volume are discussed in the Appendix A entry for
[2012MAJ/DRA].

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

Chapter XIII
Corrections to TDB-Iron Part 1
XIII.1 Corrections in Chapter IV of TDB-Iron Part 1
(i) pg. 59: As selected in TDB-Selenium, S mo for Se4(g) should be (340.600 ± 20.000) (also
in TDB-Tin and TDB-Thorium).

(ii) pg. 64: Δ f Gmo for Sn4+ has the wrong sign (should be positive, not negative),
(46.711 ± 3.871 kJ·mol‑1).

(iii) pg. 73: Δr Gmo for SeO24 should be positive, (9.989 ± 0.571), not negative (also in
TDB-Tin and TDB-Thorium).

XIII.2 Corrections in Chapter VI of TDB-Iron Part 1
(i) pg. 116: footnote (d) in Table VI-9: mAlCl3 should be mAl(ClO4 )3 .
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XIII.3 Corrections in Chapter VII of TDB-Iron Part 1
(i) pg. 152: Figure VII-10 should be replaced by:

-2.5
SIT
[1976BAE/MES]
[1953HED2]
[1977SAP/PAT]
[1986KHO/BRO]
[1990SAL/VAS]
[2007STE]

log10* - 2 log10aw + 6 D

-3.0
-3.5
-4.0
-4.5
-5.0
-5.5
-6.0
-6.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Im
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XIII.4 Corrections in Chapter IX of TDB-Iron Part 1
(i) pg. 337: Figure IX-3 should be replaced by:

5.2

log10 1mFeSO + 12D

5.0

+4

4.8

4.6

4.4

4.2

4.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Im

(ii) pg. 341: The last two lines should read:
o
-1
(unweighted fit)
log10 K FeHSO
2+ = (1.86 ± 1.31); Δε = – (0.13 ± 0.44) kg·mol
4

log10 K

o
FeHSO2+
4

= (1.73 ± 0.76); Δε = – (0.15 ± 0.25) kg·mol-1 (weighted fit)

(iii) pg. 342: 2nd paragraph should read:
With Δε = – (0.15 ± 0.25) kg·mol-1 one can calculate  (FeHSO24 ,ClO4 ) using the values
of  (Fe3 ,ClO4 ) and  (Na  , HSO4 ) in the NEA-TDB tables, and obtain
 (FeHSO24 ,ClO4 ) = (0.57 ± 0.25) kg·mol-1.
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(iv) pg. 342: Figure IX-5 should be replaced by:

4.0
3.5

2+

4
2.5

4

log10K1mFeHSO + 6D

3.0

linear fit

1
2.0

weighted linear fit

3
2

1.5
1.0
0.5
0.0
1.0

1.5

2.0

2.5

3.0

3.5

Im

XIII.5 Corrections in Chapter X of TDB-Iron Part 1
o
(i) pg. 388: For Δsln Gm (FeCO3, cr), the relevant equation is X.8, not X.2.

(ii) pg. 391: Equation 23: The first term in the second line is missing a coefficient of ½
o
o
for Δf H m (Fe2O3, α). It should read “– ½ Δf H m (Fe2O3, α)”.

XIII.6 Corrections in Appendix A of TDB-Iron Part 1
(i) pg. 575: Figure A-15: AlCl3 should be Al(ClO4)3 in the Figure caption.
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Appendix A

Discussion of selected references
This appendix comprises discussions relating to a number of key publications which
contain experimental information cited in this review. These discussions are
fundamental in explaining the accuracy of the data concerned and the interpretation of
the experiments, but they are too lengthy or are related to too many different sections to
be included in the main text. The notation used in this appendix is consistent with that
used in the present review, and not necessarily consistent with that used in the
publication under discussion.

[1865ORD]
Although much of the information in this early paper deals with synthesis of iron nitrate
solids, solubility values are reported for Fe(NO3)2·6H2O(cr) in water at 0, 15 and 25 °C.
There have been very few studies of the properties of the iron(II) nitrates. However, the
solubilities (6 to 10.5 m) are too high to be useful in determining a value for
Δf Gmο (Fe(NO3 )2·6H2O, cr, 298.15 K) .

[1875BER]
The reported values of the heats of solution of K4Fe(CN)6·3H2O and K4Fe(CN)6(cr) in
water were identical to those reported earlier [1875BER4] at 11 and 12 ° C,
respectively. Also, the heat of the reaction:

Fe(OH)2 (s)  6HCN(aq)  4KOH(sln)

K 4 Fe(CN)6 (sln)  6H2 O(sln)

(A.1)

was reported to be – 78.6 kcal·mol-1 (~ – 329 kJ·mol-1) at an unspecified temperature
(at or near 20 °C) and dilution. This value, with incorporation of consistent auxiliary
data, appears to be the basis for values of Δf H mo (Fe(CN)64 ) in several early data
compilations [1929BIC], [1936BIC/ROS], [1952ROS/WAG].

[1875BER4]
Berthelot reported a value of 9 kcal·mol-1 (~ 38 kJ·mol-1) for the heat of solution of the
iron(III) nitrate nonahydrate in water at 285.55 K (12.4 °C, final solution molality
1.23 m) and the thermal effects of several dilutions of that solution (final molality
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0.0386 m). This paper is the source of the value for Δsln H mο (Fe(NO3 )3·9H 2 O, cr) in a
later book by the author [1897BER2], and of the values of Δf H mο (Fe(NO3 )3·9H 2 O, cr)
in several later standard (related) compilations [1929BIC], [1936BIC/ROS],
[1952ROS/WAG], [1982WAG/EVA].
As the solvent used was water, with no added acid, undoubtedly there was
considerable hydrolysis of the Fe3+ ions, and the heat of solution refers to Reaction (A.2)
at 285.55 K:
Fe(NO3 )3·9H2 O(cr)  (1  a  b  2c)Fe3+ (sln)  aFeOH 2+ (sln)  bFe(OH)+2 (sln)

cFe2 (OH)4+
2 (sln)  (9  a  2b  2c)H 2 O(sln) + 3NO3 (sln)

(A.2)

For two of the final solution compositions reported by Berthelot, selected
values [2013LEM/BER] for Δf Gmο (Fe3+ ) , Δf Gmο (FeOH2+ ) , Δf Gmο (Fe(OH)2 ) ,
Δf Gmο (Fe2 (OH)24 ) and Δf Gmο (H2 O, l) at 298.15 K can be used with the selected
enthalpies of hydrolysis and approximate activity coefficients for the ionic species (with
or without reasonable estimated values of the interaction coefficients with the nitrate
ion) to calculate rough species’ distributions at 285.55 K. These suggest that 71-82 % of
the iron in Berthelot’s solutions would have been in the form of Fe 3+, 2-7 % in the form
of FeOH2+ and 16-20 % in the form of the hydrolysis dimer. Fe(OH)2 would have been
of very minor importance (< 2 % of the total iron). No satisfactory calculation was
possible for the most concentrated of Berthelot’s final solutions, for which I was
approximately 6 to 7 m.
Using the 298.15 K TDB values (Tables III-1 and IV-1) for Δf H mο (Fe3+ ) ,
Δf H (FeOH2+ ) , Δf Hmο (Fe2 (OH)42 ) , Δf Hmο (H2O, l) and Δf Hmο (NO3 ) , the total
enthalpy of formation of the dissolution products (Eq. (A.2)) per mole of dissolved iron
is calculated to be approximately – 3237 kJ·mol-1. With – 38 kJ·mol-1 for the value of
Δsln Hmο (Fe(NO3 )3·9H2O, cr) , the value of Δf Hmο (Fe(NO3 )3·9H2O, cr) would be
– 3275 kJ·mol-1. If hydrolysis were neglected, the value would be – 3281 kJ·mol-1. The
divergence of 6 kJ·mol-1 differs from the approximately 4 kJ·mol-1 estimated in earlier
tabulations [1952ROS/WAG], [1982WAG/EVA]. In the present review the uncertainly
in the calculated value of Δf Hmο (Fe(NO3 )3·9H2O, cr) is estimated to be at least ± 8
kJ·mol-1.
ο
m

The enthalpy of formation value is somewhat suspect as there was no reported
analysis of Berthelot’s sample of (deliquescent) Fe(NO3)3·9H2O(cr), the information
available about the heats of dilution is very limited, and there is inadequate heatcapacity information available to correct the results from 285.55 to 298.15 K.
The heats of solution of K4Fe(CN)6·3H2O(cr) and K4Fe(CN)6(cr) (1 mole in 80
moles of water) were reported as 16.92 kcal·mol-1 (~ 70.8 kJ·mol-1) at 11 °C and 11.96
kcal·mol-1 (~ 50.0 kJ·mol-1) at 12 °C, respectively.
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[1882JOA]
A series of reactions was carried out, mainly at temperatures between 10 and 15 °C to
establish heats of formation and reaction for various hexacyanido salts and, in some
cases, the corresponding acids. A value of – 0.4 kcal·mol-1 was measured for
H 4 Fe(CN)6 (cr)

H 4 Fe(CN)6 (aq)

That is consistent with the difference between tabulated Δf H mo values for
and H 4 Fe(CN)6 (aq) in the last US-NBS compilation
H 4 Fe(CN)6 (cr)
[1982WAG/EVA]. A value of ~ 60 kJ·mol-1 at 286 K for the heat of solution of
K3 Fe(CN)6 (cr) can be calculated from the measurements reported in this early work.

[1887FAB]
This paper by Fabre includes determinations of the heat of formation of two different
forms of iron selenide, “ FeSe ”. The value  f H o ≈ – 77 kJ∙mol-1 for crystalline
material, prepared by direct combination of the elements at high temperature, was based
on three measurements of the heat of dissolution in bromine water at 292 K. The value
 f H o ≈ – 65 kJ∙mol-1 for an “amorphous” precipitate (more likely nanocrystalline, cf.
[2012NIT/GOL]), obtained by mixing aqueous solutions of ferrous sulfate and sodium
selenide, was based on two measurements of the heat of precipitation at 291 K. The
values cited here include changes of sign and of units from kcal per g-equivalent.
For many years these remained the only available values for the heat of
formation of iron selenide, and reassessment of Fabre’s data [1887FAB] by Rossini et
al. [1952ROS/WAG] led to an adjusted value of  f H o (“ FeSe ”, cr, 298.15 K) =
– 69.0 kJ∙mol-1; other refined values appear in other compilations, as noted by Grønvold
[1972GRO]. While the enthalpy of formation is comparable to more recent values
discussed in this review, it is not included in the current assessment, because of the
limited characterisation methods available to Fabre [1887FAB] and uncertainty about
details of the dissolution reaction in bromine water. If the material synthesised by Fabre
[1887FAB] was indeed stoichiometric FeSe, then slow cooling, as described by him,
would produce a mixture of tetragonal Fe1.042Se and monoclinic Fe7Se8 (see discussion
of the Fe-Se phase diagram in Section IX.2.1.1 of this volume).

[1896LES]
An equilibrium water-vapour pressure of 7.1 mm Hg was reported at 20 °C for
dehydration of K4Fe(CN)6·3H2O(cr) to K4Fe(CN)6(cr). The measurements were made
over solids for which the extent of dehydration was varied from 0.5 to 2.8 moles of
water per mole of K4Fe(CN)6(cr). A value of ~ 170 mm Hg also was reported for 70 °C.
The hydrated solid was not precooled to temperatures likely to effect the tetragonal to
monoclinic transition, and probably was at least partially the tetragonal phase.
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[1897BER2]
This volume is Berthelot’s compilation of thermochemical measurements conducted
(primarily) by him over several decades. The section on iron contains information
related to the thermodynamic properties of several compounds and, in particular, there
is a clearer summary of the author’s earlier measurements of the heat of solution for
Fe(NO3)3·9H2O(cr) [1875BER4].

[1899FUN]
The author prepared and characterised Fe(NO3)2·6H2O(cr) (analyses of the water
content of the Fe(II) dinitrate crystalline solid at room temperature gave results
consistent with a composition somewhere between the hexa- and heptahydrate) and
measured its solubility in water at – 9, 0, 18 and 24 °C (264.15, 273.15, 291.15 and
297.15 K). The melting point was reported as 60.5 °C (333.65 K). The solubility values
for 15 and 25 °C from [1865ORD] were incorrectly tabulated in [1899FUN] as referring
to 25 and 50 °C, respectively. Thus, the agreement between the two sets of
measurements is closer than reported by Funk. At lower temperatures a higher hydrate,
identified as Fe(NO3)2·9H2O(cr), was found to form. The solubility of that solid in
water was measured at – 27, – 21.5, – 19 and – 15.5 °C (246.15, 251.65, 254.15 and
257.65 K). The temperature of transformation between the two solids in contact with a
saturated solution was estimated (by the author) to be approximately – 12 °C. A few
freezing-point measurements also were reported for solutions on the water-rich portion
of the phase diagram.

[1900FUN2]
This paper contains a summary of solubility studies for several metal(II) nitrate
hydrates. The information for Fe(NO3 )2 ·6H 2 O(cr) is the same as presented previously
by the same author [1899FUN].

[1900MUL]
A sample of H 4 Fe(CN)6 (cr) was dissolved in water and aqueous KOH solution was
added in four equimolar amounts at ~ 18 °C. The heats of mixing of the successive
additions were reported as 14.15, 13.86, 14.07 and 14.10 kcal·mol -1 (total 56.18
kcal·mol-1, i.e., 235 kJ·mol-1), for formation of K4Fe(CN)6(sln) from H4Fe(CN)6(sln).
The value is not used further in the present review.
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[1903CHR/GUI]
Three samples of H4Fe(CN)6(cr) (2 to 3 g) were dissolved in 600 mL of aqueous KOH
solution (more than a four molar excess) at 12 °C. The average heat of solution was
reported as (57.9 ± 0.3) kcal·mol-1 (i.e., ~ 242 kJ·mol-1). This, when compared to the
result of Muller [1900MUL] appeared to confirm a previous report by Joannis
[1882JOA] that the heat of dissolution of H4Fe(CN)6(cr) into water was small. The
value is not used further in the present review.

[1908SCH]
Equilibrium water-vapour pressures, 5.3, 7.35, 10.75 and 14.75 mm Hg, were reported
for dehydration of K4Fe(CN)6·3H2O(cr) to K4Fe(CN)6(cr) at 15, 20, 25 and 30 °C. The
value for 20 °C is in reasonable agreement with a value of 7.1 mm Hg reported earlier
by Lescoeur [1896LES], but the values for 20 to 30 °C all are markedly lower than
vapour pressures reported in later work by Sano [1938SAN4] and Malcolm et al.
[1973MAL/STA]. Specific heats of 0.2711 and 0.2163 cal·g-1 (~ 1.13 and ~ 0.90 J·g-1)
at an average temperature of 282 K were reported for the hydrated and anhydrous solid,
respectively. These are about 2 % higher than more recent accurately measured values
[1973MAL/STA], [1975OGU/MAT]. The hydrated solid was not precooled to
temperatures likely to effect the tetragonal to monoclinic transition, and probably was at
least partially the tetragonal phase. The heats of solution of samples of
K4Fe(CN)6·2.53H2O(cr) and K4Fe(CN)6(cr) were measured to be 15.17 and 12.39
kcal·mol-1 (~ 63.5 and ~ 51.8 kJ·mol-1), respectively, at 17 °C (1 mole of salt into 1000
moles of water). These are somewhat larger heats than later determined more accurately
on well-characterised samples at 25 °C (e.g., [1960HEP/SWE]).

[1909CAM/ROB2]
This is a report on a study of the phase diagram of the Fe2 O3 -N 2 O5 -H 2 O system. No
evidence was found for discrete basic iron(III) nitrate solids, but in most of the acidic
solutions the stable solid was found to be Fe(NO3 )3 ·9H 2 O(cr) . In two solutions a lesssoluble nitric acid adduct, nominally “ Fe2 O3 ·4N 2 O5 ·18H 2 O(s) ”, was identified.
However, this solid has not been confirmed in later studies [1929MAL2],
[2008GOU/KAD] in which formation of Fe(NO3 )3 ·6H 2 O(cr) was reported.

[1922DED]
The author noted the marked increase in electrolytic conductivity (291.15 K) on
addition of H3 AsO4 or H 3 PO 4 to aqueous solutions of FeCl3 . This increase was
attributed to formation in solution, and subsequent dissociation, of “ H3 FeMCl3 ” (M =
As, P) to form mixed complexes also incorporating chloride. As shown by later
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researchers (e.g., [1934JEN], [1950BAN]), the increased conductivity can be better
attributed to H+ ions in solution, released by deprotonation of H3 MO4 as mono- and
diarsentato- and mono- and diphosphatoiron(III) complexes form in the solutions. The
presence of the chloride anions is essentially irrelevant. No actual formation-constant
values were proposed.

[1923CAR/HAR]
The authors carried out experiments to try to determine the equilibrium phases in the
iron(III)- H 3 PO 4 - H 2 O system at 70 °C (343.15 K). Initially iron(III) hydroxide,
H3 PO4 (l) and H 2 O(l) were mixed, and sampled daily until constant analysis values
were obtained for the resulting solid and liquid phases. The possibility that the
recovered solid was metastable was checked by appropriate attempted seeding by small
crystals of other solids formed in the system. The stable solids in the system were
identified as having the stoichiometries Fe2O3·P2O5·5H2O(s), Fe2O3·2P2O5·8H2O(cr),
Fe2O3·3P2O5·6H2O(cr) and Fe2O3·3P2O5·10H2O(cr), and photomicrographs were
obtained for the crystalline solids.

[1926CAR/HAR]
The authors carried out experiments to try to determine the equilibrium phases in the
iron(II)-H3PO4-H2O system at 70 °C (343.15 K). Initially pure iron wire was dissolved
into phosphoric acid solutions. These were appropriately mixed under de-oxygenated
CO2(g), and sampled daily until constant analysis values were obtained for the resulting
solid and liquid phases (usually more than a week was required). The only solids that
were isolated gave analyses corresponding to (FeO)2·(P2O5)·5H2O(cr),
(FeO)2·(P2O5)·3H2O(cr), and (FeO)·(P2O5)·4H2O(cr). Such solids would be highly
susceptible to partial oxidation even under the carefully maintained experimental
conditions. The authors also concluded that one of two solids formed in contact with
solutions with low ratios of P:Fe was an oxidised crystalline solid with the
stoichiometry Fe2O3·P2O5·4H2O(cr). It was suggested that Fe2O3·P2O5·5H2O(s)
[1923CAR/HAR] is stable only at lower temperatures, near 298 K.

[1927MAL]
This paper reported the results of a phase-diagram study of the Fe(NO3)3-Al(NO3)3-H2O
system at 25 °C, and the solubility of Fe(NO3)3·9H2O(cr) was measured (46.57 wt. %
Fe(NO3)3, (3.797 mol·kg-1)) at that temperature.
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[1927MAL2]
This paper reported the results of a phase-diagram study of the Fe(NO3)3-KNO3-H2O
system at 25 °C. The iron-containing solid was found to be Fe(NO3)3·9H2O(cr). The
results for the saturation composition in the Fe(NO 3)3-H2O binary are those presented
previously [1927MAL].

[1927VAL]
Saturation concentrations of K4Fe(CN)6·3H2O in water were reported for temperatures
from 7.4 to 25.0 °C, as were the densities of saturated solutions from 12.8 to 25.1 °C. In
both cases plots indicated a change in these properties near 18 °C, though an extension
of the solubility curve from 20 to 25 °C appears to join smoothly with the values plotted
for temperatures below 16 °C. It was not established at any temperature whether the
solid trihydrate at equilibrium was the stable monoclinic phase or the metastable
tetragonal phase, nor was there mention if the solubility measurements showed any
hysteresis. At 25.0 °C the solubility was reported as 31.53 g K4Fe(CN)6 in 100 g of
water, i.e., 379.1 g (0.8975 moles) of K4Fe(CN)6·3H2O per kg H2O(l). A comparison
was given with values from earlier work. If the results near 17 °C are neglected, the
experimental scatter is generally < 0.5 % and even if a smooth quadratic curve is fitted
to all the experimental values the maximum deviation from a smoothed curve is less
than 3 %. For the purposes of the present review a quadratic function was fitted to the
experimental solubility values from 10.4 to 25.0 °C, but omitting those at 16.9, 17.0,
17.9 and 19.0 °C, and a solubility of (0.896 ± 0.020) m at 25 °C is calculated; the
uncertainty is an estimate.
[1928FRI/SMI]
Saturation concentrations of K3 Fe(CN)6 in water were reported for temperatures from
0.1 to 99.0 °C, as were the densities of saturated solutions from 7.8 to 58.0 °C. At
25.0 °C the solubility was reported as 48.80 g K3 Fe(CN)6 in 100 g of water, i.e.,
1.4822 m. A comparison was given with values from earlier work. The experimental
scatter is less than 3 %. For the purposes of the present review a quadratic function has
been fitted to the experimental solubility values from 15.7 to 31.5 °C and a solubility of
49.38 g K3 Fe(CN)6 in 100 g of water, thus (1.500 ± 0.030) m is calculated for 25 °C;
the uncertainty is an estimate. It is unfortunate that the experimental value for 25.0 °C is
the data point that deviates the furthest from the curve defined by the fitting function,
and it appears that this deviation is actually just the result of experimental scatter.

[1929MAL]
This

paper

reported

the results of a phase-diagram study of the
and
Fe(NO3 )3 -KNO3 -H 2 O systems at 0 and 40 °C, and the
Fe(NO3 )3 -Al(NO3 )3 -H 2 O
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solubility of Fe(NO3 )3 ·9H 2 O(cr) in water was measured (40.15 and 51.18 percent by
mass Fe(NO3 )3 , i.e., 2.92 and 4.57 mol·kg-1, respectively) at those temperatures.

[1929MAL2]
This paper reported the sparse results of a solubility study of the Fe(NO3)3-HNO3-H2O
system at 25 °C. The iron-containing solid was Fe(NO3)3·9H2O(cr) except at HNO3
weight fractions greater than ~ 0.54, when Fe(NO3)3·6H2O(cr) was found. The authors
found no indication of formation of the solid corresponding to the nitric acid adduct
Fe2O3·4N2O5·18H2O(s) reported by Cameron and Robinson [1909CAM/ROB2].

[1934END]
Mixing stoichiometric solutions of Fe(NO3)3 and KIO3 led to precipitation of a fleshcoloured solid which the authors described as presumably being a double salt of iron,
potassium and iodate which was not considered further. In contrast, similar mixtures of
iron(III) ammonium sulfate and potassium iodate yielded almost pure iron(III) iodate
which was thermally stable to 130 °C. The solubility at 20 °C in water was reported to
be 6.2 × 10-4 or 5.7 × 10-4 mol∙dm-3, depending on the method of preparation—possibly
indicating α and β forms of this anhydrous solid.
In water dissolved Fe(IO3)3(cr) would be expected to dissociate, and Fe(III)
would be in solution primarily in the form of the hydrolysis species Fe(OH)2 and
FeOH2+. Calculations were attempted considering TDB values at 25 °C for the main
species and hydrolysis species (including the TDB value for HIO3(aq)), and
incorporating activity corrections based on the resulting speciation at 6 × 10-4 mol·kg-1
Fe(IO3)3(sln). From this a reasonable value for the Gibbs energy of formation of
Fe(IO3)3(s)(~ – 467 kJ·mol-1) was obtained. However, when the TDB value for
ferrihydrite was included in the calculation, ferrihydrite was predicted to co-precipitate.
If the reported solubility values are correct, dissolution was likely to have been
incongruent, gradually leading to precipitation of solid Fe(III) oxides and hydroxides.
The details of the solubility measurements are not clear with respect to whether the
residual solid was analysed at the end of the solubility experiments or even whether
small concentrations of acid might have been added to the solutions to suppress
hydrolysis. The results of this study are not used further in the present review.

[1934JEN]
The author studied the solubility of an iron(III) phosphate [1878ERL] in aqueous
solutions containing H 3 PO 4 (sln, 0.1 to 0.5 M) and HCl (sln, 0.1 M) at 303.15 K. It was
assumed that the first deprotonation constant for H3 PO 4 (aq) was 10-1.908, and solutions
were titrated (NaOH(sln)) so that cH and cCl were maintained at 0.1 M. The
+
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solubility increased with increasing total phosphate concentration. Experiments were
also performed using 0.1 M HNO3 and H3PO4(sln, 0.1 M) with added NaCl(0.0 to
2.0 M), and the equilibrium solution concentration of iron increased by less than 10 %
as the chloride concentrations were increased. Thus, contrary to conclusions in other
studies [1922DED], [1934RIC/MED], the presence of the chloride anions was found to
be essentially irrelevant, and formation of FeH2 PO42 in the solutions, not mixed
chloridophosphato complexes, was suggested. No actual formation constant values were
proposed.

[1934ROT/MEI]
FePO4(cr) was synthesised from a hydrated solid (reported as Fe(Fe(PO4)2)·5H2O,
described earlier by Weinland and Ensgraber [1914WEI/ENS] and Carter and
Hartshorne [1923CAR/HAR]) by dehydration at 573 K. Analyses of the anhydrous
solid corresponded only roughly to those expected for the anhydrous monophosphate.
Measurements of the enthalpy of solution of FePO4(cr) in excess 24 % aqueous
HCl(sln) at 293.15 K were reported, as were the enthalpies of solution of Fe2O3(cr) and
(excess) P2O5(cr) into the same solvent. A difference of − (21.6 ± 0.5) kcal·mol-1
(− (90.4 ± 2.1) kJ·mol-1), corresponding to the enthalpy of reaction for (A.3) was
reported.

½Fe2 O3 (cr)  ½P2 O5 (cr)

FePO4 (cr)

(A.3)

Equal weighting of the results in the authors’ Tables 1 and 2 instead leads to a value of
− (89.35 ± 3.41) kJ·mol-1. To calculate Δr H mο (A.3) at 298.15 K, rather than 293.15 K, a
value for the average molar heat capacity of FePO4 (cr) for that temperature range is
needed. The tabulated values by Shi et al. [2013SHI/ZHA2] lead to (101.4 ± 1.1)
J·K-1·mol-1 for Cp,avg. However, based on the method of synthesis [2010ZHA], the
polymorph of FePO4 (cr) used by Shi et al. appears to have been the trigonal form. Yet
the synthetic method of Roth et al. [1934ROT/MEI], dehydration of the amorphous or
orthorhombic dihydrate, most likely led to the amorphous or orthorhombic anhydrous
form [2002SON/ZAV]. Therefore, in recalculations in this review a greater uncertainty
is assumed and a value of (101.4 ± 5.0) J·K-1·mol-1 has been used for Cp,avg. With values
of C pο,m for P4O10(cr) from Glushko et al. [1978GLU/GUR] and for Fe2O3(cr)
[2013LEM/BER], Δ r C pο,m (A.3) is − (3.9 ± 5.0) J·K-1·mol-1, and Δr H mο ((A.3),
298.15 K) is − (89.33 ± 3.41) kJ·mol-1. Using a value of − (3010.1 ± 3.2) kJ·mol-1 for
Δf H mο (P4O10, cr, 298.15 K) from Glushko et al. [1978GLU/GUR] and the TDB
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selected value for Δf H mο (Fe2O3, , 298.15 K), a value of − (1255.0 ± 3.7) kJ·mol-1 is
calculated for Δf H mο (FePO4, cr, 298.15 K).1

[1935KOL/TOM]
Measurements of the electrochemical potentials at (25.00 ± 0.05) °C for
the Fe(CN)36 /Fe(CN)64 couple were made using a bright platinum-gauze electrode
with a hydroquinone reference electrode. Aqueous solutions were prepared from
carefully recrystallized K4Fe(CN)6·3H2O(cr) and K3Fe(CN)6(cr). The former was kept
over deliquescent sodium bromide hydrate, and analysis indicated agreement with the
theoretical composition; K3Fe(CN)6(cr) was dried over anhydrous calcium chloride.
Measurements were conducted with solutions with ratios of 10:1, 1:1 and 1:10
of Fe(CN)36 to Fe(CN)64  (0.00004 to 0.1 mol·dm-3). The effects of exposure of the
solutions to oxygen and light were considered. Further measurements were performed
using solutions with 0.0004 equimolar concentrations of Fe(CN)36 and Fe(CN)64  and a
wide range of added salts, 0.01 to 0.5 mol·dm3 for 1:1 electrolytes, 0.0033 to 0.1667
mol·dm-3 for 1:2 and 2:1 electrolytes. The value 0.5760 V (vs. the standard hydrogen
electrode) was used for the potential of the hydroquinone half-cell, and extrapolation of
the dilute-solution measurements to zero ionic strength resulted in a value of E° (vs. the
standard hydrogen electrode) of 0.3560 V. The effect of added salts for any particular
charge-type was found to be dependent on the nature of the cation, but not dependent on
the specific anion. No explicit ion-association corrections were applied to the measured
values prior to the extrapolation. The results of this careful study have been
corroborated by several more recent sets of measurements (cf. Section X.1.1.1.10).

[1935PEA/BLA]
The apparatus used in this study to measure the vapour pressure of solutions was
described previously by Pearce and Nelson [1932PEA/NEL], [1933PEA/NEL] although
improvements in accuracy and the number of cells accommodated within the apparatus
was increased. The results for Al(NO3 )3 solutions taken from Table I of this
publication are analysed in Table A-1 below using the following equation:

y   1

1


3 A ln(10) 
1
 2 ln(1  1.5 I m )  (A.4)
1  1.5 I m 
3
1.5 I m 
1  1.5 I m


If identical auxiliary data [1952ROS/WAG] are used in the calculation, a value of – 1253.5 kJ·mol-1 (–
o
299.6 kcal·mol-1) is found for  f H m (FePO4, cr), in agreement with the value reported in the 1952 USNBS Tables [1952ROS/WAG]. In the 1982 version of the US-NBS Tables [1982WAG/EVA] (based on
o
an earlier value in units of kcal·mol-1 [1969WAG/EVA])  f H m (FePO4, cr) is reported as – 1297.5
kJ·mol-1. The difference is much larger than can be attributed to the use of different auxiliary data, but no
o
basis for the more negative value of  f H m (FePO4, cr) reported in [1982WAG/EVA] could be identified.
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such that the slope =

323

ln(10)
 (Al3+ , NO3 ) . The resulting value of  (Al3+ , NO3 ) is
8

(0.253 ± 0.018) kg·mol-1 over the entire range of I m with the caveat that the lower ionic
strength data, i.e., I m < 6, are significantly scattered (see Figure A-1) such that
considering only these values would lead to a significantly lower interaction coefficient.
The uncertainty (2σ) was derived from the statistics of the fit. Note that the molalities of
aluminium nitrate, and those for calcium nitrate discussed below, appear to be rounded
values although the authors do not state this, but they do mention that each pressure
measurement represented the mean of three to six readings with a standard deviation of
< 0.003 mm Hg.
Table A-1: Molality and vapour-pressure data for Al(NO3 )3 solutions at 25 °C and
osmotic coefficients and SIT analysis calculated in this review.
Al(NO3)3 mol∙kg-1
p / mm Hg
0.0
23.752
0.1
23.648
0.2
23.500
0.4
23.235
0.6
22.860
0.8
22.405
1.0
21.911
1.5
20.386
2.0
18.561
2.5
16.678
3.0
14.860
3.1607(b)
14.370
(a) 1 mm Hg = 0.1333223 kPa;
(b) Saturation limit

p(a) / Pa
3166.67
3050.41
2913.09
2737.11
2529.12
2317.14
2087.83
1869.18
1679.86
3050.41
2913.09
2737.11

Osmotic coefficient
1.0000
0.6081
0.7390
0.7624
0.8841
1.0113
1.1180
1.4119
1.7089
1.9602
2.1669
2.2038

y
0.0000
– 0.1187
0.0176
0.0318
0.1422
0.2592
0.3570
0.6328
0.9161
1.1565
1.3541
1.3885

The corresponding results for calcium nitrate solutions are given in Table A-2.
The value of  (Ca 2+ , NO3 ) calculated from the equivalent form of Equation
(A.4) for a 2:1 electrolyte, for I m ≤ 3 only, is (0.00 ± 0.07) kg·mol-1. The interaction
coefficient derived from these results is comparable to the value recommended in the
TDB project of (0.02 ± 0.01) kg·mol-1, which was taken from [1980CIA], and reflects
the severe bias in the low ionic strength data. This result from Pearce and Blackman was
considered by this review, but the relatively large uncertainty ensured that it had little or
no effect on the weighted average from other studies.
The scatter in the low ionic strength range for both electrolytes is
disconcerting; lowering the vapour pressure of pure water tends to linearize the data, but
depresses the resulting line to give distinctly negative intercepts.
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Figure A-1: Plot of “y” in Equation (A.4) versus Im for Al(NO3 )3 (sln) at 25 °C where
the solid and dashed lines represent fits for I m  ~ 19 and I m  6, respectively.
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Table A-2: Molality and vapour-pressure data for Ca(NO3 )2 solutions at 25 °C and
osmotic coefficients and SIT analysis calculated in this review.
Ca(NO3 )2
mol∙kg-1
0.0
0.1
0.2
0.4
0.6
0.8
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
6.0
7.0
8.0
8.3601(a)

p / mm Hg

p / Pa

23.752
23.659
23.566
23.373
23.160
22.915
22.638
21.868
21.002
20.042
19.107
18.118
17.098
15.008
13.062
11.260
9.6030
9.0410

3166.67
3154.27
3141.87
3116.14
3087.75
3055.08
3018.15
2915.49
2800.03
2672.05
2547.39
2415.53
2279.54
2000.90
1741.46
1501.21
1280.29
1205.37

Osmotic
coefficient
1.0000
0.7248
0.7263
0.7430
0.7772
0.8285
0.8876
1.0180
1.1368
1.2553
1.3404
1.4296
1.5186
1.6969
1.8420
1.9709
2.0925
2.1358

(a) Saturation limit
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Im

y

0.0000
0.3000
0.6000
1.2000
1.8000
2.4000
3.0000
4.5000
6.0000
7.5000
9.0000
10.500
12.000
15.000
18.000
21.000
24.000
25.080

0.0000
– 0.1057
– 0.0916
– 0.0713
– 0.0395
0.0082
0.0634
0.1849
0.2961
0.4081
0.4877
0.5720
0.6568
0.8277
0.9668
1.0906
1.2078
1.2496
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[1936HER/BRA]
Hershey and Bray followed the kinetics of the reaction, which appears to have been
originally studied by Schurakew [1901SCH].

2Fe3+  2I

2Fe2+  I2 (aq)

(A.5)

Their measurements, which were made at 25 °C in a nitrate medium at an ionic
strength of 0.09 mol·dm-3, involved determining the iodine concentration by titrating
aliquots withdrawn over time with thiosulfate and the iron(III) concentration by
iodimetry. The equilibrium constant for Reaction (A.5) was derived from the ratio of the
forward and reverse rate constants, and from the final measured concentrations.
Marginally more consistent values were obtained by randomly selecting a value of 20
dm3·mol-1 for the formation constant of the FeI2+ species compared to ignoring the
species altogether. However, considering the scatter in the data this indirect
determination seems unjustified. In fact, subsequent rate measurements
[1952FUD/SYK], [1952SYK] suggest that a value of unity would be more appropriate.

[1937MOL2]
The following information was gleaned from the Chemical Abstract entry (CA
33:91794) for this paper. Conductance measurements of iron(III) thiocyanate solutions
were made at an unreported temperature and these were used to establish complexation
of iron(III) by SCN  . Measurements of the Fe(II)/Fe(III) couple were made at three
potassium thiocyanate concentrations: 0.15, 1.7 and 3.2 mol·dm-3. Equilibrium
constants were claimed to be reported from spectrophotometric data for the first three
Fe(SCN)3n n complexes and the first two corresponding iron(II) complexes, although
this reviewer was unable to find any mention of their values. However, Frank and
Ostwalt [1947FRA/OSW] cited another publication [1937MOL3] which probably
contains more detailed information, but unfortunately a copy of this thesis was not
readily available.

[1937ROB]
The results of experimental vapour-pressure studies (isopiestic using aqueous KCl(sln)
standards) were reported for several electrolytes. Twenty-four measurements were made
using K 4 Fe(CN)6 solutions, but the raw results were not reported. Instead, osmotic
coefficients were tabulated for ten concentrations from 0.05 to 0.9 m and shown in a
graph with 11 points, possibly based on smoothed data. The tabulated activity
coefficient values (0.138 at 0.1 m, 0.050 at 0.9 m; thus, 0.051 at saturation, 0.854 m
[1927VAL]) were anchored to an estimate of 0.189 for a 0.05 m solution based on
literature freezing-point depression data in the Landolt Börnstein Tables (5th edition).
Later Robinson and Stokes [1949ROB/STO], [1959ROB/STO] estimated the mean
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molal activity coefficient to be 0.139 at 0.1 m from which 0.0454 at 0.9 m was derived
(thus, 0.0465 at saturation).

[1938SAN3]
Sano reported values for the vapour pressure of water over (initial) FePO4·4H2O from
297 to 336 K and FePO4·2H2O from 290 to 337 K. The products of the dehydration
reactions were assumed to be FePO4·2H2O and FePO4(cr), respectively, and the plots of
 log10 pH2O against 1/T are linear.

FePO4 ·4H2 O(cr)

FePO4 ·2H2 O(cr)  2H 2 O(g)

(A.6)

FePO4 ·2H 2 O(cr)

FePO4 (cr)  2H 2 O(g)

(A.7)

From these, the author reported Δ r G (A.6) = 20.4 kJ·mol-1, Δ r H (A.6) = 93.7
kJ·mol , Δ r G (A.7) = 25.4 kJ·mol-1, and Δ r H (A.7) = 107.1 kJ·mol-1 for 298 K (units
have been converted from cal·mol-1 to kJ·mol-1 in the present review).
-1

The tetrahydrate was purchased from a commercial source 1, and no analysis
results were reported for the solids. Measurement of dehydration rates established that
there were two distinct regimes for the dehydration, but no evidence was presented that
the stoichiometry of the hydrates or final dehydration products were those assumed.
There is little evidence in the literature for FePO4 ·4H2 O as a distinct phase in
the Fe2 O3·P2 O5 ·H 2 O system, though certainly there are indications that near 300 K
there is a poorly-crystalline (or perhaps amorphous) solid which has a larger amount of
associated water than do the crystalline dihydrates.
The results for FePO4 ·2H2 O were recalculated using 105 Pa as the standard
state pressure. For 298.15 K, this gives Δ r G (A.7) = 25.20 kJ·mol-1 and Δ r H (A.7) =
106.70 kJ·mol-1 (with the inherent assumption, based on the linearity of the plot of
log10 p vs. 1/T, that treating Δ r C p (A.7) as zero is adequate over the small temperature
range of the measurements). However, the calculated values of Δ r G and Δ r H are
dependent on the hydrates being the stoichiometric dihydrate and tetrahydrate. For
example, if the “dihydrate” actually were FePO4 ·1.8H 2 O , Δ r G is calculated to be 23
kJ·mol-1 and Δ r H to be 96 kJ·mol-1.

1

In this context, it is worth mentioning that commercial materials sold as FePO4·4H2O and FePO4·2H2O in
one instance were found to be approximately FePO4·3.4H2O and FePO4·1.6H2O [2002MAS/REA], and
that a solid sold as FePO4·3H2O was reportedly closer to being FePO4·2.7H2O [2007BOO/DAN].
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[1938SAN4]
Equilibrium

water-vapour

pressures

were

reported

for

dehydration

of

K 4 Fe(CN)6 ·3H2 O(cr) to K 4 Fe(CN)6 (cr) at 19 to 100 °C. For samples near 25 °C the

measurements were conducted using solids with between 0.045 and 2.94 moles of water
per mole of K 4 Fe(CN)6 . The standard deviations at 21.4 (seven measurements), 24.3
(six measurements) and 26.8 °C (five measurements) were of the order of 2 %. Only
average values were reported for other temperatures. The author fitted his results using
the equation:
log10 (p(H 2 O)/mm Hg) = – 2610.1539/(T /K) + 9.8782 for
K 4 Fe(CN)6 ·3H 2 O(cr)

K 4 Fe(CN)6 (cr) + 3H2 O(g)

(A.8)

and therefore p(H2 O, 25 °C) = (1773 ± 75) N·m-2, and Δ r Gmo (A.8) = (29.99 ± 0.30)
kJ·mol-1 (2 statistical uncertainties); Δ r H mo (A.8) = (149.9 ± 3.0) kJ·mol-1 where the
uncertainty is estimated in the present review.
For

K 4 Fe(CN)6 ·3H2 O(cr)

K 4 Fe(CN)6 (cr) + 3H2 O(l)

(A.9)

at 298.15 K, Δ r G (A.9) is (4.32 ± 0.30) kJ·mol-1 and Δ r H (A.9) is (17.9 ± 3.0)
kJ·mol-1. This enthalpy value for Reaction (A.9) is, at best, in marginal agreement with
values determined from heat-of-solution measurements (e.g., [1960HEP/SWE]).
o
m

o
m

[1938WOO]
Wooster treated conductance measurements of HF solutions carried out by Deussen
[1905DEU] at 0 and 25 °C. Values for the dissociation of HF(aq) were reported as
log10 K1o = – 2.961 and ‒ 3.162 at 0 and 25 °C, respectively, using a conductance
equation derived previously by Wooster [1937WOO2] with values for the limiting
molar conductance, dielectric constant and viscosity obtained from “various” sources.
HF(aq)  F ) was given as 0.368
The dissociation constant for the equilibrium ( HF2
at 25 °C.
The value of log10 K1o at 25 °C agrees quite well with the current TDB
estimate of ‒ (3.18 ± 0.02).

[1939KAP/KOR]
This paper describes direct measurements of the heats of formation of monosulfides of
Fe, Cd, Zn, Mg, and Mn by bomb calorimetry. The quantity of sulfur varied from 4.7 to
12.5 millimoles, the quantity of metal from a slight deficit to greater than a three-fold
excess, and the number of replicate measurements from three to seven. The only starting
material with significant impurity levels was manganese (96.53 % Mn, 2.21 % Fe,
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0.33 % Si, 0.06 % C, and 0.87 % unknown). The amount of sulfur converted to sulfide
in each run was analysed by dissolution of the reaction products in dilute HCl and
analysing the evolved H2S either titrimetrically or gravimetrically. Measurements,
conversion factors, and corrections for individual runs were tabulated, and the resulting
enthalpies of formation were briefly compared with previous studies.
Two experimental runs yielded a value of f H mo (FeS, cr, 298.15 K) = – 22.30
kcal∙mol (– 93.30 kJ∙mol-1); a value of – 22.86 kcal∙mol-1 from a third run with excess
sulfur was excluded, presumably because of possible formation of higher sulfides.
Nevertheless, there is a strong likelihood of inhomogeneous reaction yielding a mixture
of pyrrhotites ( Fe1-x S ) and possibly also some pyrite ( FeS2 ), given the general
difficulty of pure syntheses in the Fe-S system. Since pyrrhotites have less negative
formation enthalpies than troilite on a per-S-atom basis, they would tend to reduce the
amount of heat evolved by the reaction. The contribution of FeS2 is more complicated,
because it would not contribute to the acid-soluble fraction of the reaction products and
would therefore tend to increase the apparent amount of heat evolved per mole of
pyrrhotite.
-1

Measured heats of formation for CdS and ZnS, each with five replicates, in the
same paper [1939KAP/KOR] have recalculated uncertainties (1.96 standard deviations)
of about 3 %. This suggests an uncertainty of about 5 % for the average of the duplicate
measurements for FeS, i.e., f H mo ( FeS , cr, 298.15 K) = − (93.3 ± 4.7) kJ∙mol-1,
ignoring any possible biases from pyrrhotite and pyrite in the reaction product. This
value is excluded from the final evaluation of f H mo (FeS, cr, troilite, 298.15 K) in
Section IX.1.1.1.2.1.2, because several more accurate values are available. Also
excluded are the earlier measurements of f H mo (FeS, cr, 298.15 K) cited by
Kapustinsky and Korshunov [1939KAP/KOR], some of which are based on direct
reaction calorimetry, and others based on precipitated material of unknown phase
composition.

[1939ZAS/RAV]
This paper reports a study of solubility in the Fe(NO3)3-Al(NO3)3-H2O system at
273.15, 293.15 and 313.15 K. There is little new information on the Fe(NO3)3-H2O
system.

[1940KIS/ABR]
The aim of this early spectrophotometric study of iron(III) species in solutions
containing potential anionic ligands (Cl–, SCN–, HCOO–, CH3COO–, CF3COO–, CN–)
was to produce the spectra of the complexes formed, but not to quantify their formation.
The stoichiometry of the complexes formed was not firmly established.
No thermodynamic data were contained in this paper.
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[1940ROB]
This is yet another isopiestic work from this dependable author and appears to be the
source of the osmotic coefficients listed in the Appendix of [1955ROB/STO]. Calcium
nitrate solutions were investigated in a glass isopiestic apparatus at 25 °C using KCl
standard solutions.

Table A-3: Summary of the results of the osmotic coefficient values for Ca(NO3 )2 at
25 °C where y    1 


2 A ln(10) 
1
 2 ln(1  1.5 I m )  .
1  1.5 I m 
3
1.5 I m 
1  1.5 I m


m

ϕ

Im

y

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.200
1.400
1.600
1.800
2.000
2.500
3.000

0.826
0.818
0.819
0.822
0.826
0.832
0.840
0.846
0.854
0.862
0.880
0.899
0.917
0.937
0.956
1.005
1.055

0.300
0.600
0.900
1.200
1.500
1.800
2.100
2.400
2.700
3.000
3.600
4.200
4.800
5.400
6.000
7.500
9.000

– 0.00454
0.000160
0.00443
0.00772
0.0108
0.0153
0.0215
0.0256
0.0317
0.0378
0.0521
0.0676
0.0823
0.0992
0.1153
0.1578
0.2023

The slope of the plot of y versus Im is

ϕ
[1955ROB/STO]
0.827
0.819
0.818
0.821
0.825
0.831
0.837
0.843
0.850
0.859
0.879
0.898
0.917
0.934
0.953
1.001
1.051

2 ln(10)
 (Ca 2+ , NO3 ) . Limiting the regression to
9

Im ≤ 3 led to  (Ca 2+ , NO3 ) = (0.020 ± 0.003) kg·mol-1 which is identical within the
given 2σ statistical uncertainty of that obtained from the tabulated osmotic coefficients
in column 5 of Table A-3. Note that the lower ionic strength data are quite scattered,
which is typical of isopiestic measurements. Limiting the maximum ionic strength to
3 mol∙kg-1 had a significant effect on the value of  (Ca 2+ , NO3 ) such that the value
quoted here would increase as this limit was raised. Regression of the entire data set in
Table A-3 leads to  (Ca 2+ , NO3 ) = (0.037 ± 0.004) kg·mol-1.
The value of  (Ca 2+ , NO3 ) = (0.02 ± 0.01) kg·mol-1 currently accepted by the
TDB is retained.
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[1941BEN/FRE]
This early spectrophotometric investigation relied on hand-made cuvettes and was
conducted using mixed electrolyte solutions of NaCl and NaSCN, the concentrations of
which were varied to maintain a constant ionic strength of 0.665 mol·dm-3 at 25 °C.
Allowance was made for Fe3+ hydrolysis to form FeOH2+ exclusively using
K c ,1 (FeOH 2+ ) = 0.0018 calculated from the value in [1934BRA/HER] after being
adjusted to I c = 0.665, presumably using the Debye-Hückel expression given in that
reference. Analysis of the data collected at 550 nm involved assuming that the other
complex species in solution were FeCl2+ and FeSCN2+ . The formation constant for the
former was derived in a set of five independent experiments conducted at a fixed
concentration of NaSCN of cSCN = 0.000109 acidified with HCl , while cΣCl was
Fe3+  Cl ) = (0.78 ± 0.10) was
varied from 0 to 0.0666. A value of K c ,1 (FeCl2+
adopted (also see the Appendix A entry for this paper in TDB-Iron Part 1
Fe3+  SCN  ) was reported
[2013LEM/BER]). The average value of K c ,1 (FeSCN 2+
to be (0.033 ± 0.002) with a molar absorption coefficient of (788 ± 55) m2·mol-1 at 550
nm.

Fe3+  SCN  ) = (0.033 ± 0.002) is
The mean value of K c ,1 (FeSCN 2+
internally consistent, perhaps surprisingly given the wide variation in the composition
 (Fe3+ ,Cl )/ (FeSCN2+ ,Cl )
of
the
solutions,
implying
that

3+

2+

 (Fe ,SCN )/ (FeSCN ,SCN ) Nevertheless, the complexity of the ionic medium
in these founding spectrophotometric experiments precludes any further consideration
of this value of K c ,1 (FeSCN 2+ ) .

[1941EDM/BIR]
This note was published in response to an article by Bent and French [1941BEN/FRE]
which just pre-empted their results. They pointed out that some of their own results,
which involved 1 mol·dm-3 HClO 4 solutions, differed from those in [1941BEN/FRE].
They reported a value of (0.0079 ± 0.0006) for K c ,1 (FeSCN 2+ ) , the dissociation
constant of FeSCN2+. The temperature was not given but is assumed to be near 25 °C.
The only raw data provided were in the form of a small figure of % transmission versus
molarity of both contributing ions.
The equilibrium constant reported above is consistent with those reported
elsewhere.

[1941MAS]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER].
Isopiestic measurements of SmCl3 and EuCl3 were reported at 25 °C.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

A. Discussion of selected references

331

[1942BRO/GUS]
Brosset and Gustaver demonstrated empirically that fluorido complexes of iron(II)
could be ignored in their potentiometric measurements under their prevailing
experimental conditions. The ionic strength was maintained constant at 0.542 mol∙dm-3
(KNO3) and the stoichiometric concentrations in this solution were: cKNO3 = 0.53, cFe2+ =
7.99 × 10-5, cFe(III) = 1.261 × 10-4, and cHNO3 = 9.296 × 10-3. Unfortunately, the
temperature was not given explicitly but is assumed here to be 25 °C for at least the
purpose of conversion to molal units such that I m = 0.556. Allowance was made for
HF(aq) dissociation, the formation of FeCl2+ (although this was unnecessary because
only millimolar concentrations of Cl– were present), and hydrolysis of Fe3+ which was
significant. Iteration was carried out with assumed values for  c ,2 (FeF2 ) which led to
the most precise value of Kc,1 (FeF2+) over the 12 fluoride concentrations
( cF = (2.30-20.7) × 10-3) investigated. The optimum values were reported as
Kc,1 (FeF2+) = (1.42 ± 0.01) × 105 and  c ,2 (FeF2 ) = (1.4 ± 0.1) × 109. The former value
is considered to be reasonable in light of more recent values, but the latter is much
larger than indicated elsewhere. Not unexpectedly changes in the latter value had only
small effects on the value of Kc,1 (FeF2+) which somewhat invalidates their criterion for
optimisation.
The value of Kc,1 (FeF2+) = (1.42 ± 0.01) × 105 is considered to be reasonable
although the unknown temperature limits the usefulness of the value in the review
process.

[1942GOU/VOS]
The aim of this spectrophotometric study was to provide a methodology for establishing
the formation of a single complex, FeSCN2+. Two solutions were prepared: (a) 0.02
mol·dm-3 Fe(NH4)(SO4)2, 0.06 mol·dm-3 H2SO4, 0.06 mol·dm-3 (NH4)2SO4 and (b) 0.02
mol·dm-3 NH4SCN, 0.16 mol·dm-3 (NH4)2SO4. These were mixed in the ratios of 1:1,
1:2 and 1:3. Under these conditions of equi- and sub-molar ratios of Fe(III) to SCN–, the
authors established that only the FeSCN2+ complex was formed.
No thermodynamic information was provided in the paper.

[1942LAN/KIE]
The authors studied complexation of iron(III) with phosphate at 303.15 K by
spectroscopy (550 nm) using competitive formation of thiocyanato complexes to
determine the concentration of iron complexed by phosphate. The measurements were
done at a total ionic strength of 0.665 mol·dm-3 (NaNO3 + 0.1000 mol·dm-3 HNO3). The
effect of the added nitric acid was that all the solutions had roughly the same hydrogen
ion concentration. The method of continuous variations [1928JOB] was used to
conclude that the predominant complex has a 1:1 iron to phosphate ratio. The initial
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concentration of iron ( Fe(NO3 )3 ) in each experiment was 4.075 × 10-3 mol·dm-3 and the
total phosphate (as H3 PO4 (sln) ) ranged from 2.86 × 10-3 to 10.14 × 10-3 mol·dm-3.
After allowance was made for complexation and the slight hydrolysis of Fe3+, a value of
(15.50 ± 0.28) was calculated for Kc (A.10).

Fe3+ + H3 PO4 (aq)

FeHPO4 + 2H+

(A.10)

As pointed out by Banerjee [1950BAN] the authors were unaware of the
complexity of the aqueous iron(III) thiocyanate system, and the formation of several
species in the series FeSCN3x x (x = 1-5) with different molar absorbances makes the
reported value suspect. The reported formation-constant value is not used further in the
present review.

[1942RAB/STO]
This spectrophotometric study was discussed in detail in Appendix A of
[2013LEM/BER] specifically in reference to the formation of FeCl3n n complexes where
n = 1, 2 and 3 and some of these results were retained in the final evaluation in that
2
review. The FeBr species was reported to have a maximum absorption coefficient at
405 nm. Values of the first and second hydrolysis constant of Fe 3+ were also
determined.
The K1 (FeBr2+) was measured at (26.7 ± 1) °C with Ic = 1.092 (predominantly
HClO 4 , cBr = 0.002, and cΣFe(ClO4 )3 = 0.02 to 0.10), with a mean log10 K1o value of
– (0.30 ± 0.17) being reported. The authors presented a log10 K1o value of 0.60 in their
Table I, but the individual data were neither tabulated nor given in the form of a figure.
2
The temperature dependence of log10 Kc,1 ( FeBr ) was measured at I c = 0.59
(cFe(ClO4 )3 = 0.00413, cHClO4 = 0.50, cHBr = 0.065) and Δ r H1 = (25.5 ± 0.8) kJ∙mol-1 was
reported, but these data, obtained over a very narrow temperature range between ca. 30
and 40 °C, were only shown in Figure 6 of this paper.
Unfortunately, the primary data were not published, except for one plot of

{log10 K1 (FeBr 2 )  constant} versus 1000/(T/K) (Figure 6). Therefore, retreatment in
terms of the SIT model was not possible.

[1942ROB/WIL]
Isopiestic measurements of M(NO3)2(sln) were made at 25 °C, where M = Mg, Sr, Ba,
Co, Cd and UO2 with KCl(sln) as the standard reference solution. This follows the
publication by Robinson [1940ROB] of similar measurements for Ca(NO3)2 solutions
and it is significant that authors from this school list osmotic coefficients at rounded
molalities, which were presumably obtained by fitting their data graphically.
Nevertheless, in this case where the raw data were given at the measured molalities,
essentially the same osmotic coefficients were obtained using more recent osmotic
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coefficient values for the reference solution. Their results for magnesium nitrate
solutions are shown in Figure A-2.

Figure A-2: Plots of y versus Im for Mg(NO3)2 solutions from data in [1955ROB/STO]
(solid circles) and the present publication [1942ROB/WIL] (open circles) at 25 °C
where

2 A ln(10) 
1
y  1
 2 ln(1  1.5 I m )  .
1  1.5 I m 
3
1.5 I m 
1  1.5 I m


0.30
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Im{Mg(NO ) }
3 2

The slope of the plot of y versus Im is

2 ln(10)
 (Mg 2+ , NO3 ) . Limiting the regression
9

to Im ≤ 3 led to  (Mg 2+ , NO3 ) = (0.168 ± 0.001) kg·mol-1, which is in close agreement
with  (Mg 2+ , NO3 ) = (0.162 ± 0.001) kg·mol-1 from data tabulated in a later
publication [1955ROB/STO]. The latter data set extended to higher molalities indicating
that at least one additional data set was used in its formulation.
Only four molalities for Ba(NO3 )2 solutions were given from 0.1 to 0.4 mol∙kg-1 because
of the limited solubility of this salt. From this restricted data set application of the SIT
yielded  (Ba 2+ , NO3 ) = – (0.27 ± 0.03) kg·mol-1 which is in close agreement with
 (Ba 2+ , NO3 ) = – (0.28 ± 0.03) kg·mol-1 from data tabulated by Robinson and Stokes
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[1955ROB/STO]. A similar value has been calculated in [2007GUE/MAR] but this
value still appears to be suspect when compared to those for other divalent metal
nitrates.
An SIT treatment of the results for Sr(NO3)2 solutions from 0.1 to 1.0 mol∙kg-1
yielded  (Sr 2+ , NO3 ) = – (0.047 ± 0.003) kg·mol-1 which compared closely to
 (Sr 2+ , NO3 ) = – (0.048 ± 0.004) kg·mol-1 from data tabulated by Robinson and Stokes
[1955ROB/STO]. The latter comes presumably from the same data set using possibly a
slightly different set of osmotic coefficient data for the reference KCl solution.
An SIT treatment of the results for Co(NO3)2 solutions from 0.1 to 1.0 mol∙kg-1
yielded ε(Co2+ , NO3 ) = (0.137 ± 0.003) kg·mol-1 compared to  (Co2+ , NO3 ) =
(0.155 ± 0.003) kg·mol-1 from data tabulated by Robinson and Stokes [1955ROB/STO].
The value of (0.154 ± 0.002) kg·mol-1 from [1982SAD/LIB] supports that from
Robinson and Stokes. The established recommended value of the TDB reviews is
 (Co2+ , NO3 ) = (0.14 ± 0.01) kg·mol-1, but (0.14 ± 0.02) kg·mol-1, such that the
uncertainty covers all three values, might be more appropriate.
An SIT treatment of the results for Cu(NO3)2 solutions from 0.1 to 1.0 mol∙kg-1
yielded  (Cu 2+ , NO3 ) = (0.116 ± 0.002) kg·mol-1 which is in reasonable agreement
with  (Cu 2+ , NO3 ) = (0.110 ± 0.003) kg·mol-1 [1955ROB/STO] and (0.124 ± 0.002)
kg·mol-1 from [1982SAD/LIB]. The recommended value of the TDB reviews is
(0.11 ± 0.01) kg·mol-1.
An SIT treatment of the results for Cd(NO3)2 solutions from 0.1 to 1.0 mol∙kg-1
yielded  (Cd 2+ , NO3 ) = (0.098 ± 0.003) kg·mol-1 compared to  (Cd 2+ , NO3 ) =
(0.092 ± 0.002) kg·mol-1 [1955ROB/STO]. The recommended value of the TDB
reviews is (0.09 ± 0.02) kg·mol-1.
The results of this experimental study probably formed the basis of the
tabulated values in the Appendix 8.19 of the first edition of “Electrolyte Solutions”
[1955ROB/STO] with the exception of those for Co(NO3)2 that appear to be flawed.
Ciavatta [1980CIA] made considerable use of the osmotic coefficient values listed at
discrete molarities to derive ion-interaction coefficient values, and many of those form
the basis for the values recommended in the TDB.

[1944LIN2]
This is the second paper published in 1944 by Lindstrand on iron perchlorates. It dealt
with the hydrolysis of iron(II) at 20 °C that was monitored using a home-made
potentiometric cell fitted with a hydrogen electrode and a calomel reference electrode.
The same suite of solutions was also examined with a glass electrode of intrinsically
lower accuracy simply for the sake of comparison. The use of hydrogen had the
potential to remove iron(III) impurities, minor amounts of which could otherwise have
totally biased the pH measurements. No supporting electrolyte was used. The pH of an
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additional series of solutions containing potassium hydrogenphthalate was measured in
order to determine empirically the conversion of the hydrogen ion activity to molarity.
Sixteen pH measurements were made of pure Fe(ClO4)2(sln) at 0.0025, 0.005, 0.01 and
0.02 mol∙dm-3 where it was assumed that cH+  cFeOH+ . The Henderson equation was
employed to estimate liquid-junction potentials. A simple function of I c and Ic was
used to extrapolate the log10* K c, 1 values to infinite dilution.
From the averaged results given in Table 5 of this paper, the author gave a
value for log10* K1o of ‒ 5.92. He also made an effort to extract a value for the second
hydrolysis constant, but this did not produce a consistent value.
Application of the SIT to the four first hydrolysis constants after conversion to
molality units using the known densities for Al(NO3 )3 [1985SOH/NOV] produced a
value of log10* K1o = ‒ (5.84 ± 0.02) at 20 °C. Unfortunately, despite the care taken
with this elaborate study, this value is more than a factor of 1000 greater than that
recommended in [2013LEM/BER]. It is possible that iron(III) was present in the system
despite the presence of hydrogen and the assumption that cH+  cFeOH+ was undoubtedly
compromised.

[1944NAY]
Naylor

[1944NAY]

reported
17
drop-calorimetric
measurements
of
H (T ) – H (298.16 K) on a synthetic specimen of FeCr2O4(cr) for the temperature range
386.2 to 1786.2 K. Rounded values were also tabulated for the heat contents and
entropies above 298.16 K, for 100 K intervals from 400 to 1800 K, and the following
Cp -T expression was derived:
K
-1
-1
-2
[C po ,m ]1800
298 K ( FeCr2 O 4 , cr, T)/J∙K ∙mol = 162.98 + 0.02234 (T/K) – 3188000 (T/K) .

Similar measurements and equations for MgCr2O4(cr), also reported by Naylor
[1944NAY], are beyond the scope of the current review.
The results are illustrated and discussed further in the Appendix A entry for
[2007ZIE/ANO], which includes high-temperature heat-capacity measurements for
FeCr2O4(cr).

[1944SHO]
Shomate [1944SHO] reported 38 C p measurements on synthetic FeCr2O4(cr) over the
temperature range 53.3 ≤ T/K ≤ 296.2. A similar series of 29 measurements on
MgCr2O4(cr) is beyond the scope of the current review. Shomate corrected the C p
measurements for an SiO2 impurity content in the FeCr2O4(cr) of 0.75 percent by mass.
Two anomalous “humps”, with peaks at 75 and 135 K, were observed in the C p curve for
FeCr2O4(cr). The lower of these two anomalies complicated extrapolation of the C p
curve to 0 K, from which Shomate obtained the standard entropy value
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Smo (FeCr2 O4 , cr, 298.16 K) = (146.0 ± 1.7) J∙K-1∙mol-1. This estimate assumes no further
anomalies occur below 53 K, which subsequent low-temperature measurements have
shown is not the case [2000KLE/NEI].
The results of this paper are illustrated and discussed further in the Appendix A
entry for [2000KLE/NEI].

[1946BAB]
This Russian paper was not translated so that the conclusions drawn here are not
definitive. The main experimental technique was spectrophotometric in nature
supplemented by electromotive force measurements which were interpreted to give the
charge on the thiocyanatoiron(III) complexes formed in solution. The thiocyanate
concentration was increased from 10-3 to 9 mol·dm-3. Formation constants for the
complexes Fe(SCN)3n n , n = 1 through 5, were reported at an unknown ionic strength
and temperature.

[1946THO/GAN]
This paper was cited in [1969MOR/STU] as providing the first identification of
complex formation between Fe3+ and NO3 . However, this early spectrophotometric
work merely rates the relative stabilities of iron(III) complexes formed in “0.006 N”
cyanide, citrate, oxalate, tartrate, acetate, phosphate, fluoride, thiocyanide, tetraborate,
sulfate, chloride, bromide and nitrate solutions in terms of their perturbation of the
iron(III) spectrum in 0.003 mol∙dm-3 HCl with the molarity of FeCl3 (sln) fixed at
0.001 mol∙dm-3. In fact, the authors specifically noted that nitrate had no effect on the
spectrum in the range 250 to 650 nm.
No thermodynamic data could be extracted from this early spectrophotometric
study.

[1947BAB/KLE]
This paper is in Russian so that this Appendix A entry was based only on the summary
given in English at the end of the paper. Spectrophotometry was used to follow the
formation of fluoridoiron(III) complexes, FeFn3n , in competition with the FeSCN2+
species which has an intense absorption band. The temperature at which these
experiments were conducted was not given. The molar stepwise dissociation constants
for the species n = 1-5 were given and are converted here to logarithms of the
corresponding association constants for ease of comparison with other studies: 5.30,
4.46, 3.22, 2.00 and 0.36, respectively. Data were tabulated for the determination of the
first constant with seven fluoride concentrations listed from (0.4-3.2) × 10-3 mol∙dm-3, in
the presence of 4 × 10-4 mol∙dm-3 Fe(III), 3 × 10-3 mol∙dm-3 NaF and 0.1 mol∙dm-3
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HNO3. No correction was made for Fe3+ hydrolysis in this acidic medium. The
logarithm of the formation constant of the FeSCN 2  complex was taken as 2.40, and a
value of 0.01 was used for the ratio of cF : cHF(aq) . To observe the higher-order fluoride
complexes, the fluoride concentration was raised progressively, apparently optimising at
0.01 for n = 4 and 0.4 for n = 5.
The omission of a temperature value and the uncertainty surrounding the
experimental details do not allow any further consideration of these results.

[1947BRO/VRI]
The electrochemical cell used to measure the dissociation constant of HF(aq) consisted
of a hydrogen electrode in one compartment and a lead fluoride-lead amalgam electrode
in the other, separated by a salt bridge. The investigation was conducted at three
temperatures, 15, 25 and 35 °C. For the determination of the dissociation constant of
HF(aq) the concentration was varied from (9.86 × 10-4) to 0.985 mol∙dm-3.
The values of log10 K1o are listed as ‒ (3.101 ± 0.005), ‒ (3.173 ± 0.005) and
‒ (3.249 ± 0.005) at 15, 25 and 35 °C, respectively.
Values for the corresponding association equilibrium constant
(HF(aq)  F
HF2 ) are: (3.94 ± 0.02), 3.86 and 4.32 at 15, 25 and 35 °C,
respectively. The activity coefficients of the univalent anions were approximated by
log10 f   A ' I c /(1  I c ) where A ' is the Debye-Hückel A constant (see Appendix
B of the present review).
This paper provides reliable thermodynamic data which agree well with most
other values in the literature.

[1947FRA/OSW]
These spectrophotometric measurements were made using solutions with a constant
thiocyanate concentration of 3 × 10-4 mol·dm-3 and variable iron(III) concentrations
from 0.001 to 0.008 mol·dm-3; eight measurements in all. Eight wavelengths were
monitored from 400 to 500 nm. The ionic strength was maintained constant at 0.5
mol·dm-3 with HClO4. The authors reported an average formation constant for the
FeSCN2+ species as Kc,1 = (136.2 ± 1.9) at room temperature, presumably near 25 °C,
but after correction for hydrolysis using the hydrolysis constant in [1934BRA/HER] the
value of Kc,1 became (138.0 ± 1.9).
Another value for Kc,1 was quoted as 236.5 at I c = 0.128 ( HClO 4 ). These
values were retained by this review, as well as that from [1941EDM/BIR]. Comparison
of these results in an SIT plot (Figure A-3) shows them to be remarkably linear.
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Figure A-3: SIT plot with data from [1947FRA/OSW] (open circles) and one datum
from [1941EDM/BIR].
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[1947GOR/CON]
A table of pHc measurements performed with a conventional glass electrode at 25 °C
was presented for HSCN and HClO4 solutions. This study provides supporting
information confirming that HSCN can be considered to be a strong acid in all other
investigations considered in this review.

[1947ROB/LEV]
The results of experimental vapour-pressure studies (isopiestic using aqueous KCl
standards) were reported for several electrolytes. Eleven measurements were made
using K3 Fe(CN)6 solutions. Osmotic coefficients were tabulated for concentrations
from 0.1 to 1.5 m. The tabulated activity coefficient values apparently were anchored to
a value of 0.336 for a 0.1 m solution, but the basis for the selection was not reported.
Robinson and Stokes [1949ROB/STO], [1959ROB/STO] estimated the mean molal
activity coefficient to be 0.268 at 0.1 m and calculated values to 1.4 m that are
consistent with a value of 0.121 at 1.50 m (at saturation). No explanation was given for
the substantial change in the value for 0.1 m, and in the original paper [1947ROB/LEV]
reported the value of γ to be 0.153 at 1.5 m.
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[1949DOD/ROL]
The potentiometric or electrometric two-compartment cell concept was used in
subsequent studies of the iron(III) fluoride complex equilibria, not only to determine the
formation constants, but also those of other metals by competitive complexation with
fluoride. The connecting bridge contained an agar/agar/sodium perchlorate solution.
Dodgen and Rollefson used gold sheet/wire electrodes in each half-cell, which in effect
constitutes a concentration cell. The Henderson equation was used to estimate the
liquid-junction potential which was on the order of 0.7 mV for solutions typically
identical at the beginning of the titration at 0.398 mol·dm-3, NaClO4; 0.111 mol·dm-3,
HClO4; with the test cell being 0.395 mol·dm-3, NaClO4; 0.090 mol·dm-3, HClO4; 0.016
mol·dm-3, HF(sln). The iron(III) and iron(II) perchlorate concentrations were 0.0006
and 0.0002 mol·dm-3, respectively. The temperature was controlled at (25.0 ± 0.1) °C.
“Corrections” were described that took into account the first hydrolysis
constant of Fe3+ according to the Bray and Hersey [1934BRA/HER] value of 0.0019
mol·dm-3 at 25.0 °C and I c = 0.5. Similarly, the dissociation constant of HF(aq) was
assumed to be 0.00042 mol·dm-3 and the formation constant for the equilibrium,
HF(aq)  F
HF2 , was assumed to be 33 dm3·mol-1 [1939ROT]. This formation
constant is at least four times higher than assessed in this review. The molar equilibrium
constants for the formation of FeF2+ and FeF2+ in terms of HF(aq) are given in
Table A-4.

Table A-4: Experimental data for the formation of FeF2+ and FeF2+ at 25 °C and I c =
0.5 with the last two columns giving the values as molal constants ( I m ≈ 0.513)
expressed in terms of the free fluoride molality using the value given above for the
dissociation constant of HF(aq).
cHClO 4

cNaClO4

0.0325
0.0533
0.0536
0.1110
0.1119
0.2781

0.4675
0.4467
0.4464
0.3890
0.3881
0.2219

*

K c ,1,1

193
190
192
187
187
182

*

K c ,2,1

10.6
10.6
10.6
10.2
10.5
9.6

log10 Km,1,1

log10 m,2,1

5.02
5.01
5.02
5.00
5.00
4.99

8.78
8.77
8.78
8.74
8.75
8.70

The paper was previously discussed in an entry in Appendix A of TDB-Iron
Part 1 [2013LEM/BER].

[1949ERI]
The author used polarography to study complexation of iron(III) with diphosphate in
solutions with pH values primarily between 4 and 10. The experiments were carried out
at (20 ± 0.5) °C in the presence of LiCl, 0.2 to 2.0 mol·dm-3. The total solution iron(III)
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concentration was 0.0004 to 0.002 mol·dm-3, and the total diphosphate concentration
was 0.010 to 0.002 mol·dm-3. The pH was controlled by addition of hydrochloric acid or
sodium hydroxide. Three polarographic waves were found, and the one for solutions at
high pH values was interpreted as reduction of an Fe(II) complex (or complexes). The
other two waves were interpreted in terms of reduction of two different Fe(III)
complexes. Although the author assigned the structure of one of the complexes to be
2
Fe(OH)2 P2 O37 (and K c ≡ ( cFe cOH
cP O /cFe(OH) P O ) = 10-31) based on reported
formation of hydroxidodiphosphato solids by Rosenheim’s group [1926ROS], the
results cannot easily be interpreted quantitatively in terms of stoichiometries for specific
complexes, and are not used further in the present review.
3



2

4
7

2 2

3
7

[1949HAZ/SCH]
This note mentions preliminary pH measurements of iron(III)-silicic acid solutions that
suggested complex formation based on an observed increase in pH upon mixing both
components. A subsequent spectrophotometric investigation [1965WEB/STU]
established the stoichiometry of the simple 1:1 complex formed and determined its
formation constant at I c = 0.1.
This exploratory study provided no thermodynamic data.

[1949JAM]
The author carried out conductance measurements for K4Fe(CN)6 solutions (0.9 × 10-4
to 10.6 × 10-4 mol·dm-3) and Ca2Fe(CN)6 solutions (0.8 × 10-4 to 12.2 × 10-4 mol·dm-3)
at 25 °C. Strong evidence was found for association between Ca 2+ and Fe(CN)64  (on
extrapolation to zero ionic strength the reported values were 5.92 × 103 mol-1·dm3 for
the first association constant and 27 mol-1·dm3 for the second stepwise association
constant). Evidence for association of K + with Fe(CN)64  was not as strong, but a
tentative value of 200 mol-1·dm3 was estimated.

[1949POL/SMI]
The authors employed the methodology used in [1942GOU/VOS] to interpret
spectrophotometric data in terms of the formation of multiple higher-order
thiocyanatoiron(III) complexes in solution. They concluded that the Fe(SCN)2 complex
dominates at cSCN from 0.5 to 1.0. Evidence was given for the formation of higherorder complexes at higher concentrations.
No thermodynamic information was provided in the paper.
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[1949ROB/STO]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER].
Smoothed osmotic- and activity-coefficient values are presented for a wide range of
acids, bases and salts at 25 °C. Linear regression of the AlCl3 data (unweighted) to ≤ 1
mol·kg-1 yielded a value for  (Al3+ , Cl ) of (0.34 ± 0.04) kg·mol-1.

[1949ROG/REY]
The authors used conductivity titrations, potentiometric titrations and polarography to
study formation of diphosphato complexes with Cu(II), Co(II), Cd(II) Pb(II), Mg(II),
Zn(II), Ni(II), Al(III) and Fe(III). The temperature of the titration measurements was not
reported, though it is stated that the variation during titrations was less than 3 K. For the
conductivity experiments solutions 0.000400 and 0.000267 mol·dm-3 in
tetrasodiumdiphosphate were titrated with a 0.1 mol·dm-3 solution of iron(III) nitrate.
Inflection points at Fe:P2O7 ratios near 0.5 and 1.0 indicated formation of complexes
with P2O7:Fe ratios of 2:1 and 1:1. An inflection near an Fe:P2O7 ratio of 1.33 coincided
with precipitation of (presumably hydrated) Fe4(P2O7)3(s). The pH titrations (0.025
mol·dm-3 tetrasodiumdiphosphate solutions with 0.1 mol·dm-3 iron(III)) similarly
indicated that complexes were formed with P 2O7:Fe ratios of 2:1 and 1:1. The authors
suggested that these complexes should be written as Fe(P2 O7 )52 and FeP2 O7 , but the
issue as to the extent of protonation of the ligands was not addressed in any detail.
Nevertheless, as titration of the sodiumdiphosphate solutions with the iron nitrate
lowered the pH values of the solutions, ligand(s) in the complex must be less protonated
than in the initial sodiumdiphosphate solutions (a result also noted by Banerjee and
Mitra [1951BAN/MIT]). Polarography at 25 °C indicated that reduction of
"Fe(P2 O7 )52 " was reversible, a finding that was disputed by Subrahmanya [1956SUB]
and Ram et al. [1963RAM/KUM]. Quantitative results from this study are not used
further in the present review.

[1950BAN]
The author studied the stoichiometry of iron(III) phosphato complexes by several
methods. Temperature changes during titrations of 1.0 mol·dm-3 FeCl3 (sln) with 5.0
mol·dm-3 H3PO4(sln), 0.5 mol·dm-3 FeCl3 (sln) with 2.5 mol·dm-3 H3 PO4 (sln) , 0.5
mol·dm-3 FeCl3 (sln) with 5.0 mol·dm-3 H3PO4(sln), and 1.0 mol·dm-3 H3 PO4 (sln)
with 2.0 mol·dm-3 FeCl3 (sln) indicated complex formation with Fe:P ratios of 1:1, 1:2
and possibly 2:3. Conductivity titration studies (with reagent concentrations at 0.04
mol·dm-3) also suggested 1:1 and (less clearly) 1:2 species. A spectrophotometric study
also indicated complex formation. Despite the high iron concentrations employed, no
consideration was given to possible formation of polynuclear complexes. Perhaps the
most significant result came from transport measurements that indicated the migration
of iron to the anode in the presence of excess phosphate, and therefore formation of an
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anionic complex. The author did not propose values for formation constants of the
complexes.

[1950BAN2]
The author reported that a thermometric titration of a solution of iron(III) chloride with
a solution of the sodium salt of phosphinic acid (sodium hypophosphite) showed two
breaks at Fe:H2 PO2 ratios of 1:1 and 1:3. With excess iron(III), a transport experiment
resulted in phosphinate being found in the cathode compartment, indicating that the 1:1
complex is cationic. Absorption spectrophotometry (420 and 470 nm) was used to
calculate a stability constant of 5.85 × 102 for formation of FeH2 PO22 . No information
was provided about the measurement temperatures, solution concentrations or ionic
strength. Insufficient detail was provided for the results of this study to be used further
in the present review.

[1950COU]
This paper by Coughlin reports the following high-temperature heat-content
measurements by drop calorimetry: 29 measurements for synthetic MnS(cr) at 411.1 ≤
T/K ≤ 1814; 31 measurements for synthetic Fe0.98S(cr) (a non-stoichiometric
composition within the pyrrhotite group) at 355.8 ≤ T/K ≤ 1488; and 11 measurements
on a screened and successively washed specimen of natural FeS2 (cr, pyrite) at 404.8 ≤
T/K ≤ 979.9. Specimens were characterised by chemical analysis but not by X-ray
diffraction. Smoothed enthalpy functions were derived, and entropy and enthalpy
differences (between 298.15 K and T) were tabulated for temperatures at 100 K
intervals up to 1803 K for MnS (the melting point), 1500 K for FeS (just above the
melting point, given as 1468 K), and 1000 K for FeS2 (close to the atmospheric-pressure
stability limit; see Section IX.1.1.1.3 and [1959KUL/YOD]). These included values for
the melting transitions of MnS and FeS and two solid-state transitions for FeS.
The results of this study are discussed in the entries for more detailed thermal
studies on FeS and Fe0.98S [1992GRO/STO] and on pyrite [1976GRO/WES].

[1950JAM/MON]
The authors carried out conductance measurements for solutions of several salts
including K3 Fe(CN)6 (0.28 × 10-6 to 4.1 × 10-3 mol·dm3 solutions) at 18 and 25 °C. The
dissociation constant values were reported as 0.05 mol·dm3 at 18 °C and 0.06 mol·dm3
at 25 °C.
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[1951ALC/RIC]
The composition of H2 -H2S gas mixtures in equilibrium with powdered Fe and FeS at
720 to 1258 K was measured using radioactive sulfur (presumably tracer levels of 35S,
half-life 87.5 days). Details are limited, but the authors state that gas was circulated over
the solids in a closed system at such a rate that thermal segregation was avoided (this
problem was identified as a source of error in iron oxide equilibrium studies in
hydrogen-steam gas mixtures by Emmett and Shultz [1933EMM/SHU]). Results were
expressed as values of  log10 ( pH2S /pH2 ) , i.e. the negative logarithm of the equilibrium
constant for the Reaction (A.11):
FeS(s) + H 2 (g)

Fe(s) + H 2S(g)

(A.11)

K = pH2S / pH2
Thirty values of this equilibrium constant, obtained at T > 890 K, were presented in a
small figure [1951ALC/RIC] and compared with three other studies and with thenavailable thermodynamic data. Although the equilibrium iron sulfide phase was
apparently not characterised by Alcock and Richardson [1951ALC/RIC], only
stoichiometric FeS is expected to coexist with excess elemental Fe at such temperatures.
By using thermal data for stoichiometric FeS from Grønvold and Stølen
[1992GRO/STO], who used carefully annealed troilite starting material, a third-law
treatment of the high-temperature equilibrium data yields a standard (298.15 K)
enthalpy of formation for troilite.
Excellent agreement was noted by Alcock and Richardson [1951ALC/RIC]
between their equilibrium-constant values at temperatures below 1100 K and a
contemporary paper by Cox et al. [1949COX/BAC], while deviations at higher
temperatures were attributed to thermal segregation in the latter study. Fair agreement
was noted with thermodynamic data compiled by Kelley [1937KEL2], which predicted
values of  log10 ( pH2S /pH2 ) about 0.1 log10-units more positive than observed. There
was poor agreement with earlier work at three temperatures from 1003 to 1373 K by
Jellinek and Zakowski [1925JEL/ZAK] and at four temperatures from 996 to 1267 K by
Britzke and Kapustinskii [1930BRI/KAP].
The current review focused on data from [1951ALC/RIC] at T < 1000 K, i.e.,
within the temperature range for which accurate heat-capacity data are available for
stoichiometric FeS [1992GRO/STO]. Ten data points at 893.7 ≤ T/K ≤ 999.8 were
measured from the figure in [1951ALC/RIC]. These ten data points were subjected to a
third-law analysis to obtain a value for  f H o (FeS, cr, troilite, 298.15 K), as shown in
Table A-5. This analysis included heat-capacity expressions for FeS from this volume
(based on [1992GRO/STO]), and for Fe(cr) from Part 1 [2013LEM/BER]. This
yielded a value of  f H o ( FeS , cr, troilite, 298.15 K) = − (100.05 ± 2.11) kJ∙mol-1,
which is included in the final evaluation of the enthalpy of formation for troilite in
Section IX.1.1.1.2.1.2. Data from [1925JEL/ZAK], [1930BRI/KAP], and
[1949COX/BAC] were not considered further.
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Table A-5: Results of third-law analysis based on measurement of equilibrium constant
values (K = pH2S /pH2 ) from the figure in [1951ALC/RIC].
 f H o (FeS, cr, troilite, 298.15 K) /

893.7

– 3.358

ΔrG(T ) /
kJ∙mol-1
57.45

910.1

– 3.302

57.54

– 100.30

913.2

– 3.267

57.11

– 99.88

926.1

– 3.210

56.92

– 99.76

931.1

– 3.219

57.38

– 100.26

949.0

– 3.128

56.83

– 99.80

953.0

– 3.123

56.98

– 99.98

962.6

– 3.098

57.10

– 100.15

995.7

– 2.968

56.58

– 99.83

999.8

– 2.986

57.17

– 100.44

T/K

log10K

kJ∙mol-1
– 100.11

Mean

– 100.05

Experimental uncertainty

0.47

Overall uncertainty

2.11

In a contemporary study, Sudo [1950SUD] obtained five values for the above
equilibrium constant, pH2S /pH2 , between 998 and 1145 K. These were corrected for
thermal diffusion effects by making measurements at four different gas flow-rates and
extrapolating to zero flow. The results show good agreement with those of
[1951ALC/RIC], but were not included in the third-law calculations because of the
limited, relatively high, temperature range. For similar reasons, the standard enthalpyof-formation value of – (100 ± 4) kJ∙mol-1 for troilite, obtained from thermal
decomposition studies at 1192 to 1368 K by Ferro et al. [1989FER/PIA], was not
retained for detailed evaluation.
McCabe et al. [1956MCC/ALC] measured the sulfur vapour pressure over an
equilibrium mixture of Fe(cr) and FeS(cr) by Knudsen orifice methods above 1250 K.
The results are consistent with those of [1951ALC/RIC], but the analysis is sensitive to
the dissociation enthalpy of S2 (g) used to calculate the contribution of monatomic
sulfur to the vapour pressure [1956MCC/ALC].

[1951BAN/MIT]
This brief note reported on results from experiments using aqueous solutions of iron(III)
chloride and tetrasodiumdiphosphate. The authors found that thermometric titrations of
the diphosphate solutions with iron(III) nitrate solutions gave evidence for complexes
with Fe: P2 O74  ratios of 1:1 and 1:2, and that in a transport experiment with excess
diphosphate the liquid at the cathode did not contain diphosphate. Thus at least under
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those conditions the iron complex was anionic. A cryoscopic result (using saturated
solutions of sodium sulfate) was said to support Fe(P2 O7 )52 as the stoichiometry of the
1:2 complex. Visible absorption spectroscopy was reported to provide a measurement of
“free ferric ion” in solutions (at unspecified pH values) with an Fe: P2 O74  ratio 1:2.
This appears to be completely inconsistent with results found by others
[1965SPI/MAK], [1966VAS/VAS], who needed to employ a ligand-competition
method with UV-visible spectroscopy in similar experiments. Therefore the reported
“instability constant” value of 2.8 × 10-6 for Fe(P2 O7 )52 is rejected in the present
review. Essentially no experimental information or detailed quantitative results were
provided, and findings from this study could not be used further in the present review.

[1951EVA/URI]
This kinetic study involved the photochemical-induced reduction and oxidation
reactions of aqueous iron and cerium ions, probably at room temperature. The following
data are reproduced from their Table 1 with conversion from calories to joules as it
provides the only reference to their thermodynamic data, although neither the
temperature nor the ionic strength was given.

K1 (Fe3+  F

FeF2+ ) = 8 × 104,  r H1 = 31.4 kJ·mol-1,  r S1 = 205 J·K-1·mol-1

Other reactions are cited in this table but the thermodynamic data are taken
either from another source [1942RAB/STO] or a combination of both sets of results. It
is significant to note that the results quoted from this reference correspond to infinite
dilution conditions and 25 °C, which is therefore probably the temperature prevailing in
their experiments.
The authors did provide an interesting linear correlation plot of the entropy of
Fe3+ reactions with various ligands versus the entropy of solvation of these anionic
ligands.

[1951IBE/DAV]
This note describes experiments that demonstrated hexacyanidoiron(II) and
hexacyanidoiron(III) ions do not show the same non-additive light absorption effect as
iron(II) and iron(III) in hydrochloric acid solutions. Therefore, there is apparently little
or no optical interaction between Fe(CN)64  and Fe(CN)36 in aqueous solution. Ibers
and Davidson also demonstrated that the brown solutions containing iron(III) and
hexacyanidoiron(III) ions were due to the complex FeFe(CN)6 (aq) , and evaluated its
formation constant. These spectrophotometric measurements were carried out at three
wavelengths in the visible region at (26 ± 2) ºC. It would appear that these
measurements made at relatively low iron(III) concentrations at Ic = 1.00 ( NaClO 4 )
and cH+ = 0.102 yielded an approximate average formation constant of the 1:1 complex
of (20.8 ± 2.3) dm3∙mol-1 (2σ) after allowance was made for Fe3+ hydrolysis to FeOH2+.
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Slightly smaller values were given from measurements at these wavelengths for a
similar nitrate solution with an average value being reported of (14.8 ± 4.4) dm3∙mol-1.
A value of 36 dm3∙mol-1 was derived at Ic = 0.5 ( HClO 4 ) and cΣFe(III) = 0.0127.
The existence of a FeFe(CN)6(aq) complex was established in this
investigation and therefore its presence must be taken into account in studies of
complexation of iron(III) with cyanide in general even at relatively low concentrations
of Fe3+.

[1951KAP/GOL]
Kapustinskii and Golutvin [1951KAP/GOL] report a series of eight direct calorimetric
measurements of the heat of reaction (ignition) of iron-selenium mixtures containing a
small to moderate excess of iron over the 1:1 stoichiometric ratio (actual Fe:Se ratios,
1.018 to 1.761; total sample mass 2-3 g). The calorimeter bath temperature was 25 °C
[1951KAP/GOL2].
The extent of reaction was obtained by analysing the products for selenide and
(by difference) for unreacted selenium. A graphical procedure, called the method of
limiting heats [1951KAP/GOL2], was used to estimate the heat of reaction in an ideal
situation where all the selenium was consumed. This value was assigned to
stoichiometric “FeSe”, thus: Δ f H o (“FeSe”, cr, 298.15 K) = − (75.3 ± 1.3) kJ∙mol-1 (the
uncertainty limits are probably one standard deviation).
Repetition of the limiting-heats procedure in the current review, using the data
tabulated by Kapustinskii and Golutvin [1951KAP/GOL], yielded a slightly less
negative value with a larger estimated uncertainty:  f H o (“FeSe”, cr, 298.15 K) =
− (73 ± 4) kJ∙mol-1 (95 % uncertainty estimate). Because of the inherent rapid sample
cooling in this calorimetric method, it is doubtful that this value refers to the
equilibrium phase, tetragonal (β) Fe1.042Se , but more likely a non-equilibrium mixture
of tetragonal Fe1.042Se , monoclinic (α) Fe7Se8 , and possibly also quenched hexagonal
(γ) Fe1-x Se (see Section IX.2.1.1). Based on other enthalpy determinations discussed in
the current review, the enthalpy of formation of such a mixture, expressed per mole Se,
would be slightly less negative than for pure Fe1.042Se . The upper limit value (i.e., the
least negative value in the recalculated uncertainty range) of  f H o ( Fe1.042Se , cr,
298.15 K) = − 69 kJ∙mol-1 is discussed further in the evaluation in Section IX.2.1.2.

[1951MAC/MIT]
Two series of partitioning experiments were conducted at (18.0 ± 0.1) °C and an ionic
strength of 1.8 mol∙dm-3 using either NH4SCN, NaClO4 and HClO4 or KSCN, KNO3
and HNO3 and with the acidity fixed at 0.18 mol∙dm-3. Spectrophotometric
measurements in the visible region were also conducted at 0.2, 1.0 and 1.8 mol∙dm-3
ionic strength in lithium nitrate, potassium nitrate, sodium perchlorate and nitric and
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perchloric acids, specifically to determine the formation constant of FeSCN2+, noting
that all the nitrate solutions were stable only for several hours so that rapid handling was
necessary. The highest molar absorption coefficient was tabulated at 450 nm, viz., 498.3
m2·mol-1. It was reported that at thiocyanate concentrations up to 0.093878 mol∙dm-3
independent electrochemical migration experiments indicated that the dominant
complexes in solution were cationic, whereas in 0.6339 mol∙dm-3 cΣSCN the complexes
were anionic. Complexes with n = 3 and 4 could not be resolved in the data treatment.
Therefore, only the formation constants for the first and second complexes were
determined under conditions in which the ligand concentration was sufficiently low as
to consider the contribution of thiocyanate to the ionic strength to be insignificant.
These two sets of constants were included in the overall data analysis.

[1951ZHA]
The solubility of precipitated iron(III) phosphate was measured in 0.2 M HCl solution
(“pH”= 0.9) and in an acetate buffer solution adjusted to a “pH” value of 1.12 by
addition of HCl. The reported solubility products, 10 -21.78 and 10-21.98, respectively, were
based on the measured solution iron(III) concentrations (1.86 × 10-2 and 1.03 × 10-2 M)
and values of 1.1 × 10-2, 1.95 × 10-7 and 3.6 × 10-13 for the first, second and third
deprotonation constants for H3PO4(aq). No account was taken of phosphato (or acetato)
complexes, and insufficient details are provided concerning particle-size range and the
procedures used for measurement of the “pH” values. The solubility products values
from this paper are not used further in the present review.

[1952FUD/SYK]
In contrast to the companion paper [1952SYK] in which the effects of complexing
anions on the rate of reduction of Fe3+ by I– were reported, in this article the kinetics
were monitored only in aqueous nitrate media (HNO3 and KNO3) at constant ionic
strengths. Only initial rates were taken in order to avoid the effects of Fe2+. The rate of
reaction was first order with respect to cFe3+ and second order with respect to cI . The
presence of unreactive FeOH2+ was accounted for, although higher-order
hydroxidoiron(III) complexes were apparently ignored. Given that cFe3+ reached 0.06
and cH+ varied from 0.009 to 0.1, this omission probably was not warranted.
A reaction mechanism was proposed in which FeI2+ was a reactive
intermediate. The rate constants derived from the resulting rate law were rather
imprecise: the mean k1 for the formation rate constant at 19 °C given in their Table 1
was (8.0 ± 1.8) mol∙dm-3·min-1; while the mean rate constant, k 2 , for the dissociation of
the FeI2+ species from data in their Tables 2 and 3 was (6.3 ± 1.5) min-1. The
uncertainties in these mean values are at the 1σ level and correspond to solutions with
I c = 0.0673. The formation constant for the FeI2+ species is Kc,1 = k1 /k2 = (1.3 ± 2.3).
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Given the somewhat tenuous nature of the proposed mechanism and the
inherent uncertainty of the rate data, this study can only serve to indicate that FeI 2+ is a
weak complex, which would be consistent with the similar finding for the chlorido and
bromido complexes, and showing that they become increasingly weaker with increasing
radius of the anion. This result is in stark contrast to the values reported in
[1965NOV/PTI].

[1952GRO/HAR]
Grønvold and Haraldsen [1952GRO/HAR] examined synthetic and natural pyrrhotites,
Fe1-x S , covering the composition range from Fe1.000S to Fe0.877S. They clearly identified
three phases, which they denoted β1, β2, and β3. These correspond to troilite (Fe1.000S),
hexagonal pyrrhotite (Fe0.935S to Fe0.900S), and monoclinic pyrrhotite (near Fe0.877S). A
survey of prior literature is provided, and information is given on the α-transformation
of troilite and neighbouring compositions near 400 K and the β-transformation near
598 K for all compositions. This extensive scoping study thus laid much of the
groundwork for many subsequent, more detailed phase-equilibrium studies.
This is also one of the rare references where the unit-cell constants for iron
sulfides were determined at high temperatures (~ 460 and 633 K). Unfortunately no
uncertainties were given for the unit-cell parameters (see Table A-6); however, a clear
linear relationship is observed between unit-cell volume and composition for five
single-phase synthetic pyrrhotites at 633 K. This is consistent with complete solid
solution (1C pyrrhotite) over the investigated range of composition at this temperature
(Figure A-4; see also Figure IX-4 in the main text).
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Figure A-4: Unit-cell volumes at 633 K for five pyrrhotite compositions.
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Table A-6: Unit-cell constants at 633 K for five pyrrhotite compositions, used to
calculate the unit-cell volume (Figures A-4 and IX-4).
Composition
FeS
Fe0.971S
Fe0.926S
Fe0.893S
Fe0.877S

a0 / nm
0.35386
0.35312
0.35209
0.35075
0.35030

c0 / nm
0.57865
0.57681
0.57415
0.57065
0.57020

V / nm3
0.06275
0.06229
0.06164
0.06080
0.06060

[1952SAL]
The author reviewed earlier work on complexation of iron(III) with phosphate and,
working with concentrated solutions ( 0.16 mol·dm-3 “ P2 O5 ”) also containing
iron(III), found that the iron was taken up on an anion-exchange resin. Equilibration
(one to eight weeks) of saturated iron(III) phosphate solutions with an anion-exchange
resin in the phosphate form at room temperature indicated that solutions contained a
complex phosphate anion stabilised by the presence of varying amounts of excess
phosphoric acid. From the quantities of iron and phosphate taken up by the resin the
author suggested that the anionic species was Fe(HPO4 )33 or Fe(PO4 )36 , but no actual
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formation constant values were proposed. Further similar experiments, were also
discussed in a later publication [1954JAM/SAL].

[1952SYK]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER]
where the strong and unambiguous association of Fe3+ with sulfate ion was discussed in
detail. Relevant to the current review is the fact that Sykes also investigated the
retardation effect of nitrate on the kinetics of the reduction of Fe(III) by I . All
solutions contained the following: 0.00167 mol∙dm-3 Fe(NO3 )3 , 0.005 mol∙dm-3 I , and
0.011 mol∙dm-3 HNO3 . The ionic strength was controlled mainly at 0.066 mol∙dm-3 by
addition of Na/KClO4 , although some experiments were also conducted at Ic = 0.426.
The temperature was 20 °C for the experiments in which the chloride and nitrate
concentrations were varied. The analytical method was described in [1952FUD/SYK]
and basically involved titration of solution samples with a thiosulfate solution.
The premise proposed by the author was that anions such as sulfate, chloride
and nitrate could form inactive iron(III) complexes which would inhibit the rate of
reaction in proportion to their stabilities. However, although increasing the sulfate
concentration caused a substantial decrease in reaction rate, the effect in nitrate
solutions was relatively small even at cNO = 0.04 mol∙dm-3 according to Figure 2 in this
3
article, but strangely nitrate had a significantly larger effect than chloride at Ic = 0.066.
Conversely, the effects of chloride and nitrate appear to be reversed at the higher ionic
strength according to their Figure 3 and the author’s conclusion that iodide ion does in
fact apparently react with FeCl+ is confusing. Nevertheless, considering only the effect
of nitrate, two equilibria were proposed to function at the prevailing experimental
conditions:

Fe3+ + H2 O(l)
Fe3+ + NO3

FeOH 2+ + H +
FeNO32

(A.12)
(A.13)

For Reaction (A.12) a value of log10 K c ,1 = – 2.52 was calculated, corresponding to
log10* K m ,1 (A.12) = – 2.525 at Im = 0.067 and 20 °C. The calculated value of log10* K m ,1
from [2013LEM/BER] is – (2.28 ± 0.11) based on an SIT treatment which involved an
ionic-strength dependent  (Fe3+ ,ClO4 ) term from many studies in sodium perchlorate
media. The discrepancy probably indicates that the value proposed by Sykes has a large
uncertainty, but may also be due in part to the complexity of the ionic medium.
*

Sykes reported log10* K c ,1 (A.13) = 0.833 at Ic = 0.066 with cNO = 0.057
3
mol∙dm-3. A second value of log10* K c ,1 (A.13) = – 0.22 was given at Ic = 0.426 where
the nitrate molarity appeared from a small graph to have been varied from ca. 0.1 to 0.4
mol∙dm-3. An enhanced kinetic effect due to interaction of the proposed FeNO32 
complex with iodide could not be ruled out, as was suggested more strongly to be the
case for the chlorido complex. Conversion of these formation constants to molality units
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leaves them unchanged at: Km,1(A.13) = 6.8 at Im = 0.067 and 0.6 at Im = 0.432 and
20 °C.
This kinetic study contains the flaw common to the various thermodynamic
techniques employed to quantify the association of nitrate ion with iron(III) and that is
the need to use sufficiently high nitrate concentrations as to invalidate separation of the
activity-coefficient effects from the mass-action component. The author acknowledged
an unknown contribution of FeNO32  to the measured kinetics of iodide oxidation that
would have biased his results to lower values.

[1953HEP/JOL]
Calorimetric measurements were made for NaF and HClO4 solutions at 25 °C. The
following thermodynamic quantities were reported for the ionisation of HF(aq):  r H mo
= ‒ (13.31 ± 0.06) kJ∙mol-1 and  r Smo = ‒ (105.4) J∙K-1∙mol-1.
The average enthalpy of solution of NaF, corrected to infinite dilution using
values extracted from the US-NBS, circular 500, [1952ROS/WAG], was based on one
measurement in their laboratory and two previous measurements in [1947BRO/VRI],
and was reported to be (0.891 ± 0.042) kJ∙mol-1. The specified uncertainty appears to be
somewhat optimistic [1982GLU/GUR] [1989COX/WAG]. The enthalpy of solution
value based on the current TDB auxiliary data (Table IV-1) is (0.91 ± 0.96) kJ∙mol-1
but, unfortunately, that calculated uncertainty may incorporate duplicated uncertainties
in the tabulated selected values for f H mo (F ) and f H mo (NaF,cr) .

[1953HUD/WAH]
This is a potentially interesting kinetic study of the rate of Fe(II, III) exchanges
between Fe 2  and FeFn3n complexes in solution mainly at 0 °C and I c = 0.5
(predominantly HClO 4 with some additional NaClO 4 ). Batch experiments were carried
out with aliquots being withdrawn over time, quenched, and analysed for Fe(II)
spectrophotometrically and for total iron using an Fe radioactive tracer. The reaction
kinetics were first order with respect to each iron reactant with second-order rate
constants of 9.7, 2.5 and ≈ 0.5 dm3∙mol-1∙s-1 for the FeFn3n species with n = 1, 2 and 3,
respectively. The respective stepwise formation constants for these species, which were
derived from the rate law, were expressed in terms of cHF , i.e., *K c , n  cFeF /cFeF cHF
= 171, 13.5 and ≈ 1.8 for n = 1, 2 and 3, respectively.
3 n
n

3 n 1
n 1

The authors’ Table III gave the following equivalent formation constants
which have also been converted to molal units [1985SOH/NOV]:
K m , n  mFeF3n / mFeF3n1 mF = 9.5 × 104, 7.6 × 103 and 9.8 × 102, respectively.
n

n 1

In that the suggested rate law involved the derivation of four rate constants and
three equilibrium constants, it would appear that the suggested uncertainties given for
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the rate constants for each fluoride complex as 3 to 4 %, 20 % and a factor of two,
respectively, are vastly underestimated.

[1953SAI]
Saini used the FeSCN2+ complex as a spectrophotometric indicator of the
complexation by the competitive fluoride ligand to quantify the formation of the FeF2 
complex in a predominantly 0.5 mol∙dm-3 HClO 4 solution (Ic = 0.52) at (25 ± 1) °C.
The concentration of NaF was kept relatively low at 0.003 and 0.018 mol∙dm-3, while
the concentration of KSCN was even lower (3-6) × 10-4 mol∙dm-3. The dissociation
constant for the FeSCN2+ complex, referred to as kFeSCN2+ , was given as 6.77 × 10-3
mol∙dm-3 (or 6.96 × 10-3 mol∙kg-1, cf. 7.16 × 10-3 mol∙kg-1 ( I m = 0.534) from the threeterm SIT treatment of all the available data by this review). Saini also used a value for
the dissociation constant of HF(aq) of 1.22 × 10-3 mol∙dm-3, cf. 1.27 × 10-3 mol∙kg-1 ( I m
= 0.534) from an SIT treatment of all the available data by this review.
The mean value of Kc,1 for the formation of FeF2  was given as 7.3 × 10-6
dm ∙mol . Recalculation based on all the data given in Table 1 of this paper at both
wavelengths (470 and 500 nm) and using the dissociation constants reported, resulted in
an average value for the dissociation constant of FeF2  of (7.32 ± 0.80) × 10-6 mol∙dm-3
(2σ), consistent with that reported in this paper. Converted to molal units this
corresponds to log10 Km,1 = ‒ (5.12 ± 0.05), cf. ‒ (5.19 ± 0.10) from an SIT treatment of
all the available data by this review.
3

-1

[1953SAL]
Solutions with equimolar (or nearly equimolar) concentrations of iron(III) chloride and
phosphoric acid (~ 0.1 mol·dm-3, pH 1.0 to 1.8) were contacted with a cation-exchange
resin, and evidence was reported for the formation of FeHPO4 or FeH2 PO42 , with the
former stoichiometry being preferred on the basis of comparison of the amount of iron
absorbed with the exchange capacity of the resin. Comparison of the results of anionexchange adsorption experiments using solutions of 0.1 mol·dm-3 total iron(III), 1.5
mol·dm-3 total phosphate and either ~ 0.3 mol·dm-3 HCl(sln) or HNO3 (sln) was used
to refute earlier claims in the literature [1922DED], [1934RIC/MED] of the importance
of chloridophosphatoiron(III) complexes in such chloride-containing solutions. Further
similar experiments were described and discussed in a later publication
[1954JAM/SAL], but no actual formation constant values were proposed.
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[1954AHR/LAR]
The hydrogen ion “concentration” was measured at Ic = 1.0 ( NaClO 4 , cF- < 0.335
mol·dm-3, cH+ = 0.05 to 0.025 mol·dm-3) and 293.15 K. The acid association constant
of HF(aq) was reported to be (870 ± 30) dm-3·mol-1, i.e., log10 K c ,1 = (2.940 ± 0.015).

[1954JAM/SAL]
The authors carried out studies of the Fe2O3-P2O5-H2O phase diagram at 298.15 K with
P2O5 ranging from 0.33 to 66 %. The approximate compositions of the “stable” solids
found corresponded to the stoichiometries Fe2O3·P2O5·5H2O, Fe2O3·2P2O5·8H2O and
Fe2O3·3P2O5·10H2O (probably (H3O)Fe3·(H2PO4)6·(HPO4)2·4H2O [1958SHI/KRO],
[1961YVO2], [1986BOS/BEU]). Results also were reported from ion-exchange studies
and suggested formation of anionic complexes in the presence of excess phosphate.
(These were similar to the results obtained earlier by the same group; see the discussion
of other papers in this series in the Appendix A entries for [1952SAL] and [1953SAL]).

[1954RAM/BOS]
The authors carried out a polarographic study of iron(III) phosphate dissolved in
aqueous buffer solutions of NaH 2 PO4 (sln) and H3PO4(sln). No information was
supplied as to the synthesis and characterisation of the initial iron(III) solid, but the final
iron(III) concentrations were 0.0008 to 0.0063 M. The total phosphate concentrations
varied from 0.74 to 1.62 M. For concentrations of H2 PO4 greater than 0.5 M the halfwave potential at 308.15 K decreased as 4( RT /F ) ln cH PO increased. This suggested
that the main phosphatoiron(III) complex in these solutions contained four
dihydrogenphosphate ions per iron. The experimental details are sparse, and the authors
made no attempt to consider activity-coefficient effects for the solutions with these high
phosphate concentrations. The proposed stoichiometry for the complex seems unlikely
because of the difficulty in fitting the bulky ligands around a central Fe 3+ ion (also see
[1995CIA/IUL]). The results from this study are not used further in the present review.
2


4

[1955EMS/LEG]
This study involved an investigation of the kinetics of substitution of water in
hexacyanidoiron(II) with release of CN  . The aquopentacyanido complex was reacted
with nitrosobenzene which allowed detection by spectrophotometry. In some
experiments the back reaction was prevented by removal of HCN(g) . The rates of both
the forward and reverse reactions were determined, and were found to decrease with
increasing pH. Based on the ratio of the rate constants for the forward and reverse
reaction described by Eq. (A.14), for a solution containing 0.2 mol·dm-3 Fe(CN)64  at
pH 7.73 and 20 °C the equilibrium constant for
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Fe(CN)64  H2 O(l)

Fe(CN)5 (H2 O)3  CN

(A.14)

was reported to be 0.5 × 10-8 mol·dm-3. It also was concluded that HFe(CN)36 was more
reactive than Fe(CN)64  .

[1955HAR/GAR]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER].
Potential-difference measurements were reported at 25 °C of AlCl3-HCl solutions at
molal ionic strengths of 1, 3 and 5. These three results were included in the SIT
treatment for aqueous AlCl3.

[1955IWA/SHI]
Complexes formed between Fe(III) and SCN– were studied spectrophotometrically.
Apparently these measurements were carried out at 10-15 °C, but language problems
make this uncertain, as is the ionic strength, if indeed it was kept constant. The stability
or formation constant of Fe(SCN)2 is given as 2.0 × 102 dm3·mol-1.
The following general (and widely accepted) statements were gleaned from the
Chemical Abstract citation of this paper (CA: 50:13641i, 13642a). At low SCN 
concentrations, Fe(SCN)2 is formed and is characterised by an orange colour and could
not be extracted by organic solvents. As the concentration of SCN  increases,
Fe(SCN)3(aq) is formed and is red and is extracted by organic solvents. As the SCN 
concentration is increased further, Fe(SCN)4 , Fe(SCN)52 , and Fe(SCN)36 are formed,
but could not be extracted.

[1955LIS/RIV]
This is the first of three spectrophotometric studies published back to back that
highlighted iron(III) thiocyanate complexation. A single-beam Beckman DU
spectrophotometer was used to carry out these painstaking measurements. Benzyl
alcohol (phenyl methanol) was added to the solutions containing high iron(III) and low
thiocyanate concentrations to inhibit oxidation of the former without any adverse effects
on the solution. The ionic strength dependence of the formation constants for Reaction
(A.15) was measured at five wavelengths with cΣFe ≈ 10-3 and cΣSCN ranging from
(0.25-2.5) × 10-3 at (25.0 ± 0.1) °C and although acid was added to inhibit hydrolysis
the amount and the final pH were not mentioned.

Fe3+  SCN

FeSCN2+

(A.15)

The authors confirmed that HSCN(aq) could be considered to be fully dissociated
under the prevailing experimental conditions. A correction for the hydrolysis of Fe3+
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was made although it was minor. Only the first five concentrations terminating at cΣSCN
= 1.25 × 10-3 were used to determine K1o (A.15) (see their Table XII) and a value of
1070 dm3∙mol-1 was given (i.e., log10 K1o = 3.029) upon application of the extended
Debye-Hückel expression. Application of the SIT to the formation constants in their
Table XII after conversion to molal units assuming the dominant electrolyte was
o
NaClO 4 yielded: log10 K1 = (3.049 ± 0.010) and 1 = ‒ (0.291 ± 0.018) kg∙mol-1
(2σ) as depicted in Figure A-5 (only the values shown as triangles were included in the
regression). Therefore, ignoring the unknown effect of significant HClO 4 present:

 (FeSCN2+ ,ClO4 )  1   (Fe3+ ,ClO4 )   (Na + ,SCN  )
= ‒ (0.29 ± 0.02) + (0.73 ± 0.04) + (0.05 ± 0.01)
= (0.49 ± 0.05) kg∙mol-1

Figure A-5: SIT treatment of the results for the formation of FeSCN2+ including the
value at I m = 1.27 obtained from fitting the authors’ temperature-dependent data; a
value (circle) at I m = 1.50 also at 25 °C [1964JOZ/MAS] and two values (diamonds) at
18 °C, I m = 1.05 and 1.97 [1951MAC/MIT].
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log10K1D
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Im
The current value listed in the TDB for  (FeSCN2+ ,ClO4 ) is 0.45 kg∙mol-1
[2003GUI/FAN]. Note that apart from the unknown contribution of HClO4 to these
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solutions, this treatment also ignored the known ionic strength dependence of
 (Fe3+ ,ClO4 ) .
The temperature dependence of Kc,1 was given at 5 ° intervals from 5 to 45 °C
at I c = 1.2. After conversion to molal quantities, an unweighted linear regression of
log10 Km,1 versus 1/T gave: log10 Km,1 = (2.091 ± 0.005) and Δr Hm,1 = – (5.3 ± 0.6)
kJ∙mol-1 (2σ) at 25 °C. The authors reported a value equivalent to log10 Km,1 of 2.089
but did not provide an estimate of the enthalpy change.
Higher-order complexation was probed spectrophotometrically at 25 °C for
solutions with I c = 1.2, cΣFe = 10-3 and cH = 0.2 while cΣSCN was varied from 2.5 × 10-4
to 0.25. Their Table V presents optical density (absorbance) data at 37 thiocyanate
concentrations. A value of Kc,2 of “(15½ ± 1)” was reported with small variations
depending on the value of the molar absorbance coefficient assigned to Fe(SCN)2 .
The formation constants included in the SIT treatment were retained by this
review. Apparently the established ionic strength dependent  (Fe3+ ,ClO4 ) term only
manifests itself above I m  0.8, allowing a conventional linear SIT formulation to be
used.

[1955LIS/RIV2]
This spectrophotometric study was extensively reviewed in [2013LEM/BER] with
particular emphasis on the complexes FeHSO24  and FeSO4 but also providing a brief
discussion of the results for the formation of Fe(SO4 )2 , Fe(SO4 )(HSO4 )(aq) ,
and Fe(SO4 )2 (SCN)2 . As stated in Appendix A of
Fe(SO4 )(SCN)(aq)
[2013LEM/BER], for the solutions containing thiocyanate, the temperature was
controlled at 25 °C while the I c = 1.2 ( NaClO 4 ) and cΣH was also kept constant at 0.2.
The previous review concluded that the authors’ values of 1,1
 2,1 (Fe(SO4 )2 (SCN)2  ) = 4.9 × 105
9
-3
dm ∙mol appear to be too high and these constants were therefore not considered
further in that review. That opinion is in concurrence with the judgment in the current
review.
(Fe(SO4 )(SCN)(aq)) = 1.15 × 104 dm6∙mol-2 and

[1955LIS/RIV3]
Lister and Rivington continued their experimental work in this series with an
investigation of Fe(III) complexes formed with Cl , Br  and SCN  using
spectrophotometry (six discrete wavelengths between 380 and 460 nm); as in the
previous cases a single-beam Beckman DU apparatus was used. The maximum
adsorption peak assigned to FeBr 2  occurred at 405 nm with a molar absorption
coefficient of 49.5 m2∙mol-1. All measurements were made at 25 °C and at one ionic
strength for the bromide system, viz., I c = 1.2 ( NaClO 4 ), cFe(III) = 0.001, cHClO4 = 0.2
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and cNaBr = 0.1 to 1.0 at 0.1 intervals. A review of this paper is summarised in
Appendix A of [2013LEM/BER], focused on the chloridoiron(III) complexes.
+

FeBr 2+ and FeBr2

The authors favoured an average value of Kc,1 (FeBr2+) of 0.61 dm3∙mol-1, which is
denoted as k1 in this paper, at the above conditions and claimed that at high bromide
concentrations “there is a slight but consistent deviation” of the calculated optical
densities which they accounted for by the formation of FeBr2 with an average  2
(which is denoted as k2 in this paper) value of (0.21 ± 0.12) dm6∙mol-2 calculated from
their table of k2 values given at the six different wavelengths. They also noted that an
“error” of 0.001 in the optical density would give an “error” of 0.1 in c,2 . Given that
the readability of optical density using a Beckman DU spectrophotometer is 0.001 in
optical density and that each measurement must be manually corrected for a “null or
blank” measurement of the cell containing the solvent only, this admission alone casts
serious doubt of the validity of this c,2 value. However, more telling is that high
bromide concentrations were used in this study where NaBr eventually replaced NaClO4
in solution so that deviations in the activity coefficients of the reacting species could
easily account for the small trend in optical density.
FeBrSCN+, FeClSCN+ and FeBr2SCN(aq)
The experimental conditions given above apply with the addition that cSCN = 0.00125,
cBr = 0-1.0 and cCl = 0-1.2. The values of Kc,1 (FeSCN2+) = 130 and c,2
(Fe(SCN)2 ) = 1950 obtained in [1955LIS/RIV] were used in their data treatment. The
following formation constant values were reported: c,1,1 ( FeBrSCN  ) = 21,
 c ,1,1 (FeClSCN  ) = 265 and c,1,1 (FeBr2SCN(aq)) = 120.
Their average Kc,1 (FeBr2+) value of 0.61 dm3∙mol-1, which also includes the
high bromide concentration data, must be considered to be ambiguous, although it is in
general accord with those from subsequent studies. Their value for c,2 (FeBr2 ) = 0.21
dm6∙mol-2 is considered to probably be an artefact of their data treatment, which was
based on the optical densities measured at high bromide concentrations.

[1955ROB/STO]
Tabulated values of the osmotic coefficients for divalent metal nitrates were fitted to
obtain the ion-interaction coefficients for these solutes at 25 °C. This reference is the
source of many ion-interaction coefficients presently in the TDB database, although it
must be acknowledged that Robinson and Stokes only had access to smoothing
graphical methods to create their tables at that time.
Similarly, the osmotic coefficients for aluminium chloride solutions are given
in their Appendix 8.10. It is suggested that the source of these smoothed results are
[1941MAS] and [1949ROB/STO], which were the data actually used in the SIT
treatment for this solute.
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Appendix 8.10 of this reference remains one of the best sources of osmotic
coefficient data.

[1956AMO]
Absorptivities at 298.15 K were determined at wavelengths from 215 to 300 nm for
solutions with total iron(III) concentrations (FeCl3)  0.001 mol·dm-3 and total
phosphate concentrations (H3PO4)  0.001 mol·dm-3. All solutions contained 0.05
mol·dm-3 KCl to keep the ionic strength approximately constant. Measured “pH”
values (the calibration method was not reported) for mixtures of 7.5 × 10-4 mol·dm-3
FeCl3(sln) and 7.5 × 10-4 mol·dm-3 H3 PO4 (sln) in ratios from 1:2 to 9:1 were between
2.85 and 3.11, and the maximum absorptivities were those measured for a solution that
was a 1:1 mixture. From this the authors concluded that a 1:1 complex was formed.
Further absorptivity measurements were undertaken for three pairs of solutions with 7.5
× 10-4 and 1.0 × 10-3 mol·dm-3 FeCl3 (sln) with Fe:P ratios of approximately 10:1, 5:1
2½
and 10:3. Activity coefficient values (i) were estimated as 10-0.5zi I , and a value for the
3+
first hydrolysis constant for Fe from Lamb and Jacques [1938LAM/JAC] was used,
as were deprotonation constants for H 3 PO 4 from an unreported source. Based on a
graphical analysis, the author concluded that the main complex was FeHPO 4 , and
calculated a molar decadic absorption coefficient for the complex (300.8 m2·mol-1 at
275 nm), and a value of (1.76 ± 0.14) × 10-10 for the dissociation constant of the
complex.

FeHPO4

Fe3+  HPO24

As discussed in the main text, the limited concentration ranges used for these
measurements are almost certainly inadequate to provide a useful complexation constant
value in this complicated system. The results of this study are not used further in the
present review.

[1956CHU3]
The solubility of precipitated iron(III) arsenate was measured at 293 K in 10-3 to 10-2
HNO3 and in dilute sulfuric acid. The average reported solubility product in the nitric
acid solutions was K s ,0 = 2.6 × 10-21. Results of experiments in sulfuric acid have not
been considered further, as sulfate complexation (and possibly changes in the solid)
may have been important. The pH was measured against buffer standards, and arsenate
protonation constants were calculated from measurements against similarly calibrated
solutions [1934BRI/JAC]. No account was taken of hydrolysis, nor were activity
corrections applied. The iron arsenate used for these solubility measurements probably
was less stable than the crystalline form [1988DUT/JAM] (similar to the mineral
scorodite) of the arsenate. Therefore in this review, as discussed previously by various
authors [1987ROB], [2001ZHU/MER], [2006LAN/MAH], the value from
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Chukhlantsev’s paper is not used in deriving a thermodynamic value for the Gibbs
energy of formation of FeAsO4·2H2O(cr).

[1956CON/HEP]
The formation constants of FeFn3n (n = 1-3) complexes were reported at 15, 25 and
35 °C; noting that those at 25 and 35 °C were originally given in Kury’s thesis
[1953KUR]. The two half cells constituting this concentration cell initially contained
the same solution of Fe(ClO4)2, Fe(ClO4)3, HClO4 and NaClO4 separated by a salt
bridge containing 1.6 mol·dm-3 NaClO4 + agar “in an effort to minimise junction
potentials” [1953KUR]. The ionic strength of 0.5 mol·dm-3 was attained with addition
of NaClO4. Sodium fluoride solution was titrated into one half-cell. Only the first molar
hydrolysis constant of Fe3+ was taken into account using values of 0.00118 (15 °C),
0.0019 (25 °C) and 0.0032 (35 °C) where the latter was only obtained by extrapolation
of the previous two values taken from Milburn and Vosburgh [1955MIL/VOS] and
Olson and Simonson [1949OLS/SIM]. The respective molar acid dissociation constants
for HF(aq) were given as 0.00142, 0.00123 and 0.00101 [1947BRO/VRI]. The total
fluoride molarity did not exceed 6 % of I c and therefore the ionic medium could be
considered as being dominated by HClO4 and NaClO4. The pertinent experimental
quantities are listed in Table A-7 for the formation equilibria (note that the molality and
molarity scales give identical constants):

Fe3+  HF(aq)

FeF2+  H+

(A.16)

FeF2+  HF(aq)

FeF2+  H+

(A.17)

FeF2+  HF(aq)

FeF3 (aq)  H+

(A.18)

Table A-7: Summary of the experimental data at I c = 0.5 with cFe(II) ≤ 0.000909
mol·dm-3 and cFe(III) ≤ 0.0006133 mol·dm-3.
t / °C
14.97
14.97
14.97
14.97
25.0
25.0
25.0
25.0
35.0
35.0
35.0
35.0
35.0
35.0

-3
cHClO 4 / mol·dm

0.0944
0.0437
0.01838
0.00994
0.04946
0.09443
0.09246
0.09490
0.0975
0.0957
0.0975
0.05975
0.1060
0.05645

cF-max / mol·dm-3

log10 *K m,1,1

log10 *K m,2,1

0.028
0.022
0.011
0.009
0.0126
0.0075
0.0072
0.0073
0.0092
0.0082
0.0045
0.0062
0.0077
0.0133

2.28
2.29
2.28
2.28
2.26
2.27
2.26
2.26
2.25
2.24
2.25
2.25
2.25
2.25

1.03
1.08
1.07
1.06
1.05
1.00
1.01
1.00
0.99
0.99
1.03
1.01
0.98
1.02

log10 *K m,3,1

‒ 0.08
‒ 0.02
0.04
‒ 0.02
0.00
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Figure A-6: Plots of (upper plot) log10 Km,1 and (lower plot) m,2 versus (T/K).
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The log10 Kc,n,1 values in Table A-7 for equilibria (A.16)-(A.18) were
converted to the molal constants for the corresponding equilibria involving free fluoride
with the acid dissociation constants for HF(aq) given above also corrected to molal
quantities. These are plotted in Figure A-6 for n = 1 and for the cumulative constant
m,2 . The values at 25 °C are in very good agreement with the majority of values
reported in the literature.
These unweighted linear plots yielded the following quantities at 25 °C and I m
= 0.513 with (2σ): log10 Km,1 = (5.17 ± 0.28), Δ r H m = (10.0 ± 1.2) kJ·mol-1, Δ r S m =
133 J·K-1·mol-1; log10 m,2 = (9.1 ± 0.9), Δ r H m = (18 ± 4) kJ·mol-1, Δ r S m = 234
J·K-1·mol-1 and log10 m,3 = 12.

[1956KIN]
King reported 29 heat-capacity measurements between 53 and 296 K for each of five
synthetic, iron-containing spinels: FeAl2 O 4 , FeCo2 O4 , CoFe2 O4 , NiFe2 O4 , and
ZnFe2 O4 [1956KIN]. The high-temperature syntheses from oxide precursors1 were
performed with multiple heating stages and intermediate grinding, mixing, analysis, and
adjustment of compositions. The products were characterised by chemical analysis and
XRD. The only significant impurity detected was SiO2 (maximum, 0.12 % by mass in
FeAl2 O 4 ). Specimen sizes for the heat-capacity measurements varied from 217.41 g
(FeAl2 O4 ) to 325.60 g ( FeCo2 O4 ).
By using numerical integration and minor temperature extrapolations at each
298.16 K o
Sm for each
extreme, King [1956KIN] obtained values of C po ,m (298.16 K) and 51
K
substance, as shown in Table A-8. Values obtained from data in [1956KIN] during the
current review, and included with estimated uncertainties in the table, are almost
identical to the original published values.
King [1956KIN] used empirically fitted Debye and Einstein function sums to
298.16 K o
K o
Sm , the latter being included in Table A-8.
estimate values of  51
0 K S m and hence  0 K
This method assumes that no heat-capacity anomalies exist at T < 51 K. Westrum and
Grimes, however, measured the heat capacity of ZnFe2 O 4 (cr) down to 5 K, finding that
a significant anomaly exists near 9.6 K, associated with antiferromagnetic ordering
below this temperature [1957WES/GRI], [1958WES/GRI]. They also demonstrated that
values of C po ,m (ZnFe2O4, cr, T) are sensitive to the specimen’s thermal history;
therefore, the C p data for annealed ZnFe2O4(cr) from [1957WES/GRI] are preferred to
those of [1956KIN]. Similarly, the data for FeAl2O4(cr) are superseded by the recent
measurements down to 3 K by Klemme and van Miltenburg [2003KLE/MIL], which also
revealed a significant low-temperature anomaly. In a heat-capacity study restricted to
liquid-helium temperatures, Pollack and Atkins [1962POL/ATK] detected a heat-

1

The precursor materials for synthesis of FeAl2O4 were iron, ferric oxide, and “hydrated alumina” of
unstated composition and crystallographic form.
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capacity anomaly, rising sharply below about 3 K, for a spinel with the composition
Co0.83 Fe2.17 O4 (cr) , apparently associated with nuclear hyperfine interactions of 59Co. The
proposed proportionality of this C p component with T -2 does not yield a finite entropy
value if extrapolated to 0 K. Further low-temperature data are required to define this
anomaly fully, but the Pollack-Atkins data are sufficient to indicate that significant
anomalous entropy contributions may exist below 5 K for both CoFe2O4(cr) and
FeCo2O4(cr), and thus that entropy values derived by King [1956KIN] should be treated
with caution. No comparable anomaly is known for NiFe2O4, based on measurements at
1.8 < T/K < 5 by Pollack and Atkins [1962POL/ATK] and at 1.8 < T/K < 20 by
Kostryukova [1961KOS], but there appear to be no experimental Cp data for
temperatures between 20 and 50 K [2007ZIE/ANO2], [2014NEL/WHI].

Table A-8: Thermodynamic quantities (J∙K-1∙mol-1) for five iron-bearing spinels, based
on heat-capacity measurements by King [1956KIN].
Substance

Author’s values (converted from cal to J)

Reviewed values(a)

C po,m (298.16 K)

C po,m (298.15 K)

298.16 K o
51
Sm
K

K o
 0298.16
Sm
K

298.15 K o
51
Sm
K

FeAl2O4(cr)

123.6

99.4

(106.3 ± 0.8)

(123.2 ± 0.3)

(99.4 ± 0.2)

FeCo2O4(cr)

143.4

119.8

(125.5 ± 0.8)

(143.5 ± 0.2)

(119.8 ± 0.2)

CoFe2O4(cr)

152.8

129.2

(134.7 ± 0.8)

(152.9 ± 0.2)

(129.2 ± 0.2)

NiFe2O4(cr)

145.6

120.8

(125.9 ± 0.8)

(145.7 ± 0.2)

(120.7 ± 0.2)

ZnFe2O4(cr)

138.0

124.9

(134.7 ± 0.8)

(138.2 ± 0.2)

(124.8 ± 0.2)

(a) Based only on review of data from [1956KIN], not including data from the more recent papers cited
above. Recommended thermodynamic quantities for NiFe2O4 (cr) are discussed in the Appendix A entry for
[2014NEL/WHI] and in Section VII.3.6.1 of the main text.

[1956KIR/UST]
The authors reported a limited number of solubility measurements at 20 °C for a
hydrated Fe(NO3 )3 solid in aqueous solutions that were 0-52 weight % nitric acid
(based on the solid being Fe(NO3 )3 ·9H 2 O(cr) ). No analyses of the solid were reported.
The solubility results are in reasonable agreement with the 25 °C results of Robinson
and Cameron [1909CAM/ROB2] and Malquori [1929MAL2], though the equilibration
times (generally 24 hours) were probably inadequate to assure that equilibrium had been
attained.

[1956LAU]
Laurence made a potentiometric study of iron(III)-thiocyanate complex formation at
25 °C in 0.5 mol·dm-3 NaClO 4 (0.04-0.19 mol·dm-3 HClO4) using a concentration cell
3+
fitted with gold electrodes. Both cell compartments contained Fe {(6.8-9) × 10-4
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2+

mol·dm-3} and Fe , and thiocyanate was introduced as NH 4SCN reaching a
maximum concentration of 0.165 mol·dm-3 in one of the six titrations. The log10 Kc,n
2+
values for formation of FeSCN and Fe(SCN)2 were reported to be 2.14 and 1.31. A
3+
small correction for hydrolysis of Fe was made [1934BRA/HER]. Additional
measurements at three other temperatures were tabulated from 2.3 to 35 °C and yielded
values of  r H n = – 5.5 and – 1.3 kJ·mol-1, respectively. The author used an extended
Debye-Hückel equation to extrapolate these values to I c = 0, but only the data at I c =
0.5 are retained for use in this review.

[1956PIL/IVA]
The authors carried out spectrophotometric measurements (320 to 420 nm) in strongly
acidic solutions (HClO4, 0.1 to 1 mol·dm-3). For solutions with high concentrations of
iron(III) and H3 PO4 (sln) ( 1.1 mol·dm-3) it was concluded that a weak phosphato
complex was formed with an iron(III) to phosphate ratio of approximately two, and that
this ratio was compatible with the earlier work reported by Salmon [1953SAL]. Ionmigration studies, using more dilute solutions in a U-tube, showed marked migration of
phosphate toward the cathode and a measurable but lesser migration of iron toward the
anode. From this the authors concluded that a cationic species was the predominant
complex, but did not rule out formation of other species including an anionic species.
No actual formation constant values were proposed.

[1956STE/MOR]
Molar heat-capacity values for K3Fe(CN)6 from 15.51 to 294.73 K were reported based
on measurements using a 129.87 g powdered sample with a platinum-rhodium
resistance thermometer to measure temperature and energy inputs. The heat capacity
increased monotonically with increasing temperature except for a small maximum near
131 K. The authors indicated that a standard extrapolation of the heat capacity to 0 K
and integration of (C po ,m /T ) was not likely to lead to a satisfactory calculation of the
entropy at room temperature, as there was no indication of an expected magnetic
contribution within the temperature range of the measurements. They reported a
standard entropy value of (420 ± 0.8) J·K-1·mol-1 in the absence of such a contribution.
Indeed, a magnetic contribution (> 5 J·K-1·mol-1) later was reported (near 0.13 K) based
on a λ-type anomaly [1963DUF/LUB]. The reported heat-capacity values between 15
and 20 K are in good agreement with results reported by Gregor and Fritz
[1961GRE/FRI]. However, it seems that the measurements of Stephenson and Morrow
[1956STE/MOR] are the only reported values for K3Fe(CN)6 at temperatures above
o
20 K. Extrapolation to 298.15 K gives 316.7 J·K-1·mol-1 for the value of C p ,m . The
authors estimated their values to be accurate within 5 % below 20 K, 1 % between 20
and 30 K, and 0.2 % at higher temperatures. For 294.73 K, the highest measurement

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

364

A. Discussion of selected references

temperature, 0.2 % of 315.2 J·K-1·mol-1 is 0.63 J·K-1·mol-1, and in the present review
the 2σ uncertainty in C po ,m (298.15 K) is estimated to be 1.3 J·K-1·mol-1.

[1956SUB]
The author used polarography to study complexation of iron(III) with diphosphate in
solutions with pH values between 3.9 and 10. The author reported a value of 0.06014 V
for a “reversible one electron step”, therefore it seems that the experiments were carried
out at 30 °C. The total solution iron(III) concentration was 0.001182 to 0.01182
mol·dm-3, and the total diphosphate concentration was varied from 0.0175 to 0.138
mol·dm-3. The pH was controlled by addition of acetic acid or sodium hydroxide, and
potassium nitrate was used as a supporting electrolyte (0.4 to 1.0 mol·dm-3). Two
polarographic waves were found, one reversible, and a second, more predominant at
higher pH values, found to be irreversible (as also was reported by Ram et al.
[1963RAM/KUM]). The findings cannot easily be interpreted quantitatively in terms of
stoichiometries for specific complexes at any constant ionic strength, and the results are
not used further in the present review.

[1956YAK]
Only an abstract of this paper was available to the reviewer. In aqueous iron(III) and
diphosphate solutions with pH values between 6 and 9.6 polarography, solubility, and
visual and amperometric titrations were used to indicate formation of a strong
diphosphatoiron(III) complex. The stoichiometry was proposed as Fe(HP2 O7 )32 , and a
dissociation constant of 6.5 × 10-23 was proposed. The extent of protonation of the
complex was reportedly [1965SPI/MAK], [1966AND/SHE] based only on HP2 O37
being the predominant form of diphosphate in solutions in the pH range of the
experiments. Also, as noted by Andrusenko et al. [1966AND/SHE], despite use of high
iron concentrations, 0.05 to 0.15 mol·dm-3, Yakshova apparently took no account of
possible hydrolysis of iron(III). The value of the formation constant is listed in a table in
the main text (Section IX.5.4.5), but is not used further in the present review.

[1957CHA/JAC]
The authors measured the solubility of strengite prepared by reaction of FeCl3 and
NaH2PO4 in aqueous solution on a steam plate for 24 hours or more. The solid was
characterised using X-ray diffraction and infrared spectroscopy. Elemental analyses
indicated that the solid had a slightly high ratio of Fe:P (a discrepancy of ~ 2.5 %), and
possibly less than the stoichiometric 2.0 waters of hydration. Nriagu [1972NRI3] later
found that the synthesis method produced a mixture of strengite and phosphosiderite.
The solubility was measured by dissolution in 0.05 M KCl (the pH was adjusted by
addition of HCl) solution at 23-25 °C (21 days) and 85-90 °C (14 days) and by
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precipitation at 85-90 °C. The solubilities from the precipitation experiments were
greater than those from the dissolution experiments at the same temperature and
equilibration times; this probably suggests equilibrium with a less stable phase in the
precipitation experiments. The authors reported log10 Ksο (A.19) values of − 33.6 to
− 34.6 for 23-25 °C and − 33.4 to − 35.1 for 85-90 °C.

FePO4 ·2H2 O

Fe3+  H2 PO4  2OH

FePO4 ·2H2 O(cr)  2H+

Fe3+  H 2 PO4  2H 2 O(l)

(A.19)
(A.20)

For 23-25 °C they correspond to log10 Ksο (A.19a) values of − 5.6 to − 6.6. Although it
is indicated that the pH was adjusted in some cases using HCl, what is not reported is
any reason that the solution molar ratios of P:Fe measured in the dissolution
experiments varied by almost two orders of magnitude (and were especially high for the
experiments in which larger samples of solid were used). Also, it is unclear what
auxiliary data were used with the results of the higher temperature measurements. No
formation of iron(III) phosphato complexes was taken into account. Overall, these
solubility measurements are consistent with later, more detailed studies [1972NRI3],
[1992CIA/IUL3]. However, the experimental detail is insufficient for the results to be
used further in this review.

[1957COH/PLA]
Absorption spectra of K4Fe(CN)6 solutions (0.9996 × 10-4 and 0.9993 × 10-3 mol·dm-3)
with added KCl(sln) (maximum 1.2 × 10-3 mol·dm-3) were used to determine
association constant values for the interaction of K+ with Fe(CN)64  . The measurements
were made at (25.0 ± 0.1) °C at four specific wavelengths: 278, 280, 282 and 350 nm.
The equilibrium constants were calculated by comparison of absorption in solutions in
which there were “slight” and “extensive” association. Without correction for changes
in ionic strength an average value of (104 ± 8) mol-1·dm3 was determined for the
reaction

K + + Fe(CN)64

KFe(CN)36

An attempt was made to apply an extended Debye-Hückel expression, but assuming a
constant activity coefficient ratio even though the ionic strength was not constant for the
different solutions. A zero ionic strength value of 237 mol -1·dm3 was reported for the
2+
association constant. Results also were reported for association of Fe(CN)64  with Ba
2+
+
and Mg , but the authors found no evidence for association between K and
Fe(CN)36 Though the study is convincing qualitatively, the data analysis, especially
with respect to application of activity coefficients, is doubtful. The numerical results are
not used further in the present review.
.
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[1957HOL/JAM]
The authors prepared solutions of iron(III) salts (0.256 to 0.274 mol·kg -1) and measured
the magnetic susceptibilities of these solutions (at ~ 290 K) as a function of phosphoric
acid concentration in the presence and absence of excess perchloric or hydrochloric
acid. The measured susceptibilities dropped to a minimum for solutions with a
phosphate to iron ratio near 0.5 (± 0.2). From this the authors concluded that a di-iron
species, such as Fe2 PO34 , was formed, as was proposed in a companion paper
[1957HOL/SAL]. No formation constant values were proposed.

[1957HOL/SAL]
The authors carried out cation- and anion-exchange studies (using Zeo-Karb 225 and
I.R.A. 400, respectively) on solutions of iron(III) sulfate and iron(III) chloride (0.1
mol·dm-3 Fe) containing phosphoric acid. In some cases, sulfuric or hydrochloric acid
was also added to the solutions. The anion-exchange results suggested formation of an
anionic phosphatoiron(III) complex, an anionic disulfatoiron(III) complex, and possibly
a species containing both phosphate and sulfate ligands. The results of the cationexchange study were consistent only with sorption of a species with an iron to
phosphate ratio greater than 1.0. The authors proposed the species Fe2 PO34 and related
partially hydrolysed species, such as Fe2 PO4 (OH)2 . No formation-constant values were
proposed, and the results do not exclude possible formation of multinuclear species with
an iron to phosphate ratio greater than 2:1.

[1957SMI2]
The interaction of Fe3+ and F– was followed at 0 °C by monitoring the potential of the
iron(III)-iron(II) couple with a variety of electrodes in 0.05 mol∙dm-3 NaClO4 solutions
acidified with HClO4, where the iron(II) concentration was maintained at either
0.55 × 10-4 or 1.1 × 10-4 mol∙dm-3. The acid-dissociation constant of HF(aq) under these
conditions was assumed to be 1.57 × 10-3 mol∙dm-3 while the first hydrolysis constant of
Fe3+ was taken as 5.71 × 10-4 mol∙dm-3. Writing the complex formation constant in
terms of F– gave a value of (2.5 ± 0.5) × 105 dm3∙mol-1. In these experiments the initial
iron(III) concentration was in excess of the total fluoride concentration. The rates of
complexation were followed for the reaction whereby the rate constant of formation was
second order and the dissociation of the complex ion was first order for eight
experiments listed in the following range of concentrations: cFe(III) = (2.28 and
4.56) × 10-4, cH = 0.01-0.045, and c(HF(aq)+F ) = (0.78 and 1.57) × 10-4. The mean value
of the second-order rate constant was (0.028 ± 0.004) dm3·mol-1·s-1 (2σ). There was no
obvious dependence on the acid concentration within the range of the rate constants
reported here.
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[1957YAT/TET]
Spectrophotometric measurements at (20 ± 1) °C were made of the interaction of
iron(III) with thiocyanate (465 nm with ε = 456 m2∙mol-1) and bromide (400 nm with ε =
43.6 m2∙mol-1) ions as a function of ionic strength in the presence of various
electrolytes, KNO3 , Mg(NO3 )2 and Al(NO3 )3 . This is one of the rare studies in
which the ligand concentrations were kept quite low with respect to the ionic strength
although higher Fe(NO3 )3 (sln) concentrations were employed, viz., cΣFe(III) = 0.004974
and cΣSCN = 0.0004977; cΣFe(III) = 0.05916 and cΣBr = 0.0149. Unfortunately, the
concentration of acid was not given, the authors simply stated that the acidity “was
maintained constant and sufficient to suppress the hydrolysis of the trivalent iron
compound”. This statement is dubious at best, especially at the low ionic strengths.
The authors discussed the applicability of the Davies equation [1962DAV]
(they used a coefficient of 0.2 in the extended term) to describe the activity coefficients
of the ions in these solutions. Insufficient details of the solution compositions were
provided to allow the present reviewer to derive the instability constants of the two
complex ions in question. The authors concluded that the Davies equation could be used
effectively up to I c = 0.8 to obtain log10 K1o (dissociation) values to a precision of 0.1.

FeBr+
From their tabulated “pK” values for the FeBr 2+ complex (their Table IV) the average
of the four values listed at Ic < 0.8 for KNO3 solutions was calculated in the present
review to be (1.27 ± 0.07) (2σ) and for all three electrolytes to be (1.30 ± 0.09) (2σ).
The “Instability constant K” versus “Ionic strength of solution μ” data in the
authors’ Table II for “Electrolyte KNO3 ” were taken and converted to molalities using
the solution densities for KNO3 (sln) at the effective ionic strengths. The SIT treatment
yielded the plot shown in Figure A-7.
This SIT fit yielded values of log10 ' K1o for the ion association of FeBr2+
association reaction of (1.33 ± 0.06) (2σ) and Δε = ‒ (0.116 ± 0.004) kg∙mol-1. From
this, using values in the list of TDB ion-interaction coefficients (cf. Appendix B) the
value of  (FeBr 2+ , NO3 ) would be (0.19 ± 0.09) kg∙mol-1.
For the bromide system, the relatively high Fe(NO3)3 concentration must bias
the SIT treatment by contributing significantly to the ionic strength, i.e., by amounting
to an I m contribution of ca. 0.36 mol∙kg-1. A more minor concern is that the conversion
from molarity to molality was also complicated by the presence of the high Fe(NO3)3
concentration. Finally, the value of log10 ' K1o for the FeBr2+ association reaction of
(1.33 ± 0.06) (2σ) at 20 °C is substantially higher than determined by other researchers.
Lack of knowledge of the densities of the Mg(NO3)2 and Al(NO3)3 solutions and
complexity of these media deterred any attempt to treat these results with the SIT. These
results were given zero weight in evaluating the formation constant data for FeBr2+.
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Figure A-7: Application of the SIT treatment to the instability constant (designated by
log10 ' K1o here) data for the FeBr 2+ complex in KNO3 solutions at 20 °C.
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The results are listed in Table III of this publication for the four electrolyte solutions
mentioned above. Unfortunately, the hydrogen ion concentration was not provided,
although the total Fe(III) and thiocyanate concentrations were low enough so as not to
contribute significantly to the ionic strength. Also as mentioned above the claim that
hydrolysis of Fe(III) could be ignored is difficult to accept, but implies that the total
stoichiometric hydrogen ion concentration was quite high. Nevertheless, assuming the
main objective of this review is to obtain the “dissociation” constants, which are
represented as ' K1 in this review, for FeSCN2+ then application of the SIT can be
carried out with the realisation that the ion-interaction terms obtained could have limited
physical meaning. The molarities provided in Table III of this article were converted to
molalities assuming that the only significant electrolyte in solution was as listed in the
authors’ Table I. As Figure A-8 illustrates, the SIT fits required an ionic strength
dependent Δ (assumed for convenience to be = {1   2 log10 I m } but given as
asterisk quantities in Table A-9 because as mentioned they may only be apparent
values). The range of Im was limited to values of ca. 3 or less. The resulting log10 ' K1o ,
1* and  2* values are given in Table A-9.
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Table A-9: Dissociation constant of FeSCN2+ at 20 °C and the apparent ion-interaction
coefficients designated as asterisk quantities based on an SIT treatment of the data in
Table I of [1957YAT/TET].
Medium

 log10 ' K1o

1* / kg∙mol-1

 2* / kg∙mol-1

r

Curves
Figure A-8

KNO3
Mg(NO3 )2
Al(NO3 )3
Mg(ClO4 )2

(3.079 ± 0.018)
(3.013 ± 0.025)
(3.047 ± 0.029)
(3.096 ± 0.065)
(3.003 ± 0.043)

(0.235 ± 0.022)
(0.214 ± 0.029)
(0.192 ± 0.039)
(0.247 ± 0.071)
(0.359 ± 0.023)

– (0.290 ± 0.051)
– (0.206 ± 0.051)
– (0.204 ± 0.063)
– (0.232 ± 0.108)
– 0.41

0.994
0.989
0.982
0.980
0.848

long dashes
dash-dot-dot
solid line
short dashes
dots

Figure A-8: An SIT treatment of the dissociation constants of FeSCN2+ at 20 °C from
data in Table I of [1957YAT/TET] where the curves are defined in Table A-9.
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The weighted average of log10 ' K1o from Table A-9 is ‒ (3.053 ± 0.026) (2σ) at
20 °C, but the statistical uncertainty should be increased by at least a factor of two to
account for systematic uncertainties traceable mainly to the uncertain compositions of
the solutions. However, the corresponding value of log10 K1o is in keeping with that
derived from [1955LIS/RIV] at 25 °C. viz., (3.049 ± 0.010). The last entry in Table A-9
describes the results of an SIT fit in which *1 was fixed at the value for  (Fe3+ , X )
with X  ClO4 , viz.,  2 = ‒ (0.41 ± 0.05) kg∙mol-1 assuming the two other ioninteraction terms contributing to Δ are independent of I m . The resulting value of
log10 ' K1o is within the combined uncertainties of both fits of these data.
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The weighted average “association” constant for FeSCN2+ obtained in this
work is included in the data assessment procedure by this review.

[1958PER2]
Perrin used spectrophotometry and redox potentiometry to derive the formation
constants for FeSCN2+ and Fe(SCN)2 in mainly HClO4 solutions at I c = 0.56 (18 °C)
and 0.65 (20 °C) for the respective techniques. For data obtained by the former method,
association constants were derived from low relative concentrations of SCN  for
FeSCN2+ formation, but the molar decadic absorption coefficient had to be taken from
the literature. For determination of the formation constant of Fe(SCN)2 , the molarity of
the ligand ranged from 0.0151 to 0.153 mol·dm-3 such that the concept of a truly
supporting electrolyte was compromised. The potentiometric data used to determine the
association constants incorporated results from solutions with compositions that
extended to 0.15 mol·dm-3, which again is ca. three times higher than allowed for the
assumption of constant activity coefficient ratios to be valid. The values of Kc, n (n = 1
and 2) reported from the spectral measurements are 145 and 14 at 18 °C and I c = 0.56,
whereas the potentiometric results gave 133 and 10.6 at 20 °C and I c = 0.65.

[1958WEN]
A study of the decomposition of 15 metal nitrate hydrates, including Fe(NO3)3·9H2O(cr)
was carried out using a thermobalance with a heating rate of 5.4 K·min-1. The
decomposition of Fe(NO3)3·9H2O(cr) was found to begin near 310 K, and to proceed to
formation of an unspecified form of Fe2O3(s) above 700 K, without formation of any
distinct intermediate.

[1959GRO/WES]
Specimens of stoichiometric FeS(cr) and Fe0.877S(cr) for this low-temperature heatcapacity study were prepared from the elements (Fe ~ 99.98 % pure with ~ 0.01 % Ni,
~ 0.01 % Si, 0.001 % Mn; S high-purity reagent, purified further by double distillation).
Sulfur was slowly distilled onto iron in an evacuated, tubular fused-silica apparatus
during pre-reaction at 800 °C. Samples were then heated for ten days at 800 °C, cooled
at 100 °C per day to ambient temperature, crushed, annealed at 290 °C for 30 days, and
cooled to ambient temperature again over six days.
The identity and homogeneity of the specimens was confirmed by XRD. The
sample masses for heat-capacity measurements were 79.257 g Fe1.000S(cr) and 90.509 g
Fe0.877 S(cr), and the relative molecular masses used were 87.92 and 81.05, respectively.
Note that a later paper on high-temperature heat capacities by Grønvold and Stølen
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[1992GRO/STO] uses the relative molecular masses 87.913 and 80.932, the latter value
being adjusted to the composition Fe0.875S .
Heat-capacity measurements were obtained by using a gold-plated copper
calorimeter with 40.33 cm3 capacity. The accuracy of the platinum-resistance
thermometer was within 0.03 K at 10 to 90 K and within 0.04 K between 90 and 350 K.
The precision was much higher, and drift-corrected temperature increments were
considered accurate to 0.001 K. Estimated uncertainties in the heat-capacity values were
0.1 % above 25 K, 1 % at 10 K, and 5 % at 5 K. The authors tabulated 65 experimental
heat-capacity values for Fe1.000S(cr) between 6.97 and 344.70 K, and 99 values for
Fe0.877S(cr) between 5.82 and 347.48 K. They pointed out poor agreement between
their results for Fe1.000S(cr) and those reported for FeS(cr) by Anderson [1931AND],
which they attributed to Anderson’s sample likely being sulfur-rich.
The only anomaly in the heat-capacity curve for Fe1.000S(cr) is a pre-transition
rise above the expected sigmoid form at temperatures above ~ 300 K. (see
[1992GRO/STO] and Sections IX.1.1.1.1.1 and IX.1.1.1.2.1.1 for further information
on the phase transitions). Small, relatively broad humps of unknown origin were noted
in the curve for Fe0.877 S near 8 and 30 K. The entropy increments associated with these
two features were estimated to be 0.003 and 0.03 cal∙K-1∙mol-1 (0.013 and 0.13
J∙K-1∙mol-1), respectively [1959GRO/WES]. Re-evaluation indicated significantly larger
contributions, with estimated (baseline corrected) entropy increments of 0.02 and
0.23 J∙K-1∙mol-1, and enthalpy effects of 0.15 and 5.79 J∙mol-1, for the two anomalies.
Smoothed values for heat capacity and for entropy- and enthalpy-increment
functions are tabulated by the authors [1959GRO/WES] for 10 K increments up to
300 K and for 273.15, 298.15, and 350 K. Earlier enthalpy-increment measurements on
various natural and synthetic pyrrhotites, within the temperature range 273 to 373 K, are
also compiled from seven papers published between 1831 and 1950.
The heat-capacity data obtained in this paper comprise the best available lowtemperature data sets for stoichiometric FeS and for monoclinic pyrrhotite (nominally
Fe0.875S). They are discussed further, along with the later high-temperature data
[1992GRO/STO] and derived enthalpy and entropy increments, in the Appendix A
entry for [1992GRO/STO].

[1959GRO/WES2]
This paper presents low-temperature C p measurements by Grønvold and Westrum on
three solid iron selenides as follows:
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 82 measurements in three series at 5.60 ≤ T/K ≤ 347.23 for a 107.795-g
specimen of Fe1.042Se(cr)1 with a relative gram-atomic mass of 67.17 (i.e., a
relative formula mass of 137.16);
 A single series of 56 measurements at 5.91 ≤ T/K ≤ 344.70 for a 118.981-g
specimen of Fe7Se8 (cr) with a relative gram-atomic mass of 68.18 (i.e., a
relative formula mass of 1022.70);
 82 measurements in two series at 5.57 ≤ T/K ≤ 347.55 for a 132.015-g
specimen of Fe3Se4 (cr) with a relative gram-atomic mass of 69.06 (i.e., a
relative formula mass of 483.42).
These materials were prepared by fusing accurately weighed mixtures of highpurity Fe and Se at 1050 °C in sealed, evacuated silica tubes, cooling the products and
crushing them under dry nitrogen, then homogenising at 350 °C for 30 days and cooling
to room temperature over a further 30 days. The products were shown by XRD to be the
desired, single-phase materials (see discussion below). The C po measurements were
performed in a 40.33-cm3-capacity copper calorimeter with internal gold plating.
Measurement techniques and calibration are described, and further details (including
previous experience with the solid synthesis and characterisation) are cited. Smoothed
values of C po ,m , S o  S0o , and

H o  H 0o
were obtained by graphical interpolation of
T

heat-capacity values and numerical integration. Results were tabulated by the authors
[1959GRO/WES2] at short intervals from 10 to 350 K, with an estimated uncertainty of
0.1 % in the C po values above 25 K and in the entropy and enthalpy functions above
100 K. Structural and magnetic properties of the iron selenides are also briefly
discussed. The C po data from this study, along with high-temperature data for the same
three phases, are illustrated in the Appendix A entry for Grønvold’s later paper
[1968GRO].
The authors noted that their Fe7Se8 specimen did not show any XRD line
splitting expected for monoclinic symmetry. This indicates that, despite the very slow
cooling rate, the fully ordered, low-temperature monoclinic (4C) superstructure was not
obtained (see Section IX.2.1.4).2 It is likely that the Fe3Se4 specimen was also not fully
ordered, while the nature of ordering in the Fe1+x Se (or FeSe1-y ) β phase, if any, is
unknown. For this reason, Gibbs energy functions were not tabulated in
[1959GRO/WES2], but the zero-point entropy and enthalpy terms are likely to be small.
In Table 8 of [1972SVE], Svendsen adjusted S o ( Fe1.042Se , cr, 298.15 K), as obtained by
[1959GRO/WES2], from 72.1 to 73.5 J∙K-1∙mol-1, but this correction of about
1.4 J∙K-1∙mol-1 is a statistical value that assumes no short-range vacancy ordering, and is
therefore an upper limit. A similar (maximum) zero-point entropy of
0.75 J∙K-1∙(g-atom)-1, or 1.53 J∙K-1∙mol-1 was estimated by Grønvold [1968GRO]. With
1
2

See the first footnote to the Appendix A entry for [1968GRO].
The same synthetic procedure yielded the higher-temperature 3C superstructure in material used by
Grønvold [1968GRO] for high-temperature Cp measurements.
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the Fe7Se8 and Fe3Se4 specimens, even if the fully ordered superstructures were not
attained, the very slow cooling rates should have allowed a high degree of vacancy
ordering to be attained.
o
As in the TDB selenium volume [2005OLI/NOL], the uncorrected S298.15
-S0o
values from [1959GRO/WES2] are equated (with appropriate unit conversion) to S mo
(298.15 K) for all three iron selenides in the current review:

S mo (Fe1.042Se, β, 298.15 K) = (72.1 ± 0.8) J∙K-1∙mol-1,
S mo (Fe7Se8, α, 298.15 K) = (613.8 ± 5.0) J∙K-1∙mol-1,
and S mo (Fe3Se4, γ, 298.15 K) = (279.8 ± 3.0) J∙K-1∙mol-1.
The values for C po , m (298.15 K) are also accepted:

C po , m (Fe1.042Se, β, 298.15 K) = (57.1 ± 0.7) J∙K-1∙mol-1,
C po , m (Fe7Se8, α, 298.15 K) = (442.1 ± 4.0) J∙K-1∙mol-1,
and C po , m (Fe3Se4, γ, 298.15 K) = (220.1 ± 2.0) J∙K-1∙mol-1.
The uncertainties for both the entropies and the heat capacities are those assigned in the
previous review [2005OLI/NOL]. The decision in that review to select heat-capacity
data for Fe3Se4(cr, γ) from [1959GRO/WES2] in preference to those from
[1989GUS/ALD] is also accepted here (see the Appendix A entry for
[1989GUS/ALD]).
The heat-capacity data from [1959GRO/WES2] show a λ-type anomaly with a
peak at about 307 K for Fe3Se4, and indicate pre-transition behaviour (indicative of a λtype anomaly) for Fe7Se8 above about 250 K. These aspects are illustrated and discussed
further in the Appendix A entry for the later, high-temperature C p measurements for the
same three iron selenide phases by Grønvold [1968GRO].

[1959KUL/YOD]
This study by Kullerud and Yoder is concerned mainly with the following equilibrium
at high pressure:
Pyrite

pyrrhotite + liquid (or gas).

The univariant p-T relationship was determined from the four-phase invariant
point at 1016 K and ~ 1 MPa up to 1083 K at 500 GPa.

[1959MAT]
This is an extension of the review in TDB-Iron Part 1 [2013LEM/BER] in which this
paper is discussed with respect to iron(III) sulfate complexation. The use of a cell with
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glass versus calomel electrodes means that the degree of nitrate complexation had to be
determined indirectly from the pH signal due to its competitive effect with sulfate ion.
The temperature was controlled at (25.00 ± 0.05) °C with ionic strengths of 0.345, 0.69,
1.38 and 2.77 mol∙dm-3 with only one measurement per ionic strength. The acid
dissociation constants for HSO4 were estimated from literature values (0.0104
mol∙dm-3 at Ic = 0 [1955ROB/STO], 0.084 mol∙dm-3 at Ic = 2.0 [1951ZEB/ALT]) and
from their measurement at Ic = 0.275, i.e., *Kc,2 = (0.034 ± 0.004) mol∙dm-3. To
calculate the formation constant of a FeNO32 complex at zero ionic strength a
modified Debye-Hückel equation was used:

log10 K1o  log10 K1  3 I c / (1  1.7 I c )  bI c
with 1.7 in the denominator corresponding to a distance of closest approach of 0.51 nm.
The authors report log10 K1o  1.00 with b =  0.015.
Application of the SIT treatment to the data in Table 3 of this publication is not
strictly justified because of the complexity of the media and the fact that the dominant
anion was nitrate. As also mentioned in the previous Appendix A entry for this paper, a
further concern is the set of tabulated pH values. These values are only approximate
because only one buffer, potassium hydrogen phthalate, was used for the glass electrode
calibration. Merely for the sake of comparison, application of the SIT Debye-Hückel
expression yielded log10 K1o  (1.1 ± 0.1) with a Δε = (0.00 ± 0.06) kg∙mol-1, where the
uncertainties are statistical and should be tripled to express the real experimental
uncertainty.
The value of log10 K1o  (1.1 ± 0.3) for the formation of an FeNO32 complex
at 25 °C is not only very approximate, but would also indicate that based on the results
of this single study the importance of complexation in solutions of this 3:1 electrolyte is
questionable, even at moderate nitrate concentrations.

[1959PER]
Perrin measured the oxidation-reduction potentials and the pH of 1 mol∙dm-3 NaClO4
solutions at 20 °C in the absence and presence of chloroacetic, formic, acetic, propionic
and isobutyric acids. The acid-dissociation constants for these aliphatic acids were also
measured at the same conditions. However, of interest to this review are the hydrolysis
constants obtained in the absence of these acids. The author referred to a previous
publication [1958PER] for all experimental details. No experimental data were provided
and the following molar hydrolysis constants are simply listed in the text without any
explanation other than to cited the methods employed in [1958PER] and [1953HED] as:
*Kc,1 = 1.8 × 10-3, *Kc,2 = 8.9 × 10-7, and *Kc, 2,2 = 1.4 × 10-3.
The logarithms of the corresponding molal hydrolysis constants are, ‒ 2.72,
‒ 5.73 and ‒ 2.83, respectively, at 20 °C and Im = 1.05. Despite the lack of experimental
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details, the value of log10 * Km,2 was found to be in accord with those from other studies
[2013LEM/BER].

[1959SEI]
The formation constants of monofluorido complexes of five lanthanide metal ions are
listed.
No data were presented for the corresponding iron(III) species although the
Fe(III)/Fe(II) couple was used in the potentiometric titrations.

[1959WES/CHO]
Here, Westrum et al. reported 94 C p measurements for a 120.567-g sample of
Fe1.111Te(cr) between 4.87 and 341.65 K,1 and 58 C p measurements for a 154.505-g
sample of FeTe2.000 (cr) between 6.83 and 344.88 K, using an adiabatic technique. The
paper describes the characteristics of the calorimeter. The principal impurities in the
starting materials (all ~ 0.01 mass-%) were Fe in the Te, and Si and Ni in the Fe. The
iron tellurides were prepared by direct combination of Fe and Te in evacuated, fusedsilica tubes at 700 °C for one week, then, after fragmentation, annealed at 400 °C for
two weeks and cooled to room temperature at 50 °C per day. Phase purity was assured
by XRD, in accordance with the previous, detailed study of the Fe-Te system by
Grønvold et al. [1954GRO/HAR].
The data for Fe1.111Te showed a relatively sharp, strong λ-type anomaly near
63 K (see further discussion in the Appendix A entry for [1974MIK/IPS] and Section
IX.3.1.1.1). There are no anomalies in the data for FeTe 2.000 . There is an apparent
typographic error in the C p value of 11.79 cal∙K-1∙mol-1 for Fe1.111Te at 152.48 K in
Table I of [1959WES/CHO]; it should probably be 11.19 cal∙K-1∙mol-1.
Based on these data, Westrum et al. [1959WES/CHO] tabulated thermodynamic
properties of the two phases between 5 and 350 K, with an estimated uncertainty of 0.1 %.
These included the quantities listed in Table A-10. The adjusted values in this table were
obtained in the current review. The largest adjustment is the increase of 0.22 J∙K-1∙mol-1 in
the value for S mo ( Fe1.111Te , cr, 298.15 K), which is due mainly to an apparent slight
under-estimate by Westrum et al. [1959WES/CHO] of the entropy change associated with
the λ-type transition at 63 K. The heat-capacity adjustments are no more than rounding
corrections. The adjusted quantities, and derived Cp -T equations for T > 298.15 K (based
on [1959WES/CHO] and [1974MIK/IPS]), are carried over as recommended values in
Sections IX.3.1.1.1 ( Fe1.111Te ) and IX.3.1.2.1 (FeTe2.000) of the main text.
1

Whereas the formula is rounded to Fe1.11Te in the title, abstract, and text of [1959WES/CHO], their
tabulated Cp values and derived thermodynamic properties are based on the composition Fe1.111Te with a
molar mass of 189.66 g∙mol-1; the latter composition is assumed to be correct.
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Table A-10: Thermodynamic quantities for Fe1.111Te(cr) and FeTe2.000 (cr) , derived
from heat-capacity measurements from [1959WES/CHO].
Values / J∙K-1∙mol-1

Quantity

C

o
p, m

(Fe1.111Te, cr, 298.15 K)

S (Fe1.111Te, cr, 298.15 K)
o
m

C

o
p ,m

(FeTe2.000, cr, 298.15 K)

S mo (FeTe2.000, cr, 298.15 K)

[1959WES/CHO]

Adjusted

(55.02 ± 0.06)

(55.03 ± 0.09)

(89.00 ± 0.09)

(89.22 ± 0.15)

(73.64 ± 0.07)

(73.64 ± 0.10)

(100.16 ± 0.10)

(100.22 ± 0.20)

[1960HEP/SWE]
Hepler et al. described the results of heat-of-solution measurements of K3Fe(CN)6(cr),
K4Fe(CN)6(cr) and K4Fe(CN)6·3H2O(cr). Heats of solution of K3Fe(CN)6(cr) were
measured over the range of molarities (1.019 to 15.337) × 10-3 mol·dm-3 and then were
combined with the heat-of-dilution results of Lange and Miederer [1956LAN/MIE]
(‒ 0.8 to ‒ 1.8 kJ·mol-1). From these an average Δsol H mo value of (54.42 ± 0.36) kJ·mol-1
(2σ uncertainty) is calculated. The heats of solution of K 4Fe(CN)6(cr) and
K4Fe(CN)6·3H2O(cr) were measured over the ranges of molarities (2.287 to
13.438) × 10-3 mol·dm-3 and (5.559 to 28.326) × 10-3 mol·dm-3 and similar analysis (the
heats of dilution were estimated to range from ‒ 2.7 to ‒ 4.0 kJ·mol-1) leads to average
Δsol H mo values of (40.20 ± 0.56) kJ·mol-1 and (55.00 ± 0.29) kJ·mol-1 (2σ uncertainties),
respectively.
Heats of oxidation of Fe(CN)64  to Fe(CN)36 by Br2(l), considered to proceed
according to Reaction (A.21), were also measured. The slow rate of Reaction (A.21)
coupled with the difficulties in applying the necessary heat-of-dilution corrections for
such highly charged species led to higher than usual uncertainties in the estimated heat
of reaction, viz., Δ r H mo (A.21) of  (4.2 ± 0.8) kcal·mol-1 { (17.6 ± 3.3) kJ·mol-1} (1σ).

2Fe(CN)64  Br2 (l)

2Fe(CN)36  2Br 

(A.21)

Using TDB values for the enthalpies of formation of Br 2(l), Br–, H2(g) and H+, ΔH mo
(A.22) is calculated to be – (112.62 ± 1.68 kJ·mol-1),

Fe(CN)36 + ½H2 (g)

Fe(CN)64 + H+

(A.22)

and, as discussed in the main text (Section X.1.1.1.10), this is similar to values
calculated from electrochemical measurements.
The Gibbs energy of solution of K3Fe(CN)6(cr) was derived using Eq. (A.23),

Δsol Gmo = – RTln(27m4γ4) = 2.12 kcal·mol-1 {(8.87 ± 0.25) kJ·mol-1}

(A.23)

where m is the molality of the saturated solution at 298.15 K [1928FRI/SMI]
(488.0 g / 1000 g H2O = 1.482 m) and γ (0.121) is the mean molal activity coefficient
extrapolated from the tabulated values of Robinson and Stokes [1955ROB/STO]. The
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value used for the saturation molality was probably slightly low (see the Appendix A
discussion for Friend and Smirles [1928FRI/SMI]), and as discussed in the main text
(Section X.1.1.2.3) there are questions about the appropriate value for γ. Busey
[1965BUS], as discussed in the Appendix A entry for that reference, commented on the
paper of Hepler et al. and proposed an alternative treatment of the results contained
therein.

[1961EGA/WAK]
Heat-capacity measurements were carried out between 7.75 and 311.6 K on a sample of
crystalline FePO4 ·2H2 O prepared by a hydrothermal synthesis [1959CAT/HUF], and
identified by those authors as being the same as the mineral strengite. The heat-capacity
values increased smoothly above 30 K, but a peak was found at or below the lowest
measurement temperature.
In the present review a series of second-order polynomials was fit to the data
(values of Cp /T ) for temperatures between 26.58 and 311.6 K. A third-order
polynomial was fit to values from 12.81 to 31.10 K, and an exponential decay function
to values below 14 K. Integration of appropriate sections of these functions gives a
K
K
value for 298.15
of 167.3 J·K-1·mol-1 (and 165.3 J·K-1·mol-1 for 298.15
7.75 K ΔS
10.00 K ΔS ,
essentially identical to the value 165.2 J·K-1·mol-1 estimated by the authors). However,
as the authors were unable to establish the temperature of the maximum of the lowtemperature peak, estimation of the contribution to the entropy for 0 to 7.75 K is
speculative.

Figure A-9 : Possible extrapolations
[1961EGA/WAK] for strengite.
5

of

low-temperature

smoothed extrapolation

heat-capacity

data

6.5 K

based on values for
7.75 to 13.00 K
experimental values

4

3

7.0 K

-1

-2

CpT / J·K ·mol

-1

possible extrapolations to 0 K

2
7.75 K

1

0
0

1

2

3

4

5

6

7

8

9

10

T/K

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

378

A. Discussion of selected references

Figure A-9 shows some of the possibilities. For three potential temperatures for
the maximum of the peak it is assumed that Cp might vary as T 2, T 3, or T 4, as Cp
decreases to a value of zero at 0 K. The calculated entropy calculations are then listed in
Table A-11. It is obvious that the assumption as to the maximum temperature for the
peak is very important. If the maximum value of Cp/Tmax is < 7.0 K, it also is probable
that the decrease of Cp/T at temperatures below Tmax is considerably more rapid than the
linear decrease shown for Cp  T2, limiting the overall contribution to the entropy. It
K
would seem that a value of between 3 and 10 J·K-1·mol-1 is reasonable for 7.75
0 K ΔS . The
-1
-1
authors’ estimate was to the lower end of this range, ~ 4 J·K ·mol . Therefore, it is
estimated here that the value of S o  FePO 4 ·2H 2 O, orthorhombic, 298.15 K  is (174  7)
J·K-1·mol-1, slightly larger than that proposed originally by the authors.

Table A-11: Possible entropy contributions to S o (FePO4 ·2H2 O, orthorhombic) from 0
to 7.75 K.
Tmax / K

7.75 K
0K

-1
-1
S / J·K ·mol

6.50

Cp  T 2
18.74

Cp  T 3
13.68

Cp  T 4
11.15

7.00

12.19

8.69

6.94

7.75

6.47

4.32

3.24

The heat of dissolution of the dihydrate into 4.036 m HCl(sln) at 343.15 K
was measured. In this review the value is corrected (in the same manner reported by the
authors) to 298.15 K and combined with: (a) heat of dilution data for HCl(sln) and
H3 PO4 (sln) [1982WAG/EVA], (b) the values from the authors’ measurements of
Δsln H mο of FeCl3 (cr) , H3 PO4 ·1.0055H 2 O and H 2 O(l) in the acid medium, (c) Δf H mο
values from Tables III-1 and IV-1 for FeCl3 (cr) , HCl(g) and H 2 O(l) and (d) Δf H mο for
H 3 PO 4 [1998CHA]. From these, a value of − (1888.0 ± 5.0) kJ·mol-1 is calculated1 for
Δf H mο ( FePO4 ·2H 2 O, cr ), where the uncertainty is an estimate.
The authors used their values for Δf H mο ( FePO4 ·2H 2 O, cr ) and
S  FePO 4 ·2H 2 O, orthorhombic  with auxiliary data then currently available
[1952ROS/WAG] to calculate a 298.15 K value of − 34.56 for log10 K o (A.24):
o

FePO4·2H2O(cr)

Fe3+ +H2 PO4 + 2OH

(A.24)

Several later papers [1972NRI3], [1992CIA/IUL3], [2007IUL/CIA], have used
this constant directly for comparison purposes, or indirectly; but the auxiliary data,
especially the values for S ο ( Fe3+ ), S ο ( H2 PO4 ), and Δf H mο ( H2 PO4 ) have been
reassessed over the years, and can lead to values of log10 K o (A.24) ranging from − 36.6
1

The value “22.365 cal” indicated by the authors for their r(5)H is inconsistent with their other calculated
values (and their reported final value for fH°m(FePO4·2H2O(cr)) by ~ 6.3 kJ·mol-1. The present reviewer
has been unable to find a likely source for this discrepancy.
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(using values from [1982WAG/EVA]) to − 33.3 (using values from [1989COX/WAG]
and [1995PAR/KHO]). In the present review a value of − 1658.1 kJ·mol-1
for Δf Gmο (FePO4 ·2H2 O, cr) is calculated from the (recalculated) experimentally
determined values of Δf H mο (FePO4·2H2O, cr) and S mο (FePO4·2H2O, cr). From this,
− 33.3 is calculated for log10 K o (A.24). As discussed in the main text, this value
for Δf Gmο (FePO4·2H2O, cr) is more than 10 kJ·mol-1 less negative than a value that has
been derived from solubility studies [1957CHA/JAC], [1972NRI3], [1992CIA/IUL3],
[2007IUL/CIA].
The authors also reported the enthalpy of dissolution of “colloidal”
FePO4·2H2O at 298.15 K, under similar conditions, and heat-capacity measurements for
that solid. The enthalpy of solution measurements confirmed that the colloidal solid was
less stable than the crystalline dihydrate. The procedure used to estimate the heat of
wetting by comparison with more highly hydrated samples may be suspect, and the
extent of hydration may not have been constant.
As would be expected [2012MAJ/DRA], the heat-capacity values were greater
than those for the crystalline solid, and a peak was observed at ~ 8.75 K. The authors
reported 189 J·K-1·mol-1 for S mο (FePO4·2H2O, am), and no attempt is made in the
present review to re-analyse the data for this metastable solid.

[1961GEI/GER]
Geiderikh et al. reported potential measurements at 630 to 900 K on various Fe-Te alloy
compositions in the electrochemical cell:
Fe FeCl2  KCl + LiCl 

Fe-Te alloy

Note that their notation for the alloy phases is different from current usage; in particular,
they use α and β to describe what are currently called the β and ε phases, respectively.
Mills [1974MIL] extracted the following enthalpies of formation (with units
changed in the current review) from the results of [1961GEI/GER]:

f H mo ( Fe1.111Te , cr, β, 298.15 K) = − 25.80 kJ∙mol-1 with no uncertainty estimate;

f H mo ( FeTe 2.000 , cr, ε, 298.15 K) = − (72.4 ± 4.7) kJ∙mol-1.
Ball et al. [1992BAL/DIC] obtained the following values with no uncertainty estimates:

f H mo ( Fe1.111Te , cr, β, 298.15 K) = − 25.88 kJ∙mol-1;
f H mo ( FeTe 2.000 , cr, ε, 298.15 K) = − 72.06 kJ∙mol-1.
The close agreement between the [1974MIL] and [1992BAL/DIC] derivations is
puzzling, because the Cp -T equations used in these two reviews are markedly different,
especially for FeTe2.000 (cr, ε) , as discussed in the Appendix A entry for
[1974MIK/IPS].
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[1961GRE/FRI]
This paper reports values of the molar magnetic susceptibility and heat capacity of a
34.01 g powdered sample of K3 Fe(CN)6 (cr) at temperatures from 0.67 to 19.9 K. A
carbon thermometer-heater [1938GIA/STO] was used to carry out the heat-capacity
measurements. A minimum in the heat-capacity curve was found between 2 and 3 K, as
was the existence of the small maximum at 1.2 K, and a further increase in heat capacity
below 1 K, but these were supported only by sparse measurements below 2 K. The
maximum at 1.2 K was not confirmed by later results [1976FRI/CES].

[1961YAL]
Potentiometric titrations were carried out at (26.7 ± 0.1) °C. The cell used was as
described by Dodgen and Rollefson [1949DOD/ROL]. The initial solution composition
was cH+ = 0.5000 (HClO4), cFe(II) = 0.002000 (Fe(ClO4)2) and cFe(III) = 0.001000
(Fe(ClO4)3); hence I c = 0.51 to 0.53 mol·dm-3. The working electrode consisted of a
cylindrical platinum gauze. Spectrophotometric measurements were also made on the
iron(III) thiocyanate system. The species in solution in the potentiometric cell were
considered to be: Fe3+, FeF2+, FeF2+ , FeSCN2+, Fe(SCN)+2 and FeF(SCN)+. Corrections
were required for the first hydrolysis constant of Fe3+ according to Milburn [1957MIL].
Other hydrolysis species were ignored as was the dissociation of HF(aq). The resulting
formation constants (expressed in terms of hydrofluoric acid) obtained from the
potentiometric titration experiments are listed as: 182, 11 and (1370 ± 50) dm3·mol-1,
for FeF2+, FeF2+ and FeFSCN+, respectively, where the latter is the average of the results
of three experiments. The stepwise formation constants for the FeSCN 2  and Fe(SCN)+2
complexes were given as 141 and 13.2 dm3·mol-1, respectively. The conversion factor to
molal units is 1.0261 [1985SOH/NOV] which yields the following logarithms of the
respective molal quantities: 2.25, 1.03, 2.14, 1.11 and 3.11 at a mean I m of 0.523.
Taking the value for the logarithm of the acid-dissociation constant of HF(aq)
from the NEA selected auxiliary table at 25 °C of ‒ 3.180 and applying the
corresponding enthalpy value, the log10 K1o value becomes ‒ 3.192 at 26.7 °C. Taking
Δ  { (H , F )   (H ,ClO4 )}  { (Na  , F )   (H ,ClO4 )} = {(0.02 ± 0.02) +
(0.14 ± 0.02)} = (0.16 ± 0.03) kg·mol-1, ignoring the small temperature difference and
the need to use  (Na  , F ) as a surrogate for  (H , F ) led to an estimated log10 Km,1
value at I m = 0.52 of ‒ 3.275. Rewriting the iron(III) formation equilibria in terms of
the free fluoride molality yields the following log10 Km,n,1 values for the formation of
+

FeF2  , 5.53; FeF2 , 4.31 and FeF(SCN) , 6.39.
Using the enthalpies for the complexation of Fe3+ by SCN– [1992OZU/KUR],
the values of log10 Km,1 and log10 Km,2 corrected to 298.15 K are (2.15 ± 0.10)) and
(1.12 ± 0.20), respectively, where uncertainties were assigned in the present review.
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[1961YVO]
Two polymorphs of Fe(H2PO4)3 were isolated by evaporation of solutions of iron(III)
chloride in phosphoric acid at 95 °C (for ratios of P:Fe between 4 and 7). Powder X-ray
diffraction patterns were reported. Upon heating, these solids gradually dehydrated to an
amorphous phase, and then to a mixture of two polymorphs of Fe(PO3)3 (designated A
and C) above 480 °C. Above 800 °C only one polymorph (C) was found.

[1961YVO2]
Iron(III) phosphates with compositions corresponding to (H3O)Fe3H8(PO4)6·6H2O,
(H3O)Fe3H14(PO4)8·3H2O and FeH3(PO4)2·H2O were synthesised. As noted previously
by Shishkin et al. [1958SHI/KRO], and confirmed by a later crystallographic study
[1986BOS/BEU], (H3O)Fe3H14(PO4)8·3H2O is almost certainly the same as the
compound with the composition Fe2O3·(P2O5)3·10H2O(s) proposed by earlier authors
[1923CAR/HAR], [1954JAM/SAL]. The main objective of this paper was to discuss the
formation of various aluminium phosphate solids, and the discussion of the iron solids
was primarily for comparison purposes.

[1962ARN]
In this study, Arnold developed a simple XRD method to determine the composition of
quenched pyrrhotite samples (expressed as X atom-% Fe; X = 100xFe), based on the
interplanar spacing of one of the most intense diffraction peaks, d(102). By using 20
pyrrhotite preparations involving 15 different compositions between 45.8 and 50.0 at.% Fe and three synthesis temperatures (400, 600, and 800 °C), Arnold obtained the
following relationship (originally published with d(102) in Å, and converted here to
nm):
d(102) / nm = − 0.00182 + 0.00767∙X − 0.000069∙X 2
This technique, for which Arnold claimed an accuracy (2σ) of ± 0.13 atom-% Fe
(± 0.0013 in xFe), has been adopted and refined in other studies, e.g., [1964TOU/BAR].
It has also been shown to be valid, with slightly lower accuracy, for the total metal (M)
content (primarily Fe with small amounts of Ni, Co and Cu) of natural hexagonal
pyrrhotites with compositions in the range 46.7-47.8 at.-% M [1962ARN/REI],
[1967ARN].
Arnold [1962ARN] applied this XRD technique to determine the pyrrhotitepyrite solvus at 598 to 1016 K. Here, the lower limit is near the vacancy order/disorder
transition temperature, and the upper limit is the pyrrhotite-pyrite-liquid-vapour
invariant point determined by Kullerud and Yoder [1959KUL/YOD]. For equilibrium
determinations between 598 and 873 K, it was possible to determine equilibrium
pyrrhotite compositions directly on quenched material by this XRD method. Above
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873 K, some pyrite exsolution invariably occurred during quenching, negating the
ambient-temperature pyrrhotite analysis and necessitating bracketing experiments to
determine the solvus.
This paper represents a major improvement on previous attempts to determine
the pyrrhotite-pyrite solvus, as reviewed by Arnold [1962ARN], and is consistent with
later studies, e.g., [1964TOU/BAR], [1976RAU2].

[1962CHA/TAL]
The authors carried out measurements of iron(III), aluminium(III) and phosphate
concentrations in 0.02 M KCl solutions equilibrated with soil samples at 20-21 °C for
eight days. Final values of the pH were between 3.8 and 6.7 (no calibration procedure
was specified). The phosphate solids were not specifically identified, and complexation
(aside from the first hydrolysis constant of the M3+ ions) was not considered explicitly.
The reported solubility product ( Ksο ) values, 10-30.0 to 10-33.7, for (A.25):

FePO4·2H2O(s)

Fe3+  H2 PO4  2OH

(A.25)

are for equilibration with the poorly-defined mixed solids (written by the authors as
ο
Fe(OH)2 H 2 PO4 ). The Ks values were found to decrease with increasing pH values of
the experimental solutions. These experiments were not designed to obtain accurate
values for the solubility of strengite, but the results are in reasonable agreement with
those from other studies in which the effects of complexation also were neglected
[1951ZHA], [1957CHA/JAC].

[1962FAU/MSI]
The authors carried out polarographic and potentiometric studies, apparently at room
temperature. In the polarographic study, solutions of 2 × 10-3 M iron and mixtures of
H3 PO4 (sln) were titrated with sodium hydroxide solution to generate solutions ranging
from 0.15 to 2.25 M in H3 PO4 (sln) and 0.05 to 2 M NaH 2 PO4 (sln) . The ionic strength
was maintained at 4 M using sodium nitrate. The value of the change in half-wave
potential, E½, with changes in the concentration of H2 PO4 were found to be
intermediate between those expected for one and two H2 PO4 ligands per iron(III)
moiety. Potentiometric (pH) titrations of 100 cm3 aliquots of solutions containing
NaH 2 PO4 (0.5 M, sln), H 3 PO 4 (0.5 M, sln) and NaNO3 (3 M, sln) were titrated with
aqueous solutions of KNO3 (0.619 M), Fe(NO3 )2 (0.619 M), HNO3 (0.619, 1.238,
and 1.857 M), and Fe(NO3 )3 (0.619 M). The titrations with Fe(NO3 )3 gave pH values
similar to those with 1.238 M HNO3 , indicating that complex formation resulted in the
liberation of two protons. Similar results were obtained using lower solute
concentrations (at approximately constant ionic strength, 1 M NaNO3 ). These results
were interpreted in terms of formation of Fe(HPO4 )2 and precipitation of “FePO4”.
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It was concluded that the main complex formed was Fe(HPO4 )2 , but that
probably there was formation of some FeHPO4 in solutions containing less H2 PO4 .
The conclusions were qualitative only. The authors also found that E½ was constant for
solutions with a constant phosphate concentration and pH for solutions with a moderate
excess of total phosphate (H3PO4:NaH2PO4 equal to 60:40) over sulfate (> 7.5:1). Thus,
it was concluded that any mixed phosphatosulfato complexes likely are reasonably
weak compared to phosphato complexes.

[1962GRO/WES]
This paper presents the following heat-capacity data: 64 measurements in three series on
carefully separated, natural pyrite (cubic FeS2) at 4.6 < T/K < 346.11; 58 measurements
in three series on synthetic FeSe2 at 5.36 < T/K < 347.46; 61 measurements in two
series on synthetic NiSe2 at 5.27 < T/K < 344.95. The cryostat, calorimeters, minor
corrections, and temperature calibration, are all fully described, or descriptions are
cited. The solid specimens were characterised by X-ray powder diffraction, chemical
impurity analysis, and, in the case of FeS2, by gravimetric chemical analysis. No
individual impurities exceeded 100 ppm, and total impurity levels did not exceed 250
ppm. The pyrite gravimetric analysis yielded Fe and S values within 0.02 wt.-% (less
than the analytical uncertainty) of the theoretical composition FeS2. The paper includes
an extensive discussion of the estimation of the entropies of transition-element
chalcogenides.
The only anomaly in any of the three heat-capacity curves is a small
endothermic feature for FeSe2 with a maximum at 310 K, which the authors attributed
to a small quantity of Fe3Se4 impurity in the sample. The authors’ derived values of
C po ,m and S mo for FeSe2 and NiSe2 at 298.15 K [1962GRO/WES] were selected without
comment in TDB-Selenium [2005OLI/NOL]. The results for FeS2 and FeSe2 are
discussed further, along with later, high-temperature heat-capacity measurements, in the
Appendix A entries for [1976GRO/WES] and [1975GRO], respectively. The discussion
includes Grønvold’s re-evaluation [1975GRO] of the estimated phase composition and
298.15 K thermodynamic quantities for FeSe2.

[1962JOR/EWI]
Measurements were made to determine values of the protonation constants of Fe(CN)64 
at (25.00 ± 0.02) °C. Solutions (100 cm3) of ~ 0.001 M K 4 Fe(CN)6 (prepared from
recrystallized reagent grade solid) were titrated with 3 to 4 cm3 of HCl (0.1 M), and
changes in pH were measured using a Beckman model GS pH meter using a glass
indicator electrode and a calomel reference electrode. The measurements were
conducted under argon. The accuracy of the microburet was 0.005 cm3, and the
electrode system was calibrated using a 0.05 M potassium hydrogen phthalate solution.
Measurements were made at several total ionic strengths, adjusted when necessary with
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to form HFe(CN)36 and
H 2 Fe(CN) were reported for total ionic strengths of 0.5, 0.1, 0.02 and 0.01 M.
Similar titrations of solutions of ~ 0.01 M K3 Fe(CN)6 gave no evidence for protonation
of Fe(CN)36 .
KCl(sln) . Values of the protonation constants of Fe(CN)6
2
6

The results for ionic strengths at 0.01 and 0.02 M were extrapolated to zero
ionic strength using a Debye-Hückel-type equation for the activity coefficients
([1959ROB/STO] Equation 9.12), and the reported values for the dissociation constants
were (6.7 ± 0.3) × 10-5 and (6 ± 2) × 10-3 M. The use of a Debye-Hückel expression of
this type for such highly-charged ions at these ionic strengths is problematic. Also, as
later noted by Hanania et al. [1967HAN/IRV], no corrections for K + /Fe(CN)64
association were applied. Nevertheless, the authors demonstrated that using these
dissociation-constant values and the value of E° for the reduction of Fe(CN)36 to
Fe(CN)64  from Kolthoff and Tomsicek [1935KOL/TOM], the calculated potentials for
the reduction reaction in solutions with molar concentrations of H + of 0.1 and 0.5 M
were consistent within ~ 0.01 mV with values reported in the literature.
No heat changes were observed during a monitored calorimetric titration of
10-2 to 10-3 M K 4 Fe(CN)6 (experimental sensitivity was reported as 0.0001 K and 0.01
kJ·mol-1). Therefore, the authors concluded that the enthalpies of the two protonation
reactions were 0.0 kJ·mol-1.

[1962RUM/ZHI]
Decomposition pressures of FeSe, FeTe, and NiTe were measured at 600-920 °C. Seven
values for the total selenium pressure over “FeSe” at 738 to 920 °C are tabulated, and
attributed to the reaction:
FeSe(s)  Fe(s) + ½Se2 (g)

(A.26)

The following expression was obtained (with units changed in this review):

log10 ( pSe2 /Pa)  7.89 

8050
T /K

The decomposition pressures obtained in this study are about two orders of magnitude
higher than the equilibrium pressures reported by Svendsen [1972SVE] and Piacente et
al. [1992PIA/SCA]. The latter authors argue convincingly that the pressures measured
by Rumyantsev et al. [1962RUM/ZHI] refer to a slightly iron-deficient composition
within the Fe1-x Se(δ) phase field, rather than an equilibrium mixture of Fe(cr) and
Fe1.000Se(δ) . The results from [1962RUM/ZHI] are therefore excluded from further
review here. The results for “FeTe” are excluded for similar reasons, as they were in
other reviews [1974MIL], [1992BAL/DIC].
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[1962VAS]
Spectrophotometric measurements at 22-23 °C were made of the formation equilibrium
involving FeSCN2+ in LiNO3, NaNO3, KNO3, NaClO4 and Mg(NO3)2 solutions. Three
cNaSCN , viz., 1.40 × 10-4, 9.984 × 10-5 and 5.990 × 10-5, were used in each set of
titrations for each supporting electrolyte, while relatively high Fe(III) concentrations
between 0.06 and 0.14 mol·dm-3 were employed. The acidity was fixed using
0.200 mol·dm-3 HNO3 . These measurements were made over wide ranges of ionic
strength, but only the values of pKc,1 were tabulated at each ionic strength. SIT
treatments of the results taken from Table 1 of this paper are illustrated in Figure A-10.
The values of log10 K1o so obtained are in excellent agreement with those from other
studies (see Table X-11 in Section X.1.2.1) except that for Mg(NO3 )2 solutions where
clearly interaction of Mg2+ with SCN– is evident. However, the effects of high HNO3
and Fe3+ concentrations at low ionic strengths in particular are apparently minor.

Figure A-10: An SIT plot of the experimental results for the formation of FeSCN2+ is
presented, although the SIT treatment was limited to I m < 2.5. The symbols represent
the data obtained in the following media: open circle, NaClO 4 ; triangle, LiNO3 ;
inverted triangle, NaNO3 ; diamond, KNO3 ; solid circle, Mg(NO3 )2 .
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[1962YVO]
Iron(III) phosphates with compositions corresponding to FeHP2O7(cr), FeH2P3O10(cr)
(two polymorphs) and FeH2P3O10·2H2O(cr) were isolated from solutions of Fe2O3 in
phosphoric acid (P:Fe ratios between 4 and 12) heated in a platinum capsule to
temperatures between 220 and 260 °C. The thermal decomposition of the solids was
reported, and except for FeHP2O7(cr), which was converted to a mixture of Fe(PO3)3(cr)
and Fe4(P2O7)3(cr) between 650 and 800 °C, the isolated solids were converted to
polymorphs of Fe(PO3)3(cr). Fe4(P2O7)3(cr) also was prepared by gradually heating
mixtures of FePO4(cr) and Fe(PO3)3(cr) at 940 °C, and then keeping the solid at 905 °C
for several hours. Powder X-ray diffraction patterns were reported for all five solids.

[1962YVO2]
Five polymorphs of Fe(PO3)3 (designated A, B, C, D and E) were isolated and powder
X-ray-diffraction patterns were reported. At temperatures above 800-900 °C,
polymorphs A, B, D and E were converted to polymorph (C) (also see the Appendix A
entries for [1961YVO] and [1962YVO]).

[1963DUF/LUB]
This conference paper includes a graph showing experimental results of measurements
of the heat capacity of K3Fe(CN)6(cr) at temperatures from 0.04 to 1.0 K. For the
purposes of analysis in the present review the points shown in the authors’ Figure 4
have been digitized. The values are in good agreement with those reported elsewhere
[1968RAY/VIL], [1976FRI/CES], [1979FRI/GOT].

[1963ELL]
Conductance measurements were made of the dissociation of HF(aq) and the
association equilibrium to form HF2 from 25 to 200 °C. These data were treated
according to MacInnes [1926MAC]. Four molalities of hydrofluoric acid were
measured in the range (1.2-9.3) × 10-2 mol∙kg-1 while only three values of mKF were
investigated from (2-10) × 10-3 mol∙kg-1. These concentrations were too high to justify
retreating these limited data with the TDB version of the Lee-Wheaton equation
[2005GAM/BUG]. The value of log10 K o for the dissociation equilibrium at 25 °C was
given as ‒ (3.180 ± 0.010) based on a four-parameter fit by Ellis that yielded the
following thermodynamic quantities at 25 °C:  r H mo = ‒ (13.43 ± 0.50) kJ∙mol-1,
 r Smo = ‒ (105.9 ± 2.1) J∙K-1∙mol-1 and  r C po ,m = ‒ (44 ± 8) J∙K-1∙mol-1. Use of three
temperature-dependent terms in his regression was a clear case of overfitting as
illustrated in Figure A-11 by the almost identical fit obtained with one constant heatcapacity term derived by this review from a weighted regression:
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log10 K o  (52.724  4.224)  (1899.64  217.61)(T /K)-1  (8.69448  0.61422) ln(T /K)
(A.27)
This regression yielded the following quantities (± 2σ) at 25 °C: log10 K o =
‒ (3.186 ± 0.016);  r H mo = ‒ (13.26 ± 1.37) kJ∙mol-1;  r Smo = ‒ (105.5 ± 4.4)
J∙K-1∙mol-1 and  r C po ,m = ‒ (166 ± 23) J∙K-1∙mol-1. These values of log10 K o and  r H mo
were retained by this review. The large difference in  r C po ,m attests to the danger of
overfitting equilibrium constants to obtain heat capacities of reaction.

Figure A-11: Plot of the temperature dependence of log10 K o where the solid curve was
generated by Equation (A.27) and the dashed curve by the equation given in the paper.
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HF2 ) = (0.531 ± 0.06) was derived at
The value for log10 K1o ( HF(aq)  F
23 °C and was shown to increase with increasing temperature.

[1963GAL/STU]
Both UV spectroscopy and potentiometric (redox) measurements at 298.15 K were used
to determine formation constants for the 1:1 complexes, FeH2 PO42 and FeHPO4 . In
their solutions the authors used low concentrations of iron, < 10-4 mol·dm-3, and found
evidence of formation of polynuclear iron(III) species when iron concentrations were
> 5 × 10-5 mol·dm-3.
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The potentiometric measurements were performed using a “bright” platinum
spiral electrode with solutions (Ic = 0.4 (NaClO4)) of Fe(ClO4)2, Fe(ClO4)3, and HClO4
to which were added standard solutions of phosphoric acid. A standard calomel
electrode was used as the reference electrode, and the junction between the electrodes
was a 2 mol·dm-3 solution of NaNO3. Hydrogen ion concentration was either calculated
from the amount of HClO4 in the test solution or from pH measurements using solutions
of HClO4 in 0.4 mol·dm-3 NaClO4 as standards. In the data analysis, using an iterative
graphical method, formation of phosphato complexes with iron(II) was considered to be
negligible. For (A.28) the authors reported 0.52 and 40 (n = 1, 2) from potentiometry
and 0.72 and 36 (n = 1, 2) from spectrophotometry.
Knc (Ic = 0.4) = ( cFeHn POn4 ( cH )3-n)/( cFe


3

cH3 PO4 (aq) ) (n = 1, 2)

(A.28)

The plot shown in the authors’ Figure 3 illustrates that when plotted against  log10 cH ,
the values of log 10 (cFeH POn + / (cFe3+ cH3PO4 (aq) )) give good straight lines with a slope of 2.0


n

4

for  log10 cH  1.7 and a slope of 1.0 for  log10 cH  1.7. Digitization and attempted
re-analysis of the plotted values (combined) led to similar slope and complexation
constant values, but only if the y-axis expression refers to the concentration of a single
complex, not to the sum of the concentrations of the two complexes. If the slopes are
accepted to be 1.0 and 2.0 exactly, the re-analysis suggests uncertainties of ± 0.06 in
log10 K1c (A.28) (Ic = 0.4) and ± 0.04 in log10 K 2c (A.28) (Ic = 0.4). However, as
discussed in a later paper by Bohm and Peech [1969BOH/PEE], the spectroscopic
measurements at the higher acid concentrations might be doubtful because of possible
colloid formation.




The authors found evidence for formation of higher phosphato complexes as
the phosphate concentration was increased. However, no stoichiometries were proposed
for such species, nor for any polynuclear (iron(III)) complexes. Also, an attempt was
made to measure the solubility product of “FePO4”. However, the nature of the solid
was not established. As discussed in Section IX.5.2.2 the solid system contains many
persistent metastable solids, and the solubility product determined in this paper is not
used further.
The authors did report experimental values for the first and second
concentration deprotonation constants for H3PO4(aq) in 0.4 mol·dm-3 NaClO4 at
298.15 K as 1.30 × 10-2 and 2.40 × 10-7 mol·dm-3, and for the first hydrolysis
concentration constant for Fe3+ (1.9 × 10-3 mol·dm-3) in the same medium.

[1963KO/HEP]
Ko and Hepler recalculated the molar standard entropies of a number of divalent metal
ions, including Fe2+. Depending on the source of the reported Gibbs energy and
enthalpy of formation for Fe2+, they derived values of Smo (Fe2 , 298.15 K) in the range
‒ (21.7-33.1) cal∙K-1∙mol-1 and arrived at a “best” value of ‒ (26.2 ± 3.0) cal∙K-1∙mol-1
{‒ (109.6 ± 12.6) J∙K-1∙mol-1}.
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Smo (Fe2 , 298.15 K)

[2013LEM/BER] is

[1963NAK/SAW]
The authors measured the heat capacity of a sample of K 4 Fe(CN)6 ·3H2 O(cr) from 122
to 282 K. The sample was sealed and measurements were carried out in two ways:
(a) under a pressure of ~ 10 Pa and (b) “in dried air using silica gel”. The authors were
concerned that the sample might have undergone partial dehydration during both sets of
measurements, but did not provide analysis results or indicate that any precautions had
been taken to ensure that the monoclinic phase of K 4 Fe(CN)6 ·3H2 O(cr) was used (cf.
the Appendix A discussion of [1975OGU/MAT]). The enthalpy reported for the
ferroelectric transition at 248 K was slightly greater when the second method was used,
481 kJ·mol-1. As shown below (Figure A-12) the C po (T ) results (digitized from the
authors’ Figure 2) exhibit considerable scatter and are 20 to 50 % greater than those
reported in later papers [1973MAL/STA], [1975OGU/MAT]. Furthermore, the reported
transition enthalpy is less than 25 % of the value found from the later studies. The heatcapacity values from this paper are not used in the present review in selection of a
recommended value for S mo (K4Fe(CN)6·3H2O, monoclinic, 298.15 K)

Figure A-12: Reported
K4Fe(CN)6·3H2O.
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[1963RAM/KUM]
This is a report of a polarographic study (35.0 ± 0.1) °C using aqueous solutions of
Fe(III) and tetrasodiumdiphosphate with “pH” values between 0.15 and 10.5. In all
cases the diphosphate was in large excess, with total iron(III) concentrations from
0.0004 to 0.003 mol·dm-3 and total diphosphate concentrations from 0.035 to 0.175
mol·dm-3. The ionic strength (for most of the measurements) was 1.25 mol·dm-3,
maintained with potassium sulfate. The authors found two polarographic waves for
solutions with pH values between 4 and 9—one (irreversible) disappearing if the pH
was less than 4, the other (reversible) disappearing if the pH was greater than 9.
Apparently the pH measurements were carried out using standard buffers for
calibration. There is no information on whether the calibrations were properly corrected
for temperature, and ionic strength (the references cited provided values for 18 °C and I
→ 0). There is no discussion of formation of sulfato complexes in the more acidic
solutions or of Fe(III) hydrolysis as the pH is increased. The results were interpreted in
terms of the reactions:

Fe(H2 P2 O7 )33  e  Fe(H2 P2 O7 )22 + H2 P2 O72
Fe(HP2 O7 )32  e  Fe(HP2 O7 )42 .
The ratio of the dissociation constants of the oxidised and reduced complexes for the
first of these reactions was reported as 2.87 × 10 -13. The stoichiometry and extent of
protonation of the complexes was addressed by comparison with the probable speciation
of uncomplexed diphosphate species and a comparison of the diffusion coefficient of
the Fe(III) complex with that reported for the manganese(III) complex
[1943KOL/WAT]. Their proposed high-pH Fe(II) species is consistent with the species
proposed by Lee and Kwon [1989LEE/KWO] from experiments at pH 10,
2 x)
Fe(H x P2 O7 )(6
,
if
x = 2.
Potentiometric
titrations
of
aqueous
2
tetrasodiumdiphosphate solutions with solutions of simple iron(III) salts suggest that the
ligands in the such complexes are not extensively protonated in basic and neutral
solutions, and the complexes Fe(P2 O7 )52 and FeP2 O7 , have been proposed
[1949ROG/REY]. The results from this study of Ram et al. [1963RAM/KUM] are not
used further in the present review.

[1964ADA/KIN]
This report describes the determination of heats of formation of crystalline MnS
(alabandite), FeS (stoichiometric “hexagonal pyrrhotite”, i.e., troilite), ZnS (wurtzite),
and CdS (greenockite) by acid-dissolution calorimetry. Thermochemical cycles were
completed with ancillary measurements on the dissolution of MnO(cr),
FeSO4 ·6.952H 2 O(cr) , ZnO (cr), and CdO (cr). The sulfate cycle for iron was
necessary because pure FeO(cr) does not exist and pure, well-crystallised Fe(OH)2 (cr)
is very difficult to obtain (see TDB-Iron Part 1, Sections VII.2.8 and VII.2.18). Wellcharacterised starting materials were used, and the calorimetric results were corrected
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for minor impurities (where necessary) and for dilution effects and for partitioning of
H2S between aqueous and gaseous phases. Results for FeS(cr) and ZnS(cr) are
summarised in Table A-12. The adjusted values in this table were obtained by applying
the NEA recommended values, and associated uncertainties, for Δf H mo (H2S, aq,
298.15 K) and Δf H mo (H2S, g, 298.15 K) from Chapter 4 of the current review to the
H2S partitioning correction [1964ADA/KIN]. All other heat terms and uncertainties in
the thermochemical cycles were based on calorimetric data from the authors’ laboratory
[1964ADA/KIN].
The FeS specimen used by Adami and King [1964ADA/KIN] was prepared by
the reaction of solid Fe2O3 with a flowing CS2-CO2 gas mixture at 750 to 800 °C. Robie
has suggested that the product may have contained residual hematite and sulfur-rich
pyrrhotite impurities [1965ROB]. However, the analytical results presented by Adami
and King correspond almost exactly to the composition FeS, and they detected only
0.15 percent of FeS2 (pyrite) and 0.04 percent of other insoluble material (by mass).
Thus, the purity of the material seems to have been satisfactory for the calorimetric
measurements, and the only remaining question is whether a fully ordered troilite
structure was attained, since the specimen was quenched rather than slow-cooled to
room temperature.
The adjusted value for FeS(cr) is carried forward to Section IX.1.1.1.2.1.2 for
further evaluation, and the adjusted value for ZnS(cr) is used in the Appendix A entries
for several calorimetric studies of condensed-phase reactions between various iron
sulfides and elemental zinc [1966ARI/MOR] (including discussion of
[1976STO/BEZ]), [1966MOR/STO].

Table A-12 : Summary of  f H o values from Adami and King [1964ADA/KIN] for
FeS(cr, “pyrrhotite” = troilite) and ZnS(cr, wurtzite).
FeS(cr, “pyrrhotite” = troilite)
Reported Value ± Standard
Deviation/cal∙mol-1
Converted Value/kJ∙mol-1
Adjusted Value ± 95 % Uncertainty
Limit/kJ∙mol-1

ZnS(cr, wurtzite)

− (23.810 ± 240)

− (45,860 ± 200)

− (99.62 ± 0.98)

− (191.88 ± 0.82)

− (98.91 ± 2.28)

− (191.17 ± 2.01)

[1964BRA/SWI]
The treatment of refraction data was described as a method to obtain the dissociation
constants of a number of metal complexes containing acetate, bromide and fluoride
ligands. Unfortunately, no detailed information was provided about the temperature,
solution composition and concentrations employed. The log10 Km,n,1 values for n = 1
and 2 of the fluoridoiron(III) complexes were reported as ‒ 5.76 and ‒ 4.44. There is
inadequate theoretical support for the method and insufficient details about the
experimental conditions to allow further consideration of these results.
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[1964GUZ/HAD]
The authors reported heats of reaction of metal-ion solutions (~ 4 mL, 0.4 mol·dm-3,
confined in a glass bulb), into excess (160:1) aqueous potassium cyanide solution
(250 mL, 1 mol·dm-3) at 25.4 °C. The measurements were made using a t-butyl alcohol
calorimeter. The iron(II), introduced as aqueous sulfate solutions, reacted to form
Fe(CN)64  . The heat of dissolution of KFe(SO4 )2 ·12H 2 O(cr) into 1 mol·dm-3 KCN to
form Fe(CN)36 also was measured, though contrary to the assumption made later by
Watt et al. [1965WAT/CHR], no enthalpy appears to have been calculated for the
simple reaction of Fe3+ with CN  (see footnote b of Table I of Guzzetta and Hadley).
No
suitable
literature
value
seems
to
have
been
available
for
Δf H (KFe(SO4 )2 ·12H 2 O, cr) . Also, no experimental value was reported for dissolution
of KFe(SO4 )2 ·12H 2 O(cr) into a medium not containing cyanide. Although the heats of
dissociation of the divalent sulfate complexes were considered, no attempt appears to
have been made to apply heat-of-dilution corrections or corrections for association of
K + with the hexacyanidometallate ions. The enthalpies of reaction were tabulated for
the formation of Fe(CN)64  and Fe(CN)36 as  73.7 and  68.0 kcal·mol-1 { 308.4 and
 284.5 kJ·mol-1}, respectively, and the precision of these measurements was reported
as ± 0.54 and ± 0.23 %, respectively. These values refer to Ic = 1. Watt et al.
[1965WAT/CHR] also cautioned that no reference was made to the enthalpy of
dissolution of KFe(SO4 )2 ·12H2 O(s) or any correction for the enthalpies of dilution of
CN– as well as the heats of formation of H2O(sln) and HCN(sln). The main focus of the
paper was to examine correlation of the enthalpies of reaction with crystal field effects
so, for the purposes of the authors, corrections to zero ionic strength were not required.
The reported value for the enthalpy of complexation of cyanide with Fe2+ in 1 mol·dm-3
KCN(sln) is much less negative than the – (358.86 ± 0.33) kJ·mol-1 reported by Watt et
al. [1965WAT/CHR] for 25.0 °C at zero ionic strength.

[1964HOR/MYE]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER]
dealing with the effect of pressure on the formation of the monochloridoiron(III)
complex at (25.03 ± 0.02) °C based on conductivity measurements of two FeCl3, HCl
and Fe(ClO4)3, HClO4 solutions from 0.103 to 620.46 MPa and to 482.58 MPa,
respectively. The authors also tabulated similar results for a 0.05 mol∙dm-3 Fe(NO3)3,
0.05 mol∙dm-3 HNO3 solution over the latter pressure range. The general observation
was made that the conductivity of Fe(III), H+, Cl– solutions increased more significantly
with pressure than those of the corresponding perchlorate or nitrate solutions. This
finding was attributed to the dissociation of the chlorido complex with increasing
pressure to form the more strongly hydrated Fe(H 2 O)36 cation.
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The authors proposed Kc,1 = 5.7 dm3∙mol-1 at 0.103 MPa for the formation of
the FeNO32 complex or ion pair based on a number of suspect assumptions, viz., no
association between Fe3+ and ClO 4 , no hydrolysis of Fe3+ including no formation of the
hydroxido-bridged dimer, and that the sum of the limiting molar conductivities of the
individual ions in each system is the same and independent of pressure with an assumed
value for the ion pair taken from the literature. The latter assumption is not well
justified, particularly for conductance measurements in such relatively concentrated
solutions with significant contributions from highly conductive hydrogen ions. A slight
decrease in the ion-pair association constant was calculated by 482.58 MPa.
In view of the complexity of these solutions, for which only one measurement
was made at each pressure, no recalculation would be meaningful and the results of this
study are not considered further in this review.

[1964JOZ/MAS]
According to the authors, this technique distinguished between the differently charged
iron(III) species present in thiocyanate solutions by virtue of their different migration
velocities in an electric field. The actual analysis of the adsorbed bands on the indicator
paper was complicated and basically involved cutting each segment of the paper,
extracting the iron contained therein with hot HNO3, precipitation of Fe(OH)3(s) by
addition of ammonia, redissolution with aqueous concentrated NH4SCN and a
spectrophotometric measurement to obtain the molar absorbance of the final solution.
The possibilities of losing or contaminating each sample appear be overwhelming.
The experiments were carried out at (25.0 ± 0.2) °C and an ionic strength of 1.4
mol∙dm (NaClO4 including 0.1 mol∙dm-3 HClO4). Instability constants were reported for
two concentrations of Fe(III) maintained at 0.01 and 0.10 mol∙dm-3, although a wider
range of Fe(III) concentration was investigated and indeed thiocyanate concentrations
over such a wide range as to compromise the total stated ionic strength. From Table 2 in
this article it is apparent that bands due to Fe(SCN)3n n (n = 4 and 5) were only detected
at the higher concentrations of SCN–, viz., 0.2 to 3.0 mol∙dm-3. Two sets of stepwise
instability constants were listed in the authors’ Table 3 at the two iron(III) concentrations
mentioned above. The authors chose to average each pair of results despite the apparent
trend to higher values for the 0.10 mol∙dm-3 Fe(III) solution, which would also
correspond to a substantial contribution to the prevailing ionic strength.
-3

Despite the inventiveness of the paper ionophoresis technique employed by the
authors, their results were only retained for comparison purposes.
[1964LAH/ADI]
The authors used an electrochemical cell of the form

Hg Hg 2 Cl2 , KCl (1 M) NaNO3 (4 M) Fe(ClO4 )3 , Fe(ClO4 )2 , H3 PO4 Pt
CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

394

A. Discussion of selected references

and measured the potentials with constant concentration of iron(III), and the
concentrations of iron(II) and H3PO4 were varied. From the slope of the cell potential
against log10 cFe it was concluded that complexes were formed. Series of solutions
were used with concentrations of Fe(ClO4)2 from 2 × 10-2 to 4 × 10-2 M, and phosphoric
acid concentrations from 1 × 10-2 to 8 × 10-2 M. The value of the pH of each solution was
measured and compared to the pH of a blank solution in which HClO4 replaced the
Fe(ClO4)2. The total ionic strengths were between 0.1067 and 0.176 M, and
measurements were done at 293.15 and 303.15 K. It was proposed that the complex
formed was FeHPO4(aq). The Davies equation was used to calculate activity coefficients,
however, the reported formation constants values of ~ 107 for Reaction (A.29) are
inconsistent with those from other studies, and are much greater (by several orders of
magnitude) than formation constants of similar complexes with other + 2 cations.
2

Fe2+  HPO24

FeHPO4 (aq)

(A.29)

The values are not used further in the present review.

[1964LEG]
This study summarised an extensive set of investigations on the kinetics of substitution
of water into hexacyanidoiron(II) with release of CN  . The kinetics of both the
forward and reverse reactions were investigated, and independent measurements were
made to determine the equilibrium constant under a wide variety of conditions. In some
experiments the aquopentacyanido complex Fe(CN)5(H2O)3– was reacted with
nitrosobenzene which allowed detection of Fe(III) by spectrophotometry at 530 nm. The
effects of changes in temperature, hexacyanidoiron(II) concentration, cyanide ion
concentration and ionic strength were reported. Equilibrium-constant values between
0.5 × 10-8 and 17 × 10-8 were tabulated for 20 °C, at pH values of 6.5, 6.8, and 7.7, and
Fe(CN)64  concentrations of 0.2, 0.3, and 0.4 M. The equilibrium-constant values
obtained from the kinetic and equilibrium measurements were found to be in good
agreement. This is an excellent semi-quantitative study, but the results are inadequate to
provide an unambiguous value for the equilibrium constant at low ionic strength.

[1964NOV/MUZ]
Formation constants for 1:1 and 2:1 complexes of H2 PO2 with Fe3+ were determined
from electrochemical potential measurements of acidic (0.1 mol·dm -3 HClO4) solutions
containing 1.12 × 10-2 mol·dm-3 Fe(ClO4)2, 5.72 × 10-4 mol·dm-3 Fe(ClO4)3, and varying
amounts of NaH2PO2. The potentials were measured at (25.0 ± 0.1) °C with a platinum
electrode and a calomel reference electrode. Solution concentrations of NaH2PO2
ranged from 1.15 × 10-3 to 14.76 × 10-3 mol·dm-3, and the total ionic strength of the
solutions was adjusted to 0.13 mol·dm-3. The formation-constant values of 4.2 × 103 and
2.54 × 106 were reported for 1 and 2, respectively. Masalovich et al.
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[1967MAS/AGA], suggested that the platinum electrode may have catalysed gradual
reduction of Fe(III) by H2 PO2 during the course of the measurements. Also, as
discussed by Espenson and Dustin [1969ESP/DUS], the authors seem to have assumed
that H 3 PO 2 was completely deprotonated to H2 PO2 in the experimental solutions.
Differences in potentials listed in the authors’ table appear to be inconsistent with the
reported initial concentration of Fe(III) in solution (by a factor of two).

[1964TOU/BAR]
Toulmin and Barton conducted an exhaustive study of the pyrite-pyrrhotite system at
598 ≤ T ≤ 1016 K. This included the determination of T- f S2 - composition relationships
both within the single-phase pyrrhotite field and at the pyrite-pyrrhotite phase boundary.
The experimental technique was the “electrum tarnish” method described by the same
authors in a companion paper [1964BAR/TOU]. This is based on the appearance of a
visible (Ag,Au)2 S tarnish on the surface of an electrum (Ag-Au) alloy of known
composition at a well-defined threshold sulfur fugacity ( f S2 ) depending on the
temperature T and the silver activity aAg in the alloy, in accordance with equilibrium
(A.30):
4Ag(cr, alloy)  S2 (g)

2Ag 2S(cr)

K  (aAg2S)  (aAg)  ( fS2 )
2

-4

(A.30)

-1

The principles of the technique are described in detail, together with the results of
calibration experiments with sulfur vapour, in the companion paper [1964BAR/TOU].
The results are shown to be consistent with then-available information on phase,
reactivity, and free-energy relationships in the Ag-Au-S system, but ultimately the
accuracy of the method appears to depend primarily on the precision of the tarnish
threshold temperatures established by bracketing experiments (typically ± 5-15 K) and
the accuracy of the reference data used for sulfur vapour pressure and molecular
composition [1951BRA/PET]. Equilibration times varied with T, from < 24 h at
T > 873 K to weeks or months at T < 673 K. Reliable measurements were not possible
at T < 598 K, because of even slower equilibration. Successful application to nickel
sulfide equilibria is briefly described, whereas experiments with antimony and bismuth
sulfides were impeded by formation of sulfo-salts rather than the normal (Ag,Au)2S
tarnish [1964BAR/TOU].
Four electrum compositions were used in exhaustive calibration experiments
[1964BAR/TOU], while 14 compositions (0.1005 ≤ xAg ≤ 0.7148), as well as pure Ag ,
were used in the Fe-S system study. This provided coverage of most of the T- f S2 space
between the Ag-S equilibrium and sulfur condensation lines, which includes the pyritepyrrhotite equilibrium boundary between about 500 and 1000 K, as well as much of the
pyrrhotite solid-solution field.
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In the pyrite-pyrrhotite study [1964TOU/BAR], XRD was used to characterise
the equilibrium solid phases. Specifically, the value of the d102 interplanar spacing was
used to determine individual pyrrhotite compositions, based on the correlation
developed by Arnold [1962ARN/REI], [1962ARN], with additional data obtained by
the authors [1964TOU/BAR].
Twenty-three pairs of bracketed data (maximum temperature for a fresh alloy
surface and minimum temperature for a visibly tarnished surface) were obtained for
equilibrium pyrite-pyrrhotite assemblages and different electrum compositions, including
up to four replicates for specific electrum compositions. Smoothed results ( f S2 values and
equilibrium pyrrhotite compositions at the solvus) were tabulated for 18 temperatures
from 598 to 1016 K [1964TOU/BAR]. The f S2 values were in atmospheres, and the
pyrrhotite compositions were expressed as the mole fraction of FeS (xFeS) in the
pyrrhotite, as defined by the system FeS-S2 . Thus, for example, a pyrrhotite with the
composition Fe1-y S can be described as (1-y )FeS·(y /2)S2 , and the mole fraction of FeS
so defined is xFeS  (1  y ) / (1  y /2) . Alternatively, when discussing sulfidation reactions
it is sometimes convenient (see below) to define the pyrrhotite composition as FeS1+z , in
which case the mole fraction of FeS in the FeS-S2 system is defined as xFeS  1 / (1  z /2) .
For single-phase pyrrhotite, the results of 56 successful runs with 23 different
pyrrhotite compositions and various electrum compositions were tabulated. These
results define T- f S2 -xFeS relationships that are described by the empirical relationship
(A.31):
1/2
 1000 
log10 ( fS2 /atm)  (70.03  85.83xFeS )  
 1  39.30  1  0.9981xFeS   11.91
T / K 
(A.31)
The main purpose of the current review of this paper was to evaluate  r H mo (298.15 K)
for the overall conversion of troilite to pyrite, using a third-law calculation:
FeS(cr, troilite) + S(cr, orthorhombic)

FeS2 (cr, pyrite) ,

and hence to help evaluate f H ( FeS2 ,cr, pyrite, 298.15 K).1 Further aspects of this
paper [1964TOU/BAR] that have not been reviewed are a discussion of pressure
dependence of the pyrite-pyrrhotite solvus, and extrapolation of results to lower
temperatures with an associated discussion of geological implications.
o
m

Third-law calculation
To obtain  r Gmo (T ) for the sulfidation of FeS to FeS2, and hence derive  r H mo
(298.15 K) by using a third-law calculation, it is necessary to determine  r Gmo (T )
values for two reaction steps: (a)  r G1o (T ) for the progressive sulfidation of FeS
1

Although sulfide reactions and equilibria are often discussed in terms of S2(g), the standard state of sulfur
at 298.15 K is S (cr, orthorhombic). Therefore, the formation reactions of interest need to be described in
terms of the crystalline solid.
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through a range of z values to a limiting composition FeS1+z ' , represented by an
isothermal chord of the T- f S2 - composition diagram from the Fe/FeS equilibrium line
to the pyrite-pyrrhotite solvus; and (b)  r G2o (T ) for the sulfidation of FeS1+z ' to FeS2
at a sulfur fugacity defined by the T- f S2 relationship of the solvus (see Figure 6 of
[1964TOU/BAR]).
These can be described as:
FeS(cr)  ( z'/2 )S2 (g)  FeS1+z' (cr)

(A.32)

z  z'

 r G1o (T ) = 

 0.5RT ln( pS ) d z
2

z 0

FeS1+z' (cr)  ((1-z')/2)S2 (g)  FeS2 (cr)

(A.33)

 r G2o (T ) =  ((1  z ')/2) RT ln( pS2 )
and overall:
FeS(cr)  ½ S2 (g)  FeS2 (cr)

(A.34)

 r G (T ) =  r G (T ) +  r G (T )
o

o
1

o
2

From this, a third-law calculation leads to the standard enthalpy of formation,
f H mo ((A.34), 298.15 K).

FeS(cr)  S(cr)  FeS2 (cr)

(A.35)

To obtain values of  r G1o (T ) , Equation (A.31) was used to calculate values of
f S2 at small intervals of z up to z´ for each temperature listed in Table 5 of
[1964TOU/BAR], which defines the smoothed pyrite-pyrrhotite solvus. A least-squares
fitting procedure was then used to obtain a polynomial expression for f S2 as a function
of z, which could be integrated to determine  r G1o (T ) as described above. As needed,
po
values of xFeS (defined by Toulmin and Barton [1964TOU/BAR] as N FeS
) were
po
converted to z values, also described above. Values of z´, derived from limiting N FeS
values in Table 5 of [1964TOU/BAR], were combined with f S2 values from the same
table to calculate  r G2o (T ) . Results are shown in Table A-13, which also includes
 r H mo ((A.35), 298.15 K) values obtained from a third-law calculation using heatcapacity expressions for FeS(cr) and FeS2(cr) from the current review, and a polynomial
expression for C po ,m (S2, g, T) based on tabulated values from the CODATA compilation
[1989COX/WAG].
These calculations were performed using the published fugacity values (in
atmospheres). The correction from reaction with S2(g) at a one-atmosphere standard
state to S(cr) at a one-bar (0.1 MPa) standard state (by using the enthalpy of formation
of S2(g) from Table IV-1) was applied to the resulting  r H mo (298.15 K) values for
Reaction(A.35), which are presented in Figure A-13. This figure shows that the values
of  r H mo ((A.35), 298.15 K), derived from the smoothed expressions of Toulmin and
Barton [1964TOU/BAR], form a U-shaped curve with a broad minimum near  r H mo =
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− 73 kJ∙mol-1 at 680 ≤ T/K ≤ 850, a slight increase to − 72.5 kJ∙mol-1 near 600 K, and a
more rapid increase to − 71 kJ∙mol-1 near 1015 K. Excluding the two values for
T > 1000 K, a value of  r H mo ((A.35), 298.15 K) = − (72.6 ± 0.7) kJ∙mol-1 was selected
from the third-law procedure. The uncertainty of ± 0.7 kJ∙mol-1 excludes the
contribution from the thermal data (primarily for troilite and pyrite); an overall
uncertainty of ± 2.0 kJ∙mol-1 was estimated, giving a value  r H mo ((A.35), 298.15 K) =
− (72.6 ± 2.0) kJ∙mol-1 that is carried forward for further discussion below.
The slight scatter in the results in Figure A-13 (up to about 200 J∙mol-1 relative
to the U-shaped curve) is surprising because the third-law calculation was based on
smoothed expressions. This scatter appears to be due mainly to rounding errors in the
FeS mole fraction values for the limiting pyrrhotite compositions at the pyrite-pyrrhotite
solvus in Table 5 of [1964TOU/BAR], even though these mole fraction values have
four significant figures.
Figure A-13 : Results of the third-law determination of  r H mo ((A.34), 298.15 K), based
on smoothed results presented by Toulmin and Barton [1964TOU/BAR].
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Papers by Rau [1976RAU2] and Osadchii and Chareev [2006OSA/CHA]
permit further evaluation of Toulmin and Barton’s results [1964TOU/BAR], as
discussed below. Rau [1976RAU2] exhaustively determined sulfur fugacities in
equilibrium with pyrrhotite specimens covering the entire composition range at 8201374 K by using a combination of direct vapour-pressure measurements and indirect
methods involving H2 /H2S gas mixtures. Most of his data are for temperatures above
1000 K, and therefore above the stability range for pyrite and hence the range of interest
to Toulmin and Barton [1964TOU/BAR]. Data tabulated by Rau [1976RAU2] for 820,
919 and 1016 K are in excellent agreement with Toulmin and Barton’s fugacity-
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composition expression (A.31), as shown in Figure A-14. The differences between
Rau’s data and Toulmin and Barton’s expression correspond to discrepancies of less
than 0.1 kJ∙mol-1 in the integrated Gibbs energy values,  r G1o (T ) , introduced above
with Equation (A.31), therefore no adjustments were made to the value of
 r H mo ((A.34), 298.15 K) derived above from the Toulmin-Barton paper
[1964TOU/BAR].
Osadchii and Chareev [2006OSA/CHA] used a solid-state electrochemical
technique to refine sulfur-activity (aS2 ) values at the pyrite-pyrrhotite solvus, with the
main aim of evaluating the FeS activity of the limiting pyrrhotite composition as a
function of temperature. Their results include the following relationship (A.36):

log10 aS2 = (15.64 ± 0.035) − (15455 ± 23)(T/K), (601 < T/K < 723)

(A.36)

The small discrepancies between this expression and values in Table 5 of
[1964TOU/BAR], and corresponding adjustments to  r G1o (T ) and hence to
 r H mo ((A.34), 298.15 K), are shown in Table A-14. These adjustments eliminate the
residual temperature dependence of  r H mo ((A.34), 298.15 K) values on experimental
temperature, T (see Figure A-13), within the limited temperature range of the OsadchiiChareev study [2006OSA/CHA]. This increases confidence in the third-law calculation,
but does not markedly decrease the overall uncertainty value, which is dominated by the
ancillary thermal data.
Based on the foregoing discussion, an adjusted value of  r H mo ((A.34),
298.15 K) = − (72.72 ± 2.00) kJ∙mol-1 for the sulfidation of troilite to pyrite is carried
forward to Section IX.1.1.1.3.2 of the main review for use in the evaluation of
 r H mo (FeS2, cr, pyrite, 298.15 K). A third-law procedure, similar to that used to obtain
the integrated Gibbs energy change,  r G1o (T ) , as described above, was also used in this
review to determine  r H mo (298.15 K) = − (5.56 ± 2.13) kJ∙mol-1 for the sulfidation of
troilite to 5C pyrrhotite:

1
10
FeS(cr)  S(cr)  Fe0.9S(cr)
9
9

(A.37)

This value is carried forward to the evaluation of f H mo ( Fe0.9S , cr, 5C
pyrrhotite, 298.15 K) in Section IX.1.1.1.2.2.3.2. The uncertainty lies almost entirely in
the thermal data for FeS(cr, troilite) and Fe0.9S(cr), with a contribution of just
± 0.19 kJ‧mol-1 from scatter in the seven third-law calculated values of f H mo , based on
 r G1o (T ) values at 598.15 ≤ T/K ≤ 716.15.
Using a different procedure, in which they extracted FeS-activity values at the
pyrite-pyrrhotite solvus, Toulmin and Barton [1964TOU/BAR] obtained the following
enthalpy of formation for pyrite:

f H mo ( FeS2 , cr, pyrite, 298.15 K) = − 40.82 kcal∙mol-1 = − 170.79 kJ∙mol-1.
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The overall uncertainty in this 298.15 K value was not calculated, because uncertainties
in the heat capacities were not available to the original authors [1964TOU/BAR], but
the reported overall uncertainty in the  f Gmo (FeS2, cr, pyrite, T) values was ± 485
cal∙mol-1 (± 2.03 kJ∙mol-1).
Figure A-14 : Comparison of results from Rau [1976RAU2] (symbols) and the fugacitycomposition expression (Equation (A.31), solid lines) from Toulmin and Barton
[1964TOU/BAR].
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Table A-13: Results of the third-law calculation of  r H mo ((A.34), 298.15 K) for the
sulfidation of FeS(cr, troilite) to FeS2(cr, pyrite). The three Gibbs energy values refer to
reaction with S2(g), while the  r H mo ((A.34), 298.15 K) value refers to reaction with
S(cr).
t / oC T / K

xFeS
solvus

S / Fe
solvus

log10 ( f S
/atm)

2

/ kJ∙mol-1

/ kJ∙mol-1

((A.33), T)
/ kJ∙mol-1

 r H m ((A.34),
298.15 K)
/ kJ∙mol-1

r G1o (T )

r G2o (T )

rGo

o

325

598.15

0.9462

1.1137

− 10.17

− 9.457

− 51.609

− 61.066

− 72.485

329

602.15

0.9459

1.1144

− 10.00

− 9.462

− 51.047

− 60.509

− 72.494

354

627.15

0.9440

1.1186

− 9.00

− 9.476

− 47.620

− 57.096

− 72.627

381

654.15

0.9417

1.1238

− 8.00

− 9.495

− 43.892

− 53.387

− 72.753

400

673.15

0.9400

1.1277

− 7.32

− 9.498

− 41.146

− 50.644

− 72.711

411

684.15

0.9395

1.1288

− 7.00

− 9.442

− 39.939

− 49.381

− 73.012

443

716.15

0.9367

1.1352

− 6.00

− 9.394

− 35.573

− 44.966

− 73.149

477

750.15

0.9335

1.1425

− 5.00

− 9.311

− 30.788

− 40.100

− 73.116

508

781.15

0.9300

1.1505

− 4.13

− 9.230

− 26.233

− 35.463

− 72.885

(Continued next page)
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Table A-13 (continued)
t / oC T / K

xFeS
solvus

S / Fe
solvus

log10 ( f S
/atm)

2

/ kJ∙mol-1

/ kJ∙mol-1

((A.33), T)
/ kJ∙mol-1

 r H m ((A.34),
298.15 K)
/ kJ∙mol-1

r G1o (T )

r G2o (T )

rGo

o

514

787.15

0.9298

1.1510

− 4.00

− 9.173

− 25.589

− 34.762

− 73.037

555

828.15

0.9252

1.1617

− 3.00

− 8.964

− 19.937

− 28.901

− 72.999

599

872.15

0.9202

1.1734

− 2.00

− 8.628

− 13.801

− 22.429

− 72.771

602

875.15

0.9200

1.1739

− 1.95

− 8.595

− 13.495

− 22.090

− 72.858

648

921.15

0.9139

1.1884

− 1.00

− 8.126

− 7.156

− 15.282

− 72.573

677

950.15

0.9100

1.1978

− 0.43

− 7.750

− 3.137

− 10.887

− 72.288

700

973.15

0.9064

1.2065

0.00

− 7.404

0.000

− 7.404

− 72.063

736

1009.15

0.9000

1.2222

0.69

− 6.751

5.184

− 1.567

− 71.323

743

1016.15

0.8993

1.2240

0.84

− 6.618

6.341

− 0.277

− 71.025
− (72.6 ± 2.0)

Provisional value with overall uncertainty

Table A-14: Comparison of sulfur fugacity values, f S2 , defining the pyrite-pyrrhotite
solvus from Table 5 of [1964TOU/BAR] with Equation (A.36) (after
[2006OSA/CHA]), which is applicable for the temperature range 601 ≤ T/K ≤ 723.
log( f S2 / bar)

T/K

r G2o (T ) adjustment/
kJ∙mol-1

Adjusted  r H m ((A.34),
298.15 K)
/ kJ∙mol-1

− 0.185

− 72.679

o

[1964TOU/BAR]

[2006OSA/CHA]

602.15

− 9.994

− 10.026

627.15

− 8.994

− 9.003

− 0.054

− 72.681

654.15

− 7.994

− 7.986

0.051

− 72.702

673.15

− 7.314

− 7.319

− 0.032

− 72.743

684.15

− 6.994

− 6.950

0.290

− 72.722

716.15

− 5.994

− 5.941

0.368

− 72.781

Average adjusted value ± precision of six values

− (72.718 ± 0.078)

[1964VAS/MUK3]
This spectrophotometric study of thiocyanatoiron(III) complexes was conducted in 4
mol·dm-3 NaNO3 solution at 22 to 23 °C. The iron concentration was fixed at
1.041 × 10-4 mol·dm-3 and the HNO3 concentration was also held constant at 0.2
mol·dm-3. It appears that the thiocyanate concentration was varied from 0.002 to 3.5
mol·dm-3. The authors tabulated log10 c,n values (n = 1-5) for the formation of
Fe(SCN)3nn of 2.1, 1.3, 0.5,  0.1 and  0.1, respectively.
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The high thiocyanate concentration employed to observe the higher-order
complexes invalidates the constant ionic medium requirement. Indeed, their Figure 4
indicates that only the first three complexes represent more than 50 % of the total
iron(III) in solution at thiocyanate concentrations less than 1 mol·dm-3.

[1964YEE/DAV]
The authors reported a very limited number of solubility measurements at 24 °C for a
hydrated Fe(NO3 )3 solid in aqueous solutions that were 50-70 percent by mass nitric
acid. No analyses of the solid are reported, although Malquori [1929MAL2] had
indicated that a change in the nature of the solid would have been expected over the
range of experimental conditions. The values from Kirillov and Ustanova
[1956KIR/UST] seem to have been incorrectly plotted (incorrect “HNO3 (wt %)”) in
Figure 6 of Yee and Davis.

[1965BUS]
This review note was published to point out that new data in the literature could be used
to reduce significantly the uncertainty in the partial standard molar entropy value of
Stephenson and Morrow [1956STE/MOR] for K3 Fe(CN)6 . The large uncertainty in this
value, reported later by Hepler et al. [1960HEP/SWE] for Fe(CN)36 as (63.4 ± 1.0)
cal∙K-1∙mol-1 ((265.3 ± 4.0) J∙K-1∙mol-1), did not consider the contribution of the
magnetic entropy below the measured minimum temperature of 15 K.
Busey cited the work of Gregor and Fritz [1961GRE/FRI] who measured the
heat capacity and magnetic susceptibility of K3 Fe(CN)6 from 0.6 to 20 K with the
qualifying footnote that “Certain statements made in this paper are erroneous or
misleading because the authors misquote Stephenson and Morrow's estimate of the
entropy associated with the heat-capacity anomaly near 131 K as (0.09 ± 0.02) instead
of (0.9 ± 0.2) cal∙K-1∙mol-1”. Ohtsuka [1961OHT] made an adiabatic demagnetisation
study of K3 Fe(CN)6 to 0.2 K and the results indicated that the magnetic entropy of
R(ln 2) was fully developed a few degrees above 0 K. Hence, a revised value for the
molar standard entropy of K3 Fe(CN)6 at 298.15 K was 101.83 cal∙K-1∙mol-1. Moreover,
the heat-capacity data of Gregor and Fritz [1961GRE/FRI] from 5 to 15 K fitted
smoothly to the data of Stephenson and Morrow above 15 K. Consequently, Busey
presented a revised value for the molar standard entropy for Fe(CN)36 of 64.8
cal∙K-1∙mol-1 (271.1 J∙K-1∙mol-1) at 298.15 K and a new value of the molar standard
entropy for Fe(CN)64  of 24.0 cal∙K-1∙mol-1 (100.4 J∙K-1∙mol-1) at 298.15 K. Busey
provided a valuable alternative (but now dated) analysis of the then-available
thermodynamic data for Fe(CN)36 and Fe(CN)64  , see Section X.1.1.
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[1965HAM/ISH]
This paper was written in Japanese although a short abstract in English was available
(CA. 64, (1965), 10763g). This spectrophotometric study was made of acidic iron(III)
solutions to which selenous acid was added at 20, 25, 30 and 40 °C. The ionic strength
was fixed at 1 mol∙dm-3, but the medium contained significant amounts of HClO 4(sln)
(0.5 to 1.0 mol∙dm-3), an unknown salt and H2SeO3(sln). For most experiments the
Fe(ClO4)3(sln) concentration appears to have been held constant at 2.66 × 10-4 mol∙dm-3.
Deconvolution of the spectra showed a peak at ca. 300 nm which was attributed to a 1:1
Fe(III):Se(IV) complex; noting that the absorbance due to Fe 3+ was relatively small at
these wavelengths although its contribution was accounted for. Two complexes were
considered according to the equilibria:

Fe3+  H2SeO3 (aq)

FeHSeO32  H+

Fe3+  H2SeO3 (aq)

FeSeO3  2H+

(A.38)
(A.39)
o
1

The authors assumed that H2SeO3(aq) remained fully associated {log10 K (H2SeO3 ,aq)}
= ‒ (2.64 ± 0.14) at 25 °C [2005OLI/NOL]} and that Fe3+ remained unhydrolysed,
although this assumption is not totally clear. For this reason, the data treatment could
not
be
replicated
entirely.
Nevertheless,
taking
the
value
of
o
3+
2

log10 K (Fe  SeO3
FeSeO3 ) = (11.9 ± 0.5) at 25 °C (the value of 11.15 as
reported in Rai et al. [1995RAI/FEL3] and quoted in the TDB selenium review
[2005OLI/NOL] is incorrect, as discussed in the Appendix A entry for [1995RAI/FEL3]
in the present volume) and using the recommended dissociation constants for
H2SeO3(aq) [2005OLI/NOL] a crude SIT analysis results in log 10*Km(A.39) = – (0.12 ±
0.56) (i.e., *Km(A.39) = 0.8) at Im = 1.051. By digitizing Figure 5 in this article, two sets
of five data points at 30 °C plotted as a function of cHClO4 could be approximately
treated: the set corresponding to the formation of FeSeO3+ yielded a value of *Kc (A.39)
varying systematically from 3.58 to 1.79, whereas when only the FeHSeO32+ complex
was considered a reasonably constant value for *Kc (A.38) of (3.58 ± 0.09) (2σ
statistical uncertainty) emerged, cf. 3.67 derived by the authors at 30 °C. Despite the
approximate nature of this attempt at recalculation, the evidence is somewhat
compelling in favour of the authors claim that the FeHSeO32+ complex is indeed present
in these mixed electrolyte solutions.
The reported formation constants *Kc (A.38) (= *Km) at Ic = 1 were 3.25, 3.45,
3.67 and 4.10 at 20, 25, 30 and 40 °C, respectively. However, given that these are
relatively small association constants for an Fe3+ complex, the expected experimental
uncertainty, which depends largely on the absorbance readings themselves with a 1965
spectrophotometer, could be as high as ± 10 % so that the reported enthalpy of reaction
of 4.04 kcal∙mol-1 has little merit.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

404

A. Discussion of selected references

[1965LAH]
This paper describes the results of spectrophotometric, pH-titration and paperelectrophoresis studies of complexation of iron(III) in acidic aqueous phosphate
solutions. The paper electrophoresis results indicated that a cationic complex was
formed when the pH was less than 2, but if the pH was greater than 2.3, and in the
presence of excess phosphate, a negatively charged phosphatoiron(III) species was
formed. From spectrophotometric studies (270 to 300 nm, cFe III  : 1.0 × 10-2 to
2.0 × 10-2 M, cH3PO4 : 0.00574 to 0.0100 M, pH: 1.33 to 1.88) it was concluded that the
predominant complex has a 1:1 iron to phosphate ratio. The “pH” of solutions
containing different amounts of H3 PO4 (sln) and Fe(ClO4 )3 was measured. A glass
electrode was calibrated using phthalate, phosphate and borax buffers, and the Davies
equation was used to convert the hydrogen-ion activities to concentrations of H+. From
these measurements the author concluded that the most important complex was
FeHPO4 , and an approximate value of 4.2 × 1010 was reported for Ko(A.40) at
(298.15 ± 0.50) K

Fe3+  HPO24

FeHPO4+

(A.40)

From further spectrophotometric measurements (280 to 300 nm, solution pH: 1.56 to
1.80, Ic  0.04), analysed graphically, and again corrected to I = 0, 7.04 × 1010 was
reported for Ko (A.40) at 298.15 K. Measurements for a solution with a pH value of 1.76
were also made (290 and 300 nm) at 298.15, 308.15, 315.15 and 323.15 K, and values
of Δr H mο (A.40) and Δr Smο (A.40) were reported, − 15.7 kJ·mol-1 and 154 J·K-1·mol-1,
respectively. No allowance was made for uncorrelated changes in the pH and
phosphoric acid deprotonation constant values over the temperature range, and the
reported enthalpy and entropy values are not accepted in the present review.
It is not clear that the identification of the stoichiometry of the predominant
complex, especially the extent of protonation, was adequate given the small range of pH
and the difficulties in properly determining hydrogen ion concentrations at low pH
values.

[1965LIN/BRE]
Measurements of the electrochemical potentials at 20, 25, 30 and 35 °C for the
Fe(CN)36 /Fe(CN)64 couple were made using a platinum “redox” electrode with
calomel reference electrodes. No details were given about the preparation of the
Fe(CN)36 and Fe(CN)64  solutions, nor about the source and purification of the
chemicals used. The solution concentrations were not stated explicitly, but based on the
authors’ Figure 1, five solutions were used at each temperature with equal molalities of
Fe(CN)36 and Fe(CN)64  from 0.0004 to 0.02 mol·kg-1. No ion-association corrections
(K+ and H+) were applied to the measured values. For each temperature a linear
extrapolation of the experimental results was performed to zero ionic strength and the
combined results were reported as:
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o
ECR
/V  (0.1200  0.00214(t /C  25))

The potential of the calomel electrode vs. the standard hydrogen electrode was based on
an equation of Ives and Janz [1961IVE/JAN].
o
EHC
/V 

 0.2444

– 0.00066 T /K – 298.15 

and
E o T  /V   0.3644 – 0.00280 T /K – 298.15 

From this the value of E o (298.15 K ) is 0.364 V. The value of Δ r H o (A.41) for 298 K
can be calculated to be – 115.7 kJ·mol-1.

Fe(CN)36 + ½H2 (g)

Fe(CN)64 + H+

(A.41)

For electrochemical reactions involving such highly-charged ions the solution
concentrations are rather large to justify linear extrapolations to zero ionic strength.
Also, reanalysis of the data from the authors’ Figure 1 and comparison with the values
o
generated by their equation for ECR
suggests that the statistical uncertainty (2) alone
o
in the reported E values might be as large as 0.003 V. Therefore, the values of E o and
Δ r H o (A.41) based on these results are probably less reliable than those from the
similar studies of Kolthoff and Tomsicek [1935KOL/TOM], and Hanania et al.
[1967HAN/IRV].

[1965MIR/RUT]
This paper describes solvent-extraction experiments aimed at determining the formation
constants for thiocyanatoiron(III) complexes. Two sets of experimental conditions {cΣH
= 0.2; Ic = 3.0 ( LiSCN, LiClO4 ) or (Na, K, Rb, Cs, NH4, NO3; cΣSCN = 2.56)} were
used. In the second set of data, the concentration of the cations Na+ through NH4
ranged from 0.34 to 3.67 mol∙dm-3 with six measurements made for each cation. All
measurements were made at (25.0 ± 0.2) °C. The logarithms of the overall and stepwise
formation constants of Fe(SCN)3n n (where n = 1-6) were tabulated for both series of
experiments. However, in the current review those for the latter were rejected outright
because of the high fixed thiocyanate concentration maintained throughout the series,
viz., 2.56 mol∙dm-3; the variation in the cation composition added another degree of
complexity to the data treatment, although the authors did give values extrapolated
empirically to cM+ = 0.0. The corresponding values for the first series are reproduced in
Table X-11. With the possible exception of those for the first two or three species, the
values were obtained for solutions with high thiocyanate concentrations.

[1965NOV/PTI]
Novoselov and Ptitsyn recognised that solutions of iron(III) and iodide were inherently
unstable as dictated by the Reaction (A.42) but that the stability of the iodidoiron(III)
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complex could be measured potentiometrically with the right kind of electrochemical
cell. Trial and error showed that the potential of a platinum electrode was influenced by
the I2 /I  couple but not the Fe(III)/Fe(II) couple. No drift in the cell potential was
observed that would indicate Reaction (A.42) had begun during the time taken to make
these measurements.
2Fe3+  2I

2Fe2+  I2 (aq)

(A.42)

The instability constants were reported at 25 °C and I c = 0.1 (HClO4) ( I m = 0.1008)
for the complex ions, FeI 2+ and FeI 2 , to be Kc,1 = 1.4 × 10-3 and Kc,2 = 2.7 × 10-2,
respectively. The iodide and iodine concentrations were kept reasonably low at
2.51 × 10-3 and 1.56 × 10-5, respectively. The equilibrium constant for the formation of
I3 was assumed to be 140 dm3∙mol-1. The difference in cell potentials before (iodide
molarity = cI0 ) and after addition of iron(III) (iodide molality = cIf ) were derived from
the Nernst expression:
E  {RT ln(10)/F }log10 {cI0 /cIf }

(A.43)

Figure A-15: The dependence of n on the molality of iodide ion, where the solid line
was derived from the instability constants supplied by the author, and the dashed curve
represents one example of fits attempted by fixing the value of Km,1 to that given by the
authors, and allowing the second constant to vary. This resulted in log10 m,2 =
 (6.81 ± 0.07), compared to the value log10 c,2 =  4.42 proposed by the authors.
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The reviewer was able to repeat the calculations, which were summarised in the table in
[1965NOV/PTI], to within 1 %. The term n-bar, n , which is defined as the total
equivalent concentration of iodide bound to Fe3+ divided by the total Fe3+ concentration,
is represented by the solid symbols in Figure A-15. However, attempts by the reviewer
to fit these n values as functions of the total Fe3+ and free iodide molality in terms of
the two complexes claimed to be present in solution failed to converge. It is significant
that at the highest Fe3+ molality, or lowest n value, the ionic strength contribution
from Fe3+ ions constituted 33 % of the total ionic strength. These potentially interesting
results were therefore discarded.

[1965SPI/MAK]
The authors carried out a potentiometric study on formation of diphosphatoiron(III)
complexes at 293.15 K using solutions having initial total iron(II) and iron(III)
concentrations of 1.0 × 10-3 mol·dm-3, total diphosphate concentrations between
9.7 × 10-2 and 9.8 × 10-3 mol·dm-3, and pH values between 0.3 and 3.0. The
measurements were conducted with CO2 as the cover gas and using a platinum electrode
as an indicator electrode. It was assumed that any iron(II) complexes with diphosphate
were very weak in the pH range of the experiments 1. The final iron(II) concentration
after each potentiometric measurement was determined by titration with a solution of
K2Cr2O7, and the final Fe(III) concentrations were then obtained by difference. No
attempt seems to have been made to maintain a constant ionic strength, and the
identities of the counter-ions in the initial iron and diphosphate salts were not reported.
Neither the experimental potentials nor the final total Fe(III) concentrations were
reported explicitly, though examination of the authors’ Table 1 indicates oxidation was
greatest in solutions with a pH value of 3. In all of their calculations the authors
assumed that only a single complex was formed. The diphosphate to iron(III) ratio in
the complex was determined by comparison of the change in the free iron concentration
with pH and diphosphate concentration, though re-examination of the “linear” plots
show curvature suggesting that more than one complex was formed. The extent of
protonation of the diphosphate ligand in the complex was determined only by a
graphical procedure that gave a value of 2.35. The authors also used an electrolytic
transport experiment to establish the presence of an anionic iron complex in solutions
with a pH value of 1. The values used for the dissociation constants for H4 P2 O7 (aq)
seem to have been the same as those listed for “25 °C, I → 0” in Table 39 of the
compilation of Sillén and Martell [1964SIL/MAR] (from a 1955 thesis by J. A. Davis),
without any temperature or ionic strength corrections. The reported formation constant
for Fe(H2 P2 O7 )2 from Fe3+ and H 2 P2 O72  was 1012.07 at 293.15 K. A
1

Based on a value from a reference book [1955KOM] unavailable to the current reviewers, the authors
reported an instability constant of 6.3 × 10-6 for the iron(II) complex, FeP2O72- (unstated conditions).
Without further comment, Mateescu et al. [1999MAT/PRI] indicated that the value from Komar
[1955KOM] was for “formation of a protonated complex at pH = 0.3-3”.
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spectrophotometric study of the competition of formation of thiocyanato and
diphosphato complexes was conducted using low diphosphate concentrations.
Complexation with diphosphate was markedly greater than complexation with
thiocyanate, and a formation constant of 1012.38 was reported; however, few details of
the experiments were provided, so that no recalculation was possible. Ligand
competition experiments also were performed by combining spectrophotometry with
partition of iron(III) thiocyanate into 3-methylbutanol, using solutions with a pH value
of 1 and 0.3 mol·dm-3 aqueous thiocyanate. Based on these, a formation constant of
1012.74 was reported for Fe(H2 P2 O7 )2 at an unspecified ionic strength. Again
insufficient information was provided to allow recalculations.

[1965WAT/CHR]
Calorimetric measurements were performed at 25.00 °C to determine the heat of
reaction of 10 mL samples of aqueous KCN into 200 mL solutions containing
FeSO4(sln) (5 × 10-4 or 1 × 10-3 mol·dm-3) to form Fe(CN)64  . To ensure that the
reaction proceeded rapidly to completion, the initial cyanide concentrations were in
large excess of the iron(II) concentrations (> 68:1). The final total ionic strengths (Ic)
ranged from 0.036 to 0.072. Corrections to zero ionic strength were applied using heats
of dilution from the literature and from “blank” measurements using solutions in which
no iron was present. Heat-of-dilution measurements for the iron(II) sulfate solutions
(attributed to Hansen) also were used, but not specifically documented, and it is not
clear whether dissociation of FeSO4(aq) was taken into account in the reaction scheme
or whether potassium-ion association with hexacyanidoferrate(II) was considered.
Based on 12 measurements the enthalpy of reaction to form Fe(CN)64  according to

Fe2+  6CN

Fe(CN)64

(A.44)

was reported as  (85.77 ± 0.08) kcal·mol-1 (i.e.,  (358.86 ± 0.33) kJ·mol-1).
Direct measurements with acidic Fe3+ solution, the acid being required to
suppress hydrolysis, were impossible to perform due to liberation of HCN. Therefore, to
obtain a value for the enthalpy of formation of Fe(CN)36 calorimetric determinations
were made of the molar heats of two reactions at relatively low ionic strengths (Ic =
0.0215 to 0.090).

1
8
Fe(CN)64   MnO 4  H +
5
5

1
8
Fe 2+  MnO 4  H +
5
5

1
4
Fe(CN)36  Mn 2+  H 2 O(l)
5
5

1
4
Fe3+  Mn 2+  H 2 O(l)
5
5

(A.45)

(A.46)

After correction for heats of dilution the reported heats were – (14.09 ± 0.01) and
(29.72 ± 0.03) kcal·mol-1 (i.e.,  (58.95 ± 0.04) and (124.35 ± 0.13) kJ·mol-1) for
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ΔrH (A.45) and ΔrH(A.46), respectively1. Using their result for Reaction (A.44) the
authors then reported  (70.14 ± 0.10) kcal·mol-1 (i.e., – (293.47 ± 0.42) kJ·mol-1) for
ΔrH (A.47), formation of the complex Fe(CN)36 from the ions:

Fe3+  6CN

Fe(CN)36

(A.47)

ΔrH(A.47) = ΔrH(A.44) + ΔrH(A.44)  ΔrH(A.46)
Only limited details were provided concerning the preparation of the MnO4 and Fe3+
solutions used in carrying out these reactions and the concentrations used.
If instead, the values of ΔrH(A.45) and ΔrH(A.46) (with the correct sign1) are
used to calculate (65.40 ± 0.03) kJ·mol-1 for ΔrH(A.48)

Fe(CN)64  Fe3+

Fe2+  Fe(CN)36

(A.48)

ΔrH(A.48) = ΔrH(A.47)  ΔrH(A.44)
and using TDB values
Δf H mo (Fe3+ , 298.15 K) ,

[2013LEM/BER]

Fe(CN)36  ½H2 (g)

for

Δf H mo (Fe2+ , 298.15 K) and

Fe(CN)64  H+

(A.49)

the calculated value for  r H (A.49) is  (105.6 ± 1.8) kJ·mol . This incorporates
uncertainties from the heat-of-dilution corrections, not included in the authors’
uncertainties, and estimated here to be 1 % of the  r H o for Reactions (A.45) and
(A.46). This value for  r H o (A.49) is several kJ·mol-1 more positive than values
determined from electrochemical measurements [1967HAN/IRV] or from the bromine
oxidation of Fe(CN)64  [1960HEP/SWE].
o

-1

The authors used values of the entropies of complexation taken from Hepler
and co-workers [1960HEP/SWE], [1963KO/HEP] and a treatise by Latimer [1952LAT]
to obtain formation constants for the complexation reactions. It is not apparent to the
present reviewer why the enthalpy values in Table II attributed to Guzzetta and Hadley
“with no data corrections made”, are 4 % more negative than the values in Table I of
Guzzetta and Hadley [1964GUZ/HAD].

[1965WEB/STU]
This spectrophotometric investigation of the interaction of dilute iron(III) with silicic
acid was carried out at 25 °C and I c = 0.1 (NaClO4), and quantifies the earlier work on

1

There is an error in sign in the paper. The experiment for determining the value of the authors’ ΔH 3o
undoubtedly was the oxidation of Fe 2+ by MnO 4 . It appears that it is the heat of that reaction (not the
heat of reaction 3 as written) for which the negative values “– 30.59” and “– 30.32 kcal·mol-1” are
reported in their Table I. Then in the sixth line of text on page 222 the corrected value for the heat of
reaction of their reaction 3, as written, should have been 29.72 kcal·mol-1, not “– 29.72 kcal·mol-1”. The
correct sign was used by the authors in the calculation of their value for ΔH 4o .
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this system [1949HAZ/SCH]. The following simple complexation reaction gave the best
fit of their data; a fit which included allowance for the formation of FeOH 2+.

Fe3+  Si(OH)4 (aq)

FeOSi(OH)32+  H+

(A.50)

Iron concentrations had to be limited to ≤ 5 × 10-5 mol∙dm-3 to obtain reproducible
results, presumably because the measurements under these conditions, which included
maintaining log10 cH+ ≥ ‒ 3.5, no higher-order hydrolysed Fe(III) species were formed.
The hydrogen concentration was assumed to equal the stoichiometric concentration of
HClO4 with no corrections. Moreover, when working with solutions with the Si(IV)
concentrations as high as 0.025 mol∙dm-3, which exceeded the solubility of amorphous
SiO2 , the spectral change recorded at 272 nm (which is the isosbestic point of the
spectra of Fe3+ and FeOH2+) had to be completed quickly before polymerisation became
significant. The value of the hydrolysis constant used in their calculations was taken
from [1957MIL]: 2.89 × 10-3 mol∙dm-3 at I c = 0.1.
A value of * K1 (A.50) was given as 0.57.

[1965ZAY/RUB]
Zayonchkovskii and Rubal’skaya investigated the reaction of NiO with metallic Fe and
O2 by bomb calorimetry at p(O2) = 30 atmospheres (~3 MPa). First, they used XRD to
identify the products of reaction from starting materials with varying proportions of
NiO and Fe, from 40.1 to 82.5 percent NiO by mass (i.e., NiO:Fe molar ratios from 0.50
to 3.52). While NiFe2O4 was formed in all cases (spinel structure with cell parameter a0
= 0.8332 to 0.8335 nm), varying amounts of Fe 2+ products such as (Fe,Ni)O (as well as
excess NiO) were produced in reactions with NiO:Fe molar ratios less than 3.0.
Therefore, a molar ratio of 3.0 was selected for a series of seven calorimetric
measurements that yielded a heat of reaction of – (199.2 ± 0.9) kcal‧mol-1
(~ – (833.5 ± 3.8) kJ·mol-1) for the reaction NiO(cr) + 2Fe(cr) + (3/2)O2(g) →
NiFe2O4(cr).
From this, the authors obtained f H mo (NiFe2O4, cr) = − (257.6 ± 0.9)
kcal‧mol , by using a value of f H mo (NiO, cr) = − 57.5 kcal‧mol-1, and with the error
expressed as the average deviation. Converting from calories to joules, substituting the
NEA selected value of f H mo (NiO, cr) = − (239.7 ± 0.4) kJ‧mol -1 [2005GAM/BUG],
and expressing error as 95 % confidence limits, led to the value f H mo (NiFe2O4, cr) =
− (1077.11 ± 9.26) kJ‧mol−1, which is discussed further in Section VII.3.6.2.
-1

[1966ABR/BER]
The authors reported the results of a three-dimensional x-ray diffraction study of the
crystal structure for ludlamite, Fe3 (PO4 )2 ·4H 2 O , at 298 K. The bond lengths were
established more accurately than had been possible in the earlier study of Ito and Mori
[1951ITO/MOR]. No thermodynamic data were reported.
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[1966AND/SHE]
This is a report on a spectrophotometric study carried out at (293.15 ± 0.05) K using
solutions having a constant total iron(III) concentration of 3.2 × 10-5 mol·dm-3, total
diphosphate concentrations between 7.8 × 10-6 and 1.6 × 10-2 mol·dm-3, pH values
between 0.83 and 3.75 and an approximate total ionic strength of 0.1 mol·dm -3
(maintained using NaCl). It is stated that there is an isosbestic point at 261 nm for
solutions containing both Fe3+ and FeOH2+, and that the complexation study
measurements were carried out at 261 nm (the caption to the authors’ Figure 3 indicates
that the measurements were made at 270 nm). The authors determined the stoichiometry
and formation constant for three cationic complexes using an iterative graphical method,
concluding that FeH3 P2 O72+ and Fe(H3 P2 O7 )+2 predominate in solutions with pH values
< 2 and FeH2 P2 O7+ in solutions with pH values  2.10, and determined:

log10 (cFeH P O2+ /(cFe3+ cH P O )) = 5.38,
3 2

log10 (cFe(H P O
3 2


7 )2

7

3 2

2
H+

a

7

2
H 4 P2 O7 (aq)

/(cFe3+ c

)) = 7.10,

log10 (cFeH P O+ aH+ /(cFe3+ cH P O )) = 2.94,
2 2

7

3 2

7

and then reported values

log10 (aFeH P O2+ /(aFe3+ aH P O )) = 6.05,
3 2

log10 (aFe(H P O
3 2

7


7 )2

3 2

7

2
H3 P2 O7

/(aFe3+ a

)) = 11.25,

log10 (aFeH P O  /(aFe3+ aH P O2 )) = 6.62,
2 2

7

2 2

7

corrected to I = 0 using a Davies equation [1938DAV]. The values reported for I = 0
appear to be for 293.15 K, but were stated explicitly in a later paper by the authors
[1967SHE/AND] to be for 298.15 K; the method of temperature correction was not
reported. Also, the values for the dissociation constants for H4 P2 O7 (aq) seem to have
been the same as those in the “25 °C … I → 0 … 55D” row of Table 39 of Sillén and
Martell [1964SIL/MAR], from a 1955 thesis by J. A. Davis. These constants are
inconsistent with those used in Chapter IV of the present volume. Unfortunately, the
graphical methods used in the data analysis were not able to consider solutions in which
more than one complex was a major species. If the described diphosphato complexes
were the only complexes formed in the experimental solutions, in several of the less
acidic solutions ferrihydrite would have been expected to precipitate. The reported
experimental data was a subset of all the information obtained, and was insufficient for
re-analysis. The reported speciation and reported values of the formation constants are
not selected in the present review.
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[1966ARI/MOR]
Ariya et al. obtained enthalpies of formation for 18 iron sulfide (pyrrhotite) preparations
with compositions between FeS1.00 and FeS1.14 (Fe0.88S) comprising nine specimens
quenched from 900 °C and nine (not the same compositions) “annealed” specimens
slow-cooled from 900 °C to ambient temperature over two days. Attempts to determine
reaction enthalpies by direct combination of either Fe(cr) or stoichiometric FeS(cr) with
elemental sulfur were unsuccessful, therefore the calorimetric measurements were based
on reaction of iron sulfide specimens (1.4-1.7 g) with a two-to-threefold excess of Zn ,
to obtain the heat of the following reaction:

(1  x)Zn(cr)  FeS1+x (cr)  (1  x)ZnS(cr)  Fe(cr)

(A.51)

Experiments were performed in a copper vacuum-block calorimeter, and calorimetric
measurements were made at the external temperature of 25 °C. Reactions took place in
fused-silica ampoules placed in a small electric furnace within the block, attaining
temperatures of 950-1000 °C, just above the atmospheric-pressure boiling point of Zn ,
during the reaction. The reaction contributed an additional ~ 1.3-2.1 kJ of heat to the
known evolved electrical heat of ~ 33-42 kJ.
Calorimetric data are not given in this paper, but the results of 37 experiments
(one to four, usually two, per preparation) are tabulated as derived molar enthalpy-offormation values, and averages for each preparation are plotted as a function of the S/Fe
molar ratio (1 + x). These enthalpies are based on a value of  f H o ( ZnS , cr, wurtzite) =
− 45.3 kcal∙mol-1 (− 189.5 kJ∙mol-1), obtained from the 1952 US-NBS compilation
[1952ROS/WAG].
The enthalpies of formation, plotted as a function of composition, fall on two
curves, separated by up to ~ 10 kJ∙mol-1, for the quenched and annealed specimens, no
doubt reflecting a greater degree of structural and magnetic order in the annealed
material. Extrapolation of the curves to the stoichiometric FeS(cr) composition (x = 0)
leads to values of approximately − 21.8 kcal∙mol-1 (− 91.2 kJ∙mol-1) and − 24.4
kcal∙mol-1 (− 102.1 kJ∙mol-1) for quenched and annealed materials, respectively.
While the extrapolated enthalpy of formation value of − 102.1 kJ∙mol-1 for
annealed, stoichiometric FeS is close to the value of  f H o ( FeS , cr, troilite, 298.15 K)
= − (100.91 ± 2.00) kJ∙mol-1 recommended in the current review, the uncertainty
appears to be quite large, for reasons described below, and this value was not used in the
final assessment.
In addition to experimental scatter of up to ~ 2 kJ∙mol-1 about the enthalpy-offormation curves, there is some uncertainty about the value for  f H o ( ZnS , cr,
wurtzite). The 1952 recommended value of − 189.5 kJ∙mol-1 [1952ROS/WAG], used by
Ariya et al. [1966ARI/MOR] was adjusted to − 192.6 kJ∙mol-1 in subsequent US-NBS
compilations [1982WAG/EVA], probably reflecting in part the value of
− (191.88 ± 0.84) kJ∙mol-1 obtained by solution calorimetry [1964ADA/KIN]. The latter
value is adjusted to − (191.17 ± 2.01) kJ∙mol-1 if TDB-consistent CODATA
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thermodynamic values are used for H 2S(g) and H 2S(sln) , as described for troilite in the
Appendix A entry for [1964ADA/KIN]. A more recent value of  f H o ( ZnS , cr,
wurtzite) = − (196.3 ± 0.5) kJ∙mol-1, obtained from dissociative sublimation
measurements by Gardner and Pang [1988GAR/PAN] should also be taken into
account, though their uncertainty probably does not include contributions for the
thermal data used in their third-law treatment of high-temperature equilibrium
measurements.
The thermodynamics of ZnS is further complicated by uncertainty in the
standard enthalpy of transformation of wurtzite (stable above 1293 K [1988GAR/PAN])
to sphalerite (stable below 1293 K). The commonly used transformation-enthalpy value
of − 13.4 kJ∙mol-1 at 298.15 K, based on difficult solution-calorimetry measurements by
Kapustinskii and Chentzova (see discussion by Gardner and Pang [1988GAR/PAN])
was questioned as long ago as 1952 by Richardson and Jeffes [1952RIC/JEF]. Since
both sphalerite and wurtzite have tetrahedrally coordinated Fe and S, differing only in
their stacking sequences (derived from cubic close-packing in sphalerite and hexagonal
close-packing in wurtzite), the enthalpy difference can reasonably be expected to be
small. Indeed, Gardner and Pang concluded that the transformation is nearly athermal,
with an experimentally derived transformation enthalpy (wurtzite to sphalerite) of
+ (2.3 ± 0.9) kJ∙mol-1 at 298.15 K. This is important here mostly for the enthalpy of
formation of Fe0.877 S (monoclinic pyrrhotite), obtained in a similar calorimetric study to
[1966ARI/MOR] by Stolyarova and Bezmen [1976STO/BEZ]. Here, the relative
amounts of wurtzite and sphalerite in the reaction product (as analysed by XRD) were
taken into account in their calculated enthalpy of formation,  f H o ( Fe0.877S, cr ) =
− (105.4 ± 1.7) kJ∙mol-1. However, because of the uncertainty in the enthalpies of
formation of these polymorphs of ZnS, as discussed above, this value is not included in
the final evaluation of the enthalpy of formation of monoclinic pyrrhotite in Section
IX.1.1.1.2.3.2.
A further objection to the results of Ariya et al. [1966ARI/MOR] is that their
enthalpy-of-formation curves imply that the enthalpy of sulfidation of FeS1+x falls to
near zero for values of x > ~ 0.05, which is difficult to rationalize and is also at odds
with the linear relationship between composition and enthalpy of formation, recently
obtained from oxide-melt solution calorimetry measurements by Xu and Navrotsky
[2010XU/NAV].

[1966CHL/LIS]
As part of a study of the effect of potassium-ion concentration on the rate of reaction
between solutions of K4Fe(CN)6 and K2S2O8 the authors determined the association
constants of K+ with Fe(CN)36 and Fe(CN)64  using a cation-sensitive electrode with a
saturated calomel electrode with a frit junction as the reference electrode. Measurements
were made on eight different solutions of each salt (0.01600 to 0.01900 mol·dm-3 for
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K3 Fe(CN)6 , 0.00800 to 0.01100 mol·dm-3 for K 4 Fe(CN)6 )—four at 24.65 °C and four
at 39.3 °C. In each case the electrode was calibrated against an aqueous solution of
potassium chloride of comparable potassium ion concentration and containing 0.001
mol·dm-3 tetramethylammonium hydroxide. The ionic strength was adjusted (in most
cases to 0.1 mol·dm-3) using tetramethylammonium chloride.
The reported association constant values for 24.65 °C (6.97 mol-1·dm3 for
formation of KFe(CN)62 , 31.3 mol-1·dm3 for formation of KFe(CN)36 ) were corrected
to zero ionic strength using the Kielland [1937KIE] version of the Debye-Hückel
equation, giving 25.1 mol-1·dm3 for formation of KFe(CN)62 , and 170 mol-1·dm3 for
formation of KFe(CN)36 . With the corresponding constants for 39.3 °C, the authors
K
2
calculated 10.75 and 16.15 kJ·mol-1 for 312.45
and
297.80 K Δ r H , for formation of KFe(CN)6
3
o
KFe(CN)6 respectively. These calculations were performed assuming the Δ r C p values
to be zero. It was noted in this paper, and also by Hanania et al. [1967HAN/IRV] that
quaternary ammonium salts may interact to affect measurements of hexacyanidoiron
ions. The values from this paper are rejected because of the rather high total
concentations of the hexacyanido complexes and the use of tetramethylammonium salts.

[1966FIL/CHE]
This study provides spectroscopic and ion-exchange evidence for formation of a
cationic di-iron complex formulated as Fe2 HPO44 . The spectroscopic data were
obtained using solutions 0.5, 1 and 2 mol·dm-3 in NaNO3, and containing iron(III) and
phosphate (as a solution mixture of KH2PO4 and H3PO4) in various ratios. Discussion of
the formation constant value of the complex, determined for lower ionic strength
solutions, was deferred to a second paper [1966FIL/CHE2].

[1966FIL/CHE2]
This paper extends the work described in a previous paper [1966FIL/CHE].
Identification of a cationic di-iron complex formulated as Fe2 HPO44 (or a more highly
charged species) was based on its apparently stronger affinity than Fe 3+ for a strong-acid
cation-exchange resin and its maximum relative absorption1 at an iron to phosphate ratio
of approximately two. In solutions with lower iron to phosphate ratios there is less
relative absorption, presumably because less highly charged complexes are formed.
Absorption results for solutions initially 3.25 × 10-3 mol·dm-3 in phosphate, 0.1
mol·dm-3 HNO3, and with different concentrations (< 0.02 mol·dm-3) of iron(III), such
that the quantity of resin used absorbed essentially all the complex, were used to
calculate the variation of the ratio of phosphate on the resin to free phosphate in
solution. The number of hydrogen ions released on complex formation was estimated
1

There seems to be a typographical error in the equation for the relative absorption. The equation
apparently was properly printed in the earlier paper [1966FIL/CHE].
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based on the assumption that the equilibrium constant for Reaction (A.52) is essentially
independent of the acidity of a solution 0.1 to 0.2 mol·dm-3 in HNO3 .

2Fe3+  H3 PO 4 (aq)

Fe2 H (3-n ) PO(64 -n )+  nH +

(A.52)

Based on these assumptions, the value of n was found to be 2, and an equilibrium
constant of (82 ± 6) (apparently for room temperature) was determined for

2Fe3+ + H3 PO4 (aq)

+
Fe2 HPO4+
4 + 2H .

Using approximate deprotonation-constant values for phosphoric acid, and ignoring
activity-coefficient effects, the authors also reported the value of the “instability
3+
constant” with respect to Fe and HPO24 for the complex to be 7.22 × 10-12. As
discussed in the main text of the present review, considering the complexity of the
system the method of data analysis is doubtful, as is the speciation. The reported value
is not used further in the present review.

[1966LEI/GRE]
Solids were precipitated at (20 ± 1) °C from aqueous stock solutions of iron(III) nitrate
and tetrasodiumdiphosphate in 0.1 mol·dm-3 aqueous nitric acid solution. Precipitates
were collected after four hours. If the initial Fe:P2 O7 ratio was 4:3, the precipitate,
identified by colorimetric analyses, was Fe4 (P2 O7 )3·17H2 O(s) . When a greater ratio of
Fe:P2 O7 was used, a solid with an Fe:P2 O7 ratio of 3:2 was isolated (though the
compound Fe3OH(P2 O7 )2 ·12H2 O(s) proposed by the authors seems unlikely to be
formed in 0.1 mol·dm‒3 aqueous nitric acid solution), whereas if an excess of the
sodium diphosphate was used a solid with an Fe:P2 O7 ratio of 1.2 was obtained. Iron
concentrations were measured in solutions equilibrated with hydrated Fe4 (P2 O7 )3 (s) in
the presence of Fe(III) and total diphosphate in solution in a ratio of 4:3. The hydrogen
ion concentration of each solution was adjusted to a “pH” value between 0.5 and 4.5 by
addition of aqueous HNO3 or NaOH . The total iron concentration showed a flat
minimum for solutions with “pH” values between 2.0 and 3.5, but rose sharply in
solutions with lower and higher acidities. The increase at higher pH values was
attributed to formation of strong diphosphatoiron(III) complexes, one of which probably
had an Fe:P2 O7 ratio of 1:2. The ionic strengths of the solutions differed over the series
of measurements, and this was not discussed. This is a useful qualitative study, but the
authors correctly indicated that the absence of information about the different ionic
forms made it impossible to calculate a solubility product from the pH dependence of
the solubility from their results.
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[1966MAS/AGA]
Formation constants for 1:1 and 2:1 complexes of H2 PO3 with Fe3+ were determined
from electrochemical potential measurements of acidic (HClO4) solutions containing
approximately equal concentrations of Fe(ClO4 )3 and Fe(ClO4 )2 and varying, but
substantially greater, amounts of a standardised aqueous solution of H 3 PO3 . The
potentials were measured at (24.0 ± 0.1) °C using a graphite electrode and a saturated
calomel reference electrode. HClO 4 and NaClO 4 were used to adjust the total ionic
strength to 0.12 mol·dm-3 and to a constant pH value. In one set of measurements in
which the pH value of the solutions was held constant at 1.0, the concentrations of
Fe(ClO4 )3 and Fe(ClO4 )2 were 1.26 × 10-3 mol·dm-3 and 1.04 × 10-3 mol·dm-3
respectively, and the total solution concentrations of the ligand ranged from 1.57 × 10-2
to 6.82 × 10-2 mol·dm-3. Formation constant values of 2.9 × 104 mol-1·dm3 and 2.7 × 106
mol-2·dm6 were obtained for 1 and 2, respectively. Similar experiments conducted
with solutions having a constant pH value of 1.8 led to formation-constant values of
8.3 × 104 mol-1·dm3 and 2.9 × 106 mol-2·dm6 for 1 and 2, respectively. A value of
1.6 × 102 mol·dm-3 was used for the deprotonation constant for H3PO3. The lack of
significant formation of iron(II) complexes with the ligand was established by
measurements of the Fe(II)/Fe(0) couple in the presence and absence of H3PO3 using
an iron electrode.
The authors also reported on spectrophotometric studies carried out by addition
of H3PO3 solutions to solutions containing thiocyanato and 2-hydroxybenzoato
complexes of iron(III). Solutions containing those Fe(III) complexes were prepared
using a stock 3 × 10-3 mol·dm-3 solution of Fe(NO3 )3 in 0.1 mol·dm-3 HNO3 and
adding 2 × 10-2 mol·dm-3 KSCN or sodium 2-hydroxybenzoate as well as nitric acid and
potassium nitrate to adjust the pH and ionic strength of the experimental solutions.
Additions were made of H 3 PO3 (sln) and measurements were carried out at 24 °C and
the ionic strength of the solutions was 0.015 mol·dm-3. Results from solutions in which
the amount of total Fe(III) was greater than the total H3PO3(sln) were interpreted in
terms of formation of a 1:1 complex. Results from solutions using thiocyanate as the
competing ligand and in which the amount of total Fe(III) was less than the total
H3 PO3 (sln) were interpreted in terms of formation of the 1:2 complex Fe(H 2 PO3 )+2 .
2+
The literature value used for the formation constant for FeSCN was 6.94 × 102
-1
3
mol ·dm , but no information was provided concerning any temperature or ionic
strength corrections applied (for comparison, see Section X.1.2.1 of the present review).
The literature value used for the (molar?) formation constant for the presumed 2hydroxybenzoate complex Fe(C7 H4 O3 )+ was 2.5 × 1016; the values used for the
deprotonation constants of 2-hydroxybenzoic acid do not seem to have been stated
explicitly (as discussed by Park [1966PAR], the system probably is more complicated
than assumed by Masalovich et al.). The reported formation-constant values for
FeH2 PO2+
and Fe(H 2 PO3 )+2 based on the thiocyanate work, 1o and  2o , were
2
4
8.3 × 10 and 6.9 × 107, respectively. The reported formation constant value based on
the 2-hydroxybenzoate work, 1o , was smaller, 4.3 × 104. Comparison of the values
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plotted in the authors’ Figure 3 and those reported in their Tables 2 and 3 indicates that
the tables do not contain all the results used to calculate the reported formation
constants. That, and the lack of adequate literature auxiliary data, precludes further use
of these values in the present review.

[1966MOR/STO]
The authors reported three calorimetric measurements of  r H for reaction (A.53):

2Zn(cr)  FeS2 (cr, pyrite)  2ZnS(cr, wurtzite)  Fe(cr)

(A.53)

Pure pyrite was prepared from the elements and characterised by XRD and elemental
analysis, and the calorimetric reaction products (including excess Zn) were identified by
XRD. Calorimetric measurements were made at 25 °C in a vacuum-block calorimeter,
with the reaction taking place at 900-950 °C in a small electric furnace within the sealed
copper block. Using  f H o ( ZnS , cr, wurtzite, 298.15 K) = − 45.3 kcal∙mol-1
(− 189.54 kJ∙mol-1) from the 1952 US-NBS compilation [1952ROS/WAG], the authors
obtained  f H o ( FeS2 , cr, pyrite, 298.15 K) = − (39.0 ± 0.5) kcal∙mol-1, or
− (163.18 ± 2.09) kJ∙mol-1.
In the current review, recalculation from the data and conversion factors
provided in the paper gave  f H o ( FeS2 , cr, pyrite, 298.15 K) =
− (161.38 ± 4.56) kJ∙mol-1. The main source of the discrepancy of 1.80 kJ∙mol-1 is in the
conversion of the resistance thermometer response to total heat released. The authors
[1966MOR/STO] give a conversion factor of (9764 ± 4) J∙ohm-1, whereas their
tabulated values for the heat released correspond to a value of about 9760 J∙ohm-1,
suggesting either a typographic error in the conversion factor or a rounding error in the
calculation. The increased uncertainty in the recalculated value is equal to 1.96 times
the standard deviation for the three runs, whereas the original uncertainty was based on
estimated error in the electrical measurements. Neither value includes the uncertainty in
 f H o ( ZnS , cr, wurtzite, 298.15 K). Adjusting the enthalpy calculation by using  f H o
(ZnS, cr, wurtzite, 298.15 K) = − (191.17 ± 2.01) kJ∙mol-1 (see the Appendix A entries
for [1964ADA/KIN] and [1966ARI/MOR]), we obtain  f H o ( FeS2 , cr, pyrite,
298.15K) = − (164.65 ± 6.08) kJ∙mol-1. Finally, adjusting this value for the discrepancy
of 1.80 kJ∙mol-1 between the published and recalculated values, by adding 0.90 kJ∙mol-1
to both the value and the uncertainty, the following enthalpy of formation is obtained:
 f H o ( FeS2 , cr, pyrite, 298.15 K) = − (163.75 ± 6.98) kJ∙mol-1. Because of the
relatively large uncertainty, this value was not included in the final evaluation of the
enthalpy of formation of pyrite in Section IX.1.1.1.3.2.
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[1966ROC]
Measurements of the electrochemical potentials at 25.0 °C for the Fe(CN)36 /Fe(CN)64
couple were performed using a cell with liquid junction

Pb(2-phase Hg) Pb2Fe(CN)6 (s) K4Fe(CN)6 (m1) ⁞⁞ K 4Fe(CN)6 (m2 ),K3Fe(CN)6 (m3 )|Au
The aqueous solutions were prepared from reagent grade K3 Fe(CN)6 (cr) and from
K 4 Fe(CN)6 ·3H2 O(cr) that had been carefully recrystallized and stored in the dark over
a saturated aqueous solution of sodium bromide hydrate. During the measurements the
temperature was kept constant within 0.005 K. A stream of nitrogen was used to ensure
that air was excluded from the cells, and the working electrode was protected from light.
Results from five cells with different solution compositions were reported, with m2 from
0.0500 to 0.1000, m3 from 0.0040 to 0.1000, and in all cases m1 = (4m2 + 3m3)/4 with m3
 m2. The liquid-junction potential was assumed small when m1  m2. For the high ionic
strengths of the experimental solutions (nominal Im  0.8), the author then made the
conjecture that aK+ can, with minimal error, be assumed to be the same in the reference
(Im = 10m1) and working cells (Im = 10m1 – 3m3/2). He then used:

E = E ° + 0.07395 log10 (2561/5 m1 1± )

– 0.05916{5 log10 2± – 4 log10 3± + log10  m2  4m2 + 3m3  /m3  }

with 0.3870 V as the value of the standard oxidation potential of the
Pb(5 % 2-phase Hg) Pb2 Fe(CN)6 (s) K 4 Fe(CN)6 (aq) electrode [1964ROC/POW]. The
values for  1± and  2± , (for K 4 Fe(CN)6 (aq) ) and γ3± (for K 3 Fe(CN)6 (aq) ), were
calculated by adjustment of those tabulated by Robinson and Stokes [1959ROB/STO]
by comparison with more complete and recent literature values for similar electrolytes
K 4 Mo(CN)8 [1956BRU], and K 3Co(CN)6 [1960WYN/DYE], respectively.
Based on the results from the five cells, the reduction potential E° was reported
as (0.3704 ± 0.0005) V for

Fe(CN)36  ½H2 (g)

Fe(CN)64  H+

(A.54)

In the present review, based on the author’s table, 0.3703 V is calculated (sx =
± 0.0006V), and the minor differences almost certainly reflect rounding. Considering
the difficulties in obtaining necessary values for the activity coefficients, the true
uncertainty in E o is almost certainly considerably larger. The author attributed the
difference between his value and those of Kolthoff and Tomsicek [1935KOL/TOM],
and especially of Lin and Breck [1965LIN/BRE] to their need to use Debye-Hückel
extrapolations from rather high molalities and to possible junction potentials.
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[1966VAS/VAS]
This spectrophotometric study (at 453 nm) of the competition between formation of
thiocyanate-and diphosphate-iron(III) complexes was conducted using solutions with
nitric acid concentrations between 0.295 and 1.963 mol·dm-3, total iron(III) and
thiocyanate concentrations of 4.84 × 10-4 and 9.82 × 10-4 mol·dm-3, respectively, and in
the absence and presence of 0.98 × 10-4 mol·dm-3 diphosphate. Total ionic strengths
were maintained at 1.0, 1.5 or 2.0 mol·dm-3 using KNO3 . The diphosphate to iron(III)
ratio in the diphosphato complex was assumed to be 1:1 in these solutions as excess
molar ratios of total iron(III) to total diphosphate were maintained. The extent of
protonation of the diphosphate ligand in the complex was determined at each ionic
strength by a graphical procedure that gave a value of ca. 2 (1.95 at Ic = 1.0, 2.14 at Ic =
1.5, 2.22 at Ic = 2.0). The method used for the data analysis did not allow for the
possibility that more than one complex might be a major species in some or all of the
3+
solutions. The reported formation constants for FeH2 P2 O7 from Fe and H 2 P2 O72 
5.81
5.51
5.58
were 10 , 10 , and 10
for Ic = 1.0, 1.5 and 2.0 at an unspecified temperature.
These reported formation constants claimed to have incorporated values for the first and
second deprotonation constants for H4 P2 O7 (aq) based on the work of Näsänen
[1960NAS] (Those studies for determining K2 mainly were done using chloride media;
Näsänen asserted that K1 “is negligible compared to unity”, but that seems less certain
for the more highly acidic solutions here [1966VAS/VAS]). No corrections were made
for possible effects of the change in the predominant cation in solutions with different
acid concentrations at each constant total ionic strength.
This spectrophotometric study also included an investigation of the formation
2+
of the FeSCN complex as a function of ionic strength (HNO 3 and probably KNO3)
from Ic = 0.4 to 2.0, presumably at or near 25 °C. It was assumed that only the 1:1
FeSCN2+ complex was formed. The change in absorbance was monitored at 453 nm
2+
and the molar absorbance coefficient of the FeSCN was given as 463.0 m2∙mol-1.
A conventional unweighted SIT plot of the log10 K m ,1 values as shown in
Figure A-16 gave log10 K1o = (3.065 ± 0.016) at 25 °C and Δε = ‒ (0.133 ± 0.012)
kg∙mol-1 (2σ). Assuming Δε is ionic strength dependent gave log10 K1o = (2.964 ± 0.024),
Δε1 = ‒ (0.250 ± 0.012) kg∙mol-1 and Δε2 = (0.231 ± 0.047) kg∙mol-1 (2σ). The former
log10 K1o value is in excellent agreement with the average obtained in HClO 4/NaClO4
solutions.

 (FeSCN2+ , NO3 )  1   (Fe3+ , NO3 )   (H+ ,SCN ) = (0.13 ± 0.04) kg∙mol-1
This calculation is based on the assumption that  (H+ ,SCN )   (H+ ,Cl ) =
(0.12 ± 0.02) kg∙mol-1 also implying that the ionic medium is dominantly HNO3 (sln) .
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2+
Figure A-16: SIT plot for the formation of FeSCN , presumably at or near 25 °C.
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This appears to be a reliable study of the formation equilibrium involving

FeSCN2+ in a nitrate medium presumably at or near 25 °C.

[1967AHR]
Arhland makes the following paraphrased general statements based on Pearson’s
hard/soft interaction theory (e.g., [1963PEA]) of interactions of metal ions with ligands
that are of specific relevance to the interactions of strongly hydrated Fe 3+ cations with
F– anions. Ligands coordinated to acceptors termed hard, are generally held by bonds of
an essentially electrostatic character, while the less numerous group of acceptors termed
soft, form bonds which are markedly covalent. Certainly this is not a novel statement
but it is a reminder that Fe3+ is a hard cation and as such for a given group of ligands of
the same charge, e.g., the halide ions, the complexes formed are invariably stronger, the
smaller the ligand, F– being the extreme hard halide ion. The complexes also become
stronger for acceptors of high charge and/or small radius. The coordination of a ligand
presumably causes considerable structural break-down, resulting in the liberation of
several water molecules for each ligand bonded. Furthermore, the formation of an
acceptor-to-ligand bond will more or less completely move the ligand out of its previous
hydration sphere. In the case of very hard ligands, such as the fluoride ion, which by the
formation of strong hydrogen bonds exert an ordering influence upon the water
structure, this means that water molecules are set free also from the ligands. The
formation of an acceptor-to-ligand bond involves a loss of entropy which is, at least in

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

A. Discussion of selected references

421

the case of acceptors of high charge and/or small radius, like Fe3+, more than offset by
the gain resulting from the liberation of water from the acceptor.
For the extremely hard fluoride ion, the entropy term is all-important for the
formation of the first complex. The enthalpy term is either insignificant, or even
markedly counteracting the decrease of the Gibbs energy change. In all cases, Δr S1,1 is
perceptibly lower for I c = 0.5 than for I c = 0. One interpretation of this fact would be
that the presence of strongly structure-breaking ions ( ClO 4 or NO3 ) disrupt the outer
hydration shells of the acceptors so that fewer water molecules are set free by complex
formation. Ahrland tabulated the following molar thermodynamic quantities at 25 °C
for formation of FeF2+: at I c = 0.5, Δr Gc = ‒ 7.05 kcal·mol-1 (‒ 29.5 kJ·mol-1); Δ r H c =
2.35 kcal·mol-1 (9.83 kJ·mol-1), Δ r Sc = 31.5 cal·K-1·mol-1 (131.8 J·K-1·mol-1)
[1956CON/HEP], [1959SCO]; I c = 0.0,  r G o = ‒ 8.23 kcal·mol-1 (‒ 34.4 kJ·mol-1);
 r H o = 3.4 kcal·mol-1 (14.2 kJ·mol-1), r S o = 39 cal·K-1·mol-1 (163 J·K-1·mol-1)
[1955PAU], [1956CON/HEP].
Ahrland’s review also included consideration of the chlorido, bromido, iodido
and cyanido complexes of a wide range of metal ions including those of Fe 3+ and Fe2+.

[1967EAT/GEO]
The extent of association of K+ with Fe(CN)64  and Fe(CN)36 was determined at
25.0 °C using a cation-sensitive electrode with a saturated calomel electrode as the
reference electrode, separated by an agar-saturated KCl bridge. Concentration ranges of
K 4 Fe(CN)6 and K3 Fe(CN)6 were (0.350 to 4.00) × 10-3 and (1.00 to 5.00) × 10-3
mol·dm-3, respectively. An extended Debye-Hückel equation was used to correct the
molar equilibrium constant values to zero ionic strength. Similar measurements were
carried out using 1.00 × 10-3 mol·dm-3 K 4 Fe(CN)6 and 1.25 × 10-3 mol·dm-3
K3 Fe(CN)6 solutions at five temperatures from 9.9 to 45.0 °C. From these, approximate
average values for Δ r H were estimated and were assumed equal to the values of Δ r H o .
The reported values were (0.6 ± 0.4) and (0.5 ± 0.4) kcal·mol-1 ((2.5 ± 1.7) and
(2.1 ± 1.7) kJ·mol-1) for K 4 Fe(CN)6 and K3 Fe(CN)6 , respectively. Calorimetric
measurements also were made at 25.0 °C by comparison of the heat changes when 4 mL
of K 4 Fe(CN)6 (0.727 mol·dm-3) or K3 Fe(CN)6 (0.457 mol·dm-3) were mixed with
950 mL of 0.065 mol·dm-3 KCl solution or with 950 mL of water. Again, the values
for Δ r H were assumed equal to the values of Δ r H o . The reported values were
(1.0 ± 0.3) and (0.5 ± 0.5) kcal·mol-1 ((4.2 ± 1.3) and (2.1 ± 2.1) kJ·mol-1) for
K 4 Fe(CN)6 and K3 Fe(CN)6 , respectively. Similar calorimetric measurements with
solutions of tetrapropylammonium bromide indicated substantially different interactions
of the hexacyanidoiron ions with Pr4N+ ion and K+.
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[1967HAN/IRV]
Measurements of the electrochemical potentials at 25.0 °C for the Fe(CN)36 /Fe(CN)64
couple were made using bright platinum electrodes with calomel reference electrodes.
Aqueous solutions were prepared from freshly opened bottles of “AnalaR” and “Baker
Analysed” K4Fe(CN)6·3H2O(cr) and K3Fe(CN)6(cr). Measurements apparently were
made using equimolar solutions of Fe(CN)36 and Fe(CN)64 ; the concentrations were
not stated explicitly, but based on the authors’ Figure 1 were mainly between 0.0001
and 0.001 mol·dm3. The solutions were always kept in the dark, and the most dilute
solutions were deoxygenated with prepurified nitrogen. The value (0.245 ± 0.002) V
(vs. the standard hydrogen electrode) was used for the calomel electrode.
Based on pH measurements of similar solutions at 25.0 °C, values of the
equilibrium constants for protonation of Fe(CN)64  to form HFe(CN)36 (at Ic =
2.50 × 10-3, 1.00 × 10-3, and 5.00 × 10-4) and H 2 Fe(CN)62  (at Ic = 0.02 to 0.025) were
reported, and were extrapolated to zero ionic strength using an extended Debye-Hückel
equation. The reported values for the first and second protonation constants were
10(4.28 ± 0.02) and 10(2.3 ± 0.1). From the heats of mixing of 4.00 mL of 0.727 mol·dm-3
K4Fe(CN)6(sln) into water and into 950 mL of 0.006 mol·dm-3 HClO4(sln), a value of
(0.5 ± 0.5) kcal·mol-1 ((2.1 ± 2.1) kJ·mol-1) was obtained for the heat of protonation of
Fe(CN)64  . A rough value of 4 kJ·mol-1 was reported for the second protonation
reaction. In obtaining the values allowance was made for the association of K + with
Fe(CN)64  [1967EAT/GEO].
Ion-association corrections (K+ and H+) were applied to the measured values.
Extrapolation of the dilute-solution measurements to zero ionic strength resulted in a
value of (0.355 ± 0.001) V for E° (vs. the standard hydrogen electrode). Further
measurements were undertaken using 0.064 Ic solutions at four temperatures “between
15 and 30 °C”, though the exact temperatures were not reported. From these, the
potential values at the experimental conditions, E1, were calculated. The authors then
calculated
– (2.69 ± 0.04) × 10-3 V·K-1 as a “mean” value of dE1/dT and this was
assumed, to at least a first approximation, to be equal to dE°/dT at 298.15 K. From that
and their value of E°, the average value of ΔrH°(A.55) can be calculated to be
– (111.64 ± 1.25) kJ·mol-1.

Fe(CN)36  ½H2 (g)

Fe(CN)64  H+

(A.55)

This appears to have been careful work, though several potentially useful experimental
details were omitted in the paper.

[1967MAS]
An Appendix A entry for this paper appeared in Appendix A of [2013LEM/BER]
mainly in reference to the complexation of iron(III) by sulfate. In the corresponding
bromide system also at 20 °C, the spectral range investigated was in the visible region
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(320-580 nm) with discrete measurements being made at 10 nm intervals from 380 to
420 nm. All solutions contained 0.2 mol∙dm-3 HClO 4 to suppress hydrolysis while the
ionic strength was maintained at 1.2 mol∙dm-3 by addition of NaClO 4 . The total
iron(III) perchlorate concentration was either (1.3 × 10-4) or (1.3 × 10-3) mol∙dm-3 while
the bromide concentration was varied from 0.001 to 1 mol∙dm-3, such that NaBr(sln)
contributed significantly to the ionic strength in most of these experiments.
The mean value of K1(FeBr2+) was given as (0.70 ± 0.02) dm3∙mol-1, which can
be converted to molal units assuming the medium is 1.27 mol∙kg-1 NaClO4,
(0.55 ± 0.02) kg∙mol-1.
As noted previously [2013LEM/BER], a mixed complex FeBrSO4(aq) was also
identified with a formation constant, K11 , of (319 ± 10) dm6∙mol-2 at the same
conditions.
As in our previous review [2013LEM/BER], no further use could be made of
these results due to the lack of experimental details, and the mixed and variable nature
of the supporting electrolytes.

[1967MAS/AGA]
Formation constants for complexes of H2 PO2 with Fe3+ were determined from
spectrophotometric measurements at 272 nm (the isosbestic point for solutions
containing both Fe3+ and FeOH2+). It was confirmed by titration with Ce(IV) sulfate that
oxidation of H3PO2(sln) by iron(III) was inconsequential to measurements using
solutions with pH values between 1.0 and 1.4 carried out at 20 °C within five hours of
solution preparation. Longer reaction times and higher temperatures (even 25 °C) were
found to lead to greater oxidation. Absorbances were measured for two sets of solutions
with different concentrations of Fe(ClO4)3, 1.84 × 10-4 and 3.07 × 10-4 mol·dm-3, at
20 °C, using solutions with a pH value of 1.27 and a total ionic strength of 0.2 mol·dm -3
(the nature of the supporting electrolyte was not stated). The authors reported the
dissociation constant of phosphinic acid under the experimental conditions to be 0.12
mol·dm-3 and the free concentrations of H2 PO2 were calculated to range from
1.74 × 10-6 to 1.51 × 10-5 mol·dm-3. Analysis of the results showed formation of
FeH2 PO2+
and Fe(H 2 PO2 )+2 , with formation constants 1.03 × 104 mol-1·dm3 and
2
6
6.24 × 10 mol-2·dm6 for 1 and 2, respectively. Formation of a higher complex or
higher complexes also was indicated. Reanalysis of these results in the present review
did not seem to be justified considering the lack of adequate literature auxiliary data.

[1967SHE/AND]
This is a report on a kinetic study of iron(III) catalysis of oxidation of iodide by
hydrogen peroxide in acidic solutions containing sodium diphosphate. The results
supplement and augment the authors’ earlier paper [1966AND/SHE] on formation of
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diphosphato complexes of iron(III). Measurements were carried out using solutions with
pH values of 1.47, 1.78, 2.35 and 2.60, a total iron(III) concentration of 1 × 10-4
mol·dm-3 and total diphosphate concentrations between 2 × 10-6 and 2.1 × 10-4
mol·dm-3. The values used for the dissociation constants for H4 P2 O7 (aq) seem to have
been the same as those in the previous paper [1966AND/SHE]. The reported
equilibrium constants were:

log10 (aFeH P O2+ /(aFe3+ aH3P2 O7 )) = 6.05
3 2

7

log10 (aFeH P O+ /(aFe3+ aH P O2 )) = 6.97
2 2

7

2 2

2
Fe3+

log10 (aFe P O2+ /(a
2 2

7

7

aP O4 )) = 23.28
2

7

The values of the first two formation constants are similar to those reported in
the authors’ previous paper [1966AND/SHE], but no additional information was
presented to confirm the stoichiometry of those complexes. The stoichiometry of the
complex Fe2 P2 O72+ seems to have been selected as the simplest representation of a
complex with a metal:ligand ratio of 2:1, without any further substantiation. The value
of the formation constant was calculated from results using solutions with high ratios of
iron to diphosphate. The speciation and values of the formation constants are listed in a
table in the main text (Section IX.5.4.5), but are not used further in the present review.

[1967WAL/CHO]
Potentiometry was employed to interrogate the thermodynamics of formation of
fluoridoiron(III) complexes at (25.0 ± 0.1) °C and I c = 1 (NaClO4) and then, by
comparison, complexation of all the lanthanide(III) ions by fluoride was investigated
using calorimetric and solvent-extraction techniques. In the case of iron(III) the
reactions considered were:

Fe3  nHF(aq)

FeFn3 n  nH , (n = 1-3)

(A.56)

The potentiometric method involved measuring the potential difference in two
half cells (B) and (C), relative to (A), as fluoride ion at a matching ionic strength was
titrated into (B) and (C).
(A) Fe(ClO4)3|Fe(ClO4)2Fe(ClO4)2|HClO4 |NaClO4
(B) |Fe(ClO4)3|Fe(ClO4)2|HClO4 |NaClO4
(C) |Fe(ClO4)3|Fe(ClO4)2|HClO4|NaClO4|Ln(ClO4)3
(mol·dm-3)
of
these
species
were:
c(Fe(ClO4 )3 )  c(Fe(ClO4 )2 ) = 8 × 10-4, c(HClO4 ) = 0.05 and 0.1, c(NaClO4 ) was
sufficient to give I c = 1. The maximum fluoride concentration attained in these
titrations appears to have been < (2 × 10-3) mol·dm-3.
The

molarities
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At the prevailing experimental conditions, the acid-dissociation constant of
HF(aq) was taken to be (1.07 × 10-3) mol·dm-3 [1954AHR/LAR], and the first
hydrolysis constant for iron(III) was taken to be (1.7 × 10-3) mol·dm-3 [1934BRA/HER].
The formation of HF2 and other hydrolysed iron(III) species was ignored. The other
significant but reasonable assumption made was to neglect the hydrolysis and fluoride
complexation of iron(II). No details of the number of experiments performed with the
half cells (A) and (B) were given and the following constants for the formation of
FeFn3n were given without uncertainties being assigned: * K1,1 = 170.0, * K 2,1 = 8.7,
*
K 3,1 = 1.2 dm3·mol-1. Conversion to molal quantities using densities predicted in
[1985SOH/NOV] and to the formation constant with respect to free fluoride ion
yielded: log10 K1,1 = 5.16, log10 2,1 = 9.03 and log10 3,1 = 11.44 at I m = 1.05.
Despite the lack of details, which would allow a thorough re-examination of
the iron(III) fluoride complexation constants, it is first interesting to note that the value
of log10 *K1 (FeOH2 ) used in their original data treatment was ‒ 2.77 [1934BRA/HER]
which is virtually identical to that derived from a SIT treatment of all the available
hydrolysis data [2013LEM/BER], viz., ‒ 2.75 at I m = 1.00. The log10 K1o
recommended in the series of TDB reviews for the dissociation of HF(aq) at 25 °C is ‒
(3.18 ± 0.02). The Δ for this equilibrium is equal to  (Na  , F )   (H ,ClO4 ) =
(0.02 ± 0.02) + (0.14 ± 0.02) = (0.16 ± 0.03) kg·mol-1, leading to an estimated
log10 Km,1 value of ‒ 2.94 compared to ‒ 2.95 used in this study. Therefore, the
corrections due to these two equilibrium constants did not introduce significant
discrepancies into the fluoride complexation constants reported here for iron(III).

[1967WEL/SAL]
The authors interpreted the effect of anions (F–, Cl–, Br–, I–, PF6 , BF4 ) on the kinetics
of oxidation of Fe(II) by H 2 O 2 to extract the formation constants for the Fe(II)-anionic
complexes noting that complexation enhances the rate of oxidation. This paper and its
companion [1968WEL/SAL] were discussed in Chapter VIII and the Appendix A entry
in TDB-Iron Part 1 [2013LEM/BER] with emphasis on the anions F– and Cl–. The
following general reaction scheme was adopted:

Fe2  nXa 

 na ) 
FeX(2
n

k0
Fe2   H 2 O 2 (aq) 
 Fe(III)  HO  HO 
'

kn
 na ) 
FeX(2
 H2 O2 (aq) 
 Fe(III)  HO  HO
n

fast
Fe(II)  HO 
Fe(III)+HO

consequently,
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k0 

k0'   kn  n (c X a ) n
n

1   k n  n (c X a ) n
n

where k0 is the observed bimolecular rate constant. The fact that an earlier study of
complexation by sulfate yielded a linear plot of k0 (1  1cSO2 ) versus cSO 2 using
4
4
iterative values of 1 , established that only the 1:1 complex was significant under the
prevailing experimental conditions.
The experimental method involved mixing two thermally equilibrated solutions
of H2O2, NaX, HClO4, NaClO4 and Fe(ClO4)2, HClO4 from two arms of a glass vessel
whereupon solution samples were removed periodically for analysis of their Fe(III)
content by spectrophotometry. Nitrogen was used as a cover gas for X = F to minimise
air oxidation. It must be assumed that in all these experiments the concentration of
iron(II) was (1.56 × 10-4) mol∙kg-1 although this was only given explicitly for the
experiments conducted in HClO4 + NaClO4 media (their Table 1).
In the case of bromide, a straight line was also found when plotting k0 versus
cBr . From this behaviour it was concluded that FeBr+ was the only relevant complex at
all temperatures from 0 to 25 °C and these experimental results are given in Table A-15.
Table A-15: Molar formation constants for the FeBr+ complex.
Method

Ionic medium

t / °C

Kc,1

Comment

sp, kin

3 M NaBr +
1 M NaClO4
3 M NaBr +
1 M NaClO4
1.0 M NaBr

0

6.9

5

4.0

10

2.04

2 M NaBr +
2 M NaClO4

25

0.54

+ 0.004 M HClO4
k0 =26.6 dm3·mol-1·s-1
+ 0.004 M HClO4
k0 =30.7 dm3·mol-1·s-1
+ 0.004 M HClO4
k0 =36.0 dm3·mol-1·s-1
+ 0.004 M HClO4
k0 =78.8 dm3·mol-1·s-1

sp, kin
sp, kin
sp, kin

For 1 mol∙dm-3 NaClO4+NaF solutions including (4.0 × 10-3) mol∙dm-3 HClO4,
the authors reported  2 (288.15 K) = 850 dm6·mol-2,  2 (298.15 K) = 198 dm6·mol-2,
 2 (308.15 K) = 57 dm6·mol-2,  2 (318.15 K) = 21.4 dm6·mol-2 and 3 (273.15 K) =
520 dm9·mol-3. (see Section VIII.2.1.2 in TDB-Iron Part 1 [2013LEM/BER]).
Note that although the experiments were carried out in the absence of added
complexing anions with a swamping inert electrolyte (viz., NaClO4), no experiments
were performed under these conditions with ligands present. Therefore, activity
coefficient variations render the extraction of reliable complex formation constants
impossible. This is especially true in the case where the complexes are very weak.
However, this method has promise in that the presence of any Fe(III)
impurities obviously would not influence the determination of the complex formation
constants; a problem that is difficult to control in conventional thermodynamic studies.
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[1968CAV]
Cavasino investigated the rapid kinetics of complexation of iron(III) by sulfate using the
temperature-jump relaxation method. The required thermodynamic formation constants
of the resulting complexes were taken from the work of Mattoo [1959MAT], which was
reviewed in [2013LEM/BER]. The paper by Cavasino is only cited to draw analogies to
the mechanism of the iron(III) sulfite complexation reaction. Cavasino contended that
2
the rate constant for the reaction of FeOH with HSO4 should fall within the narrow
2
range of values reported in the literature for reaction of FeOH with other univalent
anions of {(1.0-2.6) × 104} dm3∙mol-1∙s-1 at 25 °C and I c = 0.4 to 1.7. In this case, the
3
rate constant for the direct reaction for Fe with SO 24  would be in the range {(3.54.6) × 103} dm3∙mol-1∙s-1 at 25 °C and I c = 0.5.
2+

The abridged results presented here do tend to confirm that the FeOH
3+
species is more kinetically active than the Fe ion, in keeping with the more recent
kinetic studies of the analogous sulfite ions. Moreover, the reaction has a half-life in the
microsecond range which is more consistent with that of the initial, as yet
uncharacterised, reaction with sulfite ion, thereby giving credence to the postulate that
the second slower reaction observed commonly by stopped-flow methods is in fact the
linkage isomerisation reaction—a reaction which is obviously impossible for the Obonded sulfate ligand.

[1968GRO]
This paper presents low-temperature heat-capacity measurements by Grønvold on three
solid iron selenides as follows:
 65 measurements in six series at 307.84 ≤ T/K ≤ 1044.89 for a 135.838-g
specimen of Fe1.042Se(s) 1 with a relative gram-atomic mass of 67.17 (i.e., a
relative formula mass of 137.16);
 136 measurements in 12 series at 302.76 ≤ T/K ≤ 1029.37 for a 171.592-g
specimen of Fe7Se8 (s) with a relative gram-atomic mass of 68.18 (i.e., a
relative formula mass of 1022.70);
 102 measurements in nine series at 303.54 ≤ T/K ≤ 1059.82 for a 131.171-g
specimen of Fe3Se4 (s) with a relative gram-atomic mass of 69.06 (i.e., a
relative formula mass of 483.42).

1

Here, Fe1.042Se(s) refers to Fe1.042Se(β) below 730.8 K and (Fe1.000Se(δ) + 0.042Fe(cr)) above 730.8 K.
The rounded formula Fe1.04Se is used intermittently by Grønvold [1968GRO] and by Grønvold and
Westrum [1959GRO/WES2], and is adopted in many publications referring to their work, including the
TDB-Selenium volume [2005OLI/NOL]. The more precise (but possibly not more accurate) formula
Fe1.042Se is used in the current review, primarily to avoid rounding errors in associated calculations.
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These are apparently different samples from those used for the lowtemperature measurements reported by Grønvold and Westrum [1959GRO/WES2], or
were possibly the same specimens augmented from the same synthesis batch. In any
case, the method of preparation was identical (see the Appendix A entry for
[1959GRO/WES2]). Specimens were characterised by XRD, including determination of
the temperature dependence of lattice parameters for the iron-rich limiting composition
of tetragonal Fe1-x Se(α) from 293 to 713 K and for hexagonal or pseudo-hexagonal
Fe7Se8 (cr) from 293 to 768 K. The Fe7Se8 specimen was identified as the hightemperature 3C rather than low-temperature 4C superstructure,1 but the thermodynamic
differences between these modifications are expected to be very small (see discussion of
monoclinic pyrrhotite (Fe7S8) in Section IX.1.1.1.2.3). Heat-capacity measurements
were made in an adiabatic-shield-type calorimeter; measurement techniques and
calibration are described, and further details are cited.
Smoothed values of Cp, S o  S0o , and H o  H 0o /T were obtained by graphical
interpolation of heat-capacity values and numerical integration. Results were tabulated
by the author [1968GRO] at short intervals from 298.15 to 1050 K, with estimated
uncertainties near 1.0 % in the C po values, excluding a small number of outliers, and
± 0.3 % in the entropy and enthalpy functions above 100 K.
Combined data for the three iron selenide compositions from
[1959GRO/WES2] and [1968GRO], together with the fitted portions of the heatcapacity curves (see the equations discussed below), are depicted in Figure A-17, Figure
A-18 and Figure A-19.
For Fe1.042Se, two measurements of the enthalpy change for the peritectoid
phase transformation at 730.8 K are reported in addition to the C po measurements:

Fe1.042Se(β)  Fe1.000Se(δ)  0.042Fe(cr)

(A.57)

 r H mo ((A.57), 730.8 K) = (4.889 ± 0.005) kJ∙mol-1,
whence  r Smo ((A.57), 730.8 K) = (6.690 ± 0.007) J∙K-1∙mol-1.
These entropy and enthalpy values include minor pre- and post-transition contributions.
The heat-capacity data in Figure A-18 and Figure A-19 show λ-type anomalies
with peaks near 451 and 638 K for Fe7Se8 , and near 307 and 978 K for Fe3Se4 ; there
are no comparable anomalies for Fe1.042Se . The heat-capacity curves are discussed in
some detail by Grønvold [1968GRO] in terms of different structural and magnetic
contributions. The 451 K anomaly for Fe7Se8 is associated with the disappearance of
ferrimagnetism (Néel temperature), which is reported to occur at temperatures from 423
to 483 K by various authors cited by Grønvold [1968GRO], while the feature at 638 K
is associated with a vacancy order/disorder transition in a region where relationships
between Fe7Se8 , Fe1-x Se(δ) , and Fe3±ySe4 (γ) are complex (see Figure IX-6).
1

The 4C and 3C superstructures are sometimes described as α-Fe7Se8 and β-Fe7Se8, respectively.
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The relatively small 307 K anomaly for Fe3Se4 is also apparently a Néel
transition [1959GRO/WES2], while the phase diagram indicates that the larger feature
at 978 K corresponds to a transformation between the γ and δ phase fields, presumably
involving a change of vacancy distribution among the iron layers in the structure
(Figure IX-6). This transformation includes passage through a narrow two-phase region.
These heat-capacity anomalies impede the representation of heat capacities by
polynomial expressions, especially for the descending and steeply ascending portions of
the λ-type features. Similar difficulties have been described elsewhere in this review for
several iron oxides, sulfides, and other phases.
In the previous review of iron selenides in the TDB-Selenium volume
[2005OLI/NOL], the following temperature-dependent heat-capacity equations were
derived from this paper [1968GRO]:
K
-1
-1
-3
[C po ,m ]730
298.15 K (Fe1.042Se, β)/J∙K ∙mol = 56.22 + 23.176 × 10 (T/K) − 0.9700 ×
2
5
-2
10 (T/K) − 5.3429 × 10 (T/K) ;
(A.58)

-6

K
-1
-1
[C po ,m ]1020
= 47.06 − 14.87 × 10-3 (T /K) + 23.92 ×
660 K (Fe0.875Se, δ)/J∙K ∙mol
2
5
-2
10 (T/K) + 45.19 × 10 (T/K) .
(A.59)

-6

K o
Note that the heat capacity for the alternative formulation, 1020
660 K C p ,m ( Fe7 Se8 , δ), is
obtained by multiplying all of the coefficients in Eq. (A.59) by eight.

In the current review, these equations were verified and the following,
additional equations were obtained using the combined data sets from
[1959GRO/WES2] and [1968GRO]:
420 K
-1
-1
[C po ,m ]298.15
= 3.52334 × 10-2 (T/K)2 − 43.984 (T/K) +
K (Fe7Se8, α)/J∙K ∙mol
4
6
-1
2.15626 × 10 − 4.54560 × 10 (T/K) + 3.65114 × 108 (T/K)-2
(A.60)

K
-1
-1
[C po ,m ]820
= 1.14699 × 10-3 (T/K)2 − 2.2132 (T/K) +
320 K (Fe3Se4, γ)/J∙K ∙mol
5
-1
1841.25 − 5.31910 × 10 (T/K) + 6.31400 × 107 (T/K)-2
(A.61)

The following quantities, derived from Table 4 of [1968GRO], allow the above
equations to be bridged to thermodynamic values at 298.15 K.
660 K
298.15 K
660 K
420 K

Smo ( Fe7Se8 , cr) = 237.8 J∙K-1∙mol-1

660 K
298.15 K
660 K
420 K

Smo ( Fe7Se8 , cr) = 404.1 J∙K-1∙mol-1
H mo ( Fe7Se8 , cr) = 186.31 kJ∙mol-1

H mo ( Fe7Se8 , cr) = 126.82 kJ∙mol-1

320 K
298.15 K

Smo ( Fe3Se4 , γ) = 15.4 J∙K-1∙mol-1
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320 K
298.15 K

H mo ( Fe3Se4 , γ) = 4.74 kJ∙mol-1

In addition, it is possible to extract some high-temperature thermodynamic
quantities for Fe1.000Se(δ) from the heat-capacity measurements for Fe1.042Se(s), because
(Fe1.042Se, β) decomposes to Fe1.000Se(δ) + 0.042Fe(cr) at 730.8 K, as discussed
above.1 Properties of Fe1.000Se(δ) for T > 730.8 K can be obtained from the following
relationships:

f H mo ( Fe1.000Se , δ, T) = f H mo ( Fe1.042Se , β, 298.15 K) + 298.15 KT H mo ( Fe1.042Se , s) −
[( H mo ( Se , l, T) − ( H mo ( Se , cr, trigonal, 298.15 K)] − 1.042 × 298.15 KT H mo ( Fe , cr)
and C po ,m ( Fe1.000Se , δ, T) = C po ,m ( Fe1.042Se , s, T) − 0.042 × C po ,m ( Fe , cr, T)
On this basis, using NEA-TDB thermodynamic values for elemental Fe and Se,
and tabulated values for (Fe1.042Se, s) from [1968GRO], the following equations were
obtained:

f H mo (Fe1.000Se, δ, 800 K) / kJ∙mol-1 = f H mo (Fe1.042Se, β, 298.15 K)/kJ∙mol-1 + 4.5
and
1000 K
800 K

C op ,m (Fe1.000Se, δ)/J∙K-1∙mol-1 = − 2.34549 × 10-1 (T/K) + 879.09 − 8.60639 × 105
(T/K)-1 + 2.83641 × 108 (T/K)-2.
Here, a lower temperature limit of 800 K was selected in preference to the equilibrium
transition temperature of 730.8 K, to reduce the possible contribution of post-transition
effects to the heat-capacity expression. The value of f H mo ( Fe1.000Se , δ, 800 K) is
discussed further in conjunction with that of f H mo ( Fe1.042Se , β, 298.15 K) in Sections
IX.2.1.2 and IX.2.1.3 of the main text.

1

The limiting composition of the selenide phase apparently becomes slightly iron-rich, Fe1+xSe, above
about 1000 K [1979SCH/IPS].
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Figure A-17: Heat-capacity data for Fe1.042Se from [1959GRO/WES2] and [1968GRO].
The discontinuity corresponds to the peritectoid decomposition of Fe1.042Se(β) at
730.8 K. The solid lines represent the fitting equations (see text) for the temperature
ranges 298.15 to 730 K and 800 to 1050 K. For the latter range, the equation represents
Fe1.000Se(δ) , i.e., the contribution from 0.042 Fe(cr) has been subtracted.
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Figure A-18: Heat-capacity data for Fe7Se8 from [1959GRO/WES2] and [1968GRO].
The solid lines represent the fitting equations (see text) for the temperature ranges
298.15 to 420 K and 660 to 1020 K.
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Figure A-19: Heat-capacity data for Fe3Se4 from [1959GRO/WES2] and [1968GRO].
The solid line represents the fitting equation (see text) for the temperature range 320 to
850 K.
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[1968NAV/KLE]
Navrotsky and Kleppa [1968NAV/KLE] measured the enthalpies of formation from the
parent binary oxides of 32 different II-III and II-IV ternary oxides with the spinel
structure, by oxide-melt solution calorimetry using molten oxides with the compositions
9PbO·3CdO·4B2 O3 and 3Na 2 O·4MoO3 at 970 K. These included six iron-containing
compounds, ( MFe2 O4 (cr) , M = Mg, Co, Ni, Cu, Zn, Cd ). All six were investigated
with the lead cadmium borate melt, and ZnFe2 O 4 (cr) also with the sodium molybdate
melt. Sources and major impurities (none > 0.05 mass-%) for oxide and other precursor
compounds are provided. Spinel phases were prepared either by direct solid-state
synthesis or by co-precipitation routes, and characterised by XRD. Calorimetric
measurements were performed on 50-100 mg samples in a Calvet-type twin
microcalorimeter, calibrated periodically with gold specimens and with a calibrated
reference thermocouple, and corrected for the small heat of stirring.
Results pertaining to the six MFe2 O4 (cr) phases are reproduced from Tables 3
and 4 of [1968NAV/KLE] in Table A-16, with conversion of units from calories to
joules, and of standard deviations to 95 % uncertainty estimates. An arithmetic check
revealed a typographic error in the value for either sol H mo or  r H mo for MgFe2O4(cr)
in [1968NAV/KLE]; if the latter, then  r H mo (MgO(cr) + Fe2O3(cr, α) → MgFe2O4(cr),
970 K) = − (20.63 ± 1.97) kJ∙mol-1; since this error cannot be resolved, a revised
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(average) value of  r H mo = − (19.6 ± 3.0) kJ∙mol-1 is recommended for this reaction;
otherwise the values shown in Table A-16 are accepted.
The paper includes a detailed discussion of observed regularities in the
thermodynamics of spinel formation, encompassing the 32 spinels investigated and
o
related publications. The value of  r H m (970 K) for NiFe2O4 is used in the derivation of
o
a recommended value for f H m (NiFe2O4, cr, 298.15 K) in Section VII.3.6.2 of the
current review.
Table A-16 : Enthalpies of solution of simple oxides and spinels in oxide melts, and
resultant enthalpies of the reaction, MO(cr) + Fe2O3(cr, α)
MFe2O4(cr) at 970 K.
Figures in parentheses indicate the numbers of replicate measurements.
Substance

sol H mo (970 K) / kJ∙mol-1 in melt
9PbO·3CdO·4B2O3

Fe2O3 (cr, α)

(69.96 ± 0.90) (8)

 r H mo (970 K) / kJ∙mol-1
from oxides

3Na 2O·4MoO3

− (2.05 ± 0.41) (3)

MgO(cr)

− (9.16 ± 1.31) (9)

CoO(cr)

(23.93 ± 1.23) (6)

NiO(cr)

(41.67 ± 1.48) (15)

CuO(cr)

(38.24 ± 0.74) (8)

ZnO(cr)

(17.82 ± 0.98) (9)

CdO(cr)

(11.34 ± 0.25) (4)

MgFe2O4 (cr)

(81.42 ± 1.15) (6)

− (18.54* ± 1.97)

CoFe2O4 (cr)

(118.53 ± 0.74) (6)

− (24.64 ± 1.72)

NiFe2O4 (cr)

(116.73 ± 0.74) (7)

− (5.10 ± 1.80)

CuFe2O4 (cr)

(87.07 ± 1.15) (6)

(21.13 ± 1.64)

ZnFe2O4 (cr) (I)

(98.87 ± 1.31) (9)

− (11.17 ± 1.89)
− (3.72 ± 0.74) (3)

ZnFe2O4 (cr) (II)
CdFe2O4 (cr)

− (13.39 ± 0.49) (6)

(73.89 ± 1.39) (6)

− (11.72 ± 0.98)
(7.41 ± 1.72)

* See text regarding a typographic error.

[1968RAY/VIL]
This paper includes a graph showing experimental results of measurements of the heat
capacity of K3Fe(CN)6(cr) at temperatures from 0.075 to 0.5 K. For the purposes of
analysis in the present review the points shown in the authors’ Figure 1 have been
digitized. The reported values are in good agreement with those reported elsewhere
[1963DUF/LUB], [1976FRI/CES], [1979FRI/GOT].
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[1968SRI/REC]
This study was made primarily to demonstrate the utility of fluoride-selective electrodes
for monitoring reaction kinetics in solution. Srinivasan and Rechnitz chose the reactions
of fluoride ion with iron(III) (not ferrous iron as given in the title) and aluminium(III) at
25 °C and I c = 1.0 ( HClO 4 + NaClO 4 ) for this purpose. The potential of the cell was
measured relative to a saturated calomel electrode connected by means of an agar bridge
containing 1 mol·dm-3 NaNO3 in a polyethylene tube. The acid-dissociation constant of
HF(aq) and the first hydrolysis constant of Fe3+ were assigned values at the prevailing
experimental conditions of 1.26 × 10-3 mol·dm-3 [1968SRI/REC2] (cf. 1.14 × 10-3
mol·dm-3 [1970WAL] at the same conditions) and 1.66 × 10-8 mol·dm-3 [1957MIL].
The use of K as the symbols for rate and equilibrium constants is unconventional with
K e being the symbol used for the formation constant of FeF2+, which was the only
fluoridoiron(III) complex considered in the treatment of the rate data. The molar value
of log10 Ke was given as 5.06, cf. 5.16 [1967WAL/CHO] and 5.12 [1975JOH2] in the
same media at 25 °C and I c = 1.0. Values for the second-order rate constants for the
reaction of Fe3+ with F– and HF(aq) were given as 3.73 × 103 and 67 dm3·mol-1·s-1,
respectively.

[1968WEL/SAL]
An Appendix A entry for this paper appeared in [2013LEM/BER] where the emphasis
was on iron(II) sulfate complexes, viz., FeSO4(aq) and FeHSO 4 . The oxidation of
Fe(II) by H2O2(sln) was studied potentiometrically in the presence of oxyanions and
occurred via a bi-molecular reaction at rates which depended on the nature of the anion.
The experiments were carried out at temperatures between 0 and 45 °C, in solutions
with total ionic strengths of 1 or 4 mol·dm-3 (the main supporting electrolyte was
NaClO4 with 4 × 10-3 mol·dm-3 HClO4). Though not stated explicitly, as reported in an
earlier paper [1967WEL/SAL] the initial concentration of iron(II) in most experiments
probably was 1.56 × 10-4 mol·dm-3.
As in the case of addition of sulfate ions at 25 °C, with SeO24 in (4 × 10-3)
mol·dm HClO4 and with HSeO4 in 4 mol·dm-3 (HClO4), the selenate concentration
was as high as 2 mol·dm-3 in one experiment and as low as 0.05 mol·dm-3 in another.
-3

Limiting rate constants, k0, were reached in each case at all the temperatures
studied, i.e., 0 to 35 °C. All selenate experiments appear to have been made at Ic
(designated as μ in this article) = 4.0 except for SeO24 at 25 °C where Ic = 1.0. Table A17 summarises the thermodynamic data for the formation of the FeSeO4 (aq) and
FeHSeO4 complexes.
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Table A-17: Summary of Δr Hc,1 and Δr Sc,1 for the formation of selenate complexes of
iron(II) taken from the authors’ Table 4 after conversion to joules at 25 °C, and the
Δr Gc,1 and log10 Kc,1 values derived therefrom.
species

Ic

Δr Hc,1 / kJ·mol-1 Δ r Sc,1 / J·K-1·mol-1

Δr Gc,1 / kJ·mol-1

log10 Kc,1

FeSeO4 (aq)

1.0
Na2SeO4
NaClO4
4.0
NaHSeO4
NaClO4

– (50.2 ± 1.7)

– (146 ± 4)

– (6.7 ± 2.1)

(1.17 ± 0.14)

– (25.5 ± 1.7)

– (79.4 ± 4)

– (1.8 ± 2.1)

(0.32 ± 0.14)

FeHSeO4

In TDB-Selenium Olin et al. [2005OLI/NOL] cited only this kinetic study of
Wells and Salam, but stated that an error was found in the data treatment such that this
stability constant was not accepted.
Addition of the polyphosphates ( 0.01 mol·dm-3) to the iron(II) solutions was
2+
found to increase the rate of oxidation. The authors concluded that Fe can form 1:1
5
complexes with P3O39 , HP3O92 , and partially protonated forms of P3O10
. Regions of
changes of protonation of the ligands were identified, and tentative equilibrium constant
values were reported, but no details were provided about the effects of temperature or
3
5
2
3
ionic strength on the protonation of P3O10
to HP3O10
or P3O10
to H2 P3O10
and
2
H3P3O10 . The results suggest formation of 1:1 polyphosphate complexes, with
formation constants for iron(II) complexes with the linear triphosphate being
approximately an order of magnitude greater than formation constants for complexes
with the cyclic triphosphate. As might be expected, complexation is somewhat weaker
in more acidic solutions in which the anions are partially protonated. Although the
initial sodium polyphosphates appear to have been well-characterised, there is no
discussion of possible hydrolysis of the polyphosphates in solution, and the complexes
are not well characterised. No values for formation constants of the polyphosphate
complexes from this study are accepted in the present review.

[1969AZI/LYL2]
A fluoride-sensitive electrode was used in this study of metal fluoride interactions
{M = Mg, Ca, Sc, Fe  III  , Eu  III  , Y, Gd} in a cell with the configuration:
Ag | AgCl(s) | Na+, Cl–, F– | La(Eu(II))F3 || Na+, Cl– (sat) | Hg2Cl2(s) | Hg(l).
Note that in the experimental section of this paper it appears that perchlorate anions
were present in the test solution rather than chloride ions, which makes more sense
because it eliminates competition from complexing by the latter, but would introduce
potentially large liquid-junction potentials. For the iron(III) system, measurements were
made exclusively at (25.00 ± 0.05) °C and an ionic strength of 0.5 mol·dm-3 (NaClO4)
under a nitrogen atmosphere. The free fluoride molarity was determined empirically
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[1957KUR/HUG]. The authors tabulated the following results from their fluoridesensitive electrode cell and one with “Fe(II)-Fe(III) half cells”, but there was no
mention made of the actual perchloric acid concentration in these cells nor of any
hydrolysis corrections that would be required if the dominant supporting electrolyte
were NaClO 4 . The metal concentration throughout all these experiments was ca. 0.01
mol·dm-3 which is higher than commonly used by other investigators.

Table A-18: Results taken from Table III in this paper converted here to a molality scale
using the density of the 0.5 mol·dm-3 (NaClO4) solution from [1985SOH/NOV], I m =
0.513 (2σ statistical uncertainties are listed).
Method

log10 1,1

log10  2,1

log10 3,1

Fluoride sensitive electrode (5.15 ± 0.01) (9.05 ± 0.12) ca. 12
Fe(II)-Fe(III) half cell
5.19
9.10
12.02

This study appears to have been instigated mainly to prove the utility of the fluoridesensitive electrode but no information was forthcoming about the fluoride concentration
range employed or of any liquid-junction potential calculations, although the latter may
have been at least partially compensated for by determining the free fluoride
concentration in the same cells in similar test solutions. Lack of knowledge of the pH of
the test solutions also reduces the value of these data. There is a rather ambiguous
reference in the header for Table 1 that suggests a pH value of 3.60, but this seems only
to refer to the yttrium solutions.

[1969BAU]
A commercial fluoride-selective electrode was used relative to a calomel electrode to
monitor the fluoride concentration in solutions of NH4NO3 at 0.01, 0.1, 0.3 and 0.5
mol∙dm-3 ionic strengths. Solutions in the absence of Al3+ were investigated at four
initial HF concentrations to determine the stability constant of HF(aq). Only detailed
experimental data at I c = 0.5 were tabulated. The author used an extended DebyeHückel expression very similar to that described in the TDB guidelines to fit the four
tabulated (her Table 3) log10 Kc,1 values for HF(aq) dissociation equilibrium. The
log10 K1o value reported by Baumann is ‒ (3.164 ± 0.010) (2σ), which is in very good
agreement with other published values obtained in perchlorate media. An SIT treatment
of the average log10 Km,1 values at each measured ionic strength at 298.15 K is
illustrated in Figure A-20, which shows distinct curvature, albeit with only four data
points.
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Figure A-20: SIT plots for the dissociation of HF(aq) at 298.15 K showing alternative
fits.

-3.155

-3.160

log10Km,12D

-3.165

-3.170

-3.175

-3.180

-3.185
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Im
The conventional two-parameter SIT fit gave:

log10 K1o = − (3.16 ± 0.01), Δ = (0.030 ± 0.029) kg·mol-1 (2σ).
The three-parameter SIT fit with Δ  (1   2 log10 I m ) was attempted because
 (NH+4 , NO3 ) is known to be a function of Im and gave:

log10 K1o = − (3.168 ± 0.010),

Δ1 = (0.058 ± 0.041) kg·mol-1,
Δ 2 = ‒ (0.116 ± 0.149) kg·mol-1 (2σ).
The value of log10 K1o from the two-parameter fit is in excellent agreement with
Baumann’s value and Figure 1 clearly shows that introduction of a third term is not
justified. The value of  (NH+4 , F ) can be determined from:

 (NH+4 , F ) = { Δ ‒  (H+ , NO3 ) } = {(0.03 ± 0.03) ‒ (0.07 ± 0.01)} = ‒ (0.04 ± 0.03)
kg·mol-1,
which is selected.
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By way of comparison,  (NH +4 , Cl ) = ‒ (0.01 ± 0.01) kg·mol-1 and as support
for the chloride-fluoride ion-interaction comparison,  (Na  , Cl ) = (0.03 ± 0.01)
kg·mol-1 is virtually identical to  (Na  , F ) = (0.02 ± 0.02) kg·mol-1.
A value for log10 K1o (HF(aq)  F
also given in this paper.

HF2 ) of (0.7 ± 0.02) at 298.15 K was

[1969BOH/PEE]
Spectrophotometric measurements, 220 to 440 nm, were carried out at room
temperature on solutions 1 × 10-5 to 5 × 10-3 mol·dm-3 H3 PO4 (sln) and 5 × 10-6 to 1 ×
10-4 mol·dm-3 FeCl3 (sln) at Ic = 0.1 ( KCl + HCl ) at a “pH” value of 1. Details of the
measurements of pH were not reported. Based primarily on measurements at 290 nm it
was reported that the value of the equilibrium constant for (A.62) is (4.0 ± 0.8) × 103
dm3·mol-1.

Fe3+ +H2 PO4

FeH2 PO42+

(A.62)

The authors found that under the conditions of the experiments the effects of chlorido
complexation and hydrolysis of Fe3+ were negligible. The authors used the value of the
deprotonation constant of H3PO4(aq) based on values listed by van Wazer [1958WAZ].
At higher pH values ( 2) voltammetry measurements at a rotating platinum electrode
were used in conjunction with spectroscopic measurements, and it was concluded that
formation of colloidal material prevented useful information about additional complexes
from being obtained.

[1969CAR/ESP]
The kinetics of formation (forward reactions in Reactions (A.65) and (A.66),
respectively) of inner- and outer-sphere monobromido complexes of iron(III) and the
2
2
redox reactions with Cr and Eu
(Reactions (A.63) and (A.64)) were studied
spectrophotometrically (using conventional and stopped-flow techniques) in 1 mol∙dm-3
H/LiClO4 solutions (i.e., 1 mol∙dm-3 ionic strength). The kinetic measurements were
made at 1.6, 15.8 and 25.0 °C. Equilibrium spectrophotometric measurements of
equilibrium (A.64) were also made under these conditions and additional stopped-flow
measurements incorporating an ion-exchange technique were also employed. The
reactions postulated to occur were:

Fe(H2 O)5 Br 2+  Cr(H2 O)62+

Fe(H2 O)5 Br 2+  Eu 2+

Fe(H2 O)3+
6  Br
3+
6

Fe(H2 O) +Br



Fe(H2 O)62+  (H2 O)5CrBr 2+

Fe(H2 O)62+  Eu 3+  Br 

(H2 O)5 FeBr 2+  H2 O(l)
3
6



Fe(H2 O) , Br .

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

(A.63)
(A.64)
(A.65)
(A.66)

A. Discussion of selected references

439

The formation of Fe(H 2 O)5 Br 2+ according to Reaction (A.65) proceeded via a secondorder process with a rate constant kf' , while the rate of “aquation” (reverse of Reaction
(A.65)) followed first-order kinetics ( kaq' ) where both provisional rate constants are
functions of cH+ . Over the range 0.014 ≤ cBr ≥ 0.5, k aq' >> kf' cBr  such that k aq' =
(10.7 ± 0.5) s-1 at 1.6 °C ( cH + = 1) based on six experiments also made over a wide
range of cFe(III) .
2

The monobromidoiron(III) inner-sphere complex oxidizes Cr much faster
3
than does either the uncomplexed Fe cation or the outer-sphere complex. The rate
2
constant for the total rate of disappearance of iron(III) in the presence of Cr and Br–
was found to be given by:

kobs  kf' cBr   cCr 2 {k1  (k2 /cH )  kBr c Br  }

(A.67)

Where Cr2+ is in excess so that cCr2+ is essentially constant, k1, k2 and kBr are the rate
3
3
2

constants for reactions of Cr2+ with Fe , FeOH and Fe  Br , respectively. At
1.6 °C, k1 = 250 dm3∙mol-1∙s-1, k 2 = 800 s-1 and kBr = 3900 dm3∙mol-1∙s-1. Thus, from
these known values and the measured kobs value, kf was calculated to be (0.34 ± 0.003)
dm3∙mol-1∙s-1 (at 1.6 °C, cH + = 1.00 and Ic = 1.00, i.e., the dominant electrolyte must
have been HClO4). From the forward and reverse rate constants in Reaction (A.65) a
value of K1 = (0.032 ± 0.003) dm3∙mol-1 was calculated. Three independent kinetic
stopped-flow experiments based on Reaction (A.63) were performed with excess cFe(III)
over cCr2+ . These also involved extracting the (H 2 O)5 CrBr 2+ formed and analysing for
Cr(III) and gave, from an iterative process, a K1 value of (0.039 ± 0.006) dm3∙mol-1.
Clearly these values are self-consistent, but are too small to have any real
thermodynamic significance. Direct spectrophotometric measurements of equilibrated
iron(III) bromide solutions where bromide was in excess gave K1 values of 0.034, 0.048
and 0.062 dm3∙mol-1 at 1.6, 15.8 and 25.0 °C, respectively. However, these values were
calculated from an overall formation constant that also included a contribution from the
Fe3+:Br– ion pair, which by difference and the reasonable assumption that the molar
absorption coefficients are independent of temperature over this narrow range gave ionpair constants for Reaction (A.66) of 0.21 and 0.31 dm3∙mol-1 at 15.8 and 25.0 °C,
respectively. The authors proposed an uncertainty in these latter values of ± 20 %. The
remainder of this elegant kinetic study was given over to discussions of the redox
kinetics and the mechanisms.
The ionic medium appears to have been 1 mol∙dm-3 HClO4 throughout this
study despite the reference to the use of LiClO4 in the experimental section.
The values for the formation constants summarised in Table A-19 are very
small so as to be virtually negligible in most circumstances, but because these
measurements were based on real spectral differences and in the case of the kinetically
derived values, involving independently measured rate constants, the formation
constants must be considered as applying to the formation of real species.
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Table A-19: Summary of formation constants for the inner- and outer-sphere
monobromidoiron(III) complexes at Ic = 1.0 (HClO4).
t / °C
1.6
1.6
1.6
15.8
25.0

K1 , dm3∙mol-1
Reaction (A.65)
(0.032 ± 0.003)
(0.039 ± 0.006)
0.034
0.048
0.062

K IP , dm3∙mol-1
Reaction (A.66)

0.21
0.31

Method
Kinetics, Reaction (A.65)
Equilibrium, Reaction (A.65)
Kinetics, Reaction (A.63)
Kinetics, Reaction (A.63)
Kinetics, Reaction (A.63)

The combined or overall formation constants listed above from Reaction
(A.63) are 0.23, 0.26 and 0.37 dm3∙mol-1 at 1.6, 15.8 and 25.0 °C at Ic = 1.0 (HClO4).
These values are considerably higher than found in conventional spectrophotometric
studies (e.g., [1971TER/SEK]) where no provision was made for the formation of
Fe(H2 O)36 , Br  outer-sphere ion pairs.

[1969ESP/DUS]
Potentiometric measurements were conducted using a glass electrode calibrated using
mixtures of nitric acid and lithium nitrate at a total ionic strength of 1.0 mol·dm -3. In
that medium the dissociation constant of phosphinic acid was found to be
(0.135 ± 0.006) mol·dm-3 and the first dissociation constant of phosphonic acid
(0.107 ± 0.005) mol·dm-3. Solutions of phosphinic acid and iron(III) perchlorate were
allowed to react in a stopped-flow apparatus, and absorbances (250 to 350 nm) were
monitored. All solutions were at a total ionic strength of 1.0 mol·dm-3 (perchloric acid
and lithium nitrate) and acid concentrations (0.100 to 0.940 mol·dm-3) were held
constant during any specific experiment. Iron concentrations were maintained in excess
over phosphinic acid concentrations such that only a small fraction of the total iron was
complexed. Thus, the authors only considered formation of the 1:1 complex, and not the
higher complexes proposed in other studies [1964NOV/MUZ], [1967MAS/AGA]. The
reaction kinetics were analysed in terms of opposing first- and second-order reactions
involving both H3 PO 2 (aq) and H2 PO2 . The molar equilibrium constant for

Fe3+  H3 PO2 (aq)

+
FeH2 PO2+
2 H

was reported to be (152 ± 10), and on incorporating the dissociation constant for the
acid the equilibrium constant for

Fe3+  H3 PO2

FeH2 PO22+

was reported to be (1.1 ± 0.1) × 103 mol-1·dm3, both for a total ionic strength of
1.0 mol·dm-3. This appears to have been excellent work, and only the lack of
appropriate auxiliary data precludes further use of this value in the present review.
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[1969MOR/STU]
The first identification of an iron(III) nitrate complex was attributed to [1946THO/GAN].
However, that early spectrophotometric study was conducted on solutions which
contained 0.001 mol·dm-3 FeCl3, 0.003 mol·dm-3 HCl and 0.006 mol·dm-3 of the
potential anionic ligand, and the original authors clearly stated that the presence of nitrate
had no effect on the measured spectrum from 250 to 650 nm. Nitrate was judged to be
the weakest ligand of those investigated with bromide being the second weakest, but no
evidence was presented for the existence of the associated Fe(III) species.
Morris and Sturgess used dinonylnaphthalenesulfonic acid in n-heptane as a
cation extractant in an attempt to measure the formation constant of FeNO32 in an
59
aqueous solution (Ic = 1, HNO3 -HClO4 ) at 10, 20, 25, 30 and 40 °C. Fe was used as
a radioactive tracer in these experiments with the total initial iron(III) concentration
being < 3 × 10-4 mol·dm-3. Typical of many such experiments involving weak
complexation, the nitrate ion concentration was varied from 0.1 mol·dm-3 to that of the
total ionic strength, 1.0 mol·dm-3, with the linear dependence of the reciprocal of the
distribution coefficient on nitrate concentration being interpreted as evidence for the
exclusive formation of FeNO32 . Formation constants for this species were listed as
1.32, 0.82, 0.59, 0.52 and 0.28 dm3·mol-1 at the respective temperatures with an average
precision of ± 0.03 dm3·mo1-1. From these constants an enthalpy of formation of
– (9.1 ± 2.5) kcal·mol-1 {– (38 ± 10) kJ·mol-1} was calculated.
The lack of a constant ionic media is the weakest part of this paper and is the
most common problem encountered in studies of weak ion association. Certainly
association constants in the range 1.13 to 0.28 dm3·mo1-1 are ambiguously small for the
formation of a 3:1 charge-type complex. The reported decrease in ion association with
increasing temperature is somewhat counter intuitive, although the temperature range is
small and the actual experimental uncertainties are likely to be considerably greater than
the trend in the magnitude of the constants. No useful thermodynamic information could
be gleaned from this study.

[1969MOR/WIL]
This paper has been reviewed in detail in TDB-Iron Part 1 [2013LEM/BER] in
reference to the formation of mono- and dichloridoiron(III) complexes. This work
suffers from the common problem that high concentrations of either HCl or HBr were
used relative to the ionic strength of 1 mol∙dm-3, maintained by addition of HClO 4 ,
making differentiation between mass action and activity coefficient effects difficult.
The solvent-extraction technique carried out at 25 °C and cH + = Ic = 1 utilised
the cation exchanger, dinonylnaphthalenesulphonic acid, dissolved in n-heptane. A plot
of 1/D (where D is the distribution ratio of the cationic iron(III) species between the
aqueous and organic extracting phases) versus cBr- , which appears to reach 0.9
mol∙dm-3, was presented (see the Appendix A entry in [2013LEM/BER] for the
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derivation of this relationship) yielding K1 = 0.76 dm3∙mol-1 and  2 = 0.44 dm6∙mol-2
from the least-squares analysis. The authors offered average “accepted” values obtained
graphically and by regression of Kc,1 = (0.75 ± 0.05) dm3∙mol-1 and c,2 = (0.42 ± 0.1)
dm6∙mol-2 or Km,1 = (0.71 ± 0.05) kg∙mol-1 and m,2 = (0.38 ± 0.09) kg2∙mol-2. An
2
attempt was made in this review to reanalyse these data in terms of the FeBr complex
alone, but the curvature of the 1/D versus cBr plot was severe and led to an unrealistic
negative Do value.
It was argued in the previous Appendix A entry for [1969MOR/WIL] that due
to the similar values for  (Fe3 ,ClO4 ) and  (Fe3 ,Cl ) , as well as  (H  , ClO4 ) and
 (H , Cl ) , at high concentrations of HCl, differences could be effectively ignored and
the medium was treated as containing purely HClO 4 for the purposes of applying the
SIT treatment. In the absence of values for  (H , Br  ) and  (Fe3 , Br  ) , it remains to
be seen if this logic is applicable to the bromide analogue.

[1969SID/GOR2]
The technique and apparatus are described in [1969SID/GOR]. Two sets of titration
experiments are tabulated in this article carried out in 1 mol·dm-3 ionic strength
composed mainly of HClO4. The temperature was not given. The dissociation constant
of HF(aq) was taken to be 6.8 × 10-4 mol·dm-3. The first series was optimised to
measure the first two fluoridoiron(III) complexes by titrating a (5.017 × 10-4) mol·dm-3
Fe(ClO4 )3 solution such that the total fluoride concentration was raised to 9.35 × 10-2
mol·dm-3, with the titrant being at a matching ionic strength using NaClO 4 as the
supporting electrolyte. A hydroquinone electrode versus a calomel reference electrode
was apparently used to measure pH. Surely in such a strongly acidic solution the pH
measurement would be highly inaccurate and unnecessary because the stoichiometric
pH could be calculated readily from mass-balance considerations. Table A-20 contains
an abbreviated summary of the results of the first titration.

Table A-20: Summary of experimental results of titration 1 (mainly contained in Table
1 in [1969SID/GOR2] where V0 = 10.25 mL) converted to molal units (Im ≈ 1.05).
Volume
titre/mL
0.1
0.2
0.4
0.6
0.8
1.0
1.5
2.0
3.0
4.0

103mNaF
mol·kg-1
3.34
6.70
13.1
19.4
23.0
31.1
44.7
57.1
79.2
98.2

mNaClO4
mol·kg-1
0.007
0.013
0.026
0.039
0.051
0.042
0.089
0.114
0.159
0.197

mHClO4
mol·kg-1
1.040
1.030
1.011
0.099
0.974
0.957
0.916
0.879
0.812
0.755

n

log10K1,1

log10β2,1

1
1
1
1
1
1
1+2
1+2
2
2

5.38
5.37
5.48
5.37
5.38
5.38
-

9.81
9.78
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The average values of log10K1,1 and log10β2,1 taken from the last two columns in
Table A-20 are: (5.40 ± 0.09) and (9.80 ± 0.04), respectively, where the 2σ statistical
uncertainties do not reflect the actual experimental uncertainties. However, even these
uncertainties are large enough to mask the systematic differences in the ionic medium.
The authors quote values of 5.41 and 9.85 for the logarithms of the corresponding molar
constants which they determined by graphical means.
The second titration was aimed at determining the formation constant of the
third fluoride complex and involved titrating an iron(III) titrant (2.057 × 10-2 mol·dm-3
Fe(ClO4 )3 solution, presumably in 1 mol·dm-3) into 10.0 mL of 0.875 mol·dm-3 HClO4
containing NaF at a concentration which was not provided. Thus, this ionic medium is
assumed to be 1 mol·dm-3. The log10β3,1 values listed in Table 2 of this paper after
conversion of β3,1 to molal units are: 12.27, 12.28, 12.28, 12.29 and 12.29 to give an
average value of (12.28 ± 0.02) where again the 2σ statistical uncertainties do not reflect
the actual experimental uncertainties.
The experimental technique applied in this study was at least different from the
other potentiometric studies of fluoridoiron(III) complexes, but as with most of these
early studies, experimental details were absent that would have otherwise allowed a
complete recalculation of their data. The principal shortcoming is that no mention of the
temperature was made. These formation constants are therefore only of use for
comparisons with other results, but cannot be utilized in deriving recommended values.

[1969VDO/STE]
The rates of relaxation of a number of different metal complexes in solution were
purported to have been measured simultaneously at (20.0 ± 0.05) °C and I c = 0.1
(presumably in an NaClO4 medium; this was not stated explicitly, only that the solution
contained Fe(ClO4)3). The general theory of how the relaxation data can be treated was
outlined in this paper, but absolutely no information was given concerning the nature of
the experiments. A small plot is shown of the measured relaxation rate versus pH and a
FeOH2 ) was given for the stability
value of (1.80 ± 0.4) × 1011 (Fe3  OH
2+
constant for the FeOH .
From the previous value of log10 K1o of ‒ 2.25 at 20 °C recommended in TDBIron Part 1, the predicted value of log10 K1 at I m = 0.101 using the SIT 2 treatment is
‒ 2.75, which compares poorly with the value converted from the above-mentioned
stability constant of ‒ 3.03 using log10 K H2 O of ‒ 13.78. Clearly given such sparse
information and poor agreement with the bulk of existing data, the information provided
in this paper could not be used in the current review.
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[1969YAS/HAR]
The rapid kinetics of formation of FeCl2+ and FeBr2+ were studied by the temperaturejump relaxation method in acidic NaClO4 solutions using a spectrophotometric detector.
For the chlorido complex, the ionic strength was fixed at Ic = 1.0 and 1.2 for the
bromido complex. The temperature was varied from 20 to 40 °C. The acidity was varied
using HClO4 from 0.05 to 0.4 mol∙dm-3 in the former case and from 0.1 to 0.8 mol∙dm-3
in the latter. Clearly the results obtained were biased by having this mixed and variable
supporting electrolyte mixture. However, the total concentrations of iron(III) and halide
ion were kept relatively low at 0.01 mol∙dm-3. The rate constants for the formation of
the FeX2+ complexes were second order such that the reactants in the dissociation step
involved the solvent water. Apart from this direct formation and dissociation pathway, a
second pathway was identified that involved the rate-determining reaction of FeOH2+
with X–. There appears to be a mistake in Table 3 of this paper because the rate constant
for the dissociation of FeCl2+( k 21 ) has the units of a second-order reaction but this is
clearly a first-order process as was correctly given in Table 4 for the corresponding
FeBr2+ reaction.
Based on the rate data summarized in their Tables 3 and 4, the formation
constants can be derived as follows: log10 K1 (FeCl2 ) = k12 (dm3∙mol-1∙s-1)/ k 21 (s-1) =
log10{(19 ± 10)/(4.7 ± 2.0)} = (0.61 ± 0.29) (1σ); log10 K1 (FeBr 2 ) = k12
(dm3∙mol-1∙s-1)/ k 21 (s-1) = log10 {(50 ± 20)/(94 ± 20)} = ‒ (0.27 ± 0.45) (1σ). The molal
value of log10 K1 (FeCl2 ) calculated from the SIT treatment in [2013LEM/BER] at the
same condition is ca. 0.43 at approximately the same condition, cf. 0.59 derived in this
study on the molal scale.
These kinetic data are of general interest and confirmed that equilibrium is
obtained rapidly so as not to affect the measurements of the formation constants by any
of the techniques employed. They also confirmed that the chlorido complex is stronger
than that of the bromido complex, although the uncertainties in the magnitude of the
formation constants are very large, as is typical of most kinetically derived equilibrium
constants. The mixed electrolyte medium also presents a problem in this regard.

[1970HAM/WU]
Conductance [1938WOO]1 and potentiometric [1947BRO/VRI] measurements were
critically evaluated to determine the dissociation constants of HF(aq) and HF2 at 0, 16,
18, 20 and 25 °C with concomitant estimates of the activity coefficients in these
solutions. Molalities of HF(sln) are listed from 0.001 to 4.0 mol∙kg-1, but it is not clear if
the measurements extended to such high concentrations.

1

The conductance equation used by Hamer and Wu came from [1937WOO2], with experimental data from
[1938WOO], as well as from the other stated references, [1905DEU], [1932FRE/WEL],
[1958THO/MAA], [1963ELL], [1963ERD/MAJ], [1939ROT], and limited data from [1909HIL/SIR].
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The values of ( log10 K1o (HF(aq)
H+  F ) ) were listed as ‒ 2.963, ‒ 3.107,
‒ 3.122, ‒ 3.136 and ‒ 3.165 at 0, 16, 18, 20 and 25 °C, respectively. Values for the
HF(aq)  F ) are: 0.413, 0.362, 0.355,
corresponding dissociation constant ( HF2
0.347 and 0.381 at 0, 16, 18, 20 and 25 °C, respectively.
No new experimental data were given and it appears that graphically rounded
values are tabulated. The result for log10 K1o at 25 °C is in excellent agreement with that
recommended by this review.
[1970KLY/SMI2]
Spectrophotometric measurements at 390, 400 and 410 nm were made at (25.0 ± 0.2) °C
of “commercially pure” Fe(NO3)3 in HNO3 solutions. The iron(III) concentration was
relatively high at 0.016 mol∙dm-3 while the total HNO3 concentration was varied from
4.62 to 12.69 mol∙dm-3 with the associated HNO3 concentration varying from 0.62 to
8.49 mol∙dm-3 calculated from NMR data of Hood and Reilly [1960HOO/REI]. From the
variation of the optical density with increasing nitric acid concentration, the authors
claimed to have identified two nitrate complexes from regression of their data over
distinct nitric acid concentration ranges. The authors appear to have ignored the changing
activities in these concentrated solutions by proposing two equilibria which supposedly
dominate at the lower and upper range of nitric acid concentrations, respectively, viz.,

Fe3+  3NO3  HNO3 (aq)

Fe(NO3 )3 (HNO3 )(aq)

Fe(NO3 )3 (HNO3 )(aq)  2HNO3 (aq)

(A.68)

Fe(NO3 )3 (HNO3 )3 (aq) (A.69)

The authors assumed that Beer’s law applied to these concentrated solutions and that a
least-squares regression of the optical density versus nitrate and associated nitric acid
concentrations yielded the molar absorption coefficients of both complexes and their
formation constants. Determination of the former is always tenuous when the
complexes cannot be formed in the absence of other light absorbing species. Their Table
3 is reproduced here as Table A-21 but the values contained therein are considered to
have no merit considering the nature of these measurements and the treatment of the
results, and hence are only apparent quantities. The uncertainties in the molar absorption
coefficients are completely unrealistic.
Table A-21: Calculated “apparent” formation constants at 25 °C derived at three
wavelengths.
Quantity
102Kc(Eq. (A.68))
103Kc(Eq. (A.69))

390 nm
(2.19 ± 0.15)
(8.58 ± 0.80)

400 nm
(2.15 ± 0.12)
(6.95 ± 0.56)

410 nm
(3.06 ± 0.34)
(8.38 ± 0.83)

There is little doubt that nitrate, and perhaps nitric-acid-containing complexes of iron(III)
must exist when there is insufficient water present in the system to hydrate the ions, but
the stoichiometry and stability of these complexes were not established in this study.
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[1970KOC/VAS]
2

These authors reported on a spectrophotometric study of the formation of the FeBr
complex at 5, 10, 15, 20, 25, 35 and 50 °C. The text is in Russian so that no examination
of the experimental and data-treatment method has been made at this time. Three ionic
strengths were employed, viz., 2, 3 and 4 mol∙dm-3 (presumably in a nitrate medium
containing H+, Mg2+, Al3+) and they reported only  r G o ,  r H o and r S o values after
employing an extended Debye-Hückel equation of the form:
pKc  pKco 

z 2 AI c0.5
 bI c
1  1.6 I c0.5

A table of molar instability constants was given from which the molal formation
constants in Table A-22 below were recalculated either from their molar values in the
authors’ Table 2 or from application of the SIT.
Table A-22: Values of log10 K1o (1σ) converted from those reported in Table 1 of this
paper, and values of log10 K1o and Δ determined from an SIT treatment of their data
with (2σ) uncertainties.
t / °C
5.0
10.0
15.0
25.0
35.0
50.0

log10 K1o (reported)

log10 K1o (SIT)

Δ  / kg∙mol-1

(0.572 ± 0.013)
(0.582 ± 0.013)
(0.607 ± 0.008)
(0.715 ± 0.010)
(0.877 ± 0.008)
(1.152 ± 0.013)

(0.63 ± 0.03)
(0.72 ± 0.05)
(0.74 ± 0.03)
(0.91 ± 0.11)
(1.01 ± 0.04)
(1.30 ± 0.06)

‒ (0.062 ± 0.008)
‒ (0.059 ± 0.012)
‒ (0.061 ± 0.008)
‒ (0.036 ± 0.025)
‒ (0.063 ± 0.010)
‒ (0.064 ± 0.016)

R2
0.982
0.960
0.981
0.657
0.974
0.948

The authors tabulated the following thermodynamic values for the formation of
FeBr , converted here from calories to joules, while retaining the same number of
significant figures to avoid round-off errors.
2+

Table A-23: Thermodynamic molal quantities taken from Table 4 of [1970KOC/VAS]
with uncertainties assumed to be statistically based.
t / °C
5
10
15
20
25
35
50

 r Gmo / kJ∙mol-1

 r H mo / kJ∙mol-1

 r Smo / J∙K-1∙mol-1

(3.033 ± 0.071)
(3.138 ± 0.071)
(3.326 ± 0.046)
3.535
(4.038 ± 0.059)
(5.146 ± 0.046)
(7.050 ± 0.079)

(1.7 ± 2.9)
(5.4 ± 2.9)
(18.8 ± 2.5)
(21.3 ± 2.1)
(27.2 ± 2.1)
(30.1 ± 2.9)
(39.3 ± 2.9)

(18.8 ± 10.5)
(30.5 ± 10.5)
(76.1 ± 8.4)
(85.4 ± 7.1)
(103.3 ± 7.1)
(113.8 ± 7.1)
(143.1 ± 7.1)

log10 K1o

(a)
/ (1σ)
(0.570 ± 0.013)
(0.579 ± 0.013)
(0.603 ± 0.008)
(0.630 ± 0.026)(b)
(0.707 ± 0.010)
(0.872 ± 0.008)
(1.140 ± 0.013)

o

(a) These log10 K1 values were calculated from the ΔrGo values and differ by ≤ 0.01 from those given in
Table 2 of [1970KOC/VAS] whereas the estimated uncertainties agree exactly with those in their
Table 2 and are simply based on two values obtained in Al and Mg nitrate media, and certainly
underestimate the true experimental uncertainty by as much as a factor of ten.
(b) An uncertainty of twice the largest uncertainty provided was arbitrarily assigned to this value for the
purposes of the regression illustrated in Figure A-21.
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The value of log10 K1o at 25 °C in Table A-22 is (0.91 ± 0.11) (2σ), whereas a
linear fit of SIT log10 K1o as a function of 1/(T/K), shown in Figure A-21, gave a value
of 0.92 and  r H1o = (24.7 ± 0.1) kJ∙mol-1.
For the sake of comparison, the  r H1o value at 25 °C derived from an SIT
treatment of the constants reported in [1971TER/SEK] was (28.9 ± 2.0) kJ∙mol-1 with
log10 K1o = 1.06 (2σ). The mean value of Δε, assuming it to be temperature independent,
is ‒ (0.06 ± 0.01) kg∙mol-1, but this value is also simply an average of the results
obtained in aqueous HNO3 + Al(NO3)3 and HNO3 + Mg(NO3)2 solutions.

Figure A-21: The dependence of log10 K1o on 1/(T/K) for the formation of FeBr2+ where
the closed symbols refer to values obtained from the SIT treatment whereas the open
symbols are the average reported values in Table 2 of [1970KOC/VAS].
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[1970LEV/STE]
ESR (electron spin resonance) spectra of aqueous Fe(ClO4)3 solutions in the presence of
F–, Cl–, and SCN– ions were interpreted in terms of the formation of complexes of the
type FeX3nn . This work follows a brief discussion of their ESR work [1968LEV/STE]
on this system. However, only in the case of fluoride was the broadening of the line
widths less severe as to be interpretable in terms of formation of mononuclear
complexes with n = 1-6. Levanon et al. effectively mixed solutions of 0.037 and 0.042
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mol∙dm-3 NH4F and Fe(ClO4)3, respectively, in various ratios and measured their ESR
spectra, initially at pH = 2. The pH was adjusted systematically up or down with
additions of NaOH or HClO4 in the range 0 to 8. The likelihood of hydrolysis of Fe 3+
was acknowledged but was apparently ignored. The measurement temperature was not
specified, but the measurements presumably were made at room temperature.
The authors tabulated the formation constant values from Babko and Kleiner
[1947BAB/KLE] (though that reference does not appear to have been cited); no new
formation-constant values are reported.
[1970MAC/PLA]
The Raman spectra of solutions of Zn2+, Cd2+ and Hg2+ were recorded from 20 to 95 °C
over a range of bromide concentrations in the presence of ClO 4 as an internal intensity
standard. In the case of the former, which is the best surrogate for Fe 2+, the total Zn and
Br concentrations equalled 4 mol∙dm-3 while the Br:Zn ratio was varied from 0.18 to 6.
Four distinct polarised bands were observed, particularly at the higher temperatures:
240, 206, 183 and 171 cm-1. All but the 240 cm-1 line had been identified previously.
The latter was most evident at high bromide ion concentrations and is believed to be
characteristic of the ZnBr42 species. Previous studies had confirmed that the first three
bands correspond to ZnBr  , ZnBr2 (aq) and ZnBr3 , respectively.
Table A-24: Stepwise formation constants for the four bromidozinc(II) complexes given
in Table VII [1970MAC/PLA] converted from calories to joules and the overall
formation constant for ZnBr42 obtained therefrom at 20 °C. The total Zn2+ + Br–
concentration is 4 mol∙dm˗3.
Parameter
log10 Kc,n
Δ r H / kJ∙mol-1
Δ r S / J∙K-1∙mol-1

n=1
‒ 1.9
21.3
36.4

n=2
1.4
‒ 13.0
‒ 15.9

n=3
‒ 0.2
‒ 3.4
‒ 14.6

n=4
‒ 0.3
‒ 1.3
‒ 10.5

log10 4
‒ 1.0
3.6
‒ 4.6

An uncertainty of ± 1 kJ∙mol-1 was assigned by the authors to the enthalpies of
reaction.
Unfortunately, no equivalent Raman spectral study could be found for the
iron(II) system. However, the relevance of this paper to the current review is that
Bianchi and Paoletti [1985BIA/PAO] took the value of Δ r H for the overall formation
of ZnBr42 (although they quoted Δ r H = 3.8 kJ∙mol-1) to complete their
thermodynamic cycle (see the Appendix A entry for [1985BIA/PAO]). It is sufficient
here to note that these thermodynamic quantities were specifically quoted for very high
ionic strength solutions, not at infinite dilution.
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[1970ROS]
The author determined the solubility of vivianite based on analyses of interstitial water
recovered from a vivianite-bearing zone of sediments from Lake Åsrum, Norway. An
equilibrium constant of 10-39 to 10-40 (probably a mixed constant as the analyses are
reported in terms of mass, but pH values (~ 7.4) are probably activities) was reported
for (A.70):

3Fe2+  2HPO24  2OH

vivianite

(A.70)

The hydration water was not included in the equation and, as noted by Nriagu
[1972NRI2], the reported values actually are for the dissolution reaction, not the
precipitation reaction. From the reported analytical data Nriagu [1972NRI2] calculated
a value of − 35.4 for log10 Ksο for vivianite

Fe3 (PO4 )2·8H2O(cr)

3Fe2+  2PO34  8H2O(l)

(A.71)

[1970WAL]
Potentiometric titrations (quinhydrone electrode) were performed at 25.00, 35.00, 45.00
and 55.00 (± 0.02) °C at I c = 1.0 (NaClO4) with mHClO4 ≈ 0.005 mol·dm-3. Respective
values equivalent to those of log10 Kc,1 for dissociation of HF(aq) were tabulated as
– (2.944 ± 0.020), – (3.020 ± 0.016), − (3.103 ± 0.012) and − (3.190 ± 0.015) (increased to
2σ uncertainties). In the one experiment tabulated, the total fluoride molarity reached only
2.81 × 10-3 mol·dm-3 although it is not known if the same range of these concentrations
was maintained in the other titrations (three were carried out at each temperature).
Calorimetric titrations at 298.15 K yielded an enthalpy of dissociation of
– (3.24 ± 0.20) kcal∙mol-1, i.e., – (13.56 ± 0.84) kJ∙mol-1 (increased to 2σ uncertainties).
[1970WAR]
This review, with 281 references, is most useful for information on the structural and
physical (especially magnetic) properties of the pyrrhotite group of Fe-S phases, with
emphasis on the 1960s literature. Other topics include the then-recent discovery of
mackinawite, greigite and other low-temperature phases, and the inconclusive evidence
for Fe2S3. Pyrite and marcasite are specifically excluded from the review’s scope. There
is minimal thermodynamic content beyond the discussion of phase transitions.
[1971AHR/KUL]
Potentiometric measurements were made in 1 mol·dm-3 (NaClO4) at 25 °C of the
formation of the fluorido complexes of hydrogen, uranium(VI), and vanadium(IV). The
cell consisted of a fluoride-sensitive membrane electrode and a gold-quinhydrone
electrode versus an Ag|AgCl(s) reference electrode separated by a salt bridge containing
1 mol·dm-3 NaClO4. Empirically estimated liquid-junction potentials varied from 0.3 to
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2.6 mV as a direct function of the hydrogen ion molality. The results of three titrations
were given at three acidities from which it was shown that H2 F2 (aq) was not a
significant species under the prevailing experimental conditions. The program
“Letagrop vrid” was used to regress the data. Data collected up to cL, the total molar
concentration of ligand F, of ≈ 0.035 yielded a formation constant for HF(aq) of
(899 ± 5) dm3·mol-1 whereas data evaluated to cL of ≈ 0.20 yielded an overall formation
constant for HF2 of (3000 ± 100) dm6·mol-2. The uncertainties derived from the
“Letagrop vrid” program were given as 3σ values. Conversion to molal units resulted in
the following respective values for the dissociation constants at I m = 1.05: log10 *K m =
‒ (2.933 ± 0.002) and log10 * m = ‒ (3.445 ± 0.01), (2σ).
The value of * K c reported by Ahrland and Kullberg was later adopted by
Johansson [1975JOH2] in his treatment of iron(III) fluoride complexation results.
[1971CAR3]
This stopped-flow spectrophotometric study was perhaps the first of the investigations of
sulfitoiron(III)-complexation kinetics. The experiments were conducted at 2.9, 15.2 and
25.0 °C with cFetotal = (1.3-9.6) × 10-3, cHSO  = (0.06-16.0) × 10-3, cH  = 0.037 to 0.3,
3
and I c = 1.0 (NaClO4). However, unlike subsequent investigations, only the aquation
reaction was monitored, i.e., the substitution of a sulfite ligand by a water molecule. The
rate equation for aquation over the range of pH investigated was given as:

dcFeSO+ /dt  (k1  k2 cH+  k3cHSO )cFeSO+
3

3

3

where at 25 °C, k1 = 1.1 s-1, k 2 = 3.7 dm3∙mol-1∙s-1 and k3 = 1140 dm3∙mol-1∙s-1.
Activation enthalpies and entropies were also tabulated. The required acid-dissociation
constants for hydrogensulfite were taken from [1958FRY/NIL].
Of more immediate concern to this review were the equilibrium measurements
carried out with a conventional spectrophotometer. However, only an upper limit could
be placed on the equilibrium constant, K c  cFeSO+ cH + / (cFe3+ cHSO ) of 0.4 at 25 °C.
3

3

The high sulfite concentrations employed may account for the inclusion of k3
in the rate law which implies the existence of a hydrogensulfitosulfitoiron(III)(aq)
complex intermediate. There was also the additional first-order dependence on the
hydrogen ion concentration that could be attributed to the high hydrogen ion
concentrations reached in these experiments and those reported subsequently
[1989KRA/ELD], [1989KRA/ELD2], [1998LEN/FAB], [2002LEN/FAB]. The results
of this early kinetic study were not taken into account further in this review.
[1971MOR/HED]
Solvent extraction was used to determine the formation constants of iron(III) chlorate and
bromate complexes from 288.2 to 308.2 K at an ionic strength of 1.0 mol·dm-3 (HClO4).
The organic phase consisted of dinonylnaphthalene dissolved in n-heptane presaturated
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with 1.0 mol·dm-3 HClO4. Liquid scintillation counting was employed to analyse the
organic phase for iron(III) using the tracer 59Fe present in the initial aqueous phase with
the total iron(III) concentration held constant at 5 × 10-6 mol·dm-3. The chlorate and
bromate concentrations were varied from 0.1 to 0.8 mol·dm-3. The extraction equilibrium
involving dinonylnaphthalene (denoted as HD in this paper) was given as:

Fe3  (HD) n,org

Fe(H n 3 D n )org  3H 

Conversion to molal units [1985SOH/NOV] led to an Im of 1.051. Morris et al. derived
values for the first and second “ Fe(XO3 ) ” complexes at each temperature. However,
the high ligand concentrations in these solutions render their values truly ambiguous. If
the distribution ratios provided in this paper are treated in terms of the first complex
only, then after conversion to molal units, the values of the apparent formation constant,
shown in Figure A-22 can be extrapolated empirically to zero ligand concentration to
yield approximate real formation-constant values. Due to the approximate nature of this
treatment, only the data at 298.2 K were treated here. Clearly the chlorate data show a
non-linear trend with the molality of the ligand, whereas those for bromate are quite
linear, so that in the former case we have chosen to extrapolate only the two lowest
values while noting that these dependencies incorporate both activity coefficient
variations and the increasing role of the second complex. This approach yielded:
K m ,1 (FeClO32  ) = (1.6 ± 0.2) and K m ,1 (FeBrO32  ) = (2.42 ± 0.02), cf. (0.40 ± 0.03) and
(2.27 ± 0.21), respectively, reported by Morris et al.
Finally, by assuming the same ion-interaction coefficients apply for the
2+
formation of the well-characterised FeSCN complex to the chlorate and bromate
o
2
complexes: log10 K1 ( FeClO3 ) ≈ (0.5 ± 0.3) and log10 K1o (FeBrO32 ) ≈ (0.64 ± 0.12) at
298.2 K.
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Figure A-22: Plot of the apparent molal formation constants for the chlorate (inverted
triangles) and bromate (triangles) at 298.2 K and Im of 1.051.
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[1971NAK/MOR]
Nakazawa and Morimoto present here the first description of phase relationships within
the pyrrhotite group below 600 K that accounts for all of the principal superstructures,
both integral (2C, 4C, 5C, 6C, and 11C) and non-integral (i.e., incommensurate; NA,
MC, NC).
Pyrrhotite specimens with 11 different compositions between Fe1.00S and
Fe0.88S were prepared by combining the pure elements in evacuated, fused-silica tubes
at 600 °C for two months, then slow-cooled (10 °C per day) to ambient temperature.
From each batch, individual crystals ~ 0.1 × 0.1 × 0.03 mm were selected for variabletemperature, single-crystal XRD investigation by photographic methods at temperatures
up to (618 ± 5) K. Specific superstructures were identified for over 70 combinations of
composition and temperature, allowing the authors to construct a detailed phase diagram
for the FeS-Fe0.875S system below 600 K.
Slow kinetics prevented equilibrium phase determination below about 373 K,
but low-temperature stability fields for 5C, 11C, and 6C phases (nominally Fe9S10 ,
Fe10S11 , and Fe11S12 , respectively) were inferred from complementary studies of natural
pyrrhotites. It is likely that kinetic difficulties also influenced results up to ~ 550 K to
some degree, as indicated by later hydrothermal crystallization studies (e.g., [1973RIS],
[1982KIS/SCO]). Nevertheless, this paper still provides valuable insight into pyrrhotite
vacancy ordering processes, including a discussion of magnetic properties.
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[1971PAT/MOR]
This paper reports the results of 46 potentiometric measurements of the aciddissociation constant of HF(aq) made using a cell fitted with Hg2Cl2-silver, silver
chloride electrodes and a lanthanum fluoride sensitive electrode in 0.008 to 0.03
mol·dm-3 (NaCl) at 298.15 K. The equilibrium constant for Reaction (A.72) was fixed at
3.86.

F  HF(aq)

HF2

(A.72)

o
1

A pK value for the dissociation of HF(aq) was reported as (3.23 ± 0.01). Application of
the SIT to these data after the minor conversion to molality resulted in the plot shown in
Figure A-23. There is no explanation for the sharp downturn in some of these results,
noting that these lower values were somewhat randomly discarded to create the selected
data set.

Figure A-23: Application of the SIT where the open symbols represent all the data
without correction for Reaction (A.72), the closed symbols represent selected data after
the correction was applied, the solid line resulted from an unweighted regression to the
selected data whereas the dashed line represents a simple average of the selected data.

-3.2
-3.3

log10Km,12D

-3.4
-3.5
-3.6
-3.7
-3.8
-3.9
-4.0
0.00

0.01

0.02

0.03

Im

The pK1o value for the dissociation of HF(aq) obtained from averaging the selected
values is (3.29 ± 0.04) (2σ), whereas the regression yielded (3.23 ± 0.01) (2σ) with an
unrealistic Δ value of (2.23 ± 0.20) (2σ) kg∙mol-1. Both values of pK1o are
significantly larger than those obtained from other studies and therefore neither of these
values was used in the final evaluation.
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[1971TER/SEK]
2

In this spectrophotometric investigation (380 to 430 nm), both FeBr and FeBr2
complexes exhibited absorption maxima at 407 nm with  (FeBr 2  ) = 21.6 and
 (FeBr2 ) = 93.0 m2∙mol-1 at 20 oC, pHc ≈ 0 and Ic = 3.0 (HClO4, NaClO4, NaBr). This
study appears to be very comprehensive in terms of the range of experimental
conditions (ionic strength and temperature) covered. The experimental details
(specifically the molarities of Fe(III) and Br– in 1 mol∙dm-3 HClO4 with sufficient
NaClO4 to make up the ionic strength) are described only for the experiments at Ic = 3.0,
viz., for the determination of K1 : cBr ,0 = 0.005, cFe(III),0 = 0.05-0.33, cFe(III),0 /cBr ,0 > 10;
for K 2 : cFe(III),0 = 0.001, cBr ,0 /cFe(III),0 > 100 with cBr ,0 < 2, where the subscript 0 refers
to the total initial value. Obviously, the media in general do not comply with the
concept of constant activity coefficient in a supporting single electrolyte especially in
the second case, a problem which is typical in most such studies. The low cFe(III),0
molarities would at least be appropriate in a 1 mol∙dm-3 HClO4 and 2 mol∙dm-3 NaClO4
medium, but unfortunately the results of individual experiments were not given. As an
example the authors simply reported average values of K1 = (2.13 ± 0.03) dm3·mol-1;
K 2 = (0.408 ± 0.005) dm3·mol-1 for Ic = 3 at 20 °C based on determinations at nine
different wavelengths.
The Kc,1 and Kc,2 values at all the conditions studied (temperature and ionic
strength) are only available in the form of two small graphs which were enlarged and
digitized during the preparation of the present review to extract the values shown in
Table A-25.

Table A-25 : Values of log10 Kc,1 determined graphically from Figure 5 in
[1971TER/SEK].
Ic
0.49
0.72
0.95
1.00
1.03
1.56
1.91
2.83
3.33

10 °C
‒ 0.12
‒ 0.14
‒ 0.14
‒ 0.08
0.01
0.18
0.30

20 °C
0.02
0.00
0.02
0.01
0.02
0.11
0.15
0.33
0.47

30 °C
0.22
0.20

40 °C
0.34
0.38

0.20
0.19

0.38
0.39

0.32
0.54
0.68

0.44
0.72
0.87

The quantities in Table A-25 were converted to the molality scale based on
densities for pure HClO 4 solutions [1985SOH/NOV], but because the constants are
only given to two significant figures, this approximation should not introduce any
additional uncertainty. The SIT was applied with good linearity of plots of
(log10 Km,1  6D) versus Im at each temperature as illustrated in Figure A-24. The
resulting weighted fits gave the parameters listed in Table A-26.
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Table A-26: Values of log10 K1o and Δ1 determined from the SIT treatment with the
(1σ) uncertainties being simply statistically based.
t / °C

log10 K1o

Δ1 / kg∙mol-1

10
20
30
40

(0.80 ± 0.01)
(0.96 ± 0.01)
(1.15 ± 0.00)
(1.32 ± 0.03)

(0.246 ± 0.006)
(0.247 ± 0.007)
(0.254 ± 0.002)
(0.260 ± 0.011)

R2
0.9967
0.9942
0.9997
0.9908

The plot in Figure A-25 shows the weighted linear regressions with 1σ
uncertainties (R2 = 0.9979) yielding log10 K1o  (6.130  0.184)  (1511.4  55.08)/(T /K) .
(1σ).
Figure A-24: Application of the SIT to the data in Table A-26 (after conversion to the
2
molality scale) for the formation of FeBr .
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Figure A-25: The temperature dependence of log10 K1o for the formation of FeBr2+.
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Based on this fit, the value of log10 K1o at 25 °C is (1.06 ± 0.01) with statistical
uncertainties at the 2σ level and  r H1o = (28.9 ± 2.1) kJ∙mol-1 (2σ). The plot of Δε1
against 1/T, shown in Figure A-26, yielded 1 = (0.25 ± 0.09) kg∙mol-1 (2σ) at 25 °C
from the weighted linear regression. However, the simple mean value is (0.25 ± 0.01)
kg∙mol-1 (2σ) which leads to a large  (FeBr 2 ,ClO4 ) value of (0.86 ± 0.03) kg∙mol-1
(2σ) (cf.  (FeOH2 ,ClO4 ) = 0.38 kg∙mol-1 and  (FeSCN2 ,ClO4 ) = 0.45 kg∙mol-1).
Considering that the solutions contained an unknown amount of HClO4 with possibly
also significant Fe(ClO4 )3 and that  (Fe3 ,ClO4 ) is known to be dependent on ionic
strength, albeit above Im = 0.5, this value of  (FeBr 2 ,ClO4 ) must be considered to be
highly uncertain.
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2
Figure A-26: The temperature dependence of 1 for the formation of FeBr .
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The values of log10 Kc,2 determined graphically from Figure 6 in [1971TER/SEK] are
listed in Table A-27.

Table A-27: Values of
[1971TER/SEK].
Ic
0.49
0.93
1.01
1.46
2.06

log10 Kc,2 determined graphically from Figure 6 in
10 °C
‒ 0.68
‒ 0.69
‒ 0.62
‒ 0.47

20 °C
‒ 0.58

30 °C
‒ 0.52

40 °C
‒ 0.44

‒ 0.61
‒ 0.55
‒ 0.38

‒ 0.53
‒ 0.47
‒ 0.28

‒ 0.45
‒ 0.38
‒ 0.23

The quantities in Table A-27 were converted to the molality scale based on
densities for pure HClO4 solutions [1985SOH/NOV] and the SIT treatment was applied.
The plots for (log10K2 + 4D) versus Im at each temperature showed good linearity as
illustrated in Figure A-27. The resulting weighted fits gave the parameters listed in
Table A-28.
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Figure A-27: Application of the SIT to the data in Table A-27 (after conversion to the
molality scale) for the formation of FeBr2 .

0.8

10 C
20 C
30 C
40 C

log10K24D

0.6

0.4

0.2

0.0

-0.2
0.0

0.5

1.0

1.5

2.0

2.5

Im

Table A-28: Values of log10 K 2o and Δ 2' determined from the SIT treatment (1σ).
t / °C
10
20
30
40

log10 K2o

Δ 2' / kg∙mol-1

R2

‒ (0.14 ± 0.02)
‒ (0.04 ± 0.04)
(0.02 ± 0.04)
(0.13 ± 0.02)

(0.240 ± 0.015)
(0.233 ± 0.025)
(0.253 ± 0.025)
(0.238 ± 0.013)

0.9919
0.9758
0.9805
0.9934

The weighted linear regression of the log10 K 2o values from Table A-28 versus
1/(T/K) yielded the equation: log10 K 2o = (2.666 ± 0.129) ‒ (792.63 ± 38.44)/(T/K) (1σ).
Consequently, the estimated value of log10 K 2o at 298.15 K is (0.00 ± 0.36) (2σ) whereas
 r H 2o = (15.2 ± 1.5) kJ∙mol-1 (2σ).
This study is certainly the most comprehensive found in the literature to date,
but suffers from the common problem of the ionic media being composed of high and
unspecified concentrations iron(III) for the determination of the first complexation
constant and high bromide concentrations in some of the experiments for the
determination of the second formation constant. The formation constants are apparently
average values from an unknown number of individual experiments at unknown
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concentrations of iron(III). Therefore, the data could not be edited to exclude those that
violate the constant activity coefficient requirement although it can be assumed that the
violation was less acute in the former case. By the same reasoning the ion-interaction
values determined above from application of the SIT are compromised, despite the
linear nature of Figure A-24 and Figure A-27. Furthermore, not even statistical
uncertainties are available to help the reader access what effects of unknown solution
composition changes had on the individual formation constants. The results for log10 K1o
must be compared with those obtained by other workers, but the remaining quantities
treated here with the SIT model are probably in themselves only fitting parameters
rather than discrete thermodynamic quantities.

[1971WAR]
Warren presented measurements of pH with a quinhydrone electrode in acidic fluoride
solutions and claimed to have evidence for existence of (HF)2 (aq) in acidic 0.1
mol·dm-3 (NaF) in addition to HF2 at lower fluoride concentrations. At 22 °C, cNaF =
10-3 and Ic = 0.0005 to 0.005 (HCl+NaF), a value of Kc,1 of (1.46 ± 0.02) × 103 was
reported for the association constant with the caveat that activity coefficient corrections
associated with these solutions were “quite small”. It is not clear if these corrections
were made, and if so how. In more concentrated acidified NaF solutions, it was
proposed that the dimeric (HF)2 (aq) species appeared and a dimerization constant of
(2.7 ± 0.3) dm3∙mol-1 was derived and was stated to be constant over the Ic range 0.05 to
0.062.
The lack of details of the treatment of these limited data precluded any further
consideration of these results.

[1972GRO]
In this study, Grønvold measured the heats of reaction of various combinations of highpurity iron or nickel and selenium at 1050 K (only the iron reaction is of interest in the
current review). The design, construction, and operation of the calorimeter are described
thoroughly, with particular attention to correction methods for determining heats of
reaction from the calorimetric time-temperature plots.
Samples were introduced to the calorimeter in two sealed, evacuated tubes: an
inner tube of high-melting glass (Pyrex 1720) containing Se within an outer, fused-silica
tube containing Fe or Ni. Within four hours at the calorimeter temperature of 1050 K,
the inner glass tube spontaneously developed a leak, permitting selenium vapour to
escape and react with the metal in the outer, silica tube.
Grønvold presents results for five duplicate and seven single measurements on
reactions involving 12 different Se:Fe ratios from 0.90 to 1.50. His XRD measurements
and visual observation of the cooled reaction products indicated incomplete reaction (as
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expected from the phase diagram—see Section IX.2.1.1) for Se:Fe ratios of 1.40 and
1.50. For ratios of 1.35 or lower, the reaction appeared to be complete, although XRD
lines were relatively broad, presumably because phase equilibrium was not maintained
during rapid cooling.
Grønvold’s measured enthalpies of reaction, excluding the two highest Se:Fe
ratios for the reasons outlined above, are depicted in Figure A-28 and Figure A-29. The
first figure, expressed in terms of the atomic fraction of Se , corresponds to Figure 6 of
[1972GRO], but with a simple third-order polynomial fitted curve. The second figure
presents the data in terms of the Se:Fe ratio. Note that none of the experimental
mixtures corresponds to a single equilibrium phase at ambient temperature, but
enthalpy-of-formation values for these compositions (Fe1.042Se, Fe7Se8, and Fe3Se4) at
1050 K can be estimated from the fitted curves, as was done by Grønvold [1972GRO].
Using his own heat-capacity measurements on the iron selenides [1968GRO]
and appropriate thermal data for Fe(cr) , Se(s) , and Se(l) , Grønvold obtained the
following standard enthalpies of formation for iron selenides (with units and phase
nomenclature adjusted for purposes of the current review). Uncertainties are based on
~ 0.6 % scatter of enthalpy measurements about his fitted curve, while ignoring
contributions from uncertainties in the heat-capacity equations used.

f H mo ( Fe1.042Se , β, 298.15 K) = − (69.6 ± 0.4) kJ∙mol-1;
f H mo ( Fe7Se8 , α, 298.15 K) = − (463.5 ± 3.0) kJ∙mol-1;
f H mo ( Fe3Se4 , γ, 298.15 K) = − (212.1 ± 1.4) kJ∙mol-1.
The first two of these values were adopted, with substantially larger uncertainties, in the
TDB selenium review [2005OLI/NOL], while the value for Fe3Se4(γ) was adjusted
downward by averaging with a considerably more negative value of
− (257.3 ± 13.0) kJ∙mol-1 from Svendsen [1972SVE].
In the current review, the standard enthalpies of formation were recalculated
from Grønvold’s data, using the fitted curve from Figure A-281 and TDB thermal data
including values for Fe(cr) from TDB-Iron Part 1, while retaining the uncertainties from
[2005OLI/NOL], yielding the following adjusted values:

f H mo ( Fe1.042Se , β, 298.15 K) = − (69.8 ± 4.0) kJ∙mol-1;
f H mo ( Fe7Se8 , α, 298.15 K) = − (459.7 ± 20.0) kJ∙mol-1;

f H mo ( Fe3Se4 , γ, 298.15 K) = − (212.6 ± 13.0) kJ∙mol-1.
The relatively large upward adjustment for Fe7Se8 is probably a curve-fitting effect (see
Figure A-28 and Figure A-29), since the thermal data adjustments are very small. These
three standard-enthalpy values are carried forward for further evaluation in Sections
IX.2.1.2, IX.2.1.4 and IX.2.1.5 of the main text.
1

Values obtained using the fitted curve in Figure A-29 are almost identical.
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Figure A-28: Measured enthalpies of reaction of Fe-Se mixtures [1972GRO],
expressed in terms of the atomic fraction of Se .
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Figure A-29: Measured enthalpies of reaction of Fe-Se mixtures [1972GRO], expressed
in terms of the Se:Fe atomic ratio.
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[1972NRI2]
The solubility of synthetic vivianite was measured at (298.15 ± 0.20) K in dilute
phosphoric acid solutions (final pH values from 4.42 to 5.69). The solid was prepared
by heating a mixture of solutions of KH2PO4 and FeSO4·H2O at 343 K for five hours.
The precipitate was filtered and washed with the phosphoric acid solution of the
concentration to be used in a particular experiment. Five gram samples of the solid were
equilibrated with 100 cm3 of the phosphoric acid solution. Raising and lowering the
temperature was done in an attempt to approach equilibrium from supersaturation and
undersaturation, and equilibrium was generally attained in 48 hours. In the solutions the
main equilibrium phosphate solution species was H2 PO4 , and the main dissolution
reaction can be written as:

Fe3 (PO4 )2·8H2O(cr)  4H3PO4 (aq)

6H2 PO4  3Fe2+  8H2O(l)

Eleven experiments were performed, and the reported final solution P : Fe ratios were
1.98 (pH value of 5.69) to 2.04 (pH value of 4.42). The authors analyzed the results
assuming no phosphato complexation with iron(II), and also by looking at possible
combinations of complexes (in sets of as many as five species) including FeH2 PO4 ,
FeH3PO42 , FeHPO4(aq), FeH4(PO4)2(aq), Fe2 H4 (PO4 )22 , FeH3 (PO4 )2 and FePO4 .
It was concluded that most likely species are FeH2 PO4 and FeHPO4(aq), with the
formation constants (I = 0) of:
K = 10(2.7 ± 0.2)

for Fe2+  H2 PO4

FeH2 PO4+
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for Fe2+  HPO24

K = 10(3.6 ± 0.3)

463

FeHPO4 (aq)

It was calculated that these complexes may have comprised ~ 10 to 30 % of the iron(II)
at equilibrium. The authors reported a solubility product of 10 -(36.0 ± 0.1) for the synthetic
vivianite or 10-(35.7 ± 0.2) if complexation is neglected. As the authors used a value of
0.452 × 10-12 for the third dissociation constant for phosphoric acid, the results can
equally well be used to conclude that for (A.73) the equilibrium constant K° is
10(11.3 ± 0.1), or 10(11.0 ± 0.2) if complexation is neglected.

3Fe2+  2HPO24  8H2O(l)

Fe3 (PO4 )2·8H2O(cr)  2H+

(A.73)

[1972NRI3]
This is a report of a careful study of the solubility of strengite. The solid was prepared
by a modified version of the synthesis of Cate et al. [1959CAT/HUF], and was
confirmed to be strengite by X-ray diffraction and IR methods. The solid was
equilibrated by flowing dilute aqueous solutions of H 3 PO 4 through beds of strengite
(maintained at 25.0 ± 0.1 °C) at a flow rate of 15 to 25 mL per day. By recycling the
effluent and checking the iron concentration (atomic absorption spectrophotometry) and
pH value after each cycle, it was established that these conditions were adequate to
ensure equilibrium was established between the solution and solid in a single cycle.
Measurement of the pH values was performed using a Beckman combination pH
reference electrode, but the method of calibration was not indicated. The H3 PO4 (sln)
concentrations (4-10 × 10-2 mol·dm-3) were selected so that the pH value of the
solutions was less than 2.0 (to minimise hydrolysis of Fe(III)) and so that the total
equilibrium iron(III) concentrations were less than 5 × 10-5 mol·dm-3 (to minimise the
amounts of polymeric species that might form). Results were interpreted using a model
with FeH2 PO42 as the sole phosphato complex of iron(III) under these conditions.
With a value of log10 K o of 5.43 for the reaction

Fe3+  H2 PO4

FeH2 PO42+

based on the work of Bohn and Peech [1969BOH/PEE], and using the Davies equation
[1962DAV], Nriagu reported a value of − (34.88 ± 0.07) for log10 Ksο (A.74).

FePO4·2H2O(cr)

Fe3+  H2 PO4  2OH

(A.74)

ο
s

or − 6.9 for log10 K (A.75)

FePO4·2H2O(cr)  2H+

Fe3+  H2 PO4  2H2O(l)

(A.75)

There were indications that in more highly acidic solutions (pH < 1.6) FeH2 PO42
might not be the primary iron(III) complex. The experimental results were re-analysed
by Ciavatta et al. [1992CIA/IUL3] and by Iuliano et al. [2007IUL/CIA], who
incorporated formation-constant values for more extensive sets of phosphatoiron(III)
complexes. The result of the recalculation by Ciavatta et al. [1992CIA/IUL3] was −
(28.1 ± 0.2)
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for log10 Ksο (A.76), and involved a number of assumptions concerning the extrapolation
of complexation-constant values [1992CIA/IUL2] to the low ionic strengths used in
Nriagu’s experiments. The result of the recalculation by Iuliano et al. [2007IUL/CIA],
which also considered formation of FePO4(aq), was − (28.66 ± 0.33) for log10 Ksο
(A.76):

FePO4 ·2H2 O(cr)

Fe3+  PO34  2H2 O(l)

(A.76)

or − 8.6 for log10 Ksο (A.75). In the present review it has been found that if any of a
number of self-consistent sets of phosphatoiron(III) complexes is considered, Nriagu’s
results are consistent with those from the later work of Iuliano et al. [2007IUL/CIA].

[1972SEK/TET]
A solvent extraction method was employed to determine the first- and second-formation
constants of iron(III) chloride and bromide complexes at 25 °C, Ic = 4 mol·dm-3 ( cH+ =
1.0, cNa + = 3.0, cClO  + cCl or cBr = 4.0 mol·dm-3). The extractants were either
4
thenoyltrifluoroacetone (TTA) in CCl4 or trioctylphosphine oxide (TOPO) in C6 H14 .
59

Fe tracer which
The iron(III) concentration was monitored using the
introduced minor levels of nitrate (2 × 10-4 mol·dm-3). The initial concentrations of
iron(III) in the TTA were in the range (0.1 to 2) × 10-4 mol·dm-3 and ca. 10-8 mol·dm-3
in the TOPO system. Five mL of the organic and aqueous phases were mixed and
agitated mechanically for 24 h at 25 °C. Apparently shorter or longer equilibration
periods were not tested, although there was unqualified reference to equilibrium being
slow in the TTA system, requiring 20 h for completion. The cH+ in the organic phase
was measured by titration with Ba(OH)2 (sln) .
The iron(III) distribution equilibrium constant, K ex , represented the equation:
Fe3 (aq)  3HA(org)

FeA3 (org)  3H (aq) .
2

Their data analysis indicated the formation of the complexes, FeL and FeL2 with
the extracted iron(III) species being Fe(ClO4 )3 , FeL(ClO4 ) 2 and FeL2 (ClO4 ) for L
= Cl– and Br– while extraction of sodium ion pairs of the tetraperchloratoiron(III)
anion was considered reasonably to be negligible. The overall distribution ratio was
derived as:

D

K ex(3,0,1) (cClO )3  K ex(2,1,1) (cClO ) 2 cL  K ex(1,2,1) (cClO )(cL ) 2
4

4

4

1  1cL   2 (cL ) 2

which rearranged to give:

log10

D{1  1cL   2 (cL )2 }
(cClO )3
4


Kex(2,1,1) cL
Kex(1,2,1) (cL )2 
 log10 Kex(3,0,1)  log10 1 

2
 Kex(3,0,1) cClO4 Kex(3,0,1) (cClO4 ) 
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Strangely there was no reference made to their previous paper [1971TER/SEK]
which contained extensive spectrophotometric data on the formation of the iron(III)
bromide complexes. No raw experimental results were tabulated, but from the small
figures provided it appears that the halide concentrations were varied from ca 0.01 to 1
mol·dm-3 in Ic = 4 which means that the concept of a constant supporting electrolyte was
not obeyed over much of this range and variations in activity coefficients of the
involved ions render these results ambiguous. Values of log10 K1 and log10  2 of ‒ 0.1
and 0.00 were reported for the formation of the first and second bromido complexes.

[1972SIN]
Singer precipitated a solid from aqueous solutions of iron(II) perchlorate and
dihydrogensodiumphosphate in an ionic medium of 0.1 mol·dm-3 NaClO 4 under
nitrogen. The pH value was adjusted to between 4 and 8 by addition of sodium
carbonate solution. The mixtures were stored at 298.15 K for one month. The solutions
then were filtered through a 220 m filter under nitrogen, and analysed for total iron(II)
and total phosphate using “bathophenanthroline” (4,7-diphenyl-1,10-phenanthroline)
and tin(II) chloride, respectively. The solid was identified as vivianite,
Fe3 (PO4 )2 ·8H 2 O , by powder X-ray diffraction. A value of − 7.1 was reported for the
equilibrium constant log10Kc (A.77)

3Fe2+  2H2 PO4  8H2O(sln)

Fe3 (PO4 )2·8H2O(cr)  4H+ (sln) (A.77)

and, with values for the second- and third-deprotonation constants for phosphoric acid
[1952LAT] and an extended Debye-Hückel equation, the “solubility product” value
((cFe2 )3 (c PO34 ) 2 ) of 1.3 × 10-30 at 298.15 K and Ic = 0.1 was proposed.
In this work it was not firmly established that crystallisation of the solid was
complete throughout the experimental pH range (and also, based on the reported colour,
Nriagu [1972NRI2] has suggested that Singer’s solid may have been partially oxidized).
Furthermore, the calibration procedures for the pH measurements were not described in
detail, and it would appear that his equilibrium-constant values relating to Equation
(A.77) likely are mixed constants (activities and concentrations). There also was no
discussion of the possible formation of weak phosphato complexes of iron(II). As noted
by Al-Borno and Tomson [1994BOR/TOM], use of a simple Debye-Hückel expression
such as the Davies equation with the reported value for Ic = 0.1 leads to a value of
approximately − 33 for log10 Ksο for vivianite.

[1972SVE]
This paper describes Svendsen’s exhaustive study of decomposition pressures of iron
selenides by a combination of Knudsen effusion (using silica cells) and direct pressure
measurements (using a mercury manometer, with a silica spiral gauge as a null
instrument [1963HAR/KJE]). The samples studied varied in Se:Fe atomic ratio from
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0.95 to 3.88. Three specific iron selenides, FeSe0.96(Fe1.04Se), FeSe1.143(Fe7Se8), and
FeSe1.333(Fe3Se4) were prepared by high-temperature combination of the elements, and
FeSe2 was prepared by reaction of FeSe1.333 with selenium. Products were confirmed by
XRD and chemical analysis. Experimental temperatures for pressure measurements
varied from about 730 to 1470 K, depending on the sample composition and the
measurement method, but most data were obtained between 800 and 1140 K.
Compositions were corrected for vaporisation losses during the manometric and
Knudsen-cell runs.
This study was data-rich; for example, one figure shows six van’t Hoff plots
for varying sample compositions with well over 200 manometric data points (total
pressure values, ptot) altogether. Sixty-six Knudsen-cell-derived pSe2 values, derived
from ptot values calculated from mass loss from calibrated cells over a given time
interval, are tabulated. The calculation of pSe2 is based on simultaneous solution of a
series of equilibrium-constant expressions (generally of the form log10K = A − B/T)
from Berkowitz and Chupka [1966BER/CHU] for the selenium vapour equilibria:

n
Sen (g)  Se2 (g) ; n = 1, 3, 5, 6, 7, 8
2
K

n/2
pSe
2

pSen
n

ptot   pSen
1

The Berkowitz-Chupka (B-C) paper [1966BER/CHU] is one of many reviewed in the
TDB-Selenium review of elemental Se vapour (Section V.1 of [2005OLI/NOL]), which
also discusses several additional Sen(g) species). Unfortunately, experimental heatcapacity values are lacking for most of these species. Thus, TDB-evaluated values of
thermodynamic quantities at 298.15 K are available for eight Sen(g) species (n = 1 to 8),
but temperature-dependent heat capacities are available only for Se(g) and Se2(g)
[2005OLI/NOL]. A fully TDB-consistent evaluation of Svendsen’s findings [1972SVE]
is therefore not possible. Calculation of selenium vapour speciation using the B-C
equations, as cited by Svendsen [1972SVE], shows significant differences from the
speciation estimated in the TDB-Selenium review, (see Figure V-1 of [2005OLI/NOL]).
In particular, the B-C equations appear to overestimate the stability of Se5(g) and thus
underestimate the value of pSe2 under Svendsen’s experimental conditions, especially
for the manometric measurements near 800 K [1972SVE]. The resulting error is
relatively small, since Svendsen’s values of pSe2 /pSetot are generally near 0.5 at this
temperature (Table 4 of [1972SVE]).
Svendsen notes that manometric ptot values for FeSe2-saturated liquid
selenium below 800 K are about one-fifth the value for pure selenium, which is difficult
to reconcile with the low solubility of Fe in liquid selenium that he cites (40 ppm at
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858 K and 25 ppm at 493 K) [1972SVE]. It is therefore possible that some of his ptot
measurements may err on the low side by as much as a factor of five, though such a
large error is difficult to understand for the described experimental procedure.
Svendsen’s own estimated uncertainty in pressure measurements (including the delicate
derivation from Knudsen-cell mass losses) is ± 50 %.
Svendsen used both second-law and third-law calculations to estimate standard
enthalpies of formation for stoichiometric FeSe and the four synthesized phases (see
above). The more precise third-law procedure, which included graphical Gibbs-Duhem
integration for non-stoichiometric phases, yielded the following values (with adjusted
formulae and units):

f H mo ( Fe1.042Se , β, 298.15 K) = − (75.4 ± 6.1) kJ∙mol-1,
f H mo ( Fe1.000Se , cr, 298.15 K) = − (73.6 ± 5.9) kJ∙mol-1,

f H mo ( Fe7Se8 , α, 298.15 K) = − (536.0 ± 43.9) kJ∙mol-1,
f H mo ( Fe3Se4 , γ, 298.15 K) = − (257.3 ± 26.4) kJ∙mol-1,
and f H mo ( FeSe2 , cr, 298.15 K) = − (123.0 ± 12.1) kJ∙mol-1.
Three of these values can be compared with the adjusted, calorimetric (heat of reaction)
values obtained by Grønvold [1972GRO], as adjusted in the Appendix A entry for
[1972GRO]:

f H mo ( Fe1.042Se , β, 298.15 K) = − (69.8 ± 4.0) kJ∙mol-1;
f H mo ( Fe7Se8 , α, 298.15 K) = − (459.7 ± 20.0) kJ∙mol-1;
f H mo ( Fe3Se4 , γ, 298.15 K) = − (212.6 ± 13.0) kJ∙mol-1.
The more negative values (significantly so for Fe3Se4 and Fe7Se8) obtained by Svendsen
[1972SVE] are consistent with the suggested underestimation of pSe2 (and hence toonegative Gibbs energy values), but it is also possible that Grønvold’s values are not
sufficiently negative, if reaction was incomplete or the heat of reaction was
incompletely measured, or if there was a parasitic/background reaction.
Svendsen’s value for f H mo ( Fe1.000Se , cr, 298.15 K) is based on interpolated
heat-capacity functions, and is therefore a fictive value for a phase that is unstable at
ambient temperature. His value for f H mo ( Fe1.042Se , cr, 298.15 K) is based on a hightemperature Gibbs-Duhem integration in combination with the value for
f H mo (Fe1.000Se, cr, 298.15 K), and is therefore also questionable. The current
evaluation of f H mo ( Fe1.042Se , cr, 298.15 K) in Section IX.2.1.2 of the main text is
based in part on Svendsen’s Knudsen-cell data on (Fe  FeSe) mixtures at 1074 to
1140 K (his Table 3), rather than his derived enthalpy value.
In the current review, a third-law calculation was applied to the following
intermediate values from Svendsen’s enthalpy calculations [1972SVE], in preference to
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using his standard enthalpy values, in the enthalpy-of-formation evaluation for
Fe7Se8(α) and Fe3Se4(γ) outlined in Sections IX.2.1.2.1, IX.2.1.4 and IX.2.1.5:

FeSe(s)  0.0715 Se2  FeSe1.143 , r Gmo (934 K) = − (8.59 ± 0.84) kJ∙mol-1

(A.78)

FeSe1.143 (s)  0.095 Se2 (g)  FeSe1.333 , r Gmo (934 K) = − (2.72 ± 0.27) kJ∙mol-1 (A.79)
The multiple Gibbs-Duhem integrations performed by Svendsen [1972SVE] to
determine f H mo ( FeSe2 , cr, 298.15 K) cannot be separated with the information
provided in the paper, therefore the following derived value was used in the enthalpyof-formation evaluation for FeSe2(cr) outlined in Sections IX.2.1.2.1 and IX.2.1.6.

Fe3Se4 (γ)  Se2 (g)  3FeSe2 (cr) ,  r H mo (298.15 K) = (29.4 ± 25.0) kJ∙mol-1

(A.80)

This last enthalpy value is based on Svendsen’s f H mo (298.15 K) values for the two
iron selenides, listed above, and the TDB value of Δf H mo (Se2, g, 298.15 K)
= (141.1 ± 3.0) kJ∙mol-1 [2005OLI/NOL].

[1972SVE2]
In this paper, Svendsen reported 63 enthalpy measurements on a 7.4953-g specimen of
composition FeSe1.973 by adiabatic drop calorimetry at initial specimen temperatures T
from 376.5 to 854.5 K. The experimental temperature range was limited by the
incongruent melting point, 858 K. The measurements constituted two to eight replicates
or near-replicates at each of 15 different temperatures. The specimen was held in a
fused-silica ampoule within a close-fitting platinum-10 % rhodium container; Ten
quadruplicate measurements were made on the empty ampoule at T from 374.5 to
880.5 K.
Svendsen’s data treatment [1972SVE2] was constrained to give the smoothest
possible connection to the low-temperature heat-capacity data of Grønvold and
Westrum [1962GRO/WES], yielding the following enthalpy expression (with converted
units) with an overall standard deviation for a single measurement of 1.54 %:

H mo ( FeSe1.973 , cr)/kJ∙mol-1 = 7.8358×10-13 (T/K)5 − 1.7299×10-9 (T/K)4
+ 1.5385×10 (T/K)3 − 6.6116×10-4 (T/K)2 + 0.20902 (T/K) − 32.500
T
298.15 K

-6

Svendsen [1972SVE2] also tabulated fitted values for heat capacity and other
thermodynamic functions from 298.15 to 853 K, as illustrated and discussed in the
Appendix A entry for the later, high-temperature heat-capacity study of [1975GRO].
Overall, Svendsen’s results [1972SVE2] agree well with Grønvold’s
[1975GRO], except for somewhat higher enthalpy (and derived heat capacity) near
850 K, just below the incongruent melting point. Svendsen’s findings are discussed
further in Section IX.2.1.6 of the main text.
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[1973KRE/CHI]
A potentiometric cell fitted with a fluoride-sensitive electrode (a Beckman lanthanide
fluoride probe) and a quinhydrone electrode was used to measure for dissociation
constant of HF(aq) in H 2 O and D 2 O at 25 °C. Eight series of measurements were
made in pure aqueous HF(sln) up to 0.01 mol∙dm-3 and a further five in aqueous HF
(0.09 to 0.5 mol∙dm-3)-NaF (0.045 to 0.078 mol∙dm‒3) mixtures. The equilibrium
constants for Reactions (A.81) and (A.82) were reported with average values of
(6.85 ± 0.11) × 10-4 mol∙dm-3 and (3.96 ± 0.09) dm3·mol-1, respectively. Activity
coefficients were estimated from the Debye-Hückel relationship.

H+ + F

HF(aq)



HF(aq) + F

(A.81)

2

HF

(A.82)

[1973MAD/MED]
The authors used 0.0002 mol∙dm-3 trioctylphosphine oxide in CCl4, which was believed
to extract only the neutral Fe(SCN)3 (aq) complex, from aqueous iron(III) thiocyanate
solutions {cΣFe ≈ 10-6, cHClO4 = 0.01, Ic = 2.0 ( NaClO 4 )} at (20.00 ± 0.01) °C to
calculate the formation constants of the series of thiocyanatoiron(III) complexes,
Fe(SCN)3n n , where n = 2-6. Note that in their Table 1 of successive stability constants
they list cHClO4 as being 0.2 which is assumed to be correct although no allowance for
Fe3+ hydrolysis appears to have been made. The dependencies of the distribution
coefficient for iron(III) on the thiocyanate concentration are shown in four small graphs,
from which it appears that the latter ranged from ca. {(3-4) × 10-3} to 2.0 mol∙dm-3.
Three other extractants in carbon tetrachloride were used, but as these were considered
likely to also extract Fe(SCN)4 , these results were rejected by the authors.
The difficulties in fitting solvent-extraction data by a global least-squares
treatment were explained and the authors had to fix the value of Kc,1 at 125 dm3∙mol-1
from previous work [1946BAB], [1951MAC/MIT], [1964JOZ/MAS]. Results from two
other studies were also cited, viz., from [1964VAS/MUK3] and [1965MIR/RUT].
Furthermore the authors used the boundary condition that Kn/K1+n = n(6 − n)/(6 − n
+ 1)(n + 1)k where k = 1.65 was found empirically to give the best fit.
The logarithms of the successive molar stability constants taken from Table 1
in this article are: log10Kc,2 = 1.48, log10Kc,3 = 1.00, log10Kc,4 = 0.67, log10Kc,5 = 0.18 and
log10Kc,6 = ‒ 0.6 at Ic = 2.0 ( NaClO 4 ) and 20 °C.
The values of the formation constants for the high-order complexes are no
doubt compromised by the effect of the concentration of SCN– on the ionic strength of
the medium. If cSCN were limited to 0.2 then the values of Kc,5 and Kc,6 at least must be
considered as being ambiguous, while the value of Kc,4, which implies
cFe(SCN) /cFe(SCN) (aq) ≈ 0.94, would also be affected by the dubious estimation of the
4

3
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stabilities of the higher-order species. In the absence of raw experimental data, the
results of this work are retained for comparison purposes only.

[1973MAL/STA]
The authors reported heat-capacity values over a wide range of temperatures for
anhydrous K4Fe(CN)6(cr) (11.1 to 303.0 K) and for the monoclinic phase of
K4Fe(CN)6·3H2O(cr) (9.6 to 300.7 K). Based on their measurements, the authors
calculated:

C po ,m (K 4 Fe(CN)6 , cr, 298.15 K) = 332.2 J·K-1·mol-1;

Smo (K 4 Fe(CN)6 , cr, 298.15 K) = 419.0 J·K-1·mol-1;
C po ,m (K 4 Fe(CN)6 ·3H 2 O, monoclinic, 298.15 K) = 482.4 J·K-1·mol-1;

Smo (K 4 Fe(CN)6 ·3H2 O, monoclinic, 298.15 K) = 593.8 J·K-1·mol-1.
In the present review arbitrary polynomial functions have been fitted to the ( Cp /T ) data
(equally-weighted)1. For 298.15 K this gives 332.0 J·K-1·mol-1 as the value
of C po , m (K 4 Fe(CN)6 , cr, 298.15 K) and 483.2 J·K-1·mol-1 as the value
of C po ,m (K 4 Fe(CN)6 ·3H 2 O, monoclinic, 298.15 K) . Also, values for the entropy
differences
over
the
temperature
ranges
of
the
measurements,
298.15 K
o
418.20 J·K-1·mol-1 for 11.15 K ΔSm (K 4 Fe(CN)6 , cr) and 592.87 J·K-1·mol-1
298.15 K
o
for 9.57 K ΔSm (K 4 Fe(CN)6 ·3H2 O, monoclinic) , were calculated. In the present review
the recalculated values from this study are used in selection of recommended values
o
o
for Sm (K 4 Fe(CN)6 , cr, 298.15 K) and Sm (K 4 Fe(CN)6 ·3H2 O, monoclinic, 298.15 K) .
Heats of solution for K4Fe(CN)6(cr) (four measurements) and
K4Fe(CN)6·3H2O(cr) (three measurements) were determined at (25.00 ± 0.01) °C. In all
cases the final molar ratio of H2O(sln):K4Fe(CN)6(sln) in the LKB 8700 calorimeter was
4433:1. The average values were (44.20 ± 0.02) and (58.76 ± 0.05) kJ·mol-1 for
K4Fe(CN)6(cr) and K4Fe(CN)6·3H2O(cr), respectively (2σ uncertainties). Using the
heat-of-dilution measurements of Lange and Meiderer [1956LAN/MIE], the authors
reported 40.45 and 55.00 kJ·mol-1 for the heat-of-solution values at “infinite” dilution,
in close agreement with the values of Hepler et al. [1960HEP/SWE].
The authors also measured the equilibrium vapour pressure of water at
298.15 K for the reaction

K 4 Fe(CN)6 ·3H2 O(cr)

1

K 4 Fe(CN)6 (cr)  3H2 O(g)

The value 209.56 J·K-1·mol-1 reported for Cp,m of K4 (Fe(CN)6 (cr) at the temperature 128.86 K (first
page of the supplementary material) is inconsistent with other values in the same table, and possibly
corresponds to the value at 123.86 K. That measurement was not used in the current analysis.
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In the paper the water-vapour pressure over a solid analysed to be
K4Fe(CN)6·2.974H2O(cr), and assumed to be a mixture of the anhydrous and trihydrate
solids, was reported as (13.70 ± 0.14) mm Hg (i.e., 1827 N·m-2) and as (1859 ± 19)
N·m-2. The measurements were made using a procedure reported by Waterfield and
Staveley [1967WAT/STA]. The authors also indicated that ΔrG for the reaction was
− 29.865 kJ·mol-1, at 298.15 K and 1 atm. This would correspond to the value 13.70
mm Hg, but not to 1859 N·m-2. Regardless of the fairly minor difference, the measured
pressure is somewhat higher than was reported by Schottky [1908SCH] (1360 N·m -2),
but in reasonably good agreement with the results of Sano [1938SAN4] (1773 N·m -2).

[1973MAT/OGU]
This paper presented preliminary results of low-temperature C po (T ) calorimetric
measurements for K4Fe(CN)6·3H2O(cr) and K4Fe(CN)6·3D2O(cr). The results were
presented in more detail in a later paper by Oguni et al. [1975OGU/MAT] and are
discussed in the Appendix A entry for that paper.

[1973NAS/SHI]
The authors cited the preparative work of von Endrédy [1934END], but were only able
to isolate one solid, and it did not contain water of hydration. The same method
performed at 95 °C yielded crystals which were large enough for X-ray diffraction
characterisation [1973ABR/SHE], and were yellow-green to brown in colour; elemental
analysis confirmed them to be anhydrous Fe(IO3)3.
There was no mention of the behaviour of the iron(III) solid on dissolution in
aqueous solutions.

[1973OLS/OME]
The reaction studied was:

Fe3+ + Si(OH)4 (aq)

FeOSi(OH)32+  H+

(A.83)

Based on spectrophotometric measurements from pH 1.5 to 3.0 at 18, 25 and 32 °C, all
at I c = (0.10 ± 0.02), the authors reported * K c ,1 = 0.25, Δ r H1 = 3.73 kcal∙mol-1 (15.6
kJ∙mol-1) at 25 °C. The values of ΔGo, ΔHo and ΔSo reported by the authors actually
correspond to the values at Ic = 0.1. Reaction (A.83) is dimensionless and therefore no
conversion to molal units is necessary. At pH > 3.0 polymeric species were formed. No
primary data were given. The concentrations of Fe(III) and Si(IV) were low { cFe(III) =
4.3 × 10-4 and cSi(IV) = 5 × 10-2} so as not to affect the ionic strength significantly. A
value for the hydrolysis constant was obtained directly from these measurements, but
strangely it was not reported.
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Polarographic and magnetic susceptibility measurements of this system were
also made at 25 °C and * K c ,1 = 0.34 was reported. A magnetic moment of 5.65 Bohr
magnetons was reported for the FeOSi(OH)32+ complex ion and 5.67 Bohr magnetons
for the polymeric complex or complexes formed at pH 3.0-6.0, indicating these soluble
iron(III)-silicic acid complexes are high-spin complexes.
Reference was made to two previous studies of Reaction (A.83)
[1949HAZ/SCH], [1965WEB/STU], but no comparison of results was provided.

[1973SID/ZHU]
The authors carried out amperometric titrations of acidic solutions (0.05 to 0.65
mol·dm-3 HClO4) that were 1 × 10-4 mol·dm-3 in Fe(III) . Aqueous solutions of
phosphoric acid were used as the titrant, and all solutions were maintained at a constant
ionic strength of 3 mol·dm-3 with NaClO 4 and HClO 4 . During the titrations the total
phosphate concentrations ranged from 0.01 to 0.10 mol·dm-3. The temperature of the
experiments was not reported. Graphical analysis was used with phosphoric acid
deprotonation constants from Baldwin and Sillén [1969BAL/SIL], to conclude that the
main complex was FeH2 PO42 and that FeHPO4 also was important in the less acidic
solutions, with reported log10 Kc values of (3.61 ± 0.02) for

Fe3+  H2 PO4

FeH2 PO42+ ,

Fe3+  HPO24

FeHPO4+ .

and (8.13 ± 0.03) for

As discussed in the main text of the present review, considering the complexity of the
system the method of data analysis is suspect, as is the speciation. The reported values
are not used further in the present review.

[1973VAS/KOZ]
The enthalpies of reaction of H+ and F– to form HF(aq) and HF2 in aqueous solution
were measured from 5 to 25 °C.

H+  F

HF(aq)  F

HF(aq)

(A.84)

HF2

(A.85)

Vasil’ev and Kozlovskii discussed their selection of the stability-constant values, but
appeared to be confused in also referring to them as “dissociation constants”, and also
by presenting  2o as representing both an overall and stepwise constant. They gave
preferred values of log10 K o (A.84) = (3.13 ± 0.02) and log10 2o = (3.56 ± 0.20) at
25 °C based mainly on the results of Wooster [1938WOO]. These values compare
favourably with (3.18 ± 0.01) and (3.66 ± 0.26) derived by this review. The average
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enthalpies of reaction in both NaCl and NaClO 4 media were given as: Δ r H o (A.84) =
(3.19 ± 0.05) and Δ r H o (A.85) = (4.2 ± 0.50) kcal·mol-1 at 25 °C, or (13.35 ± 0.21) and
(17.6 ± 2.1) kJ·mol-1, respectively. This review accepts the value Δ r H o (A.84) =
(13.34 ± 0.14) kJ·mol-1 and retains the value of Δ r H o (A.85) = (17.6 ± 2.1) kJ·mol-1 in
the absence of other data.

[1974CIA]
3+

In this paper the author reported on a study of the reaction of Fe with H3 PO4 (sln) in
3 mol·dm-3 NaClO 4 (sln) at 298.15 K. Two types of electrochemical cells were used,
RE| Fe(III) (B M), Fe(II) (B M), P(V) (A M), H+ (H M), Na+ (3-5B-H) M, ClO4 (3 M) |Au
and
GE| Fe(III) (B M), Fe(II) (B M), P(V) (A M), H+ (H M), Na+ (3-5B-H) M, ClO4 (3 M)) |RE,
where GE represents a glass electrode, and RE a reference electrode written as:
Ag, AgCl|Ag+(0.01 M), Na+ (2.99 M), ClO4 (3.00 M)||NaClO4(3.0 M).
A (2.5 × 10-3 to 7.5 × 10−-3 M) and B (10-4 to 3 × 10-3 M) are analytical total
concentrations, and H is the analytical excess of H+. It was shown that within the limits
of the experimental concentrations formation of iron(II) phosphato complexes was
negligible. The logarithm of the first deprotonation constant of H3 PO 4 (aq) in the
sodium perchlorate medium was determined to be log10 K1 = (1.83 ± 0.01). The results
were interpreted graphically, and formation-constant values were proposed for
FeH2 PO42 , Fe2 H3 (PO4 )32 and Fe3H6 (PO4 )34 , but the results were later reinterpreted
[1992CIA/IUL] (in conjunction with more extensive data) by the same author, but using
more sophisticated data-analysis methods. (cf. the entries for [1992CIA/IUL2],
[1995CIA/IUL] and [2007IUL/CIA]).

[1974FIL]
The author carried out a spectrophotometric study (260 to 300 nm) of complexation of
total iron(III) at low concentrations (2.5 × 10-5 to 4.0 × 10-5 mol·dm-3) with phosphate
over a wide range of phosphate to iron ratios, and mainly for solutions with “pH” values
between 2.7 and 3.5. The procedure for calibration of the pH was not reported. To
simplify the data analysis most of the measurements were carried out at 273.6 nm, the
2+
isosbestic point for solutions containing only Fe3+ and FeOH . Graphical methods
were used to conclude that two complexes are formed in solutions with “pH” values of
2.7. One species, with an Fe:P ratio of 1:1, was reported to be Fe(OH)PO4 ; a second
species, with an Fe:P ratio of 1:2, was reported to be Fe(OH)(HPO4 )PO34 . At 20 °C
and an ionic strength of 0.05 mol·dm−3 (maintained with HClO4) the equilibrium
constants (Kc) for the reactions
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Fe3+  H2O(l)  H2 PO4

Fe(OH)PO4  3H+

and

Fe(OH)PO4  H2 PO4

Fe(OH)(HPO4 )PO34 + H+

were reported to be 5 × 10-5 and 0.45, respectively. As discussed in the main text of the
present review, considering the complexity of the system the method of data analysis is
suspect, as is the speciation. The reported values are not used further in the present
review.

[1974FIL/GAL]
The authors carried out an ion-exchange study of formation of phosphato complexes of
iron(III) in solutions with total iron(III) at low concentrations (5 × 10-5 mol·dm-3,
labeled with 59Fe) over a wide range of phosphate to iron concentration ratios, and
mainly for solutions with “pH” values < 2.8. The procedure for calibration of the pH
was not reported. For total phosphate concentrations < 0.03 mol·dm-3 (KH2PO4+H3PO4)
the main complex was found to be cationic, and was presumed to be FeHPO4 . For total
phosphate concentrations > 0.2 mol·dm-3 the large amounts of HPO24 and
(primarily) H2 PO4 ions interfered with sorption of the iron complex or complexes on
the anion-exchange resin, and results were found to be somewhat different for solutions
containing Li+ cations rather than K+ or Cs+ cations. For total phosphate concentrations
between 0.05 mol·dm-3 and 0.2 mol·dm-3 the main complex was anionic, and an
“average” equilibrium constant (Kc) of 1.5 × 1013 was reported for the reaction

Fe3+  2HPO24

Fe(HPO4 )2

The procedure used to derive this “average” value from the authors’ tabulated
experimental values is unclear, and on recalculation a slightly different result, log10 Kc =
(13.11 ± 0.24), 2σ uncertainty). Furthermore, the ionic strength was not held constant
and the measurement temperature was not reported. As discussed in the main text of the
present review, considering the complexity of the system the method of data analysis is
suspect, as is the speciation. The reported value is not used further in the present review.

[1974IPS/KOM2]
In this companion paper to a detailed phase-diagram study of the Fe-Te system
[1974IPS/KOM], Ipser and Komarek describe isopiestic determinations of the tellurium
vapour pressure over Fe-Te alloys with up to 67 at.-% Te at temperatures from 823 to
1173 K. Activities and partial molar enthalpies of tellurium were derived from the
vapour-pressure data, and Gibbs-Duhem integration yielded integral Gibbs energies of
formation. The authors also derived the following values for enthalpies of formation,
with no uncertainty estimates; units were converted in the current review:
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f H mo ( Fe1.111Te , cr, β, 298.15 K) = − 22.08 kJ∙mol-1;
f H mo ( FeTe 2.086 , cr, ε, 298.15 K) = − 69.66 kJ∙mol-1.
In their critical review of the Fe-Te system, Ball et al. [1992BAL/DIC] obtained the
following recalculated values from the data of [1974IPS/KOM2]:

f H mo ( Fe1.111Te , cr, β, 298.15 K) = − 20.9 kJ∙mol-1;
f H mo ( FeTe 2.000 , cr, ε, 298.15 K) = − 65.82 kJ∙mol-1.
These recalculations involved small extrapolations of Cp-T relationships for the iron
tellurides beyond the experimental data ranges (see the Appendix A entry for
[1974MIK/IPS]), and used thermodynamic parameters for elemental tellurium from
[1990COR/KON]. No further evaluation was attempted in the current review.

[1974MIK/IPS]
Mikler et al. obtained the heat capacities of solid β and ε iron-telluride phases with the
compositions Fe0.527 Te0.473 ( FeTe0.898 or Fe1.114 Te ) and Fe0.324 Te0.676 ( FeTe 2.086 ),
respectively [1974MIK/IPS]. They used a DSC method with a heating rate of
20 K∙min-1, sapphire reference material, and high-purity N2 cover gas (< 7 ppm O2) at
an unspecified flow rate. Iron telluride specimens were prepared from iron (99.9 %
purity) and Te (99.99 %) during an extensive study of iron-telluride phase relations
([1974IPS/KOM], [1974IPS/KOM2]; see also H. Ipser dissertation, University of
Vienna, 1974). Specimens were characterised by XRD. The heat-capacity values thus
obtained, along with derived thermodynamic quantities, were tabulated at 50 K intervals
from 355 to 905 K for Fe0.527 Te0.473 , and from 355 to 805 K for Fe0.324 Te0.676
[1974MIK/IPS]. Mikler et al. proposed fourth-order polynomial Cp-T equations, based
on these tabulated values and lower-temperature heat-capacity data from Westrum et al.
[1959WES/CHO]. Ball et al. [1992BAL/DIC] obtained the following, more
conventional Maier-Kelley-type equations:
K
-1
-1
[C p ,m ]1187
= 0.00002162 (T/K)2 – 0.01690 (T/K) +
298 K ( Fe0.526 Te 0.474 , cr, β)/J∙K ∙mol
32.83 − 323800 (T/K)-2;
K
-1
-1
[C p ,m ]650
= 0.0001067 (T/K)2 − 0.07773 (T/K) +
298.15 K ( Fe0.333 Te 0.667 , cr, ε)/J∙K ∙mol
42.202 – 352300 (T/K)-2;
K
-1
-1
[C p ,m ]922
= − 0.00005051 (T/K)2 + 0.07241 (T/K) +
650 K ( Fe0.333 Te 0.667 , cr, ε)/J∙K ∙mol
32.012 – 9209000 (T/K)-2.

Note that the recommended temperature ranges for the first and third equations extend
beyond the upper limits of 905 and 805 K, respectively for the reported data
[1974MIK/IPS]. The first of these three equations is preferred slightly over the Cp-T
equation for Fe0.53Te0.47 , also based on data from [1959WES/CHO] and
[1974MIK/IPS], in Table 4 of the review by Chattopadhyay and Juneja
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[1993CHA/JUN], because the latter equation does not reproduce exactly the selected
value for C po ,m (298.15 K) (see the Appendix A entry for [1959WES/CHO]).
The following equations, converted from [1992BAL/DIC] to the alternative
solid formulations Fe1.111Te and FeTe 2.000 , with minor adjustments to the (T/K)-2 terms
to reproduce more exactly the values of C po ,m (298.15 K), are recommended in the main
text:
K
-1
-1
2
[C po ,m ]905
298 K ( Fe1.111Te , cr, β)/J∙K ∙mol = 0.000045640 (T/K)
– 0.035676 (T/K) + 69.304 − 683986 (T/K)-2 ;
K
-1
-1
2
[C po ,m ]650
298.15 K ( FeTe 2.000 , cr, ε)/J∙K ∙mol = 0.0003201 (T/K)
− 0.23319 (T/K) + 126.606 – 1057410 (T/K)-2.

Because of the unexplained sharp rise in Cp with increasing temperature, the following
equation has a reduced temperature range, and is not recommended in the main text or
Table III-3.
K
-1
-1
2
[C po ,m ]805
650 K ( FeTe 2.000 , cr, ε)/J∙K ∙mol = − 0.00015153 (T/K) + 0.21723 (T/K) +
-2
96.036 – 27627000 (T/K) .

In the current review, the C po (T ) values reported in [1974MIK/IPS] for the telluriumrich composition Fe0.324Te0.676 were multiplied by 3.0, rather than (1/0.324), to obtain
estimated values for FeTe2.000(cr). This partial correction was found to give better
continuity with the low-temperature data for FeTe2.000 from [1959WES/CHO] than if the
excess tellurium was treated as Te(cr). For the monotelluride, no correction was made
for the slight difference in composition between Fe1.111Te [1959WES/CHO]
and Fe1.114Te [1974MIK/IPS]. The data and equations are illustrated in Figure A-30 and
Figure A-31.
An unusual feature of the observed Cp-T relationships is the upward curvature
above ~ 550 K for Fe1.111Te , and stronger curvature above ~ 450 K for FeTe 2.000 (see
Figure A-30 and Figure A-31). Similar behaviour has been reported for related iron
selenides (see the Appendix A entries for [1968GRO] and [1975GRO]). This observed
behaviour diverges markedly from the Cp-T equations proposed by Mills [1974MIL]
(and adopted by Robie and Hemingway [1995ROB/HEM] in the case of FeTe2 ), which
are included in Figure A-30 and Figure A-31. Mills’ review pre-dated Mikler et al.
[1974MIK/IPS], and his equations were based on extrapolation of the lowertemperature (< 350 K) data of Westrum et al. [1959WES/CHO], by assuming a more
classical Cp-T relationship (three-term Maier-Kelley equation, A + B(T/K) + C(T/K)-2).
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Figure A-30: Heat capacity of Fe1.111Te : low-temperature adiabatic data from
[1959WES/CHO], high-temperature DSC data from [1974MIK/IPS], estimated
equation from Mills [1974MIL], and fitted line above 260 K from the current review.
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The C po measurements for Fe0.527 Te0.473 and Fe0.324 Te0.676 in [1974MIK/IPS]
were rejected by Afifi et al. [1988AFI/KEL] because “both compounds apparently
dissociated during measurement”; the reason for this statement is not clear, though it is
a possible interpretation of the steadily rising C po curves. Unfortunately, the DSC
specimens do not appear to have been recovered for post-test characterisation
[1974MIK/IPS], so some decomposition or other endothermic reaction cannot be ruled
out. Nevertheless, the similar behaviour of iron selenides, as noted above, suggests that
o
the unusual C p curves are correct within the measurement uncertainty, and possibly
linked to the development of structural disorder with increasing temperature. The
uncertainty in the high-temperature C po values from DSC measurements
[1974MIK/IPS] is assumed to be substantially higher than that for the adiabatic lowtemperature measurements [1959WES/CHO], probably ~ 2-5 %, and possibly > 5 % at
the highest temperatures. While the adjusted equations from [1992BAL/DIC] (see
above) are recommended here, further high-temperature heat-capacity measurements on
iron tellurides, preferably by adiabatic calorimetry, are desirable.
The consequences of the discrepancy between the Cp-T equations proposed by
Ball et al. [1992BAL/DIC] and Mills [1974MIL] are relatively small; for example, the
difference in values for the enthalpy change [H(800 K) – H(298.15 K)], calculated using
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these equations, is 1.05 kJ∙mol-1. The corresponding discrepancy for FeTe2.000(cr),
however, is considerably larger, 7.20 kJ∙mol-1, reflecting the greater upward curvature in
the C po (T ) data (compare Figure A-30 and Figure A-31). The impact of equation
selection on third-law enthalpy calculations for FeTe2.000(cr) is correspondingly large.
Figure A-31: Heat capacity of FeTe2.000(cr): low-temperature adiabatic data from
[1959WES/CHO], high-temperature DSC data from [1974MIK/IPS], estimated
equation from Mills [1974MIL], and fitted lines above 210 K adapted from
[1992BAL/DIC].
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[1974RAM/MAN]
This is a report on a potentiometric study primarily focused on formation of mixedligand complexes in solutions (Ic = 0.1 NaClO4) containing phosphate with fulvate,
citrate, tartrate or nitrilotriacetate. Also, the following values were reported.

Fe3+  HPO24

FeHPO4+

FeHPO+4  HPO42

Fe(HPO4 )2

log10 K1 = 8.95
log10 K2 = 6.17

Experimental details are sparse, though it seems that the formation-constant values
probably were determined by graphical analysis. No record was found in this paper of
the values used for the deprotonation constants for H3PO4(aq) (at Ic = 0.1 NaClO4). If it
is assumed that the same values were used as in a previous paper by the same authors
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[1972MAN/RAM], then the first two deprotonation constants for H3PO4(aq) in Ic = 0.1
NaClO4 were taken as 10-1.91 and 10-6.71, and therefore in this medium

Fe3+  H3PO4 (aq)
and

FeHPO+4  H3PO4 (aq)

FeHPO+4  2H+
Fe(HPO4 )2  2H+

log10 *K1 = 0.33
log10*K2 = − 2.45 .

However, the lack of detail precludes quantitative use of these values in the present
review. Ciavatta et al. [1992CIA/IUL2] suggested that the second constant referred to

formation of Fe2 OHPO2+
4 rather than Fe(HPO4 ) 2 , but no justification was provided.

[1974SAL/STE]
The association constants to form HF(aq) and HF2 were measured at 288.15, 298.15 and
308.15 K with a fluoride-sensitive electrode versus a calomel reference electrode in 0.5
mol·dm-3 (NaNO3). At 298.15 K the following values were reported: log10 Kc (A.84) =
(2.88 ± 0.01) and log10 Kc (A.86) = (0.40 ± 0.06).

H+  F

HF(aq)

(A.84)

H+  2F

HF2

(A.86)

The value for log10 Kc (A.84) at 298.15 K is very similar to the value reported in
[1975JOH2] for a predominantly NaClO4 solution at Ic = 0.51 and is therefore assumed
to be accurate, but unfortunately no other studies in NaNO 3 were found with which to
compare it directly.

[1975BUG/ABE]
Bugli et al. [1975BUG/ABE] used a combination of thermogravimetric and differential
microcalorimetric techniques to monitor the progress of the reaction of FeS (troilite)
with SO2 to form increasingly sulfur-rich pyrrhotites, according to the general Reaction
(A.87):

(2x /5)SO2 (g)  [1  (2x /5)]FeS(cr)  Fe1-xS(cr)  ( x /5)Fe3O4 (s)

(A.87)

The selected experimental conditions were T = 555 K and pSO2 = 12 kPa, using
~ 400-mg specimens of FeS . The composition of the pyrrhotite was determined by
stopping the reaction at various stages and performing XRD analysis by a modification
of Arnold’s method [1962ARN]; generally, good agreement was obtained with the
composition expected from the measured mass gain. The small quantity of magnetite
(Fe3O4) was detectable by XRD only for large values of x, but was identified by
thermomagnetic measurements. At long reaction times, pyrite and magnetite were
formed, presumably according to the overall equation:

(8/5)FeS(cr)  (2/5)SO2 (g)  FeS2 (cr)  (1/5)Fe3O4 (cr)

(A.88)
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The authors obtained the following linear relationship between the measured heat of
reaction and the pyrrhotite product stoichiometry:

 r H o ((A.87), 555 K) = − (96.7 ± 5.9)x kJ∙mol-1.
o
Using available  f H values for FeS(cr), Fe3 O 4 (cr) , and SO 2 (g) at 555 K, they
o
derived the relationship:  f H ( Fe1-x S , cr, 555 K) = Δf H mo ( FeS , cr, 555 K) +
(41.8 ± 7.5)x kJ∙mol-1.

Recalculation using TDB-compatible  f H values yielded an identical value
of 41.8 for the x coefficient in the latter expression, because of a fortuitous equivalence
o
in the changes of  f H for FeS(cr) and Fe3 O 4 (cr) . Then, by using iron sulfide heatcapacity expressions from the current review, the following enthalpy values and
approximate uncertainties were obtained for specific pyrrhotites:
o

 f H o ( Fe0.9S , cr, 298.15 K) = − (92.0 ± 3.0) kJ∙mol-1
 f H o ( Fe0.875S , cr, 298.15 K) = − (89.5 ± 3.0) kJ∙mol-1
These values are somewhat less negative than other values used in the data-selection
process (see Sections IX.1.1.1.2.2.3.2 and IX.1.1.1.2.3.2). In fact, in combination with
other selected entropy and enthalpy values, they would predict Fe0.875S and Fe0.9S to be
unstable with respect to troilite and pyrite, i.e.,  r G o (298.15 K) < 0 for the following
disproportionation reactions:

8Fe0.875S(cr)  6FeS(cr)  2FeS2 (cr)

(A.89)

10Fe0.9S(cr)  8FeS(cr)  2FeS2 (cr)

(A.90)

which is clearly not the case based on the phase diagram (Figure IX-2).1 There thus
appears to be a positive bias in the enthalpy-of-reaction values obtained by Bugli et al.
[1975BUG/ABE], i.e., the measured values are less exothermic than expected on the
basis of other evaluated data. Possible causes include poor crystallinity of the magnetite
(e.g., thin film or nanocrystalline particles), and potential intermediate formation of
o
some free sulfur. The  f H (298.15 K) values derived above for Fe0.875S(cr) and
Fe0.9S(cr) were therefore eliminated from the data selection process.
A previous, scanning calorimetric study by the same authors [1972BUG/ABE]
on the reaction of FeS with elemental sulfur at 433 K is also excluded for similar
reasons. In addition, reactions in the Fe-S system typically require prolonged annealing
to achieve phase equilibrium. Therefore, measured enthalpy changes may not represent
complete reaction to the equilibrium phase assemblage.

1

The phase diagram also indicates that, at 555 K, the limiting pyrrhotite composition would have a value of
x < 0.125.
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[1975CIA/GRI2]
The hydrolysis of Fe3+ was investigated potentiometrically with a glass electrode in Ic =
3 (NaClO4) solutions at 25 °C. The concentration of iron(III) was varied over the range
(1.25-40) × 10-3 mol∙dm-3 such that n , which represents the average number of ligands
per metal atom), varied from 2.3 and 2.833. The authors acknowledged that equilibrium
was attained slowly at 25 °C in solutions in which n > 0.5 and that a precipitate, which
was likely to have been iron(III) hydroxide, was detected after several days. The
problem of slow kinetics was circumvented by heating the solution to 60 °C for 1 h then
cooling it back to 25 °C whereupon a steady potential reading was attained after a
period of ca. 75 h. The final pHc was measured in the range 10-3 to 0.3 mol∙dm-3 and the
liquid-junction contribution was estimated using the relationship Ej   21cH+ mV.
Despite the lower limit of observed n being relatively high at 0.5, the
speciation calculations indicated that Fe(OH)2 and Fe3 (OH)54 were never important
and hence they were not included in the final data evaluation. These calculations
2
revealed the predominance of the Fe12 (OH)34
complex, as well as small amounts of
4
2+
FeOH and Fe2 (OH)2 , according to the equilibria:

Fe3+  H2 O(l)
2Fe3+  2H2 O(l)
12Fe3+  34H2 O(l)

FeOH2+  H+
Fe2 (OH)24  2H+
2
Fe12 (OH)34
 34H+

The respective equilibrium constants were derived as: log10*Kc,1 = ‒ (3.1 ± 0.2),
log10*βc,2,2 = ‒ (2.8 ± 0.3) and log10*βc,34,12 = ‒ (46.1 ± 0.3). The corresponding molal
values are: log10*Km,1 = ‒ (3.0 ± 0.2), log10*βm,2,2 = ‒ (2.7 ± 0.3) and log10*βm,34,12 =
‒ (44.7 ± 0.3) in Im = 3.50 (NaClO4) at 25 °C.
The authors offered support for their data interpretation by noting that a
definite plateau was reached in their n versus pHc plots at (2.833 ± 0.005)
2
corresponding to the ratio of hydroxide to iron in Fe12 (OH)34
. This structure is similar
to the Keggin structure commonly accepted for the Al(III) analogue. Such high-order
configurations are also known to form and dissociate slowly at low temperatures. No
2
other report of the existence of Fe12 (OH)34
has been published to our knowledge.

[1975GRO]
This study by Grønvold complements previous, low-temperature heat-capacity
measurements on FeSe2 and NiSe2 by Grønvold and Westrum [1962GRO/WES]. Only
the FeSe2 work is discussed here. Slightly different synthetic methods were used in the
two studies: a two-step synthesis from the elements (initial reaction at 1270 K for two
hours, one month at 713 K, then slow cooling over one month) in [1962GRO/WES], but
a multi-step synthesis with initial formation of the monoselenides in this study
[1975GRO]. The nominal monoselenides were prepared at 1270 K for two hours in an
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evacuated, fused-silica tube, then the finely crushed product was mixed with additional
selenium, heated at 770 K for three weeks, re-crushed and heated at 770 K for a further
three weeks, and finally held at 690 to 720 K for a further three months.
Heat-capacity measurements were carried out on 202.93 g of FeSe2 in a
50 cm fused-silica container within an adiabatic-shield calorimeter constructed of silver
[1967GRO]. Altogether, 71 Cp measurements were performed in two series at
300.36 ≤ T/K ≤ 1008.40, based on a relative molecular mass of 213.77.
3

Even after the prolonged reaction period, a small amount of free selenium was
detected, both visually and by evidence in the Cp measurements of melting near 494 K,
and Grønvold estimated the phase composition to be { FeSe1.95  0.05Se }, with less than
0.2 mol-% of iron monoselenide, Fe1-ySe . This is consistent with Svendsen’s findings of
a significant range of composition for the nominal FeSe2 phase [1972SVE].
Fifteen of the Cp measurements were above the peritectic decomposition
temperature of 856.7 K; the decomposition reaction and measured enthalpy were as
follows, with approximate values of x = 0.05 and y = 0.35:

FeSe2-x (cr) 


1
1 
Fe1-y Se( )   2-x Se(l)
1-y
1-y 


(A.91)

 r H mo [(A.91), 856.7 K] = (30.93 ± 0.05) kJ∙mol-1.
In the previous TDB-Selenium review [2005OLI/NOL], this enthalpy was
applied to the ideal reaction (A.92), as a step in obtaining f H mo ( FeSe2 , cr, 298.15 K);
this is discussed further in Section IX.2.1.6 of the main text.
1
2
FeSe 2 (cr)  Fe3Se 4 (γ)  Se(l)
(A.92)
3
3
Grønvold re-evaluated the phase composition of the FeSe2 specimen used in the lowtemperature heat-capacity study by himself and Westrum, concluding that they had
underestimated the quantities of Fe3Se4 and free Se impurities in the specimen for the
earlier study [1962GRO/WES]. He then recommended the following revised
thermodynamic quantities for FeSe2 with the phase composition { FeSe1.95 + 0.05Se }
[1975GRO]:

C po ,m ({ FeSe1.95 (cr)  0.05Se(cr) }, 298.15 K) = 70.59 J∙K-1∙mol-1
and

298.15 K
0K

Smo ({ FeSe1.95 (cr)  0.05Se(cr) }, 298.15 K) = 83.47 J∙K-1∙mol-1.

These values are significantly lower than the values obtained by Grønvold and
Westrum, and adopted in the previous TDB review [2005OLI/NOL]:

C po ,m (FeSe2, cr, 298.15 K) = (72.9 ± 1.0) J∙K-1∙mol-1
and S mo (FeSe2, cr, 298.15 K) = (86.8 ± 1.0) J∙K-1∙mol-1.
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Accepting Grønvold’s revision [1975GRO] and correcting for the small quantity of
elemental selenium, using the TDB recommended values for Se(cr, trigonal)
[2005OLI/NOL], we obtain the following recommended quantities for substoichiometric iron diselenide:

C po ,m (FeSe1.95, cr, 298.15 K) = (69.3 ± 1.0) J∙K-1∙mol-1
and S mo (FeSe1.95, cr, 298.15 K) = (81.4 ± 1.0) J∙K-1∙mol-1.
These values do not include any zero-point corrections for disorder in the nonstoichiometric material, but they are probably appropriate for calculations on typical
“FeSe2” obtained by high-temperature synthesis. For stoichiometric FeSe2, which likely
includes low-temperature mineral occurrences or material that may precipitate in a
nuclear waste repository environment, Grønvold’s uncorrected values are probably
more appropriate, but with an increased uncertainty [1975GRO] in light of the minor
differences in chemical and phase compositions:

C po ,m (FeSe2, cr, 298.15 K) = (70.6 ± 2.0) J∙K-1∙mol-1
and S mo (FeSe2, cr, 298.15 K) = (83.5 ± 2.0) J∙K-1∙mol-1.
After subtracting the contribution of free selenium to Grønvold’s experimental Cp
values, the following fitted equations were obtained, and are recommended, for the heat
capacity of FeSe1.95 (cr) above 298.15 K:
K
-1
-1
[C po ,m ]673.3
= 1.73651 × 10-3 (T/K)2 − 2.77045 (T/K) +
298.15 K (FeSe1.95, cr)/J∙K ∙mol
1.75015 × 103 − 4.48319 × 105 (T/K)-1 + 4.39587 × 107 (T/K)-2

and
K
-1
-1
[C po ,m ]853
= − 1.29157 × 10-3 (T/K)2 + 5.40879 (T/K) −
673.3 K (FeSe1.95, cr)/J∙K ∙mol
3
6
-1
6.30488 × 10 + 2.99243 × 10 (T/K) − 4.95330 × 108 (T/K)-2

The Cp data from [1962GRO/WES] and [1975GRO], together with curves representing
these fitted expressions and tabulated values from Svendsen [1972SVE2], are depicted
in Figure A-32. Alternative fits for FeSe2 (cr) were obtained in the previous TDBSelenium review [2005OLI/NOL] by combining the Cp data from Grønvold [1975GRO]
and values derived from the high-temperature enthalpy measurements of Svendsen
[1972SVE2]. The results of these two studies diverge significantly only above about
800 K. The fitted equations for FeSe2 from the previous review, which ignore minor
differences in both phase and chemical composition, are:
K
-1
-1
-2
[C po ,m ]600
298.15 K (FeSe2, cr)/J∙K ∙mol = 37.014 + 8.0273 × 10 (T/K) + 9.57991 ×
105 (T/K)-2

and
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K
-1
-1
8
[C po ,m ]853
600 K (FeSe2, cr)/J∙K ∙mol = − 835.808 + 1.050076 (T/K) + 1.056967 × 10
(T/K)-2

Note, however, that the first equation yields a value for C po ,m (FeSe2, cr,
298.15 K) of 71.72 J∙K-1∙mol-1, which differs significantly from the previously
recommended value [2005OLI/NOL] of (72.9 ± 1.0) J∙K-1∙mol-1. To describe the heat
capacity of any composition FeSe2±x (including stoichiometric FeSe2) up to 500 K,1 the
current reviewer suggests adjusting the 298.15 K value and temperature-dependent
equations for FeSe1.95, recommended above, by adding or subtracting an appropriate
fraction of the corresponding value and polynomial equations for elemental Se from
[2005OLI/NOL], in accordance with the following reaction:

FeSe1.95 (cr)  (0.05 ± x)Se(cr, trigonal)

FeSe2±x (cr)

Figure A-32 : Experimental heat-capacity data for “FeSe2” from [1962GRO/WES]
unadjusted for phase composition, [1975GRO] adjusted to the composition FeSe1.95 by
subtracting the contribution from free selenium, and fitted values for FeSe1.973 based on
enthalpy measurements, from Table 3 of [1972SVE]. Data from [1975GRO] above the
peritectoid decomposition of FeSe1.95 at 853 K are excluded. The solid line represents
the fitted equations (see text) for the temperature ranges 298.15 to 673.3 K and 673.3 to
853 K.
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500 K is the upper limit for the recommended heat-capacity equation for Se(cr, trigonal) in TDBSelenium [2005OLI/NOL].
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o
This assumes that ΔC p ,m (T ) = 0 for this reaction at all temperatures between
298.15 and 500 K.

Grønvold considers various possible reasons for the steeply rising heatcapacity curve (Figure A-32), which is substantially different from the relatively flat
curve for NiSe2 [1975GRO]. He attributes the rise to development of positional disorder
of Fe within the FeSe2 structure.

[1975JAM/MUR]


3

The kinetics of substitution of pyridine (py) by HCN and CN in Fe(CN)5 py were
studied spectrophotometrically at 25 °C. Additional equilibrium measurements were
reported of the “anation” of Fe(CN)5 H2 O3 and Fe(CN)5 H2 O2 by the anions, Cl–, Br–
and I– at 25 °C. The ionic strength of these solutions was maintained using the sodium
salts of the complexing anions and NaClO4. The results of the equilibrium
measurements are given in Table A-29.

Table A-29: Summary of results for the reaction of the Fe(CN)5 H2 O2 (a) with various
anions to form Fe(CN)5 X3 at 25 °C.
X
I
Br
Cl
CN
(a)
(b)

Ic
Kc / dm3·mol-1
1.00
(5.3 ± 0.4)
4.55
(38.4 ± 0.1)
0.18-4.55
1.00
0.3
4.55
(1.73 ± 0.09)
0.77 and 1.34(b)
4.6
(0.53 ± 0.13)
1.0
(5 ± 3) × 108
The molarities of Fe(CN)5H2O3– and Fe(CN)5H2O2– present were 5 × 10-6 and
3.5 × 10-4 mol·dm-3.
The weakness of the chlorido complex necessitated adding 0.2 to 1.34
mol·dm-3 NaBr.
Max. Range of cNaX
0.013-0.91

The high concentrations of complexing anions used in this study created variablecomposition mixed electrolytes for which no specific equilibrium constants could be
extracted unambiguously.

[1975JOH2]
This potentiometric study of the formation of the monofluoridoiron(III) complex at
25 °C utilised a fluoride-sensitive membrane electrode versus an Ag|AgCl(s) reference
electrode in a cell with liquid junction. The reproducibility of the cell was only ± 0.5
mV. The ionic strength was controlled mainly with NaClO 4 at Ic either 0.5 ( c  fixed at
F
either 0.0005 or 0.001; cFe(III) was varied from 0 to 0.1; cH+ = 0.2) or 1.0 ( c  fixed at
F
either 0.0005 or 0.001; cFe(III) was varied from 0 to 0.05; cH+ = 0.4). Johansson
expressed the complex formation equilibrium as:
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Fe3+  HF(aq)

FeF2+  H+

(A.93)

The values adopted for the acid-dissociation constant for HF(aq) were (1.24 × 10-3) and
(1.11 × 10-3) mol·dm-3 at Ic = 0.5 and 1.0, respectively, while the first hydrolysis
3+
constant for Fe was taken as (1.6 × 10-3) mol·dm-3 at both ionic strengths (these values
were taken from Sillén and Martell [1964SIL/MAR], [1971SIL/MAR], and Ahrland and
Kullberg [1971AHR/KUL]). Due in particular to the high perchloric acid concentration
maintained in this cell, liquid-junction potentials estimated by the author would indeed
3+
be trivial. Furthermore, hydrolysis of Fe would have been a minor contribution to the
estimated total iron(III) concentration.
The author recognised that the metal ion concentrations eventually exceeded
the constant ionic medium principle in each series and adopted the novel approach of
extrapolating the observed *K1 values to zero metal concentration. The results tabulated
in their Table 1 are shown in Figure A-33 and Figure A-34 noting that there is a
typographical error in that table where “CM × 102” should read “CM × 103”. The values
of *K1 obtained by linear extrapolation of the apparent formation constants with 2σ
uncertainties to cFe(III) = 0 are: (180.2 ± 0.6), (178.4 ± 0.9), (179.0 ± 0.6), and
(178.3 ± 1.2) dm3·mol-1 at Ic = 0.5; and (154.4 ± 0.3), (152.5 ± 2.8), (152.5 ± 1.4), and
(153.7 ± 0.6) dm3·mol-1 at Ic = 1.0. There is no observable trend in the extrapolated *Kc,1
values at each ionic strength, indicating that despite the variation in fluoride molarity,
only the monofluoridoiron(III) complex needed to be considered.

Figure A-33: Plot of the apparent molar formation constant (Equation (A.93)) versus the
total iron(III) molality at Ic = 0.5 where the different symbols represent data from four
titrations.
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The weighted mean molar values of *Kc,1 obtained from these fits with 2σ
uncertainties are: (179.3 ± 0.7) at Ic = 0.5 and (154.2 ± 0.5) at Ic = 1.0 {Johansson
reported values of (180 ± 2) and (153 ± 2) dm3·mol-1, respectively}. Conversion to
molal quantities using densities predicted in [1985SOH/NOV] yielded: log 10Km,1 =
(5.15 ± 0.10) at Im = 0.513 and log10Km,1 = (5.12 ± 0.10) at Im = 1.05, where the
uncertainties were adopted from those reported in the original paper.
Using parameters previously recommended in the TDB series (e.g.,
[1992GRE/FUG]), the values of log10Km,1 calculated for the dissociation of HF(aq) at
25 °C and Im = 0.513 and 1.05 are virtually identical to those used in this study, i.e.,
only 0.01 greater in each case. This appears to be a thorough study with a wide range of
conditions and an adequate number of data points being collected. The rather novel use
of the iron(III) concentration dependence, which was in any case rather small, appears
to have satisfied the constant ionic medium concept, noting also that if the author had
simply taken the results at the two lowest iron(III) molarities, which are sufficiently low
as to satisfy the constant ionic medium principle, very similar formation constants
would have resulted.

Figure A-34 : Plot of the apparent molar formation constant (Equation (A.93)) versus
the total iron(III) molality at Ic = 1.0 where the symbols and regression lines are:
Experiment 1, open triangles, solid line; Experiment 2, solid triangles, short dashed line;
Experiment 3, open circles, dotted line; Experiment 4, solid circles, long dashed line.
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[1975KAT/WAK]
This paper by Katsura et al. is concerned primarily with phase equlibria in the systems
Fe-Fe2O3-Cr2O3, Fe-Fe2O3-V2O3, FeO-Fe2MoO4-Fe3O4 and FeO-Fe2O3-ZrO2,
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respectively. For this purpose activities were determined, and relevant for this review
are the determined activities a(Fe2+0.5Fe3+O2) for the system Fe-Fe2O3-Cr2O3 at T =
1500 K, that can be used for the calculation of the activity of magnetite at this
temperature as a function of composition in the spinel solid solution. Activities were
determined by measuring the partial pressure of oxygen log10 pO2 .
Only Katsura et al. determined the activity-composition relations using the
equilibria of the magnetite-chromite spinel solid solution with wüstite or with iron,
taking the properties of wüstite as a solid solution into account. Therefore, these data are
considered as the most reliable. They used analytical grades of Fe2O3 and Cr2O3 and
dried these starting materials in air at T = 700 °C. Mixtures of the desired Fe2O3/Cr2O3
ratios were prepared by grinding repeatedly in an agate mortar under ethyl alcohol, and
all mixtures were subsequently heated in air at T = 1200 °C. Partial pressures of oxygen
were measured by means of the solid electrolyte cell composed of (ZrO2)0.85(CaO)0.15.
Differences between measured and calculated partial pressures were within ± 0.01 of
log10 pO2 in the range 10-5 to 10-9 mbar pO2 . To get the correct values for the activity of
magnetite at T = 1500 K, the values for the system Fe3O4-FeCr2O4 given in Table III of
[1975KAT/WAK] had to be re-calculated. The following Table A-30 shows the values
that were used in this review (N denotes the mole fraction and a the activity):

Table A-30 : Activities of magnetite in the system Fe3O4-FeCr2O4 at T = 1500 K.
N(Fe3O4)
1
0.893
0.838
0.713
0.560
0.432
0.330
0.225
0.208
0.142
0.085
0.025
0

a(Fe3O4)
1
0.792
0.692
0.551
0.371
0.250
0.173
0.110
0.094
0.041
0.015
0.002
0

[1975KUL/FOM]
Potentiometric experiments were conducted at 20 °C on two iron(III) aqueous systems
(viz., Fe(III)-H3PO4-HF and Fe(III)-H3PO4-H2SiF6) using the cell:

Ti | H3PO4, Fe(III), HF, H2SiF6| KCl || TlCl | Tl
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These unique measurements were made at extremely high concentrations (e.g.,
3-9.8 mol∙dm-3) of H3PO4, and up to 1.0 and 0.17 mol∙dm-3 HF and H2SiF6, respectively.
Stable potentials were reached slowly suggesting to the authors that iron(III) was being
complexed by fluoride ions liberated by the dissociation of the hexafluoridosilicate
anion rather than with the parent ion directly. The assignment of the FeFn3n complex
species was based loosely on the ratio of complexed fluoride to the total stoichiometric
concentration, n. The authors did give provisional instability constants for the species
FeFn3n (n = 1-4) while acknowledging that mixed fluorido- and
hydrogenfluoridoiron(III) species may have also existed. The formation of HF2 was
taken into account, although no phosphate complexes were mentioned and no
complexation constants for iron(III) with SiF62  or other Si(IV) species were proposed.
The prevailing experimental concentrations and the complexities of this mixed
electrolyte medium are well beyond the scope of this review so that no further analysis
of these data was attempted.

[1975OGU/MAT]
Oguni et al. carried out careful measurements of the heat capacity of
K4Fe(CN)6·3H2O(cr) and K4Fe(CN)6·3D2O(cr) from ~ 15 to ~ 300 K, and reported, for
each, details of the irreversible transformation of the metastable tetragonal phase to the
stable monoclinic phase, and the reversible transition of the monoclinic ferroelectric
6
( Cs4 ) phase to a monoclinic paraelectric phase ( C2h
). The tetragonal phases were found
to form readily upon recrystallization of the solids from water at room temperature, but
changed irreversibly to the monoclinic forms below ~ 218 K for the trihydrate and at a
temperature approximately 5 K higher for the trideuterate. Samples of the monoclinic
solids were prepared by different methods for comparison, and special attention was
paid to the heat-capacity changes accompanying the monoclinic ferroelectric to
paraelectric phase transitions at 247.8 K for the trihydrate and at 252.7 K for the
trideuterate. Measurements of the heat capacities of anhydrous K4Fe(CN)6(cr) between
12.3 and 302.5 K also were reported as were the results of measurements for the
tetragonal forms (232.8 to 286.9 K for the trihydrate, 239.0 to 289.4 K for the
trideuterate). Based on their measurements, the authors calculated:
C po ,m (K 4 Fe(CN)6 , cr, 298.15 K) = 333.5 J·K-1·mol-1,

Smo (K 4 Fe(CN)6 , cr, 298.15 K) = 422.5 J·K-1·mol-1,
C po ,m (K 4 Fe(CN)6 ·3H 2 O, monoclinic, 298.15 K) = 479.2 J·K-1·mol-1,

Smo (K4 Fe(CN)6 ·3H2 O, monoclinic, 298.15 K) = 592.0 J·K-1·mol-1.
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In the present review arbitrary polynomial functions have been fitted to the ( Cp /T ) data
(equally-weighted). For 298.15 K this gives 333.8 J·K-1·mol-1 as the value of
and
479.5
J·K-1·mol-1
as
the
value
of
C po ,m (K 4 Fe(CN)6 , cr, 298.15 K)
o
C p ,m (K 4 Fe(CN)6 ·3H 2 O, monoclinic, 298.15 K) . Also, values for the entropy differences over
the temperature ranges of the measurements, 421.30 J·K -1·mol-1 for
298.15 K
o
and
589.67
J·K-1·mol-1
for
12.28 K ΔSm (K 4 Fe(CN)6 , cr)
298.15 K
o
14.59 K ΔSm (K 4 Fe(CN)6 ·3H 2 O, monoclinic) , are calculated. In the present review the
recalculated values are used in selection of recommended values for
Smo (K 4 Fe(CN)6 , cr, 298.15 K) and Smo (K4 Fe(CN)6 ·3H2 O, monoclinic, 298.15 K) .

[1976DOU/DEB]
The results of this investigation of hydrolysis behaviour of iron(III) nitrate solutions
were discussed previously in Appendix A of TDB-Iron Part 1 [2013LEM/BER].
Dousma and de Bruyn suggested that their proposed mechanism for hydrolytic
formation of polymers and the subsequent precipitation probably involved incorporation
of nitrate counter-ions in the polymeric structures.

[1976FIL/SHE]
Visible and Mößbauer spectroscopy were used to study formation of polynuclear iron
phosphate complexes. Iron(III) solution concentrations were 0.001 to 0.1 mol·dm-3, and
hydrogen ion concentrations varied from 0.001 to 2 mol·dm-3. In most solutions the
Fe:P ratio was 2:1. A spectral band at 425 nm, found for solutions of iron(III) in 0.5
mol·dm-3 perchloric acid, or for solutions with a large molar excess of phosphate to
iron(III) was shifted to higher wavelengths and the intensity of the peak was greatly
enhanced for the solutions with an Fe:P ratio of 2:1. The dimer appears to be formed if
cH < 0.5 mol·dm-3. In more acidic solutions it decomposes, likely to FeH2 PO24 and
Fe3+. For “frozen” solutions (~ 93 K) a single Mößbauer peak at high acidity becomes a
doublet as the pH is raised. This behaviour is consistent with formation of a di-ironphosphato species in the pH range 1.5 to 2.5, but is inconsistent with formation of diiron-hydroxido species such as Fe2 (OH)42 . Changes in the electronic spectra for
solutions with pH values  1.7 were interpreted by the authors as indicating conversion
of Fe2 HPO44 to Fe2 (OH)PO24 . No formation constants were reported.
+

[1976FRI/CES]
This paper is discussed in the Appendix A entry of a later paper [1979FRI/GOT] from
the same research group.
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[1976GRO/WES]
This paper presents the following data:
(a) 46 heat-capacity measurements in two series on carefully separated, natural
pyrite (cubic FeS2) at 300.38 < T/K < 773.56;
(b) 63 heat-capacity measurements in three series on natural marcasite
(orthorhombic FeS2) at 6.06 < T/K < 347.52;
(c) 35 heat-capacity measurements in two series on natural marcasite at
314.46 < T/K < 700.19;
(d) three measurements of the heat of transformation of marcasite to pyrite near
700 K;
(e) four heat-capacity measurements on the pyrite transformation product from
natural marcasite at 736.32 < T/K < 773.44.
Details of the calorimetric apparatus are provided in cited publications, and
calibrations and adjustments are described. Pyrite was the same carefully purified
material, originating from the Bosmo Mine, Norway, used for low-temperature heatcapacity measurements described by the same authors in [1962GRO/WES]. The natural
marcasite sample, originating from Carterville, Missouri, contained an estimated
(6.5 ± 2.5) mass-% pyrite, based on X-ray powder diffraction measurements, while
spectrographic analysis indicated that lead (0.2 mass-%, probably present as galena,
PbS) was the only significant elemental impurity.
Based on these experimental measurements, smoothed thermodynamic
properties for pyrite up to 780 K and for marcasite up to 700 K were tabulated. The
combination of heat-capacity and heat-of-transformation measurements, including the
low-temperature measurements on pyrite from [1962GRO/WES], furnished a
convincing argument that marcasite is metastable with respect to pyrite at all
temperatures; the value of the heat of transformation at 298.15 K is discussed below.
Results for pyrite from this paper were combined with the low-temperature
measurements from [1962GRO/WES] into a single data set. This set and the marcasite
data from [1976GRO/WES] were treated in parallel fashion in the present review by
fitting C po ,m to the following overlapping empirical expressions:
(a) for data within the range 0 < (T/K) < 27, C po ,m = A(T/K)3 + B(T/K);
(b) 6th-order polynomials for data within the ranges 19.43 < (T/K) < 152.37 and
106.78 < (T/K) < 349.72 (marcasite), and 14.98 < (T/K) < 151.07 and 116.55 <
(T/K) < 348.55 (pyrite);
o
(c) the four-term expression C p ,m = A + B(T/K) + C(T/K)-1 + D(T/K)-2 for 244.64
< (T/K) < 639.61 (marcasite) and 252.56 < (T/K) < 773.56 (pyrite).
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This treatment excluded:
(a) the three lowest-temperature data for pyrite (4.60 < (T/K) < 5.43)
[1962GRO/WES], which were slight outliers and suggested a possible minor
thermal anomaly near 5 K;
(b) outlying data points for pyrite at 66.09 K and 165.68 K [1962GRO/WES], and
for marcasite at 89.92 K, which are possibly typographic errors;
(c) the data for marcasite at (T/K) > 687.92, i.e., at and beyond the specimen
conversion from marcasite to pyrite.
Figure A-35 to Figure A-38 show the data, fitted curves, and residuals, arising
from this treatment. Both of the residual plots reveal a slight mismatch between the lowand high-temperature measurements at temperatures near 298 K, which is a major
contributor to the uncertainty in the C po ,m (298.15 K) values presented below. Figure A38 also shows a slight endothermic residual feature for marcasite around 90 K; the
corresponding entropy contribution of 0.073 J·K-1·mol-1, obtained by numerical
o
o
integration, was added to the value of { S m (298.15 K) − S m (0)} derived from the fitted
equations. This anomaly corresponds to the peak of the broad feature in Figure 1 of
[1976GRO/WES], which plots the deviation in C po ,m values between marcasite and
smoothed values for pyrite. While a correction was included for this anomaly in the
enthalpy and entropy calculations for marcasite (see below), it is possibly related to
either an impurity or a slight instrumental error, rather than a physical process of
marcasite.
Integration of C po ,m and C po ,m /T, using the fitted expressions (incorporating
for marcasite the corrections for the pyrite impurity and the minor anomaly near 90 K),
yielded the thermodynamic quantities for pyrite and marcasite in Table A-31, which
also lists C po ,m (298.15 K) values as well as the values obtained by the original authors
[1976GRO/WES]. The values for pyrite in [1962GRO/WES] and [1976GRO/WES] are
identical, indicating that no adjustment was made for the slight mismatch between the
two data sets near 298 K. Differences in estimated uncertainties reflect the somewhat
better overall data quality for pyrite than for marcasite. Almost exact agreement was
obtained between this review and the original authors on the enthalpy and entropy
values, while the higher C po ,m (298.15 K) values obtained here reflect the slight
mismatch noted above. The entropy and heat-capacity values obtained in this review are
therefore adopted as recommended values in the main text (Sections IX.1.1.1.3.1 and
o
IX.1.1.1.4.5.1), with the reasonable assumption that S m (0) = 0 for both pyrite and
marcasite.
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Table A-31: Derived thermodynamic quantities for pyrite and marcasite (calorie-based
values from the original publications in parentheses).
Pyrite
-1
H mo (298.15 K) – H mo (0)/kJ·mol
-1
-1
o
o
(298.15
K)
–
(0)/J·K
·mol
Sm
Sm
−1
-1
C po,m (298.15 K)/J·K ·mol
Marcasite
-1
H mo (298.15 K) – H mo (0)/kJ·mol
-1
-1
o
o
(298.15
K)
–
(0)/J·K
·mol
Sm
Sm
-1
-1
C po,m (298.15 K)/J·K ·mol

This review

[1976GRO/WES]

9631.1
(52.92 ± 0.14)
(62.27 ± 0.20)

9631.6 (2302)
52.93 (12.65)
62.17 (14.86)

9740.1
(53.92 ± 0.41)
(62.66 ± 0.40)

9740.4 (2328)
53.89 (12.88)
62.43 (14.92)

The high-temperature heat-capacity expression and the higher-range
polynomial expression intersect at 287.1 K for pyrite and 280.4 K for marcasite,
therefore the high-temperature expressions describe C po ,m for the entire range from
298.15 K to the indicated upper limit, as follows:
K
-1
-1
[C po ,m ]780
= 1.61068 × 10-2 (T/K) + 62.5786 +
298.15 K ( FeS2 , cr, pyrite, T)/J·K ·mol
3
-1
6
-2
3.99813 × 10 (T/K) − 1.64668 × 10 (T/K)
K
-1
-1
[C po ,m ]700
= 2.25876 × 10-2 (T/K) +
298.15 K ( FeS2 , cr, impure marcasite, T)/J·K ·mol
3
-1
6
-2
54.7452 + 7.27288 × 10 (T/K) − 2.06634 × 10 (T/K) .

The latter expression refers to a marcasite specimen containing 6.5 % pyrite impurity;
correction for this impurity yields the following recommended expression for marcasite:
K
-1
-1
[C po ,m ]700
= 2.30381 × 10-2 (T/K) + 54.2006 +
298.15 K ( FeS2 , cr, marcasite, T)/J·K ·mol
3
-1
6
-2
7.50054 × 10 (T/K) − 2.09551 × 10 (T/K) .

No correction was made for the small quantity of Pb impurity (~ 0.2 mass-%).
Enthalpy increments up to 780 K, based on integration of the [C po ,m ] -expression for
pyrite, agree with the tabulated values in [1976GRO/WES] within 10 J·mol-1 (except
that the tabulated value of ( H o (T ) − H o (0) ) = 2905.2 cal·mol-1 for 400 K in Table 2 of
[1976GRO/WES] is evidently a typographical error; 3905.2 appears to be the correct
value). This agreement is illustrated in Figure A-39. Enthalpy increments up to 700 K,
based on integration of the corrected [C po ,m ] -expression for marcasite, agree with the
tabulated values in [1976GRO/WES] within 20 J·mol-1. Entropy increments based on
o
integration of C p ,m /T, using the above expressions agree with the tabulated values in
[1976GRO/WES] within 0.02 J·K-1·mol-1 for pyrite and within 0.06 J·K-1·mol-1 for
marcasite.
Based on the discussion by Grønvold and Westrum [1962GRO/WES] of earlier
heat-capacity measurements by Eucken and Schwers at 21 to 84 K [1913EUC/SCH]
and Anderson at 55 to 298 K [1937AND3], inclusion of those data is not expected to
improve the thermodynamic quantities obtained here. High-temperature enthalpy data
reported by Coughlin [1950COU] agree within 0.4 kJ·mol -1 with values derived from
the recommended heat-capacity expression in this review, and no further adjustment
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seems to be warranted (see Figure A-39). Coughlin’s data indicate, furthermore, that the
recommended heat-capacity expression appears to be valid beyond the experimental
temperature range of [1976GRO/WES], and it can probably be applied reliably for
temperatures up to 1000 K, near the upper stability limit of pyrite (see main text,
Section IX.1.1.1.3 and the Appendix A entry for [1959KUL/YOD]).
Grønvold and Westrum detected the onset of exothermic conversion of
marcasite to pyrite at 700 K, and found that it was essentially complete after 4 h at
750 K [1976GRO/WES].
FeS2(cr, marcasite) → FeS2(cr, pyrite)
They measured a value of Δ r H mo (700 K) = – (1.05 ± 0.05) kcal·mol-1, and thence
obtained Δ r H mo (0 K) = – (0.95 ± 0.05) kcal·mol-1, or – (3.97 ± 0.21) kJ·mol-1, both
values being corrected for the pyrite impurity, for this reaction. Combining this with
their tabulated values of ( H mo (298.15 K) − H mo (0 K)) for marcasite and pyrite yields
Δ r H mo (298.15 K) = − (1.016 ± 0.050) kcal·mol‑1, or − (4.25 ± 0.21) kJ·mol‑1. Accepting
their measurement for the enthalpy of reaction at 700 K, and their overall uncertainty,
but using the heat-capacity expression derived above, a slightly different value, Δ r H mo
(298.15 K) = – (4.12 ± 0.21) kJ·mol-1, was obtained in this review. The following value
is recommended:

Δ r H mo (FeS2, cr, marcasite → pyrite, 298.15 K) = – (4.2 ± 0.3) kJ·mol-1

Figure A-35: Heat-capacity data and fitted values for pyrite.
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Figure A-36: Residuals, expressed as C po ,m (T/K)-1, between pyrite heat-capacity data
from [1962GRO/WES] and [1976GRO/WES] (combined) and empirical, fitted
equations.
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Figure A-37: Heat-capacity data [1976GRO/WES] and fitted values for marcasite. Data
used for fitting (circles), excluded data (×), set of curves for empirical equations (line).
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Figure A-38: Residuals, expressed as C po ,m (T/K)-1, between marcasite heat-capacity
data [1976GRO/WES] and empirical, fitted equations.
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Figure A-39: Enthalpy differences from values obtained by integration of the
recommended expression for C po ,m (FeS2, pyrite, T). Smoothed, tabulated values from
[1976GRO/WES] (solid diamonds); high-temperature enthalpy measurements from
[1950COU] (open circles); enthalpy expression derived by Coughlin [1950COU] (solid
line); empirical, polynomial fit of Coughlin’s data (broken line).
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[1976KHA/BEL2]
Potentiometry was used to study the formation of the mono- and di-fluoridoiron(III)
complexes presumably at 25 °C and Ic = 0.5 (0.5 mol·dm-3 HClO4 or 0.1 mol·dm-3
HClO4 0.4 mol·dm-3 NaClO4). This technique like those used by many other
investigators relied on the effect of complexing of Fe(III) on the rapid Fe(III)/Fe(II) )
redox couple at a platinum electrode. The fluoride concentration was varied from
{(1-500) × 10-6} mol·dm-3. The acid-dissociation constant for HF(aq) was assumed to
be 10-3 mol·dm-3. The cell contained a platinum electrode immersed in equimolar
solutions of iron(II) and iron(III) perchlorate (0.001 mol·dm-3) connected via a salt
bridge to a half cell containing saturated KCl with a Hg 2 Cl2 | Hg reference electrode.
Values of K1 and K 2 were given as (2.10 × 105) and (5.1 × 103) in 0.5 mol·dm-3
HClO 4 and (2.40 × 105) and (9.2 × 103) dm3·mol-1 in 0.1 mol·dm-3 HClO 4 , 0.4
mol·dm-3 NaClO 4 . No other details were provided of the experimental technique or the
data reduction procedure including whether higher-order complexes were even
considered to exist. Conversion to molal quantities using densities predicted in
[1985SOH/NOV] yielded: log10 K1 = 5.31, log10  2 = 9.01 and log10 K1 = 5.37,
log10  2 = 8.97 in the two respective media at Im = 0.513 and 0.103.
The strongly acidic solutions employed in this study removed the requirement
to consider Fe3 hydrolysis reactions, but there is concern that oxidation of Fe(II) to
Fe(III) could have occurred especially at the platinum electrode. However, oxidation
should have resulted in lower fluoride complexation constants not higher ones. The
log10 K1o value recommended by the TDB series for the dissociation of HF(aq) at
25 °C is ‒ (3.18 ± 0.02). For this equilibrium, Δ =  (Na  , F ) +  (H  , ClO4 ) =
(0.02 ± 0.02) + (0.14 ± 0.02) = (0.16 ± 0.03) kg·mol-1, leading to an estimated log10 K1
value of ‒ 2.91 compared to – 3.0 used in this study for Im = 0.513. This
underestimation of the actual free fluoride ion concentration would lead to lower
formation constants, but only by < 0.1 in log10 K n .

[1976KIN/SHI]
The authors described the synthesis of a high-pressure form of FePO4(cr) by application
of pressure, 40 to 60 kbar, at 900 °C to a sample of the trigonal (α-quartz) form of
FePO4(cr). A powder X-ray diffraction pattern was obtained using a sample treated at a
somewhat higher pressure (85 kbar for one hour), but after the material had been rapidly
cooled to room temperature and the pressure released. The X-ray pattern was
completely indexed as an orthorhombic CrVO4-type structure. The authors also reported
the density and Curie temperature of the high-pressure solid, but provided no
thermodynamic data.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

498

A. Discussion of selected references

[1976PIN/VOL]
The authors reported on a study of solid-phase relationships in the iron(III)selenium(IV)-H2O system, primarily for temperatures between 120 and 240 °C. Their
starting material at room temperature was identified as Fe 2(SeO3)3·7H2O(cr), and their
powder X-ray diffraction pattern earlier for that compound [1970PIN/VOL] was similar
to that of the mineral mandarinoite “Fe2(SeO3)3·4H2O(cr)” [1978DUN/PEA] (or
Fe2(SeO3)3·6H2O(cr) [1984HAW]). A similar powder X-ray diffraction pattern also was
reported by Nishimura et al. [2005NIS/HAT] for a compound Fe2(SeO3)3·5H2O(cr).
The powder X-ray diffraction pattern reported for Fe2(SeO3)3·3H2O(cr), corresponds
well with that reported by Giester et al. [1996GIE/PER] for a solid synthesised from
solution at 370 K. The authors’ conclusions regarding the composition of solids formed
in hydrothermal solutions are in reasonable agreement with those of Nishimura et al.
[2005NIS/HAT] for temperatures above 90 °C, especially for solids isolated from
solutions at higher temperatures and low total Se(IV) concentrations. No chemical
thermodynamic quantities have been calculated from the information in this paper.
[1976POW/FIN]
This review, with 120 references drawn mainly from the period 1960-1975, and
especially 1970-1975, updates Ward’s review of low-temperature iron sulfide structures
and properties [1970WAR]. It emphasizes then-recent developments on compositionstructure-property relationships of low-temperature pyrrhotites, as well as smythite,
greigite, mackinawite, and lesser-known solids. As with Ward’s review, pyrite and
marcasite are excluded from the scope. The title of the review includes “Part 1”, but
Part 2 does not appear to have been published.

[1976RAM]
This reference is discussed on pages 625-626 in Appendix A of the TDB-Iron Part 1
review [2013LEM/BER].

[1976RAU2]
This paper describes an exhaustive experimental study of sulfur fugacity in pyrrhotite
over the entire composition range, bounded by the univariant Fe(cr)-FeS(cr), Fe1 x S(cr)
- FeS2 (cr) , and Fe1 x S(cr) - S(l) equilibria, at 820 to 1374 K. The study is based on a
combination of direct measurements of sulfur vapour and indirect methods on H 2S/H 2
gas mixtures. Results are discussed in terms of the energetics of iron vacancies and
other defects in the pyrrhotite structure.
Because of the high experimental temperatures, this study is of limited use in
the current review. The f S2 -T-composition data obtained at 820 to 1016 K agree well
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with the Toulmin-Barton relationship [1964TOU/BAR] within this temperature range,
as discussed in the Appendix A entry for that paper.
Rau [1976RAU2] performed third-law calculations to obtain the following
enthalpies of formation:

 f H o ( FeS , troilite, 298.15 K) = – (22.2 ± 0.5) kcal∙mol-1 = – (92.9 ± 2.1) kJ∙mol-1
 f H o ( FeS2 , pyrite, 298.15 K) = – (40.07 ± 0.8) kcal∙mol-1 = – (167.7 ± 3.4) kJ∙mol-1
Assuming that the uncertainty in the troilite value is propagated in the pyrite
o
value, these values yield  r H (298.15 K) = – (74.8 ± 2.7) kJ∙mol-1 for the sulfidation
of troilite to pyrite, but this is based on thermal data that preceded the high-quality heatcapacity measurements of Grønvold and Westrum [1976GRO/WES] for pyrite and by
Grønvold and Stølen [1992GRO/STO] for troilite, which were used in the current
review. Insufficient details are provided by Rau to adjust these enthalpy values for
inclusion in the final evaluation of the enthalpies of formation of troilite (Section
IX.1.1.1.2.1.2) and pyrite (Section IX.1.1.1.3.2).
Rau defined the phase boundaries of the homogeneity range of Fe1 x S as a
function of temperature (Figure 5 of [1976RAU2]). This phase diagram can be
compared to those given by Power and Fine [1976POW/FIN] (see main text, Figure IX2), and by Stølen and Grønvold [1987STO/GRO], [1992GRO/STO]. The phase diagram
given by [1976RAU2] is restricted to higher temperatures, ~ 600 to 1600 K, and
compositions between ~ 49.5 and 56.4 atom-% S. The other cited phase diagrams cover
comparable compositional ranges, but at lower temperatures: 273.15 to 623.15 K for
[1976POW/FIN], ~ 300 to 1100 K for [1987STO/GRO], and ~ 300 to 750 K for
[1992GRO/STO].
Within comparable temperature regions, for the most part the positions of the
phase boundaries defined by [1976RAU2] are nearly identical to those in the three cited
diagrams, but there are some significant differences, especially for one of the pyrrhotite
compositions of particular interest in the current review, Fe0.900S . According to the
older papers of [1976RAU2] and [1976POW/FIN], the equilibrium phase of Fe 0.900S is
located within the two-phase field (1C pyrrhotite + pyrite) at 600 K, a temperature just
above the Néel temperature (Section IX.1.1.1.1.1). Conversely, the more recent papers
by Stølen and Grønvold locate the equilibrium phase of Fe0.900S at T = 600 K in the
one-phase field of 1C pyrrhotite [1987STO/GRO], [1992GRO/STO]. The more recent
solid-state electrochemical study by Lusk and Bray (Figure 6 of [2002LUS/BRA])
places the pyrite-pyrrhotite solvus almost exactly at the composition Fe0.900S at 600 K.

[1976SNE/SCH]
This paper by Snethlage and Schröcke is concerned primarily with the thermodynamic
analysis of the two distinct solid-solution series Fe3O4 - FeCr2 O4 and Fe2 O3 - Cr2 O3 in
the system Fe-Cr-O between 1000 and 1200 °C. The activities of Fe3O4 determined by
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measurements of partial oxygen pressure pO differ significantly from Raoult’s law. The
activities of FeCr2 O4 were subsequently calculated by Gibbs-Duhem integration. If
both activities are known the Gibbs energy of mixing can be calculated approximately
(N denotes the respective mole fraction and a the activity):
2

Gmmix  RT ( NFe3O4 ln aFe3O4  NFeCr2O4 lnaFeCr2O4 )

See the entry for [2003ZIE/CAS] in Appendix A; they used these data for their
advanced thermodynamic model of Fe3O4-FeCr2O4 spinel solid solutions.

[1977NIK3]
The molar formation constants for FeBr 2  and those for the substitution of the bromide
ligand by chloride ion were determined potentiometrically from 25 to 125 °C in aqueous
HBr solutions from 0.53 to 2.08 mol∙dm-3. The values of the logarithm of the formation
constants are listed in Table 2 of this paper for molar ionic strengths which are the same
at each temperature indicating that the author did not take into account the changing
density of these solutions with temperature and assumed complete dissociation of
HBr(aq). The fact that the ligand, bromide ion, is the only anion in solution,
compromises the effect of changing the ionic strength.
Nikolaeva used the Vasil’ev equation [1962VAS] to extrapolate the formation
constants to infinite dilution and recorded a value of log10 K1o = 1.15 at 25 °C, despite
the lack of a supporting inert electrolyte.
In view of the conflict between mass-action and activity-coefficient
contributions to the calculated formation constants, no reliable thermodynamic data
could be extracted from this paper.

[1977PET/SPI]
The authors provided conductance data for the association of LiF, RbF and CsF
solutions at 298.15 K.

[1977SOK/SAM]
The authors reported measurements of the heats of solution of Fe2 Te3O9  2H2 O(am)
and FeCl3  6H 2 O(cr) (five samples of each) in 20 mass-% HCl(aq) (6.86 m). No
elemental-analysis data were reported for the solids. The final solution concentration of
iron was approximately 0.05 mol·dm-3 in each of the calorimetry experiments. The
reported average heats of solution were – (142.3 ± 0.7) and (22.69 ± 0.09) kJ·mol-1 for
Fe2Te3O9·2H2O(am) and FeCl3·6H2O(cr), respectively. Based on an earlier study
[1971MAL/SAM] that established the heat of dissolution of TeO2(cr) in 20 mass-%
HCl(aq) to be (0.0 ± 0.1) kJ·mol-1, and auxiliary data claimed to be from the multiCHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020
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volume work “Termicheskie Konstanty Veshchestv” edited by V. P. Glushko, the
authors
reported
− (747.2 ± 3.8) kcal·mol-1
(– (3126.3 ± 15.9) kJ·mol-1)
for
o
Δf Hm (Fe2Te3O9·2H2O,am) . However, the actual values used for the auxiliary data,
Δf H mo (TeO2, cr), Δf Hmo (FeCl3·6H2O,cr) , Δf H mo (Cl–, sln) and Δf H mo (H2O, sln) at
298.15 K, were not reported. In the present review, using the same assumption about the
heat of dissolution of TeO2(cr), and with 298.15 K auxiliary data from Parker
[1965PAR] ( L1 (HCl, 6.86 m) = – 0.82 kJ·mol-1, L2 (HCl, 6.86 m) = 13.70 kJ·mol-1),
o
and from Chapters III and IV of the present TDB volume ( Δf H m (TeO2, cr),
o
o
o
–
Δf H m (FeCl3·6H2O, cr), Δf H m (Cl ), and Δf H m (H2O, l)), a very different value,
o
– 2128 kJ·mol-1, is calculated for Δf H m (Fe2Te3O9·2H2O, am). This is approximately
998 kJ·mol-1 (or 333 kJ·(mol Te)-1) less negative than the reported value. The paper of
Sokolov et al. [1977SOK/SAM] also reported results of similar experiments to
o
o
determine Δf H m (NiTeO3·2H2O, am) and Δf H m (CoTeO3·H2O, am). In both cases
their reported enthalpy of formation values are approximately 333 kJ·mol-1 more
negative than what is recalculated in the present review. No reason for the difference is
obvious, but one strong possibility appears to be that the authors systematically used an
o
incorrect value for Δf H m (TeO2, cr). It also is possible that the value used for the heat
of dissolution of TeO2(cr) in 20 mass-% HCl(aq) is greatly in error, but the large size of
the discrepancy, and consideration of the early work of Thomsen [1908THO] and
Mixter [1910MIX], makes this less likely.

[1978NIS/TOZ]
The solubility of a (probably) poorly crystalline FeAsO 4(s) material at 298 K was
measured in solutions with pH values between 1.82 and 3.10 by approaching saturation
from both above and below. The pH was adjusted by addition of H 2SO4 and NaOH(sln)
(< 0.013 M H2SO4 [2006LAN/MAH]). Although hydrolysis of iron(III) was taken into
account, possible sulfate complexation or incorporation in the solid was not considered.
The molar ratios of Fe:As in the final solutions were less than 1.0 for the all dissolution
experiments and for the precipitation experiments in which the initial iron
(Fe(SO4)1.5(sln)) and arsenic (Na2HAsO4(sln)) concentrations were equal (0.005
mol·dm-3). The value of the solubility product was reported to be 10 -21.6. Some of these
data were reanalysed by Langmuir et al. [2006LAN/MAH] (as data from Tozawa et al.
[1978TOZ/UME]), who concluded that the solid had a solubility product of ~ 10-23. The
values for the solubility of this precipitated solid were not assessed further in the present
review.

[1978RAO/SIN]
Using a platinum-foil electrode and a saturated calomel reference electrode,
measurements of the electrochemical potentials for the Fe(CN)36 /Fe(CN)64 couple
were carried out in aqueous mixtures with several organic aqueous solvents at
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(25.0 ± 0.1) °C. In all cases an acid concentration of 0.01 mol·dm-3 was maintained
using sulfuric acid, and sodium sulfate was used to keep the value of Ic at 0.02
mol·dm-3. No details were provided concerning the Fe(CN)36 and Fe(CN)64
concentrations or the data analysis, and it is unclear whether the tabulated value of
0.370 V for E o in water was from a new measurement or if it was a comparison value
from the work of Rock [1966ROC]. The results are not used further in the present
review.

[1978TOZ/UME]
See the discussion of [1978NIS/TOZ]. In this conference proceedings, the same iron
arsenate solubility data were reported as in that paper by two of the same authors
[1978NIS/TOZ]. The only additional information relevant to the present review were
plots of TGA and DTA results to > 1300 K that confirmed earlier work of dYvoire and
Ronis [1968YVO/RON], [1968YVO/RON2].
[1979CAM/MAG]
Using XRD the authors established the exclusive existence of Fe(H 2 O)36 in three
aqueous solutions (0.776, 1.554 and 2.482 mol∙dm-3) of what was essentially Fe(NO3 )3 ,
though the latter solution contained a small excess of nitrate ion. The mean Fe-O
distance for the three solutions was (0.2043 ± 0.0004) nm. The authors suggested that
the nitrate anion was not hydrated, although they did not claim that the evidence was
definitive. No evidence of the inclusion of nitrate anions in the hydration spheres
surrounding Fe(H 2 O)36 was presented.

[1979FRI/GOT]
The primary purpose of the heat-capacity measurements reported in this paper (0.06 to
0.4 K) and a previous paper (0.4 to 4.0 K) from the same research group
[1976FRI/CES] was to investigate the effects of magnetization of K3Fe(CN)6(cr) in
strong magnetic fields, defining a region in which antiferromagnetic ordering of the ions
is predominant. An 18.62 g spherical single-crystal was used. Smoothed values of heat
capacities for the solid as a function of temperature and magnetic field were reported,
including values from 0.06 to 4.0 K in the absence of an applied magnetic field. The
zero-field values in this temperature range are in good agreement with values from
some other studies [1963DUF/LUB], [1968RAY/VIL], but do not confirm the existence
of the small maximum reported by Gregor and Fritz [1961GRE/FRI] at 1.2 K.

[1979KAT/WAT]
This paper by Katayama et al. is concerned primarily with potential-difference
measurements on spinel-type solid solutions of the Fe3O4-NiFe2O4 system, using a
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galvanic cell containing ZrO2 + CaO as solid electrolyte, in the temperature range from
1200 to 1350 K. For each composition of the solid solution, the potential difference is a
linear function of temperature in this high-temperature region. The activities of Fe3O4
derived from the potential-difference values obey Raoult’s law in the range of the molar
ratio x(Fe3O4) = 0.3 to 1.0, but do not obey Raoult’s law in the range x(Fe3O4) = 0 to
0.3.
The data published in [1979KAT/WAT] are the only known activity data for
the system Fe3O4-NiFe2O4. However, their data have to be taken with care and cannot
simply be extrapolated to lower temperatures. Figure A-40 shows the differences
between the Gibbs energy of mixing Gmmix at 1273 K determined by their potentialdifference measurements and Gmmix (calc), calculated from cation distributions based on
octahedral site preference energies [1975JAC/ALC], respectively. The differences of
approximately up to 900 J·mol-1 are apparent, significant, and still unexplained.
Therefore, no extrapolation to lower temperatures was performed in this review.
Figure A-40: Enthalpy of mixing Gmmix (J∙mol-1) of the spinel solid solution Fe3O4NiFe2O4 at T = 1273 K. For comparison the expected values for an ideal solid solution
(stars) are also shown.
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[1979HAM]
Hammer collected thermodynamic data on a wide range of metal fluoride complexes,
including iron(III), from the literature. The author also carried out potentiometric
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titrations in a cell fitted with commercial fluoride-sensitive and reference electrodes for
each system, albeit at high ionic strength made up principally with HNO3. Three sets of
formation constants derived from these measurements were listed at 45 °C and Ic = 2.88
(HNO3) are: * K c ,1 = 87.6, * c ,2 = 1210 and * c ,3 ≈ 600; at 60 °C and Ic = 0.96 (HNO3)
*
K c ,1 = 121, * c ,2 = 881 and * c ,3 ≈ 560; at 60 °C and Ic = 2.88 (HNO3) * K c ,1 = 111.
The author took the formation of HF2 into consideration, citing Brosset and Wahlberg
[1943BRO/WAH] but there was no mention of possible H2F+ formation at these high
H+  F )
acidities. Nitrate was assumed not to coordinate Fe3+. The log10 K c,1 ( HF
values measured in an HNO3 medium were claimed to have the same ionic-strength
dependence as those reported in an NaNO3 medium [1943BRO/WAH]. After
conversion to molal quantities using the density data from [1985SOH/NOV], the
equilibrium constants remain the same but the respective ionic strengths are Im = 3.16
(HNO3) at 45 °C and Im = 0.99 (HNO3) and 3.19 (HNO3) at 60 °C.
Due to the nature of the medium, the formation constants reported in this paper
were not treated further.

[1979REA]
Solubility experiments were conducted at (22 ± 3) °C using only 0.1 g of amorphous
silica prepared by Reardon in 100 cm3 solutions of various concentrations of iron(III)
nitrate and nitric acid. After one year, presumably without agitation, liquid samples
were withdrawn through a 0.45 μm filter. The analytical results for six independent
experiments are tabulated as well as those for three blank experiments to which no iron
was added. The author’s analysis took into account five ancillary equilibria including
one involving the formation of FeNO32 which could have been ignored because the
nitrate concentration was < 0.05 mol·kg-1. The ionic strengths tabulated ranged from
0.010 to 0.079 mol·kg-1 so that the equilibrium constants given for Reaction (A.94)
could be derived adequately from an extended Debye-Hückel equation.

FeH3SiO42

Fe3+  H3SiO4

(A.94)

o

The mean log10 K value, ‒ (9.79 ± 0.45) (2σ) at 22 °C, is the value also
derived by the author, who considered ‒ 9.8 to be an appropriate estimate for 25 °C.
H+  H3SiO4 ) as ‒ (9.81 ± 0.02) at
Taking the value of log10 K o for ( Si(OH)4 (aq)
log10 K o
25 °C
[1992GRE/FUG],
a
value
of
for
3+
2
+
(Fe +Si(OH)4 (aq)
FeH3SiO4  H ) = ‒ (0.02 ± 0.45) is derived.

[1979SCH/IPS]
Here, Schuster et al. report an exhaustive isopiestic study of activity relationships in the
Fe-Se system. A companion paper describes the Fe-Se phase diagram on the basis of
isopiestic work, augmented by thermoanalytical and XRD results [1979SCH/MIK].
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In each isopiestic run, small silica crucibles containing high-purity iron wire
specimens (120 to 130 mg each) were stacked, each at an individual specimen
temperature TS in a sealed tube within a gradient furnace, exposed to selenium vapour
from a reservoir held at constant temperature TR. Seven such runs, lasting from 15 to
101 days, yielded data (TR, TS, equilibrium composition by mass change, and phase
identification) for 203 specimens. Temperatures varied from 506 to 719 K for TR, and
from 700 to 1182 K for TS.
The authors [1979SCH/IPS] calculated selenium activity (aSe ) and other
thermodynamic quantities with reference to liquid selenium as a standard state (even
above its atmospheric-pressure boiling point). The calculations were based mainly on
simultaneous solution of selenium liquid-vapour equilibrium-constant ( K x ) equations
from Keller et al. [1971KEL/RIC], extrapolated to temperatures of interest by GibbsHelmholtz integration assuming constant enthalpies of reaction (i.e., implicitly
assuming  r C po ,m = 0 for all values of T for each reaction x ):
  Ho  1
1
K x (TS )  K x (TR ) exp   r x  
R  TS TR




 

The methodology is similar to the vapour-pressure study of Svendsen [1972SVE], with
the following notable differences:





A different region of pSe2 -T - composition space was explored, with minimal
overlap between the two studies, such that full inter-comparison also requires
conversion to one or more reference temperatures, e.g., by the GibbsHelmholtz method outlined above.
The activity values and other results in [1972SVE] are mostly presented with
respect to Se2(g) as the standard state.
Different sets of selenium gas equilibrium constants were used in the two
studies [1971KEL/RIC], [1966BER/CHU].

For reasons outlined in the Appendix A entry for [1972SVE], it is not possible to
evaluate the results in a manner fully consistent with the TDB database, because
temperature-dependent C p functions are not available for all Sen(g) species.
Despite the differences noted above, there is generally good agreement between
the results of this study and Svendsen’s work [1972SVE], as indicated by Figure 5 of
[1979SCH/IPS]. One important difference, however, is that Schuster et al.
[1979SCH/IPS] derived substantially more negative standard enthalpies of formation for
Fe7Se8 and Fe3Se4 (with unit and formula conversion carried out in the present review):

f H mo ( Fe7Se8 ,α, 298.15 K ) = – 612 kJ∙mol-1,

f H mo ( Fe3Se4 ,γ, 298.15 K ) = – 291.2 kJ∙mol-1 (no uncertainties given),
as compared with Svendsen [1972SVE]:

f H mo ( Fe7Se8 ,α, 298.15 K ) = – (536.0 ± 43.9) kJ∙mol-1,
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f H mo ( Fe3Se4 ,γ, 298.15 K ) = – (257.3 ± 26.4) kJ∙mol-1.
When expressed in kJ∙(g-atom)-1, however, the difference between the two
enthalpies of formation is quite small: 0.8 kJ∙(g-atom)-1 for this study and 1.1 kJ∙(gatom)-1 for Svendsen’s study [1972SVE].1 The much more negative values from
Schuster et al. arise from Gibbs-Duhem integrations that hinge on an unusually low
selenium activity for stoichiometric FeSe. This is an extrapolated value, because the
decomposition pressure of FeSe1.000 is too low to access by the isopiestic method.
Furthermore, the extrapolation extends from data obtained under the most extreme
conditions of this study (lowest TR, highest TS, and longest duration). Derivation of
selenium activities from these data would be particularly sensitive to a non-linear
relationship between log10 K and 1/T, i.e., deviation from the approximate GibbsHelmholtz solution, outlined above. For these reasons, the f H mo (298.15 K) values
from [1979SCH/IPS] are not included in the final assessments for Fe7Se8 (α) and
Fe3Se4(γ) in Sections IX.2.1.4 and IX.2.1.5, respectively, of the main text. This does not
diminish the value of this study and the companion paper [1979SCH/MIK] in providing
detailed insight into the Fe-Se phase diagram and associated activity relationships,
except the inferences for Se:Fe ratios near unity. Overall, the study appears to support
the findings of Svendsen [1972SVE].

[1980BON/HEF]
In this IUPAC commissioned critical survey of the literature on metal fluoride
complexes, the authors’ tabulated “best values” at 25 °C and Ic = 0.5 (NaClO4) are:
log10Kc,1 = 5.18, log10Kc,2 = 3.93 and log10Kc,3 = 2.92 or log10Km,1 = 5.19, log10Km,2 =
3.94 and log10Km,3 = 2.93 at Im = 0.513 (NaClO4).
The assessment by Bond and Hefter was not documented in any detail and
their choice of values is of interest for comparison purposes only.

[1980BYR]
In this theoretical appraisal of mixed-ligand complexes the author considers the
following generalised equilibrium:

Mm  aXu   bYv 

MXaYb( m au bv )  .

(A.95)

For ligand number N = a + b it apparently follows from statistical theory that:

 a ,b ,1 

1

[MX a Yb ]
N!

( x Na y  Nb )1/ N
[M][X]a [Y]b a !b !

These values refer to gram-atoms of Fe and Se combined, i.e., moles of iron selenide when the
composition is expressed as FexSe1-x.
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[MX N ]
[MYN ]
and y  N 
all at some finite ionic strength.
N
[M][X]
[M][Y]N

For the simplest example of a = b = 1, as in the case of the FeOHF+ complex in
[1996SOL/BYR], which cites this paper, it follows that:
[MXY] = 2{[MX2][MY2]}0.5.

(A.97)

The above is simple algebra, but then the author goes on to take a subsystem,
Ms, of the total metal concentration, MT, such that:
MT  M s  [MXY]  [MX 2 ] + [MY2 ] .

(A.98)

Equation (A.98) is only valid for weak complexing when the free metal
concentration is almost equal to the total metal concentration. Additional algebra leads
the author to conclude that the maximum value of the ratio [MXY]/Ms is 0.5, so that “a
mixed species MXY never represents more than 50% of the total dissolved metal, MT .”
The logic in this paper could not be validated and therefore the limitation
imposed by the calculation of the value of 1,1,1 is not accepted in the present review
(see [1996SOL/BYR]). No new experimental data are contained in this paper.

[1980CIA]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER].

[1981BON/NUN]
The authors discussed association in HClO 4 and HF solutions based mainly on
existing Raman and NMR data while also proposing the structures of these associates as
well as that of the HF2 anion. The logarithm of the association constant for the
formation of HF(aq) and its protonation to form HF2 were quoted to be in the ranges
2.82-3.3 and 0.4-0.77 at 298.15 K. Heat-capacity and volume data were also presented
to support ion association in HClO4 solutions (> ca. 0.6 mol·dm-3), but no new
experimental data were presented in the paper.

[1981MAK/SAG]
The authors measured the solubility of precipitated iron(III) arsenate solids aged at
40 °C, dried at 50 °C and equilibrated at pH values of 3, 5, 7, 9, 11 at 25, 37, 49, 61, and
73 °C. Only the material precipitated at a pH of 1.35 (an amorphous hydrated FeAsO 4
prepared from solutions of Na2HAsO4 and Fe(NO3)3) was used to determine solubility
product values. The method of pH adjustment was not reported. The analytical molar
concentrations for iron(III) and As from dissolution of this salt at pH 3 were
approximately equal to each other at each temperature, and the calculated solubility
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products at the five temperatures were 3.5 × 10-21, 2.5 × 10-20, 1.4 × 10-19, 7.8 × 10-19
and 3.6 × 10-18, respectively. The source of the auxiliary data was not stated. No iron
was detected in equilibrated solutions with pH values between 5 and 11. This indicates
that in these latter solutions ferrihydrite or some other iron oxide or hydroxide solid was
precipitated. There seem to have been no tests to confirm that the final solids in the
experiments done at the different temperatures were the same material. The solubility
result at 298 K for a solution with a pH value of 3 is consistent with those of similar
studies [1956CHU3], [1990ROB], but results for the metastable precipitated solid are
not assessed in detail in the present review.

[1981MAR/ROD]
The solubility of a hydrated FeSO3 solid in deoxygenated aqueous solutions at 20, 50,
70 and 80 °C was reported in terms of mass-% solid. The solid, prepared by
precipitation from an aqueous iron(II) sulfate solution by addition of a slight excess of
Na2SO3, was reported to be FeSO3 1½ H 2 O , and a plot of the solubility against
temperature appears to be smooth and monotonic. Both the aqueous sulfite and iron(II)
concentrations were determined (iodometrically and colorimetrically, respectively) from
solutions equilibrated with samples of the washed solid (liquid:solid ratio of 4:1).
Temperatures were maintained within ± 0.5 K. The solubility at 298.15 K, calculated
from a plot of the reported data, was 0.0286 mass %, or ~ 0.0018 mol·kg-1.
Unfortunately, no information was provided about the pH of the aqueous solutions, and
the hydration of the reported solid is not consistent with any for which X-ray structures
have been reported [1979JOH/LIN], [1980JOH/LJU], [1981LUT/ECK]. Therefore, no
reliable value for the dissolution equilibrium at zero ionic strength can be calculated for
the partially characterised solid.

[1982INA/NAK]
Inaba et al. [1982INA/NAK] prepared three iron-chromium spinels, Fe3-x Crx O4 (cr)
with x = 0.6, 0.8, and 1.0, by a three-step high-temperature synthesis from mixtures of
solid Fe2 O3 and Cr2 O3 (99.99 % stated purity). The final heating step was for 5 h at
1250 °C in flowing Ar gas with an oxygen-impurity partial pressure of ~ 1 Pa, after
which samples were quenched to room temperature. XRD of sample powders confirmed
spinel products with the cubic lattice parameter, a0 = 0.8386, 0.8388, and 0.8399 nm
(all ± 0.0003 nm) for x = 0.6, 0.8, and 1.0, respectively.
Heat-capacity measurements from 200 to 850 K were performed on ~ 7-g
powder samples sealed under helium (~ 27 kPa) in fused-silica vessels, using an
adiabatic scanning calorimeter under nitrogen gas (~ 270 Pa). Data were tabulated for
rounded temperature intervals of 20 K from 200 to 840 K (x = 0.6) or to 800 K (x = 0.8
and 1.0), as depicted in Figure A-41; the authors’ estimated uncertainty in the
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measurements is 1 % [1982INA/NAK], which is consistent with the quality of curve
fitting obtained in the current review.

Figure A-41: Measured heat capacities (smoothed values at regular temperature
intervals) of Fe3-x Crx O4 (cr) (x = 0.6, 0.8, and 1.0) from Table 1 of [1982INA/NAK].
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Inaba et al. separated the measured heat capacities into constant-volume lattice, dilation,
and magnetic contributions. The magnetic contributions are manifested as large λ-type
anomalies with peak temperatures of 652, 563, and 451 K, and calculated entropy
contributions of 52.6, 49.7, and 46.3 J∙K -1∙mol-1, for x = 0.6, 0.8, and 1.0, respectively.
These values are higher than expected for spin randomization alone, and are explained
by Inaba et al. in terms of degenerate orbital contributions from Fe2+ [1982INA/NAK].
K
o
Table A-32 and Table A-33 present values of C po ,m (298.15 K), 800
298.15 K S m ,
and fitted quadratic expressions for C po ,m vs. T, obtained in the current review. These
may be useful for some thermodynamic estimates, but are not recommended values
because they were obtained from materials quenched from above 1500 K, and therefore
may not represent equilibrium structures with potential separation of two spinel phases
at lower temperatures (cf. [2005ZIE/GAD] and [2007ZIE/GAD], and Section VII.3.9 of
the main text). The 1 % uncertainty thus reflects only the precision of the curve-fitting,
and not necessarily the accuracy of the data for equilibrium phases.
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Table A-32: Thermodynamic quantities (J∙K-1∙mol-1) derived from the heat-capacity data
for Fe3-x Crx O4 (cr) (x = 0.6, 0.8, and 1.0) in Table I of [1982INA/NAK].
Substance

C po,m (298.15 K)

Fe2.4Cr0.6O4 (cr)
Fe2.2Cr0.8O4 (cr)
Fe2.0Cr1.0O4  cr 

(155.6 ± 1.4)
(158.9 ± 1.0)
(158.9 ± 1.5)

o
800K
298.15K S m

(197.7 ± 2.1)
(192.5 ± 1.1)
(187.5 ± 1.3)

o
Table A-33: Parameters for fitted expressions of the form: Cp,m
(Tmin to Tmax)/J∙K-1∙mol-1
= A + B∙(T/K) + C∙(T/K)2.

Substance

Tmin / K

Tmax / K

A

B

C

Fe2.4Cr0.6O4 (cr)

298.15
401.2
651.3
298.15
403.7
562
298.15
499.5

401.2
651.3
800
403.7
562
800
499.5
800

– 7.15
16.66
1360.36
– 22.49
2.84
489.18
– 17.41
230.16

0.76955
0.50490
– 2.86553
0.87315
0.61485
– 0.74240
0.81998
– 0.08188

– 7.5000 × 10-4
– 2.3832 × 10-4
1.76894 × 10-3
– 8.8753 × 10-4
– 4.0314 × 10-4
4.7203 × 10-4
– 7.6633 × 10-4
4.692 × 10-5

Fe2.2Cr0.8O4 (cr)

Fe2.0Cr1.0O4 (cr)

[1982LIN]
The author made solubility measurements for freshly precipitated sulfites of cobalt,
nickel and iron(II), but only minimum solubilities in solutions containing excess sulfite
were reported. For iron this value was 22 mg·L-1 (0.00012 mol·kg-1) for what was
reported to be a trihydrate (no reference was given to the source for the comparison Xray diffraction pattern). No reliable value for the dissolution equilibrium at zero ionic
strength can be calculated from the information in the paper.

[1982MU/PER]
A study of the decomposition of ten metal nitrate hydrates, including
Fe(NO3)3·9H2O(cr) was carried out using a thermogravimetric analyser with differential
scanning calorimeter and differential scanning analysis modules. All experiments were
conducted in a stream of nitrogen and with a heating rate of 1 K·min-1. Decomposition
of Fe(NO3)3·9H2O(cr) was reported to have occurred primarily in two stages—between
305 and 413 K (32 and 140 °C) and 403 and 483 K (130 and 210 °C). These were
attributed to formation of Fe(NO3)3(s) and Fe2O3(s), respectively, though no analytical
evidence was presented for formation of the anhydrous nitrate.

[1982PET/JAC]
This paper by Petric and Jacob is concerned primarily with the determination of
thermodynamic properties of Fe3O4-FeV2O4 and Fe3O4-FeCr2O4 spinel solid solutions,
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but only the latter system is relevant to this review. The samples were prepared and
equilibrated with Pt under controlled CO/CO2 gas streams at T = 1673 K. The
concentration of Fe in Pt was used to determine the activity of Fe3O4 in the solid
solution. The activity of chromite was calculated subsequently by Gibbs-Duhem
integration. Knowledge of the activities of both end-members magnetite and chromite of
the solid solution enabled the calculation of the Gibbs energy of mixing Gmmix . For the
system Fe3O4-FeCr2O4 a miscibility gap at lower temperatures was detected.
For their syntheses Petric and Jacob followed standard procedures that ensured
stoichiometric compositions of the investigated samples. The samples were synthesised
from commercial-grade Fe3O4 and Cr2O3. First Fe3O4 was equilibrated under a CO/CO2
gas stream in order to yield stoichiometric magnetite. Then chromite was prepared from
mixtures of Fe + Fe3O4 + Cr2O3 in appropriate proportions. Afterwards magnetite and
chromite were mixed in desired ratios and pressed as pellets. Finally, all pellets were
placed in alumina crucibles, vacuum sealed in silica glass capillaries, and then heated at
1375 K for four days to get homogeneous solid solutions via solid state reactions.
Activities of the spinel components were determined from data obtained using
a gas-metal-oxide equilibration technique. The samples consisted of two pellets of
identical composition in contact with a Pt foil. The oxygen potential was kept constant
by a flowing CO/CO2 gas stream. Values for pO were calculated from the gas mixture.
Additionally, several samples were checked by a calcium-stabilised (cubic) zirconia
(CSZ) oxygen probe: Pt, air|CaO-ZrO2|CO-CO2, Pt. Each sample was held under springloading in a Mo-resistance furnace for seven days at T = 1673 K. During heating and
inert cooling, an inert atmosphere was maintained by passing purified Ar through the
furnace. The concentration of Fe in Pt was determined by chemical analysis, and phase
analyses of all samples were performed by powder X-ray diffraction. The activity of
magnetite was determined using the equilibrium:
2

3Fe  2O2

o
Fe3O4 ΔG1673
 591.538kJ·mol1 (1 atm. standard-state pressure) and

log10 aFe3O4  log10 K  3log10 aFe  2log10 pO2 . The value for log10 K was equal to 18.47.1
The activity data published by Petric and Jacob are the only experimental data
within this reference. All concomitant calculations are based on calculated cation
distributions and octahedral site preference energies. Therefore, only the Gibbs enthalpy
of mixing determined at T = 1673 K by Petric and Jacob is actually based on their own
experimental data. For this reason only these data were used in this review, and for the
same reason even Ziemniak and Castelli [2003ZIE/CAS] (see the corresponding
Appendix A entry) only used the data at T = 1673 K and not the calculated values at T =

1

The values of K and the corresponding ∆G are based on a Calphad optimisation, as cited by
[1982PET/JAC], and are thus not TDB-compatible. High-quality Cp data and derived thermodynamic
quantities for Fe3O4(cr) do not extend above 1050 K (see Section VII.2.7.1.5 of TDB-Iron Part 1
[2013LEM/BER]).
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1173, 1473 and 1573 K. However, the data at T = 1673 K can be used to calculate the
Gibbs energy of mixing (N denotes the respective mole fraction and a the activity):
Gmmix  RT ( NFe3O4 lnaFe3O4  NFeCr2O4 lnaFeCr2O4 )

Table A-34 shows the values that were used in this review, in accord with
[2003ZIE/CAS].

Table A-34: Activities of magnetite and chromite, and the Gibbs energy of mixing
Gmmix (J∙ mol-1) at T = 1673 K in the system Fe3O4-FeCr2O4.
N (Fe3O4 )

0.1
0.2
0.4
0.6
0.8
0.9

a(Fe3O4 )

N (FeCr2O4 )

a(FeCr2O4 )

ΔGmmix

0.0043
0.063
0.206
0.377
0.630
0.795

0.9
0.8
0.6
0.4
0.2
0.1

0.830
0.541
0.330
0.176
0.046
0.011

– 9913.43
– 14528.99
– 18045.19
– 17809.61
– 13709.03
– 9146.17

[1982SAD/LIB]
Isopiestic measurements were reported at (25.00 ± 0.01) °C for nitrate solutions of
manganese(II), cobalt(II), nickel(II), copper(II), zinc(II) and magnesium(II). The
molalities of these salts were varied from 0.1 to 5-6 mol·kg-1 using two sets of standard
solutions, LiCl and Mg(ClO4)2; the latter generally was used for the higher molality
range. The osmotic coefficients of these standard solutions were taken from Hamer and
Wu [1972HAM/WU], and Robinson and Stokes [1955ROB/STO], respectively, and
those, in fact, are smoothed values.
The resulting osmotic coefficients were fitted by the authors using a Pitzer
equation and a fifth-order polynomial. Table A-35 shows results of application of the
SIT to the osmotic coefficients limiting the maximum ionic strength to ≤ 3 mol·kg-1.

Table A-35: Ion-interaction coefficients for the divalent metal nitrates measured by
Sadowska and Libus at 25.00 °C.
Solute
Mn(NO3 )2
Co(NO3 )2
Ni(NO3 )2
Cu(NO3 )2
Zn(NO3 )2
Mg(NO3 )2

 (M 2+ , NO3 ) /kg·mol-1
(0.162 ± 0.002)
(0.152 ± 0.002)
(0.152 ± 0.002)
(0.124 ± 0.002)
(0.154 ± 0.002)
(0.162 ± 0.002)

I m / range
0.281-2.647
0.281-2.954
0.280-2.961
0.283-2.832
0.281-2.879
0.279-2.862

# of values
17
18
22
15
17
18

R2
0.9967
0.9976
0.9976
0.9965
0.9978
0.9974

In general this appears to be an excellent experimental investigation with the
possible exception of Ni(NO3)2 for which a value of (0.182 ± 0.010) kg·mol-1 was
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recommended for  (Ni 2+ , NO3 ) in the TDB nickel volume [2005GAM/BUG]. The
latter value was derived from the complete data set in [1982SAR/COV] and the osmotic
coefficients of [1982SAD/LIB], but over a much wider range of ionic strength, viz., to
15 mol·kg-1.

[1982SAR/COV]
The TDB review of the chemical thermodynamics of nickel [2005GAM/BUG] cited this
paper as a source of osmotic coefficient data which were used to establish the ioninteraction coefficient for Ni2+ with NO3 .

[1983BEC/BIL]
A hydrogen-ion concentration cell fitted with hydrogen electrodes was used to measure
the association equilibrium to form HF(aq) in 1 mol∙kg-1 NaCl(sln) from 25 to 250 °C.
The molality of fluoride was kept quite low at {(7.2-9.3) × 10-4} mol∙kg-1 while mHCl =
0.0102 mol∙kg-1. The estimated liquid-junction potential was only (0.4-0.5) mV. As
expected, the association constant was found to increase with increasing temperature
and decrease with increasing pressure.
The value of log10 K m ,1 for the association equilibrium at 25 °C and 31 bar,
which is the lowest pressure measured, was tabulated as (2.911 ± 0.013).

[1983GAS/BEC]
This was a potentiometric and spectrophotometric study of photocatalysis of the
replacement of a cyanido ligand in the hexacyanidoiron(II) anion by a water molecule
(i.e., an aquation reaction, Reaction (A.99), in acidic and basic solutions).
Fe(CN)64   H2 O(l)

Fe(CN)5 OH32  CN

(A.99)

In basic solution the rate constants for the forward and backward reactions
were given as “ k6 ” = {(3.0 ± 0.5) × 10-8} s-1 and “ k6 ” = (1.5 ± 0.2) dm3·mol-2·s-1. The
temperature was controlled at (298.1 ± 0.1) K. The solution composition was not given.
The ratio of the two rate constants gave an approximate estimate of the equilibrium
constant for the anation reaction (reverse of Reaction (A.99): {(5.2 ± 1.5) × 107}
dm3·mol-1. The authors quoted an earlier much higher experimental value of (2 × 109)
dm3·mol-1 [1953EMS], though this value does not appear in the cited paper, and may be
an error for the value (2 × 108) dm3·mol-1 reported in a later paper by Emschwiller and
Legros [1955EMS/LEG].
It is apparent that equilibrium-constant values obtained from kinetic data,
which are based on a proposed mechanism, have a high degree of uncertainty. The
absence of solution-composition and ionic-strength information rendered this result of
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marginal interest, although in a later review one of the authors [1987BEC] reported that
the ionic strength was 1 mol·dm-3, and stated that the suggested value of 1/{ K c (A.99)}
could only be considered as being tentative until confirmed by independent
measurements, which have apparently not been made as yet.

[1983TJA]
Differential-scanning calorimetry was used to search for specific-heat anomalies in the
temperature range 100 to 373 K for several phosphate solids. It was reported that no
anomaly was found over that temperature range in the specific heat of “hygroscopic,
monoclinic” Fe(H2 PO4 )3 . There have been several reports of isolation of solids of
roughly the same stoichiometry [1878ERL], [1954JAM/SAL] [2006BAI/PRA]. No
analytical results were provided to establish the composition of this sample of the iron
phosphate solid (and in particular the extent of hydration, cf. [2006BAI/PRA]), and no
molar heat-capacity values were reported.

[1984HEF]
Ambiguous potentiometric results were presented that could not establish the existence
of H2F+ in dilute hydrofluoric acid solutions, but inference was made to its existence at
high HF concentrations.

[1984HEF2]
The acid-dissociation constant of HF(aq) was measured at 298.15 K with a fluorideo
sensitive electrode at eight ionic strengths from 0.01 to 0.5 mol·dm-3 (NaClO4). A pK1

= (3.18 ± 0.02) was reported. Many references to earlier work were presented. The HF2
anion was undetected in this study where the molarity of perchlorate was kept well
above the fluoride molarity. The fluoride concentration was varied, but kept
exceptionally low (< 6 × 10−4) mol∙dm-3 which allowed the author to justify excluding
any high-order HF species. The hydrogen ion concentration was varied overall from
1 × 10−4 to 0.05 mol∙dm-3.
This is an important study as it is the only one found in which the experimental
conditions allowed an SIT treatment to be carried out unambiguously whereby the
supporting electrolyte could be considered to be NaClO4. The SIT plot is shown in the
main text (Figure VIII.1). The linearity of this plot is quite good ( R 2 = 0.9688) and
yielded log10 K1o = – (3.19 ± 0.07); Δ = (0.18 ± 0.03) kg·mol-1 at 298.15 K. The TDB
Project currently recommends log10 K1o = – (3.180 ± 0.020). From the tabulated TDB
ion interaction parameters:

Δ =  (H ,ClO4 )   (Na  , F ) = (0.14 ± 0.02) + (0.02 ± 0.02) = (0.16 ± 0.04) kg·mol-1.
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This is an excellent study and would indicate that no change in either the acid
dissociation constant or the ion-interaction parameter is required at this time.
[1984ICH/WAK]
The authors employed a solution X-ray diffraction instrument to elucidate the structures
of FeBr2 (sln) and CoBr2 (sln) in concentrated solutions, viz., 4.5 mol∙dm-3 for the
former. Octahedral symmetry was maintained with the formation of an inner-sphere
bromidoiron(II) species. Despite the high concentration of FeBr 2(sln) employed, the
dominant iron(II) complex in solution was reported to be only the monobromidoiron(II)
species corresponding to a peak at 0.27 nm which became obscure upon dilution to 2.7
mol∙dm-3. Approximate formation constants were suggested: 0.11 and 0.52 dm3∙mol-1 at
2.7 and 4.5 mol∙dm-3, respectively.
FeBr2 (cr) was prepared by dissolving 99.9% pure Fe powder in distilled HBr
followed by distillation to promote crystallisation. The crude material was filtered off
and recrystallized repeatedly, and all subsequent manipulations were carried out under a
N2 blanket.

An earlier study of NiBr2(sln) [1982WAK/ICH] also confirmed the presence of
inner-sphere complexes. In the TDB nickel review it was concluded that the larger
backscattering amplitude of bromide compared to chloride made identification of direct
metal-halide binding more definitive [2005GAM/BUG].

[1985AGO]
This paper was discussed in Appendix A of the first TDB volume for iron
[2013LEM/BER]. The results of Dachs et al. [2007DAC/GEI] and Yong et al.
[2007YON/DAC] now appear to confirm that near 300 K the values
for C po ,m (Fe2SiO4, γ, T) and C po ,m (Fe2SiO4, α, T) differ by < 1 J·K-1·mol-1, and are in
reasonable agreement with the lower temperature results reported by Agoshkov
[1985AGO]. Therefore, in the calculation of a revised overall equation
for C po ,m (Fe2SiO4, γ, T) in the present review, all of the results from this paper are used
(with the statistical uncertainties assigned by Agoshkov), not just the results for the
higher temperatures.

[1985BIA/PAO]
The authors cited an earlier calorimetric study [1965PAO] of the heats of solution of
solid (Et 4 N)2 (MBr4 ) for the series M = Mn(II), Fe(II), Co(II), Ni(II), Cu(II) and Zn(II).
They represented the dissolution process according to the scheme:
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For M = Zn2+ the measured heat of dissolution reported in [1965PAO] from
microcalorimetry was ΔH 3o = 14.48 kJ∙mol-1 and from Raman spectroscopy a value of
ΔH 2o was estimated as – 3.8 kJ∙mol-1 [1970MAC/PLA]. Completing the cycle led to a
ΔH1o value of 18.3 kJ∙mol-1. By assuming that the remaining divalent metal cations
have the same ΔH1o value as Zn2+, the enthalpies of formation of MBr42 , ΔH 2o , will
equal (18.3 kJ∙mol-1 – ΔH 3o ). The Irving-Williams approximation was also invoked
with the TΔSo term being fixed at the value for M = Zn2+, viz., – 1.3 kJ∙mol-1
[1970MAC/PLA] giving rise to the thermodynamic quantities in Table A-36.
Table A-36: Thermodynamic quantities(a) for the formation of MBr42 (reverse of path 2
above) at 25 °C.
M
Mn
Fe
Co
Ni
Cu

(a)
(b)
(c)

o
o
/ kJ∙mol
 log10  4,1
G4,1

-1

o
/ kJ∙mol-1
H 4,1

7.2
41.0
39.3
8.6
49.4
47.7
7.8
44.8
43.1
15.0
85.4
83.7
5.0
28.5
26.7
4.55 (b)
Zn 1.0 (c)
5.4 (c)
3.8 (c)
The uncertainty was claimed to be ± (1.3-2.1) kJ∙mol-1.
Determined by a kinetic method [1972SOK/DOR].
Obtained from Raman data at 20 °C, [1970MAC/PLA].

o
/ kJ∙mol
T S4,1

-1

1.3
1.3
1.3
1.3
1.3
1.3

There is no discussion of activity coefficients in this paper, despite the fact that
the calorimetric experiments carried out in this study refer to the formation of Ni(II) and
Cu(II) complexes with the macrocyclic ligand (1,4,8,11-tetramethyl-1,4,8,11tetraazacyclotetradecane) in the presence of 0.5 mol∙dm-3 KCl. The fundamental
weakness of the authors’ treatment is that their assumed value of ΔH 2o = – 3.8 kJ∙mol-1
for the formation of ZnBr42 was reported in [1970MAC/PLA] as having been obtained
from Raman spectral measurements at a total (Zn  Br) concentration of 4 mol∙dm-3.
The assumption that ΔH1o is the same for all the divalent metal cations listed in Table
A-36 is unsubstantiated. Finally, FeBr42  has not yet been identified in solution although
it would only need to be a transient species in their calculations.
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[1985DOV/RIM]
This paper on the solubility of scorodite, FeAsO4·2H2O(cr), has been the subject of
much discussion in the literature ([1987ROB], [1987DOV/RIM], [1987NOR/PAR],
[1987RIM/DOV], [2006LAN/MAH]). The solid was precipitated from iron(III)
chloride and sodium arsenate in aqueous solution, and held in the mother liquor at 95 to
105 °C for 14 days. This procedure could have produced a moderately crystalline solid
[2010PAK/BRU], although most syntheses of synthetic scorodite have used a
hydrothermal synthesis (~ 160 °C [1988DUT/JAM]). The authors considered solubility
values only for four equilibrated solutions that showed approximately congruent
dissolution (as demonstrated by molar solution ratios of Fe:As between 0.15 and 1.28).
However, these solubility measurements were performed in a pH regime in which the
arsenate solid undoubtedly was metastable with respect to ferrihydrite or goethite (pH
values ~ 5 to 6). Before analysis, solids were separated from the solutions by
centrifugation, but the maximum residual particle size was not reported. The results of
the study are consistent with those of Krause and Ettel [1988KRA/ETT], but are more
scattered. Because of the low acidities and the limited values, the results of this study
were not used further in the present review.

[1985MCT/ODO]
A lead-lead chlorofluoride electrode was used to determine fluoride ion activities, aF ,
in 0-6 mol∙dm-3 aqueous HF. These data show that aF increases, passing through a
maximum and then decreasing with increasing HF concentration. The conductivities of
concentrated HF solutions were also measured. Both the conductometric and
potentiometric data were used in the development of a quantitative model of the
equilibria existing between fluoride ions and HF molecules in the solutions studied. The
data support the view that the ions (HF)2F–, (HF)3F– and (HF)4F– are important species
in moderately concentrated aqueous HF. The authors took the acid-dissociation constant
for HF(aq) from [1973KRE/CHI], but derived values for the HF associates from their
own data.
The studies of iron fluoride complexes reviewed in this project do not take
these (HF)iF– species into account because the concentrations of fluoride are generally
too low.

[1985SAH/VIS]
Saha et al. studied the vapour over a solid mixture of Fe(cr) + FeTe0.9 (cr) at 885 to
1048 K, and over Te(cr) at about 555 to 662 K, by Knudsen-effusion massspectrometry. Based on the equilibrium vaporisation reactions,
FeTe0.9 (cr)

Fe(cr) + 0.45Te2 (g) and

FeTe0.9 (cr)

Fe(cr) + 0.9Te(g) ,
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they obtained an averaged enthalpy-of-formation value:

f H mo (FeTe0.9, cr, β, 298.15 K) = – (28.5 ± 8.0) kJ∙mol-1.
In a later study from the same laboratory [1988SAH/VIS], the authors
indicated a more iron-rich limiting composition, FeTe0.8 , for the solid iron telluride, and
obtained  f H mo  FeTe0.8 , cr, β, 298.15 K  = – 17.9 kJ∙mol-1. No estimate is given for the
uncertainty of this value, but it is clearly no smaller than ± 5 kJ∙mol-1, based on the
given uncertainties in the corresponding enthalpies of vaporisation.
In their critical review of [1985SAH/VIS] and [1988SAH/VIS], Ball et al.
[1992BAL/DIC] noted significant disagreement between their recalculated enthalpy
values derived from partial-pressure measurements of Te 2 (g) and Te(g) , which
corresponded to  f H mo  FeTe0.8 , cr, β, 298.15 K  = – 22.0 kJ∙mol-1 and – 32.6 kJ∙mol-1,
respectively. See Section IX.3.1.1.2 of the main text for a brief discussion of the
treatment of these two papers [1985SAH/VIS], [1988SAH/VIS], and a related study by
Piacente et al. [1992PIA/SCA2], by Ball et al. [1992BAL/DIC].

[1985WIL/PAT]
This paper describes the results of UV-vis spectrophotometric equilibrium (200 to
400 nm) and kinetic (272 nm) studies of phosphate complexation of Fe(III) in a 2.5 M
(Na, H)ClO4 medium at 25 and 50 °C. The solutions were 8.0 × 10-5 to 8.0 × 10-4 M in
Fe(ClO4)3, 0 to 2.8 × 10-2 M in H3PO4, 0.030 to 0.20 M in HClO4, and 2.5 M NaClO4.
The pH values were reported to range from 0.7 to 1.5, but the measurement method was
not reported. Comparison of otherwise identical solutions with and without phosphate
confirmed that one or more complexes were formed. The use of 272 nm for the kinetic
measurements was based on the previously reported isosbestic point for aqueous
solutions containing both Fe3+ and FeOH2+ [1972SYL], [1976BAE/MES]. It was
concluded from the equilibrium study that the main complex formed was FeH2 PO24 .
The magnitude of the formation constant at 25 °C was found to be similar to that
reported by Galal-Gorchev and Stumm [1963GAL/STU] in solutions of somewhat
lower ionic strength, and the value of the equilibrium constant for formation of
FeH2 PO24 at 50 °C was essentially the same (within a factor of two) as the value at
25 °C. The kinetic results indicated that Fe(H 2 PO4 )2 also was formed, but no firm
evidence was found for formation of FeHPO 4 [1963GAL/STU]. As discussed in the
main text, the system appears to be too complex for the simple analysis method used,
especially considering the range of experimental concentrations of hydrogen ion, total
iron and total phosphate. The results of this study [1985WIL/PAT] are not used further
in the present review.

[1986KHO/BRO]
An Appendix A entry for this paper appeared in [2013LEM/BER].
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[1987BEC]
Most of the cyanide complexation data available at the time of this review pertained to
the formation of Fe(CN)64  and Fe(CN)36 . Beck also cited work by Emschwiller and
Legros [1955EMS/LEG] for the “anation” reaction:
Fe(CN)5 (OH2 )3  CN

Fe(CN)64  H 2 O(l)

(A.100)

The equilibrium constant for this reaction was given as {(2.00 ± 0.03) × 108} dm3∙mol-1
at 20 °C and Ic = 0.2 (pH = 7.73) obtained from equilibrium and kinetic measurements.
However, other authors produced significantly different values, e.g., (1.2 × 1010)
dm3∙mol-1 at 25 °C and Ic = 1.0 (NaClO4) [1975JAM/MUR]. Beck also commented that
the procedure used to obtain the latter value was unclear. Moreover, in a paper coauthored by Beck [1983GAS/BEC] an entirely different value of {(5.2 ± 1.5) × 107}
dm3∙mol-1 at 25 °C and
Ic = 1.0 was obtained from photo-induced kinetic
measurements. Gáspár and Beck also cited a much higher value of 2 × 109 dm3∙mol-1,
perhaps erroneously attributed to Emschwiller [1953EMS], at unknown conditions.
Mention was made of the calorimetric work by Guzzetta and Hadley
[1964GUZ/HAD] (cited incorrectly in one place as “65G” and Hadley was misspelled
as Hudley in the reference list) at 25.4 °C in 1 mol·dm-3 KCN , and by Watt et al.
[1965WAT/CHR]. Beck tabulated the enthalpies of complexation to form Fe(CN)64 
and Fe(CN)36 , respectively, as  308.4 and  294.5 kJ·mol-1 from Guzzetta and
Hadley, though (after conversion to joules)  284.5 kJ·mol-1 was the latter value as
reported in the original source. Treatment of the enthalpies of Watt et al. gave
enthalpies of complexation at 25.0 °C and zero ionic strength of  358.9 and  293.5
kJ·mol-1, respectively. Furthermore, Beck tabulated thermodynamic quantities for both
complexation reactions based on an evaluation of the then-current literature by Busey
[1965BUS], (incorrectly cited in the text; also, see the Appendix A entry for that
reference), and obtained  6 values of 35.4 and 43.6.
Table A-37: Thermodynamic quantities for the reactions listed and attributed to Busey
[1965BUS] at 25 °C
Reaction

 r G6o / kJ·mol

Fe(CN)64

 210.5

3
6

 250.6

Fe(CN)
(a)

-1

-1
(a)
-1
-1
 r H 6o / kJ·mol  r S 6o / J·K ·mol

log10  6o

 358.4

 526.8

36.9

 293.5

 143.5

43.9

Incorrectly given as H (  r H ) in this article.
o

o
6

Beck discussed the differences between the enthalpies of reaction reported in
[1964GUZ/HAD] and [1965WAT/CHR] as a possible indication of the effects of ion
pairing of potassium ion with the hexacyanidoiron(II) and hexacyanidoiron(III) anions
that would be greater for the higher charged iron(II) species, but it appears that he also
had not considered the differences in ionic strength.
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Data for the protonation of the Fe(CN)64  species were also discussed as well
as ion pairing by a wide range of cations, but, except for the association with K+, these
results are considered outside the scope of the current review.

[1987DOM/GAR]1
The authors determined values at 25.0 °C for the third and fourth deprotonation
constants of H 4 Fe(CN)6 by potentiometric titration of 100 mL solutions of 0.005
mol·dm-3 K 4 Fe(CN)6 with 0.999 mol·dm-3 HClO 4 using a microburet. The reported
pK° values, (2.65 ± 0.02) and (4.19 ± 0.02) were obtained using a Debye-Hückel
equation, rather problematic for such high ionic strengths, and no corrections were made
for K + association [1967HAN/IRV]. The authors also used spectrophotometric
measurements (at 216, 222, and 228 nm) to determine pK° values, (2.65 ± 0.30) and
(4.15 ± 0.13) for the third and fourth deprotonation steps.
Solutions containing high concentrations of perchloric acid (0.30 to 8.27
mol·dm-3) were used to carry out spectrophotometric measurements (at 200, 202, 204,
219, 223, and 227 nm). Using the Cox-Yates Equation [1978COX/YAT] the results
were used to determine pK° values, – (1.08 ± 0.03) and – (2.54 ± 0.10), for the second
and first deprotonation steps for H 4 Fe(CN)6 . Data analysis methods are discussed in
some detail.

[1987ROB]
This note was written as a response to a paper by Dove and Rimstidt [1985DOV/RIM].
Robins observed that the solutions on which Dove and Rimstidt based their reported
solubility product values could not have been at equilibrium, and were in a pH-regime
where iron(III) arsenate exhibits “incongruent solubility”. Robins was undoubtedly
correct, although it would seem that the agreement between the results of Dove and
Rimstidt [1985DOV/RIM] and those of other studies was a matter of careful
experimentation, and was not “fortuitous”. As part of his paper Robins presented, in
graphical form, some results from an unpublished solubility study of Robins and
Glastras. It is not clear how close the ratio of Fe:As approached 1.000 in each solution.
Krause and Ettel [1988KRA/ETT] transcribed those results from the figure and showed
them to be consistent with other solubility measurements for precipitated iron(III)
arsenate (as did Zhu and Merkel [2001ZHU/MER] and Langmuir et al.
[2006LAN/MAH]). Results on the metastable precipitated iron(III) arsenate are not
used further in the present review.

1

Although in the paper it is reported (pg. 587, footnote 3) that “… the data of the titration of potassium
ferrocyanide may be purchased from the Depository of Unpublished Data, CISTI, National Research
Council of Canada, Ottawa, Ont., Canada K1A 0S2”, this no longer is the case. The “unpublished data”
appear to have been lost by CISTI and the National Research Council of Canada.
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[1987STO/GRO]
This paper by Stølen and Grønvold is focused on the thermodynamics of point defects
in monochalcogenides of Fe, Co, and Ni with NiAs-type crystal structure. They
demonstrate that a mass-action law treatment of such solid solutions, based on an ideal
solid solution model, is unable to explain the thermodynamic properties, whereas a
statistical model, based on a regular solid-solution approximation, is capable of
reproducing most experimental details. An important component of the latter
approximation is that the total interaction energy of the mixed phase differs from the
sum of the interaction energies of the pure end-members, assuming that there is no
ordering of defects regardless of any possible interactions.
Since no enthalpies of formation or heat capacities were determined, this paper
is of limited value for the current review; however, the phase boundaries of
homogeneous Fe1 x S were defined as a function of temperature (~ 300 to 1100 K) and
composition (50 to 56 at.-% S) in Figure 5 of [1987STO/GRO]. This phase diagram is
in generally good agreement with those of [1976POW/FIN] (see main text, Section
IX.1.1.1.1), [1976RAU2] and [1992GRO/STO], but there are some significant
differences for one of the reviewed pyrrhotite compositions, Fe0.900S , as discussed in
the Appendix A entry for [1976RAU2].

[1988BAB/VIS]
Here, Baba et al. extended the Knudsen-effusion mass-spectrometric studies of the FeTe system by Saha et al. [1985SAH/VIS], [1988SAH/VIS] to include Te-rich phases,
and they also investigated the composition range for the β phase. Partial pressures of
Te 2 (g) and Te3 (g) were measured for the following combinations of phases and
temperatures:
{ FeTe0.939 (cr, β) + FeTe1.994 (cr, ε) } at 659 to 759 K;
{ FeTe0.939 (cr, β) + FeTe1.451 (cr, δ') } at 803 to 818 K;
{ FeTe0.939 (cr, β) + FeTe1.427 (cr, δ) } at 868 K;
FeTe0.811 (cr, β) to FeTe0.939 (cr, β) at 868 K.

Derived thermodynamic quantities included the following enthalpies of formation:

f H mo ( FeTe0.811 , cr, β, 298.15 K ) = – (17.2 ± 1.2) kJ∙mol-1;
f H mo ( FeTe0.900 , cr, β, 298.15 K ) = – (24.6 ± 1.2) kJ∙mol-1;
f H mo ( FeTe0.939 , cr, β, 298.15 K ) = – (27.8 ± 1.2) kJ∙mol-1;
f H mo ( FeTe1.994 , cr, ε, 298.15 K ) = – (65.8 ± 10.4) kJ∙mol-1;
f H mo ( FeTe1.451 , cr, δ', 811 K ) = – (54.8 ± 5.4) kJ∙mol-1.
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The second of these values corresponds to f H mo ( Fe1.111Te, cr, β, 298.15 K ) = – (27.3 ±
1.3) kJ∙mol-1. The quoted uncertainties evidently refer only to the vapour-pressure
measurements, and do not include uncertainties in the thermal data used in the third-law
calculations to derive the 298.15 K enthalpy values.
In recalculations from the data of [1988BAB/VIS], Ball et al. [1992BAL/DIC]
obtained the following enthalpy values (with formulae adjusted in the current review):

f H mo ( Fe1.111Te, cr, β, 298.15 K ) = – 27.36 kJ∙mol-1;
f H mo ( FeTe1.994 , cr, ε, 298.15 K ) = – 72.48 kJ∙mol-1.
The treatment of these values in the review by Ball et al. [1992BAL/DIC] is discussed
briefly in Sections IX.3.1.1.2 and IX.3.1.2.2 of the main text.

[1988CEM/KLE]
The authors obtained the enthalpies of formation of FeS(cr, troilite), FeS2(cr, pyrite),
and several binary sulfides of cobalt and copper by high-temperature direct-reaction
calorimetry at temperatures between 700 and 1021 K. They also obtained the enthalpy
of formation of CuFeS2(cr, chalcopyrite) by additional solution-calorimetry
measurements in a Ni0.60S0.40 melt at 1100 K. Only the results for troilite and pyrite are
reviewed here.
Measurements were performed in Calvet-type twin microcalorimeters.
Powdered mixtures of solid starting materials were pressed into pellets and sealed in
evacuated silica ampoules. Enthalpies of reaction were obtained by two consecutive
drops of the same sample in the calorimeter, the difference between the two heat effects
being the heat of reaction, assuming that reaction went to completion in the first drop:
First drop, Reactants (298.15 K) → Products (T)
Second drop, Products (298.15 K) → Products (T)
Difference, Reactants (298.15 K) → Products (298.15 K)
Products were examined by XRD and SEM to assure complete reaction. The
heat of formation of troilite was obtained with an excess of Fe in the starting materials
and T = 1021 K. The heat of formation of pyrite was derived from the heat of formation
of troilite and the heat of reaction of pyrite with excess Fe to form troilite with T =
873 K.
The following values were reported for troilite and pyrite:

 f H o (FeS, cr, troilite, 298.15 K) = – (102.59 ± 0.20) kJ∙mol-1 and

 f H o (FeS, cr, pyrite, 298.15 K) = – (171.64 ± 0.93) kJ∙mol-1
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The  f H o values for troilite and pyrite are based on triplicate measurements
for the reactions of iron with sulfur and pyrite to form troilite. The given uncertainties
correspond to one standard deviation. The standard deviations for the iron sulfides are
low, especially the value of ± 0.20 kJ∙mol-1 for  f H o (FeS, cr, troilite, 298.15 K), both
in absolute terms and relative to the measurements reported for copper and cobalt
sulfides, which vary from ± 1.51 to ± 2.42 kJ∙mol-1 per S atom in the sulfide formula.
The heat effects were evidently rounded to the nearest joule before calculation, which
introduces an uncertainty of about 0.2% or ± 0.20 kJ∙mol-1 for the rounding error alone.
Furthermore, complete reaction to form pure phases in these systems is notoriously
difficult, often requiring grinding and annealing steps after the initial reaction. There
does not seem to be any reason to expect the iron sulfide systems to be better behaved
than the copper and cobalt systems in this regard. Characterisation by XRD and SEM
would be relatively insensitive, for example, to product particles with incompletely
equilibrated cores. It therefore seems possible that the triplicate results for troilite show
a fortuitously low variation, and this carries forward in the enthalpy of formation for
pyrite. More realistic standard deviation values would appear to be about ± 1.5 kJ∙mol-1
for troilite and ± 3.0 kJ∙mol-1 for pyrite. Multiplying these revised standard deviations
by 1.96, we obtain the following 95% uncertainty limits:

 f H o (FeS, cr, troilite, 298.15 K) = – (102.59 ± 2.94) kJ∙mol-1 and
 f H o (FeS2, cr, pyrite, 298.15 K) = – (171.64 ± 5.88) kJ∙mol-1
These values are carried forward to Sections IX.1.1.1.2.1.2 and IX.1.1.1.3.2 of
the main review for further evaluation in combination with values obtained in other
selected studies.

[1988CON/HOF]
This is a rare paper which describes direct spectrophotometric measurements of
iron(III)-sulfite complexation rather than determination through indirect kinetic
observations, although kinetic, EPR and Raman spectroscopic measurements were also
made. Care was taken to minimize oxygen contamination by repeated vacuum purging
followed by nitrogen gas introduction.
The significant lowering of the S-O stretching vibration to 938 cm-1 observed
in the Raman spectrum of 0.25 mol∙dm-3 (Fe3+), 0.10 mol∙dm-3 (S(IV)) solutions was
considered, by analogy with other first-row transition-metal ions, as evidence of Fe-O
rather than Fe-S bonding. However, these authors ascribed an initial rapid reaction
within the first 10 ms (too fast to be followed by the stopped-flow technique) to
formation of the S-bonded FeSO3 species, followed by a linkage isomerisation reaction
to form the O-bonded isomer with a duration of 100 to 200 ms.
The equilibrium data were collected at (21.0 ± 0.4) °C with a stopped-flow
apparatus at 350 and 450 nm. The ionic strength was maintained at 0.4 mol∙dm-3
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(NaClO4) while the “pH” was apparently held at 2.1, but it can only be assumed that this
actually corresponds to pH c . The required acid-dissociation constants for H2SO3(aq)
and HSO3 were interpolated from the compilation of Smith and Martell
[1976SMI/MAR], while the hydrolysis constant to form FeOH2+, which was the only
hydrolysed species considered, was taken from Stumm and Morgan [1981STU/MOR].
From the various equilibrium schemes considered, the following four complexation
equilibria were derived:

log10 K c ,1 (Fe3+ +SO32 
log10 * K c ,1 (Fe3+ +HSO3
log10 *K c ,1,1 (FeOH 2+ +HSO3

log10 K c ,1,1 (FeOH 2+ +SO32 

FeSO3+ ) = 6.6
FeSO3+  H + ) = 0.024
FeOHSO3 (aq)  H + ) = 0.65

FeOHSO3 (aq)) = 7.3

Stopped-flow measurements of the kinetics of Fe(III)-S(IV) complex
formation have been made by a number of other researchers. Typically, as demonstrated
in Table 1 of this article, at rates that are accessible to this technique the observed rates
of reaction of FeOH 2  with a wide range of other ligands are faster by more than two
orders of magnitude than the rates of reaction of Fe 2+.
Electron paramagnetic resonance (EPR) measurements at 21 °C were reported
for the reduction of Fe(III) in sulfite solutions in the presence of 1 mol∙dm-3 FHCOOH
(pH = 2). The reported rate constants for this slower step indicate half-lives of minutes
rather than milliseconds for the formation of the complexes. However, these data do
underscore the transient nature of the sulfitoiron(III) complexes and the need to use
flow techniques to measure their formation constants.
The reaction mechanism proposed in this important study is in marked
disagreement with that proposed soon after by Kraft and van Eldik [1989KRA/ELD],
[1989KRA/ELD2].

[1988FEN/WAK]
Spectrophotometric measurements at ca. Ic = 0.4 were made to evaluate the “true” ionassociation constants for the complexes, FeCl2+, FeBr2+, FeSO4 , FeNO32 and FeClO 24 
at (20 ± 1) °C. The authors presented an analysis of their data based on the competitive
formation of a FeClO 24  (non-absorbing) complex and either FeCl2+, FeBr2+ or FeSO4
complexes in acidic mixtures of the complexing anions and perchlorate. In the nitrate
case, a mixture of chloride and nitrate anions was used. They termed apparent or
conventional formation constants as being those where the perchlorate complex is
considered not to exist.
An Appendix A entry for this paper with respect to chloride and sulfate
complexation was presented in TDB-Iron Part 1 [2013LEM/BER] in which it was noted
that the SIT treats medium effects in terms of ion-interaction coefficients, as do most
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other treatments. Therefore the analyses in this paper of Feng and Waki are
incompatible with the approach taken in the TDB reviews. The same reasoning applies
to the reported formation constants for bromide and nitrate complexes. Again the
contribution of the unspecified concentrations of the ligands to the total ionic strength is
high.

[1988JAM/DUT]
The authors reported the preparation of an iron(III) analogue of giniite
(Fe2+(Fe3+)4(PO4)4(OH)2(H2O)2). The synthesised material ranged in composition from
(Fe3+)4.52(PO4)4(OH)1.56(H2O)2.75 to (Fe3+)5.00(PO4)4(OH)3.00(H2O)4.60, and the reported
average composition (9 samples) was (Fe3+)4.78(PO4)4(OH)2.35(H2O)3.58 compared to the
theoretical composition (Fe3+)5(PO4)4(OH)3(H2O)2. Powder diffraction patterns
indicated that the giniite-like structure was maintained to at least 350 °C. The solid
decomposes at 450 to 496 °C to a compound closely related to that reported as “ferric
lipscombite” (Fe8(PO4)6(OH)6(cr)) by Gheith [1953GHE],. The presumed range of
solid-solution formation for giniite has been disputed by Rouzies et al.
[1994ROU/VAR].

[1988KHO/ROB]
Khoe and Robins1 reported potentiometric studies of complexation of iron(III)
(2.0 × 10-4 to 1.98 × 10-2 mol·dm-3) with phosphate (2.1 × 10-4 to 4.12 × 10-2 mol·dm-3)
and arsenate (1.9 × 10-4 to 9.7 × 10-3 mol·dm-3) at 25 °C. Aqueous 3.0 mol·dm-3 NaNO3
solutions containing phosphoric and arsenic acids, and also containing Fe(III) (from
dissolution of iron(III) nitrate nonahydrate), were titrated with solutions of sodium
hydrogencarbonate. Because of precipitate formation, the measurements were restricted
to highly acidic solutions (0.010 to 0.12 mol·dm-3 H+ (sln) ). Nine titrations (more than
1500 measurements) were conducted for the phosphate solutions and seven titrations
(more than 900 measurements) for the arsenate solutions.
The complexation reactions discussed were:

H3 MO4 (sln)  Fe3+ (sln)

FeHMO4+ (sln)  2H+ (sln)

(A.101)

H3 MO4 (sln)  Fe (sln)

FeMO4 (sln)  3H (sln)

(A.102)

3+

+

M = P ( log10 Kc (A.101) = (1.28 ± 0.03); log10 Kc (A.102) = (0.78 ± 0.01))
M = As ( log10 Kc (A.101) = (0.11 ± 0.02); log10 Kc (A.102) = – (1.34 ± 0.03))
Values for the first deprotonation reaction were also determined for the acids in
3 mol·dm-3 NaNO3 solutions:

1

This paper was discussed in [2013LEM/BER] with respect to sulfate complexation of iron(III).
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H3 MO4 (sln)

H+ (sln)  H2 MO+4 (sln)

(A.103)

M = P ( log10 Kc (A.103) = – (1.763 ± 0.002))
M = As ( log10 Kc (A.103) = – (2.128 ± 0.002))
These are converted here to molal units (3.327 mol·kg-1 NaNO3(sln))
M=P

log10 K m (A.101) = (1.32 ± 0.03)
log10 K m (A.102) = (0.87 ± 0.01)
log10 K m (A.103) = – (1.718 ± 0.002)

M = As

log10 K m (A.101) = (0.15 ± 0.02)
log10 K m (A.102) = – (1.25 ± 0.03)
log10 K m (A.103) = – (2.083 ± 0.002)

To obtain equilibrium constant values for I = 0, values must be estimated for
 (H+ , NO3 ) ,  (Fe3+ , NO3 ) ,
the following SIT interaction coefficients:
+



 (FeMO4 (aq), Na + , NO3 ) ,
 (FeHMO4 , NO3 ) ,
 (Na , H2 MO4 ) ,
and
+

 (H3 MO4 (aq), Na , NO3 ) , where again M = P, As. As done previously in the TDB
volumes,  (FeMO4 (aq), Na + , NO3 ) and  (H3 MO4 (aq), Na + , NO3 ) have been assumed
to have values of zero. From Appendix B,  (H+ , NO3 ) = (0.07 ± 0.01) kg·mol-1, and
 (Na + , H2 PO4 ) = – (0.08 ± 0.04) kg·mol-1, and it might seem reasonable to assume
that  (Na + , H2 AsO4 ) =  (Na + , H2 PO4 ) . However, the difference in the values for
log10 K m (A.103) for M = P and As suggests otherwise. This interaction coefficient is
not necessary for the re-analysis of the values for Reactions (A.101) and (A.102), and
assignment of interaction-coefficient values for interpretation of the auxiliary Reaction
(A.103) is discussed further in the Appendix A entry for [2002RAP/SAN].
The value of  (Fe3+ , NO3 ) , (0.26 ± 0.08) kg·mol-1, is estimated in Section
IX.4.1.3 of the present review. In Appendix B, there is a dearth of values for interaction
coefficients of singly-charged cationic complexes with nitrate, and though there are
values for interaction coefficients of various singly-charged cations with perchlorate,
almost none of these cations have values also pertaining to nitrate. In the present review
the values of  (FeHMO4 , NO3 ) have been estimated as (0.2 ± 0.2) kg·mol-1.
Thus, Δ for Reaction (A.101) is (0.08 ± 0.22) kg·mol-1, and for the arsenato
complexes

log10 K o (A.101) = log10 K m (A.101) + 6 D +  mNaNO 3
= (0.15 ± 0.01) + 6(0.2485) + (0.08 ± 0.22)(3.327)
= (1.91 ± 0.72)
Similarly, Δ for Reaction (A.102) is – (0.05 ± 0.22) kg·mol-1

log10 K o (A.102) = log10 K m (A.102) + 6 D +  mNaNO 3
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= – (1.25 ± 0.01) + 6(0.2485) – (0.05 ± 0.22)(3.327)
= + (0.07 ± 0.72)
For the corresponding phosphato species, the corresponding values would be

log10 K o (A.101) = (3.08 ±0.72)
log10 K o (A.102) = (2.19 ± 0.72).
It is unfortunate that the authors supplied only a few comments on the models
tested. The omission of the phosphato complex FeH2 PO24 [1963GAL/STU],
[1974CIA], [1985WIL/PAT] appears to be rather arbitrary and, in light of the results
from Ciavatta [1974CIA], it is unfortunate that no tri-iron species were examined. The
conclusion that FePO4(aq) and FeAsO4(aq) are major species in the experimental
solutions, when none have cH  10-2, is inconsistent with the conclusions in almost all
other papers on formation of iron(III) arsenato and phosphato complexes (the exception
is [2007IUL/CIA]), and requires further confirmation.


[1988KON/STE]
Coprecipitation of amorphous iron(III) arsenate and Fe(OH)3 from solutions of
Na2HAsO4 (0.1 mol·dm-3) and Fe2(SO4)3 (variable concentrations) was reported for 308,
323 and 353 K. Precipitation was effected by addition of NaOH(sln) such that the final
pH values of the solutions were 3 or 5. Filtration was performed after two hours, and the
filtrate was analysed for arsenic and iron. When the initial ratio of iron(III) to arsenic(V)
was increased, the final arsenic concentration in the filtrate decreased when the final pH
value was 5, but increased when the final pH value was 3. Many experimental details
are lacking, and no analysis was made to obtain an apparent solubility product.
However, as indicated in Figure 6 of a paper by Robins [1990ROB], the solubilities
appear to be somewhat greater than in other studies of amorphous iron(III) arsenate.
These results are not used further in the present review.

[1988KRA/ETT]
Solubility measurements at 23 °C are reported for synthetic scorodite (as prepared by
hydrothermal synthesis); the solubility of a natural scorodite sample also was measured
in a single solution. There were high sulfate molarities in the solutions at low pH, but in
the data analysis there was no discussion of sulfate complexation. The procedure for
measurement of the pH was not stated, and it is assumed that the reported values are
– log10 aH using standard buffer solutions for calibration (probably at 23 °C). The
authors found lower solubilities than were reported previously [1956CHU3],
[1978NIS/TOZ], and dissolution in solutions with pH values below 3 was claimed to be
congruent. Low solution concentrations of arsenic in high pH solutions were attributed
to formation of basic iron arsenates (FeAsO4)x·(Fe(OH)3)y [1989KRA/ETT]. Zhu and
+
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Merkel [2001ZHU/MER] rejected the results because for pH  2 the reported iron
molarity exceeded the reported arsenic molarity (25 to 62 %), and because the
composition of the solid in contact with solution changed with time. Langmuir et al.
[2006LAN/MAH] noted that based on the reported concentrations, adjustments to the
total sulfate concentrations (often an increase of greater than 15 %) were needed to
achieve a proper charge balance. Nevertheless, the reanalysis of the results by Langmuir
et al. demonstrated that the assumption of congruent dissolution for those solutions with
pH values between 1.41 and 2.43 give a consistent “ion activity product” value for
FeAsO4·2H2O(cr), ~ 10-26 for aFe3 aAsO3 (10-(25.86±0.03) using PHREEQC auxiliary data
4
and complexation constants for iron(III) arsenato complexes as proposed by Robins
[1990ROB]). At higher pH values, precipitation of ferrihydrite was probable, whereas it
was concluded that the solutions were undersaturated with respect to FeAsO4·2H2O(cr)
at lower pH values. In the solutions with the lower pH values, there is evidence
[1996NIS/ROB] that FeAsO4·2H2O(cr) might not be the stable iron(III) arsenate solid,
even in the absence of sulfate. The rather high sulfate molarities (0.05 to 0.1 mol·dm-3)
in the most acidic solutions might also have affected the solid phase, though in the
reanalysis [2006LAN/MAH] allowance was made for formation of iron(III) sulfato
complexes. It is not clear whether Langmuir et al. [2006LAN/MAH] attempted to
correct the values to 298.15 K. In the present review it has been assumed that any
differences from such a correction would be minor and can be neglected, and the
reanalysis of Langmuir et al. [2006LAN/MAH] is accepted. However, the auxiliary data
in that analysis are not those used in the TDB. From the auxiliary data of Langmuir et
al. [2006LAN/MAH] (their Table 3) and their “ion activity product” value of
10-(25.86 ± 0.03) the value of the equilibrium constant for

FeAsO4  2 H2 O(cr)  H

FeHAsO4  2H2 O(l)

is calculated here to be 10-4.50. Using the TDB values for the arsenic acid deprotonation
constants and the two different and inconsistent values for the formation constant
for FeHAsO4 (Section IX.6.4.4), we calculate 10(5.07 ± 0.22) and 10(6.41 ± 0.66) for log10 K o
(A.104)

H3 AsO4 (aq)  Fe3+  2H2 O(l)

FeAsO4  2H2 O(cr)  3H+ . (A.104)

[1988LOP/GAR]
The authors found that partial hydrolysis of aqueous iron(III) nitrate solutions with urea
at 63 °C under nitrogen resulted in precipitation of Fe4(OH)11(NO3)·2H2O(cr).
Dehydration of the solid at 145 °C or under vacuum allowed Fe4(OH)11(NO3)(cr) to be
isolated. Chemical analyses reported for the hydrate suggest that it might have a slightly
higher nitrate:iron ratio than indicated from the formula proposed by the authors.
Powder XRD data and IR spectra were reported.
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[1988MAR]
Marcus calculated the mean M-O distance (nm) for six water molecules in the first
solvation shell, dion-w /mm, of a series of M2+ cations. In the present review these
distances are used to establish a correlation with the corresponding known SIT ioninteraction coefficients in order to estimate the interaction coefficient of Fe2+ with
nitrate for which there are no data.

[1988MUR/IRI]

Raman data indicated that a melt of FeCl3·6H2O(l) consisted mainly of FeCl2 (H2 O)4

and FeCl4 .

[1988PRA/MOH]
Prasad et al. reported Knudsen-effusion mass-loss measurements for vaporisation of the
phase mixture { Fe(cr) + Fe0.54 Te0.46 (cr, β) } at 866 to 990 K. Apparently treating the
vapour as pure Te 2 (g) , they obtained the following enthalpy of formation by a third-law
calculation: f H mo ( Fe0.54 Te0.46 , cr, β, 298.15 K ) = – 13.49 kJ∙mol-1.
Recalculation by Ball et al. in their critical review [1992BAL/DIC] yielded
f H Fe0.54 Te0.46 , cr, β, 298.15 K = – (14.42 ± 2.00) kJ∙mol-1, where the uncertainty
includes that in the thermal functions. This value is equivalent to f H mo (Fe1.174Te, cr, β,
298.15 K) = – (31.35 ± 4.35) kJ∙mol-1; see the brief discussion in Section IX.3.1.1.2 of
the main text.
o
m

[1988RAI/MAT]
This paper was cited by Rai et al [1995RAI/FEL3] as the basis for interpretation of the
solid in their solubility study as having the stoichiometry Fe2(SeO3)3·6H2O(cr), but
being different from the mineral mandarinoite [1978DUN/PEA], [1984HAW] with the
same stoichiometry. Although the unit-cell parameters of the solid of Rai et al.
[1988RAI/MAT], synthesized at 90 °C, were reported, the number of waters of
hydration, n, in Fe2(SeO3)3·nH2O(cr) at room temperature was not well established
(Table 1 of [1988RAI/MAT]). Giester et al. [1996GIE/PER] reinterpreted the X-ray
powder-diffraction data, and concluded that the solid prepared by Rai et al.
[1988RAI/MAT] actually was the trihydrate [1994GIE/PER].
Giester et al. [1996GIE/PER] also noted that the authors’ IR spectrum for the
solid [1988RAI/MAT] shows essentially the same features as the trihydrate, and that the
TGA curves for the solids from the two studies also are similar for temperatures above
300 °C. The TGA curve [1988RAI/MAT] also is similar to the curve reported by
Nishimura et al. [2005NIS/HAT] for dehydration and decomposition of a solid with the
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initial stoichiometry of a trihydrate. The solid used by Rai et al. [1988RAI/MAT] was
likely the same as the trihydrate of Giester et al. [1994GIE/PER], [1996GIE/PER], for
which the crystal structure was reported [1994GIE/PER].
[1988SAH/VIS]
This paper is discussed briefly in the Appendix A entry for [1985SAH/VIS].

[1989GUS/ALD]
Guseinov et al. [1989GUS/ALD] prepared Fe3Se 4 (γ) by solid-state synthesis in
evacuated, fused silica ampoules, annealed the powdered product for three days at
450 °C, and characterised it by XRD. About 80 C p values between 6 and 350 K,
measured with “an adiabatic calorimeter with automatic temperature regulation” are
depicted on a small figure, but only six smoothed values of C po ,m and derived
thermodynamic quantities are tabulated, including the following 298.15 K values:

C po ,m ( Fe3Se4 , γ, 298.15 K ) = 200.96 J∙K-1∙mol-1,
298.15 K
0K

Smo ( Fe3Se4 , γ ) = 295.0 J∙K-1∙mol-1,

and
298.15 K
0K

H mo ( Fe3Se4 , γ ) = 41.80 kJ∙mol-1.



p

-1 l–1 ) -1
C pC
mol )
/(J–1K·mo
,m /(J·K

Figure A-42 : Low temperature heat capacity of γ-Fe3Se4.

T/K
T/K

Corresponding values from Grønvold and Westrum [1959GRO/WES2] are
220.1 J∙K-1∙mol-1, 279.8 J∙K-1∙mol-1, and 41.60 kJ∙mol-1, respectively. The differences
between the two studies are due mainly to a pronounced broadening and shift of the
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magnetic (Néel) transition from a well-defined λ-type transition with a peak at 307 K
[1959GRO/WES2] to a much broader deviation well below 298 K [1989GUS/ALD]. A
small, sharp anomaly observed by Guseinov et al. at 318 K has no counterpart in the
Grønvold-Westrum curve. The two curves were previously compared in Figure V-22 of
the TDB selenium volume [2005OLI/NOL] (see Figure A-8).
In the previous review [2005OLI/NOL], the 298.15 K C po ,m and S mo values
from Grønvold and Westrum [1959GRO/WES2] were selected (assuming no zero-point
entropy) in preference to the more recent values from Guseinov et al. [1989GUS/ALD].
The present reviewer concurs with this decision, based mainly on the much longer
equilibration time of 60 days in the Grønvold-Westrum synthesis. This probably
accounts for the sharper Néel transition, indicative of a more ordered, homogeneous
substance, in their study [1959GRO/WES2].

[1989KRA/ELD]
Kinetic studies provide a route for determining the formation constants of
sulfitoiron(III) complexes in solution. These complexes are inherently unstable but their
decomposition kinetics can be measured in the laboratory; iron(II) can also be
considered as a “catalyst” of the oxidation of sulfite in acidic environments. The authors
used stopped-flow and rapid-scan spectrophotometers as well as a Fourier Transform IR
instrument. The experiments were conducted from 13 to 40 °C with cFe(III) = {(0.256) × 10-3}, cS(IV) = {(0.5-30) × 10-3}, pH from 1.3 to 2.9, and Ic = 0.1 (NaClO4).
Apparently the required ancillary thermodynamic quantities were measured
spectrophotometrically, presumably using the rapid-scan device. It is unclear what
values were used for the acid-dissociation constant of hydrogensulfite.
No details are given of the experimental data used to derive the equilibrium
constants for the various sulfitoiron(III) species, which were thought to be S-bonded,
and claimed to be present in the following reaction scheme (using the authors’ reaction
number scheme (25 °C, Ic = 0.1 values)):
Fe(H2 O)36

Fe(H2 O)5 OH 2   H +

Fe(H2 O)5 OH2   HSO3

, Kc,1 = 0.0064

cis-Fe(H2 O)4 (SO3 )OH(aq)  H +  H 2 O(l) ,

Kc ,2 = (600 ± 30)
cis-Fe(H2 O)4 (SO3 )OH(aq)  H+
Fe(H2 O)5SO3  HSO3

Fe(H2 O)5SO3

trans-Fe(H 2 O) 4 (SO3 ) 2  H +  H 2 O(l) , Kc ,3

cis-Fe(H2 O)4 (SO3 )OH(aq)  HSO3

= (205 ± 20)

cis-Fe(H2 O)4 (SO3 )2  H2 O(l) ,

Kc ,4 = (40 ± 20)
trans-Fe(H2 O)4 (SO3 )2  HSO3

Fe(H 2 O)3 (SO3 )33  H +  H 2 O(l)

, Kc,5 = (53 ± 8)
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cis-Fe(H2 O)4 (SO3 )2  HSO3

Fe(H2 O)3 (SO3 )33  H + +H2 O(l) , Kc ,6

= (650 ± 150).

An increase in the number of sulfite ligands destabilised the complex in
regards to reduction to Fe(II) so that the half-life of the Fe(H2 O)3 (SO3 )33 species is
only 5 to 10 s. The effect of the presence of dissolved oxygen is to oxidize the Fe(II)
rapidly to Fe(III) making it a true catalyst. The overall general rate law is,
 dcS(IV) / dt  kcFe(III) cSO2 with k = (1.2 ± 0.3) × 106 dm3∙mol-1∙s-1 at 20 °C over the pH
3
range 0 to 5.
The transient nature of the sulfitoiron(III) aqueous species renders their
formation constants of little interest to the long-term storage of nuclear waste, but they
could potentially play an important role in affecting the redox state of iron. The
equilibrium constants cited above are subject to the interpretation using this complicated
reaction mechanism, and the speciation suggested has not been verified and is, in fact,
the subject of some conjecture.

[1989KRA/ELD2]
This paper appears to present a reinterpretation of the kinetic experiments described in
[1989KRA/ELD] that were conducted from 13 to 40 °C with cFe(III) ranging from
{(0.25-6) × 10-3}, cSi(IV) ranging from {(0.5-30) × 10-3}, pH from 1.3 to 2.9, and Ic = 0.1
(NaClO4). The re-examination underscored the greater reactivity of sulfite towards
Fe(H2 O)5 OH2 compared to Fe(H2 O)36 by a factor of ca. 300, the kinetics of which
are not affected by the presence of dissolved oxygen. The changes in the approach to
interpretation included the addition of the species Fe(H2 O)4 (OH)2 and
Fe2 (H2 O)8 ( -OH)42 , neither of which appear sufficiently reactive to sulfite substitution
so as to affect the formation of the monosulfitoiron(III) complex. Additional protolytic
equilibria involving SO2 (aq) with water were also introduced. However, these extra
considerations as well as the multiple hydrolysis equilibria of the various sulfite
complexes did not change the reaction scheme presented in [1989KRA/ELD] (see the
Appendix A entry) nor the values of the formation constants presented at 25 °C and Ic =
0.1, although the uncertainties were marginally different.
For the purposes of this review, this more thorough analysis of earlier data
does not have a significant impact on the conclusions drawn from [1989KRA/ELD]
both because of the transient nature of the sulfitoiron(III) aqueous species formed and
the fact that their formation constants are subject to the interpretation using this
complicated reaction mechanism.

[1989KRA/ETT]
See the discussion for [1988KRA/ETT]. The same data were discussed in both papers.
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[1989LEE/KWO]
The authors used differential pulse polarography to determine the half-wave potentials
for solutions prepared by addition of tetrasodiumdiphosphate to iron(II) sulfate
solutions (6.25× 10-5 mol·dm-3) the pH of which was maintained at a value of 10 using a
sodium hydrogencarbonate-sodium hydroxide buffer (unspecified concentrations). The
final diphosphate concentrations ranged from 3.75 × 10-5 to 1.875 × 10-4 mol·dm-3, with
a supporting electrolyte solution of 2.5 × 10-2 mol·dm-3 KNO3 . Based on the variation
of the half-wave potentials with the logarithm of the total diphosphate concentrations, it
2 x) 
, even when the
was concluded that the predominant complex was Fe(H x P2 O7 )(6
2
concentration of total diphosphate was only slightly more than half of the total iron(II)
concentration. It is unfortunate that the range of the ratio of iron(II) to diphosphate was
not extended to higher values such as were used in the study of Mateescu et al.
[1999MAT/PRI], as the later study assumed that only 1:1 complexes were formed. The
2 x)
formation constant reported for Fe(H x P2 O7 )(6
was 105.08 with respect to Fe2+ and
2
(4  x ) 
4
H x P2 O7
(the latter being primarily P2 O7 in solutions with the pH values buffered
at 10).

[1989TOR/REI]
The authors reported the hydrothermal synthesis of Fe4(OH)3(PO4)3, and reported X-ray
single-crystal diffraction, Mößbauer spectroscopy and magnetic susceptibility results
(cf. Rouzies et al. [1994ROU/VAR]).

[1990DOM/GAR]
Domingo et al. carried out a careful spectrophotometric investigation of
aqueous Fe(CN)36 perchloric acid solutions from 0.1 to 11.5 mol·dm-3. The authors
reported values ( log10 K o = – (0.60 ± 0.02), – (3.23 ± 0.03) and – (6.25 ± 0.10)) for the
three protonation constants of Fe(CN)36 , at a temperature not clearly specified in the
paper. These were calculated using a data analysis method similar to that discussed in
an earlier paper [1987DOM/GAR]. These protonated complexes are presumably ion
pairs rather than involving protonation of the cyanido ligands. A precipitate of
H3Fe(CN)6 was reported to have formed at HClO4 concentrations of 7 to 10 mol·dm-3.
The authors also investigated the kinetics of the decomposition of Fe(CN)36 at 60 °C,
and attempted to correct their spectrophotometric results at 25 °C by taking the
decomposition reaction into account. The rate-determining step in the decomposition
process involved the formation of HCN(aq) and [Hn 1Fe(CN)5 H 2 O]n 3 (n = 0-3) which
decomposes rapidly to form Fe3+(sln). Reduction of Fe(III) due to the proposed presence
of metal ion impurities and the formation of cyanide radicals were also suggested.
Nevertheless, such decomposition may have systematically affected the thermodynamic
measurements. Clearly the three stepwise reactions have been identified, but the
procedure used to account for ionic activities does not seem consistent with the small
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values reported for the uncertainties. The use of spectrophotometric measurements
alone where the changes in spectra were relatively small, especially for the formation of
H3Fe(CN)6(aq), means that the results require additional verification. The experimental
conditions are beyond the scope of the present review and the reported values are not
used further.

[1990ROB]
Iron(III) arsenate was prepared from 0.1 mol·kg-1 Fe2(SO4)3 and 0.1 mol·kg-1 H3AsO4
solutions, and the mixed solution was refluxed (solution pH value was maintained at 1)
for several days. The initial solid was contacted (with mechanical agitation) for a period
of two years. The final solids appeared to be crystalline. Samples of the solid (10 to
100 nm) were equilibrated for a year in solutions with pH values between 1.30 and 6.40.
The pH was adjusted by addition of nitric acid or sodium hydroxide, but the procedure
used for the pH measurements was not described. The equilibration temperature and the
ionic strengths of the solutions were not specified. Except for the solution with the
lowest pH (1.30), the measured molar concentration of arsenic exceeded that of iron, by
a factor of nearly three at a pH of 2.00, and by much more at higher pH values. Thus,
the dissolution was not congruent. An increase in iron and arsenic concentrations was
found as the pH of the solutions became closer to neutral, and this behaviour was
attributed to formation of an anionic complex Fe(AsO4 )32 . Gibbs energy values for the
solid and iron(III) arsenato complexes were determined from fitting a speciation model
to the data. Transmission electron microscopic analysis of the final solids indicated that
they were a mixture of at least two compounds, probably iron(III) arsenate and an
iron(III) hydroxide or oxyhydroxide. The thermodynamic modelling suggested that the
latter solid might have had a stability near that of goethite. This appears to have been a
very careful study, and it is unfortunate that more details were not provided. Whiting
[1992WHI] indicated, based on a private communication from Dr. Robins with respect
to [1990ROB], that “due to the contractual obligations under which the research … was
conducted” the detailed experimental procedures and raw data were not made available.
As discussed by Langmuir et al. [2006LAN/MAH], the solubility results appear to
indicate that the iron(III) arsenate was not completely crystalline (and therefore more
soluble than synthetic scorodite [1988KRA/ETT], [2010PAK/BRU]). Therefore the
solubility measurements from this work are not used further in the present review.

[1990SHU/PRA]
In this paper, Shukla et al. report the molar enthalpies of formation of two alloys,
FeTe0.9(cr) and Ni0.595Te0.405(cr), by comparing the heats of dissolution in aqueous acidic
media of the alloys, and of physical mixtures of the elements with the same
compositions, in an isoperibol solution calorimeter at 298.15 K. The alloy specimens
were prepared from the elements (99.99 mass-% purity; Fe and Ni reduced by preCHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020
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heating in hydrogen) under vacuum at 1300 K. Characterisation by XRD and chemical
analysis was apparently satisfactory, but no details are provided.
The calorimetric enthalpy-of-dissolution measurements comprised eight runs
with the FeTe0.9 alloy, ten with the corresponding physical mixture, and ten runs each
with the Ni0.595Te0.405 alloy and mixture. The dissolution medium for FeTe0.9 was (3.0 M
H2SO4 + 0.1 M K2Cr2O7 + 0.01 MnSO4), while that for Ni0.595Te0.405 was (7 M HNO3 +
5 mass-% H2SO4).1 Individual specimen masses and measured heats of dissolution were
tabulated, and the following enthalpies of formation were derived [1990SHU/PRA]:

f H mo (FeTe0.9, cr, 298.15 K) = – (23.46 ± 0.53) kJ∙mol-1;
f H mo (Ni0.595Te0.405, cr, 298.15 K) = – (26.08 ± 0.36) kJ∙mol-1.
Recalculation in the current review yielded the following values:

f H mo (FeTe0.9, cr, 298.15 K) = – (23.55 ± 1.63) kJ∙mol-1;

f H mo (Ni0.595Te0.405, cr, 298.15 K) = – (26.04 ± 1.15) kJ∙mol-1.
The increased uncertainties are based on the standard deviation of the
measurements, rather than that of the mean (as used by the authors [1990SHU/PRA]).
The slightly different value of f H mo (FeTe0.9, cr, 298.15 K) is due mainly to the
exclusion of Run 4 for the alloy and Run 10 for the mixture, because discrepancies in
the calculations indicated typographic errors in the tabulated results. The smaller
adjustment for the value of f H mo (Ni0.595Te0.405, cr, 298.15 K) appears to be a rounding
error; the authors’ calculations seem to have been based on at least one additional
decimal place in the measured enthalpies of individual runs. The authors’ values are
therefore retained as recommended values, but with increased uncertainties:

f H mo (FeTe0.9, cr, 298.15 K) = – (23.46 ± 1.63) kJ∙mol-1;
f H mo (Ni0.595Te0.405, cr, 298.15 K) = – (26.08 ± 1.15) kJ∙mol-1.
Note, however, that Ni-Te alloys with variable compositions, including those
near Ni0.595Te0.405, were explicitly excluded from the TDB volume on nickel
[2005GAM/BUG], which considered only the NiTe0.775(γ1) and NiTe0.85(γ2) phases. The
value for FeTe0.9(cr), adjusted to the alternative formulation FeTe1.111, is recommended
in Section IX.3.1.1.2 of the main text:

f H mo (FeTe1.111, cr, 298.15 K) = – (26.06 ± 1.81) kJ∙mol-1.

[1991GRO/STO]
This paper provides the only available heat-capacity data for Fe9S10 (5C pyrrhotite).
This material was prepared from high-purity Fe and S in an evacuated silica tube at
970 K, then annealed at 1270 K for 3 h and 560 K for 30 d. The product was not
1

The exact meaning of this description in terms of the two acid concentrations is unclear.
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analysed chemically, but XRD measurements confirmed the 5C superstructure
appropriate to the target composition. These measurements include temperaturedependent subcell dimensions for the approximate temperature range 120 ≤ T/K ≤ 690.
Heat-capacity data were obtained by adiabatic intermittent-heating methods from
~ 132 g specimens of this material: 88 measurements in one series at 5.38 ≤ T/K
≤ 47.74, and 91 measurements in 11 series at 301.58 ≤ T/K ≤ 738.21, the latter including
three measurements of the enthalpy of a sharp phase transition at 495 K. The authors’
estimated relative uncertainties (2σ) in the heat-capacity measurements were about 1 %
at 8 ≤ T/K ≤ 10, 0.3 % at 10 ≤ T/K ≤ 30, 0.1 % using the low-temperature apparatus at
30 ≤ T/K ≤ 350, and 0.3 % in the higher-temperature measurements.
Smoothed values of ( C po ,m /R ) and derived thermodynamic quantities at 5 ≤
T/K ≤ 740, based on polynomial curve-fitting and referring to the composition 1/10Fe9S10
(Fe0.9S), were tabulated by the authors. Results are discussed in terms of the following
three, overlapping structural and magnetic phase transitions: 5C (low T) to NA (high T)
superstructure in a sharp transition at T/K = (494.6 ± 0.6); disorder of Fe vacancies in
the crystal structure in a broad transition with a peak at 534 K, and achievement of
complete magnetic disorder (Néel transition) at 591 K (see Figure A-43).
In the current review, the heat-capacity data were satisfactorily fitted by a
series of eight polynomial expressions applied to the temperature ranges between the
successive values T/K = 0, 11.43, 126.57, 261.77, 420.21, 533.49, 591.08, 599.32 and
740.00. The overall quality of fit, as shown in Figure-A-44, is quite good, but there is a
slight mismatch between the low- and high-temperature data sets, and the quality of fit
was locally poorer, as expected, in the immediate vicinity of the phase-transition peaks.
Furthermore, as previously described for troilite and some iron oxides (see Section
IX.1.1.1.2.1.1 and Chapter VII of TDB-Iron Part 1), the polynomial coefficients were
unusually large for fitted curves near the phase-transition peaks (especially the
descending, high-temperature sides of the lambda-type transitions), requiring a higherthan-normal number of significant figures. Tabulated values are therefore provided for
thermodynamic quantities for Fe0.9S at selected temperatures, especially for the
temperature range 530 ≤ T/K ≤ 600, in Table A-38. For the same reason, the heatcapacity expression given below for 420.21 ≤ T/K ≤ 533.49 includes more significant
figures than usual for such expressions.
The curve-fitting procedure yielded the following thermodynamic values and
expressions:

C po ,m (Fe0.9S, cr, 298.15 K) = (51.14 ± 0.30) J·K-1·mol-1

((Smo (298.15 K)  Smo (0 K)), Fe0.9S, cr) = (63.15 ± 0.25) J·K-1·mol-1
420.21 K
-1
-1
-3
2
[C po ,m ]298.15
K (Fe0.9S, cr, T)/J·K ·mol = 1.774662 × 10 (T/K) – 2.254710 (T/K) +
5
-1
1158.198 – 2.405623 × 10 (T/K) + 1.904786 × 107 (T/K)-2
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K
-1
-1
-2
2
[C po ,m ]533.49
420.21 K (Fe0.9S, cr, T)/J·K ·mol = 8.6750560 × 10 (T/K) – 152.94331 (T/K) +
101189.17 – 2.9702358 × 107 (T/K)-1 + 3.267564 × 109 (T/K)-2

740 K
−1
-1
6
[C po ,m ]599.32
K (Fe0.9S, cr, T)/J·K ·mol = – 3.79344 (T/K) + 7920.72 – 5.43663 × 10
-1
9
-2
(T/K) + 1.25436 × 10 (T/K)

The 298.15 K heat-capacity and entropy values differ only marginally from the
values of 51.23 J·K-1·mol-1 and 63.17 J·K-1·mol-1, respectively, obtained from Table 3
of [1991GRO/STO]. The curve-fitting procedure and appropriate integration yielded
o
o
o
o
values for Hm (T )  Hm (0 K) and Sm (T )  Sm (0 K) within 11 J·mol-1 and
0.05 J·K-1·mol-1, respectively, of the tabulated values in [1991GRO/STO] for the entire
temperature range, 0 ≤ T/K ≤ 740. Individual discrepancies were generally much lower,
except for the regions of (a) the data-set overlap near 300 K and (b) above the final
phase transition between about 560 and 700 K. To calculate entropy and enthalpy values
at T > 494.6 K, the value of Δ trs H mo = (119.7 ± 2.0) J·mol-1 is included to describe the
sharp, 5C-to-NA phase transition at 494.6 K, as reported by Grønvold et al.
[1991GRO/STO]. Note that the polynomial C po ,m expression for the temperature range
420.21 ≤ T/K ≤ 533.49, given above, applies both above and below this phase transition.
The C po ,m value of (51.14 ± 0.30) J·K-1·mol-1 at 298.15 K is retained as a
recommended value for consistency with the overall curve-fitting scheme derived in the
review; the scatter plot in Figure A-44 indicates that this value is weighted towards the
o
higher-precision, low-temperature measurements, which is reasonable. The S m value of
(63.17 ± 0.25) J·K-1·mol-1 at 298.15 K, i.e., the value from [1991GRO/STO] combined
with the estimated uncertainty from this review, is retained to minimize the proliferation
of marginally different values. Since all of the expected order-disorder phase transitions
are represented in the heat-capacity data, it is unlikely that the specimen had significant
zero-point energy.

Table A-38: Recommended thermodynamic quantities for Fe0.9S at selected
temperatures.
T/K

-1
-1
C po,m /J·K ·mol

H mo (T )  H mo (0)
-1

Smo (T )  Smo (0)
-1

/J·mol

/J·K ·mol

298.15

51.14

9536.2

63.17(a)

300

51.27

9630.9

63.47

400

57.90

15091.1

79.13

420.21

59.50

16277.0

82.02

494.6

21001.3

92.35

494.6

21121.0

92.60

21498.2

93.35

500

70.69

Comments

-1

Equation crossover
Sharp phase transition

(Continued next page)
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Table A-38 (continued)
T/K

-1
-1
C po,m /J·K ·mol

H mo (T )  H mo (0)

Smo (T )  Smo (0)

/J·K-1·mol-1
97.89

530

87.74

/J·mol-1
23835.7

533.49

90.88

24147.5

98.48

550

79.90

25518.1

101.01

570

80.82

27123.1

103.87

590

93.99

28817.8

106.79

591.08

95.98

28920.6

106.97

599.32

68.16

29544.2

108.02

600

67.96

29590.1

108.09

650

59.85

32734.7

113.13

700

58.63

35687.0

117.51

Comments

Equation crossover at C p peak

Equation crossover at C p peak
Equation crossover

740
57.44
38014.2
120.74
(a) The value of 63.17 J∙K-1∙mol-1 reported in [1991GRO/STO] is retained here, rather than the slightly
different, recalculated value of 63.15 (see text).

Figure A-43: Heat-capacity data for 1 /10 Fe9S10 (Fe0.9S) from [1991GRO/STO] and fitted
curves from the current review. Data points represented by ×, near the sharp phase
transition at 495 K, were omitted from the curve fitting.
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Figure A-44: Discrepancies between reported [1991GRO/STO] and fitted values (this
review) of C po ,m /T for 1 /10 Fe9S10 (Fe0.9S) .

o
o
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[1991KHO/HUA]
The authors carried out titrations of solutions approximately 0.001, 0.002, 0.005, 0.01,
0.015 and 0.02 mol·dm-3 in both H3AsO4 and Fe(ClO4)2, in 3 mol·dm-3 NaClO4 aqueous
solution at (25.0 ± 0.1) °C. All solutions had a slight molar excess of arsenic compared
to iron. The titrant was a 0.294 mol·dm-3 aqueous solution of NaHCO3. The paper
included a good discussion of the procedure used for electrode calibration and
measurement of acid concentrations. A separate determination was made of the first
deprotonation constant of H3AsO4(aq), and a value of log10 Kc,1 of – (2.307 ± 0.005)
was reported. Raposo et al. [2002RAP/SAN] reported – 2.27 for the same medium.
In their MINIQUAD analysis [1974SAB/VAC] of the results for the acidic
solutions, it was found that models that included formation of arsenato complexes of
iron(II) did not provide any benefit over a model that did not include such complexes.
“Tyndallimetry” was used to detect the point (acid concentration) in each titration at
which precipitation first occurred. Initial precipitation occurred at values of  log10 cH
from 1.54 to 2.71. Based on these results, the value of the molar solubility product
((cFe )3 (cAsO ) 2 ) of the solid (Im = 3.5°mol·kg-1 ( NaClO 4 )), assumed to be symplesitelike with a stoichiometry Fe3 (AsO4 )2  xH2 O(s) , was reported as (4 ± 1) × 10-41. It is not
clear whether the values used by the authors for the second and third deprotonation
constants of H3 AsO4 (aq) were appropriate for this perchlorate medium, and no attempt
appears to have been made to derive a value for I = 0. The values the authors cited as
having been used for calculation of cAsO3 seem more appropriate for dilute aqueous
+

2+

34

4
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media. Back-calculation suggests that the results correspond to a value of 0.76 for
log10 Kc (A.105).

3Fe2  2H3 AsO4 (aq)

Fe3 (AsO4 )2 (s)  6H .

(A.105)

[1992BAL/DIC]
This report includes a comprehensive review and critical assessment of thermodynamic
data for the Fe-Te system. The resulting thermodynamic quantities are tabulated for the
following alloy compositions from 298.15 K to the indicated maximum temperatures:
Fe0.333 Te0.666 (cr, ε) to 900 K; Fe0.4 Te0.6 (cr, δ) to 1000 K; Fe0.526Te0.474(cr, β) to 1100 K.
Since little new information has been published on the Fe-Te system since this report
was issued, the current review draws heavily from it, as did the review of the Ni-Te
system in the TDB volume on nickel [2005GAM/BUG].
Note that, in [1992BAL/DIC], Figures 16 and 17 have been transposed, i.e.,
Figure 16 is labeled “Phase diagram of the Ni-Te system” but actually depicts the
Fe-Te system, and the converse is true for Figure 17.

[1992CIA/IUL]
Ciavatta et al. [1992CIA/IUL] performed potentiometric experiments using high ionic
strength sodium perchlorate solutions (Ic = 3.0), covering a substantial range of iron(II)
(0.00833 to 0.0333 mol·dm-3) and phosphate concentrations (0.300 to 0.997 mol·dm-3).
The cell can be written as:
reference electrode | test solution | glass electrode,
where the reference electrode was
Ag | AgCl | NaCl (0.01 M), NaClO 4 (2.99 M)| NaClO 4 (3.00 M)

and the test solution was
Fe(ClO4 )2 (cM ) , H3 PO 4 (c0 ) , NaH 2 PO4 (c1 ) , Na 2 HPO 4 (c2 ) ,
NaClO4 (3-c1 -2c2 ) .

Titrations were also carried out in the absence of iron(II) to establish the
distribution of phosphoric acid species in each medium. The authors identified four
complexes—the 1:1 species FeH2 PO4 and FeHPO4(aq) and two additional phosphato
complexes, Fe(H2PO4)2(aq), and FeH3 (PO4 )2 from the experiments with higher total
phosphate (0.100 to 0.997 mol·dm-3). A version of the SIT was then used to calculate
formation constant values for I = 0. The study of Ciavatta et al. [1992CIA/IUL] relied
on “goodness-of-fit” calculations to identify the complexes, and no spectroscopic or
other direct evidence was provided for the species. The results indicated that FeH2 PO4
is a markedly weaker complex than what was reported from the limited results of
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Nriagu [1972NRI2]. Ciavatta et al. [1992CIA/IUL] attributed the difference to the
preferential formation of the outer-sphere ion pair Fe(H2 O)6 ClO4 , rather than
Fe(H2 O)6 H2 PO4 , in solutions with a high perchlorate concentration.

[1992CIA/IUL2]
This paper reports re-analysis of results from an earlier potentiometric study by Ciavatta
[1974CIA], in conjunction with more extensive new potentiometric data using solutions
with fixed ratios of iron(III) to iron(II). Experiments were carried out at 25 °C in high
ionic strength sodium perchlorate solutions (Ic = 3.0), covering a substantial range of
iron(III) (0.0005 to 0.03 mol·dm-3), phosphate (0.0005 to 0.1 mol·dm-3) and hydrogen
ion (0.03 to 1 mol·dm-3) concentrations. The two cells can be written as:
reference electrode | test solution | glass electrode,
reference electrode | test solution | Ir (or Au) foil,
where the reference electrode was
Ag | AgCl | NaCl (0.02 M), NaClO 4 (2.98 M) || NaClO 4 (3.00 M)

and the test solutions were
Fe(ClO4)3(c3), Fe(ClO4)2(c2), NaH2PO4(cp), HClO4(cH), NaClO4(3 − 3 c3 − 2 c2 − cH).
The computer code SUPERQUAD [1985GAN/SAB] was used by the authors
to analyse the data. Appropriate values for hydrolysis constants for Fe3+ in 3 mol·dm-3
NaClO4(aq), were taken from the literature [1953HED2], [1962SCH2], as were
dissociation constants for H3PO4(aq) [1991CIA/IUL], and formation constants for
iron(II) hydrogenphosphato complexes [1992CIA/IUL]. Various combinations of
3 p  q  3r
complexes of the form Fe p H q (PO 4 ) r
were tested to obtain a satisfactory fit to the
experimental data. The authors concluded that the significant species included
FeH3PO34 , FeH2 PO24 , FeH5 (PO4 )22 , FeH4 (PO4 )2 , FeH2 (PO4 )2 , Fe3H(PO4 )24 ,
Fe3H2 (PO4 )32 , Fe3H4 (PO4 )34 , Fe3H6 (PO4 )34 , Fe3H9 (PO4 )53 , Fe3H8 (PO4 )52 and
Fe3H 9 (PO4 )6 (aq) . Reasonably, different species were calculated to be predominant in
different regions of the Fe(III)-P(V)-H system. Also, because of the high
concentrations of Fe(III), the importance of tri-iron species is not surprising; however,
the large number of proposed species is disquieting. Although all these species may be
possible, it seems that there is little supporting structural evidence. In the present review
we concur that many of these species may exist, but believe that there is insufficient
confirmation to select an unambiguous set of zero ionic strength thermodynamic values
from these data. In a later paper from the same group [2007IUL/CIA] yet another
complex (FePO4(aq)) was reported, and this also suggests that conclusions from the data
analysis in [1992CIA/IUL2] may not be definitive.
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[1992CIA/IUL3]
This solubility study used precipitated iron(III) phosphate solid (aged for 50 hours). A
powder X-ray diffraction experiment on the washed and dried solid showed no lines,
although the IR spectrum was similar to that of strengite. The molar concentrations of
Fe3+ were measured with a Fe3+ /Fe2+ half cell and the acid concentrations in
NaClO4 -HClO4 solutions (3.0 mol·dm-3 total perchlorate) using a glass electrode. The
concentrations of aqueous phosphatoiron(III) complexes were calculated using
formation constants reported from a previous study in the same medium
[1992CIA/IUL2]. For the reaction

FePO4 (am)  3H

Fe3  H3 PO4 (aq)

in the perchlorate medium, the authors reported an equilibrium constant of 10 -(2.85 ± 0.08).
The authors also reported a value of 10-(4.0 ± 0.2) at I = 0 if a specific ion-interaction
method was used for the calculations. The solubilities are, as might be expected,
somewhat higher than those found in studies that used well-characterised crystalline
strengite [1972NRI3], [2007IUL/CIA], but similar to the values from earlier studies
[1957CHA/JAC], [1961EGA/WAK]. It is likely that the authors’ solid was
microcrystalline rather than truly amorphous. Also, as discussed in three Appendix A
entries for other papers from the same group [1992CIA/IUL2], [1995CIA/IUL]
[2007IUL/CIA], the nature of the phosphatoiron(III) complexes present in these
solutions is not yet clear.

[1992GRO/STO]
This is one of a series of careful heat-capacity studies on various solid iron sulfides by
Grønvold and co-workers. Specimens were prepared from high-purity elemental Fe and
S in evacuated, fused-silica tubes by a three-stage synthesis: pre-reaction for ~ 18 h at
970 K, high-temperature annealing for 3 h at 1270 K, then lower-temperature annealing
for 30 d at 560 K (below the Néel magnetic transition), as described in a preceding
paper [1991GRO/STO]. Heat-capacity measurements were made using an adiabatic
calorimeter previously described by Grønvold [1967GRO]. Sample sizes are not given,
but were presumably comparable to the 132-g specimen used for heat-capacity
measurements on Fe9S10(cr) [1991GRO/STO].
No chemical analyses are given, but the details of the preparation indicate that
homogeneous products would have been obtained, and the desired target compositions
would have been achieved with a high degree of accuracy. This is supported by the
observed crystallographic lattice constants and superstructure types for the FeS and
Fe1-xS compositions, which are tabulated and compared with published values from
numerous sources.
This important paper provides the best available heat-capacity data at T >
298.15 K for troilite (stoichiometric Fe1.000S(cr); 120 measurements at
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304.78 to 996.62 K) and monoclinic pyrrhotite (Fe0.875S(cr); 74 measurements at
304.51 to 1016.36 K) and their high-temperature modifications. Comparative data are
also provided for the solid compositions Fe0.98S (84 measurements at
306.75 to 790.30 K) and Fe0.89S (67 measurements at 294.91 to 648.46 K). Some data
were excluded by the authors because of insufficient equilibration, specifically: (a)
hysteresis of Fe1.000S(cr) in the structural phase-transition region near 400 K; and (b)
solid-state reaction of Fe0.875S(cr) to form FeS2(cr, pyrite) and a more Fe -rich pyrrhotite
at temperatures near 700 K.
Smoothed values of the thermodynamic properties for each composition are
tabulated by the authors as values of Z/R, where Z represents molar heat-capacity,
increments in entropy and enthalpy, and Gibbs energy functions. For Fe1.000S(cr) and
Fe0.875S(cr), the values of T0 K ΔH mo and T0 K ΔS mo are derived from a combination of data
from [1992GRO/STO] and previous, low-temperature heat-capacity data obtained by
Grønvold and Westrum for Fe1.000S(cr) and Fe0.877S(cr) [1959GRO/WES]. The slight
mismatch in composition between Fe0.877S(cr) and Fe0.875S(cr) was accommodated by
adjusting the molecular weight for the low-temperature study from 81.05
[1959GRO/WES] to 80.932 [1992GRO/STO]. This implies that the latter authors
considered the materials used in the two studies to be indistinguishable in purity and
composition, within the limits of the preparations.
Structural and magnetic phase transitions (see Section IX.1.1.1.1.1) changed
progressively with increasing iron deficiency of the solid sulfides. Stoichiometric
Fe1.000S(cr) showed a sharp feature for the structural transition at 419.66 K and two λtype anomalies with maxima near 440 (magnetic spin-flip) and 590 K (Néel transition).
The intermediate solid compositions showed heat-capacity maxima near 400 and 590 K
for Fe0.98S(cr), and 560 and 590 K for Fe0.89S(cr). Finally, Fe0.875S(cr) displayed a single
broad feature combining structural and magnetic disorder processes, with a pronounced
peak near 590 K. The discussion includes estimates of transition and lattice
contributions to the heat capacities for each composition, and proposed revisions to the
FeS-Fe0.875S portion of the Fe-S phase diagram below 600 K.
The authors derived and discussed the thermodynamic properties of formation
for each of the studied iron sulfide compositions, based on the enthalpy of formation for
FeS(cr) from Cemič and Kleppa [1988CEM/KLE], and Gibbs-Duhem integration of
sulfur fugacity vs. composition data for pyrrhotite at 919 K from Toulmin and Barton
[1964TOU/BAR] and Rau [1976RAU2].
The combined heat-capacity data sets for Fe1.000S(cr), and for Fe0.877S(cr) and
Fe0.875S(cr), from [1959GRO/WES] and [1992GRO/STO] are reviewed here.
Experimental heat-capacity values were converted to the units J∙K-1∙mol-1, and adjusted
slightly to the relative molecular masses, 87.905 for Fe1.000S and 80.924 for Fe0.875S(cr).
Seven values from the authors’ “Series III” measurements were excluded from the
analysis, because of the reported hysteresis [1992GRO/STO]. Because the compositions
Fe0.89S(cr) and Fe0.98S(cr) refer to two-phase solid mixtures at temperatures below
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~ 600 K (nominally [Fe9S10+Fe7S8] and [FeS+Fe11S12], respectively), they are not
included in the current review.
Heat capacities and derived quantities for Fe1.000S(cr)
The fitting scheme for the combined heat-capacity data set for Fe1.000S(cr) is described
in Table A-39, and the data and fitted lines are shown in Figure A-45. Fitting the lowtemperature data was straightforward, complicated only by the slight mismatch between
the two data sets in the 300 to 350 K temperature range. This was treated by using a
bridging function that was an average of two functions that were individually weighted
in favour of the low- and high-temperature data sets. By using this approach, no further
adjustment was needed for consistency with the selected value of C po ,m (Fe1.000S, cr,
troilite, 298.15 K).
This fitting scheme yielded the following recommended values:

C po ,m (Fe1.000S, cr, troilite, 298.15 K) = (50.61 ± 0.17) J·K-1·mol-1

S mo (Fe1.000S, cr, troilite, 298.15 K) = (60.31 ± 0.22) J·K-1·mol-1.
This heat-capacity value is marginally higher than the authors’ tabulated
298.15 K values of 50.54 J·K-1·mol-1 [1959GRO/WES] and 50.49 J·K-1·mol-1
[1992GRO/STO], while the entropy value is identical to theirs.
The heat-capacity behaviour of troilite above 298.15 K is quite complex, with
large, overlapping lambda-type anomalies peaking at 440 K (magnetic spin-orientation
transition) and 590 K (β transition), and a sharp, nearly isothermal feature (α transition)
centred at 419.66 K [1992GRO/STO]. The rising baseline at 298.15 ≤ T/K ≤ 440 K (i.e.
the rising portion of the first lambda-type anomaly, excluding the isothermal transition)
is represented by the following, recommended heat-capacity expressions:
K
-1
-1
-3
2
[C po ,m ]318.71
298.15 K (Fe1.000S, cr, troilite, T)/J·K ·mol = 5.93271 × 10 (T/K) − 6.64589
5
-1
7
(T/K) + 2899.60 − 5.48115 × 10 (T/K) + 3.94234 × 10 (T/K)-2
440.35 K
-1
-1
-2
2
[C po ,m ]318.71
K (Fe1.000S, cr, troilite, T)/J·K ·mol = 1.009287 × 10 (T/K) − 11.76573
6
-1
7
(T/K) + 5244.81 − 1.022183 × 10 (T/K) + 7.51200 × 10 (T/K)-2

For some purposes, the second of these equations is adequate between 298.15
and 318.71 K, but it does not reproduce exactly the value given above for C po ,m
(Fe1.000S, cr, troilite, 298.15 K).
There is insufficient information to evaluate the enthalpy and entropy of the
sharp (α) transition at 419.66 K. Grønvold and Stølen [1992GRO/STO] give the
following values, based on a value of R = 8.31441 J·K-1·mol-1 that they used:

(Δ trs H mo /R)/K = 478, whence Δ trs H mo = 3.974 kJ·mol-1 and
Δ trs Smo = 1.15R = 9.56 J·K-1·mol-1
These values are not quite consistent with an isothermal process at 419.66 K, for which:
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Δ trs Smo = Δ trs H mo /T = (3.974 × 1000)/419.66 = 9.47 J·K-1·mol-1.
The value of Δ trs H mo discussed above is based on a single measurement,
because the transition was not fully reversible, the value varies slightly with the
expression used for background subtraction. In the current review, a value of Δ trs H mo =
3.908 kJ·mol-1 was found to give the best overall agreement of entropy and enthalpy
values for temperatures above 420 K with those tabulated by Grønvold and Stølen
[1992GRO/STO]. Since only one measurement was considered by the original authors
to be valid [1992GRO/STO], an uncertainty of 5 % in the transition enthalpy is
conservatively adopted here, and the following values are recommended for use in
combination with the recommended heat-capacity expressions.

Δ trs H mo = (3.91 ± 0.20) kJ·mol-1
Δ trs Smo = (9.31 ± 0.47) J·K-1·mol-1.
These values should be applied as an isothermal process at 419.66 K, and
added to the enthalpy and entropy values derived from the recommended background
440.35 K
expression (see above) for [C po ,m ]318.71
K (Fe1.000S, cr, troilite, T) when T/K > 419.66.
The portions of the heat-capacity curve between the peaks of the two lambdatype anomalies, and the steeply descending portion at T > 590 K, can be fitted to a
sequence of three five-term equations of the same type, but the refined equations have
very large coefficients that require up to ten significant figures to calculate heat-capacity
values accurately, rather than the six or seven significant figures that normally suffice.
This indicates that the fitted equations represent small differences between large terms.

o
Table A-39: Fitting scheme for combined C p ,m data for Fe1.000S (cr, troilite) from
[1959GRO/WES] and [1992GRO/STO].

Number Fitted temperature range, T/K

Applied temperature range, T/K(a)

1

6.97 to 11.42

0 to 9.99

2

9.05 to 95.96

9.99 to 61.68

3

50.67 to 245.35

61.68 to 198.60

Cpo,m = A∙T 6 + B∙T 5 + C∙T 4 +
D∙T 3 + E∙T 2 + F∙T + G

4

154.88 to 345.78

198.60 to 275.86

Cpo,m = A∙T 2 + B∙ T + C +

5

Averaged(b)

275.86 to 318.71

6(c)

255.25 to 442.46

318.71 to 440.35

7

439.18 to 520.48

440.35 to 509.78

8

485.34 to 590.59

509.78 to 590.47

9

590.59 to 617.18

590.47 to 606.23

10
(a)
(b)
(c)

599.53 to 996.62

606.23 to 1000

Form of fitted expression
Cpo,m = A∙T 3

D∙T -1 + E∙T -2

Cpo,m = A∙T + B + C∙T -1 +

D∙T-2

Cross-over temperatures for functions in adjacent temperature ranges.
Function 5 is a linear combination of Functions 4 and 6.
The sharp phase-transition (α transition) is treated as an isothermal process at 419.66 K with  trs H o =
o
3.908 kJ∙mol-1 and  trs S = 9.31 J∙K-1∙mol-1.
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A similar situation was described previously for the high-temperature magnetic
transitions of hematite (α-Fe2O3) and magnetite (Fe3O4); see Sections VII.2.2.2 and
VII.2.7.1.5 of TDB-Iron Part 1. Therefore, the thermodynamic quantities tabulated by
Grønvold and Stølen (Table 5 of [1992GRO/STO]) are recommended for temperatures
from 440 to 660 K, as reproduced with the appropriate change of units and molecularmass adjustment in Table A-40.
Above 660 K, the heat-capacity curve for troilite is represented by the
following, recommended equation.
K
-1
-1
[C po ,m ]1000
660 K (Fe1.000S, cr, troilite, T) / J·K ·mol = – 0.132441 (T/K)

+ 445.124 – 3.60564 × 105 (T/K)-1 + 1.08193 × 108 (T/K)-2

Table A-40: Thermodynamic properties of Fe1.000S(cr) at 460 to 660 K, derived from a
portion of Table 5 of Grønvold and Stølen [1992GRO/STO].
T/K
298.15

(a)

Cpo,m /J·K-1·mol-1

50.61

H mo (T )  H mo (0) /kJ·mol-1

Smo (T )  Smo (0) /J·K-1·mol-1

9.351

60.31 (a)

(a)

460

72.02

23.63

96.89

480

71.39

25.06

99.93

500

72.05

26.49

102.86

520

73.29

27.95

105.70

540

75.51

29.43

108.51

560

78.84

30.97

111.31

600

67.32

34.26

116.97

620

61.94

35.54

119.06

640

60.43

36.76

121.01

660

59.50

37.96

122.85

Recommended values from this review

The above combination of recommended heat-capacity expressions and
transition-enthalpy value yield (by appropriate integration up to 1000 K) enthalpy and
entropy increments within 0.025 kJ·mol-1 and 0.06 J·K-1·mol-1, respectively, of values
derived from Table 5 of [1992GRO/STO]. The discrepancies are generally much lower
than these limits, except near the peaks of the lambda-type anomalies and in the overlap
region of the two data sets.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

A. Discussion of selected references

547

Figure A-45: Heat capacity of Fe1.000S(cr, troilite); combined data from
[1959GRO/WES] and [1992GRO/STO]. The solid line shows the ten fitted expressions.
The dotted line shows the sharp (α) phase transition, which has a peak measured C po ,m
value of 2745.2 J∙K-1∙mol-1 at 419.66 K. This high apparent C p value indicates an
almost isothermal experimental enthalpy increment at the peak of the transition; the
actual value has little meaning.

120

100

o
/JK-1mol-1
Cp,m

80

60

40

20

0
0

200

400

600

800

1000

T/K

Heat capacities and derived quantities for Fe0.875S(cr)
The fitting scheme for the combined heat-capacity data set for Fe0.875S(cr) is described
in Table A-41, and the data and fitted lines are shown in Figure A-46; the lowtemperature region is expanded in Figure A-47. Because of the small heat-capacity
anomalies near 8 and 30 K, the region below 50 K was evaluated by numerical
integration rather than curve fitting. Curve fitting was applied only up to 540 K, at the
foot of the magnetic and structural order/disorder phase-transition feature that peaks
near 590 K. The upper limit for monoclinic pyrrhotite as a distinct phase is near 500 K
(see Section IX.1.1.1.2.3); above this limit, it disproportionates to pyrite (FeS2) and a
more iron-rich pyrrhotite, then above about 740 K Fe0.875S(cr) once again becomes a
stable single-phase composition, but within the disordered (solid solution) hightemperature pyrrhotite field. A broad heat-capacity feature near 700 K is related to this
series of phase changes (Figure A-46), and it is likely that the data above about 800 K
refer to single-phase, solid-solution material.
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The combined integration and fitting scheme yielded the following
recommended values, which are identical to the values tabulated (without uncertainties)
by Grønvold and Stølen [1992GRO/STO]:

C po ,m (Fe0.875S, cr, 298.15 K) = (49.88 ± 0.35) J·K-1·mol-1

S mo (Fe0.875S, cr, 298.15 K) = (60.70 ± 0.34) J·K-1·mol-1
The heat capacity of Fe0.875S between 298.15 and 540 K is represented by the
following recommended equations, which reproduce the enthalpy and entropy
increments tabulated by Grønvold and Stølen [1992GRO/STO] within 0.006 kJ·mol-1
and 0.02 J·K-1·mol-1, respectively:
401.5 K
-1
-1
-4
2
[C po ,m ]298.15
K (Fe0.875S, cr, T)/J·K ·mol = 3.794103 × 10 (T/K) – 0.4185207 (T/K) +
4
-1
253.607 – 4.411398 × 10 (T/K) + 3.137043 × 106 (T/K)-2
K
-1
-1
-3
2
[C po ,m ]540
401.5 K (Fe0.875S, cr, T)/J·K ·mol = 5.485912 × 10 (T/K) – 9.221108 (T/K) +
6
-1
8
5920.44 – 1.658617 × 10 (T/K) + 1.748825 × 10 (T/K)-2

Table A-41: Fitting scheme for combined
[1959GRO/WES] and [1992GRO/STO].
Number Fitted temperature range, T / K
5.82 to 6.52 (estimated(b))

0 to 6

2

6 to 50

6 to 50

3(d)

5.82 to 248.25

50 to 165.7

4

150.19 to 447.65

165.7 to 274.6

223.47 to 447.65

274.6 to 401.5

350.6 to 538.17

401.5 to 540

6

(e)

(a)
(b)

(c)

(d)

(e)

data for Fe0.875S(cr) from

Applied temperature range, T / K(a)

1

5

C po ,m

Form of fitted expression
3
C po,m = A∙T

Numerical integration (c)
6
5
4
C po,m = A∙T + B∙T + C∙T

+ D∙T 3 + E∙T 2 + F∙T + G
2
C po,m = A∙T + B∙ T + C +

D∙T -1 + E∙T -2

Cross-over temperatures for functions in adjacent temperature ranges.
The value of A is the average value of Cpo,m /T 3 for five steeply rising measurements between 5.82 and
6.52 K.
C po,m values for 6.00 and 50.00 K were fitted values from the seven-term polynomial expression; all
other values used in the integration were experimental.
The seven-term polynomial expression was constrained with G = 0; data between 7 and 9 K, and between
18 and 45 K, were excluded from the fitting, because of the heat-capacity anomalies near 8 and 30 K (see
text).
An anomalously low Cpo,m value at 514.61 K (presumably a typographic error) was excluded from the
fitting.
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Table A-42. Thermodynamic properties of Fe0.875S(cr) at 540 and 800 to 1000 K,
derived from a portion of Table 5 of Grønvold and Stølen [1992GRO/STO]. Note that
the heat capacity is almost constant between 800 and 1000 K.
T/K

-1
-1
C po,m /J·K ·mol

-1
H mo (T )  H mo (0) /kJ·mol

-1
-1
Smo (T )  Smo (0) /J·K ·mol

298.15

49.88(a)

9.212

60.70(a)

540

(a)
(b)

(b)

68.86

23.23

94.63

800

57.41

41.43

122.63

840

57.32

43.73

125.43

880

57.21

46.02

128.10

920

57.24

48.31

130.63

960

57.61

50.60

133.08

1000

58.38

52.92

135.45

Recommended values.
The corresponding values (left to right) at 540 K derived from the recommended heatcapacity equations are 68.96 J·K-1·mol-1, 23.24 kJ·mol-1, and 94.64 J·K-1·mol-1. The heatcapacity discrepancy is due to difficulty of fitting the upswing at the foot of the major phasetransition feature.

Figure A-46: Heat capacity of Fe0.875S(cr); combined data from [1959GRO/WES] and
[1992GRO/STO]. The solid line shows the four fitted expressions (up to 540 K). Note
the fairly sharp phase transition near 590 K and the broad “phase reaction” feature
between 600 and 800 K.
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Because of the complex phase relationships between about 500 and 740 K, no
recommendations are made for this region, and the tabulated values in [1992GRO/STO]
are assumed to refer to pyrite-pyrrhotite mixtures. At still higher temperatures, it is
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likely that the tabulated values refer once again to single-phase material, and
representative values are provided for guidance (but not as recommended values) in
Table A-42.
The recommended thermodynamic values and equations for troilite and
monoclinic pyrrhotite in this Appendix A entry are carried forward to Sections
IX.1.1.1.2.1.1 and IX.1.1.1.2.3.1, respectively, of the main text.

Figure A-47: Heat capacity of Fe0.875S(cr) below 50 K; data from [1959GRO/WES].
The solid line is Expression 3 from Table A-41. Note the anomalies near 8 and 30 K.
Open circles correspond to the expanded scale on the second y axis.
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Based on their heat-capacity measurements and selected ancillary data,
Grønvold and Stølen calculated the enthalpies, entropies, and Gibbs energies of
formation for five pyrrhotite-group compositions (FeS, Fe0.98S, Fe0.90S, Fe0.89S, Fe0.875S),
as well as FeS2(pyrite), from 298.15 to 1000 K (Table 6 of [1992GRO/STO]). These
include the following values (no uncertainties were given) for three compositions
addressed in detail in the current review, at a temperature of 600 K, just above the Néel
transition:
.
-1
 f H mo (Fe1.000S, cr, 600 K) = – 98.418 kJ mol ;
.
-1
 f H mo (Fe0.900S, cr, 600 K) = – 97.472 kJ mol ;
.
-1
 f H mo (Fe0.875S, cr, 600 K) = – 97.614 kJ mol .
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Adjusting these values for consistency with the recommended values of
 f H (298.15 K) derived in Sections IX.1.1.1.2.1.2, IX.1.1.1.2.2.3.2, and
IX.1.1.1.2.3.2, we obtain:
o
m

.
-1
 f H mo (Fe1.000S, cr, 600 K) = – (96.74 ± 2.50) kJ mol ;
.
-1
 f H mo (Fe0.900S, cr, 600 K) = – (95.73 ± 2.70) kJ mol ;
.
-1
 f H mo (Fe0.875S, cr, 600 K) = – (95.70 ± 2.50) kJ mol .

The similarity of these three values is discussed further in a structural context
in Section IX.1.1.1.1 of the main text.

[1992HER/NEI]
This paper was reviewed in TDB-Iron Part 1 [2013LEM/BER] and describes a neutrondiffraction study of the coordination of Fe3+ in D 2 O solutions containing Fe(NO3)3 at
1.48 to 1.72 mol·dm-3 and Fe(ClO4)3 at 2.0 mol·dm-3. Given that the anticipated iron(III)
nitrate complex (or ion pair) is weak, it is open to speculation as to what percentage of
the total iron(III) needed to be complexed for it to be detected by neutron scattering in
the early 1990s.

[1992PIA/SCA]
In this study, Piacente et al. measured the decomposition pressure of Se2(g) over
commercial specimens (a few hundred milligrams) of “FeSe” (Johnson Matthey Alfa
Products, 99.9 % nominal purity) at 1092 to 1203 K, using a torsion assembly for
pressure measurements. Pressure data obtained above and below the peritectoid reaction
(formation of FeSe0.96(δ)) at 1149 K were treated separately, and temperatures were
kept below the eutectic temperature of 1215 K. Care was taken to measure pressures
after an initial stage in which excess Se, most likely present as Fe1–xSe(δ), was released
and further decomposition occurred to establish equilibrium between the limiting
selenide composition and elemental Fe decomposition product.
The p-T variation for the reactions involving FeSe1.00(δ) and FeSe0.96(δ)
differed only slightly, and not significantly, i.e., well within the authors’ estimated
uncertainty limits:
FeSe1.00 (δ)

Fe(cr) + ½Se2 (g) ,

log10 ( pSe2 /Pa)(1092 to 1149 K )  (6.96  0.45) 

12755  400
;
T /K

and
FeSe0.96 (δ')

Fe(cr) + 0.48Se2 (g) ,
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log10 ( pSe2 /Pa)(1149 to 1203 K )  (6.98  0.48) 

12867  562
.
T /K

While the experiments appear to have been careful, with due attention to
details of the high-temperature phase relationships, and the data are precise and
probably accurate, less attention was paid to low-temperature phase relationships. Thus,
the value determined for the standard (298.15 K) sublimation enthalpy of FeSe1.00 is a
fictive value, based on interpolated thermal data, because stoichiometric FeSe(cr) does
not exist as a stable single phase at ambient temperature (see Section IX.2.1.1).
Therefore, the pressure measurements from this study, rather than the derived enthalpy
values, are carried forward for further discussion in the main text, in particular the
evaluation of f H mo (Fe1.042Se, β, 298.15 K) in Section IX.2.1.2.

[1992USH/ATK]
A novel spectrophotometric method was used to determine the dissociation constant of
HF(aq) in solutions containing the indicator bromophenol blue, (CH3)4NCl to control
the ionic strength and HCl to maintain the pH at approximately 4.0. Measurements were
made at two wavelengths, 435 and 592 nm, and the pressure was varied from 1 to 2000
atmospheres. The temperature was maintained at 25 °C. The dissociation constants for
HF(aq) are tabulated in Table II of this publication at Im = 0.1, but the multiplier of 10-4
is missing from the heading. The value of Km,1 should presumably read (7.921 × 10-4) at
Im = 0.1 and p = 1 atm. The authors also report values for the ion-pair association
constant of NaF(aq), but they do not indicate what percentage of the (CH3)4NCl medium
was replaced by NaCl. In our review, NaF(aq) is considered to be a strong electrolyte.
From the pressure dependence of Km,1 a value of  rV1 was reported to be
‒ (9.6 ± 0.1) cm3∙mol-1 at Im = 0.1 and p = 1 atm.
A value of log10 Kso = 3.14 is based on quite scattered data depicted in a figure
to Im ≈ 1.56. This value is in reasonable agreement with those from other studies, but the
scatter in the results would indicate that this agreement was somewhat fortuitous.

[1993BET]
This study was conducted in an attempt to resolve differences in the reaction
mechanisms and stability constants reported for the formation of sulfitoiron(III)
complexes by Conklin and Hoffmann [1988CON/HOF] and by Kraft and van Eldik
[1989KRA/ELD], [1989KRA/ELD2]. The author used a continuous-flow
spectrophotometric technique to determine the values of the stability constants of the
metastable complexes formed as a function of ionic strength, pH, total iron(III)
concentration and wavelength monitored (400 nm was chosen as the optimal
wavelength noting that a dependence on wavelength appeared at higher pH that was
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also reported in [1997PRI/BRA]). Pulse-accelerated flow spectrophotometry (PAF) was
also invoked in an attempt to establish the nature of the initial reaction which apparently
occurs on a microsecond time scale and is believed to correspond to linkage
isomerisation from S-bonded to O-bonded sulfite. The pH (1.00-2.99) was measured
with a glass combination electrode standardized against two commercial buffer
solutions. The temperature was maintained constant at 25.0 °C. The iron(III)
concentration was held at either 0.00025 or 0.0005 mol∙dm-3, whereas six
concentrations of sulfite were employed, 0.005 ≤ cS(IV) total ≤ 0.10. The ionic strength
was controlled with NaClO 4 at either 0.2 or 0.5 mol∙dm-3.
The author adopted the same approach as Conklin and Hoffmann regarding the
choice of hydrolysis constants and activity coefficient corrections, although the
formation of Fe(OH)2 and Fe2 (OH)42 as well as FeOH 2  were considered. The
Davies equation was used to determine activity coefficients.
There are many typographical errors in this paper, but one in Equation (25) of
this paper is significant in that the last species given as FeOH(SO3 ) should read
FeOH(HSO3 ) . In the present review it is considered that the latter species cannot be
differentiated in this analysis from FeSO3 , and hence should have been deleted from
the reaction scheme. A table of apparent formation constants is presented showing their
dependence on wavelength, pH, iron(III) and S(IV) concentrations. A plot of log10 K app
, where Kapp  (cFe-S(IV) cH ) / (cFe(III) cS(IV) ) , versus pH was linear between pH 1 and 2
consistent with only the reaction corresponding to Reaction (A.106) being dominant.

Fe(H2 O)36  HSO3

Fe(H2 O)5 HSO32  H2 O(l)

(A.106)

This formation constant was designated as K 7 or K o ((A.106), 25 °C) = 55
dm ·mol . The linearity of the data led Betterton to conclude that only this 1:1 complex
forms over this range of pH and sulfite concentrations in agreement with the
suggestions of [1988CON/HOF] but not with the opinions expressed in
[1989KRA/ELD], [1989KRA/ELD2] and [1997PRI/BRA] that three stepwise equilibria
are involved. From pH = 2-3, a second equilibrium manifests itself, viz.:
3

-1

Fe(H2 O)5 OH2  HSO3

Fe(H2 O)5SO3  H2 O(l)

(A.107)

This formation constant was designated as K 8 or K o ((A.107), 25 °C) = 850
dm ·mol . However, the author was cautious to point out that alternative pairs of
equilibria can be proposed to fit these data such as:
3

-1

Fe(H2 O)5OH2  SO2 (aq)
3
6

2
3

Fe(H2 O)  SO

Fe(H2 O)5 HSO32  H2 O(l)

3

Fe(H2 O)5SO  H2 O(l)

(A.108)
(A.109)

o

These formation constants were designated as K 9 or K ((A.108), 25 °C) = 700
dm ·mol and K10 or K o ((A.109), 25 °C) = (7 × 106) dm3·mol-1, respectively.
3

-1

Despite the efforts made in carrying out this study, it proved impossible to
assign unequivocally a mechanism to the first rapid reaction step. The results for the
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formation of iron(III) sulfite complexes are in agreement with those of
[1988CON/HOF] in general terms, although the proposition of formation of a “stable”
hydrogensulfitoiron(III) complex according to Reactions (A.106) and (A.108) seems
highly unlikely. Both of these reactions should have been cast to include the
deprotonation of this species, which may at most have been a short-lived reaction
intermediate. In general, the dependencies of the apparent formation constant on the
sulfite concentration and pH tend to contradict the stepwise complexation scheme
proposed by van Eldik and co-workers.

[1994BOR/TOM]
Solubility measurements on vivianite were carried out in an acetate buffer solution (0.05
mol·dm-3 sodium acetate, 0.05 mol·dm-3 acetic acid1) at eight temperatures between
278.15 and 363.15 K. The solid was carefully prepared from aqueous solutions
containing Na2HPO4, KH2PO4 and Fe(NH4)2SO4 under oxygen-free nitrogen. After it
was washed, the solid was ripened by heating it in the acetate buffer solution at 343 K
for 24 hours. The temperatures for the solubility measurements were controlled to
within ± 0.02 K and equilibrium was established in a period of at most a few hours.
Sampling was conducted over several days except at 343.15, 353.15 and 363.15 K. To
minimize possible changes to the solid, experiments at those higher temperatures were
completed within 24 hours. The solutions were sampled, and the measured pH values
and the total concentrations of phosphate and iron were reported. The results were
analysed by the authors with the computer code MINTEQA2 [1991ALL/BRO], but also
included values for the formation constants for FeHPO4(aq) and FeH2 PO4 proposed by
Nriagu [1972NRI2], and the formation constant for Fe(CH3COO) from Palmer and
Hyde [1993PAL/HYD]. On that basis, more than 50 % of the iron in solution was in the
form of complexes in some of these solutions. For 298.15 K, the average value of the
equilibrium constant for Reaction (A.110) corrected to I = 0 by a modified Davies
equation, is 10(11.06 ± 0.18).
3Fe2  2HPO42  8H2O(l)

Fe3 (PO4 )2  8H2O(cr)  2H

(A.110)

If phosphato complexes of iron are not included in the model, the value of the
equilibrium constant will be somewhat smaller [1972NRI2]. The temperature
dependence of reaction was reported as:
-1
log10 K o (A.110) = − 266.554 + 11296.9(T/K) + 96.883 log10 (T/K).

As the authors noted, this provides a term that is related to the heat capacity of
reaction based on the equilibrium constants determined at each temperature. However,
as the version of MINTEQA2 used does not include any heat-capacity functions, the
meaning of the final equation for the temperature-dependence is unclear. The results do
1

It is assumed that in this paper the authors used the symbol “m” to refer to amount concentrations, not
molalities, as there is no mention of solution densities.
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suggest that there is no strong temperature dependence of the solubility product in the
temperature range of the experiments. Another difficulty with the results of this paper is
that each reported total solution iron concentration is greater than 1½ times the amount
of the corresponding reported total phosphate concentration (by 1 to 39 %). Aside from
the dissolution of vivianite, there does not seem to be any source for iron (or sink for
phosphate) in the experiments as described. The cause of the high iron concentrations
might be incongruent dissolution of the solid or the initial presence of a small amount of
a different, amorphous iron-rich solid.

[1994ROU/VAR]
This paper describes preparation, chemical analysis, Mößbauer spectra, and thermal
decomposition studies of synthetic lipscombite (Fe3(PO4)2(OH)2), barbosalite
(Fe3(PO4)2(OH)2), giniite (Fe5(PO4)4(OH)2·2H2O) and Fe4(PO4)3(OH)3, and of a natural
sample of rockbridgeite (Fe5(PO4)3(OH)5). The patterns of thermal decomposition were
related to structural changes (thermal decomposition from 623 to 893 K was
emphasized), but there was no thorough discussion of the relative stabilities of the
solids, and no thermodynamic data were reported.

[1995BRA/ELD]
This paper provides a comprehensive review of the aqueous chemistry of sulfur(IV)
oxides with an emphasis on their role in processes occurring in the atmosphere, e.g., the
formation of acid rain. Consequently, the authors discuss mainly the oxidation
mechanisms of S(IV) and the key role played by transition metals, which catalyse these
reactions via the formation of intermediate metal-sulfite complexes. They note that the
main variable in the speciation and kinetics of these reactions is pH. Manganese and
iron are stated to be the most abundant transition metals in the atmosphere.
The authors provide 1076 references including those to fundamental
thermodynamic data. For example, the authors tabulate the first and second acid
dissociation constants of SO2·H2O(aq) at 25 °C and at various ionic strengths from a
wide range of sources. They also tabulate the various hydrolysis constants taken from
the literature for Fe3+ at 25 °C as well as the formation constants reported for Fe(III)S(IV) complexes.
This review is an excellent source of general information on the global
composition of the atmosphere with respect to sulfur and of the behaviour of sulfite in
water (droplets, aerosols, etc.). It is an accumulation of knowledge and does not attempt
to critique the data presented. It presents only a brief overview of the thermodynamics
and kinetics of sulfitoiron(III) complexes.
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[1995CIA/IUL]
This is an extension of the earlier work of Ciavatta et al. [1992CIA/IUL2] in high ionic
strength perchlorate solutions (Ic = 3.0) at 25 °C. New potentiometric measurements
were carried out with solutions having hydrogen ion concentrations of 0.03, 0.1, 0.3, 1,
2 and 3 mol·dm-3, with 0.0001 mol·dm-3 iron(III) for cH  0.3 mol·dm-3 (and 0.0001 to
0.0005 mol·dm-3 iron(III) for cH  1 mol·dm-3), and total phosphate concentrations (cp)
from 0.0002 to ~ 0.4 mol·dm-3. Spectrophotometric measurements (210 to 350 nm)
were also carried out for solutions with lower iron(III) concentrations (0.00002 to
0.00005 mol·dm-3). The key objective of this work was to obtain better formation
constants for mononuclear iron(III) complexes with phosphate.
+

+

The authors analysed their data using SUPERQUAD [1985GAN/SAB], and for
the spectrophotometric data it was also necessary to calculate the molar absorption
coefficient for each complex. The authors concluded that the following complexes were
FeH5 (PO4 )22 ,
FeH4 (PO4 )2 ,
FeH2 PO2+
FeH3 PO3+
FeHPO +4 ,
formed:
4 ,
4 ,
FeH3(PO4)2(aq), FeH7 (PO4 )3 , FeH6(PO4)3(aq), and found similar formation constant
values from the potentiometric and spectrophotometric studies. If the formation
constants are expressed in terms of Equation (A.111):
Fe3+  qH 3 PO 4 (aq)

 p 3q )
FeH p (PO 4 )(3
 (3q  p )H +
q

(A.111)

with formation constants *p,q, the reported experimental values are log10 *0,1  0.8,
log10 *1,1 = (1.52 ± 0.15), log10 *2,1  – 0.4, log10 *1,2 = (2.65 ± 0.14), log10 * 2,2 =
(2.32 ± 0.1), log10 *3,2 = (1.22 ± 0.15), log10 *2,3 = (3.54 ± 0.15), log10 *3,3 =
(2.5 ± 0.1). A recalculation made using the complexation constants at Ic = 3 from
[1995CIA/IUL], indicated that only Fe3+, FeH2 PO2+
4 and FeH6(PO4)3(aq) were found to
be predominant under the conditions of their experiments.
This was meticulous work—well planned and executed, and the authors were
careful to point out that no particular structures are proposed for the species.
Nevertheless, the plethora of formation constants suggests a need for caution in
accepting the values.
In a later paper [2007IUL/CIA] from the same group, a solubility product
value
( log10* Kso (A.112) = – (6.7 ± 0.3)) for strengite ( FePO4  2H 2 O , cr)
FePO4  2H2 O(cr)  3H

Fe3  H3 PO4 (aq)  2H2 O(l)

(A.112)

and a formation constant value ( log10 *3,1 = (1.3 ± 0.3)) for yet another complex
(FePO4(aq)) were reported. If FePO4(aq) also exists with the formation constant
proposed [2007IUL/CIA], the data analysis in [1995CIA/IUL] cannot be correct,
especially for low solute concentrations. For example, in a solution, Ic = 3, with cFe ,
cH and cP at 2 × 10-5, 0.03 and 3 × 10-4 M, respectively (prepared using Fe(ClO4)3,
HClO4, and NaH2PO4), and assuming that medium effects on the stability of a neutral
complex are negligible, it can be calculated that approximately 90 % of the iron(III)
3
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would have been present as FePO4(aq). This issue is discussed further in the
Appendix A entry for [2007IUL/CIA] and in the main text. 1

[1995RAI/FEL3]
As discussed in the TDB selenium volume [2005OLI/NOL], Rai et al. [1995RAI/FEL3]
carried out a careful solubility study to determine a value for the solubility product of an
iron(III) selenite solid, identified as Fe2(SeO3)3·6H2O(cr), and a formation constant for
the complex FeSeO3 . In their paper, Rai et al. used auxiliary data from the US-NBS
tables [1982WAG/EVA]. The TDB values of f G o (Fe3+), and f G o ( SeO32 ) differ
markedly from the values in the US-NBS tables; also the values of the equilibrium
o
constant between Fe3+ and Fe(OH)2 selected in the TDB review ( log10 *2,1
= – 4.8)
* o
[2013LEM/BER] and that calculated from the US-NBS tabulation ( log10 2,1 = – 7.2)
are very different.
In the TDB-Selenium volume [2005OLI/NOL] the Appendix A entry indicated
that the values for both the solubility product of Fe 2(SeO3)3·6H2O(cr) and the formation
constant of FeSeO3 from Rai et al. [1995RAI/FEL3] were accepted, and that “no
recalculation was attempted” (likely because there were no consistent TDB values
available for iron species). The reviewers reported the solubility product and the
complexation constant in the selected values tables ([2005OLI/NOL] pg. 59), and a
value ([2005OLI/NOL] Table E-1, pg. 641) for f G o (Fe2(SeO3)3·6H2O, cr) based on
the selected solubility product, the TDB value for f G o ( SeO32 ) and the US-NBS value
for f G o (Fe3+). They did not report a value for f G o ( FeSeO3 ) in their Table E-1.

f G o (Fe2(SeO3)3·6H2O, cr)
The previously selected value for
[2005OLI/NOL] probably has meaning only in conjunction with the (unselected) value
for f G o ( FeSeO3 ), and the [1995RAI/FEL3] values for the solubility product and the
complexation constant in the original paper that were calculated using auxiliary data
that are not consistent with the TDB values for f G o (Fe3+), and f G o ( SeO32 ). If no
other recalculation is carried out, the differences (aside from the incompatible stabilities
of Fe(OH)2 ) would almost cancel when calculating f G o (Fe2(SeO3)3·6H2O, cr);
however, this is not the case for f G o ( FeSeO3 ).
As part of the present review, the data of Rai et al. [1995RAI/FEL3] have been
reanalysed. First, the results from each solution were analysed separately. The ionic
strengths were all < ~ 0.07 M, so (neglecting the small differences in m and M) an
extended Debye-Hückel expression was used to obtain a value for ±. Then, cCl was
back-calculated from the pH based on the reported [1995RAI/FEL3] solutionpreparation methods. The results were treated iteratively, neglecting complexation, until
a constant value for the mean activity coefficient and the solubility product were


1

The value for the formation constant for FeH3 (PO4 )2 (aq) at I = 0 was calculated incorrectly from the
value for Ic = 3, but was later corrected (without comment) by Iuliano et al. [2007IUL/CIA].
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obtained. If no complexation was assumed, an average value of log10 Kso (A.113) =
– (43.1 ± 1.5) was obtained (2 uncertainty).
Fe2 (SeO3 )3  nH2 O(cr)

2Fe3  3SeO32  nH2 O

(A.113)

The calculations were repeated with different values for the formation
constants of FeSeO3 and FeHSeO32 (a species reported by Hamada et al.
[1965HAM/ISH]). An attempt also was made to introduce formation of both
FeHSeO32 and FeSeO3 in the same calculation.
Using the TDB auxiliary data, and assuming only the complex FeSeO3 , led to
a “best fit” average value for log10 Kso (A.113) of – (44.1 ± 0.9) (2 uncertainty)
assuming the value of log10 K xo (A.114) to be 11.95, where
Fe3  SeO32

FeSeO3

(A.114)

and
3+
Kxo (A.114) = a( FeSeO3 )/[a(Fe )a( SeO32 )]

(i.e., log10 *K o (A.115)
[a(Fe3+)a(H2SeO3(aq))]).

=

0.95

Fe3  H2SeO3 (aq)

for

*

K o (A.115)

=

[a( FeSeO3 )(a2(H+)] /

FeSeO3  2H+

(A.115)

As a check on the calculation, a similar reanalysis also was performed using
the US-NBS auxiliary data of Rai et al. [1995RAI/FEL3]. For a value of 11.3 for
log10 K xo (A.114) an average value of – (41.5 ± 1.1) (2 uncertainty) was obtained for
log10 Kso (A.113) (in fairly good agreement with the values reported by Rai et al.
[1995RAI/FEL3]).
Analysis using the TDB auxiliary data, and assuming only the complex
FeHSeO23+, led to a “best fit” value of – (43.25 ± 1.35) (2 uncertainty) for log10 Kso
(A.113) and a complexation constant value of 4.11 for log10 K yo (A.116).
Fe3  HSeO3

FeHSeO32

(A.116)

o
y

K (A.116) = a( FeHSeO32 )/[a(Fe3+) a( HSeO3 )]
(i.e., log10 *K o (A.115) = 1.5 for
*

K o (A.115) = [a( FeHSeO32 )(a(H+)] / [a(Fe3+)a(H2SeO3(aq))]).

“Best” values of log10 Kxo (A.114) and log10 Kso (A.113) were calculated for
various constant values of log10 K yo (A.116), i.e., including both FeSeO3 and
FeHSeO32 . The following were found:
if log10 K yo (A.116) =4.5
log10 Kxo (A.114) = 12.10 and log10 Kso (A.113) = – (44.46 ± 0.96) (2)
if log10 K yo (A.116) =3.5
log10 Kxo (A.114) = 11.92 and log10 Kso (A.113) = – (44.15 ± 0.90) (2)
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if log10 K yo (A.116) =2.5
log10 Kxo (A.114) = 11.92 and log10 Kso (A.113) = – (44.14 ± 0.90) (2)
if log10 K yo (A.116) =0.5
log10 Kxo (A.114) = 11.92 and log10 Kso (A.113) = – (44.14 ± 0.90) (2).
So, in agreement with the conclusions in [1995RAI/FEL3], the solubility
measurements indicated that complexation occurred. Assuming formation of small
amounts of FeSeO3 made little change to the calculated uncertainty in log10 Kso (A.113),
but use of larger values for the formation constant for FeHSeO32 led to a slightly
greater uncertainty in the solubility product value. The calculated values for the
solubility product and the complexation constant for FeSeO3 differ from those
calculated in [1995RAI/FEL3], primarily because of the differences in auxiliary data
(not just the values for Fe3+ and SeO32 but also for the iron(III) hydrolysis species).
The long equilibration times for the experiments raise the question as to
whether the selenite solid was the only stable iron-containing solid when the iron and
selenium concentrations were measured. Calculations indicate that small amounts of
ferrihydrite might have formed in solutions with pH values greater than 3. Also,
precipitation of even more stable compounds such as goethite cannot be excluded.
Reanalysis of the data of Rai et al., but excluding all the solutions with final pH values
greater than 3, led to a slightly more negative value of log10 Kso (A.113) (by ~ 0.2) and
essentially the same value of log10 K xo (A.114) obtained using the full data set; however,
the standard deviation was reduced by more than half with the smaller data set.
There also appears to be a problem concerning the identification of the
hydrated solid. Rai et al. [1995RAI/FEL3] cited an earlier paper [1988RAI/MAT]
concerning the preparation and analysis of the solid. Although the X-ray powder
diffraction pattern and unit-cell parameters of that solid were reported, the number of
waters of hydration in Fe2(SeO3)3·nH2O(cr) at room temperature was not well
established (Table 1 of [1988RAI/MAT]). Also, in the report on their solubility study,
Rai et al. noted that X-ray analyses of the equilibrated solids were consistent with those
of the initial solid [1988RAI/MAT]. The powder XRD pattern reported in
[1988RAI/MAT] does differ from that reported for the mineral mandarinoite
(Fe2(SeO3)3·6H2O(cr)) [1978DUN/PEA], for which a full crystal structure had later
been reported [1984HAW]. However, Giester et al. [1996GIE/PER] have shown
convincingly that the powder XRD pattern for the “monoclinic” solid prepared by Rai et
al. [1988RAI/MAT] corresponds almost exactly to the pattern reported for the
rhombohedral trihydrate [1994GIE/PER]. Also, the synthetic procedure used by Rai et
al. [1988RAI/MAT] was similar to that used by other groups in the synthesis of
Fe2(SeO3)3·3H2O(cr)
[1973VOL/PIN],
[1976PIN/VOL],
[1994GIE/PER],
[2005NIS/HAT].
From the reanalysis in the present review it is concluded that it is most likely
that there is evidence for complexation in this system, and the available data suggest
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that Rai et al. [1995RAI/FEL3] were correct in concluding that FeSeO3 is an
important aqueous species. The value of log10 Kso (A.113), which refers to the solubility
product of Fe2(SeO3)3·3H2O(cr), is probably more negative than the value of
– (43.1 ± 1.5) (log10K°(A.117) = – (10.1 ± 1.5)) obtained by neglecting complexation,
and is probably less negative than – 45.5 (log10K°(A.117) = – 12.5) based on our
attempts to incorporate complexation into our calculations.

Fe2 (SeO3 )3·3H2 O(cr)  6H +

2Fe3+  3H 2SeO3 (aq)  3H 2O(l)

(A.117)

Using the truncated data set (pH < 3.0), and assuming FeSeO3 as the only
complex, the “best fit” values are – (44.3 ± 0.4) for log10 Kso (A.113) ( log10 K o (A.117)
= – (11.3 ± 0.4)) with a value of (11.9 ± 0.2) for log10 K xo (A.114). These are used in the
present review, but with increased uncertainties: – (11.3 ± 0.6) for log10 K o (A.117),
(0.9 ± 0.5) for log10 K xo (A.115).

[1995ZIE/JON]
This paper on (flow) solubility measurements for magnetite in basic phosphate aqueous
solutions between 294.3 and 562.0 K was discussed, in part, in Appendix A of TDBIron Part 1 [2013LEM/BER]. In the present review volume, in which the interactions of
iron(II) and iron(III) with phosphate are discussed, some additional comments on this
paper by Ziemniak et al, seem warranted. It is not clear whether the reported pH25C
values (9.36-10.14) for the stock solutions refer to aH or mH , or how they were
measured. The solutions were prepared using “sodium phosphate”, but as Na:P ratios
were between 2 and 3, mixtures of Na3PO4 and Na2HPO4 or Na2HPO4 and NaOH must
have been used.




As the total phosphate concentration was increased from 5.34 × 10-4 to 0.0106
mol·kg there was only a marginal change in the measured iron molality; however, a
further increase of an order of magnitude in the total phosphate concentration resulted in
more than an order of magnitude increase in the equilibrium iron molality near 300 K
(at approximately the same Na:P ratio near 2.3). This behaviour was interpreted in terms
of a single phosphato complex being predominant at the lower total phosphate
molalities. At the highest temperatures, the total iron molality appears to vary linearly
with the total phosphate molality, with a slope of approximately one. In attempting to
model and interpret their results, the authors included the previously reported formation
constants for the complexes Fe(HPO4)(aq), Fe(H2PO4)+ [1972NRI2], and Fe(HPO4)+,
Fe(H2PO4)2+ [1963GAL/STU], [1972NRI3] along with formation constants for the
hydrolysis species Fe(OH)2(aq), Fe(OH)3(aq), Fe(OH)3 , and Fe(OH)4 . The authors
then proposed new Fe(II) phosphato complexes: Fe(OH)(HPO4)– (mathematically
indistinguishable in the modelling from another of their proposed species,
Fe(OH)2(H2PO4)–, although the values in the authors’ Table V lead to different values
for log10 K o and suggest Fe(OH)(HPO4)– is the more stable species at 298.15 K),
-1
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Fe(OH)2(H2PO4)2–, and Fe(OH)2(H2PO4)3– and the Fe(III) phosphato complexes
Fe(OH)3(H2PO4)–, Fe(OH)3(HPO4)2– and Fe(OH)4(HPO4)3–.
This system is highly complex with proposed variations in the oxidation state
of iron in solution, a proposed alteration of magnetite to an iron(II) solid at low
temperatures, and many iron phosphato complexes predicted to exist in solution. The
experiments appear to confirm that anionic phosphato-iron complexes can form in basic
solutions, and that Fe(III) species become more stable relative to Fe(II) species as the
solution temperature increases. However, the data appear to be over-fitted—all
calculated formation constant values being derived from data collected over a very
limited range of pH. Given the experimental uncertainties in the data and the system
complexities, no thermodynamic quantities are extracted from this work in the present
review.

[1996GIE/PER]
The authors reinterpreted the X-ray powder-diffraction data obtained by Rai et al.
[1988RAI/MAT], reported to be for a monoclinic solid with the stoichiometry
Fe2(SeO3)3·6H2O(cr). By comparison with a full crystal-structure analysis of
Fe2(SeO3)3·3H2O(cr) [1994GIE/PER] and with new powder X-ray diffraction data for
the trihydrate, they concluded that the solid prepared by Rai et al. actually was the
rhombohedral trihydrate. Giester et al. also noted that the IR spectrum for the solid
described by Rai et al. [1988RAI/MAT] had essentially the same features as the
trihydrate, and the TGA curves for the solids from the two studies also are similar for
temperatures above 300 °C.

[1996NIS/ROB]
This phase-diagram study was performed to establish fields of stability for Fe(III)As(V) solids in acidic solutions. A molar excess of As over iron was used in solution in
all of the experiments, and the solids and solutions were carefully analysed. The
iron(III) arsenate was prepared from 0.1 mol·dm-3 Fe2(SO4)3 and 0.2 mol·dm-3 H3AsO4
solutions, and was washed free of detectable sulfate. Although the initial solid was
amorphous, and equilibration was carried out at 298.15 K (one to three months in
solutions of various concentrations of H3AsO4), the final solids were crystalline. The
procedure used for the pH measurements was not described. Three solids were
identified: Fe(H2AsO4)3·5½H2O (at pH values < 0.8), FeAsO4·2H2O (at pH values
 1.48), and FeH3(AsO4)2·10H2O (at pH values between 0.81 and 1.52, but possibly
metastable with respect to the other two solids). The authors attempted to use the
solubility data to derive values for complexation constants, but the models tested were
not described, and the analysis included the unsubstantiated species Fe(AsO4 )32 . Also,
it is not clear which reported values of Δ f Gmo were from the fitting process, and which
were literature values.
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The equilibrium concentrations of arsenic in the saturated solutions at pH
values between 1.74 and 2.79 were used in a reanalysis by Langmuir et al.
[2006LAN/MAH] with PHREEQC auxiliary data, and complexation-constant values for
iron(III) arsenato complexes as proposed by Robins [1990ROB]. When modelling the
solutions, they noted minor charge imbalances in the reported solution compositions,
but concluded that any effects on the calculated solubility-product values were small. In
the present review, we use the results of the reanalysis of Langmuir et al.; however,
their auxiliary data are not those used in the TDB. Therefore, from the auxiliary data of
Langmuir et al. [2006LAN/MAH] and their reported “ion activity product” value
( aFe3 aAsO3 ) of 10-(25.80 ± 0.06), which is the value of the equilibrium constant for
4

Fe AsO4  2H2 O(cr)

Fe3  AsO34  2H2 O(l)

(A.118)

and the equilibrium constant for Reaction (A.119)
Fe AsO4  2H2 O(cr)  H

FeHA sO4  2H2 O(l)

(A.119)

then is calculated here to be 10-4.44 (Reaction (A.119) is closer to the reaction that
actually was taking place in the experiments than is Reaction (A.118)). From this, using
the TDB values for the arsenic acid deprotonation constants and the two different and
inconsistent values for the formation constant for FeH AsO4 (Section IX.6.4.4), we
calculate 10(5.01 ± 0.22) and 10(6.35 ± 0.66) for log10 K o (A.120).
H3 AsO4 (aq)  Fe3  2H 2 O(l)

FeAsO4  2H 2 O(cr)  3H 

(A.120)

[1996SCH/FRI]
The authors described the synthesis of (FeO(OH)1-x(NO3)x (x = 0.2-0.3) by hydrolysis of
0.025 mol·dm-3 aqueous Fe( NO3 )3 at 75 °C, shock-cooling the resultant sol, followed
by freeze-drying. The value of x was dependent on how the solid samples subsequently
were dried. X-ray diffraction, Mößbauer spectroscopy and FTIR were used to establish
that the structures of the poorly crystalline solids were similar to those of
schwertmannite and akaganéite. No thermodynamic data were reported.

[1996SOL/BYR]
This potentiometric investigation was carried out in 0.68 molal (NaClO4) to simulate a
sea-water environment at 25 °C. The total iron concentration was fixed at a very low
value of (5 × 10-5) molal ( mFe(II)  mFe(III) ). A platinum electrode versus a Ross reference
electrode was used to monitor the redox potential while a combination glass electrode
calibrated on a molal scale in 0.68 mol∙kg-1 (NaClO4) was used to measure pHm. Finally,
a fluoride-sensitive electrode versus the Ross reference electrode was used to measure
the free fluoride molality. A flow of high-purity, oxygen-purged N2 gas prevented
oxygen from entering the cell.
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The total iron(III) speciation in solution was initially considered to be:

mFe  mFe3+  mFeOH2+  mFe(OH)  mFeF2  mFeF  mFeF0  mFeF  mFe(OH)F .
2

2

3

4

The first set of titrations was terminated at pHm ≤ 2.4 so that the second
hydrolysis constant could not be extracted from these data, noting also at such low
iron(III) concentrations, the dimer was also an insignificant species. The average value
of log10 *K m,1 from five titrations was given (converted here to molal units) as
– (2.75 ± 0.02) (2σ) which is in excellent agreement with the value of – 2.73 derived
from the SIT2 treatment by Lemire et al. [2013LEM/BER].
The equilibrium constants for the fluoridoiron(III) species were determined in
four experimental sets, rather than in an overall simultaneous manner (unfortunately
none of the experimental data were provided, only the final constants): (1) * K1 and * 2 ;
(2) K1 , β2 and β3 at ≤ 0.0005 mol∙kg-1 F and pHm ≤ 3.5; (3) 3 and  4 at 0.0017
mol∙kg-1 F and pHm ≈ 2.3; and (4) * K1 at 0.001 mol∙kg-1 NaF and pHm ≤ 3.5, although
this latter value could not be extracted from their titration results. Based on an indirect
statistical argument by the senior author [1980BYR], they proposed a maximum value
for this constant of 25 that would imply a value of log10 * 2 ≤ – 7. This is consistent
with values derived in [2003PER/HEF] and [2007STE], but is considerably lower than
predicted by an SIT treatment by Lemire et al. [2013LEM/BER], i.e., – 5.93. The
authors make particular reference to Perrin’s [1959PER] value of – 5.73 at 20 °C and
I m = 1.05 as being too large, although this value is completely consistent with the value
adopted by the TDB. In the present review the approach taken in [1980BYR] could not
be confirmed, making their assignment based on a non-observation of the species
Fe(OH)2 and the hydroxido-fluorido mixed complex tenuous at best.
The authors listed the following formation constants at Im = 0.68 (25 °C) for
the first four mononuclear fluoridoiron(III) complexes with 2σ statistical uncertainties:
log10K1 = (5.16 ± 0.04) from three titrations {expr. (2)}; log10  2 = (9.11 ± 0.03) from
three titrations {expr. (2)}; log10 3 = (11.96 ± 0.07) from six titrations {expr. (2) and
(3)}; log10  4 = (13.7 ± 0.4) from three titrations {expr. (3)}.
The concentrations of metal ion are very low for potentiometric work,
(5 × 10-5) mol∙kg-1. The fluoride concentrations are by necessity low because
complexing is so strong. The unavoidable result is that potential changes are small.
Certainly performing four different experimental series under different conditions was a
good strategy although only two of these series resulted in formation constants for the
first four mononuclear fluoride complexes. More titrations would have been very
advantageous, especially when the fourth series failed to produce positive results and as
mentioned above, the conclusions drawn from this last series appear to be
unsubstantiated, especially given the weight of work, albeit scattered, on the second
hydrolysis constant of iron(III).
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[1997CIP/MEL]
The paper describes two new anhydrous iron phosphate minerals rodolicoite
(Fe1.04P0.96O4.00) and grattarolaite (Fe2.99P1.01O7.00). The minerals are structurally similar
to previously reported solids in the Fe-P-O phase diagram, FePO4 [1975NG/CAL] and
Fe3PO7 [1983MOD/COU]. No thermodynamic or single-crystal X-ray diffraction
information was reported.

[1997MYN/TOK]
Myneni et al. proposed an abiotic reduction pathway for Se(VI) {and Se(IV)} in
solutions in contact with green rust, GR, at ambient conditions based largely on XANES
and XAFS measurements. Selenium was initially present in solution as SeO24 or
HSeO4 . The authors postulated that at pH > 4, reduction may occur via a homogeneous
reaction in the solid phase, whereas they provided definite proof for the reaction with
GR to produce Se(‒II). GR converts to goethite, maghemite or magnetite. They report
no reaction at pH < 4 (298 K) in the absence of GR. The suggestion that above pH 5 the
aqueous Fe(II) reducing species would be FeOH+ and/or Fe(OH)2(aq) implies that these
hydrolysed Fe(II) species would have to be incredibly reactive because they exist at the
FeOH  H ).
extremely low concentrations with log10 *K1o = ‒ 9.1 ( Fe2  H2 O(l)
At higher pH the reduction of Se(VI) in the presence of GR became more rapid.
This paper deals mainly with the interaction of SeO24 with GR and identifies
the bonding and oxidation states of selenium within the GR structure with the most
relevant information on aqueous Se(VI) being its stability field at low pH. While it is
interesting that EXAFS did not detect the presence of inner- or outer-sphere Se(VI)Fe(II) species in pH ≈ (3.5 ± 0.5) solutions, the Fe(HSeO4 )2 (aq) complex reported by
Torres et al. [2010TOR/PIN] would only represent ca. 0.05 % of the total iron(II) in
solution at SeO24 concentrations of 0.001 M, which is near the maximum level of
Se(VI) attained in their experiments.

[1997PRI/BRA]
These researchers used a stopped-flow spectrophotometer coupled with a rapid-scan
detector (ms time scale) to analyse the spectra of iron(III) sulfite solutions at pH < 2.5
with the aim of discerning whether their hypothesis [1989KRA/ELD],
[1989KRA/ELD2] for the formation of 1:1, 2:1 and 3:1 (S(IV):Fe) complexes by the
stepwise reaction of {Fe(H2 O)5OH2  HSO3 } is correct or whether only the 1:1
(S(IV):Fe) complex is formed according to {Fe(H2 O)36  HSO3 /SO32 } and
{Fe(H2 O)5OH2  HSO3 / SO32 } . The experimental conditions were: 25 °C; Ic = 0.1
(NaClO4); pH = 2.5 or 3.0; 0.0005 ≤ cFe total ≤ 0.001; 0.0003 ≤ cS(IV) total ≤ 0.020; Ic = 0.1
(NaClO4). No mention was made as to the method of determination of the pH values.
As in the previous studies cited above, it was found that an initial fast reaction step
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occurred that was too fast to monitor by the stopped-flow technique. All spectral
changes were complete within 50 to 100 ms. The authors claimed that because
Betterton’s measurements [1993BET] were made after 160 ms, this “did not allow him
to distinguish between the different complexation steps”. However, that statement is
difficult to understand in that Betterton varied the sulfite concentration, cS(IV) total,
between 0.005 and 0.10, at lower total iron(III) concentrations. This should have
favoured the formation of higher-order complexes and should have been manifested by
a dependence of the final spectrum on cS(IV) total rather than reliance on the stepwise
kinetics observed in this work at much shorter reaction times.
Table 1 in this paper summarises the apparent formation constants obtained at
five wavelengths (390, 400, 450, 470 and 500 nm) at pH 2.5 (cFe total = 0.0005 and
0.001) and pH = 3.0 (cFe total = 0.001). The results are widely scattered overall with
apparent trends in wavelength, pH and iron(III) concentration. The authors appear to be
justified in claiming that the former is due largely to the decreasing change in molar
absorptivity with increasing wavelength that also carries over to the lower iron
concentration as well. Table A-43 is constructed in an attempt to discern trends that
allow more consistent average formation constants for the following three steps to be
calculated.

Table A-43: Results for the molar formation constants as reported or based on averages
of values from the authors’ Table 1 {25 °C; Ic = 0.1 ( NaClO 4 )} (1 unweighted
uncertainties).
Data chosen

Kc,1

K c,2

Source

Comment

pH = 2.5

(425 ± 18)

(231 ± 16)

reported

Actually only for cFe total
= 0.001

pH = 3.0

(861 ± 120)

(604 ± 52)

reported

cFe total = 0.001

pH = 2.5

(884 ± 264)

(412 ± 118) (124 ± 14) calculated averages Only for cFe total = 0.0005

All values

(710 ± 260)

(415 ± 172) (157 ± 35) calculated averages

pH = 2.5 and 3.0 (667 ± 225)
pH = 3

K c,3

(391 ± 178) (166 ± 33) calculated averages Only λ = 390, 400, 450 nm

(980 ± 112)

reported

Fe(H2 O)5 OH2  HSO3
Fe(H2 O)5SO3  HSO3

Fe(H2 O)4 (SO3 )2  HSO3

Only λ = 400 with a large
excess of total iron(III)

Fe(H2 O)5SO3  H2 O(l) , Kc,1

Fe(H2 O)4 (SO3 )2  H+ + H2 O(l) , Kc ,2

Fe(H2 O)3 (SO3 )33  H+  H2 O(l) , Kc,3
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The authors do provide evidence for their previously reported mechanism for
the formation of specific sulfitoiron(III) complexes. It is unclear whether they propose
that the complexes are S-bonded or whether they concede that the very fast
uncharacterised reaction involves the linkage isomerisation of intermediate species to
produce the O-bonded complexes studied. However, the conclusion of this review is
that the simple average of all the tabulated formation constants shown in Table A-43
gives that best representation of their absolute values and the scatter in them, although it
must be noted that the unweighted uncertainties shown are (1σ) statistically based.
[1997REF/GEN]
See the entry for [2008REM/REF].

[1997SIM/GEN]
Sulfite-containing green rust 1 was prepared by two methods. Fe(OH)2 (s) was
precipitated from mixture of a 0.18 mol·dm-3 aqueous solution either FeSO4  7H 2 O or
FeCl2  4H 2 O with a 0.3 mol·dm-3 aqueous solution of NaOH . A 0.3 mol·dm-3
aqueous solution of Na 2SO3 was then added. The electrode potential (platinum
electrode with a calomel reference electrode) of each solution at 25 °C was measured
during the oxidation to form green rusts, and the pH also was monitored. The solids
were characterised by Mößbauer spectroscopy and X-ray diffraction, and the gradual
oxidation of sulfite in solution was monitored by high-precision liquid chromatography.
From the analyses of the solids and the changes of potential with time it was established
that the oxidation proceeded from Fe(OH)2(s) to the sulfite green-rust 1, to sulfate
green-rust 2 to a mixture of γ-FeOOH(cr) and α-FeOOH(cr). It was established that the
sulfite green rust could form even in solutions in which sulfate ions are predominant,
and in which sulfite ions are metastable with respect to oxidation to sulfate.
There is a plateau region for the electrochemical potential as a function of time
during the oxidation of the system, and this was identified as being related to the
formation of the sulfite green-rust 1.

8Fe(OH)2 (s)  SO32 +mH2 O(l)

(FeIII )2 (FeII )6 (OH)16 SO3  mH 2O(s)  2e .

(A.121)

The authors suggested that m ≈ 4 because pyroaurite, the similar
magnesium(II)-iron(III) mineral, is a tetrahydrate. For the experiments in which the
initial iron(II) salt was FeSO4∙7H2O, the potential (with respect to the standard hydrogen
electrode) was reported as – (0.535 ± 0.02) V; for the experiments in which the initial
iron(II) salt was FeCl2·4H2O the reported potential was – (0.525 ± 0.02) V. As free
sulfite was being oxidized to sulfate during the course of the experiment, the activity
coefficients were not constant during the formation of the sulfite green-rust 1. The
authors estimated the value of the equilibrium potential for Reaction (A.121) to be
– (0.58 ± 0.03) V, and therefore, Δ r G (A.121) = – (111.9 ± 5.8) kJ·mol-1. Another
plateau region for the electrochemical potential as a function of time was identified as
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being related to the oxidation of the sulfite green-rust 1 to the sulfate green-rust 2, but
the value of that potential appeared to differ depending on the initial iron(II) salt used.
[1997THO/SHE]
Near-infrared spectroscopy (800-1100 nm) was employed to determine the dissociation
constant of HF(aq) to high concentrations (0.01 to 2.65 mol∙dm-3) at 25 °C. The
authors claim to have identified HF(aq) and HF2 in solution, although the spectra
shown in their Figure 3 show only a slight broadening of the peak for water by addition
of up to 2 mol∙dm-3 HF. Values of the acid-dissociation constant of HF(aq) and the
formation constant of HF2 were derived: (6.4 × 10-4) mol∙dm-3 and 3.12 dm3∙mol-1,
respectively.
There was no mention made of other higher-order HF(sln) species. There was
also no mention of activity coefficients. Therefore, this study is significant, not as an
independent source of equilibrium constants, but rather as an indication that only the
established HF2 species needs to be considered in treating the data for the formation of
fluoridoiron(III) complexes in solution.

[1998BAW/FRI]
Though the main objective of this work was to study silica glasses containing
Fe(NO3)3·9H2O, a thermogram for Fe(NO3)3·9H2O(cr) was also reported. The heating
rate was a rather high 10 K·min-1, and the results were similar to those reported by
Wendlandt [1958WEN].

[1998BRA/ELD]
The kinetics of the effect of iron(III) on the rate of sulfite oxidation in solution were
studied spectrophotometry at 25 °C in 0.5 mol∙dm-3 NaClO4 over a wide range of pH.
Data on the action of free radicals were also presented, but the mechanism(s) of these
reactions could not be quantified. It is of general interest that aged iron(III) solutions
show a decreased reactivity that is directly attributable to the relatively slow formation
of higher-order hydroxidoiron(III) complexes. In the absence of oxygen the use of the
word “catalysed” seems inappropriate, because the reduction to iron(II) is irreversible.
No thermodynamic data of interest to this review were generated from this
study.

[1998ELM/GAB]
Differential thermal analysis and thermogravimetric analysis were carried out on
samples of Fe(NO3)3·9H2O(cr) at heating rates of 1, 5, 10 and 20 K·min-1. The
decomposition to Fe2O3(cr, α) (T > 523 K) was claimed to pass through the
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intermediates Fe(NO3)3·2H2O(s) and FeOOH(s), somewhat different from the species
proposed later in [1999WIE/KOZ]. The authors’ conclusions were based only on weight
loss, and there is nothing reported to suggest that these intermediate compositions were
verified by elemental analyses. Ultimately above 523 K the same final product, α-Fe2O3,
was obtained. In the presence of flowing air at much higher temperatures (1645 to
1673 K), a further transition to Fe3O4.09 was observed.

[1998LEN/FAB]
The kinetics and mechanism of the reaction between Fe(III) and sulfite in an aqueous
1 mol∙dm-3 solution of NaClO4 were studied with a stopped-flow spectrophotometer at
(10 ± 0.1) °C. The pH c was measured with a combination glass electrode. In the
presence of excess Fe(III) over S(IV), which was expected to promote only the
formation of the monosulfitoiron(III) complex, the reaction was shown to proceed in
two steps with an initial rapid increase in absorbance that was first order in both
reactants and was believed to be due to the expected reaction to form the weak
complex1 Fe(H2 O)5SO3 . Only an apparent formation constant could be extracted by
the authors from their data fits that included the molar decadic absorption coefficient of
the complex as a variable. The initial reaction step was followed by an unexpected
slower
sulfite
uptake
by
the
hydroxido-bridged
dimer
to
form
3
Fe2 (H2 O)8 ( -SO3 )( -OH) according to Reaction (A.122). The authors gave the
stability constant for the reaction:

Fe2 (H2 O)8 ( -OH)24  HSO3
as log10 K

o
c ,1,1,2

Fe2 (H2 O)8 ( -SO3 )(  -OH)3  H 2O(l)

(A.122)

= (3.37 ± 0.16), which was derived from data gathered at 430 nm.

On the basis of their treatment of the kinetic data that led the authors to claim
the importance of the transient Fe2 (H2 O)8 ( -SO3 )( -OH)3 species, they suggested
that the results of previous studies [1971CAR3], [1988CON/HOF], [1989KRA/ELD],
[1989KRA/ELD2], [1993BET] should be re-evaluated by incorporating the dimer into
their reaction schemes. In a subsequent paper [2002LEN/FAB] they state that other
studies in their laboratory provide further evidence for the role of analogous di-nuclear
and tetra-nuclear-iron(III) complexes in reactions with other simple inorganic anions.
The dimeric sulfito complex is relatively slow to decompose and therefore does not
contribute to the rate law for the oxidation of sulfite [2002LEN/FAB].

1

This interpretation of the kinetics of formation of a 1:1 complex was only valid if that complex were
assumed to be very weak. The authors presented a Job plot [1928JOB] to confirm the stoichiometry of
the complex. In the presence of excess sulfite, the second step became too fast for the first step to be
observed.
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[1998PIE/DAL]
The authors reported solubility measurements for solid “ Fe2 (HPO4 )3 ” as precipitated
onto a water-insoluble material, polystyrene divinylbenzene copolymer. The initial
solutions were equimolar mixtures of potassium dihydrogenphosphate and iron(III)
nitrate (0.25 × 10-3 to 0.625 × 10-3 M). Nitric acid was used to adjust the pHc value of
the initial solution to 2.00 (calibrated against standard buffers [1973BAT]) at 25 °C
prior to the addition of the high-porosity polymer. During the precipitation the pH c was
maintained at 2.00 by addition of 0.01 M KOH solution. The precipitated material was
found to have an iron to phosphorus ratio of 2:3, and solutions left for as long as 30
days were depleted from their initial compositions by corresponding amounts. The
reported solubility product (a 2 Fe a3HPO ) , corrected by the authors to I = 0 using the
Davies Equation [1962DAV], was 8.6 × 10-41 at 25 °C. The authors considered only the
simple complexes FeH2 PO24 and/or FeHPO 4 , and as discussed in the main text for
the solubility of strengite, this undoubtedly is an oversimplification. The results are not
presented in sufficient detail to justify a complete reanalysis.
3

2
4

[1998SIM/REF]
Sulfite-containing green rust 1 was prepared by first precipitating Fe(OH)2(s) from a
mixture of a 0.18 mol·dm-3 aqueous solution FeCl2·4H2O with a 0.3 mol·dm-3 aqueous
solution of NaOH. A 0.3 mol·dm-3 aqueous solution of Na 2SO3 was then added. It was
concluded on the basis of X-ray diffraction and Mößbauer measurements that at the
electrochemical potential at which the sulfite-containing green rust is formed, sulfite
ions are oxidized to sulfate. The sulfite-containing green rust 1 (average iron oxidation
state of ~ 2.25) then reacts to form the sulfate-containing green rust 2 (average iron
oxidation state of ~ 2.33). The authors indicated that sulfite-containing green rust 1 only
is obtained if the rate of oxidation of sulfite ions to sulfate ions is sufficiently slow in
comparison with the rate of oxidation of Fe(OH)2(s).

[1999KOB/NOZ]
Here, Kobayashi et al. [1999KOB/NOZ] report numerous high-precision heat-capacity
measurements on ~ 2-g specimens of crystalline FeS (troilite) and M0.875 X (M = Fe, Co;
X = S, Se), including both the 3C (trigonal) and 4C (monoclinic) superstructure types of
Fe0.875 X ( Fe7 X8 ). Measurements were made from 2 to 30 K, and the data below ~ 8 K
(for FeS and Co0.875 X ) or below ~ 5 K (for Fe0.875 X ) were fitted by Kobayashi et al.
o
[1999KOB/NOZ] to the equation C p ,m = γ∙T + A∙T 3. The first and second terms in this
equation represent electronic and lattice contributions to the heat capacity, respectively.
Results show that the electronic contribution is important for both varieties of M0.875X,
but not for stoichiometric FeS.
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The fitted lines are compared with data between 5 and 10 K for FeS, Fe0.875S,
and Fe0.875Se from Grønvold and Westrum [1959GRO/WES], [1959GRO/WES2] in
Figure A-48, Figure A-49, and Figure A-50. Fitted lines from the current review for FeS
and Fe0.875Se are also shown; there is no comparable line for Fe0.875S, for reasons given
below. The fitted lines from Kobayashi et al. mesh well with the Grønvold-Westrum
(G-W) data for FeS and Fe0.875Se, but not for Fe0.875S. It is not clear whether the
disparate data for Fe7S8 are due to sample differences (the G-W specimen may not have
been as well annealed as those of Kobayashi et al.), or to undetected instrumental
difficulties in the G-W study.
The data from Kobayashi et al. indicate that the standard (298.15 K) entropy
values derived from the G-W data for Fe0.875S and Fe0.875Se, with extrapolation below
5 K, may be too low by ~ 0.1 and ~ 0.04 J∙K-1∙mol-1, respectively. The deviation for
Fe0.875S may be partly offset by the anomaly in the G-W data near 8 K. Resolution of
the differences between the standard thermodynamic properties of 3C- and 4C-Fe0.875X
would require new C p data for the entire temperature range up to 298.15 K.

Figure A-48: Comparison of fitted heat-capacity equation for FeS(cr, troilite) at
2 ≤ T/K ≤ 8 from [1999KOB/NOZ] with data for T < 10 K from [1959GRO/WES]. The
dotted line is a cubic expression fitted to the low-temperature data from
[1959GRO/WES], C po ,m /J∙K-1∙mol-1 = 1.114 × 10-4(T/K)3.
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Figure A-49: Comparison of fitted heat-capacity equations for the 3C (trigonal) and 4C
(monoclinic) superstructure forms of Fe7S8(cr) at 2 ≤ T/K ≤ 5 from [1999KOB/NOZ]
with data for Fe7S8(cr, 3C) at T < 10 K from [1959GRO/WES].
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Figure A-50: Comparison of fitted heat-capacity equations for the 3C (trigonal) and 4C
(monoclinic) superstructure forms of Fe7Se8 (cr) at 2 ≤ T/K ≤ 5 from [1999KOB/NOZ]
with data for Fe7Se8 (cr, 3C ) at T < 10 K from [1959GRO/WES2]. The dotted line is an
empirical power expression fitted to the low-temperature data from [1959GRO/WES2],
C po ,m /J∙K-1∙mol-1 = 7.535 × 10-3(T/K)2.747.
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[1999MAT/PRI]
Solutions of tetrasodiumdiphosphate in the presence and in the absence of iron(II)
sulfate in a ten-fold excess were titrated with 1 mol·dm-3 HCl . The titrations were
carried out at 298.15 K under an unspecified “inert atmosphere”, and a supporting
electrolyte of 1 mol·dm-3 KCl was used. Protonation constants for P2 O74  were
determined under the same conditions. In the presence of the large excess of iron(II), it
was assumed that only 1:1 complexes, FeHP2 O7 and FeP2 O72  were formed, and
analysis of the pH curves led to calculated conditional formation constant values of
104.67 (= cFeHP O / cFe2+ cHP O3 ) and 1010.87 (= cFeP O2 / cFe2+ cP O4 ), respectively. On the basis
2 7
2 7
2 7
2 7
of the authors’ Figure 1, it appears that in the presence of the iron sulfate the pH values
in all the mixed iron(II)-diphosphate solutions were less than 6. The titration data were
only presented in a small graph, and could not be re-evaluated. Similar experiments
were conducted with pentasodiumtriphosphate in the presence and absence of iron(II)
3
2

sulfate and the 1:1 complexes, FeH 2 P3O10
, FeHP3O10
and FeP3 O10
were proposed.
Analysis of those pH curves led to calculated conditional formation constant values of
100.34 (= cFeH P O / cFe2+ cH P O3 ), 103.44 (= cFeHP O2 / cFe2+ cHP O4 ), and 107.72 (=
3 10
3 10
2 3 10
2 3 10
cFeP O3 / cFe2+ cP O5 ). Again there are insufficient details to allow a proper re-evaluation
3 10
3 10
of the results, and many of the ion-interaction coefficients required to apply corrections
to I = 0 are not available. The formation constants proposed from this study (1 mol·dm-3
KCl ) for these diphosphato and triphosphato complexes of iron(II) are probably the
best available in the current literature.

[1999WIE/KOZ]
Thermal decomposition of Fe(NO3)3·9H2O(cr) at heating rates of ~ 1.2, 3.0 and
12 K·min-1 indicated that at a total pressure near 0.1 MPa the nonahydrate loses
substantial mass fractions in at least two steps, between 305 and 373 K and then again
above 400 K. Isothermal gravimetric experiments were carried out at 348, 378, 473 and
673 K (75, 105, 200 and 400 °C). The final product, α-Fe2O3 was characterised by
XRD, chemical analysis and IR spectroscopy. It was postulated that heating resulted in
the following stepwise processes: dissolution, evaporation and hydrolysis to produce
Fe(OH)(NO3)2·2H2O(s),
evaporation
and
dehydration,
to
produce
Fe(OH)(NO3)2·2H2O(s), then further hydrolysis to produce Fe(OH)2(NO3)(s),
decomposition to produce FeOOH(s) and finally dehydroxylation to produce α-Fe2O3.
The hexahydrate [1854HAU], [1929MAL2], [2008GOU/KAD] does not seem to have
been formed during gradual heating of the nonahydrate. Indeed, even at only 348 K in
air, after 22 weeks, a sample of the nonahydrate was found to have decomposed to form
a mixture of α-Fe2O3 and FeOOH(s). No new thermodynamic data were reported.
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[2000KLE/NEI]
This paper by Klemme et al. presents low-temperature Cp measurements and derived
thermodynamic properties for FeCr2O4(cr), MgCr2O4(cr) and Cr2O3(cr); only FeCr2O4 is
discussed here.
The FeCr2O4(cr) specimen (0.4846 g) was prepared by: (a) heating a pressed
disc of well-mixed, ultra-pure (99.99 %) Fe2O3 and Cr2O3 powders (1:2 molar ratio) in a
flowing gas mixture (90 % CO, 10 % CO2) at 1573 K for 72 h; then (b) cooling slowly
to 1223 K and annealing for 20 h under the same gas mixture at this temperature; and
(c) quenching to ambient temperature in a vacuum chamber. Phase purity of the
specimen was checked by XRD, but the unit-cell parameter was not reported.
The authors tabulated 544 Cp measurements from 2.350 to 337.505 K for this
FeCr2O4(cr) specimen.1 Details are provided for these measurements, which were made
using a quasi-adiabatic, isoperibol heat-pulse method with two vacuum microcalorimeters. The estimated uncertainties were 1.4 % below 20 K, 0.8 % between 20
and 200 K, and 1.2 % between 200 and 300 K [2000KLE/NEI]. The authors noted that
data above 310 K were compromised by the decreasing viscosity of Apiezon N grease
used to mount the specimen on the sample holder in the calorimeter. A plot of these C p
data is included in the Appendix A entry for [2007ZIE/ANO].
Three C p anomalies were observed for FeCr2O4(cr): a sharp peak at
(36.5 ± 0.2) K, and broader features with maxima at (68.7 ± 0.2) and (124.1 ± 0.2) K.
These anomalies correspond, respectively, to: (a) a magnetic transition between
helicoidal (lower T) and collinear spin ordering; (b) the Néel (magnetic disordering)
transition; and (c) a transition between tetragonal (lower T) and cubic crystallographic
symmetry, associated with the Jahn-Teller effect.
The C p data yielded the following standard entropy value [2000KLE/NEI],
which was verified in the current review and is discussed further and recommended in
Section VII.3.5.1 of the main text:

S mo (FeCr2O4, cr, 298.15 K) = (152.2 ± 3.0) J∙K-1∙mol-1.
This is higher than the value of (146.0 ± 1.7) J∙K-1∙mol-1 from Shomate [1944SHO],
whose data did not extend below 53 K, and therefore did not reveal the anomaly at
36.5 K. Otherwise there is good agreement between the data of [1944SHO] and
[2000KLE/NEI], as illustrated in the Appendix A entry for [2007ZIE/ANO]. Klemme et
al. [2000KLE/NEI] combined 69 heat-capacity values from this study with 13 heatcontent data from Naylor [1944NAY] and obtained the following Cp -T equation, which
is discussed further in the Appendix A entry for [2007ZIE/ANO]:

1

The C p data are given in a supplementary data table available at the Mineralogical Society of America
website, http://www.minsocam.org.
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K
-1
-1
-2
[C po ,m ]1800
250 K (FeCr2O4, cr, T)/J∙K ∙mol = 139.75 + 0.029408(T/K) – 3359576(T/K) +
474.8(T/K)-0.5.

Klemme et al. [2000KLE/NEI] also included a brief critical review of available
information on  r Gmo (T) for the reaction:
2Fe(cr) + 2Cr2 O3 (cr) + O2 (g)

2FeCr2 O4 (cr)

(A.123)

They noted that the spinel phase in equilibrium with Fe-rich metal and Cr2O3(cr) at high
temperatures is actually a solid solution between FeCr2O4 and Cr3O4 [2000KLE/NEI].
Because of this and other experimental issues, as well as the scatter of the data
reviewed, they concluded that it was premature to recommend any value for  f Gmo
(FeCr2O4, cr, T). They offer only the following estimated enthalpy values, based on
third-law calculations:  r H mo ((A.123), 298.15 K) ≈ − 610 kJ∙mol-1, whence f H mo
(FeCr2O4, cr, 298.15 K) ≈ − 1433 kJ∙mol-1. The latter value is discussed further in the
Appendix A entry for [2007ZIE/ANO] and Section VII.3.5.2 of the main text.

[2000LEN/MAG]
The authors carried out a kinetic study of the reaction of Fe2 (OH)42 with phosphate in
solutions (10.0 °C, 1.0 mol·dm-3 NaClO4) containing a large excess of iron(III) with
7
values of pHc  2.50. The kinetic intermediates Fe4 (PO4 )(OH)2 (H2O)16
and
Fe2 (HPO4 )(OH)(H2O)83 were proposed and the authors assumed the final complex
formed to be FePO4(aq) based on the results of Khoe and Robins [1988KHO/ROB]. The
results of this study are not used further in the present review.

[2000PIE/TSA]
Pierri
et
al.
[2000PIE/TSA]
reported
solubility
measurements
for
Fe(H2PO4)(HPO4)·xH2O(s) in aqueous solutions at 298.15 K (pHc  3). The amorphous
material, which spontaneously precipitated from supersaturated solutions, was found to
have an iron to phosphorus ratio of 1:2. The reported solubility product
(aFe3+ aH2PO4 aHPO24 ) , corrected by the authors to I = 0 using the Davies equation
[1962DAV], was 3.9 × 10-20 at 25 °C. The authors considered only the simple
complexes FeH2 PO24 and/or FeHPO4 , and as discussed in the main text for the
solubility of strengite, this undoubtedly is an oversimplification in solutions with this
pH value. The results are not presented in sufficient detail to justify a complete
reanalysis.

[2001KRI/SIN]
The authors used a “Knudsen Effusion Mass Loss” method to measure partial pressures
of TeO 2 (g) over Fe2TeO6(cr) at temperatures between 979 and 1052 K. From these,
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using data for Δ f Gm (Fe2 O3 , T ) referenced to Kubaschewski and Alcock
[1979KUB/ALC], po (TeO2 , g, T ) from Samant et al. [1994SAM/BHA], and both
Δ f Gm ( TeO2 , cr, T) and Δ f Gm (TeO2 , l, T ) from Cordfunke et al. [1990COR/KON],
the authors derived a two-parameter equation for Δf Gm (Te2 O6 , cr, T ) as a function of
temperature. The values of Δf Gm (TeO2 , cr, T ) from Cordfunke et al. [1990COR/KON]
are essentially the same as those selected (with larger estimated uncertainties) for
298.15 to 1000 K in an earlier TDB volume [2003GUI/FAN]. In the present review, the
values of Δ f Gm (Fe2 TeO6 , cr) for 979 to 1052 K were recalculated based on the TDB
values for Δf Gm (Fe2 O3 , α, T ), with the same values for Δf Gm (TeO2 , g, T ) used by
the authors.

Table A-44: Recalculated values of Δ f Gm (Fe2 TeO6 , cr) to 1052 K based on the work
of Krishnan et al. [2001KRI/SIN].
T/K
979
983
992
998
1002
1006

 f Gm (Fe2TeO6, cr)/kJ·mol-1
– 774.67
– 772.10
– 770.10
– 767.00
– 765.97
– 763.18

T/K
1011
1020
1028
1032
1043
1052

 f Gm (Fe2TeO6, cr)/kJ·mol-1
– 761.07
– 756.48
– 752.68
– 746.49
– 742.74
– 740.63

[2001LEN]
Lente studied the kinetics of direct ligand substitution reactions of the aqueous iron(III)
hydroxido dimer, Fe2 (μ-OH)2 (H2 O)84 , with H2 PO2 and H2 PO3 at 10 °C in solutions
with a total ionic strength of 1.0 mol·dm-3, maintained with NaClO4. Total Fe(III)
concentrations were 2.6 × 10-3 to 10 × 10-3 mol·dm-3, and ligand concentrations were
0.1 × 10-3 to 1.5 × 10-3 mol·dm-3. All measurements were made using acidic solutions
with pH values between 0.3 and 1.9. The pH-meter readings in the pH range 1 to 2 were
converted to cH values using point-by-point calibrating functions. In parallel,
complexation of Fe3+ with the ligands was studied using UV-vis spectroscopy. The
authors used the computer program PSEQUAD [1985ZEK/NAG] to evaluate the
equilibrium data, and reported log10 K values of (2.81 ± 0.01) and (2.69 ± 0.04) for the
formation constants of the 1:1 complexes FeH2 PO22 (from Fe3+ and H2 PO2 ) and
FeH2 PO32 (from Fe3+ and H2 PO3 ), respectively.
+

Conversion of the values to 298.15 K is problematic, and considering this and
the lack of a good recent analysis of the chemical thermodynamic quantities for
H 2 PO3 , H 2 PO2 or their parent acids, the values from this paper are not used further in
the present review.
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[2001LEN/FAB]
The authors identified the transient binuclear species formed in solution as a result of
the reaction of the hydrolysed iron(III) dimer, Fe2 (OH)24 , with a range of ligands in 1
mol∙dm-3 (NaClO4) solutions at 10 °C. The instrument used for this purpose was a
stopped-flow spectrophotometer arranged in two configurations. The Fe(III)
concentration was maintained at 0.0137 mol∙dm-3 prior to mixing with a more acidic
solution of the ligand. The decomposition of the dimer to the monomeric Fe(III)
hydroxido species upon dilution was found to be considerably slower than the rate of
substitution by the ligands into the dimer so that the latter reactions proceeded
independently. Among the ligands studied, those of interest to the current review were
SO 24  , SCN  , Cl , Br  , SO 24  , NO3 , IO3 , HSO3 and SeO24 . The reaction rates
(defined in terms of the initial change in molar absorbance per second) were tabulated at
one or sometimes at two wavelengths.
This study is of peripheral interest in that it showed that transient mixed
binuclear hydroxido(anion)iron(III) complex ions are formed rapidly and directly from
the Fe2 (OH)24 species. Neither the structures nor the stoichiometries of these transient
ions was gleaned from these experiments and no thermodynamic data as to their
stabilities were inferred.

[2001SEB/POT]
The aim of this paper was to evaluate the reliability and accuracy of the available
thermodynamic information on aqueous selenium referenced to 25 °C, 1 bar pressure
and infinite dilution. The authors preferred to use the Modified Bromley Methodology
[1973BRO], MBM, over the SIT to account for the effect of ionic strength on the
various equilibria, because the former was believed to be valid over a wider range of
ionic strength.
An Appendix A entry for this paper appeared in [2005OLI/NOL] where two
reasons were given for discounting the protonation constants derived. Moreover, the
results tabulated for the stability constants of the iron selenites and selenates were
simply taken from the existing literature without comment or re-treatment.
No thermodynamic data were extracted from this paper.

[2001ZHU/MER]
Zhu and Merkel reviewed the available solubility data for “scorodite”, but focused on
studies of the precipitated (usually amorphous) solid. No attempt was made to consider
studies of well-characterised crystalline material [1988KRA/ETT], [1996NIS/ROB]
separately, and the results of Krause and Ettel [1988KRA/ETT] were specifically
discounted. The authors carried out a consistent re-analysis using the results from the
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previous studies [1956CHU3], [1978NIS/TOZ], [1981MAK/SAG], [1985DOV/RIM]
using the geochemical modelling code PHREEQC [1999PAR/APP]. The issue of how
each of the original authors measured and defined pH was not addressed and no new
experimental values were reported in the paper. The final assessed solubility activity
product, 10-(23.44 ± 0.35), appears to be in excellent agreement with the value later proposed
by Langmuir et al. [2006LAN/MAH] for amorphous iron(III) arsenate.

[2002ALI/GAG]
The authors prepared FePO4(cr) by thermal decomposition of an unspecified
commercial form of the dihydrate. They measured the X-ray diffraction pattern of the
FePO4(cr) for temperatures between 953 and 1043 K, and showed that the 
transition of FePO4(cr) from the low-temperature quartz phase (trigonal) to the hightemperature quartz phase occurs between 958 and 1023 K, with probable formation of
an intermediate phase near 960-969 K. No thermodynamic data were reported.

[2002APE/KOR2]
An Appendix A entry for this paper appeared in TDB-Iron Part 1 [2013LEM/BER]. The
vapour pressures of saturated solutions of AlCl3, Al(NO3)3 and Al2(SO4)3 were
measured over a narrow range of temperatures of ca. 280 to 297 K.

[2002LEN/FAB]
The kinetics of reaction of Fe(III) with S(IV) in aqueous solution (Ic = 1.0, NaClO 4 )
were studied by stopped-flow spectrophotometry at 10 and 25 °C. Deconvolution of the
spectra showed the following Fe(III) species existed: Fe(H 2 O)36 , FeOH(H 2 O)52  ,
Fe2 (OH)2 (H2 O)84 , Fe(SO3 )(H2 O)5 and Fe2 ( -SO3 )( -OH)(H 2 O)83 . Maintaining an
excess of Fe(III) over S(IV) (e.g., cFe(III) = 0.010-0.025 and cS(IV) = 0.0005-0.0015)
ensured that the reaction was insensitive to the presence of molecular oxygen. The
bridged sulfito complex was not involved in the rate-determining redox reaction of
S(IV) which in fact was controlled by “aquation” of the mononuclear sulfitoiron(III)
complex to form a sulfite radical which was rapidly oxidized by Fe(H 2 O)36 .
Analysis of the kinetic data including a value for the first hydrolysis constant
for Fe(H 2 O)36 taken from the literature led to a log10 *Kc (A.124) value of (0.13 ± 0.05)
at 25 °C. The molar decadic absorbance of Fe(SO3 )(H2 O)5 needed to extract this
constant was given as (49.2 ± 3.4) m2·mol-1 at 430 nm.

Fe(H2 O)36  HSO3

Fe(SO3 )(H2 O)5  H .

(A.124)
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A combination of log10 *Kc (A.124) and log10 Kc,2 ( HSO3
H   SO32 ) led to
*
log10 Kc (A.125) = 6.48. The latter value was taken from a 2001 PhD thesis by the lead
author [2001LEN].

Fe(H2 O)36  SO32

Fe(SO3 )(H2 O)5  H2 O(l) .

(A.125)

These kinetic-based equilibrium constants at Ic = 1.0 ( NaClO 4 ) could not be
re-evaluated, but are of value for comparison purposes. This paper also provided a
valuable list of references to other aqueous iron(III)-sulfite studies.

[2002RAP/SAN]
This paper provides values for the deprotonation constants of H 3AsO4 in aqueous
solutions of NaClO 4 , NaCl and KCl , and thus makes it possible to estimate
interaction coefficients between the protonated arsenate anions and Na + and K+. From
Appendix B,  (H+ ,ClO4 ) = (0.14 ± 0.01) kg·mol-1,  (H+ ,Cl ) = (0.12 ± 0.01)
kg·mol-1, and  (Na + , H2 PO4 ) = – (0.08 ± 0.04) kg·mol-1, and it might seem reasonable
to assume that  (Na + , H 2 AsO4 ) =  (Na + , H2 PO4 ) .
Based on the data for sodium perchlorate and sodium chloride solutions in
Table 2 of Raposo et al. [2002RAP/SAN],  (Na + , H 2 AsO4 ) = – 0.01 kg·mol-1,
whereas the sparse data for potassium chloride solutions as presented in the same paper
lead to a value of  (K + , H2 AsO4 ) of 0.04 kg·mol-1.
We only select

 (Na + , H 2 AsO4 ) = – (0.01 ± 0.01) kg·mol-1.
These interaction coefficients with H2 AsO4 differ somewhat from the values
 (Na + , H2 PO4 )
 (K + , H2 PO4 )
=
– (0.08 ± 0.04)
kg·mol-1
and
=
-1
1
– (0.14 ± 0.04)) kg·mol in Appendix B. However, it should be noted that for
H3 PO 4 (aq) and H3 AsO4 (aq) the difference in logarithm (base 10) of the first
deprotonation constant in 3.5 mol·kg-1 sodium perchlorate solution is approximately
0.45 [1970SEC/IND], [2002RAP/SAN], [2005POW/BRO] as opposed to 0.1 near I = 0.
A similar difference (0.36) is found in the paper of Khoe and Robins [1988KHO/ROB]
for 3.3 mol·kg-1 NaNO3 solutions. These would correspond to differences in Δ of
approximately ~ 0.08 to 0.10 kg·mol-1, considerably larger than might be expected for
an acceptable analogue. Scatchard and Breckenridge [1954SCA/BRE] also noted
unusual differences in the osmotic coefficients for phosphate and arsenate solutions.

1

An expression for these interaction coefficients as a function of ionic strength [1980CIA], [1988CIA]
also are provided in Table B-6.

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

A. Discussion of selected references

579

[2002SCA/CAR]
Thermal analysis and solubility measurements were reported for iron(III) phosphate
solids precipitated from (a) equimolar solutions (0.025 M) of Fe(NO3)3·9H2O and
acidified K2HPO4 with the value of the pH maintained at 2.0; (b) Fe(NH4)2(SO4)2·6H2O
and K2HPO4 solutions under similar conditions, but with H2O2(sln) as an oxidizing
agent. The solids had slightly different thermal decomposition behaviours. The solid
from process (a) was described as Fe(HPO4)3·xH2O and that from (b) as FePO4·xH2O
based on chemical analysis. The analytical results are not given in detail, but the
information for the solid prepared by method (a) could correspond to FePO4·xH2O
equally well as to Fe2(HPO4)3·xH2O, and the results in the authors’ Table 1 indicate that
over time, in contact with the mother liquor, the solid from (a) is gradually converted to
a form with an Fe:P ratio closer to 1.0.

[2002SON/ZAV]
Two forms of FePO4·2H2O(cr) (strengite (orthorhombic), metastrengite II (monoclinic)
= phosphorsiderite) were hydrothermally prepared and dehydrated at 80 °C under
vacuum. This led to formation of the corresponding orthorhombic and monoclinic forms
of FePO4(cr). Dehydration of these anhydrous forms at an unspecified temperature
above 400 °C led to trigonal FePO4(cr). The dehydration pattern appears to be
consistent with the earlier work of Rémy and Boullé [1961REM/BOU].
[2002YAN/SON]
This was primarily a study of lithium iron phosphates and their electrochemical
behaviour. However, using XRD and DTA it was shown that FePO4(cr) formed by
delithiation of LiFePO4 was converted, apparently irreversibly, to the berlinite-structure
form on heating at approximately 580 °C.

[2003PER/HEF]
Combined UV-visible spectrophotometric and pH-potentiometric titrations were carried
out in iron(III) cyanide and hydroxide solutions in mainly 1 mol∙dm-3 NaClO 4 at
(25.0 ± 0.05) °C.
Hydroxido complexes
Rapid titrations (< 10 min to complete) were performed in a specially designed cell at
extremely low total iron(III) concentrations {(2-10) × 10-6} mol∙dm-3) over the pH range
(0 ≤ pH ≤ 12.7). The authors claimed that this approach enabled them to detect six
mononuclear complexes with log10 c, n,1 values (n = 1-6) of ‒ (2.66 ± 0.03),
‒ (7.0 ± 0.3), ‒ (12.5 ± 0.9), ‒ (20.6 ± 0.7), ‒ (30.8 ± 0.8), and ‒ (43.4 ± 0.7) at Ic = 1.0;
and ‒ (2.9 ± 0.1), ‒ (6.8 ± 0.5), ‒ (13.3 ± 1.2), ‒ (21.9 ± 1.8) at Ic = 0.5 (n = 1-4) ,
respectively. The pH was measured with a conventional glass electrode versus an
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Ag, AgCl reference electrode which were calibrated in situ in terms of log10 cH+ at the
appropriate ionic strength with no allowance for liquid-junction potentials which should
be minimal at these high ionic strengths, except at the lowest pH values. The change in
speciation during the titrations was based on spectral data which were analyzed with the
SPECFIT optimisation program [1985GAM/MAE], [1990MAE/ZUB] producing the
absorption maxima shown in Table A-45. The resulting fits were independent of the
iron(III) concentration indicating that multinuclear iron(III) aqueous species did not
contribute significantly to the speciation. The rapid nature of the titrations also helped to
offset the likelihood that multinuclear species and colloidal particles would form.

Table A-45: Derived absorption characteristics of the iron(III) species
Species
Fe3+
FeOH 2+
Fe(OH) 2
Fe(OH)3o
Fe(OH) 4
Fe(OH)36

λmax /nm

 /m2·mol-1

240
286
272sh
252sh
264sh
< 230

38.0
21.0
29.0
35.0
27.0
> 31.0

The equivalent molal log10 m,n,1 values at 25.0 °C are ‒ (2.64 ± 0.03),
‒ (7.0 ± 0.3), ‒ (12.4 ± 0.9), ‒ (20.5 ± 0.7), ‒ (30.7 ± 0.8) and ‒ (43.3 ± 0.7) at Im = 1.05;
and ‒ (2.9 ± 0.1), ‒ (6.8 ± 0.5), ‒ (13.3 ± 1.2), ‒ (21.9 ± 1.8) at Im = 0.51, respectively.
The pHc range of the hydrolysis titrations performed at Ic = 1.0 corresponds
approximately to cH = 1.0 to cOH = 0.1. Clearly while the latter limit may just comply
with the requirements of a supporting electrolyte, the former does not and only results at
pHc ≥ 1 should have been included in the data treatment process. Unfortunately, none of
the experimental data was provided in this paper.
+



*
The values of log10 K m,1 from the SIT2 fit of the hydrolysis constants
available in the literature are ‒ 2.73 and ‒ 2.815 for I m = 0.51 and 1.05, respectively.
From Figure VII-1.3.2.1 it can be seen that the constants reported by Perera and Hefter
(their uncertainty is assumed to be 1σ) are only in fair agreement with the bulk of the
available literature values. However, considering that their values of log10 * K m,1 were
derived mainly for mixed HClO4 /NaClO4 media, the disagreement is not surprising,
especially considering the extremely low iron(III) concentrations employed in 1
mol∙dm-3 NaClO 4 which had a stated purity of only 99.9%. This translates into a 1000to 5000-fold excess of the total impurities over that of iron(III). The value of log10 m,2
of  (7.0 ± 0.3) is in fact in good agreement with that extracted in this review from
metastable 2-line ferrihydrite [2007STE], but is lower by 1.0 than the preferred SIT fit
of the remaining, albeit very scattered, data (Figure A-51).
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In view of the difficulties involved in this ambitious study, this review cannot
accept the validity of any of the reported hydrolysis constants, most of which have not
been reported previously.

Figure A-51: An SIT plot at 25 °C from [2013LEM/BER] including the four additional
values from this paper, where the data sets indicated by asterisks were excluded from
the fitting processes, which treated all the remaining data to Im ≤ 3, generating the
following curves: (1) dashed curve resulted from a regression with three adjustable
o
parameters (log10 K1 , ε1 and ε2); (2) the solid curve resulted from a regression with two
o
adjustable parameters (log10 K1 and ε1); (3) the dotted curve resulted from a regression
o
with one adjustable parameter (ε1), fixing log10 K1 at the value from fit (1).
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Cyanido complexes
UV spectrophotometric measurements of {(0.2 to 20) × 10-3} mol∙dm-3 Fe(III) solutions
at Ic = 0.5 and 1.0 (NaClO4) were made over a “limited” wavelength range to establish
the existence of four cyanidoiron(III) complexes, viz., FeCN2+ , Fe(CN) 2 ,
3
Fe(CN)3 (aq) , and Fe(CN)6 . The cyanide concentrations in the solutions were as
high as 0.50 mol·dm-3 for the measurements at Ic = 0.5 and 0.56 mol·dm-3 at Ic = 1.0.
The assignment of the species was based on the authors’ global fit of their data using
SPECFIT [1985GAM/MAE], [1990MAE/ZUB].
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Table A-46 gives formation constants for these species derived from the authors’ Table
3 after conversion to molal units [1985SOH/NOV].

Table A-46: Logarithms of the molal cumulative formation constants for Fe(CN)3n n at
25 °C and their (1σ) statistical uncertainties as obtained from the authors’ Table 3.
Im

log10 Km,1

log10 m,2

log10 m,3

log10 m,6

0.513
1.052

(8.54 ± 0.06)
(8.5 ± 0.1)

(16.0 ± 0.2)
(15.8 ± 0.8)

(22.2 ± 0.5)
(23.0 ± 0.2)

(38.9 ± 0.9)
(38.7 ± 0.7)

The uncertainties in the formation constants are understandably large and the
choice of speciation may be model-dependent. There are no realistic changes between
their values at the two different ionic strengths so that no extrapolation to Im = 0 is
possible.
The formation constants for the Fe(CN)3n n complexes where n = 1, 2, 3 and 6
are of value in view of the limited data for this system, especially for the lower
complexes. The tabulated values of log10 m,6 are significantly smaller than those
proposed elsewhere, viz., [1965BUS], [1965WAT/CHR] for log10 6o .

[2003PRA/CIP]
The authors reported a newly identified amorphous iron phosphate mineral,
santabarbaraite (Fe3 (PO4 )2 (OH)3  5H 2 O) . It was concluded that this mineral was
likely produced by the in situ oxidation of vivianite, and that it can recrystallize to
rodolicoite and grattarolaite [1997CIP/MEL]. No thermodynamic data were reported.

[2003REA/SCR]
Three forms of FePO4·2H2O (strengite (orthorhombic), metastrengite I, metastrengite II
(monoclinic)) were prepared and isolated from aqueous solutions of FeCl3·6H2O and
H3PO4. Strengite was formed when the pH value was between 3 and 4; metastrengite I
was precipitated from solutions with pH values from 1-2, whereas metastrengite II
formed in solutions held at lower pH values. X-ray diffraction patterns were reported
and thermogravimetric results performed in conjunction with the XRD studies were
used to follow the decomposition of each solid (298 to 1073 K) to various polymorphs
of FePO4. The work extended and provided confirmation of the earlier results obtained
by Rémy and Boullé [1961REM/BOU].
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[2003ROJ/PIZ]
Values of the heat capacity of Fe(PO3)3(monoclinic) were reported (graphically) for
temperatures between 1.8 and 35 K. The sample of Fe(PO3)3(cr) was obtained by
heating a 1:10 mixture of Fe(NO3)3·9H2O and NH4H2PO4 at 300 °C for four hours and
then to 800 °C [1999ROJ/MES]. Measurements were carried out using the heat-capacity
option of the Quantum Design Physical Measurement System, which uses a relaxation
technique, applying a pulse of electrical heating at a specific initial temperature, then
following the change in temperature of the sample during the consequent heating and
cooling period. The procedure used for the small amount of powdered sample probably
did not give as satisfactory thermal contact as the procedure used later by Shi et al.
[2011SHI/BOE], [2013SHI/ZHA] on a slightly hydrated sample. The heat-capacity
measurements show a peak at approximately 7.8 K (Shi et al. [2013SHI/ZHA] found
8.76 K), and near 35 K the heat-capacity values were more than 10 % less than those
reported later for Fe(PO3)3·0.128H2O(cr) [2013SHI/ZHA]. This difference is
substantially greater than can be accounted for by considering the probable effect of the
small amount of water present in the sample used by Shi et al. [2013SHI/ZHA] (cf. the
Appendix A entry for [2013SHI/ZHA]). The results of Rojo et al. [2003ROJ/PIZ] for
Fe(PO3)3(monoclinic) were only available by digitization of the information in a figure,
and no values were provided at temperatures  35 K. The results were not used further
in the present review.
[2003ZIE/CAS]
This paper by Ziemniak and Castelli is concerned primarily with the development of a
comprehensive thermodynamic model for spinel solid solutions in the system Fe3O4FeCr2O4, and with the precise and accurate determination of the known miscibility gap
in this system even down to lower temperatures. For this purpose, all relevant properties
that have a significant impact on the Gibbs energy of mixing of such solid solutions
were considered. The authors applied a regular solution model, they calculated the
configurational entropy for the description of changes in cation disorder between A- and
B-sites, they accounted for pairwise charge hopping between Fe2+ and Fe3+ on B-sites,
and finally they even considered thermodynamic effects of magnetic ordering between
different sublattices. As a result, they predicted an almost complete miscibility gap at
ambient conditions. However, no new experimental data are presented, and the model is
entirely based on reference data.
This paper published by Ziemniak and Castelli currently represents a very
comprehensive analysis of the Fe3O4-FeCr2O4 spinel binary. Unfortunately, they did not
consider the activity data published by [1975KAT/WAK], but used the data given by
[1976SNE/SCH] and [1982PET/JAC] instead (see the corresponding Appendix A
entries). Unlike [2005KUR] they even accounted for two important aspects related to
spinel solid solutions that contain magnetite as one end-member: the magnetic ordering
between different sublattices and charge hopping between divalent and trivalent iron on
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octahedral sites. Pairwise electron hopping between Fe2+ and Fe3+ on octahedral sites has
an impact on the configurational entropy, and magnetic ordering affects the nonconfigurational entropy. According to this reference the magnetic ordering contribution
to entropy,  mag , at T = 300 K is negligible for compositions in the chromite-rich region
of this solid solution, and becomes significant for compositions in regions that contain a
larger amount of magnetite, especially when the composition is close to this latter endmember. This result matches the conclusions given by Robbins et al. [1971ROB/WER],
who determined the magnetic moments for the whole compositional range. Low-Cr
phases are ferrimagnetic at temperatures below 850 K, but high-Cr phases are only
ferrimagnetic at temperatures far below ambient conditions. Therefore, [2003ZIE/CAS]
stated that the magnetic contribution at ambient conditions for solid solutions
Fe2+ Crx3+ Fe3+
2  x O 4 with x ≥ 1.20 is almost negligible. They defined the following
equation for the full Gibbs energy of disordering (xINV is the inversion parameter);
2
GD  (axINV   xINV
 T ( xINV e1  xINV mag  S conf ) .

Based on this equation they determined the values for α = 20.68 kJ·mol-1,  =
– (31.02 ± 1.05) kJ·mol-1,  = – (0.664 ± 0.075) J·K-1·mol-1·, and  el =
– (0.730 ± 0.081)R, respectively. The calculation of  mag as a function of composition
and temperature can be performed by using the equations on pages 2082 and 2083 of
[2003ZIE/CAS]. Then the entropy term  el   mag can be used to calculate the nonconfigurational entropy part. Finally, the complete entropy term can be obtained by
calculating the configurational entropy, using the equations given on page 2087 of
[2003ZIE/CAS]. Since α constitutes the sum of the respective site preference energies
[1984NEI/NAV], Ziemniak and Castelli [2003ZIE/CAS] reviewed the available values
for the constants α and β and found significant deviations between the values that were
determined so far. Urusov [1983URU] already mentioned large discrepancies between
determined octahedral site preference energies for Fe 2  and Fe3 , and the conclusions
given by [2003ZIE/CAS] support his results. For example, the determined octahedral
site preference energies for Fe3+ range from – 22.19 kJ∙mol-1 [1983URU] to 16.75
kJ∙mol-1 [1967NAV/KLE].
In this review three different regions of magnetite-chromite solid solutions as a
function of composition are distinguished, that represent different states of normal or
inverse spinels. Ziemniak and Castelli determined similar regions with slightly different
borders that are even based on lattice parameter analysis: region I with 0 ≤ x ≤ 0.666;
region II with 0.666 ≤ x ≤ 1.333, and finally region III with 1.333 ≤ x ≤ 2.0. Since more
data were used in this review, and because our values match the values given by
[1971ROB/WER] that are based on the determination of magnetic moments, the new
values given in this review are preferred. Additionally, there are still some uncertainties
related to the model proposed by Ziemniak and Castelli. They used the Inden model for
the description of magnetic ordering, which is strictly speaking not valid for multiple
cations. Therefore, even this advanced model would still benefit from some future
refinement.
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[2004DEL/WUR]
The authors prepared three crystalline forms of FePO4  2H 2 O at 298 K by
precipitation from solutions (0.009 mol·dm-3 FeCl3 , 0.027 mol·dm-3 H 3 PO 4 ) differing
only in the acid concentration (adjusted by addition of sodium hydroxide). The
experiments indicated that strengite is not the stable polymorph; though the conversion
of the initially precipitated phases to the thermodynamically stable phase
(phosphosiderite) can take many days (also see [2003REA/SCR]).
[2004MOO/HAG]
A detailed Appendix A entry for this paper appeared in TDB-Iron Part 1
[2013LEM/BER].
[2005CHA/OSA]
Chareev and Osadchii in this paper describe potential-difference measurements at 518
to 583 K on the following solid-state electrochemical cell with a common gas space.
(–) Pt | Ag | AgI | Ag 2S , “ FeS ”, FeS2 | Pt (+)
Here, “ FeS ” represents either a hexagonal or monoclinic pyrrhotite, Fe1 x S , depending
on the temperature and experimental details (see below). Silver iodide, AgI , is the
Ag  ion-conducting solid electrolyte, compressed physical mixtures of the three solid
sulfides constitute the working electrode, and the reference electrode is pure silver.
Results involving monoclinic pyrrhotite (nominally Fe0.875S ) are of particular interest in
the current review, because they provide a means of determining the enthalpy of
formation of this phase (see Section IX.1.1.1.2.3.2).
Cell potential-difference values, E, were converted to effective sulfur gas
activities, aS2 , by the following expression:

log10 aS2 = (– 9174.5 + 20.159E/mV)∙(T/K)-1 +3.61
This is based on the following Gibbs energy relationship for Ag 2S(cr) from
Richardson and Jeffes [1952RIC/JEF], correcting a typographic error in Equation (7) of
[2005CHA/OSA]:

f Gmo (Ag 2S, cr) /J∙mol-1 = – 87,822 + 34.56(T/K)

(A.126)

This expression is based on measurements of the following gas-solid equilibrium at 773
to 1073 K by Rosenqvist [1949ROS], who used a flowing-gas system to prevent
thermal segregation of the gas components.
2Ag(cr)  H 2S(g)

Ag 2S(cr)  H 2 (g)

(A.127)
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Richardson and Jeffes [1952RIC/JEF] extended the recommended temperature range of
this expression down to 452 K, the α-to-β phase-transition temperature of Ag 2S(cr) .1
The lower limit of the Chareev-Osadchii measurements at 518 K is the temperature at
which E = 0, and below which pyrite is not reduced by metallic silver.
The presence of Ag 2S apparently accelerated equilibration of the iron sulfide
mixtures, allowing equilibrium measurements to be made below the usual limit of about
600 K imposed by sluggish kinetics in anhydrous Fe-S systems. Equilibration with
monoclinic pyrrhotite was achieved by annealing the system at 449 K for two months
prior to the potential-difference measurements at higher temperatures. Metastable
potentials involving hexagonal pyrrhotite were obtained with shorter annealing times
and in experiments with working electrodes initially consisting of ( Ag  Ag 2S  FeS2 ).
The upper stability limit of monoclinic pyrrhotite, based on the intersection of potential
relationships for (pyrite + hexagonal pyrrhotite) and (pyrite + monoclinic pyrrhotite),
was estimated to be (574 ± 5) K, which is higher than the values of 524 and 527 K
obtained in hydrothermal recrystallization studies [1973RIS], [1982KIS/SCO], but
lower than the value of ~ 590 K obtained in anhydrous phase-equilibrium studies
[1971NAK/MOR].
Chareev and Osadchii [2005CHA/OSA] obtained the following equilibrium
relationship for mixtures of monoclinic pyrrhotite and pyrite.

log10 aS2 = 11.66 – 13152∙(T/K)-1
They attribute this to the following reaction with the ideal stoichiometry for monoclinic
pyrrhotite.
Fe0.875S(cr)  0.375S2 (g)

FeS2 (cr)

(A.128)

They derived a value of Δf H mo ( Fe0.875S , cr, 298.15 K) = – (166.5 ± 3.0) kJ∙mol-1,
corresponding to the following formation reaction.
0.875Fe(cr)  0.5S2 (g)

Fe0.875S

(A.129)

Application of the TDB recommended value of f H mo (S2, g) = + (128.6 ± 0.3) kJ∙mol-1
yields a standard enthalpy of formation value, f H mo = – (102.2 ± 3.0) kJ∙mol-1 for
Fe0.875S(cr). Details of the enthalpy calculation by Chareev and Osadchii
[2005CHA/OSA] are lacking, but it is most likely a second-law estimate. A third-law
calculation by the reviewer, based on the 540 K value of log10 aS2 (according to the
experimental relationship above), and using the heat-capacity relationships for Fe0.875S
and FeS2 (pyrite) derived elsewhere in this review, yielded a significantly less negative
value, f H mo = – 95.90 kJ∙mol-1. The uncertainty in this value is difficult to evaluate, in
part because of the lack of a fully TDB-compatible relationship for  f Gmo ( Ag 2S , cr, T).
The contribution from this value is likely to be small, however, given the coefficient of

1

Grønvold and Westrum [1986GRO/WES] state that this transition occurs between 449.3 and 451.3 K,
depending upon the previous history of the sample.
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0.375 for S2 (g) in the (pyrite + monoclinic pyrrhotite) equilibrium (A.128). Another
difficult-to-evaluate source of uncertainty is the possibility that the equilibrium
pyrrhotite composition is less Fe-deficient than Fe0.875S , based on the phase diagram of
Kissin and Scott [1982KIS/SCO]. This feature of the phase diagram has been
questioned by Chareev et al. [2014CHA/VOR], as discussed briefly in Sections
IX.1.1.1.2.3 and IX.1.1.1.2.3.2. Nevertheless, it is likely that the uncertainty of
± 2.35 kJ∙mol−1 in the value of f H mo (FeS2 , cr) (see Section IX.1.1.1.3.2) is the
dominant term in the overall uncertainty. The authors’ uncertainty is therefore retained
in a value of f H mo = – (95.90 ± 3.00) kJ∙mol-1 carried forward to the final evaluation in
Section IX.1.1.1.2.3.2.

[2005KUR]
This paper by Kurepin is concerned primarily with the development of a new
thermodynamic model for multicomponent spinel solid solutions, with special respect to
cation ordering. A thermodynamic model for Fe3O4-FeCr2O4 is presented, that takes
intracrystalline cation distributions, lattice parameters and activity-composition relations
into account. According to this model, the solvus has a critical temperature close to
t = 500 °C.
Kurepin did not publish any experimental data. All data that he used for his
model originate from other references. Additionally, Kurepin on the one hand used the
data of [1975KAT/WAK], but on the other hand he did not consider the results of
[2003ZIE/CAS] and also did not account for two important aspects, the magnetic
ordering between different sublattices and charge hopping between divalent and
trivalent iron on octahedral sites. Since both aspects are indispensable for an accurate
analysis of the system magnetite-chromite, this review will focus on the results of
[2003ZIE/CAS] and the data they used for their analysis (see the entry in this
Appendix).

[2005NIS/HAT]
The authors reported on a study of phase relationships in the iron(III)-selenium(IV)H2O system. Precipitated amorphous iron(III) selenite was equilibrated with aqueous
solutions of H2SeO3 at temperatures from 25 to 170 °C. After as much as three months
at 25 °C two solids were isolated, Fe2(SeO3)3·5H2O(cr) from solutions with < 8 M
Se(IV), and Fe(HSeO3)3(cr) from solutions with > 8 M Se(IV). The extent of hydration
of the iron selenite was established graphically by analysis of the wet precipitates for
iron and selenium. The powder XRD pattern for Fe 2(SeO3)3·5H2O(cr) was found to be
similar to that of the mineral mandarinoite “Fe2(SeO3)3·4H2O(cr)” as reported by Dunn
et al. [1978DUN/PEA] (though Hawthorne later published a full crystal structure for
mandarinoite and found it to be the hexahydrate [1984HAW]). A similar powder XRD
pattern was reported by Pinaev and Volkova [1970PIN/VOL] for a solid identified as
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“Fe2(SeO3)3·7H2O(cr)”. Equilibration in contact with aqueous solutions at temperatures
above 90 °C was found to result in formation of less hydrated solids—
Fe2(SeO3)3·3H2O(cr) above 110 °C and, especially at higher temperatures and low total
Se(IV) concentrations, Fe2Se2O7(cr). The powder XRD pattern reported for
Fe2(SeO3)3·3H2O(cr) corresponds well with that reported by Giester et al.
[1996GIE/PER], and the authors’ conclusions regarding solids formed in these
hydrothermal solutions are in reasonable agreement with those of Pinaev and Volkova
[1976PIN/VOL]. Unfortunately, as reported by the authors, the concentration of iron in
their solutions at 25 °C was generally at, or below, the detection limit of their analytical
method. Therefore, a direct comparison of their solubility results for
“Fe2(SeO3)3·5H2O(cr)” and those for the “Fe2(SeO3)3·6H2O(cr)” solid of Rai et al.
[1995RAI/FEL3] (which was probably “Fe2(SeO3)3·3H2O(cr)”, as discussed in the
corresponding Appendix A entry) is not possible. Rough calculations suggest that the
stabilities of the solids in the two studies were similar.

[2005RIC/MOR]
The title of this review is “Acid volatile sulfide (AVS)”, which refers to certain
sedimentary iron sulfides that release H 2S if treated with acid. The authors conclude by
suggesting that AVS is no longer a useful term given the current, detailed level of
understanding of sedimentary sulfides. The review, with over 300 references, covers the
solution chemistry (including polysulfides and FeS clusters) and solid-state chemistry of
iron sulfides. Emphasis is placed on the structural chemistry and interconversion
kinetics and mechanisms of mackinawite (tetragonal FeS), greigite (cubic Fe3S4), and
pyrite (cubic FeS2), including biogeochemical processes. The topics covered also
include aqueous polysulfide equilibrium constants and the solubilities of mackinawite,
greigite, and pyrite.

[2005WAN/SAL]
This review is concerned solely with the pyrrhotite group of Fe-S phases. It includes a
phase diagram of the FeS-FeS2 sub-system with a simplified treatment of the hexagonal
pyrrhotite field, and useful discussions of vacancy ordering and electronic and magnetic
structures, with 128 references but relatively few post-1990. The scope does not include
bulk thermodynamic properties beyond identifying the location of phase boundaries in
the phase diagram.

[2006IYE/DEL]
The authors carried out oxide-melt solution calorimetry measurements on two
polymorphs of FePO4(s) to obtain values for the enthalpies of formation of the solids at
298.15 K. LiFePO4 was prepared from LiH2PO4 and Fe(NO3)3·9H2O, and then was
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delithiated to an orthorhombic form of FePO4 (heterosite structure) by treatment with
NO2BF4 [2005DEL/POI] in acetonitrile. The trigonal form of FePO4(cr) (berlinite
structure) was prepared by heating this orthorhombic form to 1073 K (800 °C). The
calorimetry solvent was molten sodium molybdate (3Na2O·4MoO3) at 973 K (700 °C),
a temperature below the  transition temperature for the trigonal form of FePO4(cr)
[2002ALI/GAG]. Using values from earlier work for the heat of solution of α-Fe2O3
[2002MAJ/NAV2] and the heat of solution of P2O5(cr), [2004USH/NAV] (traceable to
[2001USH/HEL]) in the same solvent, the authors reported values of – (1267.56 ± 1.44)
and – (1279.23 ± 1.44) kJ·mol-1, respectively, for the 298.15 K enthalpies of formation
(from the elements) of the trigonal and orthorhombic forms. Recalculation in the present
review (using the same auxiliary calorimetric data) led to values of – (1267.56 ± 1.35)
and – (1279.23 ± 1.44) kJ·mol-1—identical except for the uncertainty in
f H mo (298.15 K) for the orthorhombic form. Differential thermal analysis results at a
heating rate of 10 K·min-1 with similarly prepared samples indicate that the
orthorhombic form is completely converted to the trigonal form above 920 K (the
authors’ Figure 1), with a heat of transformation of 12.05 kJ·mol -1. That value is
consistent with the 298.15 K drop-calorimetry results (11.7 kJ·mol-1). This suggests that
the entropy of the orthorhombic (heterosite) form is at least 13 J·K-1·mol-1 more positive
than the entropy of the trigonal form at the equilibrium conversion temperature, and
greater if equilibrium conversion occurs below 920 K (a similarly-based estimate of
12 J·K-1·mol-1 was reported by Chen et al. [2008CHE/VAC]). Arroyo y de Dompablo et
al. [2010ARR/BIS] have suggested that the delithiation of the sample of LiFePO4(cr)
may have been incomplete.

[2006LAN/MAH]
Langmuir et al. reviewed the available solubility data for amorphous iron(III) arsenate
and for crystalline scorodite FeAsO4·2H2O(cr). This provided an extremely important
thorough summary of previous work. The authors carried out a complete, consistent reanalysis using the results from previous studies1 with the geochemical modelling code
PHREEQC [1999PAR/APP]. In the present review, as noted in the appropriate sections,
we have accepted and used much of the analysis of Langmuir et al. [2006LAN/MAH].
In doing so we have assumed that their “ion activity product” (IAP) values referred to
(aFe3+ aAsO34 ) even though they define the IAP as “[Fe3+][ AsO34 ]”, which might be
interpreted as a Kc - or Km-value appropriate to the experimental medium (not to I = 0).
Also, the issue of how each of the original authors measured and defined pH was not
addressed. No new experimental values were reported in the paper. The uncertainties in
the solubility-product values in the authors’ Table 4 do not explicitly include the
uncertainties in the auxiliary data (though the table itself does provide an indication of
the extent of this problem).
1

In some cases (e.g., [1988KRA/ETT]), based on the number of digits in Table 2 [2006LAN/MAH], the
original authors may have supplied unpublished supplemental information concerning their analyses.
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[2006OSA/CHA]
This paper describes a large number of electrochemical potential measurements on
reaction (A.130):

FeS2 (cr)  2Ag(cr)

‘FeS’(cr)  Ag 2S(cr)

(A.130)

using a solid-state galvanic cell: (–) Pt | Ag | AgI | Ag 2S , ‘FeS’, FeS2 | Pt (+),
where ‘FeS’ is the authors’ notation for FeS as a component (in the thermodynamic
sense) of pyrrhotite, Fe1 x S . Equilibrium measurements imply the pyrrhotite
composition lying on the pyrite-pyrrhotite solvus at any given temperature (see Section
IX.1.1.1.1), though the starting material was generally a different composition,
sometimes stoichiometric FeS (troilite). Other kinetic experiments started with the solid
anode assemblage Ag  Ag 2S  FeS2 . The authors’ main aim was to determine the
activity of FeS in the equilibrium pyrite-pyrrhotite assemblage as a function of T.
The following relationships between equilibrium sulfur activity (aS2 ) and T
were derived from the potential-difference measurements for temperature ranges above
and below 601 K, the transition temperature between high-temperature disordered (γ)
and low-temperature ordered (β) pyrrhotites:

log10 aS2 (γ + pyrite) = (15.64 ± 0.035) – (15455 ± 23)(T/K)-1, (601 < T/K < 723)
log10 aS2 (β + pyrite) = (14.95 ± 0.05) – (15040 ± 28)(T/K)-1, (518 < T/K < 601).
po
The derived value of FeS activity in the equilibrium γ-pyrrhotite, aFeS
, remained almost
constant, (0.528 ± 0.005), from 601 to 723 K.
po
This paper gives a very precise description of aS2 -aFeS
-T relationships for the
pyrite-pyrrhotite solvus at 518-723 K. Agreement with the earlier, “electrum tarnish”
study by Toulmin and Barton [1964TOU/BAR] is generally good, but the lower
precision of the former study led to an apparently erroneous temperature dependence for
po
aFeS
.

This paper does not give any new information on activity-temperature
relationships within the pyrrhotite phase field, and only limited information on
composition-temperature relationships at the pyrite-pyrrhotite solvus. The aS2 -T
relationship for (601 < T/K < 723), given above, was used in the current review to refine
third-law calculations based on data and smoothed values from Toulmin and Barton
[1964TOU/BAR], as described in the Appendix A entry for that paper. More detailed
review of the Osadchii-Chareev paper [2006OSA/CHA] would require review of the
ancillary data for Ag2S; this does not appear to be justified, since even for the ToulminBarton data [1964TOU/BAR], the overall uncertainty in the third-law treatment arises
mainly from the thermal data for FeS and FeS2 (see the Appendix A entry for
[1964TOU/BAR]).
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[2006RAP/OLA]
This paper contains results from a spectrophotometric study of complexation of iron(III)
with arsenate, and of a study of the solubility of arsenate, both carried out using
1 mol·dm-3 sodium perchlorate solutions.
The solutions used in the spectrophotometric studies contained 0.001 and
0.0005 mol·dm-3 iron(III), 0.0011, 0.00029 and 0.0005 mol·dm-3 arsenic(V), and based
on what is shown in the figures, free acid concentrations varied from 0.005 to
0.2 mol·dm-3.
Though the authors seem to have attempted to provide details, the text is very
unclear as to the nature of the experimental solutions used for this UVspectrophotometric study. First it states that the experiments were performed “in both
1.0 mol·dm-3 NaClO4 constant ionic strength medium and with variable ionic strength”,
but then that the “pH values were varied by the addition of HClO4 at the same ionic
strength.” Based on the pH values (actually values of log10 cH+ ) indicated in the figures,
as much as 40 % of the NaClO 4 supporting electrolyte would have been replaced by
HClO 4 to maintain Ic = 1 mol·dm-3. It also was reported that the final pH values (and
free concentrations of hydrogen ions) were calculated from the potential measurements,
and that these were used to determine “both the thermodynamic (from the experiments
without constant ionic medium) and stoichiometric constants (from the experiments in
NaClO 4 ionic media).” Thus, the complexation constant, 10 (7.78 ± 0.01) dm3·mol-1,
reported for the reaction

Fe3+  HAsO24

FeHAsO4

(A.131)

seems to be a value determined in a mixed medium, primarily NaClO 4 (sln) , either with
an ionic strength of 1.0 mol·dm-3, or with a somewhat greater, variable ionic strength.
If it is assumed that the medium was simply 1.0 mol·dm-3 NaClO 4 (sln) and
that, as claimed by the authors, FeHAsO4 was the only Fe-As complex required to
model the data satisfactorily, then using values from [2002RAP/SAN] for the arsenic
acid deprotonation constants for that medium, for

Fe3+ (sln)  H3 AsO4 (sln)

FeHAsO4 (sln)  2H+ (sln)

(A.132)

log10 ( K c (A.132)) = – (0.42 ± 0.01) in 1.0 M NaClO 4 at 298.15 K, and log10 ( K m
(A.132)) = – (0.40 ± 0.01).
To obtain equilibrium-constant values for I = 0, values must be estimated for
the following SIT interaction coefficients:  (H  , ClO4 ) ,  (Fe3 , ClO4 ) ,
 (FeHAsO4 ,ClO4 ), and  (H3 AsO4 , Na  ,ClO4 ) . As a first approximation, the value of
 (H3 AsO4 , Na  ,ClO4 ) has been assumed to have a value of zero. From Appendix B,
 (H  , ClO4 ) = (0.14 ± 0.01) kg·mol-1 and  (Fe3 , ClO4 ) = (0.73 ± 0.04) kg·mol-1.

1

The value 0.0001 mol·dm-3 as an arsenic molarity in Section 2.2 of the paper appears to be a
typographical error, as 0.001 mol·dm-3 is reported in the captions to Figures 2 and 3.
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Interaction coefficients for several singly-charged cationic complexes with perchlorate
are listed in Appendix B. Most fall in the range (0.2 ± 0.2) kg·mol-1, and therefore, in
the present review the value of  (FeHAsO4 ,ClO4 ) has been estimated as
 (FeHAsO4 ,ClO4 ) = (0.2 ± 0.2) kg·mol-1.
Therefore the value of Δε for Reaction (A.132) at 298.15 K is
– (0.25 ± 0.20) kg·mol-1, and

log10 K o (A.132) = log10 K m (A.132) + 6D + Δ
= – (0.40 ± 0.01) + 6(0.2056) – (0.25 ± 0.20)(1.05)
= (0.57 ± 0.21)
The zero ionic strength value (9.21 ± 0.01) for log10 K o (A.131) proposed in
the paper is quite different, corresponding to a value of – (0.10 ± 0.02) for log10 K o
(A.132). The difference appears to arise primarily from the activity coefficient value
used for the complex. There is reasonably good agreement between the TDB values for
the activity coefficients for AsO34 , Fe3+ and HAsO24  , and those of Raposo et al.
[2006RAP/OLA]. The value selected by those authors for the activity coefficient for
FeHAsO4 in 1 M NaClO 4 (sln) seems to have been a calculated value, modelled using
a procedure based on ionic radii (similar values were reported from calculations for
R 4 N + ions) [1996BOR/ETX]. To obtain a comparable zero ionic strength value using
our normal SIT procedure would require a rather unlikely value of approximately
– 0.5 kg·mol-1 for  (FeHAsO4 , ClO4 ) . The authors’ reported uncertainty for the zero
ionic strength value of the complexation constant also is unrealistically small.
The solid for the solubility measurements was generated in situ in 1.0 mol·dm-3
NaClO 4 (sln) from solutions of Na 2 HAsO4 and iron(III) nitrate, reportedly at a 1:1
ratio at 0.0014 mol·dm-3. The “pH”, which the authors defined as  log10 cH+ , was
adjusted by addition of HClO4 (sln) in 1.0 mol·dm-3 NaClO 4 (sln) . After equilibration,
the measured concentrations of iron always were greater than the arsenic concentrations
(both measured by inductively coupled plasma atomic emission spectroscopy (ICPAES)). Nevertheless, for pHc values between 1.2 and 2.2 the measured concentrations
reflected congruent dissolution of a 1:1 Fe:As solid. The authors calculated a value of
– (21.08 ± 0.07) for log10 Ks,0 (1 mol·dm-3 NaClO 4 (sln) ) and, using Modified
Bromley Methodology ion-interaction activity coefficients [1996BOR/CAS], a value of
o
– (24.30 ± 0.09) for log10 K s,0 . This value is for a precipitated FeAsO4 hydrate, and
almost certainly is greater than the value for crystalline FeAsO4∙2H2O.
[2007BLU/DEM]
The rate of dissolution in aqueous solution of FeAsO4∙2H2O (synthesised by the
method of Dutrizac and Jambor [1988DUT/JAM]) was studied for as long as 66 weeks
at approximately 295.15, 323.15 and 348.15 K (22, 50 and 75 °C). The solids were
carefully analysed before and after the experiments, and small aliquots of solution were
removed and analysed for arsenic and iron regularly during the course of the
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experiments. The procedure for measurement of the pH was not stated, and the
calibration procedure was not explained. For 22 °C, it can be assumed that the reported
pH values are  log10 aH+ obtained using standard buffer solutions for calibration.
Constant pH values (5, 6, 7, 8, and 9) were maintained by addition of aqueous solutions
of HNO3 or NaOH , as required. Dissolution at the lowest temperature at neutral pH
(with concomitant precipitation of ferrihydrite) was slow, and pseudoequilibrium was
attained only after 24 weeks. The dissolution rate of the solid was successfully modelled
with a (decreasing) exponential equation.
By assuming reasonable values for formation constants for arsenato complexes
of iron(III) [1990ROB], [2006LAN/MAH], and assuming that one product of the
dissolution of FeAsO4  2H 2 O was ferrihydrite, a value of 10-25.4 was reported for the
solubility product of FeAsO4  2H 2 O (at 22 °C, corrected to zero ionic strength),
aFe3+ aAsO3 . This is in excellent agreement with values obtained in congruent-dissolution
4
studies at lower pH values [1988KRA/ETT], [2010PAK/BRU]. Although the authors
indicate that they derived a value of – 1390 kJ·mol-1 for f H mo (FeAsO4∙2H2O), the
reported data do not appear to be adequate for a proper evaluation of that value or its
uncertainty.

[2007DAC/GEI]
The heat-pulse calorimetry results for α-Fe2SiO4(cr) in this reference were discussed
previously in the TDB-Iron Part 1 volume [2013LEM/BER]. The reported Cp values for
temperatures above 230 K are assigned an uncertainty of 1.5 J·K-1·mol-1, based primarily
on the comments of the authors [2007DAC/GEI], and are incorporated in the derivation
of the equations for 231 to 1450 K as reported in Section X.2.1 of the present review.

[2007GOU/KAD]
Results from this paper on the Fe(NO3 )3 -Co(NO3 )2 -H 2 O system are discussed with
those for [2008GOU/KAD].

[2007GUE/MAR]
Water activities were determined using a hygrometric method [2005GUE/AZO]. It
appears that the pure solids Mg(NO3 )2 ·6H 2 O(cr) and Ca ( NO3 )2 ·4H2 O(cr) were
dehydrated by heating to 40 °C and stored in a vacuum desiccator prior to preparation of
the starting solutions, but it is unclear whether the mass of these hygroscopic solids or
those of their hydrates were used to establish the concentration of the initial solutions.
El Guendouzi and Marouani also state that LiCl and NaCl reference solutions were
used, but there is no mention of the source of these data. The measurements were made
at (298.15 ± 0.02) K.
CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

594

A. Discussion of selected references

For the Mg(NO3)2(sln) data, an SIT treatment of the water activities at six ionic
strengths from 0.3 to 3.0 mol∙kg-1 yielded  (Mg 2+ , NO3 ) = (0.159 ± 0.011) kg·mol-1,
which is in good agreement with the results of three previous, more extensive and
precise, studies and with the TDB recommended value of (0.17 ± 0.01) kg·mol-1.
For the Ca(NO3)2(sln) data, an SIT treatment of the water activities at six ionic
strengths from 0.3 to 3.0 mol∙kg -1 yielded  (Ca 2+ , NO3 ) = (0.028 ± 0.005) kg·mol-1
which is in reasonable agreement with the isopiestic result of Robinson [1940ROB] of
(0.020 ± 0.003) kg·mol-1, as well as with  (Ca 2+ , NO3 ) = (0.00 ± 0.07) kg·mol-1,
which was also based on vapour-pressure measurements [1935PEA/BLA] of
significantly lower accuracy.
For the Ba(NO3)2(sln) data, in the present review an SIT analysis was carried
out using the water activities at only four ionic strengths from 0.1 to 0.4 mol∙kg -1, which
is a limit imposed by relatively low solubility. This yielded  (Ba 2+ , NO3 ) =
– (0.29 ± 0.02) kg·mol-1 in agreement with the isopiestic result of – (0.27 ± 0.03)
kg·mol-1 [1942ROB/WIL]. However, these values are much lower than anticipated from
a correlation between the ion-interaction coefficients of other divalent metal nitrates and
the ionic radii of the metal ions. The experimental uncertainties may well be severely
underestimated by these statistical values because of the small respective pressure and
mass changes recorded at low concentrations.
These vapour-pressure measurements are less precise than those in many
previous studies of divalent metal nitrates and there are questions concerning the
technique. However, the results do tend to support the final choice of values for the ioninteraction coefficients for the three salts studied.

[2007IUL/CIA]
Samples of strengite were prepared according to the method of Cate et al.
[1959CAT/HUF] and solubility measurements were carried out at (25.00 ± 0.05) °C
using solutions containing initial total phosphate (added as H3 PO4 (sln) ) between
1.007 × 10-3 and 0.1005 mol·kg-1. Nine different phosphate concentrations were used,
and all experiments were carried out in triplicate. The samples were sewn into a pocket
in a No. 42 filter paper (allowing solids < 0.5 µm to pass through), and based on the
discussion of preliminary experiments the equilibration times were several months. No
information was provided as to whether blank runs were carried out to ensure the filter
paper and thread did not affect the measured iron concentrations. X-ray diffraction
showed no differences between samples before and after equilibration. Iron analyses by
two different spectrophotometric techniques agreed to within 2 %. At the lower
phosphate molalities ( 0.01 mol·kg-1) the saturated solutions approached a limiting
mFetotal of ~ 4 × 10-6 mol·kg-1. The work appears to have been done carefully, and
extended to lower total phosphate concentrations than were used in the earlier solubility
study of Nriagu [1972NRI3]. The authors calculated the formation constants of
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phosphatoiron(III) complexes for zero ionic strength from Ciavatta and Iuliano
[1995CIA/IUL] (Ic = 3) using an SIT procedure, and found that at the lower phosphate
concentrations the experimental solubilities were orders of magnitude greater than
expected. Therefore, they proposed introduction of an additional neutral species,
FePO4(aq), and 10-(5.40 ± 0.01) for K m (A.133):
FePO4  2H2 O(cr)

FePO4 (aq)  2H 2 O(l) .

(A.133)

Based on the new solubility results and the formation constant values for the
previously identified complexes [1995CIA/IUL] Iuliano et al. suggested that in the
solutions with higher phosphate molalities ( 0.02 mol·kg-1) FeH3(PO4)2(aq) and
FeH6(PO4)3(aq) likely become important. However, based primarily on the results for
the solutions with lower total phosphate molalities, the authors also proposed
– (6.7 ± 0.3) and (1.3 ± 0.3) for log10 K o (A.134) and for log10 K o (A.135),
respectively:

FePO4  2H2 O(cr)  3H

Fe3  H3 PO4 (aq)

Fe3  H3PO4 (aq)  2H 2O(l)

FePO4 (aq)  3H

(A.134)
(A.135)

The issue not addressed by the authors is why the “new” species, FePO4(aq),
was not found in the earlier data analyses [1995CIA/IUL]. For the high ionic strength
solutions used in the work of Ciavatta and Iuliano it can be calculated that if FePO4(aq)
exists as proposed by Iuliano et al., it would have been the predominant species for the
lower phosphate concentration solutions with low concentrations of added acid 1. A
destabilisation of ~ 9 kJ·mol-1 in the Gibbs energy of formation of FePO4(aq) would be
needed to reduce its fraction of the total iron to less than 20 % of cFetotal . This could be
the case if an unlikely value of 0.45 kg·mol−1 for  (FePO4 (aq), Na  ,ClO4 ) is
appropriate or, more reasonably, if it is assumed that the value proposed [2007IUL/CIA]
for log10 K o (A.134) is too negative. Also, if FePO4 (aq) was present in their solutions,
the values for some of the complexation constants reported by Ciavatta and Iuliano
[1995CIA/IUL] must be incorrect. However, no reanalysis of the data from Ciavatta and
Iuliano [1995CIA/IUL] was provided by Iuliano et al. Also, strangely, no reference was
made to the results of an earlier solubility study [1992CIA/IUL3] performed by the
same group using a precipitated iron(III) phosphate.
[2007JOH/SIN]
All experiments were carried out in an anaerobic chamber. A solid was precipitated by
addition of 0.1 mol·dm-3 KOH(sln) to solutions 1.00 × 10-3 mol·dm-3 in
Fe(NH4)(SO4)2·6H2O and 0.5 × 10-3 mol·dm-3 As(V) in dilute nitric acid (pH ~ 4.5).
The solutions were ~ 0.1 mol·dm-3 in NaNO3 and the total ionic strength, Ic, probably
1

Indeed, it seems that less than 10 % of the iron would have been present as FePO4 (aq) in the solutions of
Ciavatta and Iuliano [1995CIA/IUL] only for the experiments in which: (a) cH PO (sln) > 0.1, (b) cH  3,
(c) cH PO (sln)  0.1 and cH  0.1, or (d) cH PO (sln)  0.003 and cH  1.
3

3

4



3

4

4
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was 0.1 to 0.2 mol·dm-3. Initial precipitation was noted at ~ pH 7, but subsequently the
pH dropped. Variable amounts of additional KOH solution were added to aliquots of the
solutions, and these aliquots were equilibrated for several hours (26.2 to 27.0 °C) and
filtered (0.2 µm). The iron and arsenic concentrations and pH of the filtrates were
measured. In a separate experiment, precipitated solid was identified as an iron(II)
arsenate by XRD, with the main peaks matching those of symplesite
(Fe3(AsO4)2·8H2O). Elemental analysis of the solutions indicated that precipitation
removed three moles of iron for every two moles of arsenic. The authors reported
10-(33.25 ± 0.46) for the value of the “Ion Activity Product” of symplesite based on
solubility measurements for solutions with pH values between ~ 7.0 and 8.5, with
activity corrections (Davies equation) and speciation based on PHREEQC calculations
(using the successive deprotonation constants (I = 0) for H3AsO4(aq) from the
WATEQ4F database [1991BAL/NOR] ( log10 Ki values of – 2.24, – 6.76 and – 11.60, i
= 1, 2, 3)). However, no allowance was made for possible complexation of Fe 2+ with
deprotonated arsenate ions such as HAsO24  .
[2007MAR/ACC]
Estimated 298.15 K values for f H mo ,  f Gmo , S mo , and C po ,m for various species,
including the complexes FeH2 AsO42 , FeHAsO4 , FeAsO4(aq), FeH2 AsO4 ,
FeHAsO4(aq), FeAsO4 , FeH2 AsO32 were tabulated. The estimated values were
calculated in the same manner as those in papers by Shock and Helgeson
[1988SHO/HEL] and Shock et al. [1997SHO/SAS]. No new experimental values were
presented.
[2007RIC/LUT]
This is one of three major reviews by Rickard and co-authors on different aspects of
iron-sulfide chemistry, with particular reference to marine sediments [2005RIC/MOR],
[2006RIC/LUT], [2007RIC/LUT]. This review, with well over 300 references,
emphasizes the structure and solubility of mackinawite (tetragonal FeS), greigite (cubic
Fe3S4), and pyrite (cubic FeS2), and the kinetics and mechanisms of their formation,
dissolution, and interconversion. Other solid iron sulfides are discussed briefly.
Equilibrium constants and Gibbs energies of formation for many species in the
Fe-O-H-S system are discussed, and illustrated with numerous calculated Eh-pH,
solubility, and aqueous-species distribution diagrams. The recalculation of Δ f Gmo
(Fe3S4, s, greigite) from Berner’s solubility measurements [1967BER2] was particularly
useful in the current review (see Section IX.1.1.1.4.4).
[2007WAN/DEB]
This publication provides results of a thermogravimetric and differential scanning
calorimetry study for FeSO4·7H2O(cr) between 273 and 623 K. Such studies may
provide useful information on the kinetics of dehydration for specific heating rates, gasCHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020
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flow rates and particle sizes. However, the total water-vapour pressure was not
controlled, and such studies can only provide crude estimates of values for chemical
thermodynamic quantities. The results are not used further in the present review.
[2007YON/DAC]
Using heat-pulse calorimetry Yong et al. carried out extensive heat-capacity
measurements, 5.14 to 303.15 K, with a 24 mg sample of Fe2SiO4 (cr, γ) . A broad
heat-capacity maximum was found at ~ 11.8 K, with a weak shoulder near 7 K. The
authors reported (131.1 ± 0.6) J·K-1·mol-1 for C po ,m (Fe2SiO 4 , γ, 298.15 K) , and by
fitting a function of temperature to the heat-capacity values (140.2 ± 0.4) J·K-1·mol-1
was calculated for Smo (Fe2SiO4 , γ, 298.15 K). Over the temperature range of the
measurements (except below 6 K) the values of the heat capacity of Fe2SiO4 (cr, γ) are
less than those measured previously for Fe2SiO4 (cr, γ) [1982ROB/FIN],
[2007DAC/GEI], though the difference decreases with increasing temperature, and is
less than 1 J·K-1·mol-1 near 300 K.
In the present review, a set of arbitrary polynomial functions has been fitted to
the reported Cp,m /T values. When these functions are integrated, and with the same
assumption made by the authors regarding the entropy contribution below 5.14 K, 0.5
J·K-1·mol-1, the value 140.1 J·K-1·mol-1 is obtained for the entropy at 298.15 K. Slightly
different assumptions can be made about the functional dependence of C po ,m (T ) at low
temperatures. If C po ,m (T ) is zero at 0 K, these suggest slightly larger entropy
contributions, 0.6 J·K-1·mol-1 for ( C po ,m (T ) )  T2, 0.9 J·K-1·mol-1 for ( C po ,m (T ) )  T. In
the present review, the original value of the authors, 140.2 J·K -1·mol-1 is accepted for
Smo (Fe2SiO4 , γ, 298.15 K) , but the uncertainty is increased to 0.8 J·K-1·mol-1, as C po ,m (T )
values between 100 and 300 K measured using the same type of apparatus
[2010SHI/SNO], [2011DAC/BEN] have been reported to differ by 1 to 2 % from values
obtained using standard low-temperature adiabatic calorimetry. In calculations in the
present review, the uncertainties in the values of C po ,m (T ) from this study have been
estimated to be 1 % of the measured value, somewhat greater than the uncertainty of 0.6
J·K-1·mol-1 (0.46 %) estimated by the authors in the value they reported for
C po ,m (Fe2SiO 4 , γ, 298.15 K) .
[2007ZIE/ANO]
This paper by Ziemniak et al. presents high-temperature C p measurements and critical
reviews of high-temperature thermodynamic properties for Cr2O3(cr), FeCr2O4(cr),
ZnCr2O4(cr), and CoCr2O4(cr); only FeCr2O4 is discussed here.
High-temperature C p data were obtained on powdered specimens by a DSC
method using a Netzsch differential scanning calorimeter. The FeCr2O4(cr) specimen
was prepared from high-purity Fe2O3 and Cr2O3 in a flowing, equimolar CO/CO2 gas
mixture at 1898 K. The unit-cell parameter obtained by XRD, a0 = 0.8378 nm, agreed
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well with the standard value of (0.8379 ± 0.0002) nm [2007ZIE/ANO]. Six DSC scans
were conducted between ~ 300 and 1323 K, and four scans between 1323 and 1873 K,
comprising equal numbers of heating and cooling scans at 10 K∙min-1, including 30-min
isothermal holds at 673, 973, 1323, 1673, and 1873 K. Blank scans were run with empty
specimen pans, and calibration scans were run with a sapphire standard. The standard
deviations of the resulting C p data for FeCr2 O4 (cr) varied from ~ 2 % near 450 K to
~ 0.5 % near 1000 K and ~ 3 % near 1400 K, as depicted in Figure 4 of
[2007ZIE/ANO]. The estimated overall uncertainty (2σ) in enthalpy and entropy
calculations over the entire temperature range is about 3 %.
Ziemniak et al. noted a slight mismatch between their high-temperature
measurements and the low-temperature data of Klemme et al. [2000KLE/NEI] for
FeCr2 O 4 (cr). They suggested that the experimental difficulties that caused a sharp
upturn in the measured C p values of [2000KLE/NEI] above 310 K (due to changing
viscosity of the grease used to mount the specimen) may also have given elevated C p
values at somewhat lower temperatures, down to ~ 250 K [2007ZIE/ANO]. They
derived the following bridging Cp -T equation, which is illustrated in Figure A-52:
K
-1
-1
-6
[C po ,m ]1473
250 K ( FeCr2 O 4 , cr, T )/J∙mol ∙K = 157.019 + 0.0292977(T/K) – 7.39320 × 10

(T/K)2 – 206.323(T/K)-0.5 – 1714170(T/K)-2.
This is carried forward as a recommended equation to Section VII.3.5.1 of the main
review text, in preference to expressions derived from the high-temperature heat-content
measurements of Naylor [1944NAY] (see below). Ziemniak et al. [2007ZIE/ANO]
suggested that the comparatively high C p values derived in [1944NAY] may be due to
sample purity and/or non-stoichiometric effects, noting that Naylor’s FeCr2 O4
specimen contained 0.75% silica and also had a low unit-cell parameter value of
0.8358 nm, and the synthesis conditions included only limited control of redox
conditions (nominally inert atmosphere).
Also shown in Figure A-52 are:
(a) low-temperature C p data from [1944SHO] and [2000KLE/NEI];
(b) the Cp -T equation derived by Naylor [1944NAY] from hightemperature heat-content measurements,
K
FeCr2 O4 , cr, T )/J∙K-1∙mol-1
[C po ,m ]1800
298 K (
= 162.98 + 0.02234(T/K) – 3.188×106 (T/K)-2 ;
(c) a bridging equation, proposed by Klemme et al. [2000KLE/NEI]
between their low-temperature data and the high-temperature heatcontent measurements of [1944NAY],
K
FeCr2 O4 , cr, T )/ J∙K-1∙mol-1
[C po ,m ]1800
250 K (
= 139.75 + 0.029408(T/K) – 3359576(T/K)-2 +
-0.5
474.8(T/K) ; and
(d) an alternative bridging equation proposed by Sack and Ghiorso
[1991SAC/GHI2],
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~1673 K
( FeCr2 O4 , cr, T )/J∙K-1∙mol-1
[C po ,m ]298
K

= 236.874 – 1679.6 (T/K)-0.5 – 1.6765×108 (T/K)-3 .
Figure A-52: Heat capacity of FeCr2O4(cr): smoothed values based on the extended
Maier-Kelley equation parameters in Table 2 of [2007ZIE/ANO]; low-temperature data
from [2000KLE/NEI]; equation from [1944NAY] based on high-temperature heatcontent measurements; low-temperature data from [1944SHO]; equations recommended
by [1991SAC/GHI2] and [2000KLE/NEI]. Note that the upturn in [2000KLE/NEI] data
above ~ 300 K is an experimental artefact. The two figures (a) and (b) differ only in the
depicted temperature range.
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This paper [2007ZIE/ANO] also includes a critical review of 13 studies on the
stability of FeCr2 O4 (cr) over various temperature ranges between 1073 and 1873 K,
which yielded a reference value of  r Gmo ((A.136), 1473 K) = – (214.16 ± 0.63) kJ∙mol-1
for the reaction:

Fe(cr) + Cr2 O3 (cr) + 0.5O2 (g)

FeCr2 O4 (cr)

(A.136)

and thence  r G ((A.136), 298.15 K) = – 289.44 kJ∙mol-1, Δ f G (FeCr2O4, cr,
298.15 K) = – 1339.40 kJ∙mol-1, and f H mo (FeCr2O4, cr, 298.15 K) = – 1438.52
kJ∙mol-1, with no estimated uncertainties. The latter enthalpy value is discussed further
in Section VII.3.5.2 of the main text.
o
m

o
m

[2007ZIE/ANO2]
This paper by Ziemniak et al. is concerned primarily with describing the heat capacity
of stoichiometric nickel ferrite, NiFe2O4(cr), in terms of lattice (vibrational) and spinwave (magnetic) components, plus a large λ-type anomaly associated with the
antiferromagnetic-to-paramagnetic transition with a Curie (Néel) temperature of 858 K.
The paper also includes application of the authors’ model to published heat-capacity
data for Fe3O4(cr), CoFe2O4(cr), and ZnFe2O4(cr).
The detailed model for NiFe2O4(cr) reproduces experimental C po ,m data
accurately (standard deviation of ± 0.5 %) from 53 to 1472 K. These data include: (a)
low-temperature measurements (~ 53-296 K) from King [1956KIN]; (b) hightemperature DSC measurements (~ 323-1472 K) by Ziemniak et al. on a sintered disc of
NiFe2O4(cr) (71.13 mg), using a Netzsch DDSC-404C instrument and a heating rate of
20 K∙min-1 [2007ZIE/ANO2]. This disc of NiFe2O4(cr) was prepared from NiO(cr)
(99.998 % purity) and Fe2O3(cr) (99.97 % purity) powders by a molten-salt process.
Unfortunately, the heat-capacity data are not tabulated, and the scale of the data
representation in Figure 5 of [2007ZIE/ANO2] is too small for accurate measurement.
See the Appendix A entry for [2014NEL/WHI] for further discussion of the hightemperature heat capacity of NiFe2O4(cr)

[2008GOS/ATA]
Samples of Fe2TeO5(cr), Fe2Te3O9(cr) and Fe2Te4O11(cr) were prepared by solid-phase
vacuum synthesis and characterised by chemical analysis and XRD. The values of the
heat capacities were determined by differential scanning calorimetry for a series of
temperatures (10 K intervals) from 403 to 553 K. Details of the calibration procedure
were not provided, and this is unfortunate because Leitner et al., [2003LEI/CHU] noted
major inconsistencies in heat-capacity values reported in earlier work from
Gospodinov’s group. The results were fitted by the authors to functions of the form
C po ,m (T ) /J·K-1·mol-1 = a + b(T/K) – c(T/K)-2, and from these equations C po ,m (298.15 K)
values of 150.4, 178.9 and 416.2 J·K-1·mol-1 can be calculated for Fe2TeO5(cr),
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Fe2Te3O9(cr) and Fe2Te4O11(cr), respectively. As shown in Figure A-53, the
extrapolation functions lead to large uncertainties in the 298.15 K values. Although
Jumas et al. [1977JUM/WIN] reported a Néel temperature of ~ 360 K for Fe2TeO5(cr),
no allowance seems to have been made in the heat-capacity extrapolation for a possible
anomaly or discontinuity near the transition temperature.
Figure A-53: Heat-capacity values for Fe2TeO5(cr) (), Fe2 Te3O9 (cr) () and
Fe2Te4O11(cr) () reported by Gospodinov and Atanasova [2008GOS/ATA] and the
fitted C po ,m (T ) curves used by the authors to obtain their reported 298.15 K
thermodynamic functions.
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When the measured C p ,m (T ) heat-capacity values are compared to those
calculated additively from the binary oxides, Fe2O3(cr) [2013LEM/BER] and TeO2(cr)
[2003GUI/FAN] using the Neumann-Kopp rule [2003LEI/CHU], agreement (within
4 %) was found for Fe2TeO5(cr), while the experimental results are greater than the
calculated results by 5 to 11 % for Fe2Te3O9(cr), and by more than 30 % for
Fe2Te4O11(cr).

The authors also tabulated thermodynamic functions for the three solids based
o
on their equations for C p ,m (T ) and values for T0 ΔSmo from an unspecified source (the
T
o
same 0 ΔSm values were noted as “estimated” in a later paper by Sahu et al.
[2014SAH/RAW]).
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[2008GOU/KAD]
In this paper the authors present a phase diagram study of the Fe(NO3 )3 -H 2 O system
for temperatures between – 25 and 47 °C (248.15 to 329.15 K). As discussed more
extensively in a later paper [2011GOU/KAD], the hydrate or a slurry thereof, was
titrated with small additions of water at constant temperature. Conductance
measurements were made after each addition. The concentration (mass fraction W
[2007GOU/KAD]) at which the conductance underwent a sharp change was assumed to
correspond to the saturation composition with respect to Fe(NO3 )3  9H2 O(cr) . The
temperatures were controlled to within 0.1 K [2007GOU/KAD], but no estimate was
made of the analytical uncertainties and the impurities in the initial salt samples were
not reported. Based on a plot of saturation compositions versus temperature the
solubility data for total iron show a scatter of approximately ± 0.04 mol∙kg-1. The
reported solubilities are in moderately good agreement with earlier literature for waterrich [1907JON] and salt-rich compositions [1927MAL], [1929MAL]. The authors
extrapolated their liquidus curves and suggested a eutectic composition with 0.370 mass
fraction Fe(NO3)3 and a eutectic temperature of approximately – 37.5 °C. In solutions
also containing high concentrations of nitrates of cobalt(II) or nickel(II) the lower
hydrate, Fe(NO3 )3  6H 2 O(s) , was found to form.

[2008HSU/LUO]
This is one of many papers spawned by great recent interest in the superconducting
properties of FeSe and related ternary iron selenides. Note that the title refers to the
“PbO-type structure of α-FeSe ” [strictly speaking, anti-PbO], which was designated
β-FeSe in the TDB selenium volume [2005OLI/NOL] and “β iron monoselenide,
~ Fe1.04Se” in the current review. This paper [2008HSU/LUO] includes a plot of heatcapacity data below 10 K for a specimen of composition FeSe0.88 with a line
representing a fitted equation: C po ,m /(T / K) = 9.17 + 0.552(T/K)2. Deviations below the
line at 0 to 5 K, and above the line at 5 to 8 K, make roughly equal and opposite entropy
contributions. Integration of the equation yields 80 KK Smo (FeSe0.88 , s) = 0.168 J∙K-1∙mol-1.
A fitted equation from the current review, based on heat-capacity data above
5 K for Fe1.042Se from Grønvold and Westrum [1959GRO/WES2], yields an estimated
value 80 KK Smo (Fe1.042Se, β) = 0.103 J∙K-1∙mol-1. Without adjustment for the different
compositions (there was likely free Fe in the FeSe0.88 specimen), it appears that
calculations based on the Grønvold-Westrum data may underestimate
Smo (Fe1.042Se, β, 298.15 K) by ~ 0.06 J∙K-1∙mol-1. This is due to a small electronic
contribution to the heat capacity at T < ~ 8 K, corresponding to the second term in the
equation cited above. This possible discrepancy in the standard entropy of Fe1.042Se is
well within the uncertainty limit of the previously recommended entropy value of
(72.1 ± 0.8) J∙K-1∙mol-1 in TDB-Selenium [2005OLI/NOL], which is retained in Section
IX.2.1.2 of the current review.
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[2008MAJ/KOC]
Majzlan et al. measured heats of solution and thence derived enthalpies of formation for
four distinct specimens of feroxyhyte (δ- and δ′-FeOOH) with differing degrees of
crystallinity and surplus water content [2008MAJ/KOC]. The least-crystalline specimen
(designated D1) was synthesized by a standard procedure involving rapid oxidation of
aqueous FeCl2 solution by H2O2 [2000SCH/COR]. A series of samples denoted D2,
D2v, and D2x was prepared by an alternative synthesis involving oxidation of
Fe(OH)2(s) [2000SCH/COR], then annealing in air at 378 K for one day (D2v) or one
week (D2x). Specimen D1 was thought to resemble natural feroxyhyte samples (δ′FeOOH) most closely. The specific surface area of this sample was 88 m2∙g-1, as
measured by the BET gas-adsorption method; no surface-area measurements are given
for the other three specimens. Phase identity of all specimens was confirmed by XRD.
Heats of solution in 5.0 M HCl at 340 K were measured by using a Setaram C80 calorimeter, and procedural details are provided [2008MAJ/KOC]. Results are
summarised in Table A-47. The derived enthalpy values, including those adjusted for
internal consistency with the treatment of other forms of FeOOH in TDB-Iron Part 1
[2013LEM/BER], assume that the water is physisorbed and has liquid-like enthalpy.
The increased uncertainty in the TDB-adjusted values arises mainly from the larger
uncertainty in Δf H mo (Fe2O3, cr, α, 298.15 K) in [2013LEM/BER], compared with the
value in [1995ROB/HEM], which was used by Majzlan et al. [2008MAJ/KOC].

Table A-47: Analysed excess water content (moles H2O per mole FeOOH), heats of
solution, and derived enthalpies of formation for δ-FeOOH (kJ∙mol-1), for four
specimens of hydrous feroxyhyte, FeOOH  xH2 O , from [2008MAJ/KOC].
Specimen

x in FeOOH  xH2O

Δsol H m (5.0 M HCl, 340 K) Δf H mo ( FeOOH , s, δ, 298.15 K)

D1
D2
D2v
D2x

0.235 ± 0.006
0.088 ± 0.066
0.060 ± 0.011
0.028 ± 0.021

– (33.46 ± 0.60)
– (30.15 ± 0.77)
– (29.91 ± 0.54)
– (28.20 ± 0.11)

[2008MAJ/KOC]
– (547.4 ± 1.3)
– (550.6 ± 1.4)
– (550.9 ± 1.3)
– (552.6 ± 1.2)

TDB adjusted
– (547.5 ± 1.6)
– (550.7 ± 1.6)
– (550.9 ± 1.6)
– (552.6 ± 1.5)

As discussed by Majzlan et al. [2008MAJ/KOC], the degree of metastability of
feroxyhyte, relative to hematite + water, varies as expected with relative crystallinity,
and is comparable to lepidocrocite (γ-FeOOH) and maghemite (γ-Fe2O3).
Unfortunately, no heat-capacity measurements are available for feroxyhyte, therefore
discussion of Gibbs energies in [2008MAJ/KOC] is based on the assumption of
lepidocrocite-like heat capacity and entropy for feroxyhyte. A similar assumption was
made in the thermochemical cycle for converting Δ sol H m (340 K) values to Δf H mo
(298.15 K).
A summary discussion of this paper is provided in Section VII.2.8 of the main
text.
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[2008REM/REF]
Solids were precipitated by mixing aqueous solutions of FeCl2 (prepared from
FeCl2  4H 2 O(cr) ) and NaOH (adjusted so that the final solution concentration was 0.4
mol·dm-3) in various proportions. For solutions with initial molar ratios of Cl to
OH  ≤ 1.16 only Fe(OH) 2 (s) formed, whereas if the initial molar ratio of Cl  to OH 
was ≥ 2.25 only β-Fe2 Cl(OH)3 (s) was formed. When such a precipitate of
β-Fe2 Cl(OH)3 (s) was aged for six months in contact with the solution at room
temperature, it remained unchanged. When a precipitated mixture of Fe(OH)2 (s) and
β-Fe2 Cl(OH)3 (s) , prepared from a solution with a molar ratio of Cl  to OH  of 1.50,
was aged for six months the final solid was β-Fe2 Cl(OH)3 (s) . This indicates that for
those conditions β-Fe2 Cl(OH)3 (s) is thermodynamically stable with respect to the aged
Fe(OH) 2 (s) solid. Oxidation of samples prepared from FeCl2  4H 2 O(cr) and NaOH
and containing Fe(OH)2 (s) led to δ-FeOOH(cr) (cf. Section VII.2.8 in this volume and
Section VII.2.12 in TDB-Iron Part 1 [2013LEM/BER]), but oxidation of
β-Fe2 Cl(OH)3 (s) appears to lead (probably by a solution mechanism) to formation of
“chloride green rust 1” (cf. Section VIII.3.2.4.2 in TDB-Iron Part 1 [2013LEM/BER])
or to akaganéite (cf. Section VII.2.6 in this volume and Section VII.2.10 in TDB-Iron
Part 1). It was estimated that Fe(OH)2(s) and β-Fe2 Cl(OH)3 (s) were in equilibrium in
samples with a pH value of (7.5 ± 0.1) and a total final chloride concentration of
(0.53 ± 0.07) mol·dm-3. As in other papers from this group, the procedure used to
calibrate the pH electrode was not described, and this introduces an additional
uncertainty in the measurements. The authors estimated the activity coefficient for Cl–
to be 0.64 (based on values in a translation of a book by Garrels and Christ
[1965GAR/CHR]1), and therefore, based on
Δ f Gmo (Fe2 Cl(OH)3 , s)  2Δ f Gmo (Fe(OH) 2 , s)  Δ f Gmo (Cl  )  Δ f Gmo (H 2 O, l)  RT ln(aH  aCl )

a value of Δf Gmo (Fe2 Cl(OH)3 , s) equal to { Δf Gmo (Fe(OH)2 , s) + 60.49} kJ·mol–1 was
calculated. Using – 492 kJ·mol-1 for Δf Gmo (Fe(OH)2 , s, 298.15 K) , the authors
calculated – 923.5 kJ·mol-1 for Δf Gmo (Fe2 Cl(OH)3 , s, 298.15 K) .
Earlier, using solutions with higher initial concentrations of FeCl2 Refait and
Génin [1997REF/GEN] had allowed Fe2Cl(OH)3(s) to oxidize to form the chloride
“green rust 1” and measured the electrochemical potential and pH values of the solution
during the oxidation. From those and an estimated activity coefficient for Cl– they
reported a value of (0.51 ± 0.04) V for E o of the reaction:

2Fe2 Cl(OH)3 (s)  (n  2) H2 O(l)

(FeIII )(FeII )3 (OH)8Cl  n H2O 2H +  Cl   e

and also – 918.8 kJ·mol-1 for Δf Gmo (Fe2 Cl(OH)3 , s) . From this electrochemical
potential and the same auxiliary data used with their own measurements Rémazeilles

1

Garrels, R. M., Christ, C. L., Equilibres des minéraux et de leurs solutions aqueuses (Solutions, minerals
and equilibria [1965GAR/CHR]), translation by Wollast, R. F., Gauthier-Villars, Paris, 1967.
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and
Refait
[2008REM/REF]
o
Δf Gm (Fe2 Cl(OH)3 , s, 298.15 K) .

recalculated
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‒ (926 ± 6) kJ·mol-1

for

[2008STE/LEM]
Iron(III) hydrolysis and chloride complexation were studied spectrophotometrically to
200 °C at water-vapour-saturation pressure. In addition, density-functional-theory
calculations were made of the ground-state geometries, energies and absorption spectra
of these complexes. The configuration of these complexes was shown to change from
octahedral to tetrahedral coordination with the ultimate formation of FeCl4 , whereas
FeCl3 (aq) could have either a tetrahedral or trigonal-bipyramidal configuration. For the
spectrophotometric experiments, the total Fe(III) concentration ranged from 6.184 ×
10-5 to 1.652 × 10-4 mol kg-1, while the HCl concentration was increased from 1.260 ×
10-3 to 0.128 mol kg-1. The NaCl concentration varied and reached 1.805 mol kg-1 and
the HClO 4 concentration reached 0.398 mol kg-1. Experimental data were not provided
so that the tabulated log10  no values could not be re-evaluated. Moreover, the authors
used the Debye-Hückel expression [1968ROB/STO] to estimate activity coefficients for
these relatively high ionic strength, mixed-electrolyte solutions. They reported that they
were able to resolve the spectra in terms of the complexes (n = 0-3) at 200 °C and gave
the following values at 25 °C, which are given here for comparison purposes only:
log10 K1o (hydrolysis) = – (2.18 ± 0.01), log10 K1o = (1.42 ± 0.02) and log10  2o =
(1.98 ± 0.08). Perhaps of more interest are the tabulated bond lengths (Fe-O and Fe-Cl)
derived from the density-functional-theory calculations that compare favourably with
those observed from neutron diffraction, XAFS and XRD experiments. In TDB-Iron
Part 1 values of log10 K1o (hydrolysis) = – (2.15 ± 0.03), log10 K1o = (1.52 ± 0.10) and
log10  2o = (2.2 ± 0.2) are recommended, which are in reasonable agreement with those
derived by Stefánsson et al. especially considering that the uncertainties they reported
are severely underestimated.

[2008STE/SEW]
The hydrolysis of iron(III) was studied in acidic solutions from 25 to 200 °C at
saturated-water-vapour pressure by spectrophotometry. A special flow-through, goldlined cell was used for this purpose. The molar absorption coefficients and hydrolysis
constants were determined using principal component analysis of the spectra below
400 nm. The total iron(III) concentration made up from Fe(ClO4 )3 (sln) , varied from
6.184 × 10-5 to 1.652 × 10-4 mol kg-1, and the perchloric acid concentration was varied
from 9.31 × 10-4 and 0.398 mol kg−1, but no supporting electrolyte was present. Two
iron(III) species were identified, Fe3 and FeOH 2  , and the hydrolysis constant was
derived as: log10 *K1o  – (2.18 ± 0.01) at 25 °C increasing to (0.54 ± 0.15) at 200 °C
with single-ion activity coefficients being estimated from an extended Debye-Hückel
*
expression. No raw experimental data were given from which values of log10 K m,1
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could be estimated. The five data points from 25 to 200 °C are shown in Figure A-54
where the temperature limit is imposed by this review for the sake of consistency. The
weighted fit according to the uncertainties assigned by the authors results in:
log10 *K1o = – (2.23 ± 0.08) and  r H1o = (43.1 ± 3.3) kJ·mol-1 at 25 °C, cf.
log10 * K1o = – 2.22 and  r H1o = 43.4 kJ·mol-1 tabulated by the authors.
A combined weighted regression discussed above and those from
[2013LEM/BER] (Table VII-8) obtained from the ionic strength dependent SIT
treatments, weighted according to this procedure described in the footnote to that table
resulted in: log10 *K1o = – (2.15 ± 0.07) and  r H1o = (38.8 ± 2.6) kJ·mol-1 at 25 °C,
cf. the values accepted in TDB-Iron Part 1: log10 *K1o = – (2.15 ± 0.07) and  r H1o =
(36 ± 3) kJ·mol-1 at 25 °C. Stefánsson and Seward provide data over a significantly
wider temperature range than considered previously and because the degree of
hydrolysis increases with temperature providing a larger change in absorbance, a new
molar enthalpy of reaction value,

Δ r H1o (298.15 K) = (38.8 ± 2.6) kJ·mol‑1
is recommended by this review.

Figure A-54: Plot of log10 *K1o for the first hydrolysis equilibrium of Fe3 versus
reciprocal temperature.
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[2008TAB/CAS]
The authors measured the solubility of iron and arsenic in mixtures of Fe2(SO4)3 and
As2O5 dissolved in aqueous sulfuric acid solutions at 323.15 and 343.15 K. At 323.15 K
the main precipitated arsenic-containing solid at equilibrium was identified as
Fe(H2AsO4)3·5H2O(cr) based on X-ray diffraction. At 343.15 K a field of stability for
Fe2(AsO4)(SO4)(OH)·5H2O also was found. The pH values and sulfate molalities were
not reported for the saturated solutions, and the results have not been used further in the
present review.

[2009ACK/LAZ]
The enthalpies of formation of kornelite (written as Fe2(SO4)3·~7.75H2O(cr)) and
paracoquimbite, Fe2(SO4)3·9H2O(cr), were reported as – (4916.2 ± 4.2) and
– (5295.2 ± 4.2) kJ·mol-1 (2 uncertainties), respectively, based on acid-solution
calorimetry experiments using 5 mol·dm-3 aqueous HCl as the dissolution medium. The
sample of kornelite was prepared by dissolution of iron(III) sulfate in water,
equilibration at 75 °C for 11 days followed by slow cooling to room temperature and
filtration. The extent of hydration of the solid as measured by thermogravimetric and
differential thermal analyses indicated values of n between 7.47 and 7.98 for
Fe2(SO4)3·nH2O(cr). In their Table 4 the authors reported n = 7.55 based on XRD data.
The authors indicated that for the calorimetry samples they assumed that “the hydration
state determined from the single-crystal diffraction experiments”, n = 7.53, as the length
of exposure to ambient air was similar for samples used in the single-crystal diffraction
and calorimetry experiments. The sample of paracoquimbite was prepared by complete
dissolution of amorphous iron(III) sulfate in a mixture of water and sulfuric acid, ageing
the solution for a year at room temperature (relative humidity of 30 to 40 percent), and
filtration. XRD data confirmed the solid to be the nonahydrate. The calorimetry
procedures were similar to those used in earlier studies with Fe2(SO4)3(cr)
[2005MAJ/NAV] and Fe2(SO4)3·5.03H2O(cr) [2006MAJ/NAV]. The average heats of
solution of kornelite and paracoquimbite in 5 mol·dm-3 aqueous HCl were
(19.12 ± 0.20) kJ·mol-1 (based on five measurements) and (40.41 ± 0.63) kJ·mol-1
(based on three measurements), respectively.
In the present review a value of – (5294.52 ± 5.76) kJ·mol-1 (95 percent
confidence limit) is recalculated for the enthalpy of formation of Fe2(SO4)3·9H2O(cr) at
298.15 K using previous measurements of the enthalpies of solution of γ-FeOOH(cr)
[2003MAJ/GRE], MgO(cr) and α-MgSO4(cr) [2005MAJ/NAV] under similar
conditions. Measurements of the heats of solution of α-MgSO4, MgO, water and
H2SO4·6H2O(l) into 4.36 m HCl(aq) solutions [1980KO/DAU] were used to obtain the
value for f H mo (α-MgSO4) (cf. Chapter XII); literature values were used for the heat of
solution of water into 5 mol·dm-3 aqueous HCl (‒ 0.52 kJ·mol-1) [1965PAR], the
enthalpies of formation of MgO(cr), H2O(l) [1989COX/WAG], H2SO4·6H2O(l)
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[1982WAG/EVA], [1989COX/WAG] and the enthalpy of formation of γ-FeOOH(cr)
[2013LEM/BER].
Similarly,
in
the
present
review
a
value
of
‒ (4852.29 ± 5.71) kJ·mol-1 (95 percent confidence limit) is calculated for the enthalpy
of formation of Fe2(SO4)3·7.53H2O(cr) at 298.15 K.
In the original paper no extra enthalpy contribution was attributed to the
addition of hydration water to Fe2(SO4)3·7.53H2O(cr) to form Fe2(SO4)3·7.75H2O(cr).
Thus,  r H is zero for:
Fe2 (SO4 )3  7.53H 2 O(cr)  0.22H 2 O(l)

Fe2 (SO4 )3  7.75H 2 O(cr)

(A.137)

f H mo (Fe2(SO4)3·7.75H2O, cr) – f H mo (Fe2(SO4)3·7.53H2O, cr) = – 62.9 kJ·mol-1
and a value of – (4915.17 ± 5.71) kJ·mol-1 (95 percent confidence limit) is similarly
recalculated for the enthalpy of formation of Fe2(SO4)3·7.75H2O(cr) at 298.15 K.
The difference in the enthalpy of formation per molecule H2O of extra
hydration for the solid can be approximated in several other ways. As shown in the
authors’ Figure 5, the enthalpy of dissolution shows an almost linear dependence on the
water content of the solid. Based on Fe2(SO4)3·5.03H2O(cr) and Fe2(SO4)3·7.53H2O(cr)
the difference is – 294.7 kJ·mol-1 per water of hydration; based on
Fe2(SO4)3·9.00H2O(cr) and Fe2(SO4)3·7.53H2O(cr) the difference is – 300.8 kJ·mol-1 per
water of hydration. As the enthalpy of fusion of water at 0 °C is approximately
6 kJ·mol-1 [2005LID], and if a heat-capacity correction is considered, a value of
approximately 7 kJ·mol-1 might be considered reasonable for incorporating liquid water
into a solid lattice at 298.15 K. Thus, the enthalpy of formation of lattice water can be
calculated as – 292.8 kJ·mol-1 per water of hydration. These three methods suggest
values
of
‒ 64.8,
– 66.1
and
– 64.4 kJ·mol-1
for
o
o
[f H m (Fe2 (SO4 )3  7.75H2 O, cr)  f H m (Fe2 (SO4 )3  7.53H2 O, cr)] . The spread of
these values falls within the uncertainty bounds attributable to the calorimetric
measurements alone. As the extra moles of hydration water beyond 7.53 appear to be
only loosely incorporated into the kornelite lattice, the slightly less negative value for
f H mo (Fe2 (SO4 )3  7.75H2 O , cr) proposed by the authors1 may be appropriate.
Interpretation is further complicated by the possible presence of adsorbed water on the
crystal surfaces.

[2009RON/ROD]
The authors carried out precipitation studies in batch reactors at 50 to 200 °C and in
solutions having a pH value of 1.6 (determined at 25 °C against standard buffer
solutions). The composition and morphology of the precipitates were established by Xray powder diffraction, infrared spectrophotometry, and BET surface-area

1

This was based on the authors’ assumption described by Equation (A.137); another possibility is that
surplus water in some of the materials might have been occluded saturated solution.
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measurements. At the lowest temperatures an amorphous solid was precipitated, and at
100 °C the solid was transformed over a period of five days into strengite and
phosphosiderite mixtures. At higher temperatures after 12 hours the solid was found to
have properties corresponding to giniite (Fe5(PO4)4(OH)2·2H2O). The composition of
the final solution phases was also analysed, and the results were compared to results
calculated by the authors using PHREEQC [1999PAR/APP] with the Lawrence
Livermore Laboratory “thermo.com” database [2000JOH]. However, the formation
constant for strengite in that database is incompatible with results of all of the existing
solubility studies (cf. Table IX-10); also the “thermo.com” value for the enthalpy of
formation of strengite (– 1876 kJ·mol-1) is less negative than deduced from most
reliable sources (cf. Section IX.5.4.4). The sources of the values in the “thermo.com”
database are not referenced. Therefore, although the reported experimental results are
useful in assessing the kinetic behaviour of the precipitation reactions, no useful
thermodynamic information can be extracted from the authors’ data analysis.

[2009XU/TOS]
The authors used XRD to follow the hydration of trigonal and monoclinic Fe2(SO4)3(cr)
under conditions of controlled humidity at 22 to 25 °C over a period of 130 days. The
humidity in the diffraction system chamber was controlled using a commercial relativehumidity generator, and in some cases separate samples were equilibrated with H2O(g)
using humidity buffers, saturated aqueous solutions of LiCl, MgCl2, K2CO3, Mg(NO3)2,
NH4NO3, or NaCl [1929ADA/MER], [1977GRE]. Above 33 percent relative humidity
the monoclinic Fe2(SO4)3(cr) started to undergo a slow transition to a mixture of
rhomboclase and ferricopiapite (only 25 percent had been transformed after 130 days).
At higher humidity the samples transformed through kornelite to paracoquimbite. At 62
to 75 percent relative humidity ferricopiapite rapidly formed as a wet paste, with any
rhomboclase that had formed entering the liquid-solution phase. Initial hydration of
trigonal Fe2(SO4)3(cr) was more rapid, and involved formation of an unidentified phase
in addition to the phases formed from the initial monoclinic solid. Evaporation of
aqueous iron(III) sulfate solutions at 30 to 60 percent relative humidity resulted in
precipitation of rhomboclase and ferricopiapite, followed by transformation to kornelite
and then paracoquimbite. If evaporation was carried out at a relative humidity of less
than 33 percent, the result was an amorphous phase. This work helps delineate regions
of stability of some of the solids in the H2O-Fe2(SO4)3 system, but no values for
thermodynamic quantities can be derived.

[2010ARR/BIS]
The authors carried out experiments, and also a series of density-functional-theory
calculations, to predict the relative stabilities of four polymorphs of FePO4(cr): the
forms isostructural with berlinite and heterosite, the monoclinic (phosphosiderite) form,
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and a high-pressure form (CrVO4 structure) [1976KIN/SHI]. Experimentally, both the
monoclinic and berlinite-type structures were found to convert to the high-pressure form
at 2-6 GPa and 900 °C. The high-pressure form reverts exothermically and irreversibly
to the berlinite-structure at atmospheric pressure and 700 °C. Yang et al.
[2002YAN/SON] previously found evidence that the heterosite-type form was also
converted to the berlinite-type form below 600 °C. From their calculations the authors
concluded that the monoclinic- and heterosite-forms are metastable at all pressures.
These results are inconsistent with the calorimetry study of Iyer et al. [2006IYE/DEL]
who reported that the enthalpy of formation of the heterosite-type form of FePO4 (cr)
was more negative than that of the berlinite-type form by approximately 12 kJ·mol-1 at
298.15 K. Arroyo y de Dompablo et al. suggested that the sample used by Iyer et al.
[2006IYE/DEL] may not have been completely converted to the heterosite-type form by
their delithiation procedure. In the supplementary material the source for D (the Debye
temperature) for the berlinite-type FePO4 is unclear (also, the value from
[2006IYE/DEL] generates a CV value for FePO4(cr) that is essentially identical to the
C p value at 298 K from [2013SHI/ZHA], but is less than the value Arroyo y de
Dompablo et al. give for heterosite, not greater!). We also note that the C p curves in the
supplementary material are per atom, not per mole.

[2010BOO/PUT]
The authors prepared a poorly crystalline (or amorphous) sample of FePO4·2H2O, by
precipitation, by adding 2 mol·dm-3 aqueous ammonia to a solution containing FeCl3
and H3PO4 until a final pH value of 6.5 was reached. The solid was isolated by filtration
and dried in air. Thermal gravimetric and differential thermal analysis measurements
were carried out between 323 and 1073 K (10 K·min-1). Water was lost endothermically
between 348 and 523 K. The resulting solid did not undergo any further thermal
transitions below 800 K. The form of FePO4 (s) obtained below 800 K also was very
poorly crystalline. Although the authors determined the heat and activation energy of
dehydration from their study, the reported results were based on only a single heating
rate. The values were not used in the present review.

[2010PAK/BRU]
The authors carried out solubility measurements at 298.15 K on samples of scorodite
(FeAsO4·2H2O, particle size ~ 30 nm) and of an amorphous iron(III) arsenate (50100 nm aggregates) in 0.01 mol·dm-3 NaNO3(sln)1. The measurements were made at
selected values of “pH” between 1 and 7, and the pH was adjusted “at periodic
intervals” by addition of aqueous solutions of NaOH and HNO3, as required. The
1

In an e-mail from the first author [2011PAK] it was confirmed that the experimental medium was
0.01 M NaNO3 (not 0.01 M NaNO2 ).
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procedure for measurement of the pH was not stated, nor were the uncertainties. It is
assumed that the reported pH values were values of  log10 aH+ determined using
standard buffer solutions for calibration. The iron(III) and arsenic concentrations of a
solution in contact with ~ 1.2 µm scorodite at a pH value of 4 at 298.15 K, also were
reported (dissolution was incongruent). Dissolution was found to be congruent for the
nanocrystalline scorodite only for pH < 3, and the amorphous material underwent
incongruent dissolution (presumably because of precipitation of ferrihydrite), at all
measured pH values (2 to 5).

Figure A-55: Comparison of some solubility measurements of Fe(III)-As(V) solids.
“pH” values are those reported by the respective authors.
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The minimum “equilibrium” total arsenic concentrations over crystalline
material, 3 × 10-6 mol·dm-3, were found for solutions with pH values of 3 and 4, and the
solubilities are similar to those reported by Krause and Ettel [1988KRA/ETT] (Figure
A-55). Solubility products, log10 K o values of ~ ‒ 25.9, were obtained (PHREEQC
calculations using the same thermodynamic values suggested by Langmuir et al.
[2006LAN/MAH]) over the entire pH range (nanocrystalline scorodite) if the iron(III)
concentrations were considered to be equilibrium values with respect to ferrihydrite.
However, the dissolution apparently was congruent (i.e., the ratio of the dissolved iron
and arsenic concentration was approximately 1:1) only for the solutions at pH 1 and 2.
Also as noted by Nishimura and Robins [1996NIS/ROB], scorodite probably is unstable
with respect to formation of other iron(III) arsenates when in contact with aqueous
solutions having pH values < 1.5. This leaves only the reported calculated solubility
product ( aFe3+ aAsO3 ) of 7.99 × 10-27 for a pH value of 2.
4
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From the auxiliary data of [2006LAN/MAH] the value of the equilibrium
constant for

FeAsO4  2H2 O(cr)  H

FeHAsO+4  2H2 O(l)

is calculated here to be 10-4.74. Using the TDB values for the arsenic acid deprotonation
constants and the two different and inconsistent values for the formation constant for
FeHAsO+4 (Section IX.6.4.4), we calculate 10(5.31 ± 0.34) and 10(6.65 ± 0.71) for log10 K o
(A.138).

Fe3+  H2 AsO4 (aq)  2H2 O(l)

FeAsO4 ·2H2 O(cr)  3H+

(A.138)

[2010SNO/SHI]
Snow et al. reported heat-capacity measurements on two ~ 30-mg specimens of sintered
hematite powder ( α-Fe 2 O3 ), yielding 98 tabulated C po ,m values between 1.9 and 303 K,
with emphasis on low temperatures: 50 values below 24 K and only 22 values above
100 K [2010SNO/SHI]. The specimen material was prepared from high-purity
nanocrystalline hematite, obtained by the authors’ own proprietary process
[2007LIU/LIU], sintered for 48 h at 1473 K, and cooled to 773 K at 10 K∙min-1 before
removal from the furnace. It was characterised as coarse-grained hematite by XRD and
BET methods. Specimens of hematite were combined with Apiezon N grease in a
copper cup, which was then compressed into a pellet for the C p measurements in a
Quantum Design physical-properties measurement system. Appropriate background
measurements were performed on the additional materials.
The results show excellent overall agreement with those of Grønvold and
Westrum [1959GRO/WES3]. Combination of two separate entropy values derived by
Snow et al. [2010SNO/SHI] from their two sets of measurements yields S mo (Fe2O3, α,
298.15 K) = (87.3 ± 1.4) J∙K-1∙mol-1, which is almost identical to, but less precise than
the value of (87.40 ± 0.16) J∙K-1∙mol-1 recommended in TDB-Iron Part 1
[2013LEM/BER], based on the results of Grønvold and Westrum [1959GRO/WES3].
The only minor differences are improved data in [2010SNO/SHI] below 20 K, where
there may have been some experimental difficulties in the Grønvold-Westrum study
[1959GRO/WES3], and a single slightly outlying data point at 302.78 K in Table 2 of
[2010SNO/SHI]. Estimates of Smo (Fe2 O3 , α, 20 K) by numerical integration in the
current review were almost identical (~ 1.99 J∙K-1∙mol-1) for the two studies
[1959GRO/WES3], [2010SNO/SHI].
The excellent agreement between the results of this study and
[1959GRO/WES3] lends credence to the application of this method to determining heat
capacities of other substances, such as akaganéite, discussed below [2011SNO/SMI].
In a companion paper, Snow et al. [2010SNO/LEE] measured the heat capacity
of a fine-grained hematite specimen (average crystallite diameter 13 nm, based on the
Scherrer formula for XRD line broadening; specific surface area 59.0 m2∙g-1, based on
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the BET method using N 2 adsorption). Slightly higher C p values than for coarsely
crystalline hematite were due to adsorbed water, and a small anomaly in the 4-8 K
temperature range was attributed to uncompensated surface spins in the nanocrystalline
material [2010SNO/LEE].
No evidence was obtained in either of the Snow et al. studies [2010SNO/LEE],
[2010SNO/SHI] for any thermal anomaly associated with the Morin transition, which is
contrary to the DTA measurements of Aharoni et al. [1962AHA/FRE], but consistent
with Grønvold and Westrum [1959GRO/WES3] and with a targeted study of the Morin
transition region for natural hematite by Jayasuriya et al. [1985JAY/STE].
Based on the foregoing discussion, no adjustment is recommended for the
values of either Smo (Fe2 O3 , α, 298.15 K) or C po ,m ( Fe2 O3 , α, 298.15 K) in TDB-Iron
Part 1 [2013LEM/BER].

[2010TOR/PIN]
Potentiometric titrations of a wide range of metal(II) selenite and selenate solutions
were performed at (20.0 ± 0.1) °C and Ic = 0.15 (NaClO4). Complexes of the type

MSeO4 (aq) , M(HSeO4 )2 (aq) , MSeO3 (aq) and M(HSeO3 ) were postulated to have
formed in these solutions where M = Mg, Ca, Sr, Ba, Mn, Fe, Co, Ni, Cu, Zn, Cd, Hg
and Pb. The range of Se concentrations was 0.001 to 0.012 mol·dm-3, and the seleniumto-metal ion molar ratios varied from 0.5 to 3. The pH intervals studied ranged from 2.0
to 10 for alkaline earth metal ions, and from pH = 2.0 to > 8.0 for the metal ions such as
iron(II) where hydrolysis occurs. Presumably a glass combination electrode was used to
monitor pH although the standardization method was not mentioned.
Unfortunately, no raw experimental data were provided. Torres et al. analysed
their data using the HYPERQUAD program [1996GAN/SAB], and species’ distribution
diagrams were created using the HySS program [1999ALD/GAN]. The authors
measured the values of the protonation constants for SeO32 and SeO24 at the
conditions of the complexation experiments. Their values at 20 °C and Im = 0.151 are
compared to those derived in the TDB-Selenium volume [2005OLI/NOL] which are
shown in { }:

log10 Km,1 (H+ + SeO32 

HSeO3 ) = (8.218 ± 0.009)

{7.88 ± 0.23}

log10 m,2 (2H+ + SeO32

H2SeO3 (aq)) = (10.62 ± 0.04)

{10.27 ± 0.14}

log10 K co,1 (H   SeO 42 
log10  (2H  SeO
o
c ,2



2
4

HSeO 4 ) = (2.01 ± 0.05)

{1.19 ± 0.10}

H 2SeO 4 (aq)) = (3.7 ± 0.1).

Clearly, the differences between the reported protonation constants and those derived
from the TDB values [2005OLI/NOL] are well outside the combined uncertainty limits
noting that the former are statistically based and definitely underestimate the real
experimental uncertainties which are represented in the TDB values.
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For the case of the interaction of iron(II) with selenite, results for two
equilibria (A.139) and (A.140) were extracted from their treatment, but again no
primary experimental data were available in this article nor were the criteria given by
which the speciation was selected.

log10 * Km (Fe2+ + H+ + SeO32

FeHSeO3 ) = (11.41 ± 0.06)

log10 * m (Fe + 3H + 2SeO
2+

+

2
3

(A.139)



FeHSeO3 (H2SeO3 ) )

= (24.64 ± 0.06)

(A.140)

Conversion to simple complexation equilibria at Im = 0.151 and 20 °C based on the
protonation constants reported by Torres et al. and those derived from the TDB values
above and shown in { }, gave:

log10 Km (Fe2+ + HSeO3

FeHSeO3 ) = (3.19 ± 0.06) {3.53 ± 0.24}

log10 m (Fe2+ + HSeO3  H2SeO3 (aq)

(A.141)

FeHSeO3 (H2SeO3 ) )

= (5.81 ± 0.07){6.49 ± 0.27}

(A.142)

For the case of iron(II) with selenate, only one equilibrium constant (for Reaction
(A.143)) was extracted from their treatment:

log10 * m (Fe2+ + 2H+ + 2SeO24

Fe(HSeO4 )2 (aq)) = (9.69 ± 0.04)

(A.143)

which leads to

log10 m (Fe2+ + 2HSeO4

Fe(HSeO4 )2 (aq))

= (5.67 ± 0.06) {7.31 ± 0.15}

(A.144)

The absence of experimental data and lack of a detailed description of the
procedure used in the selection of the equilibria make it impossible to make a complete
re-evaluation of these results. The obvious disparity between the values of the
2
2
protonation constants for SeO3 and SeO4 reported by Torres et al. and those
recommended in the TDB project also tends to discredit their complexation constants
with Fe2+. In this regard, Wells and Salam [1968WEL/SAL] invoked the formation of
FeHSeO4 only in 4 mol∙mol-1 HClO4 at 298.15 K, although the data treatment used in
that study has been criticized [2005OLI/NOL].

[2010XU/NAV]
The enthalpies of formation of a series of pyrrhotite-group phases were obtained by
oxide-melt solution calorimetry in molten sodium molybdate with the composition
3Na2O·4MoO3 at 975 K. The materials studied were stoichiometric FeS, Fe0.98S, Fe0.96S,
Fe0.94S, Fe0.917S (Fe11/12S), Fe0.90S Fe0.90S, and Fe0.875S, as well as pyrite (cubic FeS2).
The calorimetric measurements correspond to the process:
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Fe1 0.125 x S(cr, 298 K)  ((9  0.375 x)/4) O2 (g,975 K)
(1  0.125 x)Fe3 (sln,975 K)  ((1  0.375x)/2)O 2  (sln,975 K)  SO42  (sln,975 K)

(A.145)
for which the enthalpy change was defined by Xu and Navrotsky [2010XU/NAV] as
ΔH 4 =Δds H (Fe10.125 xS, cr) , where the subscript ds denotes the drop-solution enthalpy,
i.e., the total heat effect obtained when a sample is dropped from room temperature to
the calorimeter temperature; this usually consists of the heat content contribution, heat
of solution, and heat of reaction (if a reaction occurs). The numbering used by Xu and
Navrotsky [2010XU/NAV] is retained here.
The thermodynamic cycle for extracting the enthalpy of formation of the solid
iron sulfide involves the following five ancillary processes and defined enthalpy
changes (the value 298 K is used here as a short-hand form for 298.15 K):

Fe2 O3 (cr, 298 K)

2Fe3 (sln, 975 K)  3O2 (sln, 975 K)

(A.146)

for which ΔH 5 =Δ ds H (Fe2 O3 , cr) ,
O2 (g , 298 K)

(A.147)

O2 (g , 975 K)

for which ΔH 6 =Δ hc H (O2 , g) , where the subscript hc denotes heat-content change of the
gas with change of temperature (room temperature to calorimeter),
S(cr, 298 K)  (3/2)O2 (g , 298 K)

SO3 (g , 298 K)

(A.148)

SO42 (sln , 975 K)

(A.149)

for which ΔH 7 =Δf H o (SO3 , g) ,

SO3 (g, 298 K)  O2 (sln , 975 K)
for which ΔH8 =Δds H (SO3 , g) ,
2Fe(cr, 298 K)  (3/2)O2 (g , 298 K)

Fe2 O3 (cr , 298 K)

(A.150)

for which ΔH9 =Δf H o (Fe2 O3 , cr) .
The enthalpy of formation of an individual pyrrhotite phase is then defined as:

ΔH10 =Δf H o (Fe10.125 xS, cr) , which is calculated by using the equation:
ΔH10 =

(1  0.125x)
(1  0.125x)
(9  0.375x)
ΔH 9 
ΔH 5  ΔH 7  ΔH 8  ΔH 4 
ΔH 6
2
2
4

The various iron sulfides were synthesized by a direct, single-step reaction of
ball-milled mixtures of high-purity Fe and S in vacuum-sealed silica tubes at either 400500 °C for three days or 700 °C for two days, then slow-cooled (1-5 °C∙min-1) but not
annealed. Specific reaction temperatures for individual sulfide compositions are not
given. The solid sulfides were characterised by XRD (Rietveld analysis) and electron
microprobe elemental analysis. Analysed compositions corresponded to the target
compositions within the estimated analytical error of ± 1.0 mole percent (i.e., an
uncertainty of about ± 0.01 in the Fe/S ratio). The XRD results showed the expected
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superstructures for specific compositions in most cases (see Section IX.1.1.1.1): 3 1/2A,
2C for FeS; 2A, 6C for Fe0.917 S (Fe11S12); and 2A, 5C for Fe0.90S (Fe9S10). For Fe0.875S
(Fe7S8), however, the metastable 2A, 3C superstructure was observed, rather than the
stable, low-temperature 2A, 4C variant. A 31/2A, 2C superstructure was also obtained for
the three compositions intermediate between FeS and Fe11S12 ( Fe0.98S , Fe0.96S , and
Fe0.94S ), which may suggest incomplete equilibration; a mixture of troilite and
hexagonal pyrrhotite would be expected in this case, but detailed phase relationships in
this composition region are incompletely understood (see Section IX.1.1.1.1). These
anomalous results may be a consequence of not annealing the products.
The authors state that analysed compositions were used in the thermodynamic
calculations, but the figures and tables suggest that this was not the case
[2010XU/NAV]. It would not seem to be justified, since the accuracy of the batch
composition preparation appears to be considerably higher than the analytical accuracy.
Calculations in this review were, therefore, based on the nominal batch compositions.
The authors used their own experimental data for the ancillary dropcalorimetric values: ΔH 5 = Δ ds H (Fe2 O3 , cr) = – (95.17 ± 0.78) kJ∙mol-1 and ΔH 8 =
Δds H (SO3 , g) = – (203.83 ± 2.15) kJ∙mol-1. Their respective values of – (395.7 ± 0.7)
ΔH 7 =Δf H o (SO3 , g)
kJ∙mol-1
and
– (826.2 ± 1.3)
kJ∙mol-1
for
and
ΔH9 =Δf H o (Fe2 O3 , cr) were taken from [1995ROB/HEM], and that for
ΔH 6 =Δ hc H (O2 , g) was derived from the same source. For recalculation in the current
review, the values for ΔH 5 and ΔH 8 from [2010XU/NAV] were retained, while the
following additional values were used for the other ancillary data:

Δf H o (Fe2 O3 , cr) = – (826.29 ± 2.63) kJ∙mol-1 from TDB-Iron Part I;
f H mo (SO3, g) = – (395.9 ± 0.7) kJ∙mol-1, using the value from Gurvich et al.
[1989GUR/VEY] and retaining the uncertainty used in [2010XU/NAV]. This follows a
precedent in earlier TDB work, e.g., TDB-Thorium [2008RAN/FUG], and is thought
likely to be consistent with values for other sulfur species in the CODATA tables
[1989COX/WAG], which form the core of the TDB auxiliary data.
975 K
-1
ΔH 6 =Δhc H (O2 , g)  298.15
K ΔH (O2 , g) = (21.836 ± 0.003) kJ∙mol , derived from Cp
data for O2(g) in the CODATA tables [1989COX/WAG].

The following enthalpies of formation were obtained; reported values from
[2010XU/NAV] are followed by recalculated values in square brackets; no changes
were made to the estimated uncertainties, which are dominated by the experimental
uncertainties in the various calorimetric measurements ( ΔH 4 , ΔH 5 , and ΔH 8 ).

Δf H o (Fe0.875S, cr) = – (94.44 ± 2.98) kJ∙mol-1 [– (94.61 ± 3.19) kJ∙mol-1]
Δf H o (Fe0.90S, cr) = – (95.88 ± 4.03) kJ∙mol-1 [– (96.05 ± 4.20) kJ∙mol-1]

Δf H o (Fe11/12S, cr) = – (97.31 ± 3.74) kJ∙mol-1 [– (97.48 ± 3.93) kJ∙mol-1]
Δf H o (Fe0.94S, cr) = – (98.63 ± 3.04) kJ∙mol-1 [– (98.81 ± 3.28) kJ∙mol-1]
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Δf H o (Fe0.96S, cr) = – (99.25 ± 3.21) kJ∙mol-1 [– (99.43 ± 3.45) kJ∙mol-1]

Δf H o (Fe0.98S, cr) = – (100.71 ± 4.22) kJ∙mol-1 [– (100.89 ± 4.41) kJ∙mol-1]
Δf H o (FeS, cr) = – (101.45 ± 3.99) kJ∙mol-1 [– (100.89 ± 4.20) kJ∙mol-1]
Δf H o (FeS2 , cr) = – (175.54 ± 6.04) kJ∙mol-1 [– (175.85 ± 6.18) kJ∙mol-1]
Generally the differences are small, with the adjusted calculations yielding
values slightly more negative than the published values [2010XU/NAV], the differences
being largely due to the different enthalpy of formation selected for SO 3(g) and the
increased uncertainty in the selected enthalpy of formation for Fe2O3(cr, α). The larger
discrepancy for stoichiometric FeS suggests that the published value is based either on
extrapolation of all data for the various Fe10.125 xS compositions to x = 0, or on a
correction based on the analysed composition of Fe0.99S . For the current review, the
adjusted enthalpy-of-formation values and uncertainties for single-phase compositions
are carried forward to the main text for further evaluation in Sections IX.1.1.1.2.1.2
(FeS), IX.1.1.1.2.2.1 (Fe11/12S), IX.1.1.1.2.2.3.2 (Fe0.90S), IX.1.1.1.2.3.2 (Fe0.875S), and
IX.1.1.1.3.2 (FeS2).
This calorimetric technique is now well proven, though error propagation in
some cases may result in relatively large uncertainties; the method has wider
applicability for metal sulfides in general than do direct calorimetric methods, i.e., those
based directly on formation from the elements, because the latter methods are often
influenced by incomplete reaction. The high-temperature calorimetry of sulfides
depends strongly on the choice of enthalpy of drop solution of SO 3(g), which cannot be
measured directly. In this paper [2010XU/NAV], the selected value was
– (203.83 ± 2.15) kJ‧mol-1, based on measurements with K2SO4 and K2CO3. In an
exploratory work on this method, Deore and Navrotsky [2006DEO/NAV] selected
– (205.80 ± 3.70) kJ‧mol-1, derived from measurements on a series of divalent metal
sulfates. Within the accuracy of the calorimetric method, the enthalpy of reaction (heat
of mixing) between FeS and Fe0.875S to form various intermediate pyrrhotites is zero.
[2011GOU/KAD]
Results from this paper on the Fe(NO3)3-Ni(NO3)2-H2O system are discussed with those
for [2008GOU/KAD].
[2011GRE/MAJ]
The paper contains a discussion of the relationship of the chemical thermodynamic
properties of the metal(II) sulfate hydrates, and in particular the iron(II) sulfate hydrates,
FeSO4∙H2O(cr), FeSO4∙4H2O(cr), and FeSO4∙7H2O(cr). No new experimental work is
presented. The results of the authors’ assessment are similar to what was published in
TDB-Iron Part 1 [2013LEM/BER], but the differences in several values, as shown in the
table, are greater than would be anticipated from the assigned uncertainties.
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Table A-48: Comparison of chemical thermodynamic quantities for hydrated iron(II)
sulfates at 298.15 K.
Δf H mo / kJ·mol-1

Δ f Gmo / kJ·mol-1

S mo / J·K-1·mol-1

[2011GRE/MAJ]
[2013LEM/BER]

——
– (1244.000 ± 1.500)

——
– (1077.518 ± 5.048)

——
144.316 ± 17.644

FeSO4  4H2O(cr)
[2011GRE/MAJ]
[2013LEM/BER]

– 2128.89
– (2128.504 ± 1.621)

– 1794.68
– (1792.724 ± 0.671)

281.52
276.254 ± 5.885

FeSO4  7H2O(cr)
[2011GRE/MAJ]
[2013LEM/BER]

– 3014.39
– (3012.512 ± 0.602)

– 2509.64
– (2507.710 ± 0.652)

409.29
409.118 ± 0.825

FeSO4  H2O(cr)

Certainly good experimental values are lacking for the 298.15 K entropy
values for FeSO4  4H2 O(cr) , and especially FeSO4  H 2 O(cr) . However, the key reason
for the differences, as mentioned by Grevel and Majzlan, is they have considered the
iron(II) sulfate system in isolation from any re-evaluation of the chemical
thermodynamic quantities for other iron species (cf. [1995PAR/KHO], and also Chapter
XI of [2013LEM/BER]). Not only are the values for Δf H mo ( FeSO4  7H 2 O , cr,
298.15 K) based on experimental results reported in the literature [1963ADA/KEL],
[1985VAS/DMI2] in disagreement, as shown previously they are more negative than
can be readily accommodated in a chemical thermodynamic network involving
disparate literature values such as those for the potential of the Fe3 /Fe2  couple,
Δf H mo ( FeCl2 , cr, 298.15 K), Δf H mo ( FeCl3 , cr, 298.15 K), and Δf H mo ( FeCO3 , cr,
298.15 K) and heats of solution for several iron salts [2013LEM/BER]. Such a network
should be taken into account in any future evaluation.
As an aside, it was correctly pointed out [2011GRE/MAJ] that the values
tabulated in Malinin et al. [1979MAL/DRA] with respect to the reaction
FeSO4  7H2 O(cr)

FeSO4  4H 2 O(cr)  3H 2 O(g)

are inconsistent. The assessment of the Malinin et al. paper in TDB-Iron Part 1
[2013LEM/BER] was made using the reported vapour-pressure data, not the authors’
reported 298.15 K values for Δ r G o , Δr S o and Δ r H o . It is almost certain that it is the
reported value for Δ r H o [1979MAL/DRA] that is inconsistent with the vapour
pressures. Those authors [1979MAL/DRA] reported 37.29 kcal·mol-1, but
38.29 kcal·mol-1 would be consistent with all the other values in their table.

[2011KOB/SIP]
See the discussion under the entry for [2012KOB/SIP].
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[2011KON/WAN]
This paper reports on a study of the transformation between kornelite (written as
Fe2(SO4)3·7H2O(cr)), and crystalline iron(III) sulfate pentahydrate as a function of
temperature in a closed vessel and in the presence of a container of a saturated solution
of either NaBr or KI as a humidity buffer. Changes in mass of a mixture of the two iron
sulfate solids were monitored at a specific temperature for 48 to 120 hours. If the mass
increased, the mass of a new sample was monitored at a slightly higher temperature. If
the mass decreased, the mass of the next sample was monitored at a slightly lower
temperature. The process to bracket the transition temperature continued until the
ΔTtransition was determined within 0.4 °C. Using the relative-humidity standards (%RH)
developed by Greenspan [1977GRE], it was established that the system was close to
equilibrium for 308.95 K at 54.32 percent relative humidity (NaBr buffer), and
329.35 K at 63.62 percent relative humidity (KI buffer).
At the reference pressure, p° of 0.1 MPa, K(A.151), the equilibrium constant
for
iron(III) sulfate pentahydrate + nH 2 O(g)

kornelite

(A.151)

can be expressed by:

ln K (A.151)/n = – ln [( pH O /0.1)(%RH/100)]
2

The values used by the authors for the vapour-pressure of pure water ( pH2 O ) at 308.95
and 329.35 K from Haar et al. [1984HAA/GAL] were 0.0059512 and 0.0165410 MPa,
respectively. The values from the computer program (and table Cl ) of Haar et al.
[1984HAA/GAL] are slightly different, 0.005880 and 0.016680 MPa, and are used in
the present calculations. Therefore values of ln K (A.151)/n are – 3.444 and – 2.243 at
308.95 and 329.35 K, respectively. Consequently, Δ r G (A.151)/n is 8.85 and
6.14 kJ·mol-1 at 308.95 and 329.35 K.
The authors did not provide a detailed chemical analysis of either phase, so
although they did their calculations assuming that n had a value of 2.00, this was not
established. Indeed the work of Ackermann et al. [2009ACK/LAZ] strongly suggests
that kornelite usually is not strictly a heptahydrate.
Neglecting heat-capacity terms, the authors used their results to determine an
average value of – 48.9 kJ·mol-1 for Δ r H (A.151)/n (recalculated here to be – 49.8
kJ·mol-1 using pH2 O values from the vapour-pressure tables of Haar et al.
[1984HAA/GAL]) for the enthalpy of the reaction (308.95 to 329.35 K).

[2011NEM/XIO]
The solubility of Fe2 Cl(OH)3 (s) was studied in a series of aqueous solutions of sodium
chloride (0.1 to 5 m) at (25.0 ± 1.5) °C. It was not established unambiguously from the
XRD pattern whether the solid (synthesised by mixing aqueous solutions of
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FeCl2·4H2O(cr) and concentrated KOH (50 mass-%)) was the -form (hexagonal) or
the -form (orthorhombic) [2007REG/NEF]. The solid prepared in this way has
generally been identified in the literature as β-Fe2 Cl(OH)3 (s) [2007REG/NEF],
[2008REM/REF]. The equilibration period was 268 to 433 days. The reported solution
pH m values were based on appropriate standards corrected for the high ionic strengths,
and the iron molalities (total and iron(II)) were determined using a Ferrozine method
with UV-visible spectrophotometry and by inductively-coupled plasma atomic-emission
spectroscopy
(ICP-AES)
analysis.
Similarly
solubilities
(“oversaturation
measurements”) were obtained using solutions prepared such that the Fe2 Cl(OH)3 (s)
was precipitated and ripened over 41 to 557 days (all in aqueous 5 m NaCl solutions).
Reducing conditions were maintained using a cover gas of 5 percent hydrogen in argon;
measured oxygen concentrations were 3 to 10 ppm. The authors also equilibrated
samples of Fe2 Cl(OH)3 (s) with solutions of Na2SO4 (0.05 to 1.9 m), and the solid
gradually appeared to be oxidized to sulfate “green rust 2” with evolution of hydrogen.
Great care seems to have been taken with the experimental work and the data analysis.
Based on an EQ3/6 treatment [2003WOL/JAR] and on a specific ion-interaction method
[1982BIE/BRU], the values of log10 K o for the reaction

Fe2 Cl(OH)3 (s)  3H+

Cl  2Fe2+  3H2 O(l)

(A.152)

at I =0 and 298.15 K were reported as (17.12 ± 0.15) and 17.23, respectively.
In the SIT re-analysis in the present review it was necessary to use the
m(Fe2+ ) values from Table 1 of the authors’ supplementary material, as the total iron
molalities (and the values used by the authors for the first hydrolysis constant of Fe2+)
were not reported. Re-analysis with and without the high ionic strength “oversaturation”
measurements indicated that the results from the two sets of experiments were
consistent. Using values of  (Na + , Cl ) ,  (Fe2+ ,Cl ) and  (H + , Cl ) from
Appendix B of the present TDB volume, the value (0.01 ± 0.04) kg·mol-1 was
calculated for Δ (A.152). This is within the uncertainty limits of what was found by
the authors. If the analysis is restricted to measurements at ionic strengths ≤ 3m,
log10 K o (A.152) is (17.22 ± 0.16) and Δf Gmo (Fe2 Cl(OH)3 , s, 298.15 K) is
– (925.78
± 1.58) kJ·mol-1. If all the measurements are included, log10 K o (A.152) is (17.20 ± 0.19)
and Δf Gmo (Fe2 Cl(OH)3 , s, 298.15 K) is – (925.90 ± 1.69) kJ·mol-1, with 2
uncertainties. If the calculations are restricted to measurements made at times greater
than 400 days, the calculated values of log10 K o are changed by less than 0.02.

[2011SNO/SMI]
In this study, Snow et al. reported the following heat-capacity measurements on two
iron oxyhydroxides:
(a) 91 measurements between 0.8 and 38 K by a semi-adiabatic technique on a
0.1206-g lepidocrocite (γ-FeOOH) sample of composition FeOOH∙0.087H2O;
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(b) 88 measurements between 0.8 and 38 K by a semi-adiabatic technique on a
0.1149-g akaganéite (β-FeOOH) sample with the analysed composition
FeOOH∙0.652H2O∙0.0096HCl;
(c) 59 measurements between 1.9 and 303 K by a relaxation technique on a
13.96-mg sample of the same akaganéite material.
The akaganéite was prepared by Lang [2005LAN] by hydrolysis of an aqueous
solution of FeCl3; the product was dialysed for two weeks to minimize the chloride
content before drying at 323 K. It was characterised by XRD, which confirmed the
phase purity, and TEM, which revealed rod-like crystallite morphology (25 to 80 nm
diameter, 400 to 500 nm long). The lepidocrocite specimen was prepared by Majzlan et
al. [2003MAJ/LAN]; phase purity was confirmed by XRD, and chemical analysis
revealed negligible quantities of Al and 200 ppm of Cl impurity.
The low-temperature, semi-adiabatic heat-capacity measurements employed a
calorimeter described by Lashley et al. [2002LAS/LAN], and the relaxation-type
measurements were made by using a Quantum Design physical-properties measurement
system, as described by Snow et al. [2010SNO/SHI].
The low-temperature heat-capacity data for lepidocrocite represent a marked
improvement over the less-accurate data obtained by Majzlan et al. below 15 K
[2003MAJ/LAN], and permit a detailed analysis of different physical contributions to
the C p ,m values, but they do not substantially alter the value of S mo (FeOOH, cr, γ ,
298.15 K) as discussed in Section VII.2.11.1 of Part 1 of the TDB-Iron review
[2013LEM/BER].
The heat-capacity data for akaganéite appear to be a significant improvement
over the measurements by Lang [2005LAN], which were complicated by a heat leak
and may not have been fully corrected [2005LAN], [2011SNO/SMI]; the two data sets
are compared in Figure A-56. The following standard entropy and 298.15 K heatcapacity values obtained by [2011SNO/SMI] are therefore preferred:

S mo (FeOOH∙0.652H2O∙0.0096HCl, cr, β, 298.15 K) = (81.8 ± 2.0) J∙K-1∙mol-1,
C po ,m (FeOOH∙0.652H2O∙0.0096HCl, cr, β, 298.15 K) = (91.1 ± 2.0) J∙K-1∙mol-1.
These values were confirmed in the current review by a combination of curvefitting and numerical integration of the data tabulated in [2011SNO/SMI]; the
uncertainties appear to be somewhat pessimistic. Note, however, that the chloride
(and/or fluoride) content of typical natural and untreated synthetic akaganéite is usually
considerably greater than found in this dialysed material. These ions and much of the
water occupy tunnels within the hollandite-type crystal structure (see Section VII.2.10
of [2013LEM/BER]). Some caution is therefore advised when applying the above
values in thermodynamic modelling. Snow et al. include a useful discussion of the
contribution of the water content to the heat-capacity and entropy values
[2011SNO/SMI]. They also point out that heat-capacity data obtained by Wei et al.
[2010WEI/WAN] are of limited value, because (a) the water content of the specimen
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was not recorded, and (b) accuracy is limited by the small sample size relative to the
capacity of the apparatus (~ 1 cm3 in a 6 cm3 calorimeter volume).

Figure A-56: Heat-capacity measurements on akaganéite with the composition
FeOOH∙0.652H2O∙0.0096HCl from [2005LAN] and [2011SNO/SMI].
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[2011XU/PAR]
The compound Fe2 (SO4 )3  3H 2 O(cr) was prepared by hydrothermal synthesis from
α-Fe 2 O3 in 95.9 mass-% H 2SO 4 at 403 K for nine days. The crystals of
Fe2 (SO4 )3  3H 2 O(cr) were embedded in a matrix of rhomboclase and lausenite, as
identified by powder XRD. The structure of Fe2 (SO4 )3  3H 2 O(cr) was determined by
single-crystal XRD.

[2012BEN/KRO]
Differential scanning calorimetry (DSC) heat-capacity measurements from 282 to
~ 764 K were reported for a carefully prepared sample of Fe2SiO4(α) (fayalite). The
DSC measured values seem to have been obtained at ~ 4-5 K intervals in ranges of
about 100 K separated by gaps of 18-20 K, and extrapolation through the gaps does not
appear to be particularly smooth. At the highest temperatures the differences between
values from two different runs is of the order of 1 J·K -1·mol-1. A drop-calorimetry result
(1181 to 302 K), was also reported, leading to a single value of (156.1 ± 0.5) kJ·mol-1
K
for 1181
302 K ΔH from four experiments. The value was adjusted by the authors to obtain
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K
-1
(156.6 ± 0.5) for 1181
298.15 K ΔH , and this value is 1.4 kJ·mol greater than was reported by
Orr [1953ORR] for 1191 K. The drop-calorimetry results from Stebbins and Carmichael
[1984STE/CAR] also gave enthalpy-difference values somewhat greater than those
from [1953ORR]. In the present review, for the purposes of fitting a single function to
all the calorimetry results, the value for the enthalpy difference was estimated to have
an uncertainty of 0.5 %.

The experimental DSC values are greater than those calculated from
[1953ORR], and the authors did not report a comparison with the DSC values from
Watanabe [1982WAT], which were obtained over a similar temperature range. Heatcapacity values from [1982WAT] are lower by 2 to 4 J·K -1·mol-1 than those from
[2012BEN/KRO] for temperatures above 400 K. The authors calculated adjustments to
the values from Orr [1953ORR] based on a comparison of Orr’s results for forsterite
with those from later work [1991GIL/RIC]. These adjustments were not applied in
calculations in the present review. For the purposes of fitting a single function to all the
DSC and drop-calorimetry results, the uncertainties in the individual values for the DSC
heat capacities were estimated in the present review as 1.5 J·K -1·mol-1, the same as was
applied to the results of Watanabe [1982WAT].

[2012KOB/SIP]
Thermodynamic models for the systems FeSO4-H2O (– 2 to 220 °C) and FeSO4-H2OH2SO4 (0 to 100 °C, 0 to 10 mol·kg-1 H2SO4) have been developed by Kobylin et al.
[2011KOB/SIP], [2012KOB/SIP]. No new experimental work is presented. The authors
incorporated the results from a recent assessment [2012SIP] of the value for the second
dissociation constant of aqueous sulfuric acid (0 to 50 °C). As was noted in TDB-Iron
Part 1 [2013LEM/BER] with respect to a review of Zeleznik [1991ZEL],
reconsideration of the thermodynamic quantities of sulfuric acid used as “Selected
Auxiliary Data” is beyond the scope of the present review.
The Pitzer ion-interaction model was used to treat the available thermodynamic
data for the aqueous FeSO4-H2O system over a temperature range – 2 to 220 °C for
solutions having Fe(II) solutions reaching 3.58 mol·kg-1. The following thermodynamic
quantities are given in the authors’ Table A-1 and form the basis for their assignment of
solution species, although the authors concluded that a new evaluation of these
properties, including the Gibbs energy of formation and molal heat capacity, for Fe2+ was
needed. Their tabulated values were: for Fe2+, Δf H mo (298.15 K) = – 92.2600 kJ·mol-1
and Smo (298.15 K) =  105.90 J·K-1·mol-1 from the assessment of Shock and Helgeson
[1988SHO/HEL]; for SO 24  , Δf H mo (298.15 K) =  909.3400 kJ·mol-1 and S mo
(298.15 K) = 18.50 J·K-1·mol-1 from CODATA [1989COX/WAG].
The value selected by Kobylin et al. for Δf H mo (FeSO4·7H2O, cr, 298.15 K)
does not appear to have been linked directly to experimental results reported in the
literature [1963ADA/KEL], [1985VAS/DMI2]. Also, the authors have considered the
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iron(II) sulfate system in isolation from any re-evaluation of the chemical
thermodynamic quantities for other iron species. As discussed by Parker and
Khodakovskii [1995PAR/KHO] and in TDB-Iron Part 1 [2013LEM/BER], the
experimentally determined values for Δf H mo (FeSO4·7H2O, cr, 298.15 K) are more
negative than can be readily accommodated in a chemical thermodynamic network
involving other literature values such as those for the potential of the Fe3+/Fe2+ couple,
Δf H mo (FeCl2, cr, 298.15 K), Δf H mo (FeCl3, cr, 298.15 K), and Δf H mo (FeCO3, cr,
298.15 K) and heats of solution for several iron salts. Such a network should be taken
into account in any evaluation. The results of the modelling studies of Kobylin et al.
[2011KOB/SIP], [2012KOB/SIP] are not used further in the present review.

[2012LIL/SHI]
This paper by Lilova et al. is concerned primarily with the thermodynamics of NiAl2O4NiFe2O4 solid solutions, and as such is largely beyond the scope of the present review.
It includes, however, a value of Δ r H mo (298.15 K) = – (6.72 ± 2.02) kJ∙mol-1 for
formation of NiFe2O4(cr) from the oxides:
NiO(cr)  Fe 2 O3 (cr, α)

NiFe2 O4 (cr)

This value was obtained by oxide-melt solution calorimetry in molten 2PbO·B2O3 at
973 K, using samples initially held at 298.15 K before dropping into the oxide melt.
The agreement noted by the authors [2012LIL/SHI] between this value of
Δ r H mo (298.15 K) and the value of Δ r H mo (970 K) = – (5.10 ± 1.80) kJ∙mol-1 obtained
by Navrotsky and Kleppa [1968NAV/KLE] is fortuitously enhanced by their use of the
Cp-T expression for NiFe2O4(cr) from [1995ROB/HEM], which overestimates the Cp
values above ~ 570 K, and especially above the magnetic transition near 850 K (see the
Appendix A entry for [2014NEL/WHI]). Nevertheless, the consistency between the two
Δ r H mo values is still good, and both are used in the evaluation of a recommended value
for Δf H mo (NiFe2O4, cr, 298.15 K) in Section VII.3.6.2 of the main text. Preparation
conditions for NiFe2O4(cr) are also discussed there.

[2012LIL/XU]
Lilova et al. used oxide-melt solution calorimetry to determine Δf H mo for numerous
iron oxide phases, based on heats of solution in sodium molybdate (3Na2O·4MoO3) and
lead borate (2PbO·B2O3) melts at 973 and 1073 K, respectively [2012LIL/XU]. The
higher temperature for dissolution in the lead borate melt was necessary to prevent
formation of a lead platinum oxide, Pb2PtO4, on platinum crucible surfaces, which was
problematic at 973 K. The authors’ main purpose was to determine the enthalpies of
mixing of magnetite-maghemite (Fe3O4-Fe8/3O4) solid solutions, but they also used a
direct approach to obtain Δf H mo (298.15 K) values for wüstite (Fe0.947O, cr),
stoichiometric magnetite (Fe3O4, cr), and hematite (Fe2O3, cr, α) [2012LIL/XU]. Their
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aim here was proof of principle, rather than to obtain new enthalpy values for wüstite
and the stoichiometric oxides, but it is worthwhile to evaluate the Δf H mo values they
obtained.
Starting materials were commercial iron metal and various oxides of varying
purity (98 to 99.999 %, metals basis) and a synthetic specimen of stoichiometric
magnetite of known provenance. Magnetite-maghemite solid solutions were made by
controlled oxidation of commercial, oxygen-rich magnetite. The commercial wüstite
specimen, nominally Fe0.947O, was found by XRD to contain about 1.3 % magnetite
(1.6 % hematite is also mentioned in the text, but magnetite is the expected impurity in
synthetic wüstite). The magnetite-maghemite specimens contained less than 1 %
hematite. Solid iron oxides were characterised by a battery of physicochemical
techniques in addition to XRD.
In the current review, several typographic errors were noted in equations in
Table 3 of [2012LIL/XU], which describes the pertinent thermochemical cycles, and it
also appears that reported uncertainties in the enthalpies of formation of the oxides do
not include full error propagation (in particular, the contribution from the measurement
of oxidative dissolution of metallic iron to the uncertainty in Δf H mo for magnetite and
hematite).

Table A-49: Heats of solution of iron metal and iron oxides in oxide melts reported by
Lilova et al. [2012LIL/XU].
Δsln H m ± 2σ (N) (b)

T/K

Process

ΔH1 , molybdate

/kJ∙mol
– (85.21 ± 0.92) (8)

973

Fe0.947O(cr, 298 K)  0.21025O2 (g, 973 K) 
0.4735Fe2O3 (sln, 973 K)

ΔH1 , borate

– (42.68 ± 1.08) (10)

1073

Fe0.947O(cr, 298 K)  0.21025O2 (g, 1073 K) 
0.4735Fe2O3 (sln, 1073 K)

ΔH2 , molybdate

94.46 ± 0.93 (8)

973

Fe2O3 (cr, α, 298 K)  Fe2O3 (sln, 973 K)

ΔH2 , borate

182.29 ± 1.34 (8)

1073

Fe2O3 (cr, α, 298 K)  Fe2O3 (sln, 1073 K)

ΔH6 , molybdate

15.17 ± 0.95 (7)

973

2Fe3O4 (cr, 298 K)  0.5O2 (g, 973 K) 
3Fe2O3 (sln, 973 K)

ΔH6 , borate

147.58 ± 1.12 (8)

1073

2Fe3O4 (cr, 298 K)  0.5O2 (g, 1073 K) 
3Fe2O3 (sln, 1073 K)

ΔH8 , molybdate

– (384.05 ± 2.23) (8)

973

Fe(cr, 298 K)  0.75O2 (g, 973 K) 
0.5Fe2O3 (sln, 973 K)

ΔH8 , borate

Not reported

1073

Fe(cr, 298 K)  0.75O2 (g, 1073 K) 
0.5Fe2O3 (sln, 1073 K)

Quantity and
medium(a)

(a)
(b)

-1

Nomenclature for enthalpies of reaction, ΔHn , follows [2012LIL/XU].
N = number of runs.
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Selected heats of solution and derived thermodynamic quantities are shown in
Table A-49 and Table A-50, respectively. The latter table includes values recalculated
during the current review, using the reported heats of solution and CODATA enthalpy
values for O2(g) [1989COX/WAG].
Table A-50: Auxiliary data and derived thermodynamic quantities for iron oxides, based
on heats of solution in oxide melts reported by Lilova et al. [2012LIL/XU].
Quantity and medium or
phase(a)

ΔH m ±2σ (b)/kJ∙mol-1

Texperiment/ K

Process

ΔH3 , molybdate

21.773(c)

973

O2 (g, 298 K)  O2 (g, 973 K)

1073

O2 (g, 298 K)  O2 (g, 1073 K)

ΔH3 , borate

(a)

(b)

(c)

25.271

(c)

ΔH4 , molybdate

– (125.34 ± 1.02)
– (125.36 ± 1.02)

973

Fe0.947O(cr, 298 K)  0.21025O2 (g, 298 K) 
0.4735Fe2O3 (cr, α, 298 K)

ΔH4 , borate

– (124.17 ± 1.25)
– (123.68 ± 1.25)

1073

Fe0.947O(cr, 298 K)  0.21025O2 (g, 298 K) 
0.4735Fe2O3 (cr, α, 298 K)

ΔH7 , molybdate

– (121.10 ± 1.69)
– (121.08 ± 1.69)

973

Fe3O4 (cr, 298 K)  0.25O2 (g, 298 K) 
1.5Fe2O3 (cr, α, 298 K)

ΔH7 , borate

– (120.37 ± 2.39)
– (119.54 ± 2.30)

1073

Fe3O4 (cr, 298 K)  0.25O2 (g, 298 K) 
1.5Fe2O3 (cr, α, 298 K)

ΔH9 , wüstite

– (267.49 ± 2.41)
– (267.60 ± 2.30)

298

0.947Fe(cr, 298 K)  0.5O2 (g, 298 K) 
Fe0.947O(cr, 298 K)

ΔH9 , magnetite

– (1123.32 ± 2.42)
– (1123.77 ± 6.76)

298

3Fe(cr, 298 K)  2O2 (g, 298 K) 
Fe3O4 (cr, 298 K)

ΔH9 , hematite

– (829.70 ± 2.42)
– (829.90 ± 4.56)

298

2Fe(cr, 298 K)  1.5O2 (g, 298 K) 
Fe2O3 (cr, α, 298 K)

Nomenclature for enthalpies of reaction, ΔHn , follows [2012LIL/XU]; ΔH9 is equal to Δf H mo for the
given oxides.
Upper values in italics are original values from [2012LIL/XU]; lower values were recalculated in the
current review.
Uncertainties in CODATA-derived enthalpy values for O2 (g) [1989COX/WAG] are assumed to be
negligible for these calculations.

Lilova et al. [2012LIL/XU] note good agreement between their values of
Δf H mo for wüstite, magnetite, and hematite and various thermochemical data
compilations they cite. In all three cases their values are slightly more negative
(significantly so for magnetite) than the compiled values and also the recommended
values in Part 1 of the TDB-Iron review [2013LEM/BER].1 When the full error
propagation is taken into account (lower figures in Table A-50), none of the differences
1

Part 1 of the TDB review [2013LEM/BER] gives recommended thermodynamic quantities for wüstite
with the eutectoid composition, Fe0.932O , rather than Fe0.947O , which approximates the iron-rich
limiting composition between about 1050 and 1600 K.
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is significant. It is likely that the negative deviations of the Δf H mo values of Lilova et al.
[2012LIL/XU] from compiled values arise from a small error in their value for the heat
of solution of Fe(cr) in the sodium molybdate melt.
For the oxidation of magnetite to hematite:
Fe3 O4 (cr, 298 K)  0.25O2 (g, 298 K)  1.5Fe2 O3 (cr, α, 298 K)

(A.153)

the results from [2012LIL/XU] ( ΔH 7 in Table A-50) are slightly less negative than the
value obtained from the recommended standard enthalpy values in Part 1 of this review,
Δ r H mo = – (123.66 ± 1.54) kJ∙mol-1 [2013LEM/BER].
Based on the foregoing discussion, no adjustments are recommended to the
enthalpies of formation for magnetite and hematite. Most important, the relative values
of the iron-oxide solution enthalpies of Lilova et al. [2012LIL/XU], and therefore their
description of the enthalpies of mixing of magnetite and maghemite (see below), appear
to be reliable within their estimated uncertainties.
Combining our two revised values of ΔH 4 from Table A-50 and increasing the
uncertainty slightly, we obtain Δ r H mo = – (124.52 ± 1.20) kJ∙mol-1 for Reaction (A.154).
Fe0.947 O(cr, 298 K)  0.21025O2 (g, 298 K)  0.4735Fe 2 O3 (cr, α, 298 K)

(A.154)

Combining this with Δf H mo (Fe2O3, cr, α, 298.15 K) = – (826.29 ± 2.63)
kJ∙mol from TDB-Iron Part 1 [2013LEM/BER], we obtain Δf H mo (Fe0.947O, cr,
298.15 K) = – (266.73 ± 1.73) kJ∙mol-1.
-1

Results from this paper are discussed further in Sections VII.2.5.1 and VII.3.7.

[2012MAJ/DRA]
This paper reports a careful set of chemical thermodynamic measurements for several
iron(III) arsenates. The solution calorimeter was calibrated from measurement of the
heat of solution of KCl(cr) in deionized water. Values of the heats of solution at
298.15 K in 5 mol·dm-3 HCl(sln) were determined for anhydrous FeAsO4(cr), synthetic
scorodite and natural samples of parascorodite (FeAsO4∙2H2O(cr)) and kaňkite1
(FeAsO4∙3.5H2O(cr)). From these measurements, with heats of solution of KCl(cr),
KH2AsO4(cr), and γ-FeOOH∙0.162H2O(cr) [2007MAJ/MAZ], [2011MAJ] in the same
medium, and using values from standard tables [1982WAG/EVA] for the properties of
H2O(sln) and HCl(sln), values were derived for the arsenate heats of formation. The

1

The values for kaňkite [2012MAJ/DRA] were determined on natural material that was characterised
primarily by powder X-ray diffraction. Later, the authors found that kaňkite transforms to FeAsO 4·2H2O
with layered structure, and renewed attempts to solve the structure of kaňkite showed that some of the
specimens transformed spontaneously to FeAsO4·2H2O even at room temperature or upon cryogenic
treatment [2016MAJ/PAL]. Thus, the authors are now concerned about measured values for kaňkite
reported in [2012MAJ/DRA] because the sample was X-rayed only at the beginning of the calorimetric
work, not every day [2019MAJ].
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reported values for Δf H mo (FeAsO4 , cr, 298.15 K) , Δf H mo (FeAsO4∙2H2O, scorodite,
298.15 K),
parascorodite,
298.15 K)
and
Δf H mo (FeAsO4·2H2O,
Δf H mo
(FeAsO4∙3.5H2O, kaňkite, 298.15 K) were – (899.0 ± 3.0), – (1508.9 ± 2.9),
– (1506.6 ± 2.9) and – (1940.2 ± 2.8) kJ·mol-1. These enthalpy-of-formation values
depend on the value selected for Δf H mo (KH 2 AsO4 , cr, 298.15 K). The value used by the
authors was an average of – 1181.8 kJ·mol-1 based on their own measurement
((18.26 ± 0.66) kJ·mol-1) of the heat of solution of KH 2 AsO 4 (cr) in water (with
Δf H mo (H2 AsO4 , 298.15K) from the tabulation of Nordstrom and Archer
[2003NOR/ARC]) and the value – 1180.7 kJ·mol-1 for Δf H mo (KH2AsO4, cr, 298.15 K)
reported in the 1982 US-NBS tables [1982WAG/EVA].
The authors also reported the value – (1184.6 ± 2.5) kJ·mol-1 for
Δf H (KH2 AsO4 , cr, 298.15 K) based on drop-calorimetry experiments and a value of
– 917.59 kJ·mol-1 for Δf H mo (As2 O5 , cr, 298.15 K) from the review of Nordstrom and
Archer [2003NOR/ARC]. As mentioned in the main text of the present volume, the
chemical thermodynamic database for simple arsenic species needs an up-to-date
thorough documented review. When the TDB value for Δf H mo ( As 2 O5 , cr, 298.15 K) is
used, the recalculated value of Δf H mo (KH2 AsO4 , cr, 298.15 K) from the dropcalorimetry results is – 1188.9 kJ·mol-1.
o
m

A value of 18.76 kJ·mol-1 can be calculated for Δsln H mo (KH 2 AsO4 , cr,
298.15 K) using the values in [1982WAG/EVA]. In turn, that number appears to be
traceable [1929BIC], [1936BIC/ROS], [1935MEL], [1952ROS/WAG] back to the heat
of solution of KH 2 AsO 4 (cr) in water as reported by Graham [1843GRA]
(20.0 ± 1.8 kJ·mol-1) from measurements at an unspecified temperature (probably
~ 20 °C [1845GRA]). All things considered, the agreement is excellent; nevertheless, in
view of the lack of temperature control and the higher solute molality in the earlier
study, the heat of solution reported in the later studies [2010GRE/MAJ],
[2012MAJ/DRA] is to be preferred. With their result and TDB values for Δf H mo (K+,
298.15 K) and Δf H mo ( H2 AsO4 , 298.15 K), the value – (1179.96 ± 4.05) kJ·mol-1 is
calculated for Δf H mo ( KH 2 AsO4 , cr, 298.15 K). Most of the uncertainty in this value is
from the uncertainty in the value for Δf H mo ( H2 AsO4 , 298.15 K), and in the present
review the value of Δf H mo ( KH 2 AsO4 , cr, 298.15 K) from the heat of solution in water
is considered to be more reliable than the value from drop calorimetry. Using
– (1179.96 ± 4.05) kJ·mol-1 for Δf H mo ( KH 2 AsO4 cr, 298.15 K), and the TDB selected
values Δf H mo ( KCl , cr, 298.15 K) = – (436.46 ± 0.13) kJ·mol-1, Δf H mo ( γ-FeOOH cr,
Δf H mo (H 2 O , l, 298.15 K) =
298.15 K) = – (549.2 ± 2.0) kJ·mol-1 and
-1
– (285.83 ± 0.04) kJ·mol , the recalculated values for Δf H mo ( FeAsO4 cr, 298.15 K),
Δf H mo (FeAsO4  2H2 O , scorodite, 298.15 K), Δf H mo ( FeAsO4  2H 2 O , parascorodite,
298.15 K) and Δf H mo ( FeAsO4  3.5H 2 O , kaňkite, 298.15 K) are – (897.25 ± 4.70),
– (1507.18 ± 4.68), – (1504.94 ± 4.67) and – (1938.59 ± 4.66) kJ·mol-1, respectively.
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Also, heat capacities are reported for scorodite and kaňkite for temperatures
from 2 K to slightly above 300 K. Even after treatment to remove impurities, the natural
kaňkite sample was found to contain scorodite as an impurity, 9.85 mass-% as
determined by selective dissolution, and the heat capacities of kaňkite were calculated
from the molar heat capacity values using the equation:

C p (kaňkite) = [ C p (kaňkite+scorodite) – x C p (scorodite)]/(1 – x)

(A.155)

where x is 0.0985, the mass fraction of scorodite, and C p (kaňkite+scorodite) refers to
moles with respect to Fe and As. The authors fitted appropriate functions to the
scorodite and kaňkite molar heat capacities and, after integration of the functions, they
obtained the values S mo (FeAsO4·2H2O, scorodite, 298.15 K) = (188.0 ± 2.1) J·K-1·mol-1,
and Smo (FeAsO4  3.5H 2 O , kaňkite, 298.15 K) = (247.6 ± 2.8) J·K–1·mol-1; also, C po ,m
(FeAsO4·2H2O, scorodite, 298.15 K) = (185.6 ± 1.9) J·K–1·mol-1 and C po ,m
(FeAsO4·3.5H2O, kaňkite, 298.15 K) = (244.1 ± 2.4) J·K-1·mol-1. Thanks to Professor
Majzlan, the reviewer obtained lists of the experimental temperature and molar heatcapacity values. As the molar heat-capacity values were used by the authors, the
corrections for scorodite content should have been made using the mole fraction of
scorodite y (0.1088), rather than the mass fraction x. Thus,

C p (kaňkite) = [ C p (kaňkite+scorodite) – y C p (scorodite)]/(1 – y).

(A.156)

The difference in S mo ( FeAsO4  2H 2 O , scorodite, 298.15 K) is quite small, as
C p (kaňkite) is less than C p (scorodite) at low temperatures, below ~ 16.8 K, and greater
at higher temperatures. The recalculated values are: 244.9 J·K-1·mol-1 for
Cp,m (FeAsO4  3.5H2O , kaňkite, 298.15 K) and 248.3 J·K-1·mol-1 for S mo
(FeAsO4·3.5H2O, kaňkite, 298.15 K). Recalculation resulted in a value for S mo
(FeAsO4·2H2O, scorodite, 298.15 K) identical to that reported by the authors, and
185.4 J·K-1·mol-1 for Cp,m (FeAsO4  2H2 O , scorodite, 298.15 K), only slightly different
from their reported value, 185.6 J·K-1·mol-1. All these differences are within the
uncertainties reported by the authors. In the present review our recalculated S mo and
C p ,m values are accepted, but with the authors’ estimated uncertainties.
From the values of Δf H mo and S mo for scorodite, the authors report a value of
– (1284.8 ± 2.9) kJ·mol-1 for Δ f Gmo ( FeAsO4  2H 2 O , scorodite, 298.15 K) and
– (25.83 ± 0.52) for the value of log10 Ks,0 . In assessing their uncertainties the authors
appear to have ignored uncertainties in the entropies and in the auxiliary data. Also, for
the auxiliary data used, the correct comparison solubility-based value of log10 Ks,0
reported by Langmuir et al. [2006LAN/MAH] is – 26.12, not the stated
[2012MAJ/DRA] – 25.83. Using the recalculated values of Δf H mo and S mo and TDB
auxiliary data gives – (1283.27 ± 4.73) kJ·mol-1 for Δ f Gmo ( FeAsO4  2H 2 O , scorodite,
298.15 K) and – (25.30 ± 1.10) for the value of log10 Ks,0 .
The authors also measured the aqueous concentrations of total iron and total
arsenic in solutions in contact with samples of scorodite (between pH values of 1.16 and
9.02) and natural kaňkite (between pH values of 1.28 and 8.84) for three months at
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(24 ± 2) °C. The results for scorodite were similar to those from earlier studies as
summarised by Langmuir et al. [2006LAN/MAH]. For solutions with pH values above
2, the dissolution of the scorodite samples was incongruent, and this was attributed to
precipitation of poorly-crystalline hydrous iron(III) oxide, which binds only a portion of
the released arsenic [2011MAJ]. However, even at pH values below 2, the dissolution of
scorodite does not seem to be congruent; at low pH values the solution concentrations
of iron exceed those of arsenic; the Fe:As ratio in solution is 1.35 at the lowest pH used.
This suggests a different incongruent dissolution reaction in moderately strong acidic
solutions, with partial transformation of scorodite to a solid such as
Fe(H 2 AsO4 )3  xH 2 O with an As:Fe ratio greater than 1.00. The apparent similarity of
the “solubility” of the kaňkite samples in acidic solutions to the “solubility” of scorodite
suggests that the solution concentrations over natural kaňkite are primarily controlled by
the scorodite impurity.

[2012WAN/LIN]
Experiments were carried out on the transformation of iron(III) sulfate hydrates at 5, 21,
and 50 °C. The initial solids included kornelite Fe2(SO4)3·~7H2O(cr), crystalline and
amorphous iron(III) sulfate pentahydrate, rhomboclase (FeH(SO4)2·4H2O(cr)) and
ferricopiapite (Fe4.67(SO4)6(OH)2·20H2O(cr)). Samples (100 to 150 mg) were monitored
(Raman spectroscopy) in the presence of humidity buffers [1977GRE] (saturated
aqueous solutions of KNO3, KCl, NaCl, KI, NaBr, Mg(NO3)2, MgCl2, LiCl, LiBr) and
in the presence of liquid water over time intervals as long as 35016 hours (1459 days).
Except for gravimetric water analyses on final (and some intermediate) samples, the
initial hydrates and transformation products were not subjected to detailed elemental
analysis. Boundaries were put forward for the deliquescence zones for the hydrates, as
were apparent regions of stability and metastability. At least one unidentified solid also
formed during the experiments (at low relative humidity). The interconversions of
simple iron(III) sulfate hydrates with the basic hydrate, ferricopiapite, and the acidic
hydrate, rhomboclase, usually were reported to occur concurrently with deliquescence
or in some cases may have involved a thin liquid film on the surface of the solid (as
discussed earlier by Xu et al. [2009XU/TOS]). This work helps delineate regions of
stability of some of the solids in the H2O-Fe2(SO4)3 system, but no values for
thermodynamic quantities can be derived.

[2013HEN/ZUR]
Freezing temperatures were measured for aqueous solutions of iron(III) sulfates
(– (0.5 ± 0.2) to – 26.8 °C, 4.91 to 46.22 mass-% Fe2(SO4)3), and for solutions also
containing H2SO4 (– 21 to – 42 °C, 36.2 to 48.0 mass-% Fe2(SO4)3, 5 to 20 mass-%
H2SO4). For the Fe2(SO4)3-H2O system the eutectic was reported as – (26.8 ± 0.5) °C at
(36.2 ± 0.5) mass-% Fe2(SO4)3. Precipitation of the eutectic hydrate was initiated using
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a natural sample of coquimbite. Analyses of samples of the solid precipitated from the
iron-rich Fe2(SO4)3-H2O solutions (> 36.2 mass-% Fe2(SO4)3) were not reported. A
previously unreported acid-iron(III) sulfate, Fe2 (SO4 )3  H 2SO4  28H 2 O was isolated
from the Fe2 (SO4 )3 -H 2 O-H 2SO4 solutions.

[2013SCH/HEN]
The compound Fe2(SO4)3·H2SO4·28H2O(cr) was prepared at temperatures between 235
and 239 K from acid solutions of Fe2(SO4)3. Studies of the compound at 100 and 200 K
were reported, and the crystal structure was determined.

[2013SHI/ZHA]
This is the first in a series of papers by these authors (also including [2013SHI/ZHA2],
[2013SHI/ZHA3]), in which heat-capacity measurements for several iron phosphate
compounds are reported. Measurements were obtained using the heat-capacity option of
the Quantum Design Physical Measurement System for temperatures between 1.9 and
303 K. The instrument uses a relaxation technique, applying a pulse of electrical heating
at a specific initial temperature, then following the change in temperature of the sample
during the consequent heating and cooling period. The procedure used small amounts of
powdered samples and is suitable for determining heat capacities to within 1 % for
temperatures between 22 and 300 K, and 2 to 5 percent for temperatures less than 20 K
[2010SHI/SNO], [2010WOO], [2011SHI/BOE]. In the sets of measurements, including
those in the other papers [2013SHI/ZHA2], [2013SHI/ZHA3], the sparse measured heat
capacities above 270 K, are more scattered than those at temperatures between 180 and
270 K.
This first paper reports measurements performed for Fe(PO3)3·0.128H2O(cr)
and Fe2P2O7(cr). The latter solid was prepared by reduction of α-FePO4 with 10 % H2(g)
in argon at 580 °C for six hours [2010ZHA]. The sample of Fe(PO3)3·0.128H2O(cr) was
apparently prepared [2010ZHA] by reaction of a stoichiometric mixture of Fe2O3 with
NH4H2PO4, at 500 °C for six or more hours to remove ammonia and water, followed by
heating for 12 hours at 800 °C. Thus, the polymorph was undoubtedly the same
(monoclinic) form (“type C”) described by dYvoire [1962YVO2] and as used by Rojo
et al. [2003ROJ/PIZ]. Evidence was found for phase transitions at 18.96 K for
Fe2P2O7(cr) and at 8.76 K for Fe(PO3)3·0.128H2O(cr). The water content of the sample
of Fe(PO3)3·0.128H2O(cr) was determined by TGA, but information is not provided
about the reasons for using a hydrated sample, nor is the dehydration temperature given.
There is no indication in Zhang’s thesis [2010ZHA] or earlier papers by Zhang et al.
[2010ZHA/GHU], [2011ZHA/SCH] that samples of Fe(PO3)3(s), prepared in this
manner had any associated water.
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The authors fitted appropriate temperature-dependent functions to their heatcapacity data, and by integration they obtained values of (220.50 ± 2.43) and
S mo ( Fe2 P2 O7 , cr, 298.15 K) and
S mo
(215.69 ± 2.37) J·K-1·mol-1 for
(Fe(PO3)3·0.128H2O, cr, 298.15 K), respectively. Their reported smoothed values for
C po ,m (Fe2P2O7, cr, 298.15 K) and C po ,m (Fe(PO3)3·0.128H2O, cr, 298.15 K) were
(196.38 ± 2.16) J·K-1·mol-1 and (208.48 ± 2.29) J·K-1·mol-1, respectively. In the present
review similar analyses were carried out for the solids described in this and the
subsequent papers in the series [2013SHI/ZHA2], [2013SHI/ZHA3] using arbitrary
fitting functions. Entropy-difference values T0 K S o were consistent with those reported
by the authors, with agreement generally within 0.3 J·K -1·mol-1, well within the
uncertainty limits indicated by the authors. Most of the small differences can be
attributed to methods used for extrapolation below 2 K and rounding difficulties in
using the fitting parameters.
A three-parameter function ( C po ,m = aT + bT 3 + cT 5; a = 0.040697 J·K-2·mol-1,
b = 0.23824 J·K-4·mol-1, c = – 0.011466 J·K-6·mol-1) was reported by the authors to
have been used for extrapolation to T = 0 K for Fe(PO3 )3  0.128H 2 O(cr) . Although this
provides a good fit to the experimental points, it does not generate the values of C po ,m in
the authors’ Table 4 (especially for 1 K). According to a communication from two of
the authors [2013SHI/WOO], the low-temperature Table 4 values for
o
Fe(PO3 )3  0.128H 2 O(cr) were based on use of a simpler extrapolation function, C p ,m =
aT + bT 3, a = 0.29778 J·K-2·mol-1, b = 0.12822 J·K-4·mol-1. That simpler function does
not generate an acceptable extrapolation of C po ,m /T as a function of temperature below
2 K, and likely led to an overestimation of about 0.2 J·K-1·mol-1 in the reported value of
S mo ( Fe(PO3 )3  0.128H 2 O , monoclinic, 298.15 K)—but still well within the authors’
estimated uncertainty limits. A revised value of 215.40 J·K -1·mol-1 was suggested
[2013SHI/WOO] for S mo ( Fe(PO3 )3  0.128H 2 O , monoclinic, 298.15 K). This and the
other smoothed values proposed by the authors are accepted in the present review.
If the corrections [2003MAJ/LAN] used previously [2013LEM/BER] for
measurements on iron-oxide samples containing small amounts of water are applied to
the values for Fe(PO3 )3  0.128H 2 O (monoclinic), thus treating the associated water as
hexagonal ice (Ih), then S mo ( Fe(PO3 )3 , cr, 298.15 K) = (210.1 ± 3.0) J·K-1·mol-1 and
C po ,m (Fe(PO3)3), monoclinic, 298.15 K) = (203.2 ± 3.0) J·K-1·mol-1. The uncertainties
are estimated in the present review. If the correction calculation treats the associated
water as zeolitic water,1 then S mo ( Fe(PO3 )3 , monoclinic, 298.15 K) would be
approximately 0.3 J·K-1·mol-1 less, 209.8 J·K-1·mol-1.

1

Treatment as zeolitic water might imply absorption of water post-synthesis, i.e., during sample storage, as
opposed to residual hydroxyls in solid solution that survived the synthesis.
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[2013SHI/ZHA2]
Using methods described in a previous paper (cf. the discussion above of
[2013SHI/ZHA]),
heat-capacity
measurements
for
and
FePO4 (cr)
II
III
Fe Fe 2 (P2 O7 )2 (cr) were obtained over the temperature range 2-300 K, and
temperature-dependent functions fitted to the results were integrated to obtain values for
S mo of these solids at 298.15 K. The FePO4 (cr) sample was prepared [2010ZHA] by
dehydration of the commercial hydrated solid (Alfa AESAR). Dehydration at that
temperature should have resulted in formation of the trigonal form of the solid
[2002SON/YAN]. Fe3 (P2 O7 )2 (cr) was prepared by reaction of equimolar amounts of
Fe2 PO5 (s) with Fe(PO3 )3 (cr) in a sealed silica ampoule at 900 °C for 12 hours
[2010ZHA]. The reported values for C po ,m (FePO 4 , cr, 298.15 K) and Smo (FePO4 , cr,
298.15 K), C po ,m (Fe3 (P2 O 7 ) 2 , cr, 298.15 K) and Smo (Fe3 (P2 O7 )2 , cr, 298.15 K) were
(101.96 ± 1.12) J·K−1·mol-1, (122.21 ± 1.34) J·K-1·mol-1, (346.00 ± 3.46) J·K-1·mol-1
and (384.12 ± 4.23) J·K-1·mol-1, respectively. These values are accepted, based on the
verification procedure described for [2013SHI/ZHA].

[2013SHI/ZHA3]
Using methods described in a previous paper (cf. the discussion above of
[2013SHI/ZHA]), heat-capacity measurements for Fe3 PO7 (cr) and Fe4 (P2 O7 )3 (cr)
were obtained over the temperature range 2-300 K, and temperature-dependent
functions fitted to the results were integrated to obtain values for S mo of these solids at
298.15 K. Fe3 PO7 (cr) was prepared by reaction of stoichiometric amounts of
FePO4 (s) with Fe2 O3 (s) at 950 °C for 12 hours and then 1050 °C for 72 hours;
Fe4 (P2 O7 )3 (cr) by heating a 1:3 mixture of FePO4 (s) with Fe(PO3 )3 (s) for 12 hours
at 800 °C and then at 940 °C for 72 hours [2010ZHA]. The reported values for
C po ,m (Fe3 PO 7 , cr, 298.15 K) and Smo (Fe3 PO7 , cr, 298.15 K), C po ,m (Fe 4 (P2 O 7 )3 , cr,
298.15 K) and S mo ( Fe4 (P2 O7 )3 , cr, 298.15 K) were (211.44 ± 2.33) J·K-1·mol-1,
(219.73 ± 2.42) J·K-1·mol-1, (503.44 ± 5.54) J·K-1·mol-1 and (561.03 ± 6.17) J·K-1·mol-1,
respectively. These values are accepted, based on the verification procedure described
for [2013SHI/ZHA].

[2013SNO/LIL]
Snow et al. reported heat-capacity and solution-calorimetry measurements on a two-line
ferrihydrite specimen with unusually low water content, FeOOH  0.027H 2 O
[2013SNO/LIL]. This material was prepared by a novel synthesis using a mixture of
solids, NH4HCO3 and Fe(NO3)3·9H2O, which formed a wet slurry on contact. Chemical
analysis of the rinsed, dried product indicated < 0.1 mass-% of impurity elements (sum
of Al, Ca, Cr, K, and Mn ), no measurable C or N residues, and the water content
given above. Examination by TEM revealed particles in the 2-5 nm size range.
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Heat-capacity measurements were performed on a 17.01-mg specimen bound
by Apiezon N grease, using a Quantum Design physical-properties measurement
system. Fifty-nine measurements were tabulated for the temperature range 1.951 ≤ T/K
≤ 302.491. The data set is weighted towards low temperatures, with 23 measurements
below 20 K and only ten measurements above 200 K. A weak, broad anomaly at ~ 250290 K was attributed to irreproducible behaviour by the Apiezon N grease; this was
corrected by fitting intermediate-temperature C p data (50-250 K) to a Debye-Einstein
equation, which was then extrapolated to 302 K [2013SNO/LIL]. This procedure
yielded the following entropy and heat-capacity values:
298.15 K
0K

ΔSmo ( FeOOH  0.027H2 O , s, 2L-ferrihydrite) = (71.67 ± 0.20) J∙K-1∙mol-1,

C po ,m ( FeOOH  0.027H2 O , s, 2L-ferrihydrite, 298.15 K) = (79.46 ± 0.20) J∙K-1∙mol-1.
Note that the entropy value does not include a configurational (zero-point) term, which
may be a significant contributor to S mo for this disordered, near-amorphous material.
Adjustment of these values to the nominal stoichiometric composition
is potentially helpful for some calculations, but introduces additional
uncertainty, depending on whether the additional water is considered to be chemisorbed,
liquid-like, ice-like, or some intermediate state. For example, “ice-like” treatment
(following the procedure used by Majzlan et al. [2003MAJ/LAN]) yields:
FeOOH

298.15 K
0K

ΔSmo ( FeOOH , s, 2L-ferrihydrite) = 70.55 J∙K-1∙mol-1,

C po ,m ( FeOOH , s, 2L-ferrihydrite, 298.15 K) = 78.35 J∙K-1∙mol-1,
whereas “water-like” treatment (as used by Snow et al. [2013SNO/LIL])
yields:
298.15 K
0K

ΔSmo ( FeOOH , s, 2L-ferrihydrite) = 69.78 J∙K-1∙mol-1,

C po ,m ( FeOOH , s, 2L-ferrihydrite, 298.15 K) = 77.43 J∙K-1∙mol-1.
Assuming that these two treatments bracket the true situation, we obtain:
298.15 K
0K

ΔSmo ( FeOOH , s, 2L-ferrihydrite) = (70.2 ± 0.6) J∙K-1∙mol-1,

C po ,m ( FeOOH , s, 2L-ferrihydrite, 298.15 K) = (77.9 ± 0.6) J∙K-1∙mol-1.
For further discussion of the thermodynamics of adsorbed water on hydrous iron oxide
surfaces, see [2007MAJ/MAZ] and [2011SNO/SMI].
Physical contributions to the low-temperature heat capacity are discussed in
detail by Snow et al. [2013SNO/LIL], who concluded that their specimen was
ferrimagnetic, consistent with previous studies of two-line ferrihydrite
[1998JAM/DUT], but with an anisotropic term probably associated with particle shape.
Snow et al. [2013SNO/LIL] also report a value of Δ sol H m (298.15 K) =
− (49.12 ± 0.36) kJ∙mol-1 for dissolution of their two-line ferrihydrite in 5 M HCl, based
on three measurements using a Calorimetry Sciences Corporation CSC 4400 isothermal
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microcalorimeter. From this they derived the following enthalpies of formation for their
slightly hydrated specimen and for hypothetical FeOOH with no excess water, again
assuming liquid-like enthalpy for the 0.027 mole of excess water:1

Δf H mo ( FeOOH  0.027H2 O , s, 2L-ferrihydrite, 298.15 K) = – (542.3 ± 0.8) kJ∙mol-1,
Δf H mo ( FeOOH , s, 2L-ferrihydrite, 298.15 K) = – (534.6 ± 1.0) kJ∙mol-1.
These values are based on comparison with a value of Δsln H m (298.15 K) =
− (54.94 ± 1.17) kJ∙mol-1 for dissolution of hematite ( α-Fe 2 O3 ) in 5 M HCl ( ΔH 2 of
[2013SNO/LIL]). Unfortunately, this value does not appear to have been properly
corrected from the experimental value of Δsln H m (340 K) = – (50.45 ± 1.17) obtained by
Majzlan et al. [2003MAJ/GRE], nor do all the necessary data to make this correction
appear to be available. It is therefore preferable to compare enthalpies of solution with
the 298.15 K data for lepidocrocite ( γ-FeOOH ) from another paper by Majzlan et al.
[2007MAJ/MAZ]. Furthermore, corrections for the excess water content by Snow et al.
[2013SNO/LIL] are based on the enthalpy of formation, rather than combined
enthalpies of adsorption and dilution, of H 2 O .
Majzlan et al. [2007MAJ/MAZ] measured heats of solution for four different
lepidocrocite specimens with different specific surface areas (42.5 to 103.3 m2∙g-1) and
excess water content (0.162 to 0.24 mol H 2 O per mol FeOOH ), and also obtained
heats of water adsorption as a function of surface coverage for the same four specimens.
This enabled them to make separate corrections to the heats of solution for surface area
and adsorbed water. Results were calibrated with a previously determined value of
Δf H mo (FeOOH , cr, γ, 298.15 K) = – (549.4 ± 1.4) kJ∙mol-1 for material with a specific
surface area of 42.5 m2∙g-1 [2003MAJ/GRE]. This was adjusted to Δf H mo ( FeOOH , cr,
γ, 298.15 K) = − (549.2 ± 2.0) kJ∙mol-1 in Section VII.2.11.2 of TDB-Iron Part 1. The
heat of solution of this lepidocrocite in 5 M HCl at 298.15 K, corrected for the surfacewater contribution, is – 47.2 kJ∙mol-1 (Table 3 of [2007MAJ/MAZ]). This can be
compared with the value of Δsln H m (298.15 K) = – (49.12 ± 0.36) kJ∙mol-1 for
dissolution of two-line ferrihydrite with the composition FeOOH  0.027H 2 O in 5 M
HCl from Snow et al. [2013SNO/LIL]. Based on the corrections for dissolution of
hydrated solids to obtain the H4 values presented in Table 3 of [2007MAJ/MAZ], an
adjustment of − (0.2 ± 0.1) kJ∙mol-1 to the heat of solution in [2013SNO/LIL] was
estimated, yielding a value of Δsln H m (FeOOH, s, ferrihydrite, 298.15 K) =
− (49.3 ± 0.4) kJ∙mol-1 for “anhydrous” two-line ferrihydrite, i.e., stoichiometric
FeOOH . This then yields a TDB-consistent enthalpy of formation:

Δf H mo ( FeOOH , s, 2L-ferrihydrite, 298.15 K) = Δf H mo ( FeOOH , s, γ, 298.15 K)
– Δsln H m ( FeOOH , s, 2L-ferrihydrite, 298 15 K) + Δ sol H m (FeOOH, s, γ, 298.15 K)

1

There are some typographic errors in the enthalpy values given in the final paragraph of Section 3 of
[2013SNO/LIL].
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= – (549.2 ± 2.0) + (49.3 ± 0.4) – 47.2 kJ∙mol-1 = – (547.1 ± 2.1) kJ∙mol-1.
Note that the uncertainty in Δsln H m ( FeOOH , cr, γ, 298.15 K) is already included in the
value of Δf H mo ( FeOOH , cr, γ, 298.15 K).
The margin of metastability for two-line ferrihydrite, relative to lepidocrocite
(itself a metastable phase), thus appears to be minimal:
FeOOH , s, 2L-ferrihydrite, 298.15 K

 FeOOH , s, γ, 298.15 K,

 r Gmo =  r H mo − T r Smo = – (0.6 ± 0.6) kJ∙mol-1.
This result is surprising, since the thermodynamic values obtained in Part 1 of this
review (as summarized in Sections VII.2.15.1 and VII.2.16 of TDB-Iron Part 1) indicate
that six-line ferrihydrite is stable with respect to two-line ferrihydrite by
(2.5 ± 1.0) kJ∙mol-1, but metastable with respect to lepidocrocite by a margin of about
6.6 kJ∙mol-1. This indicates a discrepancy of about 8.5 kJ∙mol-1 in the Gibbs energy
value of two-line ferrihydrite between the results derived here from [2013SNO/LIL] and
that derived in TDB-Iron Part 1.

[2013TAV/NAV]
The enthalpies of formation of a series of Fe-Ni monosulfide solid solutions were
obtained by oxide-melt solution calorimetry in molten sodium molybdate with the
composition 3Na 2 O  4MoO3 at 702 °C. The phases studied were stoichiometric
Fe0.919S,
(Fe0.802 Ni0.198 )0.927S ,
(Fe0.601 Ni0.399 )0.934S ,
(Fe0.406 Ni0.594 )0.934S ,
(Fe0.403 Ni0.597 )0.918S ,
(Fe0.401 Ni0.599 )0.899S , (Fe0.202 Ni0.798 )0.938S , Ni 0.924S , Ni 0.953S and
Ni 0.982S . Only the first composition Fe0.919S is relevant for the current review.
The calorimetric measurements correspond to the process ΔH1 = ΔH ds ,
(Fe1−xNix)1−z S(cr, 25 °C) + [1.5 + 0.75(1 − z) − 0.25(1 − z)x]O2 (g, 702 °C)
= (1 − z)(1 − x)Fe3+ (sln, 702 °C) + (1 – z)x Ni2+ (sln, 702 °C)+ SO42− (sln,
702 °C) + [1.5(1− z) − 0.5(1 − z)x − 1]O2−(sln, 702 °C)
(0 ≤ x ≤ 1; 0.919 ≤ (1 – z) ≤ 0.982)
for which the enthalpy change ΔHds was used as given in the authors’ Table 2, and
where sln refers to species dissolved in the oxide melt.
The thermodynamic cycle for extracting the enthalpy of formation of the solid
iron sulfide involves the following seven auxiliary processes and defined enthalpy
changes (the numbering used by Tavakoli and Navrotsky [2013TAV/NAV] is
retained):1

1

Note a typographic error in the original paper [2013TAV/NAV] in the physical state of SO 3 in the third
and fourth equations (given as “s” rather than “g”).
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Fe2 O3 (cr, 25  C)  2 Fe3 (sln, 702  C)  3O2 (sln, 702  C) ; ΔH 2 = 95.2 ± 0.8
kJ·mol-1;
NiO(cr, 25  C)  Ni 2 (sln, 702  C)  O2 (sln, 702  C) ; ΔH 3 = 31.3 ± 0.6 kJ·mol-1;
S(s, 25  C)  1.5O2 (g, 25  C)  SO3 (g, 25  C) ; ΔH 4 = – 395.7 ± 0.7 kJ·mol-1;

SO3 (g, 25  C)  O2 (sln, 25  C)  SO42 (sln, 702  C) ; ΔH 5 = – 203.8 ± 2.1 kJ·mol-1;
2 Fe(s, 25  C)  1.5O2 (g, 25  C)  Fe2 O3 (s, 25  C) ; ΔH 6 = – 826.2 ± 1.3 kJ·mol-1;
Ni(s, 25  C)  0.5O2 (g, 25  C)  NiO(s, 25  C) ; ΔH 7 = – 239.3 ± 0.4 kJ·mol-1;
O2 (g, 25  C)  O2 (g, 702  C) ; ΔH 8 = – 21.8 ± 0.0 kJ·mol-1.

The enthalpy of formation of an individual pyrrhotite-phase composition is then defined
as: ΔH 9 = Δf H mo ( (Fe1 x Ni x )1 z S , cr, 298.15 K), which is calculated by using the
equation:

ΔH9  H1  0.5(1  z )(1  x)H 2  (1  z ) xH 3  H 4  H5  0.5(1  z )(1  x)H 6
(1  z ) xH 7 – 1.5  0.75(1  z ) – 0.25(1  z ) x  H8

The iron sulfide Fe0.919S was synthesized from a mixture of pure Fe and S powders,
pelletized in a glove box filled with N2, the pellet being transferred into a cast-alumina
ceramic crucible with a lid and then placed in a silica tube and vacuum-sealed. The tube
was first heated at 200 °C for 24 hours, then heated at a rate of 2 °C/min to 750 °C,
holding this temperature for 36 hours and finally quenched in cold water, without any
subsequent annealing process. The sample was characterised by powder X-ray
diffraction (Rietveld refinement; lattice parameters: a0 = 0.34491(5) nm, c0 =
0.57519(7) nm) and electron-microprobe analysis. The Rietveld analysis showed the
simple hexagonal NiAs -type crystal structure expected for a quenched sample.
Only one original experimental value determined by Tavakoli and Navrotsky
[2013TAV/NAV] was used for the auxiliary calorimetric values: ΔH 3 = (31.3 ± 0.6)
kJ.mol-1. The remaining values were taken either from [2010XU/NAV]: ΔH 2 and ΔH 5
, or from [1995ROB/HEM]: ΔH 4 , ΔH 6 , ΔH 7 and ΔH 8 . For adjusted calculations in
the current review, the values for ΔH 2 and ΔH 5 from [2010XU/NAV] were retained,
as well as the value for ΔH 3 , while the following values were substituted for the other
auxiliary data:

Δf H mo ( SO3 , g) = – (395.9 ± 0.7) kJ∙mol-1, as discussed in the Appendix A entry for
[2010XU/NAV];
Δf H mo ( Fe2 O3 , cr, α, 298.15 K) = ΔH 6 = – (826.29 ± 2.63) kJ.mol-1 from Part 1 of the
TDB-Iron review [2013LEM/BER];
Δf H mo ( NiO , cr, 298.15 K) = ΔH 7 = – (239.7 ± 0.4) kJ.mol-1 from the TDB-Nickel
review [2005GAM/BUG]; and
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ΔH (O2, g) = (21.836 ± 0.003) kJ.mol-1, derived from CODATA tables
[1989COX/WAG].
ΔH 8 =

975 K
298.15 K

The following enthalpy of formation was obtained by [2013TAV/NAV]:

Δf H mo (Fe0.919S, cr, 298.15 K) = – (96.1 ± 2.8) kJ.mol-1.
Recalculation using the revised auxiliary data, noted above, yielded the following,
marginally different value:

Δf H mo (Fe0.919S, cr, 298.15 K) = – (96.4 ± 2.9) kJ.mol-1.
This value is discussed further in Section IX.1.1.1.2.2.4 of the main text.
The enthalpies of formation at 298.15 K for quenched solid solutions indicated
near-zero enthalpies of mixing for the nickel and iron sulfide components of the solid
solutions [2013TAV/NAV]; minor adjustments of auxiliary data do not alter this
conclusion.

[2014NEL/WHI]
In this paper, Nelson et al. report measurements of the thermophysical properties,
including heat capacity, of synthetic NiFe2 O4 (cr) . This material was prepared by melt
mixing, followed by cold pressing and sintering, from pre-dried, high-purity NiO and
Fe2O3 precursors (the form of Fe2O3 was not specified but was probably hematite). The
final treatment of pressed discs (10 mm diameter, 1.5-2.0 mm thick) consisted of
sintering at 1823 K for 2 h, then annealing in air at 1523 K for 48 h. This yielded discs
with 89-91 % theoretical density (based on a theoretical value of 5.164 g∙cm-3).
Heat-capacity values between 313 and 1473 K were obtained by DSC, using a
Netzsch Thermal Analysis model 404C instrument at a heating rate of 20 K∙min-1 under
a flowing argon atmosphere (20 cm3∙min-1), with a sapphire standard. The temperature
was calibrated by the onset of melting of In, Bi, Al, and Au .
Data are presented, and compared with those from Ziemniak et al.
[2007ZIE/ANO2] in Figure 2 of [2014NEL/WHI]. The data are not tabulated, but the
lead author (Andrew T. Nelson) kindly provided a file including 211 C p values for
temperatures between 317 and 1372 K, each of these being an average from three
separate specimens. These data are depicted, together with the 29 heat-capacity
measurements between 53 and 296 K from King [1956KIN], in Figure A-57. Note the
large λ-type feature in the heat-capacity curve, corresponding to the antiferromagneticto-paramagnetic transition, with a peak at 864 K, slightly higher than the value of 858 K
reported by Ziemniak et al. [2007ZIE/ANO2]. Overall, good agreement was obtained
by Nelson et al. [2014NEL/WHI] with the heat-capacity curve and data in Figure 5 of
[2007ZIE/ANO2].
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There is a slight mismatch between the data of [1956KIN] and
[2007ZIE/ANO2] near 300 K, with the latter showing a marked negative deviation at
temperatures below 350 K. An empirical, polynomial bridging function was obtained by
fitting the data of [1956KIN] above 225 K (eight points) and those of [2007ZIE/ANO2]
between 360 and 450 K (18 points), and applying a weighting factor of three to the
[1956KIN] data. Additional polynomial functions were obtained by fitting the data from
[2007ZIE/ANO2] for the temperature ranges 400-830 and 900-1370 K. Entropy and
enthalpy changes for the interval from 830 to 900 K were obtained by numerical
integration of the C p data, since the peak of the lambda-type feature is not satisfactorily
fitted by polynomial functions, as previously described for hematite and magnetite
(Sections VII.2.2.2 and VII.2.7.1.5 of TDB Iron Part 1 [2013LEM/BER]).
The following recommended thermodynamic quantities and C p functions were
obtained and carried over to Section VII.3.6.1 of the main text:

C po ,m ( NiFe2 O4 , cr, 298.15 K) = (144.8 ± 2.0) J∙K-1∙mol-1;
447.7 K
-1
-1
–4
2
[C po ,m ]298.15
K ( NiFe 2 O 4 , cr, T)/J∙K ∙mol = – (6.829 × 10 )∙(T/K) + 1.1780∙(T/K) –
452.51 + (1.3695 × 105)∙(T/K)-1 − (1.3561 × 107)∙(T/K)-2;

K
-1
-1
–4
2
[C po ,m ]830
447.7 K ( NiFe 2 O 4 , cr, T)/J∙K ∙mol = (5.4907 × 10 )∙(T/K) – 0.95166∙(T/K) +
825.16 – (1.7216 × 105)∙(T/K)-1 + (1.0343 × 107)∙(T/K)-2;

910 K
830 K

ΔSmo ( NiFe2 O4 , cr) = (19.63 ± 1.30)J∙K-1∙mol-1;

910 K
830 K

ΔH mo ( NiFe2 O4 , cr) = (17.04 ± 1.12) kJ∙mol-1;

K
-1
-1
-3
2
[C po ,m ]1370
910 K ( NiFe 2 O 4 , cr, T)/J∙K ∙mol = – (2.799578 × 10 )∙(T/K) + 12.40767∙(T/K)
4
7
-1
– 1.988417 × 10 + (1.401346 × 10 )∙(T/K) – (3.554504 × 109)∙(T/K)-2.

The uncertainties in the three temperature-dependent heat-capacity equations, for
integration over their full temperature ranges, based on the estimated errors provided by
Nelson, are 3.2 %, 4.1 %, and 4.1 %, respectively.
An alternative approach to using the entropy and enthalpy increments for the
interval from 830 to 910 K is to extend the second and third heat-capacity equations to
cover the ranges 447.7 to 873.3 K and 873.3 to 1370 K, and including (as a correction
term) a fictive isothermal transition at 873.3 K with Δ tr H mo = 0.39 kJ∙mol-1 and Δ tr Smo
= 0.45 J∙K-1∙mol-1. The value of 873.3 K is a fitted parameter that depends on the
empirical heat-capacity equations, and does not correspond to the peak of the lambdatype feature.
Note that the recommended value of C po ,m ( NiFe2 O4 , cr, 298.15 K) is slightly
lower and less precise than the value of (145.7 ± 0.2) J∙K-1∙mol-1 obtained by fitting
King’s low-temperature data alone and extrapolating to 298.15 K (see the Appendix A
entry for [1956KIN]). The corresponding reduction in S mo ( NiFe2 O4 , cr, 298.15 K) is
only ~ 0.1 J∙K-1∙mol-1. The entropy of NiFe2 O4 (cr) is discussed further in Section
VII.3.6.1 of the main text.
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Figure A-57: Heat-capacity data for NiFe2 O4 (cr) from [1956KIN], [2014NEL/WHI],
and as measured by [2014NEL/WHI] from [2007ZIE/ANO2]. The bold, solid line
represents the fitted expression derived in the current review to bridge the low- and
high-temperature data sets. The dashed line represents the Cp -T relationship proposed
by Mah and Pankratz [1976MAH/PAN] and adopted by Robie and Hemingway
[1995ROB/HEM].
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[2014SAH/RAW]
The authors used a commercial temperature-modulated differential scanning calorimeter
to measure the heat capacity of Fe2 TeO6 (cr) from 300 to 870 K using a small sample
(between 50 and 60 mg). The instrument was calibrated by comparison with
measurements using samples of sapphire (synthetic α-Al2 O3 ), and this appears to have
been done using unattributed (but well-established) heat-capacity values supplied by the
calorimeter manufacturer (possibly based on the excellent measurements of Ditmars et
al. [1982DIT/ISH] as also discussed by Gmelin and Sarge [1995GME/SAR] and
references therein).
A least-squares treatment was reported to give:

C po ,m ( Fe2 TeO6 , cr)/J·K-1·mol-1
= 211.575 + 10.44 × 10-3 (T/K) – 4.43 × 106(T/K)-2 for 300 to 870 K
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and a value of 164.8 J·K-1·mol-1 is reported for C po ,m ( Fe2 TeO6 , cr, 298.15 K) in the
supplementary material for the paper.
The measurements appear to have been done with considerable care, but
without addressing difficulties in carrying out accurate high-temperature DSC
measurements discussed by Venkata Krishnan and Nagarajan [2010VEN/NAG]. The
results of Sahu et al. are not in good agreement with those of Dawar et al.
[2015DAW/JAI] who carried out a careful drop-calorimetry study on Fe2TeO6(cr), and
which is discussed further in the Appendix A entry for that paper.
The authors also tabulated (their Table 8) heat-capacity equations for
Fe2TeO5(cr), Fe2 Te3O9 (cr) and Fe2 Te4 O11 (cr) , and referenced these to Gospodinov
and Atanasova [2008GOS/ATA]. However, the heat-capacity coefficients given for
Fe2 TeO5 (cr) and Fe2 Te3 O9 (cr) are not those reported in the original paper
[2008GOS/ATA], and are even a poorer fit to the original data. For Fe2 Te4 O11 (cr) two
of the heat-capacity coefficients do appear to be values rounded from the reference
[2008GOS/ATA], but the coefficient for the term in T-2 is a factor of ten smaller than
the originally reported value [2008GOS/ATA] and has the wrong sign.
The authors also used a transpiration method to measure partial pressures of
TeO2(g) over Fe2TeO6(cr) at temperatures between 949 and 1053 K. From these and
auxiliary data referenced to Barin [1995BAR] the authors applied a second-law
treatment to generate values of Δ f Gmo ( Fe2 TeO6 , cr, 298.15 K), Δf H mo ( Fe2 TeO6 , cr,
298.15 K) and estimated a value for S mo ( Fe2 TeO6 , cr, 298.15 K). Although the equation
in the authors’ Table 4 appears to have been used to calculate values for Δ f Gmo ( TeO2 ,
g, T), the values actually reported by Barin [1995BAR] for temperatures between 900
and 1100 K are ~ 4 kJ·mol-1 more negative than the values from the equation. The
values from the equation in the authors’ Table 4 (and used to derive the values in the
authors’ Table 3) actually correspond better to values of Δf Gmo (TeO2 , g, T) from other
sources [1990COR/KON], [2001KRI/SIN]. In the present review, the reported volumes
of gas were converted to moles using the tables of Stewart et al. [1991STE/JAC], and
values of Δ f Gmo ( Fe2 TeO6 , cr) at 949 to 1053 K were recalculated based on the TDB
values for Δ f Gmo (Fe2O3, α, T) and values of Δ f Gmo ( TeO2 , g, T) from Krishnan et al.
[2001KRI/SIN]. This permits comparison of values of Δ f Gmo ( Fe2 TeO6 , cr) with those
from the earlier work [2001KRI/SIN], but the possible effects of formation of minor
gas-phase species other than TeO 2 (g) (such as were discussed by Lakshmi
Narasmimhan et al. [2005LAK/SAI]) were not incorporated in the recalculations.
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Table A-51: Recalculated values of Δ f Gmo (Fe2TeO6, cr) at 949 to 1053 K based on the
work of Sahu et al. [2014SAH/RAW].
T/K
949
950
950
989
1004
1018

Δ f Gmo (Fe2TeO6, cr)/kJ·mol-1
– 767.9
– 764.8
– 767.5
– 740.2
– 731.3
– 724.8

T/K
1024
1026
1033
1040
1052
1053

Δ f Gmo (Fe2TeO6, cr)/kJ·mol-1
– 718.8
– 722.8
– 717.1
– 711.2
– 706.1
– 704.6

[2015DAW/JAI]
The authors measured the vapour pressure of TeO 2(g) over [Fe2TeO6(cr) + Fe2O3(cr)]
mixtures from 1103 to 1203 K using a thermogravimetric transpiration technique (the
form of “Fe2O3(s)” was not specified but was probably hematite). From their results the
authors calculated (–(1276.3 – 0.507(T/K)) ± 6.0) kJ·mol-1 for Δ f Gmo (Fe2TeO6, cr) over
that temperature range. These results are reasonably consistent with those extrapolated
from the work of Krishnan et al. [2001KRI/SIN] for 979 to 1052 K. Inverse drop
calorimetry was used to determine [ H mo (T/K) – H mo (298.15 K)] for values of T
between 483 and 1083 K. From a third-law analysis using the vapour-pressure
measurements, an equation for C po ,m (Fe2TeO6, cr, T) based on the enthalpy
measurements, and a value of 165.3 J·K-1·mol-1 estimated for S mo (Fe2TeO6, cr,
298.15 K) from a Neumann-Kopp calculation1, a value of – (1318.1 ± 0.9) kJ·mol-1 was
reported for Δf H mo (Fe2TeO6, cr, 298.15 K).
A commercial high-temperature drop calorimeter (SETARAM MHTC-96) was
used to determine values of [ H mo (T) – H mo (298)] for furnace temperatures between 483
and 1083 K. Measurements were made by alternately dropping samples of Fe2TeO6(cr)
and reference α-alumina pellets (SRM 720) [1982DIT/ISH], initially held at an
unspecified “ambient” temperature (room temperature), into a furnace at the specified
high temperature, and comparing the calorimetric signals. The authors suggest
reasonable uncertainties of 2 kJ·mol-1, though Jendrzejczyk-Handzlik et al.
[2014JEN/HAN] have suggested that with this procedure the uncertainties might be as
small as 0.25 kJ·mol-1. Rather strangely, although the authors questioned the accuracy
of the DSC methods used by Sahu et al. [2014SAH/RAW], citing Venkata Krishnan
and Nagarajan [2010VEN/NAG], and expressed doubts about the values of C po ,m
o
(Fe2TeO6, cr) reported by Sahu et al. [2014SAH/RAW], they then used the C p ,m

1

Their calculation used 87.446 J·K-1·mol-1 for S mo (Fe2O3, cr, α, 298.15 K) [1991KNA/KUB] and 77.9
J·K-1·mol-1 for S mo (TeO3, s, 298.15), derived from information in a paper by Pankajavilli and Jain
[2010PAN/JAI].
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(Fe2TeO6, cr, 298.15 K) value of 164.88 J·K-1·mol-1 from that reference to anchor their
own equation to fit values for [ H mo (T) – H mo (298)].1
If instead the experimental values are fitted without that constraint and
uncertainties are assumed to be proportional to the values of [ H mo (T) – H mo (298)], the
difference between the resulting calculated enthalpies and the experimental values,
[ H mo (T )calc – H mo (T)expt], is very small, < 0.04 kJ·mol-1, but the value of C po ,m (Fe2TeO6,
cr, 298.15 K) is 180.6 J·K-1·mol-1. Indeed, there is little difference if the values of
[ H mo (T ) – H mo (298)] are all weighted equally, whence:

C po ,m ( Fe2 TeO6 , cr)/J·K-1·mol-1 = 178.8077 + 85.342 × 10-3 (T/K) – 2.0977 × 106 (T/K)-2
(A.157)
for 298.15 to 1083 K and

C po ,m ( Fe2 TeO6 , cr, 298.15 K) is 180.7 J·K-1·mol-1.
The excellent fit of the data of Dawar et al. to this simple equation, constrained
only to a value of zero for [ H mo (T) – H mo (298)] at 298.15 K, suggests that if the authorestimated uncertainties of 2 kJ·mol-1 are correct, then these uncertainties must be
systematic rather than random. Furthermore, if agreement with the C po ,m ( Fe2 TeO6 , cr,
298.15 K) value of approximately 165 J·K-1·mol-1 from [2014SAH/RAW] is to be
accepted, then all the [ H mo (T) – H mo (298)] values reported by Dawar et al. must be ~
1.5 kJ·mol-1 too large, yet all the values for C po ,m ( Fe2 TeO6 , cr, T) from Sahu et al.
[2014SAH/RAW] for temperatures greater than 300 K must be too small (by 1 to
14 %). It seems more reasonable to accept the values from Eq. (A.157).

[2016MAJ/DAC]
This paper reports a careful set of chemical thermodynamic measurements for
FeAsO4  0.75H2 O(cr) (i.e., Fe4 (AsO4 )4  3H 2 O(cr) ). The solid was prepared from a
concentrated aqueous mixture of As2 O5 (cr) and Fe(NO3 )3  xH2 O(cr) in a Teflon-coated
bomb placed in an oven for 24 h at 210 °C.
Heat capacities were determined by relaxation calorimetry for temperatures
from 2.02 K to slightly above 303.0 K and by three sets of DSC measurements for
temperatures from 282.3 to 463.7 K. The authors fitted appropriate functions to the
molar heat capacities obtained by relaxation calorimetry and, after integration of the
functions, reported the values Smo (FeAsO4  0.75H 2 O, 298.15 K) = (154.2 ± 0.5)
o
J·K-1·mol-1, and C p ,m (FeAsO 4  0.75H 2 O, 298.15 K) = (139.5 ± 1.4) J·K-1·mol-1. Based
on DSC experiments, they also proposed two heat-capacity functions for temperatures
between 280 and 465 K.
1

Actually, 164.88 J·K-1·mol-1 is the experimental value reported for 300 K in Table 2 of Sahu et al.
[2014SAH/RAW], who reported a smoothed value of 164.80 J·K-1·mol-1 for 298.15 K in their
supplementary material; 164.85 J·K-1·mol-1 is calculated if Equation (14) of Sahu et al. is used.
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At 303 K and below there is a minor mismatch (< 1.2 J·K-1·mol-1) between the
relaxation-calorimetry heat-capacity results and the values calculated using the heatcapacity functions proposed by the authors. The functions were based only on the most
extensive of the three sets of DSC results (set 3), neglecting the two other small sets
(282.37 to 295.804 K). The heat-capacity values in the small sets (sets 1 and 2) were 1-2
J·K-1·mol-1 more positive than found in the more extensive set 3. The results from the
relaxation calorimetry fall between those for sets 1 and 2 and those from set 3. In the
present review a new function was calculated using all the DSC data and the relaxationcalorimetry results for temperatures above 250 K, all equally weighted, with the heatcapacity value at 298.15 K fixed at the value determined by relaxation calorimetry.

C po ,m (FeAsO 4  0.75H 2 O) /J·K-1·mol-1
= 123.893 + 0.108166(T /K) – 1479426.6 (T/K)-2 (250 to 465 K)
If the value of C po ,m at 298.15 K was not fixed, a similar procedure led to

C po ,m (FeAsO 4  0.75H 2 O) /J·K-1·mol-1
= 128.515 + 0.099131 (T /K) – 1622275 (T/K)-2 (250 to 465 K)
and C po ,m (FeAsO 4  0.75H 2 O, 298.15 K) = 139.82 J·K-1·mol-1, a difference from the
value reported for 298.15 K that is well within the authors’ suggested uncertainties.
A function with an extra parameter having a form suggested by the authors
showed poor convergence characteristics.
The authors also measured the aqueous concentrations of total iron and total
arsenic in nitric acid solutions (0.001 to 1 mol·dm-3) after these had been in contact with
samples of FeAsO4  0.75H 2 O for 20 weeks at (24 ± 1) °C. The final values of the pH
(0.033 to 4.931), were carefully determined by measurements against standard solutions
(WTW Company) with pH values of (1.679 ± 0.020) and (4.006 ± 0.020) at 25 °C. The
filtered solutions were analysed for arsenic and iron by ICP-MS. For the purposes of the
present review, any difference in the solubilities between (24 ± 1) and 25.0 °C has been
considered to be negligible.
At pH values < 2, the dissolution of FeAsO4  0.75H 2 O seems to have been
close to congruent, though the measured solution concentrations of iron were only 0.74
to 0.96 of those of the arsenic concentrations. However, the total solution concentrations
of arsenic and total iron(III) diverge more at higher pH values, with the Fe:As ratio
falling to less than 0.5 for pH values > 2.2, and indicating strongly incongruent
dissolution. In comparable solubility studies of scorodite and kaňkite [2012MAJ/DRA]
the Fe:As ratio was found to be greater than 1.0 at pH values < 3.
Based on the solubility measurements at low pH, calculations performed using
the PHREEQC [1999PAR/APP] equilibrium code, and the authors’ estimation of the
effect of uncertainties in the analyses, the authors reported a value of – (26.545 ± 0.348)
for log10 K o (A.158) for:

FeAsO4  0.75H2 O(cr)

Fe3  AsO34  0.75H2 O(l)
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Using the 25 °C arsenic deprotonation constants and the value of
f G (AsO34 ) from the review of Nordstrom et al. [2014NOR/MAJ], and the TDB
 f G values of H2O(l) and Fe3+ [2013LEM/BER] the authors calculated a value of
– (993.15 ± 2.57) kJ·mol-1 for f Gmo (FeAsO4 ·0.75H2 O, cr) .
o
m
o
m

This value must be adjusted to be consistent with the auxiliary data used in the
TDB project. As the solubility measurements used solutions with pH values less than 2,
the main dissolution reaction would have been:

FeAsO4  0.75H2 O(cr)  3H+

Fe3  H3 AsO4 (aq)  0.75H2 O(l) (A.159)

Using the protonation constants from Nordstrom et al. [2014NOR/MAJ] the
value of log10 K o (A.159) is – (5.722 ± 0.370), or

log10 K o (A.160) = – (22.89 ± 1.48)
Fe4 (AsO4 )4  3H2 O(cr)  12H+

4Fe3  4H3 AsO4  3H2 O(l)

(A.160)

Using the TDB value of – (766.119 ± 4.015) kJ·mol for f G (H3 AsO4 ) , the
value of Δf Gmo (Fe4 (AsO4 )4  3H2 O(cr)) is calculated to be – (3971.5 ± 18.3) kJ·mol-1.
Therefore, as concluded by the authors, at temperatures near 25 °C
Fe4 (AsO4 )4  3H 2 O(cr) is less soluble than the more easily synthesized scorodite,
FeAsO4  2H2 O(cr) .
o
m

-1

Unfortunately,

attempts

to

determine

the

heat

of

dissolution

of

Fe4 (AsO4 )4  3H 2 O(cr) in 5 mol·dm-3 HCl(sln), as done previously for other iron(III)
arsenates [2012MAJ/DRA], were unsuccessful because of the slow dissolution of the
solid.
[2017OGO/VIG]
Using measurements with a high-temperature heat-flux Tian-Calvet calorimeter the
authors determined a value for the enthalpy of formation of a sample of natural vivianite
with
a
composition
that
could
be
represented
as
III
FeII2.32 Fe0.33
Mg0.35 (PO4 )2 (OH)0.33·7.67H2 O(cr) . Drop-calorimetry heats (from 298 to
973 K in air) were reported for several samples of the phosphate. Solid-product material
was cooled and then subjected to the same process. The difference in the measured
heats led to a value for the combined heats of oxidation and dehydration.
III
FeII2.32 Fe0.33
Mg0.35 (PO4 )2 (OH)0.33·7.67H2 O(cr)  0.58O2 (g) 

FeIII
2.65 Mg 0.35 O1.325 (PO4 )2 (cr)  7.835H 2 O(l)
The authors then determined the heats of solution into molten 2PbO·Bi 2O3 of
samples of the natural vivianite and the solid product of the above reaction. Also DSC
was used to determine the heat of dehydration and the heat of oxidation of the natural
vivianite. The experimental results, when combined with literature enthalpy-offormation values for P2O5(s), MgO(cr), α-Fe2O3, Al2O3(cr) and gibbsite (Al(OH)3), and
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assuming that the enthalpy of mixing of the constituent oxides to be zero, led to values
of – (5203 ± 11) and – (5231 ± 18) kJ·mol-1 from two different cycles. The authors
then used the weighted average of these to estimate Δf H mo (Fe3(PO4)2·8H2O, cr) to be
– (5119 ± 19) kJ·mol-1.
This value was based on experiments using a single natural vivianite
composition. Therefore, although this appears to be careful well-designed experimental
work, the reported value for Δf H mo (Fe3(PO4)2·8H2O, cr) is not recommended in the
present review.

[2017PAT/BYR]
Patten and Byrne stated that their spectrophotometric study at 25 °C resulted in the first
characterisation of FeOSi(OH)32+ formation constant behaviour as “a function of ionic
strength” according to the reaction:

Fe3+  Si(OH)4 (aq)

FeOSi(OH)32+  H +

(A.161)

Experiments were monitored between 340 and 275 nm and conducted at ionic
strengths of 0.1, 0.3 and 0.7 mol·kg-1. The pH was measured on the free hydrogen ion
scale using an Orion Ross combination pH electrode which behaved in a Nernstian
manner, verified by titration of a 0.7 mol·dm-3 NaCl solution with certified 1 mol·dm-3
HCl.
They reported a value for log10*βo(A.161) of – (0.121 ± 0.043) (cf.
− (0.03 ± 0.04) derived by this review from another spectroscopic study at 0.101
mol·kg-1 (NaClO4) [1973OLS/OME]) from an SIT treatment which also yielded a Δε
value of – (0.568 ± 0.098) kg·mol-1. Correction for hydrolysis to form FeOH2+ was
made based on [2005BYR/YAO] and for the dissociation of silicic acid
[1983SJO/HAG]. If the former uncertainty in log10*βo(A.161) is at the 1σ level then
both studies are in accord.
From the ion-interaction term it follows:

 {FeOSi(OH)32+ ,ClO4 }     {Fe3+ ,ClO4 }   {H+ ,ClO4 }
  (0.57  0.10)  (0.56  0.03)  (0.14  0.02)   (0.15  0.11) kg·mol-1.
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Ionic strength corrections1
Thermodynamic data always refer to a selected standard state. The definition given by
IUPAC [1993MIL/CVI] is adopted in this review as outlined in Section II.3.1.
According to this definition, the standard state for a solute B in a solution is the
(hypothetical) state of solute at the standard molality m°, standard pressure p° or
standard concentration c° and exhibiting infinitely dilute solution behaviour. However,
for many reactions, measurements cannot be made accurately (or at all) in dilute
solutions from which the necessary extrapolation to the standard state would be simple.
This is invariably the case for reactions involving ions of high charge. Precise
thermodynamic information for these systems can only be obtained in the presence of an
inert electrolyte of sufficiently high concentration that ensures activity factors are
reasonably constant throughout the measurements. This appendix describes and
illustrates the method used in this review for the extrapolation of experimental
equilibrium data to zero ionic strength.
The activity factors of all the species participating in reactions in high ionic
strength media must be estimated in order to reduce the thermodynamic data obtained
from the experiment to the state I = 0. Two alternative methods can be used to describe
the ionic medium dependence of equilibrium constants:
 One method takes into account the individual characteristics of the ionic media
by using a medium dependent expression for the activity coefficients of the
species involved in the equilibrium reactions. The medium dependence is
described by virial or ion interaction coefficients as used in the Pitzer equations
[1973PIT] and in the specific ion interaction treatment.
 The other method uses an extended Debye-Hückel expression in which the
activity coefficients of reactants and products depend only on the ionic charge
and the ionic strength, but it accounts for the medium specific properties by
introducing ion pairing between the medium ions and the species involved in the
equilibrium reactions. Earlier, this approach has been used extensively in marine
chemistry, cf. Refs. [1979JOH/PYT], [1979MIL], [1979PYT], [1979WHI2].
1

This appendix contains much of the text of the TDB-2 Guideline written by Grenthe and Wanner
[2013GRE/MOM], earlier versions of which have been printed in the previous NEATDB reviews. The
equations presented here are an essential part of the review procedure and are required to use the selected
thermodynamic values. Parts of Section B.1.1 and the contents of Tables B-4, B-5, B-6 and B-7 have
been revised by Rand et al. [2008RAN/FUG] and in the present review.
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The activity factor estimates are thus based on the use of Debye-Hückel type
equations. The “extended” Debye-Hückel equations are either in the form of specific
ion interaction methods or the Davies equation [1962DAV]. However, the Davies
equation should in general not be used at ionic strengths larger than 0.1 mol∙kg1. The
method preferred in the NEA Thermochemical Database review is a mediumdependent expression for the activity coefficients, which is the specific ion interaction
treatment in the form of the Brønsted-Guggenheim-Scatchard approach. Other forms of
specific ion interaction methods (the Pitzer and Brewer “B-method” [1961LEW/RAN]
and the Pitzer virial coefficient method [1979PIT]) are described in the NEA
Guidelines for the extrapolation to zero ionic strength [2013GRE/MOM].
The specific ion interaction methods are reliable for intercomparison of
experimental data in a given concentration range. In many cases this includes data at
rather low ionic strengths, I = 0.01 to 0.1 M, cf. Figure B-1, while in other cases,
notably for cations of high charge (  + 4 and  4), the lowest available ionic
strength is often 0.2 M or higher, see for example Figures V.12 and V.13 in
[1992GRE/FUG]. It is reasonable to assume that the extrapolated equilibrium constants
at I = 0 are more precise in the former than in the latter cases. The extrapolation error is
composed of two parts, one due to experimental errors, and the other due to model
errors. The model errors seem to be rather small for many systems, less than 0.1 in
log10 K  . For reactions involving ions of high charge, which may be extensively
hydrolysed, one cannot perform experiments at low ionic strengths. Hence, it is
impossible to estimate the extrapolation error. This is true for all methods used to
estimate activity corrections. Systematic model errors of this type are not included in
the uncertainties assigned to the selected data in this review.

B.1 The specific ion interaction equations
B.1.1 Background
The Debye-Hückel term, which is the dominant term in the expression for the activity
coefficients in dilute solution, accounts for electrostatic, non-specific long-range
interactions. At higher concentrations, short range, non-electrostatic interactions have
to be taken into account. This is usually done by adding ionic strength dependent terms
to the Debye-Hückel expression. This method was first outlined by Brønsted
[1922BRO], [1922BRO2] and elaborated by Scatchard [1936SCA] and Guggenheim
[1966GUG]. Biedermann [1975BIE] highlighted its practical value, especially for the
estimation of ionic medium effects on equilibrium constants. The two basic
assumptions in the specific ion interaction treatment are described below.
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 Assumption 1: The activity coefficient j of an ion j of charge zj in the solution
of ionic strength Im may be described by Eq. (B.1):

log10  j =  z 2j D    ( j, k , I m ) mk

(B.1)

k

D is the Debye-Hückel term:
D=

A Im
1 + B a j Im

(B.2)

A and B are constants which are temperature and pressure dependent, aj is an ion size
parameter (“distance of closest approach”) for the hydrated ion j, and Im is the molal
ionic strength:

I m = 1  mi zi2
2 i
The Debye-Hückel limiting slope, A, has a value of (0.509  0.001)
1
1
kg 2 ·mol 2 at 298.15 K and 1 bar, (cf. Section B.1.2). The term Baj in the denominator
of Eq. (B.2) (where aj is an “effective” ion size parameter and B is a constant
determined by the temperature and the physical properties of water) has been assigned
1
1
an empirical value of 1.5 kg 2 ·mol 2 (Eq. (B.2a)). The value 1.5 was proposed by
Scatchard [1976SCA] to minimise the ionic strength dependence of  ( j, k ) for a
number of electrolytes, and it was found to be particularly appropriate between Im = 0.5
and 3.5 m. A constant value of Baj for all species simplifies modelling of both binary
and multicomponent aqueous electrolyte systems, and makes it easier to give a
consistent description of mean activity coefficient both in binary and multicomponent
solutions ([1959ROB/STO], pp.435-441). Thus,

D

A Im

1

2

1  1.5I m

1

(B.2a)
2

It should be mentioned that some authors have proposed different values for
Baj ranging from Baj = 1.0 [1935GUG] to Baj = 1.6 [1962VAS]. However, the
parameter Baj is empirical and as such is correlated to the value of  ( j, k , I m ) . Hence,
this variety of values for Baj does not represent an uncertainty range, but rather indicates
that several different sets of Baj and  ( j, k , I m ) may describe equally well the
experimental mean activity coefficients of a given electrolyte. The ion interaction
coefficients at 298.15 K listed in Table B-4, Table B-5, Table B-6 and Table B-7 have
1
1
thus to be used with Baj = 1.5 kg 2 ·mol 2 .
The summation in Eq. (B.1) extends over all ions k present in solution. Their
molality is denoted by mk, and the specific ion interaction parameters,  ( j, k , I m ) , in
general depend only slightly on the ionic strength. The concentrations of the ions of the
ionic medium are often very much larger than those of the reacting species. Hence, the
ionic medium ions will make the main contribution to the value of log 10j for the
reacting ions. This fact often makes it possible to simplify the summation
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 ( j, k , I m )mk , so that only ion interaction coefficients between the participating ionic
k

species and the ionic medium ions are included, as shown in Eqs. (B.5) to (B.9).
 Assumption 2: The ion interaction coefficients,  ( j, k , I m ) are zero for ions of
the same charge sign and for uncharged species. The rationale behind this is that ,
which describes specific short-range interactions, must be small for ions of the same
charge since they are usually far from one another due to electrostatic repulsion. This
holds to a lesser extent also for uncharged species, but in some cases the experimental
data allow determination of interaction coefficients for uncharged species with
electroneutral combinations of ions, cf. Table B-7.
Equation (B.1) will allow fairly accurate estimates of the activity coefficients
in mixtures of electrolytes if the ion interaction coefficients are known. Ion interaction
coefficients for simple ions can be obtained from tabulated data of mean activity
coefficients of strong electrolytes or from the corresponding osmotic coefficients. Ion
interaction coefficients for complexes can either be estimated from the charge and size
of the ion or determined experimentally from the variation of the equilibrium constant
with the ionic strength.
Ion interaction coefficients are not strictly constant but may vary slightly with
the ionic strength. The extent of this variation depends on the charge type and is small
for 1:1, 1:2 and 2:1 electrolytes for molalities less than 3.5 m. The concentration
dependence of the ion interaction coefficients can thus often be neglected. This point
was emphasised by Guggenheim [1966GUG], who has presented a considerable amount
of experimental material supporting this approach. The concentration dependence is
larger for electrolytes of higher charge. In order to reproduce accurately their activity
coefficient data, concentration dependent ion interaction coefficients have to be used, cf.
Lewis et al. [1961LEW/RAN], Baes and Mesmer [1976BAE/MES], or Ciavatta
[1980CIA].
For cases where the uncertainties in the epsilon values collected in Table B-4
and Table B-5 are 0.03 kg∙mol1 or greater, Ciavatta [1980CIA] proposed the use of
Eq. (B.3)

 = 1 +  2 log10 I m

(B.3)

However, even if the value of ε calculated in this way describes the variation
with ionic strength slightly better than a constant value, this equation has no theoretical
basis; ε2 is a fitting parameter and the term ε2 log10 Im goes to minus infinity at the
limiting value Im = 0. This expression for the composition dependence of ε should be
avoided, even though the term ε·m = (ε1 + ε2log10 Im)·m (in the calculation of activity
coefficients) is zero at Im = 0. There may be cases where reviewers will still want to use
Eq. (B.3) to describe the ionic strength variation of the interaction parameters, but the
rationale behind this should then be described. However, as discussed by Rand et al.
[2008RAN/FUG] (cf. Section IX.1.3.3) the one- and two-epsilon models usually will
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provide similar calculated results for values of log10 K ο . As the two-epsilon model has
been used in the current and previous volumes, the relevant parameters have been
retained and augmented in Table B-6.
By using a more elaborate virial expansion, Pitzer and co-workers [1973PIT],
[1973PIT/MAY], [1974PIT/KIM], [1974PIT/MAY], [1975PIT], [1976PIT/SIL],
[1978PIT/PET], [1979PIT] have managed to describe measured activity coefficients of
a large number of electrolytes with high precision over a large concentration range.
Pitzer’s model generally contains three parameters as compared to one in the specific
ion interaction treatment. The use of the treatment requires the knowledge of all these
parameters. The derivation of Pitzer coefficients for many complexes, such as those of
the actinides would require a very large amount of additional experimental work, since
few data of this type are currently available.
The way in which the activity coefficient corrections are performed in this
review according to the specific ion interaction treatment is illustrated below for a
general case of a complex formation reaction. Charges on all species except the
hydrogen ions are omitted for brevity.

m M + q L + n H2 O(l)

Mm Lq (OH)n + n H+

The formation constant of Mm Lq (OH)n , *q,n,m , determined in an ionic
medium (1:1 salt NX) of the ionic strength Im , is related to the corresponding value at
zero ionic strength, * q,n ,m by Eq. (B.4).
log10 * q ,n ,m = log10 * q,n ,m + m log10  M + q log10  L + n log10 aH 2O
 log10  q ,n ,m  n log10  H +

(B.4)

The subscript (q,n,m) denotes the complex ion, Mm Lq (OH)n . If the
concentrations of N and X are much greater than the concentrations of M, L,
Mm Lq (OH)n and H+, only the molalities mN and mX have to be taken into account for
the calculation of the term,   ( j , k , I m )mk in Eq. (B.1). For example, for the activity
k
coefficient of the metal cation M,  M , Eq. (B.5) is obtained at 298.15 K and 1 bar.
log10  M =

 zM2 0.509 I m
1 + 1.5 I m

+  (M ,X ,I m ) mX

(B.5)

Under these conditions, Im  mX = mN Substituting the log10 j values in
Eq. (B.4) with the corresponding forms of Eq. (B.5) and rearranging leads to:
log10 * q , n , m  Δz 2 D  n log10 aH2 O  log10 * qο, n, m  Δ I m

(B.6)

where, at 298.15 K and 1 bar:
2
z 2 = (m zM  q zL  n)2 + n  mzM
 q zL2

(B.7)
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D=

0.509 I m

(B.8)

1 + 1.5 I m

 =  (q, n, m, N or X)  n  (H, X)  q  (N, L)  m  (M, X)

(B.9)

Here (m zM  q zL  n) , zM and zL are the charges of the complex,
Mm Lq (OH)n , the metal ion M and the ligand L, respectively.
Equilibria involving H2O(l) as a reactant or product require a correction for the
activity of water, aH2O . The activity of water in an electrolyte mixture can be calculated
as:
 m  mk
log10 aH2 O =

k

ln(10) M H12 O

(B.10)

where m is the osmotic coefficient of the mixture, M H2O is the molar mass of H2O,
and the summation extends over all solute species k with molality mk present in the
solution. In the presence of an ionic medium NX as the dominant species, Eq. (B.10)
can be simplified by neglecting the contributions of all minor species, i.e., the reacting
ions. Hence, for a 1:1 electrolyte of ionic strength Im  mNX, Eq. (B.10) becomes:

log10 aH2O =

 2 mNX m
ln(10) M H12O

(B.11)

Alternatively, water activities can be taken from Table B-1. These have been
calculated for the most common ionic media at various concentrations applying Pitzer’s
ion interaction model and the interaction parameters given in [1991PIT]. Data in italics
have been calculated for concentrations beyond the validity of the parameter set applied.
These data are therefore extrapolations and should be used with care.
Values of osmotic coefficients for single electrolytes have been compiled by
various authors, e.g., Robinson and Stokes [1959ROB/STO]. The activity of water can
also be calculated from the known activity coefficients of the dissolved species. In the
presence of an ionic medium, N+ X , of a concentration much larger than those of the
reacting ions, the osmotic coefficient can be calculated according to Eq. (B.12) (cf. Eqs.
(23-39), (23-40) and (A4-2) in [1961LEW/RAN]).
1  m =


A ln(10) z z 
1
1  B a j I m  2 ln(1  B a j I m ) 

3
I m ( B a j ) 
1  B a j I m 
  
 ln(10)  (N,X) mNX    
     

(B.12)

with the general term Baj = 1.5 kg½·mol–½, which is mainly used in NEA reviews (cf.,
Section B.1.2), rather than the implied Baj = 1.0 kg½·mol–½ in the expressions in Lewis
and Randall, and n  and n  are the number of cations and anions in the salt formula
(   z =   z ) and in this case:
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Im =

1
z z mNX (    ) .
2

Table B-1: Water activities aH2O for the most common ionic media at various
concentrations applying Pitzer’s ion interaction approach and the interaction parameters
given in [1991PIT] and using density conversions from Table II-5. Data in italics have
been calculated for concentrations beyond the validity of the parameter set applied.
These data are therefore extrapolations and should be used with care.
Water activities aH 2O at 298.15 K
c (M)

HClO4

NaClO4

LiClO4

NH4ClO4

Ba(ClO4)2

HCl

NaCl

LiCl

0.100

0.9966

0.9966

0.9966

0.9967

0.9953

0.9966

0.9966

0.9966

0.250

0.9914

0.9917

0.9912

0.9920

0.9879

0.9914

0.9917

0.9915

0.500

0.9821

0.9833

0.9817

0.9844

0.9740

0.9823

0.9833

0.9826

0.750

0.9720

0.9747

0.9713

0.9769

0.9576

0.9726

0.9748

0.9731

1.000

0.9609

0.9660

0.9602

0.9694

0.9387

0.9620

0.9661

0.9631

1.500

0.9357

0.9476

0.9341

0.9542

0.8929

0.9386

0.9479

0.9412

2.000

0.9056

0.9279

0.9037

0.8383

0.9115

0.9284

0.9167

3.000

0.8285

0.8840

0.8280

0.7226

0.8459

0.8850

0.8589

4.000

0.7260

0.8331

0.7309

0.7643

0.8352

0.7991

5.000

0.5982

0.7744

0.6677

0.7782

0.7079

6.000

0.4513

0.7075

0.5592

c (M)

KCl

NH4Cl

MgCl2

CaCl2

NaBr

HNO3

NaNO3

LiNO3

0.100

0.9966

0.9966

0.9953

0.9954

0.9966

0.9966

0.9967

0.9966

0.250

0.9918

0.9918

0.9880

0.9882

0.9916

0.9915

0.9919

0.9915

0.500

0.9836

0.9836

0.9744

0.9753

0.9830

0.9827

0.9841

0.9827

0.750

0.9754

0.9753

0.9585

0.9605

0.9742

0.9736

0.9764

0.9733

1.000

0.9671

0.9669

0.9399

0.9436

0.9650

0.9641

0.9688

0.9635

1.500

0.9500

0.9494

0.8939

0.9024

0.9455

0.9439

0.9536

0.9422

2.000

0.9320

0.9311

0.8358

0.8507

0.9241

0.9221

0.9385

0.9188

3.000

0.8933

0.8918

0.6866

0.7168

0.8753

0.8737

0.9079

0.8657

4.000

0.8503

0.8491

0.5083

0.5511

0.8174

0.8196

0.8766

0.8052

0.7499

0.7612

0.8446

0.7390

0.6728

0.7006

0.8120

0.6696

0.9789

0.9828

5.000

0.8037

0.3738

6.000
0.500

0.9843

0.9813

0.9814

0.9805

0.6169

(Continued on next page)
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Table B-1 (continued)
Water activities aH 2O at 298.15 K
c (M)

NH4NO3

Na2SO4

(NH4)2SO4 Na2CO3

K2CO3

NaSCN

0.750

0.9768

0.9732

0.9728

0.9720

0.9683

0.9736

1.000

0.9694

0.9653

0.9640

0.9637

0.9570

0.9641

1.500

0.9548

0.9491

0.9455

0.9467

0.9316

0.9438

2.000

0.9403

0.9247

0.9283

0.9014

0.9215

3.000

0.9115

0.8735

0.8235

0.8708

4.000

0.8829

0.8050

0.7195

0.8115

5.000

0.8545

0.5887

0.7436

6.000

0.8266

0.6685

The activity of water is obtained by inserting Eq. (B.12) into Eq. (B.11). It
should be mentioned that in mixed electrolytes with several components at high
concentrations, it might be necessary to use Pitzer’s equation to calculate the activity of
water. On the other hand, aH2O is nearly constant in most experimental studies of
equilibria in dilute aqueous solutions, where an ionic medium is used in large excess
with respect to the reactants. The medium electrolyte thus determines the osmotic
coefficient of the solvent.
In natural waters the situation is similar; the ionic strength of most surface
waters is so low that the activity of H2O(l) can be set equal to unity. A correction may
be necessary in the case of seawater, where a sufficiently good approximation for the
osmotic coefficient may be obtained by considering NaCl as the dominant electrolyte.
In more complex solutions of high ionic strengths with more than one
electrolyte at significant concentrations, e.g., (Na+, Mg2+, Ca2+) (Cl, SO24 ), Pitzer’s
equation (cf. [2013GRE/MOM]) may be used to estimate the osmotic coefficient; the
necessary interaction coefficients are known for most systems of geochemical interest.
Note that in all ion interaction approaches, the equation for the mean activity
coefficients can be split up to give equations for conventional single ion activity
coefficients in mixtures, e.g., Eq. (B.1). The latter are strictly valid only when used in
combinations which yield electroneutrality. Thus, while estimating medium effects on
1 H (g) , is
standard potentials, a combination of redox equilibria with, H+  e
2
2
necessary (cf. Example B.3).
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B.1.2 Ionic strength corrections at temperatures other than 25 °C
(298.15 K)
Values of the Debye-Hückel parameter A in Eqs. (B.2), (B.2a) and (B.12) are listed in
Table B-2 for several temperatures at a pressure of 1 bar below 100 °C and at the steam
saturated pressure for t  100 °C. The values in Table B-2 can be calculated from the
static dielectric constant and the density of water as a function of temperature and
pressure, as discussed in various references [1974HEL/KIR], [1979BRA/PIT],
[1981HEL/KIR], [1984ANA/ATK], [1990ARC/WAN], [2009PAT/HRU]. The values
in Table B-2 are those from Helgeson et al. [1981HEL/KIR]. More recent expressions
for the density and dielectric constant (e.g., those of Archer and Wang
[1990ARC/WAN] or Pátek et al. [2009PAT/HRU]) would generate very slightly
different values, but the Table B-2 values should be used to provide consistent TDB
activity coefficient expressions.

Table B-2: Values of the Debye-Hückel constant A as a function of temperature at a
pressure of 1 bar below 100 °C and at the steam saturated pressure for t  100 °C. The
uncertainty in the A parameter is estimated by this review to be 0.001 kg½·mol–½ at
25 °C, and  0.006 kg½·mol–½ at 300 °C.
A/ kg 2 ·mol

t / C

p / bar

0

1.00

0.491

1

5

1.00

0.494

10

1.00

0.498

15

1.00

0.501

20

1.00

0.505

25

1.00

0.509

30

1.00

0.514

35

1.00

0.518

40

1.00

0.523

50

1.00

0.534

75

1.00

0.564

100

1.013

0.600

125

2.32

0.642

150

4.76

0.690

175

8.92

0.745

200

15.5

0.810

250

39.7

0.979

300

85.8

1.256

1

2
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In this review the term Baj, in the denominator of the Debye-Hückel term, D
1
1
of Eq. (B.2), has been assigned a value of 1.5 kg 2 ·mol 2 (Eq. (B.2a)), and is kept
constant at all temperatures. Due to the variation of B with temperature, this implies a
temperature dependence for ion-size parameters. Assuming the ion size is in reality
constant, it becomes obvious that this simplification introduces an error in D, which
increases with temperature and ionic strength. However, this error is less than
 0.01 kg½·mol–½ at t  100 °C and I < 6 m, and less than 0.006 kg½·mol–½ at
t  50 °C and I  4 m.
The values of  ( j, k , I m ) , obtained with the methods described in
Section B.1.3 at temperatures other than 25 °C, will depend on the value adopted for
Baj.. Nevertheless, as long as a consistent approach is followed, values of  ( j, k , I m )
absorb the choice of Baj, and for moderate temperature intervals (between 0 and
1
1
200 °C) the choice Baj = 1.5 kg 2 ·mol 2 is simple and is recommended by this review.
The variation of  ( j, k , I m ) with temperature is discussed by Lewis et al.
[1961LEW/RAN], Millero [1979MIL], Helgeson et al. [1981HEL/KIR],
[1990OEL/HEL], Giffaut et al. [1993GIF/VIT2] and Grenthe and Plyasunov
[1997GRE/PLY]. The absolute values for the reported ion interaction parameters differ
in these studies due to the fact that the Debye-Hückel term used by these authors is not
exactly the same. Nevertheless, common to all these studies is the fact that values of
(  /  T ) p are usually  0.005 kg∙mol1∙K1 for temperatures below 200 °C.
Therefore, if values of  ( j, k , I m ) obtained at 25 °C are used in the temperature range
0 to 50 °C to perform ionic strength corrections, the error in log10  j /I m will be
 0.13 kg·mol–1. It is clear that in order to reduce the uncertainties in solubility
calculations at t  25 °C, studies on the variation of  ( j, k , I m ) values with temperature
should be undertaken.

B.1.3 Estimation of ion interaction coefficients
B.1.3.1

Estimation from mean activity coefficient data

Example B.1:
The ion interaction coefficient  (H+ ,Cl ) can be obtained from published values of
 ±, HCl versus mHCl :
2 log10   , HCl = log10 H+  log10 Cl
=  D +  (H+ , Cl ) mCl  D   (H + ,Cl ) mH+
log10   , HCl

=  D +  (H + , Cl ) mHCl

By plotting (log10  ,HCl  D) versus mHCl a straight line with the slope
 (H+ ,Cl ) is obtained. The degree of linearity should in itself indicate the range of
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validity of the specific ion interaction approach. Osmotic coefficient data can be treated
in an analogous way.
B.1.3.2

Estimations based on experimental values of equilibrium constants at
different ionic strengths

Example B.2:
Equilibrium constants are given in Table B-3 for the reaction:

UO2+
2 + Cl

UO2 Cl+

(B.13)

The following formula is deduced from Eq. (B.6) for the extrapolation to I = 0:

log10 1 + 4 D = log10 1ο   I m

(B.14)

Table B-3: The preparation of the experimental equilibrium constants for the
extrapolation to I = 0 with the specific ion interaction method at 25 °C and 1 bar,
according to Reaction (B.13). The linear regression of this set of data is shown in Figure
B-1.
Im

log10 1 (exp) (a)

log10

1,m (b)

log10

1,m  4 D

0.10

0.17  0.10

0.174

0.264  0.100

0.20

0.250.10

0.254

0.2920.100

0.26

0.350.04

0.357

0.2300.040

0.31

0.390.04

0.397

0.2200.040

0.41

0.410.04

0.420

0.2460.040

0.51

0.320.10

0.331

0.3710.100

0.57

0.420.04

0.432

0.2880.040

0.67

0.340.04

0.354

0.3950.040

0.89

0.420.04

0.438

0.3570.040

1.05

0.310.10

0.331

0.4910.100

1.05

0.2770.260

0.298

0.5250.260

1.61

0.240.10

0.272

0.6180.100

2.21

0.150.10

0.193

0.7440.100

2.21

0.120.10

0.163

0.7740.100

2.82

0.060.10

0.112

0.8600.100

3.50

0.040.10

0.027

0.9740.100

(a) Equilibrium constants for Reaction (B.13) in aqueous NaClO4 solutions, with assigned
uncertainties, corrected to 25 °C where necessary. For details of the data, see Section
V.4.2.1.2 of [1992GRE/FUG].
(b) Equilibrium constants were converted from molarity to molality basis as described in
Section II.2
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The linear regression is done as described in Appendix C. The following
results are obtained:

log10 1 = (0.170  0.021)
(B.13) = – (0.248  0.022) kg·mol–1.
The experimental data are depicted in Figure B-1, where the area enclosed by
the dotted lines represents the uncertainty range that is obtained by using the results in
log10 1 and  and correcting back to I  0.
Figure B-1: Plot of log10 1  4 D versus Im for Reaction (B.13), at 25 °C and 1 bar.
The straight line shows the result of the weighted linear regression, and the dotted lines
represent the uncertainty range obtained by propagating the resulting uncertainties at
I= 0 back to I = 4 m.

1.4

log101,m + 4D

1.2
1.0
0.8
0.6
0.4
0.2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

–1

Im/mol·kg

Example B.3:
When using the specific ion interaction treatment, the relationship between the redox
4+
potential of the couple, UO2+
, in a perchlorate medium of ionic strength, Im, and
2 /U
the corresponding quantity at I = 0 should be calculated in the following way. The
reaction in the galvanic cell:
Pt | H2(g) | H+  UO22  ,U4+ | Pt
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is:

U4+  2H2O(l) .

+
UO2+
2 + H2 (g) + 2H

(B.15)

For this reaction

 a 4+  aH2 O
U
2
log10 K  = log10 
 aUO2+  aH2 +  f H2

2


.



log10 K  = log10 K + log10 U4+  log10  UO2+  2 log10  H+  log10  f ,H2
2

+ 2 log10 aH2 O

,

f H2 ≈ pH2 at reasonably low partial pressure of H2(g), aH2 O ≈ 1 (which is a reasonable
approximation for Im ≤ 3), and
log10  U4+ =  16 D +  (U4+ ,ClO4 ) mClO
4

log10  UO2+ =  4 D +  (UO22+ ,ClO4 ) mClO
2

4

log10  H+ =  D +  (H+ ,ClO4 ) mClO
4

Hence,
log10 K ο = log10 K  10 D
+ ( (U 4+ , ClO 4 )   (UO 22+ , ClO 4 )  2  (H + , ClO 4 )) mClO

(B.16)

4

The relationship between the equilibrium constant and the redox potential is:
ln K =
ln K ο =

nF
E
RT

(B.17)

nF ο
E .
RT

(B.18)

E is the redox potential in a medium of ionic strength I, E ο is the corresponding
standard potential at I = 0, and n is the number of transferred electrons in the reaction
considered. Combining Eqs. (B.16), (B.17) and (B.18) and rearranging them leads to
Eq. (B.19):
 RT ln(10) 
 RT ln(10) 
ο
E  10 D 
  E   mClO4 

nF
nF





(B.19)

For n = 2 in the present example and T = 298.15 K, Eq. (B.19) becomes:

E /mV  295.8 D = E ο /mV  29.58  mClO
4

where

 =  (U4+ ,ClO4 )   (UO22+ ,ClO4 )  2 (H+ ,ClO4 ) .
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B.1.4 On the magnitude of ion interaction coefficients
Ciavatta [1980CIA] made a compilation of ion interaction coefficients for a large
number of electrolytes. Similar data for complex formation reactions of various kinds
were reported by Spahiu [1983SPA] and Ferri et al. [1983FER/GRE]. These and some
other data for 25 °C and 1 bar have been collected and are listed in Section B.3.
It is obvious from the data in these tables that the charge of an ion is of great
importance for determining the magnitude of the ion interaction coefficient. Ions of the
same charge type have similar ion interaction coefficients with a given counter-ion.
Based on the tabulated data, Grenthe et al. [1992GRE/FUG] proposed that it is possible
to estimate, with an error of at most 0.1 kg∙mol1 in , ion interaction coefficients for
cases where there are insufficient experimental data for an extrapolation to I = 0. The
error that is made by this approximation is estimated to be 0.1 kg∙mol1 in  in most
cases, based on comparison with  values of various reactions of the same charge type.

B.2 Ion interaction coefficients versus equilibrium
constants for ion pairs
It can be shown that the virial type of activity coefficient equations and the ionic pairing
model are equivalent provided that the ionic pairing is weak. In these cases the
distinction between complex formation and activity coefficient variations is difficult or
even arbitrary unless independent experimental evidence for complex formation is
available, e.g., from spectroscopic data, as is the case for the weak uranium(VI) chloride
complexes. It should be noted that the ion interaction coefficients evaluated and
tabulated by Ciavatta [1980CIA] were obtained from experimental mean activity
coefficient data without taking into account complex formation. However, it is known
that many of the metal ions listed by Ciavatta form weak complexes with chloride and
nitrate ion. This fact is reflected by ion interaction coefficients that are smaller than
those for the non-complexing perchlorate ion, cf. Table B-4. This review takes chloride
and nitrate complex formation into account when these ions are part of the ionic
medium and uses the value of the ion interaction coefficient,  (Mn + ,ClO4 ), as a
substitute for  (Mn+ ,Cl ) and  (Mn+ , NO3 ) . In this way, the medium dependence of
the activity coefficients is described with a combination of a specific ion interaction
model and an ion pairing model. It is evident that the use of NEA recommended data
with ionic strength correction models that differ from those used in the evaluation
procedure can lead to inconsistencies in the results of the speciation calculations.
It should be mentioned that complex formation may also occur between highly
charged complexes and the counterion of the ionic medium. An example is the
stabilisation of the complex ion, UO2 (CO3 )53 , at high ionic strength, see for example
Section V.7.1.2.1.d (p. 322) in the uranium review [1992GRE/FUG].
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B.3 Tables of ion interaction coefficients
Table B-4, Table B-5, Table B-6 and Table B-7 contain the selected specific ion
interaction coefficients used in this review, according to the specific ion interaction
treatment described. Table B-4 contains cation interaction coefficients with
Cl , ClO4 and NO3 , Table B-5 anion interaction coefficients with Li+, Na+ (or NH+4 )
and K+, and Table B-7 neutral species – electroneutral combination of ions. The
coefficients have the units of kg∙mol1 and are valid for 298.15 K and 1 bar. The species
are ordered by charge and appear, within each charge class, in the standard order of
arrangement, cf. Section II.1.8.
It should be noted that ion interaction coefficients tabulated in Table B-4,
Table B-5 and Table B-6 may also involve ion pairing effects, as described in
Section B.2. In direct comparisons of ion interaction coefficients, or when estimates are
made by analogy, this aspect must be taken into account.
Table B-4: Ion interaction coefficients  ( j, k ) (kg∙mol1) for cations j with k = Cl, ClO4
and NO3 at 298.15 K. The uncertainties represent the 95% confidence level. The ion
interaction coefficients marked with † can be described more accurately with an ionic
strength dependent function, listed in Table B-6. The coefficients  (Mn+ , Cl ) and
 (Mn+ , NO3 ) reported by Ciavatta [1980CIA] were evaluated without taking chloride
and nitrate complexation into account, as discussed in Section B.2.
j
H

Cl

NH +4

H 2 gly

jk

k

+



0.14  0.02

NO3



0.07  0.01

H 5 edta

SnOH+



0.01  0.01

Reported by Ciavatta [1980CIA].



0.08  0.04†



NO


3

0.06  0.03 



0.06  0.02

Reported by Ciavatta [1988CIA].



†

ClO4



—



NO3



—



Cl



– 0.23  0.15

ClO4



– 0.23  0.15

NO3



– 0.23  0.15

Cl



NO

Cl



– 0.07  0.13



0.14  0.10

See Section VII.1.1 of [2012GAM/GAJ].

—
—

ClO4
NO

See Section VIII.3.7 of [2005HUM/AND].

—

4

3

ClO
SnF+

Reported by Ciavatta [1980CIA].

ClO4

Cl



Comments

0.12  0.01

ClO4

Cl

+




3

See Section VIII.3.1.1 of [2012GAM/GAJ].

—

(Continued on next page)
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Table B-4 (continued)
j

jk

k
+

SnCl

Cl



—


ClO4


NO3
SnBr+

Cl



SnNO3

Cl

0.15  0.07



0.17  0.09







Tl

+

Cl





NO3

CdCl

+

Cl



4

3



Cl



NO

Cl



0.31  0.02





Cu

+

Cl

—
0.19  0.02



0.11  0.01





NO3
+

Cl

Reported by Ciavatta [1988CIA].

—
—

ClO4

Ag

Reported by Ciavatta [1980CIA].

—


4

3

ClO
NO

Reported by Ciavatta [1980CIA].

—
—



Cl

Reported by Ciavatta [1980CIA].

—
0.27  0.02

NO3
+

0.25  0.02

—

ClO4
HgCl

Taken from Ferri et al. [1985FER/GRE].


4

3

ClO
+

0.2

—

NO3

CdSCN



—





—
—



+

0.21  0.06†

NO

Cl

See Section XI.1.1 of [2012GAM/GAJ].

—

ClO

ClO4
CdI

0.17  0.29

—


ClO4
+
ZnHCO3

See Section X.1.1 of [2012GAM/GAJ].

—
—


4

3

ClO
NO

See Section VIII.3.3.1 of [2012GAM/GAJ].

—
—

NO3

Cl

See Section VIII.3.2.1 of [2012GAM/GAJ].

—
—

ClO4
SnSCN+

0.08  0.07


4

3

ClO
NO

Comments



Reported by Ciavatta [1980CIA].

—
—


4

3

ClO

0.00  0.01

NO

0.12  0.05†

Reported by Ciavatta [1980CIA].

(Continued on next page)
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Table B-4 (continued)
j

jk

k

NiOH

+

Cl




ClO4

Comments

0.01  0.07

Evaluated in [2005GAM/BUG] (Section V.3.1.1) for the

0.14  0.07

reaction Ni2+ + H2O  NiOH+ + H+ from  in chloride
media / perchlorate media.

NO
NiF

+

Cl


3



—
—



ClO4

0.34  0.08

Derived from Δ =  (NiF+ ,ClO4 )   (Ni 2+ ,ClO4 ) 

 (Na + ,F ) = – (0.049  0.060) kg∙mol–1 (see Section
V.4.2.3 of [2005GAM/BUG]).
NO

NiCl

+

Cl


3



—


ClO4


NO3
+

Cl

NiNO3

—



0.47  0.06

See details in Section V.4.2.4 of [2005GAM/BUG].

—
—



ClO4

0.44  0.14

See details in Section V.6.1.2 of [2005GAM/BUG],
specially sub-section V.6.1.2.1 for an alternative treatment
of this system.



NO3
Ni(H 2 cit)



Cl



—


ClO4
NO
NiBr

+

Cl

—


3



0.12  0.50

See Section VII.7 in [2005HUM/AND].

—
—



ClO4

0.59  0.10

See details in [2005GAM/BUG], cf. Section V.4.2.5,
specially sub-section V.4.2.5.1 for an alternative treatment
of this system.

NO
+

NiHS

Cl


3



—


ClO4


NO3
NiSCN

+

Cl

—



0.85  0.39
—

See details in [2005GAM/BUG], Section V.5.1.1.2.


—


ClO4

0.31  0.04

Derived from Δ =  (NiSCN , ClO4 )   (Na  ,SCN ) –

 (Ni 2+ ,ClO4 ) = – (0.1090.025) kg∙mol1 (see
[2005GAM/BUG], Section V.7.1.3.1).


NO3

Fe(OH)2

Cl



—


ClO4
NO

—


3

0.37  0.18

Determined in Section VII.1.3.2 of TDB-Iron Part 1.

—

(Continued on next page)
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Table B-4 (continued)
j

jk

k


Cl

FeF



ClO4
NO

FeCl2

Cl



NO

Cl




Zr4 (OH)15

ClO4



0.4  0.1

NO3



—



Cl

0.09  0.92


3

– 0.02  1.46



0.20  0.06







NO

Cl

hydrolysis data as described in Appendix D.

Determined from SIT plot in [2005BRO/CUR].

—
—



ClO4

Am(OH) 2

Determined in [2005BRO/CUR] from the overall fit of the

—

NO3

Cl

Determined in Section IX.1.2.1.4.1 of TDB-Iron Part 1.

—


ClO4


Determined in Section IX.2.2.3 of this review.

—



NO

YCO 3

0.4
—

Cl

Determined in Section VIII.2.3.2.2.1 of TDB-Iron Part 1.

—



NO3

ClO4

ZrF3

0.52  0.05

—


Cl

Determined in Section VIII.2.1.3 of TDB-Iron Part 1.

—

4

3

ClO4

FeSO4

0.34  0.07


3

ClO

FeSO3

Comments




3



0.17  0.04

Taken from Spahiu [1983SPA].

—
0.27  0.20

Evaluated in [2003GUI/FAN] (cf. Section 12.3.1.1) from
 (in NaCl solution) for the reactions An3+ + nH2O(l) 
 n)
An(OH)(3
+ n H + (An = Am, Cm).
n


4

3

0.17  0.04



0.17  0.04

ClO
NO

AmF2

Cl





NO3


Cl



NO
Cl



Estimated in [1995SIL/BID].

—
—



ClO4

AmCO 3

—
—

ClO4
AmSO 4

Estimated in [1995SIL/BID].


3

0.22  0.08

Evaluated in [1995SIL/BID].

—
0.01  0.05

Evaluated in [2003GUI/FAN] (Section 12.6.1.1.1) from  (in
2

3+

NaCl solution) for the reactions An + n CO3
(3  2 n )
3 n
–1

An(CO )

(based on  (Am , Cl ) = (0.23  0.02)
3



kg∙mol and  (Na  , CO32 ) = (0.08  0.03) kg∙mol1.

(Continued on next page)
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Table B-4 (continued)
j

jk

k

4

3

0.17  0.04



0.08  0.10

ClO
NO
Am(ox)



Cl



NO
Cl

Estimated in [1995SIL/BID].

—
—

ClO4

PuO 2

Comments


3



See Section VI.13 of [2005HUM/AND].

—
—



ClO4

0.24  0.05

Derived from  =  (PuO22 , ClO4 )   (PuO2 , ClO 4 ) =
(0.22  0.03) kg∙mol1 [1995CAP/VIT].
In [1992GRE/FUG],  (PuO2 , ClO4 ) = (0.170.05)
kg∙mol1 was tabulated based on [1989ROB],
[1989RIG/ROB] and [1990RIG]. Capdevila and Vitorge’s
data [1992CAP], [1994CAP/VIT] and [1995CAP/VIT]
were unavailable at that time.

NO
PuO 2 F



Cl


3

—



—


ClO4

0.29  0.11

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding Np(IV) reaction.



NO3
PuO 2 Cl



Cl



—

4

3

ClO
NO


NpO 2

Cl

—




ClO4

0.50  0.09

From  evaluated by Giffaut [1994GIF].

—
0.09  0.05

See Section 12.1 of [2001LEM/FUG].

0.25  0.05

Derived from =  (NpO22 , ClO4 )   (NpO2 , ClO 4 ) =
(0.210.03) kg∙mol1 [1987RIG/VIT], [1989RIG/ROB]
and [1990RIG].



NO3
NpO 2 OH



Cl



—


ClO4
NO

(NpO 2 ) 3 (OH) 5

Cl


3





NO3


Cl

0.06  0.40
—

Estimated in [2001LEM/FUG].


—


ClO4
NpO 2 F

—



0.45  0.20

See Section 8.1.2 of [2001LEM/FUG].

—
—



ClO4

0.29  0.12

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding U(IV) reaction.



NO3

—

(Continued on next page)
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Table B-4 (continued)
j

jk

k

NpO 2 Cl



Cl



Comments

—


ClO4

0.50  0.14

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding Pu(VI) reaction.

NO

NpO 2 IO 3

Cl


3



—
—



ClO4

0.33  0.04

Estimated in [2001LEM/FUG] by assuming

 (NpO2 IO3 , ClO4 )   (UO2 IO3 , ClO4 ) .
NO

Np(SCN) 3

Cl


3



—
—

ClO


4

0.17  0.04

Estimated in [2001LEM/FUG] by assuming

 (Np(SCN)3 , ClO4 )
NO

UO 2

Cl


3





 (AmF2 , ClO4 ) .

—
—



ClO4

0.26  0.03

Evaluated in [1992GRE/FUG], using  (UO22 , ClO4 ) =
(0.46  0.03) kg∙mol1.

NO
UO 2 OH



Cl



(UO 2 )3 (OH) 5



UF3

UO 2 F



—
—

ClO4



0.06  0.40

NO


3

0.51  1.4

Cl



0.81  0.17

4

3

ClO

0.45  0.15

NO

0.41  0.22

Cl




3



0.1  0.1

ClO4



0.1  0.1

NO3



—

Cl



0.04  0.07

Evaluated in [1992GRE/FUG], using  (UO22 , X) =




(0.46  0.03) kg∙mol1, where X = Cl, ClO4 and NO3 .
Evaluated in [1992GRE/FUG], using  (UO22 , X) =




(0.46  0.03) kg∙mol1, where X = Cl, ClO4 and NO3 .
Estimated in [1992GRE/FUG].

Taken from Riglet et al. [1989RIG/ROB], where the following
assumptions were made:  (Np3 , ClO4 )   (Pu 3 , ClO 4 ) =
0.49 kg∙mol1 as for other (M3+, ClO4 ) interactions, and

 (NpO22 , ClO4 )

  (PuO 2

2

, ClO4 )

  (UO 2

2

, ClO4 ) =

0.46 kg∙mol1.

4

3

0.28  0.04



0.33  0.04

ClO
NO
UO 2 Cl



Cl



See Section 9.4.2.2.1 of [2003GUI/FAN].

—
—

ClO4


NO3

Evaluated in [1992GRE/FUG], using  (UO22 , X) =




(0.46  0.03) kg∙mol1, where X = Cl, ClO4 and NO3 .
—

(Continued on next page)
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Table B-4 (continued)
j

jk

k


UO 2 ClO 3

Cl



—


ClO4


NO3
UO 2 Br



Cl





UO 2 BrO 3

Cl

0.24  0.04



0.33  0.04





Cl



—
0.33  0.04

ClO4



0.3  0.1

NO3



—

ClO


UO 2 N 3

Cl



UO 2 NO 3

Cl





Cl

0.33  0.04



0.22  0.04





NO3


Cl



ThF3





Estimated in [1992GRE/FUG].

—
0.06  0.05

ClO

0.15  0.10

NO


4

3

0.05  0.15

ClO4



0.1  0.1

See Table VIII-8 in Section VIII.1.2.1 of

NO3



0.0  0.2

[2008RAN/FUG].

Cl

Th(NO 3 ) 3

Estimated in [1992GRE/FUG].

—
—

ClO4
Th(OH) 3

Estimated in [1992GRE/FUG].

—

4

3

ClO

UO 2 SCN

Estimated in [1992GRE/FUG].

—
—



NO

Estimated in [1992GRE/FUG].

—


4

3

NO

Estimated in [1992GRE/FUG].

—
—

NO3


Estimated in [1992GRE/FUG].

—
—

ClO4
UO 2 IO 3

0.33  0.04


4

3

ClO
NO

Comments

Cl



See Table VII-16 in Section VII.3.6.1 of [2008RAN/FUG].

—



—

ClO4



0.25  0.15

Evaluated in Section X.1.3.3 of [2008RAN/FUG], using

NO3



0.25  0.15

(Th4+,X) = (0.700.10) kg·mol–1 where X = ClO4 and




3

NO .
H 6 edta

2

Cl



– 0.20  0.16

ClO4



– 0.20  0.16

NO


3

– 0.20  0.16

Evaluated in [2005HUM/AND] (Section VIII.3.7).

(Continued on next page)
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Table B-4 (continued)

Sn

j

k

2+



Cl

jk


ClO4

0.19  0.04

See Section VI.2.1 of [2012GAM/GAJ].

0.19  0.04

See Section VI.2.1 of [2012GAM/GAJ].



—

NO3
Sn 3 (OH) 24

Cl



—

4

3

− 0.02  0.16

ClO4



0.15  0.02

NO3

0.20  0.12†

ClO
NO
Pb

2+

Cl

2+

Cl

—



0.09

4

3

ClO
NO
2
Al 2 CO 3 (OH) 2

Zn

2+

2

Cd



0.26

NO3



—
—


4

3

ClO

0.33  0.03

NO

0.16  0.02

Reported by Ciavatta [1980CIA].

0.35  0.05

Taken from Ferri et al. [1985FER/GRE].

Cl



ClO4



—

NO3



—

Cl



NO
Hg

—

4

3

Cl





NO3
2

Cl



Cu

2+

Cl

Reported by Ciavatta [1980CIA].

0.34  0.03

Reported by Ciavatta [1980CIA].

0.1  0.1†
—


4

3

ClO
NO

—
0.09  0.02
—



ClO4
Hg 2

Taken from Hedlund [1988HED].
—

ClO
2+

—





Reported by Ciavatta [1980CIA].

Taken from Hedlund [1988HED].

0.31

ClO4

Cl

ZnCO 3

2+

Cl

See Section VII.1.1 of [2012GAM/GAJ].

—





AlOH

Comments



0.09  0.02

Reported by Ciavatta [1980CIA].

0.2  0.1†
0.08  0.01

ClO4



0.32  0.02

NO3



0.11  0.01

Reported by Ciavatta [1980CIA].

(Continued on next page)

CHEMICAL THERMODYNAMICS OF IRON, PART 2, NEA No. 7499, © OECD 2020

669

B.3 Tables of ion interaction coefficients

Table B-4 (continued)

Ni

j

k

2+



Cl

jk


ClO4

Comments

0.17  0.02

Reported by Ciavatta [1980CIA].

0.370  0.032

Derived from the ionic strength dependence of the osmotic and
mean activity coefficient of Ni(ClO4)2 solution
([2005GAM/BUG], Section V.4.3).



NO3

0.182  0.010

Derived from the ionic strength dependence of the osmotic and
mean activity coefficient of Ni(NO3)2 solution
([2005GAM/BUG], Section V.6.1.2.1).

Co

2+

Cl

Fe2+



0.16  0.02

ClO4



0.34  0.03

NO3



0.14  0.011

NO3



0.14  0.022

Determined in the Appendix A entry for [1942ROB/WIL]
in this review.

Cl



0.17  0.01

Determined in Section VI.4.3 of TDB-Iron Part 1.


4

3

0.37  0.04

Determined in Section VI.4.4 of TDB-Iron Part 1.



0.46  0.053

ClO
NO
FeOH2+

Cl



NO

Cl




3



ClO4


FeBr2+

—
—

ClO4
FeCl2+

Reported by Ciavatta [1980CIA].

—
0.64  0.06

Determined in Section VIII.2.3.1.3 of TDB-Iron Part 1.

0.63  0.05

Determined in Section VIII.2.3.2.2.1 of TDB-Iron Part 1.

NO3

—

Cl

—





ClO4


NO3

Section VII.1.3.1 of TDB-Iron Part 1.

—
0.19 ± 0.09

A tentative value deterinined in Section VIII.1.4.2.1 of this
review.

FeSCN

2

Cl



—


ClO4

0.49 ± 0.054

Determined in Section X.1.2.1 of this review (replacement).

NO3

0.13 ± 0.04

Determined in Section X.1.2.1 of this review (estimate).

Cl

0.13  0.01

Reported by Ciavatta [1980CIA].



Mn

2+

2

Zr(OH) 2




4

3

ClO

—

NO

—

Cl



—

(Continued on next page)

1

2

3

4

Use of this value would be consistent with calculations done using ε values tabulated in earlier TDB
volumes.
Use of this newer ε value could lead to inconsistencies if the older value was used in earlier data
assessments.
In earlier TDB volumes (prior to publication of [2013LEM/BER]) a value of 0.38 kg·mol-1 [1983SPA]
was listed, but with no estimated uncertainty.
In earlier TDB volumes a value of 0.45 kg·mol-1 [1983SPA] was listed, but with no estimated uncertainty.
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Table B-4 (continued)
j

jk

k

ClO


4

0.62  0.39

Comments
Determined in [2005BRO/CUR] from the overall fit of the
hydrolysis data as described in Appendix D.



NO3

2

ZrF2

Cl



—


ClO4


2

ZrCl 2

—

Cl

—



NO


4

3

0.84  0.11

Cl





0.84  0.11

NO
2

Cl




3



NO3

2

Cl

Determined from SIT plot in [2005BRO/CUR].

—
Determined from SIT plot in [2005BRO/CUR].

—
—



ClO4
AmOH

Determined from SIT plot in [2005BRO/CUR].

—

ClO4
YHCO 3

0.47  0.08

NO3
ClO

Zr(NO3 )22

—



0.39  0.04

Taken from Spahiu [1983SPA].

—
0.04  0.07

Evaluated in [2003GUI/FAN] (cf. Section 12.3.1.1) from
 (in NaCl solution) for the reactions An 3+ + n H 2O(l)
 n)
An(OH)(3
+ n H+ .
n


4

3

0.39  0.04



0.39  0.04

ClO
NO
AmF

2

Cl





NO3

2

Cl





2

—

Cl

—




4

3

0.39  0.04



0.39  0.04

ClO
2

AmNO 2

Cl



NO
2

Cl




3



2

NO3
Cl

Estimated in [1995SIL/BID].

—
Estimated in [1995SIL/BID].

—
—



ClO4
AmH 2 PO 4

Estimated in [1995SIL/BID].

—

ClO4
AmNO3

0.39  0.04

NO3

NO

Estimated in [1995SIL/BID].

—
—



ClO4
AmN 3

—
—

ClO4
AmCl

Estimated in [1995SIL/BID].



0.39  0.04

Estimated in [1995SIL/BID].

—
—



ClO4

0.39  0.04

Estimated in [1995SIL/BID].

(Continued on next page)
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Table B-4 (continued)
j

jk

k

NO
AmSCN

2

Cl


3





NO3
2

Cl

—
—



ClO4
PuO 2

Comments



0.39  0.04

Estimated in [1995SIL/BID].

—
—

ClO


4

0.46  0.05


By analogy with  (UO2+
2 ,ClO 4 ) as derived from isopiestic

measurements in [1992GRE/FUG].The uncertainty is
increased because the value is estimated by analogy.


NO3
2

PuF2

Cl

—




ClO4

0.36  0.17

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding U(IV) reaction.



NO3
PuCl

2

Cl



—
—



ClO4

0.39  0.16

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding Am(III) reaction.



NO3
PuI

2

Cl



—
—



ClO4

0.39  0.04

Estimated in [2001LEM/FUG] by assuming

 (PuI2+ , ClO4 )   (AmSCN 2+ , ClO4 ) and  (NH+4 , I ) 

 (Na + ,SCN ) .
NO
PuSCN

2

Cl


3



—
—



ClO4

0.39  0.04

Estimated in [2001LEM/FUG] by assuming

 (PuSCN 2+ , ClO4 )   (AmSCN 2+ , ClO4 ) .
NO
2
NpO 2

Cl


3



—
—



ClO4

0.46  0.05


By analogy with  (UO2+
2 ,ClO 4 ) as derived from isopiestic

measurements noted in [1992GRE/FUG]. The uncertainty
is increased because the value is estimated by analogy.

NO
(NpO 2 ) 2 (OH)

2
2

Cl


3



—


ClO4


NO3
2

NpF2

Cl



—
0.57  0.10

See Section 8.1.2 in [2001LEM/FUG].

—
—

(Continued on next page)
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Table B-4 (continued)
j

jk

k

ClO


4

0.38  0.17

Comments
Estimated in [2001LEM/FUG] by analogy with  of the
corresponding U(IV) reaction.



NO3
2

NpSO 4

Cl



—

4

3

0.48  0.11



0.38  0.20

ClO
NO
2

Np(SCN) 2

Cl

—



Estimated on Section 10.1.2.1 of [2001LEM/FUG].

—
—

ClO4

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding U(IV) reaction.

NO
2
UO 2


3



—
0.21  0.02

Reported by Ciavatta [1980CIA].

ClO4



0.46  0.03

Reported by Ciavatta [1980CIA].

NO3



0.24  0.03

Reported by Ciavatta [1980CIA].

Cl

These coefficients were not used in [1992GRE/FUG]
because they were evaluated by Ciavatta [1980CIA]
without taking chloride and nitrate complexation into
account. Instead, Grenthe et al. used  (UO2+
2 ,X) =
(0.46  0.03) kg∙mol1, for X = Cl, ClO4 and NO3 .
2

(UO 2 ) 2 (OH) 2

2

(UO 2 )3 (OH) 4

2

UF2

Cl

2

0.57  0.07

NO

0.49  0.09

Cl

2



0.50  0.18

ClO4



0.89  0.23

NO3



0.72  1.0



ClO

0.3  0.1

NO

—

ClO4



0.3  0.1

NO3



—

Cl

Evaluated in [1992GRE/FUG], using  (UO22 , X) =




(0.46  0.03) kg∙mol1, where X = Cl, ClO4 and NO3 .
Evaluated in [1992GRE/FUG], using  (UO22 , X) =




(0.46  0.03) kg∙mol1, where X = Cl, ClO4 and NO3 .

—

4

3

Cl

U(NO 3 ) 2

0.69  0.07

4

3

ClO

Cl

USO 4





Estimated in [1992GRE/FUG].

—



Estimated in [1992GRE/FUG].

—

ClO


4

0.49  0.14

Evaluated in [1992GRE/FUG] using  (U 4+ ,ClO 4 ) =
(0.76  0.06) kg∙mol1.

NO
2
Th(OH) 2

Cl


3



—
0.13  0.05



ClO4

0.33  0.10

Calculated in Section VII.3.6.1 of [2008RAN/FUG].

(Continued on next page)
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Table B-4 (continued)
j

jk

k

3

0.10  0.15

ClO4



0.3  0.1

NO3



0.15  0.20

Cl

0.14  0.15

NO
2

ThF2

Cl

2

ThSO 4

Th(N3 )22



—



ClO4



0.3  0.1

NO3



—

Cl





2

2
Th(H 2 PO 4 ) 2

2

Th(SCN) 2

0.40  0.15

NO3

—

Cl

—




4

3

See Section IX.1.3.2 of [2008RAN/FUG].

Estimated in Section X.1.2 of [2008RAN/FUG].

ClO

0.43  0.18

Estimated in Section X.1.3.3 of [2008RAN/FUG], using

NO

0.43  0.18

(Th4+, X) = (0.700.10) kg·mol–1 for X = ClO4 and
NO3 .

Cl



—

ClO

0.4  0.1

NO


4

3

—



0.38  0.20

Cl



NO
Cl



Estimated in Section X.2.3.2 of [2008RAN/FUG].

—

ClO4
Be2+

See Table VIII-8 in Section VIII.1.2.1 of [2008RAN/FUG].

—


ClO4
Th(NO 3 ) 2

Comments


3

See Section XI.1.3.6.1 of [2008RAN/FUG].

—
—



ClO4

0.30  0.04

Taken from [1986BRU], where it appears to have been
based on the average of the values for (Mg2+, ClO4 ) and

(Ca2+, ClO4 ) [1980CIA].
NO
Mg

Ca

Ba

Al

2

2

2

3

Cl




3

—
0.19  0.02

ClO4



0.33  0.03

NO


3

0.17  0.01

Cl



0.14  0.01

ClO4



0.27  0.03

NO3



0.02  0.01

Cl

0.07  0.01



ClO4



0.15  0.02

NO3



0.28  0.03

Cl

Reported by Ciavatta [1980CIA].



0.33  0.02

4

3

ClO

—

NO

—

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].
Reported by Ciavatta [1980CIA].

(Continued on next page)
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Table B-4 (continued)
j

jk

k

Ni 2 OH

3

Cl



Comments

—


ClO4

0.59  0.15

By assuming  (Ni 2OH3 , ClO4 ) 

(Be2OH3 , ClO4 ),

see Section V.3.1.1 in [2005GAM/BUG].

NO
Fe

3




3

—
0.76  0.03

Determined in Section VI.4.2.2 of TDB-Iron Part 1.



0.73  0.041

Determined in Sections VI.1.2.1.1.1 and VI.4.1 of TDB-

ClO

0.56  0.03

Reported by Ciavatta [1980CIA].

NO


4

3

3

0.26 ± 0.083

Determined in Section IX.4.1.3 of this review (analogy).

0.42 ± 0.084

Reported by Ciavatta [1980CIA].

0.30  0.03

Reported by Ciavatta [1980CIA].

Cl

ClO4

Iron Part 1.

NO
Cr

3

Cl




4

3

ClO

NO
ZrOH

3

Cl



2

—
0.27  0.02

Reported by Ciavatta [1980CIA].

—


ClO4

0.57  0.13

Determined in [2005BRO/CUR] from the overall fit of the
hydrolysis data as described in Appendix D.



Zr3 (OH)93

NO3
Cl



—
—



ClO4

0.93  0.35

Determined in [2005BRO/CUR] from the overall fit of the
hydrolysis data as described in Appendix D.



3

ZrF

NO3

Cl



—


ClO4
NO
ZrCl

3

Cl




3



NO3

Cl

0.63  0.10

Determined from SIT plot in [2005BRO/CUR].

—
—



ClO4
Zr(NO3 )3

—



0.87  0.10

Determined from SIT plot in [2005BRO/CUR].

—
—



ClO4


NO3

0.88  0.11

Determined from SIT plot in [2005BRO/CUR].

—

(Continued on next page)

1
2

3
4

Use of this newer value could lead to inconsistencies if the older ε
assessment.
Use of this value would be consistent with calculations done using
volumes (prior to publication of [2013LEM/BER])
Use of this newer value could lead to inconsistencies if the older ε
assessment.
Use of this value would be consistent with calculations done using
volumes.

value was used in an earlier data
ε values tabulated in earlier TDB
value was used in an earlier data
ε values tabulated in earlier TDB
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Table B-4 (continued)
j
La

jk

k

3

Cl



0.22  0.02


ClO4


NO3
La

3

 Lu

3

Cl



Am

3

Cl

0.47  0.03

Reported by Ciavatta [1980CIA].

—
—


4

3

ClO
NO

Comments



0.47  0.52

Taken from Spahiu [1983SPA].

—
0.23  0.02

The  (An 3+ , Cl ) for An = Am and Cm is assumed to be
equal to  (Nd3 , Cl ) which is calculated from trace activity
coefficients of Nd3+ ion in 0 4 m NaCl. These trace activity
coefficients are based on the Pitzer ion interaction parameters
evaluated in [1997KON/FAN] from osmotic coefficients in
aqueous NdCl3 NaCl and NdCl3 CaCl2.



ClO4
NO
Pu

3

Cl


3



0.49  0.03

Estimated in [1995SIL/BID].

—
—



ClO4

0.49  0.05

Estimated by analogy with  (Ho3+ ,ClO4 ) [1983SPA] as in
[1992GRE/FUG], [1995SIL/BID]. The uncertainty is increased
because the value is estimated by analogy.

NO
PuOH

3

Cl


3



—


ClO4


NO3
PuF

3

Cl



NO
PuCl

Cl


3





NO3
3

Cl

Estimated in [2001LEM/FUG].

—
0.56  0.11

Estimated in [2001LEM/FUG].

—
—



ClO4
PuBr

0.50  0.05
—



ClO4
3

—



0.85  0.09

Derived from the  evaluated in [2001LEM/FUG].

—
—



ClO4

0.58  0.16

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding U(IV) reaction, and by assuming

 (H+ , Br  )   (Na + , Br  ) .
NO
Np

3

Cl




3

—
—

(Continued on next page)
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Table B-4 (continued)
j

jk

k

ClO


4

0.49  0.05

Comments
Estimated by analogy with  (Ho3+ ,ClO4 ) [1983SPA] as in
previous books in this series [1992GRE/FUG],
[1995SIL/BID]. The uncertainty is increased because the
value is estimated by analogy.



NpOH

3

NO3
Cl



—


ClO4
NO
3

NpF

Cl




3



NO3

3

Cl





3

Estimated in [2001LEM/FUG].

—
0.58  0.07

Evaluated in [2001LEM/FUG].

—
—



ClO4
NpI

0.50  0.05
—



ClO4
NpCl

—

0.81  0.09

NO3

—

Cl

—



ClO


4

0.77  0.26

Derived from the  selected in [2001LEM/FUG].

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding Np(IV) chloride reaction, and by assuming

 (H+ , I )   (Na + , I ) .
NO
NpSCN

3

Cl




3

—
0.76  0.12

Estimated in [2001LEM/FUG] by analogy with  of the
corresponding U(IV) reaction.

U

3

ClO4



—

NO3



—

Cl



—


ClO4

0.49  0.05

Evaluated in [2001LEM/FUG] by analogy with

(Am3+, ClO4 ).
NO
UOH

3

Cl




3

—


ClO4


UF

3

—

Cl

—



NO
3


4

3

0.48  0.08

Cl





0.50  0.10

NO
3

Cl



Evaluated in [1992GRE/FUG].

Estimated in [1992GRE/FUG].

—
—

ClO4
UBr

0.48  0.08

NO3
ClO

UCl

—


3

Estimated in [2003GUI/FAN].

—
—

(Continued on next page)
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Table B-4 (continued)
j

jk

k

ClO
NO
UI

3

Cl




4


3

NO
Cl



Estimated in [1992GRE/FUG] using  (U 4 , X) =


(0.76  0.06) kg∙mol1, for X = Br and ClO4 .
—
—



ClO4

3
UNO3

0.52  0.10

Comments


3

0.55  0.10

Estimated in [1992GRE/FUG] using  (U 4 , X) =


(0.76  0.06) kg∙mol1, for X = I and ClO4 .
—
—



ClO4

0.62  0.08

Evaluated in [1992GRE/FUG] using  (U 4+ ,X) =
(0.76  0.06) kg∙mol1 for X = NO3 and ClO4 .

NO
ThOH

ThF

3

3

ThCl

Cl

0.19  0.05


0.48  0.08

NO3



0.20  0.15



ClO

0.48  0.08

Estimated in Section VIII.1.2.1 of [2008RAN/FUG] (Table

NO

0.25  0.20

VIII-8).

0.62  0.11

Calculated in Section VIII.2.2.1.2 of [2008RAN/FUG] using

0.62  0.11

 (Th 4 , X) = (0.70  0.10) kg∙mol1, for X = Cl and ClO4

Cl





NO
3

See Table VII-18 in Section VII.3.6.1 of [2008RAN/FUG].

—

4

3

ClO4
ThClO 3

—

ClO4
Cl

3




3

Cl




3



—
—



ClO4

0.62  0.11

Calculated in Section VIII.2.2.2 of [2008RAN/FUG] using

 (Th 4 , X) = (0.70  0.10) kg∙mol1, for X = ClO3 and


NO
ThBr

3

Cl




3

NO
3

Cl



—
—



ClO4

ThBrO 3

ClO4


3

0.62  0.11

Calculated in Section VIII.3.2.1 of [2008RAN/FUG] using


 (Th 4 , X) = (0.70  0.10) kg∙mol1, for X = Br and ClO4
—
—



ClO4

0.62  0.08

Calculated in Section VIII.3.2.2 of [2008RAN/FUG] using


 (Th 4 , X) = (0.700.10) kg∙mol1, for X = BrO3 and


NO
3

ThN 3

Cl




3

—
—


4

3

ClO

NO

ClO4

0.55  0.15

See Section X.1.2 of [2008RAN/FUG].

—

(Continued on next page)
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Table B-4 (continued)
j

Th(H 2 PO 4 )

Cl

3

3

3



—


0.56  0.14

Calculated in Section X.1.3.3 of [2008RAN/FUG]

NO3



0.56  0.14

using  (Th 4 , X) = (0.700.10) kg∙mol1, for X =




—

ClO4



0.5  0.1

NO3



—

Cl



ClO

0.5  0.1

NO

—



0.50  0.10





Cl

Estimated in Section X.2.3.2 of [2008RAN/FUG].

—
See Section XI.1.3.6.1 of [2008RAN/FUG].

—

NO3
3

Estimated in Section X.2.3.2 of [2008RAN/FUG].

—

4

3

Cl



ClO4 and NO3 .

ClO4
Be 2 OH

Comments

ClO4

Cl

Th(H 2 PO 4 )(H 3 PO 4 )

ThSCN

jk

k

3
ThNO 3



—

ClO


4

0.50  0.05

Taken from [1986BRU], where the assumption was
made that  (Be2 , ClO4 ) = 0.30 kg·mol1, apparently
based on the average of the values for (Mg2+, ClO4 )
and (Ca2+, ClO4 ) [1980CIA].

NO
3
Be 3 (OH) 3

Cl


3

—



—


ClO4

0.51  0.05

Taken from [1986BRU], where the assumption was
made that  (Be2 , ClO4 ) = 0.30 kg·mol1, apparently
based on the average of the values for (Mg2+, ClO4 )
and (Ca2+, ClO4 ) [1980CIA].


3

—

ClO4



0.7  0.2

NO3



—

NO
Sn

4+

Cl

4

Al3 HCO3 (OH) 4

4
Ni 4 (OH) 4

Cl



—



0.41

4

3

Taken from Hedlund [1988HED].

ClO

—

NO

—

Cl



See Section VI.3.1 of [2012GAM/GAJ].

—


ClO4

1.08  0.08

Derived from
Δ = 4  (H + , ClO4 )   (Ni 4OH 44 ,ClO4 )
 4 (Ni 2+ ,ClO4 ) = (0.16  0.05) kg∙mol1 (see

[2005GAM/BUG], Section V.3.1.1.1).


NO3

—

(Continued on next page)
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Table B-4 (continued)
j

jk

k

4
Fe 2 (OH) 2

Cl



—


ClO4


NO3

Zr 4 

Cl

4

Y2 CO 3



0.33  0.09
0.89  0.10

NO3



0.33  0.35



NO
4

Cl



Determined in Section VII.1.3.3 of TDB-Iron Part 1.

—



Determined in [2005BRO/CUR]

—

4

3

ClO
Pu

1.04  0.101

ClO4

Cl

Comments



ClO4

0.80  0.04

Taken from Spahiu [1983SPA].

—
0.37  0.05

Calculated in Section VI.3.1 of [2008RAN/FUG].

0.82  0.07

Derived from Δ =  (Pu 4+ ,ClO4 )   (Pu 3+ ,ClO4 ) =
(0.33  0.035) kg∙mol1 [1995CAP/VIT]. Uncertainty
estimated in [2001LEM/FUG]. In the [1992GRE/FUG],

 (Pu 3+ ,ClO4 ) = (1.03  0.05) kg∙mol–1 was tabulated based
on references [1989ROB], [1989RIG/ROB], [1990RIG].
Capdevila and Vitorge’s data [1992CAP], [1994CAP/VIT]
and [1995CAP/VIT] were unavailable at that time.


NO3
Np

4

Cl



—
—



ClO4

0.84  0.06

Derived from Δ =  (Np4+ ,ClO4 )   (Np3+ ,ClO4 ) =
(0.35  0.03) kg∙mol1 [1989ROB], [1989RIG/ROB],
[1990RIG].



U

4

NO3
Cl



ClO

—
—


4

0.76  0.06

Estimated in [1992GRE/FUG]. Using the measured value of
Δ =  (U 4+ ,ClO4 )   (U3+ ,ClO4 ) = (0.35  0.06) kg∙mol1

p.89 [1990RIG], where the uncertainty is recalculated in
[2001LEM/FUG] from the data given in this thesis, and

 (U3+ ,ClO4 ) = (0.49  0.05) kg∙mol1, a value for

 (U4+ ,ClO4 ) can be calculated in the same way as is done for
 (Np 4+ ,ClO4 ) and  (Pu 4+ ,ClO4 ) . This value,

 (U4+ ,ClO4 ) = (0.84  0.06) kg∙mol1 is consistent with that
tabulated  (U4+ ,ClO4 ) = (0.76  0.06) kg∙mol–1, since the
uncertainties overlap. The authors of [2001LEM/FUG] do not
believe that a change in the previously selected value for

 (U4+ ,ClO4 ) is justified at present.

(Continued on next page)
1

In earlier TDB volumes (prior to publication of [2013LEM/BER]) a value of 0.82 kg·mol-1 [1983SPA]
was listed, but with no estimated uncertainty.
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Table B-4 (continued)
j

NO
Th

jk

k
4

Th(H 3 PO 4 )

5

Al3 (OH) 4

0.25  0.03

Reported by Ciavatta [1980CIA].

0.70  0.10

Evaluated in Section VI.3.1 of [2008RAN/FUG].

NO3



0.31  0.12

Evaluated in Section VI.3.1 of [2008RAN/FUG].



0.25  0.20

ClO

0.56  0.42

NO


4

3

0.42  0.50

ClO4



0.7  0.1

NO3



—

Cl

Cl





NO
5

6

Th 2 (OH) 2

8

Zr3 (OH) 4

8

Zr4 (OH)8

Cl

0.66

4

3



1.30

Taken from Hedlund [1988HED]
—

0.29  0.09


0.91  0.21

NO3



0.69  0.25



Calculated in Section VII.3.4.1.1 of [2008RAN/FUG].

0.40  0.16

4

3

ClO

1.22  0.24

NO

0.69  0.26

Cl

Estimated in Section X.2.3.2 of [2008RAN/FUG].

Taken from Hedlund [1988HED]

ClO4
Cl

See Section VII.3.4.1.3 of [2008RAN/FUG].

—

ClO

Th 2 (OH) 3

—



Cl

4



Comments

ClO4

Cl

4
Th 4 (OH)12


3



Evaluated in Section VII.3.4.1.1 of [2008RAN/FUG].

0.33  0.28

ClO4



1.89  0.31

Determined in [2005BRO/CUR] from the overall fit of the

NO


3

2.28  0.35

hydrolysis data as described in Appendix D.

Cl



—

ClO


4

3.61  1.02

Determined in [2005BRO/CUR] from the overall fit of the
hydrolysis data as described in Appendix D.



NO3
8

Th 4 (OH)8

9

Th 6 (OH)15

10 

Th 6 (OH)14

Cl



—
0.70  0.20

ClO4



1.69  0.42

NO


3

1.59  0.51

Cl



0.72  0.30

ClO4



1.85  0.74

NO3



2.20  0.77

Cl

Evaluated in Section VII.3.4.1.3 of [2008RAN/FUG].



See details in Section VII.3.4.1.4 of [2008RAN/FUG].

0.83  0.30

ClO4



2.2  0.3

NO


3

2.9  0.5

Estimated in Section VII.3.4.1.4 of [2008RAN/FUG].
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Table B-5: Ion interaction coefficients, (j,k) (kg∙mol–1), for anions j with k = Li+, Na+ and
K+ at 298.15 K. The uncertainties represent the 95% confidence level. The ion interaction
coefficients marked with † can be described more accurately with an ionic strength
dependent function, listed in Table B-6.
j

k

OH



Na+

0.04  0.01

+

0.09  0.01

K
F



Li+


HF2

(j,k)

—
0.02  0.02

Evaluated in [1992GRE/FUG].

K+

0.03  0.02

[1988CIA]

Li 
+

+

K


—



—

Li 

0.10  0.01

Na+

0.03  0.01

K+

0.00  0.01

+

ClO 3

Li+
+

K


0.15  0.01

Na+

0.01  0.01

K+
Br



0.13  0.02

Na+

0.05  0.01

+

0.01  0.02

K


Li+

I



0.16  0.01

Na+

0.08  0.02

+

0.02  0.01

K


IO 3

—

Li 
+

Li+

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].

Reported by Ciavatta [1980CIA].


Reported by Ciavatta [1980CIA].

—

Na+ 0.06  0.02
K+

Reported by Ciavatta [1980CIA].

—

Na+ 0.06  0.02
K+



—

Li 
+

BrO 3

—

Li 
+

Evaluated in [1992GRE/FUG].

—

Na+ 0.01  0.02

ClO 4

Reported by Ciavatta [1980CIA].

Na+

Na+ 0.11  0.06

Cl

Comments

Li+  0.02  0.03†

—

Estimated in [1992GRE/FUG].


(Continued on next page)
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Table B-5 (continued)
j


k

(j,k)

Li 

—

+

HSO 4

Na+ 0.01  0.02
—

K+

N3

Li 
+

Na+
Li 
+

Na+
K+

NO 3

Li 
+

—
0.015  0.020 See Section X.1.2 of [2008RAN/FUG].
0.06  0.04†
0.00  0.02

Reported by Ciavatta [1980CIA].

0.04  0.02

Reported by Ciavatta [1988CIA].

0.08  0.01

Reported by Ciavatta [1980CIA].


+

0.11  0.04†



Li 

—

+

Na+ 0.08  0.04†



0.14  0.04†



K+

H 2 AsO 4



Na+ 0.04  0.03†
K


H 2 PO 4

Reported by Ciavatta [1980CIA].

—

K+

NO 2

Comments

Li

+

—

Na+ 0.01  0.01

Evaluated in Appendix A of this review in the entry for
[2002RAP/SAN]

—

K+


HCO 3

Li+

—

Na+

0.00  0.02

These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and


HCO3 are based on [1980CIA].
0.06  0.05

+

K

Calculated in [2001LEM/FUG] from Pitzer coefficients
[1998RAI/FEL].

Hox



Li+ – 0.28  0.09
Na+ – 0.07  0.01

H 2 cit



Li+ – 0.11  0.03
Na+ – 0.05  0.01



Li+
Na
K+

Evaluated in Section VII.3.6 of [2005HUM/AND].

– 0.04  0.

K+
CN

Evaluated in Section VI.3.5 of [2005HUM/AND].

– 0.01  0.08

K+

+

—
0.07  0.03

As reported in [1992BAN/BLI].

—

(Continued on next page)
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Table B-5 (continued)
j
SCN

k


Li 
+

Na+
K+
HCOO



Li+
Na+
+

K
CH 3 COO

H 3 edta





(j,k)
—
0.05  0.01
0.01  0.01

0.05  0.01
0.08  0.01

K+

0.09  0.01

K


SiO(OH)3

Li 
+

—

K+

—

Li 

—

+

Na+ 0.08  0.04
+

K

Sn(OH)3

SnCl3

—

Na+

0.22  0.03

K+

—

Li+

—

Na+

  0.07

+

K

SnBr3



—

Na+

0.16  0.08

K+

—

Li+

—

Na+ 0.07  0.05†
+

K


Ni(SCN)3

—

Na+

0.66  0.13

K+
Ni(cit)



—

Li 
+

Li 
+

Na+
+

K

Evaluated in [1992GRE/FUG].


Estimated in [1992GRE/FUG].


See Section VII.1.1 of [2012GAM/GAJ].

See Section VIII.3.2.1 of [2012GAM/GAJ].

—

Li 
+

B(OH) 4

—

Li 
+

Evaluated in Section VIII.3.7 of [2005HUM/AND].

– 0.14  0.17

Na+ 0.08  0.03

Si 2 O 2 (OH) 5

Reported by Ciavatta [1980CIA].

—

Na+ – 0.33  0.14
+

Reported by Ciavatta [1980CIA].

—

Na+
Li+

Reported by Ciavatta [1980CIA].

—
0.03  0.01

Li 
+

Comments

See Section VIII.3.3.1 of [2012GAM/GAJ].




Evaluated in [2005GAM/BUG] (see Section V.7.1.3.1).

—



—



0.22  0.50

Evaluated in Section VII.7 of [2005HUM/AND].

—

(Continued on next page)
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Table B-5 (continued)
j

(j,k)

k


Li 
+

Fe(SO 4 ) 2

Na+

5

ZrF

—
0.24  0.14

K+

—

Li 

—

+

Na+ 0.14  0.03
+

—

Li 

—

K


+

Am(SO 4 ) 2

Na+ 0.05  0.05

Am(CO3 ) 2

K+

—

Li 

—

+

Comments

Na+ 0.14  0.06

Estimated in Section IX.1.2.1.4.3 of TDB-Iron Part 1.


Determined from SIT plots in [2005BRO/CUR].


Estimated in [1995SIL/BID].

Evaluated Section 12.6.1.1.1 [2003GUI/FAN], from εn in
NaCl solution for the reactions An
(3  2 n )

An(CO3 ) n

3+

 n CO32 

(An = Am, Cm) based on  (Am3+ ,Cl ) =


2

(0.23  0.02) kg∙mol1 and  (Na , CO3 ) = – (0.08  0.03)
kg∙mol1.
+

—

Li 

—

K


+

Am(ox) 2

Na+ 0.21  0.08
—

K+
Am(edta)



Li 
+



Evaluated in Section VI.13 of [2005HUM/AND].


—

Na+

0.01  0.16

Evaluated in Section VIII.13.2.1 of [2005HUM/AND].

+

0.01  0.16

Estimated in [2005HUM/AND] Section VIII.13.2.1 by

K

assuming  (K


Li+

PuO 2 CO 3



, Am(edta)  )   (Na  , Am(edta)  ) .

—

Na+ 0.18  0.18

Estimated in [2001LEM/FUG] by analogy with




 (Na , NpO 2 CO3 ) .

Pu(edta)



K+

—

Li 

—

+

Na+

—

K+

0.01  0.16



Estimated in [2005HUM/AND], Section VIII.12.2.1 by
assuming  (K



NpO 2 (OH) 2

Li+
Na

+

K+



, Pu(edta)  )   (Na  , Am(edta)  ) .

—
0.01  0.07
—

Estimated in [2001LEM/FUG] (Section 8.1.3).


(Continued on next page)
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Table B-5 (continued)
j


NpO 2 CO 3

k

(j,k)

Li+

—

Na+ 0.18  0.15

NpO 2 (ox)



K+

—

Li 

—

+

Na+ 0.4  0.1
K+
NpO 2 (H 2 edta)



Li+
Na

+

K+


(NpO 2 ) 2 CO 3 (OH) 3

Comments
Calculated in [2001LEM/FUG] (Section 12.1.2.1.3).


Evaluated in Section VI.11.2.3 of [2005HUM/AND].

—



—



– 0.18  0.16

Evaluated in Section VIII.11.2.3 of [2005HUM/AND].

—

Li+

—

Na+

0.00  0.05

Estimated by analogy in [2001LEM/FUG] (Section
12.1.2.1.2).

+

—

Li 

—

K


+

UO 2 (OH) 3

Na+ 0.09  0.05

UO 2 F3

K+

—

Li 

—

+

Na+ 0.14  0.05
+

K


Li 
+

UO 2 (N 3 ) 3

Na+
K+


(UO 2 ) 2 CO3 (OH)3



—
0.00  0.05

+

—

Li 

—

Na+ – 0.11  0.09

Th(OH) 3 (CO 3 )



K+

—

Li+

—

Na+ – 0.05  0.20
+

K
Mg(cit)





Estimated in [1992GRE/FUG].

Estimated in [1992GRE/FUG].

Evaluated in [2005HUM/AND].

See Section XI.1.3.2 of [2008RAN/FUG].

—

Li 

—

Na+

0.03  0.03

K+

—

+

Evaluated in [2003GUI/FAN], Section 9.4.2.2.1.1.

—

Na+

+



—
0.0  0.1

Li+
K

UO 2 cit

—

Estimated in [1992GRE/FUG].

Evaluated in [2005HUM/AND].

(Continued on next page)
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Table B-5 (continued)
j
UO 2 (Hedta)



k

(j,k)

Li 

—

+

Na+ – 0.18  0.16
K+
Mg(Hedta)



—

Na+

0.11  0.20

+

—

Li 

—

+

Na+ 0.08  0.05†
K+
2
SO 4

Evaluated in Section VIII.10.2.4 of [2005HUM/AND].

—

Li+
K

2

SO 3

Comments

—

Estimated in Section VIII.5.1 of [2005HUM/AND]




Li  0.03  0.04†
+

Na+ 0.12  0.06†
+

K
2

Li 
+

S2 O 3

0.06  0.02

K+

—

Li 

—

+




0.10  0.06†



K
2



Na+ 0.15  0.06†
+

Li 
+

CO 3

Reported by Ciavatta [1988CIA].

—

Na+ 0.08  0.05†
2
HPO 4



—

Na+ 0.08  0.03

These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and

3

HCO are based on [1980CIA].
+

K
ox

2

0.02  0.01

Li  – 0.51  0.09
Na+ – 0.08  0.01
K+

Hcit

2

Evaluated in Section VI.3.5 of [2005HUM/AND].

0.07  0.08

Li+ – 0.17  0.04
Na+ – 0.04  0.02
K+

H 2 edta

Reported by Ciavatta [1980CIA].

+

2

Li+

Evaluated in Section VII.3.6 of [2005HUM/AND].

– 0.01  0.02
—

Na+ – 0.37  0.14
K+
2

SiO 2 (OH) 2

Li+

– 0.17  0.18
—

Na+ 0.10  0.07
+

K

Evaluated in Section VII.3.7 of [2005HUM/AND].

—

Evaluated in [1992GRE/FUG].


(Continued on next page)
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Table B-5 (continued)
j
2

k

(j,k)

Li 

—

+

Si 2 O 3 (OH) 4

Na+ 0.15  0.06
2
Ni(ox) 2

K+

—

Li 

—

+

Na+ – 0.26  0.03
K
2

Li 
+

Na+



Evaluated in Section VI.7.2 of [2005HUM/AND].

—



0.185  0.081 Evaluated in [2005GAM/BUG] (see Section V.7.1.2.1.1).
—

K+
2
Fe(CO 3 ) 2

Estimated in [1992GRE/FUG].

—

+

Ni(CN) 4

Comments



Li 
+

Na+

– 0.05  0.05

By analogy. See Appendix A entry for [1992BRU/WER].

+

K
2

Li+

CrO 4



0.08  0.04†



K+

Zr(OH)62

—

Na+ 0.06  0.04†
Li 
+

—

Na+ 0.10  0.10

Determined in [2005BRO/CUR] by analogy to known
interaction coefficients of doubly charged anionic species
with alkali ions (source: [2001LEM/FUG]).

ZrF62

K+

—

Li 

—

+

Na+ 0.15  0.06
+

—

Li 

—

K
2

NpO 2 (HPO 4 ) 2

+

Na+ 0.1  0.10
2
NpO 2 (CO 3 ) 2

K+

—

Li 

—

+

Na+ 0.02  0.14



Determined from SIT plots in [2005BRO/CUR].


Estimated in [2001LEM/FUG].


Estimated by analogy in [2001LEM/FUG] (Section
12.1.2.1.2).

NpO 2 cit

2

K+

—

Li 

—

+

Na+ – 0.06  0.03
2

Li+
Na
K+

Evaluated in Section VII.11 of [2005HUM/AND].

—

K+
NpO 2 (Hedta)



+

—
0.07  0.16

Estimated in Section VIII.11.2.3 of [2005HUM/AND].

—

(Continued on next page)
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Table B-5 (continued)
j
2

k

(j,k)

Li 

—

+

UO 2 F4

Na+ 0.30  0.06
2
UO 2 (SO 4 ) 2

K+

—

Li 

—

+

Na+ 0.12  0.06
+

K
2

Li 
+

UO 2 (N 3 ) 4

—

K+

—

Li 

—

+

Na+ – 0.18  0.07
+

—

Li 

—

K
UO 2 edta

2

+

Na+ – 0.22  0.18
2

UO 2 (CO 3 ) 2

Evaluated in [2003GUI/FAN], Section 9.4.2.2.1.1.


Estimated in [1992GRE/FUG].


—

Na+ 0.1  0.1
2
UO 2 (ox) 2

Comments

K+

—

Li+

—

Na+ 0.02  0.09

Estimated in [1992GRE/FUG].


Estimated in Section VI.1.2.4.1 of [2005HUM/AND].

Estimated in Section VIII.10.2.4 of [2005HUM/AND].

These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and


HCO3 are based on [1980CIA].
+

—

Li 

—

K
(UO 2 ) 2 (OH) 2 (SO 4 )

2
2

+

Na+ 0.14  0.22
+

—

Li 

—

K
2

+

ThF6

Na+ 0.30  0.06
K+
2

Evaluated in Section 9.5.1.1.2 of [2003GUI/FAN].


See Table VIII-8 in Section VIII.1.2.1 of [2008RAN/FUG].

—

Li+ − 0.0680.003 In combination with 2 = (0.0930.007).

Th(SO 4 ) 3

Na+

0.091  0.038

+

0.091  0.038

K
2

Th(OH) 2 (CO 3 ) 2

Li+

2

K+

—

Li+

—

Na+ – 0.1  0.2
+

K

See Section IX.1.3.2 of [2008RAN/FUG].

—

Na+ – 0.1  0.2

Th(OH) 4 (CO3 )



See Section XI.1.3.2 of [2008RAN/FUG].

See Section XI.1.3.2 of [2008RAN/FUG].

—

(Continued on next page)
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Table B-5 (continued)
j
2

k

(j,k)

Li 

—

+

Mg(ox) 2

Na+ – 0.15  0.03
– 0.15  0.10

K+

Comments
Estimated in Section VI.5.1 of [2005HUM/AND].
Estimated in [2005HUM/AND], Section VI.5.1 by assuming


2



2

 (K , Mg(ox) 2 )   (Na , Mg(ox) 2 ) .
Mg(edta)

2

Li+

—

Na+ – 0.01  0.15
2

Li+

Ca(ox) 2

Na

Evaluated in Section VIII.5.2 of [2005HUM/AND].

—

K+
+

—
– 0.15  0.10

Estimated in [2005HUM/AND], Section VI.5.2 by assuming


2



2

 (Na , Ca(ox) 2 )   (Na , Mg(ox) 2 ) .
+

K

– 0.15  0.10

Estimated in [2005HUM/AND], Section VI.5.2 by assuming


2



2

 (K , Ca(ox) 2 )   (Na , Mg(ox) 2 ) .
cit

3

Li+ – 0.44  0.15†
Na+

Hedta

3

–0.076  0.030†

K+

0.02  0.02

Li+

—

Na+ – 0.10  0.14
3

PO 4

K+

0.31  0.18

Li+

—

Na+ 0.25  0.03†
+

K
3

Si 3 O 6 (OH) 3

Li+

0.09  0.02

3

K+

—

Li 

—

+

Na+ 0.25  0.03
3

Si 4 O 7 (OH)5

K+

—

Li+

—

Na+ 0.25  0.03
3

Ni(CN) 5

3


Reported by Ciavatta [1980CIA].
Estimated in [1992GRE/FUG].

Estimated in [1992GRE/FUG].

Estimated in [1992GRE/FUG].

K+

—



Li+

—



Na+
Fe(CO3 )3

Evaluated in Section VIII.3.7 of [2005HUM/AND].

—

Na+ 0.25  0.03
Si 3 O 5 (OH) 5

Evaluated in Section VI.3.6 of [2005HUM/AND].

0.25  0.14

Evaluated in [2005GAM/BUG] (see Section V.7.1.2.1.1).

+

K

—



Li+

—



Na+

0.23  0.07

By analogy. See Appendix A entry for [2005GRI] of
TDB-Iron Part 1.

+

K

—



(Continued on next page)
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Table B-5 (continued)
j
3

k

(j,k)

Li 

—

+

Am(CO 3 ) 3

Na+ 0.23  0.07

Comments
Evaluated Section 12.6.1.1.1 [2003GUI/FAN], from εn in
NaCl solution for the reactions An
(3  2 n )
3 n

An(CO )

3+

 n CO32 

(An = Am, Cm) based on  (Am3+ ,Cl ) =


2

(0.23  0.02) kg∙mol1 and  (Na , CO3 ) = – (0.08  0.03)
kg∙mol1.
+

—

Li 

—

K
3
Am(ox) 3

+

Na+ 0.23  0.10



Estimated in [2005HUM/AND], Section VI.13.2.1 by


3



3

assuming  (Na , Am(ox)3 )   (Na , Am(CO3 ) 3 ) .
3
Np(CO 3 )3

K+

—

Li 

—

+

Na+

—
0.15  0.07

K+



Estimated by analogy in [2001LEM/FUG] (Section
12.1.2.1.5).

3

Li 
+

NpO 2 (CO 3 ) 2

—

Na+ 0.33  0.17

NpO 2 (CO3 ) 2 OH

3

K+

—

Li 

—

+

Na+ 0.40  0.19

Calculated in [2001LEM/FUG] (Section 12.1.2.1.3).


Estimated in [2001LEM/FUG] by analogy with
4

NpO2 (CO3 )3 .
3
NpO 2 (ox) 2

K+

—

Li 

—

+

Na+ 0.3  0.2
—

K+
NpO 2 edta

3

Li+
Na

+

4

4

P2 O 7

Li+

0.20  0.16

Estimated in Section VIII.11.2.3 of [2005HUM/AND].

—
0.32  0.14

K+

1.07  0.19

Li+
K+



—

Na+

Na

Evaluated in Section VI.11.2.3 of [2005HUM/AND].

—

K+
edta



+

Evaluated in Section VIII.3.7 of [2005HUM/AND].

—
0.26  0.05

Reported by Ciavatta [1988CIA].

0.15  0.05

Reported by Ciavatta [1988CIA].

(Continued on next page)
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Table B-5 (continued)
j
4
Fe(CN) 6

k

(j,k)

Li 

—

+

Na+
4

—
0.17  0.03

K+
Li+

Zr(CO3 ) 4

Comments

—

Na+ 0.09  0.20

This value, referring to ( NH+4 ,Zr(CO3 )44 ) has been
estimated in [2005BRO/CUR] by analogy with the
homovalent ion pair ( Na  ,U(CO3 )44 ), see
[1997GRE/PLY].

4

NpO 2 (CO 3 ) 3

K+

—

Li+

—



Na+ 0.40  0.19

Calculated in [2001LEM/FUG] (Section 12.1.2.1.2).

0.62  0.42

 (NH 4 , NpO 2 (CO3 ) 3 ) = – (0.78  0.25) kg∙mol1 is

+

K



4

calculated in [2001LEM/FUG] (Section 12.1.2.2.1).
4

Li+

U(CO 3 ) 4

—

Na+ 0.09  0.10

These values differ from those estimated in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and


HCO3 are based on [1980CIA].
4

UO 2 (CO 3 )3

+

K

—

Li+

—

Na+ 0.01  0.11


These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and

3

HCO are based on [1980CIA].
4

UO 2 (ox) 3

K+

—

Li+

—

Na+ 0.01  0.11


Estimated in [2005HUM/AND], Section VI.10.2.4.1 by


4



4

assuming  (Na , UO 2 (ox) 3 )   (Na , UO 2 (CO 3 ) 3 ) .
—

K+
4

(UO 2 )3 (OH) 4 (SO 4 )3 Li+

Na+
5

Li+
Na
K+

—
0.6  0.6

Estimated in Section 9.5.1.1.2 of [2003GUI/FAN].

—

K+
NpO 2 (CO 3 )3



+

—
0.53  0.19

Calculated in [2001LEM/FUG] (Section 12.1.2.1.3).

0.22  0.03

Evaluated in [2003GUI/FAN] (discussion of
[1998ALM/NOV] in Appendix A) from ε for the reactions
2

KNpO2 CO3 (s) + 2 CO3

5

+

NpO2 (CO3 )3 + K (in

K2CO3KCl solution) and K3NpO2(CO3)2(s)
5

2

+ CO 3  NpO 2 (CO3 )3 + 3K+ (in K2CO3 solution) (based


2
3

on  (K , CO ) = (0.02  0.01) kg∙mol1).

(Continued on next page)
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Table B-5 (continued)
j
5

k

(j,k)

Li 

—

+

UO 2 (CO 3 ) 3

Na+ 0.62  0.15

Comments
These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and

3

HCO are based on [1980CIA].
5

Th(OH)(CO 3 ) 4

+

K

—

Li+

—

Na+ – 0.22  0.13
6

Np(CO 3 )5

K+

—

Li+

—

Na+
6

Li+

(NpO 2 )3 (CO 3 ) 6

6

Calculated in [2001LEM/FUG] (Section 12.1.2.1.4).

—

Na+ 0.46  0.73
U(CO 3 ) 5

Evaluated in Section XI.1.3.2.1 of [2008RAN/FUG].

—
0.73  0.68

K+



K+

—

Li+

—

Na+ 0.30  0.15

Calculated in [2001LEM/FUG] (Section 12.1.2.1.2).

These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and


HCO3 are based on [1980CIA].
0.70  0.31

+

K

Calculated in [2001LEM/FUG] from Pitzer coefficients
[1998RAI/FEL].

6

Li 

—

Na+

0.37  0.11

+

(UO 2 )3 (CO 3 ) 6

These values differ from those reported in [1992GRE/FUG].
2

See the discussion in [1995GRE/PUI]. Values for CO3 and

3

HCO are based on [1980CIA].
—

+

K
6

(UO 2 ) 2 NpO 2 (CO 3 ) 6 Li+

Na+

—
0.09  0.71

Estimated by analogy in [2001LEM/FUG] (Section
12.1.2.2.1).

—

+

K
6

(UO 2 )5 (OH)8 (SO 4 ) 4 Li+

Na+
6

Th(CO 3 ) 5

—
1.10  0.5

K+

—

Li+

—

Na+ – 0.30  0.15
7

(UO 2 ) 4 (OH) 7 (SO 4 ) 4 Li+

K+

Estimated in Section XI.1.3.2.1 of [2008RAN/FUG].

—

K+
Na

Estimated in Section 9.5.1.1.2 of [2003GUI/FAN].

+

—
2.80  0.7

Estimated in Section 9.5.1.1.2 of [2003GUI/FAN].

—
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Table B-6: Ion interaction coefficients, 1(j,k) and 2(j,k), both in kg∙mol–1, for cations j
with k = Cl, ClO4 and NO3 (first part), and for anions j with k = Li+, Na+ and K+
(second part), according to the relationship  = 1 + 2 log10 Im at 298.15 K. The data are
taken from Ciavatta [1980CIA], [1988CIA] unless indicated otherwise. The
uncertainties represent the 95 confidence level.
Cl

jk

1



ClO 4

2

1

NH +4
+

Tl

NO3

2

1

2

0.088  0.002

0.095  0.012 0.075  0.001

0.18  0.02

0.09  0.02

0.057  0.004

0.1432  0.0002 0.0971  0.0009

Ag +
2+

0.329  0.007

0.288  0.018

Hg 2+

0.145  0.001

0.194  0.002

Hg 2+
2

0.2300  0.0004 0.194  0.002

Pb

jk


OH



NO2

Li +

1

2

0.039  0.002

0.072  0.006

0.02  0.01

K+

Na +

1

2

1

2

0.11  0.01

NO3

0.049  0.001

0.044  0.002 0.131  0.002

0.109  0.001

0.095  0.003 0.1473  0.0008 0.121  0.004

B(OH)4

0.092  0.002

0.103  0.005

SO32 

0.125  0.008

0.106  0.009

0.093  0.007 0.184  0.002

0.139  0.006

0.125  0.008

0.106  0.009

0.19  0.01

0.11  0.03

0.152  0.007

0.123  0.016

0.090  0.005

0.07  0.01

0.123  0.003

0.106  0.007

– 0.15  0.03 

0.13  0.03

0.29  0.02

0.10  0.01

H2PO4

SO 24 
S2O32
HPO24 
CrO24 
3
cit

PO34

0.068  0.003

– 0.55  0.11

a

0.3  0.2

a

a

a

0.082  0.006



a: See Section VII.3.6 of [2005HUM/AND].
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Table B-7: SIT interaction coefficients ε(j,k) (kg∙mol–1) for neutral species, j, with k,
electroneutral combination of ions at 298.15 K.
Na+ + ClO 4

j k


Na+ + Cl

K+ + NO3

H2ox(aq)

0.00  0.01 b

0.00  0.01 b

0.00  0.01 b

H3cit(aq)

0.00  0.01 b

0.00  0.01 b

0.00  0.01 b

– 0.29  0.14

H4edta(aq)
SnBr2(aq)

0.14  0.07

SnSO4(aq)

0.19  0.35

Sn(NO3)2(aq)

– 0.29  0.14

0.130  0.111

Ni(ox)(aq)

– 0.07  0.03

Ni(Hcit)(aq)

– 0.07  0.5

Ni(SCN)2(aq)

– 0.29  0.14

– 0.07  0.03

0.38  0.06 a
0.00  0.05

Am(cit)(aq)
Np(edta)(aq)

– 0.19  0.19 g

UO2ox(aq)

– 0.05  0.06

Uedta(aq)

– 0.19  0.19

– 0.05  0.06
0.00  0.03

Mg(ox)(aq)
Mg(Hcit)(aq)

0.02  0.05

0.02  0.05

Ca(ox)(aq)

0.0  0.1 d

0.0  0.1 e

0.0  0.1c
0.0  0.1 f

(a): See Section V.7.1.3.1 in [2005GAM/BUG].
(b): Basic assumption made in [2005HUM/AND]. See Sections VI.3.5 and VII.3.6 of that
review for discussions.
(c): Estimated in Section VI.5.2 of [2005HUM/AND] by assuming (Mg(ox)(aq), KNO3) 
(Mg(ox)(aq), NaCl).
(d): Estimated in Section VI.5.2 of [2005HUM/AND] by assuming (Ca(ox)(aq), NaClO4) 
(Mg(ox)(aq), NaCl).
(e): Estimated in Section VI.5.1 of [2005HUM/AND] by assuming (Ca(ox)(aq), NaCl) 
(Mg(ox)(aq), NaCl).
(f): Estimated in Section VI.5.2 of [2005HUM/AND] by assuming (Ca(ox)(aq), KNO3) 
(Mg(ox)(aq), NaCl).
(g): Estimated in Section VIII.11.2.2 of [2005HUM/AND] by assuming (Np(edta)(aq),
NaClO4)  (Uedta(aq), NaClO4).

Table B-8: Other ion interaction coefficients ε( j,k) (kg·mol-1) used in TDB-Iron Parts 1
and 2 for cations j and anions k.

H

j


NH 4

k

HSO 4

F–

(j,k)
 0.14 ± 0.05
– 0.04 ± 0.03

Comments
Determined in TDB-Iron Part 1, p. 476, footnote
Determined in Section VIII.1.1.1.1. of the present review
(and is preferred to a value derived earlier in
[2008RAN/FUG])
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Assigned uncertainties1
This appendix describes the origin of the uncertainty estimates that are given in the
TDB tables of selected data. The original text in [1992GRE/FUG] has been retained in
[1995SIL/BID], [1999RAR/RAN] and [2001LEM/FUG], except for some minor
changes. Because of the importance of the uncertainty estimates, the present review
offers a more comprehensive description of the procedures used.

C.1 The general problem
The focus of this section is on the uncertainty estimates of equilibria in solution, where
the key problem is analytical, i.e., the determination of the stoichiometric composition
and equilibrium constants of complexes that are in rapid equilibrium with one another.
We can formulate analyses of the experimental data in the following way: From N
measurements, yi, of the variable y we would like to determine a set of n equilibrium
constants kr, r = 1, 2,…, n, assuming that we know the functional relationship:
y = f(k1, k2, …kr...kn; a1, a2,….)

(C.1)

where a1, a2 , etc. are quantities that can be varied but whose values (a1i; a2i; etc.) are
assumed to be known accurately in each experiment from the data sets (yi, a1i, a2i,…), i
= 1, 2, …N. The functional relationship (C.1) is obtained from the chemical model
proposed and in general several different models have to be tested before the "best" one
is selected. Details of the procedures are given in Rossotti and Rossotti
[1961ROS/ROS].
When selecting the functional relationship (C.1) and determining the set of
equilibrium constants that best describes the experiments one often uses a least-squares
method. Within this method, the “best” description is the one that will minimise the
residual sum of squares, U:
U   wi  yi  f (k1 ...kn ; a1i , a2i ...) 

2

(C.2)

i

1

This appendix essentially contains the text of the TDB-3 Guideline, [1999WAN/OST], earlier versions of
which have been printed in all the previous NEA TDB reviews. Because of its importance in the selection
of data and to guide the users of the values in Chapters III and IV the text is reproduced here with minor
revisions.
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where wi is the weight of each experimental measurement yi.
The minimum of the function (C.2) is obtained by solving a set of normal
equations:
U
 0, r  1,.....n
kr

(C.3)

A “true” minimum is only obtained if:


the functional relationship (C.1) is correct, i.e., if the chemical model is
correct;



all errors are random errors in the variable y, in particular there are no
systematic errors;



the random errors in y follow a Gaussian (normal) distribution;



the weight wi(yi, a1i, a2i,….) of an experimental determination is an exact
measure of its inherent accuracy.

To ascertain that the first condition is fulfilled requires chemical insight, such
as information of the coordination geometry, relative affinity between metal ions and
various donor atoms, etc. It is particularly important to test if the chemical equilibrium
constants of complexes that occur in small amounts are chemically reasonable. Too
many experimentalists seem to look upon the least-squares refinement of experimental
data more as an exercise in applied mathematics than as a chemical venture. One of the
tasks in the review of the literature is to check this point. An erroneous chemical model
is one of the more serious types of systematic error.
The experimentalist usually selects the variable that he/she finds most
appropriate to fulfill the second condition. If the estimated errors in a1i, a2i … are
smaller than the error in yi, the second condition is reasonably well fulfilled. The choice
of the error-carrying variable is a matter of choice based on experience, but one must be
aware that it has implications, especially in the estimated uncertainty.
The presence of systematic errors is, potentially, the most important source of
uncertainty. There is no possibility to handle systematic errors using statistics; statistical
methods may indicate their presence, no more. Systematic errors in the chemical model
have been mentioned. In addition there may be systematic errors in the methods used.
By comparing experimental data obtained with different experimental methods one can
obtain an indication of the presence and magnitude of such errors. The systematic errors
of this type are accounted for both in the review of the literature and when taking the
average of data obtained with different experimental methods. This type of systematic
error does not seem to affect the selected data very much, as judged by the usually very
good agreement between the equilibrium data obtained using spectroscopic,
potentiometric and solubility methods.
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The electrode calibration, especially the conversion between measured pH and
log10 [H+] is an important source of systematic error. The reviewers have when
possible corrected this error, as seen in many instances in Appendix A.
The assumption of a normal distribution of the random errors is a choice made
in the absence of better alternatives.
Finally, a comment on the weights used in least-squares refinements; this is
important because it influences the uncertainty estimate of the equilibrium constants.
The weights of individual experimental points can be obtained by repeating the
experiment several times and then calculating the average and standard deviation of
these data. This procedure is rarely used, instead most experimentalists seem to use unit
weight when making a least-squares analysis of their data. However, also in this case
there is a weighting of the data by the number of experimental determinations in the
parameter range where the different complexes are formed. In order to have comparable
uncertainty estimates for the different complexes, one should try to have the same
number of experimental data points in the concentration ranges where each of these
complexes is predominant; a procedure very rarely used.
As indicated above, the assignment of uncertainties to equilibrium constants is
not a straightforward procedure and it is complicated further when there is lack of
primary experimental data. The uncertainty estimates given for the individual
equilibrium constants reported by the authors and for some cases re-estimated by this
review are given in the tables of this and previous reviews. The procedure used to obtain
these
estimates is given in the original publications and in the Appendix A discussions.
However, this uncertainty is still a subjective estimate and to a large extent based on
"expert judgment".

C.2 Uncertainty estimates in the selected thermodynamic
data
The uncertainty estimate in the selected thermodynamic data is based on the uncertainty
of the individual equilibrium constants or other thermodynamic data, calculated as
described in the following sections. A weighted average of the individual log 10K values
is calculated using the estimated uncertainty of the individual experimental values to
assign its weight. The uncertainty in this average is then calculated using the formulae
given in the following text. This uncertainty depends on the number of experimental
data points for N data points with the same estimated uncertainty, , the uncertainty in
the average is  / N . The average and the associated uncertainty reported in the tables
of selected data are reported with many more digits than justified only in order to allow
the users to back-track the calculations. The reported uncertainty is much smaller than
the estimated experimental uncertainty and the users of the tables should look at the
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discussion of the selected constants in order to get a better estimate of the uncertainty in
an experimental determination using a specific method.
One of the objectives of the NEA Thermochemical Database (TDB) project is
to provide an idea of the uncertainties associated with the data selected in this review.
As a rule, the uncertainties define the range within which the corresponding data can be
reproduced with a probability of 95% at any place and by any appropriate method. In
many cases, the statistical treatment is limited or impossible due to the availability of
only one or few data points. A particular problem has to be solved when significant
discrepancies occur between different source data. This appendix outlines the statistical
procedures, which were used for fundamentally different problems, and explains the
philosophy used in this review when statistics were inapplicable. These rules are
followed consistently throughout the series of reviews within the TDB Project. Four
fundamentally different cases are considered:
1.

One source datum available

2.

Two or more independent source data available

3.

Several data available at different ionic strengths

4.

Data at non-standard conditions: Procedures for data correction
and recalculation.

C.3 One source datum
The assignment of an uncertainty to a selected value that is based on only one
experimental source is a highly subjective procedure. In some cases, the number of data
points, on which the selected value is based, allows the use of the “root mean square”
[1982TAY] deviation of the data points, Xi, to describe the standard deviation, sX,
associated with the average, X :
sX =

1
N 1

N

(X
i 1

i

 X )2 .

(C.4)

The standard deviation, sX, is thus calculated from the dispersion of the equally
weighted data points, Xi, around the average X , and the probability is 95% that an Xi is
within X 1.96 sX, see Taylor [1982TAY] (pp. 244-245). The standard deviation, sX, is
a measure of the precision of the experiment and does not include any systematic errors.
Many authors report standard deviations, sX, calculated with Eq. (C.4) (but
often not multiplied by 1.96), but these do not represent the quality of the reported
values in absolute terms. Therefore, it is thus important not to confuse the standard
deviation, sX, with the uncertainty, . The latter reflects the reliability and
reproducibility of an experimental value and also includes all kinds of systematic errors,
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sj, that may be involved. The uncertainty,  can be calculated with Eq. (C.5), assuming
that the systematic errors are independent.

 X = sX2 +  (s 2j )

(C.5)

j

The estimation of the systematic errors sj (which, of course, have to relate to
X and be expressed in the same units) can only be made by a person who is familiar
with the experimental method. The uncertainty,  has to correspond to the 95%
confidence level preferred in this review. It should be noted that for all the corrections
and recalculations made (e.g., temperature or ionic strength corrections) the rules of the
propagation of errors have to be followed, as outlined in Section C.6.2.
More often, the determination of sX is impossible because either only one or
two data points are available, or the authors did not report the individual values. The
uncertainty  in the resulting value can still be estimated using Eq. (C.5) assuming that
sX2 is much smaller than  (s 2j ) , which is usually the case anyway.
j

C.4 Two or more independent source data
Frequently, two or more experimental data sources are available, reporting experimental
determinations of the desired thermodynamic data. In general, the quality of these
determinations varies widely, and the data have to be weighted accordingly for the
calculation of the mean. Instead of assigning weight factors, the individual source data,
Xi, are provided with an uncertainty, i, that also includes all systematic errors and
represents the 95% confidence level, as described in Section C.3. The weighted mean
X and its uncertainty,  X , are then calculated according to Eqs. (C.6) and (C.7).

 Xi 
2 
i 1 
X   i 
N  1 
 2 
i 1  i 
N



X 

1
 1 
 2 
i 1  i 

(C.6)

(C.7)

N

Equations (C.6) and (C.7) may only be used if all the Xi belong to the same
parent distribution. If there are serious discrepancies among the Xi, one proceeds as
described below under Section C.4.1. It can be seen from Eq. (C.7) that  X is directly
dependent on the absolute magnitude of the i values, and not on the dispersion of the
data points around the mean. This is reasonable because there are no discrepancies
among the Xi, and because the i values already represent the 95% confidence level.
The selected uncertainty,  X , will therefore also represent the 95% confidence level.
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In cases where all the uncertainties are equal, i , Eqs. (C.6) and (C.7)
reduce to Eqs. (C.8) and (C.9).
X 

X 

1
N

N

 Xi

(C.8)

i 1



(C.9)

N

Example C.1:
Five data sources report values for the thermodynamic quantity, X. The reviewer has
assigned uncertainties that represent the 95% confidence level as described in
Section C.3.
i

Xi



1

25.3

0.5

2

26.1

0.4

3

26.0

0.5

4

24.85

0.25

5

25.0

0.6

According to Eqs. (C.6) and (C.7), the following result is obtained:
X = (25.30.2).

The calculated uncertainty,  X = 0.2, appears relatively small, but is
statistically correct, as the values are assumed to follow a Gaussian distribution. As a
consequence of Eq. (C.7),  X will always come out smaller than the smallest i.
Assuming 4 = 0.10 instead of 0.25 would yield X = (25.00.1) and 4 = 0.60 would
result in X = (25.60.2). In fact, the values (Xi  i) in this example are at the limit of
consistency, i.e., the range (X44) does not overlap with the ranges (X2  2) and
(X3  3). There might be a better way to solve this problem. Three possible choices
seem more reasonable:
i. The uncertainties, i, are reassigned because they appear too optimistic after
further consideration. Some assessments may have to be reconsidered and the
uncertainties reassigned. For example, multiplying all the i by 2 would yield X
= (25.30.3).
ii. If reconsideration of the previous assessments gives no evidence for reassigning
the Xi and i (95% confidence level) values listed above, the statistical conclusion
will be that all the Xi do not belong to the same parent distribution and cannot
therefore be treated in the same group (cf. item iii below for a non-statistical
explanation). The values for i =1, 4 and 5 might be considered as belonging to
Group A and the values for i = 2 and 3 to Group B. The weighted average of the
values in Group A is XA (i = 1, 4, 5) = (24.950.21) and of those in Group B, XB
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(i = 2, 3) = (26.060.31), the second digit after the decimal point being carried
over to avoid loss of information. The selected value is now determined as
described below under “Discrepancies” (Section C.4.1, Case I). XA and XB are
averaged (straight average, there is no reason for giving XA a larger weight than
XB), and  X is chosen in such a way that it covers the complete ranges of
expectancy of XA and XB. The selected value is then X = (25.50.9).
iii. Another explanation could be that unidentified systematic errors are associated
with some values. If this seems likely to be the case, there is no reason for
splitting the values up into two groups. The correct way of proceeding would be
to calculate the unweighted average of all the five points and assign an
uncertainty that covers the whole range of expectancy of the five values. The
resulting value is then X = (25.41.0), which is rounded according to the rules
in Section C.6.3 to X = (25.41.1).

C.4.1 Discrepancies
Two data are called discrepant if they differ significantly, i.e., their uncertainty ranges
do not overlap. In this context, two cases of discrepancies are considered. Case I: Two
significantly different source data are available. Case II: Several, mostly consistent
source data are available, one of them being significantly different, i.e., an “outlier”.
Case I. Two discrepant data: This is a particularly difficult case because the
number of data points is obviously insufficient to allow the preference of one of the two
values. If there is absolutely no way of discarding one of the two values and selecting
the other, the only solution is to average the two source data in order to obtain the
selected value, because the underlying reason for the discrepancy must be unrecognised
systematic errors. There is no point in calculating a weighted average, even if the two
source data have been given different uncertainties, because there is obviously too little
information to give even only limited preference to one of the values. The uncertainty,
 X , assigned to the selected mean, X , has to cover the range of expectation of both
source data, X1, X2, as shown in Eq. (C.10),

 X  X i  X  max

(C.10)

where i =1, 2, and max is the larger of the two uncertainties i see Example C.1.ii and
Example C.2.
Example C.2:
The following credible source data are given:
X1 = (4.50.3)
X2 = (5.90.5).
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The uncertainties have been assigned by the reviewer. Both experimental
methods are satisfactory and there is no justification to discard one of the data. The
selected value is then:
X = (5.21.2).

Figure C-1: Illustration for Example C.2.
X
X1

X2

X
4

4.5

5

5.5

6

6.5

Case II. Outliers: This problem can often be solved by either discarding the
outlying data point, or by providing it with a large uncertainty to lower its weight. If,
however, the outlying value is considered to be of high quality and there is no reason to
discard all the other data, this case is treated in a way similar to Case I. Example C.3
illustrates the procedure.
Example C.3:
The following data points are available. The reviewer has assigned the uncertainties and
sees no justification for any change.
i

Xi

i

1

4.45

0.35

2

5.9

0.5

3

5.7

0.4

4

6.0

0.6

5

5.2

0.4

There are two data sets that, statistically, belong to different parent
distributions, A and B. According to Eqs. (C.6) and (C.7), the following average values
are found for the two groups: XA(i =1) = (4.45  0.35) and XB(i = 2, 3, 4,
5) = (5.62  0.23). The selected value will be the straight average of XA and XB,
analogous to Example C.1:
X = (5.0  0.9).
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C.5 Several data at different ionic strengths
The extrapolation procedure for aqueous equilibria used in this review is the specific ion
interaction model outlined in Appendix B. The objective of this review is to provide
selected data sets at standard conditions, i.e., among others, at infinite dilution for
aqueous species. Equilibrium constants determined at different ionic strengths can,
according to the specific ion interaction equations, be extrapolated to I = 0 with a linear
regression model, yielding as the intercept the desired equilibrium constant at I = 0, and
as the slope the stoichiometric sum of the ion interaction coefficients,  . The ion
interaction coefficient of the target species can usually be extracted from  and would
be listed in the corresponding table of Appendix B.
The available source data may sometimes be sparse or may not cover a
sufficient range of ionic strengths to allow a proper linear regression. In this case, the
correction to I = 0 should be carried out according to the procedure described in Section
C.6.1.
If sufficient data are available at different ionic strengths and in the same inert
salt medium, a weighted linear regression will be the appropriate way to obtain both the
constant at I = 0, X  , and  . The first step is the conversion of the ionic strength
from the frequently used molar (mol∙dm3, M) to the molal (mol∙kg1, m) scale, as
described in Section II.2. The second step is the assignment of an uncertainty, i, to
each data point Xi at the molality, mk,i, according to the rules described in Section C.3. A
large number of commercial and public domain computer programs and routines exist
for weighted linear regressions. The subroutine published by Bevington [1969BEV]
(pp.104105) has been used for the calculations in the examples of this appendix.
Eqs. (C.11) through (C.15) present the equations that are used for the calculation of the
intercept X  and the slope   :
X 

2
1  N mk ,i N X i N mk ,i N mk ,i X i
  2  2   2 
  i 1 i i 1 i i 1 i i 1 i2

 





(C.11)

1  N 1 N mk ,i X i N mk ,i N X i 
 2  2 
 
i 1  i i 1  i 
  i 1  i2 i 1  i2

(C.12)

2

X  

1 N mk ,i

 i 1 i2

(C.13)

  

1 N 1

 i 1  i2

(C.14)
2

2
1 N mk ,i  N mk ,i 
 2  .

2
2
i 1  i i 1  i
 i 1 i 
N

where



(C.15)
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In this way, the uncertainties, i, are not only used for the weighting of the data
in Eqs. (C.11) and (C.12), but also for the calculation of the uncertainties,  X  and   ,
in Eqs. (C.13) and (C.14). If the i represents the 95% confidence level,  X  and  
will also do so. In other words, the uncertainties of the intercept and the slope do not
depend on the dispersion of the data points around the straight line, but rather directly
on their absolute uncertainties, i.
Example C.4:
Ten independent determinations of the equilibrium constant, log10 * , for the reaction:

UO2+
2  HF(aq)

UO2 F+  H+

(C.16)

are available in HClO4/NaClO4 media at different ionic strengths. Uncertainties that
represent the 95% confidence level have been assigned by the reviewer. A weighted
linear regression, ( log10 * + 2D) vs. mk, according to the formula, log10 * (C.16) + 2D
= log10 * o (C.16)   mk, will yield the correct values for the intercept,
log10 * o (C.16), and the slope,  . In this case, mk corresponds to the molality of
ClO4 . D is the Debye-Hückel term, cf. Appendix B.

i

mClO ,i
4

log10



*

+ 2D

i

1

0.05

1.88

0.10

2

0.25

1.86

0.10

3

0.51

1.73

0.10

4

1.05

1.84

0.10

5

2.21

1.88

0.10

6

0.52

1.89

0.11

7

1.09

1.93

0.11

8

2.32

1.78

0.11

9

2.21

2.03

0.10

10

4.95

2.00

0.32

The results of the linear regression are:
intercept = (1.837  0.054) = log10 * o (C.16)
slope = (0.029  0.036) =   .
Calculation of the ion interaction coefficient  (UO2 F+ ,ClO4 ) =  +

= (0.46  0.03) kg∙mol1,
 (UO ,ClO4 )   (H+ ,ClO4 ) : from  (UO2+
2 ,ClO4 )
+

 (H ,ClO4 ) = (0.14  0.02) kg∙mol1 (see Appendix B) and the slope of the linear
regression,  = (0.03  0.04) kg∙mol1, it follows that  (UO2 F+ ,ClO4 ) =
2+
2
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(0.29  0.05) kg∙mol1. Note that the uncertainty ( 0.05) kg∙mol1 is obtained based on
the rules of error propagation as described in Section C.6.2:

  (0.04)2  (0.03)2  (0.02)2 .
The resulting selected values are thus:
log10 * o (C.16) = (1.84  0.05)

 (UO2 F+ ,ClO4 ) = (0.29  0.05) kg∙mol1.

C.5.1 Discrepancies or insufficient number of data points
Discrepancies are principally treated as described in Section C.4. Again, two cases can
be defined. Case I: Only two data points are available. Case II: An “outlier” cannot be
discarded. If only one data point is available, the procedure for correction to zero ionic
strength outlined in Section C.6 should be followed.
Case I. Too few molalities: If only two source data are available, there will be
no straightforward way to decide whether or not these two data points belong to the
same parent distribution unless either the slope of the straight line is known or the two
data refer to the same ionic strength. Drawing a straight line right through the two data
points is an inappropriate procedure because all the errors associated with the two
source data would accumulate and may lead to highly erroneous values of log10 K  and
 . In this case, an ion interaction coefficient for the key species in the reaction in
question may be selected by analogy (charge is the most important parameter), and a
straight line with the slope  as calculated may then be drawn through each data
point. If there is no reason to discard one of the two data points based on the quality of
the underlying experiment, the selected value will be the unweighted average of the two
standard state data points obtained by this procedure, and its uncertainty must cover the
entire range of expectancy of the two values, analogous to Case I in Section C.4. It
should be mentioned that the ranges of expectancy of the corrected values at I = 0 are
given by their uncertainties, which are based on the uncertainties of the source data at I
≠ 0 and the uncertainty in the slope of the straight line. The latter uncertainty is not an
estimate, but is calculated from the uncertainties in the ion interaction coefficients
involved, according to the rules of error propagation outlined in Section C.6.2. The ion
interaction coefficients estimated by analogy are listed in the table of selected ion
interaction coefficients (Appendix B), but they are flagged as estimates.
Case II. Outliers and inconsistent data sets: This case includes situations
where it is difficult to decide whether or not a large number of points belong to the same
parent distribution. There is no general rule on how to solve this problem, and decisions
are left to the judgment of the reviewer. For example, if eight data points follow a
straight line reasonably well and two lie way out, it may be justified to discard the
“outliers”. If, however, the eight points are scattered considerably and two points are
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just a bit further out, one can probably not consider them as “outliers”. It depends on the
particular case and on the judgment of the reviewer whether it is reasonable to increase
the uncertainties of the data to reach consistency, or whether the slope,  , of the
straight line should be estimated by analogy.
Example C.5:
Six reliable determinations of the equilibrium constant, log10  , of the reaction:

UO2+
2 + SCN

UO2SCN

(C.17)

are available in different electrolyte media:
Ic = 0.1 M (KNO3)

log10  (C.17) = (1.19  0.03)

Ic = 0.33 M (KNO3)

log10  (C.17) = (0.90  0.10)

Ic = 1.0 M (NaClO4)

log10  (C.17) = (0.75  0.03)

Ic = 1.0 M (NaClO4)

log10  (C.17) = (0.76  0.03)

Ic = 1.0 M (NaClO4)

log10  (C.17) = (0.93  0.03)

Ic = 2.5 M (NaNO3)

log10  (C.17) = (0.72  0.03)

The uncertainties are assumed to represent the 95% confidence level. From the
values at Ic = 1 M, it can be seen that there is a lack of consistency in the data, and that a
linear regression similar to that shown in Example C.4 would be inappropriate. Instead,
the use of  values from reactions of the same charge type is encouraged. Analogies
with  are more reliable than analogies with single  values due to canceling effects.
For the same reason, the dependency of  on the type of electrolyte is often smaller
than for single  values.
A reaction of the same charge type as Reaction (C.17), and for which  is
well known, is:

UO2+
2 + Cl

UO2 Cl .

(C.18)

The value of  (C.18) = (0.25  0.02) kg∙mol was obtained from a linear
regression using 16 experimental values between Ic = 0.1 M and Ic = 3 M Na(Cl,ClO4)
[1992GRE/FUG]. It is thus assumed that:
–1

 (C.17) =  (C.18) = (0.25  0.02) kg∙mol–1.
The correction of log10  (C.17) to I = 0 is done using the specific ion
interaction equation, cf. TDB-2, which uses molal units:
log10  + 4D = log10  o   Im.

(C.19)

D is the Debye-Hückel term and Im the ionic strength converted to molal units
by using the conversion factors listed in Table II-5. The following list gives the details
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of this calculation. The resulting uncertainties in log10  are obtained based on the rules
of error propagation as described in Section C.6.2.

Table C-1: Details of the calculation of the equilibrium constant for Reaction (C.17)
corrected to I = 0, using (C.19).
Im

a:

electrolyte

log10 

4D

 Im.

log10  o

0.101

KNO3

(1.19  0.03)

0.438

0.025

(1.68  0.03)a

0.335

KNO3

(0.90  0.10)

0.617

0.084

(1.65  0.10)a

1.050

NaClO4

(0.75  0.03)

0.822

0.263

(1.31  0.04)

1.050

NaClO4

(0.76  0.03)

0.822

0.263

(1.32  0.04)

1.050

NaClO4

(0.93  0.03)

0.822

0.263

(1.49  0.04)

2.714

NaNO3

(0.72  0.03)

0.968

0.679

(1.82  0.13)a

These values were corrected for the formation of the nitrate complex, UO2 NO3+ , by using
log10  ο (UO2 NO3+ )

= (0.30  0.15) [1992GRE/FUG].

As was expected, the resulting values, log10  o , are inconsistent and have
therefore to be treated as described in Case I of Section C.4. That is, the selected value
will be the unweighted average of log10  o , and its uncertainty will cover the entire
range of expectancy of the six values. A weighted average would only be justified if the
six values of log10  o were consistent. The result is:

log10  o = (1.56  0.39).

C.6 Procedures for data handling
C.6.1 Correction to zero ionic strength
The correction of experimental data to zero ionic strength is necessary in all cases where
a linear regression is impossible or appears inappropriate. The method used throughout
the review involves application of the specific ion interaction equations described in
detail in Appendix B. Two variables are needed for this correction, and both have to be
provided with an uncertainty at the 95% confidence level: the experimental source
value, log10 K or log10  , and the stoichiometric sum of the ion interaction
coefficients,  . The ion interaction coefficients (see Tables B-4, B-5, B-6 and B-7 of
Appendix B) required to calculate  may not all be known. Missing values therefore
need to be estimated. It is recalled that the electric charge has the most significant
influence on the magnitude of the ion interaction coefficients, and that it is in general
more reliable to estimate  from known reactions of the same charge type, rather than
to estimate single  values. The uncertainty of the corrected value at I = 0 is calculated
by taking into account the propagation of errors, as described below. It should be noted
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that the ionic strength is frequently given in moles per dm3 of solution (molar, M) and
has to be converted to moles per kg H2O (molal, m), as the model requires. Conversion
factors for the most common inert salts are given in Table II.5.
Example C.6:
For the equilibrium constant of the reaction:

M(OH)+2 + 2 H+ ,

M3+ + 2H2O(l)

(C.20)

only one credible determination in 3 M NaClO4 solution is known to be,
log10*  (C.20) = 6.31, to which an uncertainty of  0.12 has been assigned. The ion
interaction coefficients are as follows:

 (M3+ , ClO4 ) = (0.56  0.03) kg∙mol1,
 (M(OH)+2 ,ClO4 ) = (0.26  0.11) kg∙mol1,
 (H+ ,ClO4 ) = (0.14  0.02) kg∙mol1.
The values of  and   can be obtained readily (cf. Eq. (C.22)):

   (M(OH)+2 ,ClO4 )  2 (H+ , ClO4 )   (M3+ , ClO4 ) = − 0.22 kg·mol–1,

  = (0.11)2  (2  0.02)2  (0.03)2  0.12 kg·mol1 .
The two variables are thus:

log10*  (C.20) = (6.31  0.12),
 = (0.02  0.12) kg∙mol1.
According to the specific ion interaction model the following equation is used
to correct for ionic strength for the reaction considered here:

log10*  (C.20) + 6D = log10*  o (C.20)   m ClO4
D is the Debye-Hückel term:
D

0.509 I m
(1  1.5 I m )

.

The ionic strength, Im, and the molality, m ClO4 ( I m  m ClO4 ), have to be
expressed in molal units, 3 M NaClO4 corresponding to 3.5 m NaClO4 (see
Section II.2), giving D = 0.25. This results in:

log10*  o (C.20) = 4.88.
The uncertainty in log10*  o is calculated from the uncertainties in log10* 
and  (cf. Eq. (C.22)):

 log

10

*



2
2
   )
=  log

* + (mClO4
10 

(0.12)2  (3.5  0.12)2 = 0.44
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The selected, rounded value is:

log10*  o (C.20) = (4.9  0.4).

C.6.2 Propagation of errors
Whenever data are converted or recalculated, or other algebraic manipulations are
performed that involve uncertainties, the propagation of these uncertainties has to be
taken into account in a correct way. A clear outline of the propagation of errors is given
by Bevington [1969BEV]. A simplified form of the general formula for error
propagation is given by Eq. (C.21), supposing that X is a function of Y1, Y2,…,YN .
2

 X

  
Yi 
(C.21)

Y
i 1 
i

Equation (C.21) can be used only if the variables, Y1, Y2,…,YN , are
independent or if their uncertainties are small, i.e., the covariances can be disregarded.
One of these two assumptions can almost always be made in chemical thermodynamics,
and Eq. (C.21) can thus almost universally be used in this review. Eqs. (C.22) through
(C.26) present explicit formulae for a number of frequently encountered algebraic
expressions, where c, c1, c2 are constants.
N

2
X

2X  (c1Y1 )2  (c2 Y2 )2

X = c1Y1  c2Y2 :
X =  cY1Y2 and X = 

cY1
:
Y2

2

  X   Y1   Y2 
 


 
 X   Y1   Y2 
2

(C.22)
2

(C.23)

X = c1Y  c2 :

X

 c2 Y
X
Y

(C.24)

X = c1ec2Y :

X
 c2  Y
X

(C.25)

Y
Y

(C.26)

X = c1 ln  c2Y



:

 X  c1

Example C.7:
A few simple calculations illustrate how these formulae are used. The values have not
been rounded.
Eq. (C.22) : r Gm = 2[ (277.4  4.9)] kJ∙mol1 [(467.3  6.2)] kJ∙mol1
= (87.5  11.6) kJ∙mol1.
Eq. (C.23) : K 

(0.038  0.002)
 (8.09  0.96)
(0.0047  0.0005)
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C Assigned uncertainties

Eq. (C.24) : K = 4(3.75  0.12)3 = (210.9  20.3)


Eq. (C.25) : K  e


r Gm
RT

;

r Gm = (2.7  0.3) kJ∙mol1
R = 8.3145 J∙K1∙mol1
T = 298.15 K

K  = (2.97  0.36).

Note that powers of 10 have to be reduced to powers of e, i.e., the variable has
to be multiplied by ln(10), e.g.,

log10 K  (2.45  0.10); K  10log10 K  e(ln(10)log10 K )  (282  65).

r Gm  RT ln K  ;

Eq. (C.26) :

K  = (8.2  1.2)  106

R = 8.3145 J∙K1∙mol1
T = 298.15 K

m

r G = (39.46  0.36) kJ∙mol1
ln K  = (15.92  0.15)

log10 K   ln K  / ln(10)  (6.91  0.06).
Again, it can be seen that the uncertainty in log10 K  cannot be the same as in
ln K . The constant conversion factor of ln(10) = 2.303 is also to be applied to the
uncertainty.


C.6.3 Rounding
The standard rules to be used for rounding are:
1. When the digit following the last digit to be retained is less than 5, the last digit
retained is kept unchanged.
2. When the digit following the last digit to be retained is greater than 5, the last
digit retained is increased by 1.
3. When the digit following the last digit to be retained is 5 and
a)

there are no digits (or only zeroes) beyond the 5, an odd digit in the
last place to be retained is increased by 1 while an even digit is kept
unchanged;

b) other non-zero digits follow, the last digit to be retained is increased
by 1, whether odd or even.
This procedure avoids introducing a systematic error from always dropping or
not dropping a 5 after the last digit retained.
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When adding or subtracting, the result is rounded to the number of decimal
places (not significant digits) in the term with the least number of places. In
multiplication and division, the results are rounded to the number of significant digits in
the term with the least number of significant digits.
In general, all operations are carried out in full, and only the final results are
rounded, in order to avoid the loss of information from repeated rounding. For this
reason, several additional digits are carried in all calculations until the final selected
data set is developed, and only then are data rounded.

C.6.4 Significant digits
The uncertainty of a value basically defines the number of significant digits a value
should be given.
Example: (3.478  0.008)
(3.48  0.01)
(2.8  0.4)
(10  1)
(105  20).
In the case of auxiliary data or values that are used for later calculations, it is
often inconvenient to round to the last significant digit. In the value (4.85  0.26), for
example, the “5” is close to being significant and should be carried along a recalculation
path in order to avoid loss of information. In particular cases, where the rounding to
significant digits could lead to slight internal inconsistencies, digits with no significant
meaning in absolute terms are nevertheless retained. The uncertainty of a selected value
always contains the same number of digits after the decimal point as the value itself.
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