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Editor’s note to the 2004 reprint

The present volume is a reprint of the 1995 edition of Chemical Thermodynamics of
Americium by Robert J. Silva, Giovanni Bidoglio, Malcolm H. Rand, Piotr B.
Robouch, Hans Wanner and Ignasi Puigdomenech, which also contains an Appendix
on the Chemical Thermodynamics of Uranium by Ingmar Grenthe, M. C. Amaia
Sandino, Ignasi Puigdomenech and Malcolm H. Rand. The book was edited at the
NEA Data Bank and published by Elsevier under the North-Holland imprint.

As part of Phase II of the NEA Thermochemical Database Project (TDB), a new
publication entitled Update on the Chemical Thermodynamics of Uranium,
Neptunium, Plutonium, Americium and Technetium and authored by Robert
Guillaumont, Thomas Fanghénel, Jean Fuger, Ingmar Grenthe, Volker Neck, Donald
A. Palmer and Malcolm H. Rand, was published by Elsevier in 2003. For americium
(and for the topics dealt with in the 1995 Appendix on uranium), this Update contains
a review of the literature published since the cut-off date for the literature reviewed in
the 1995 edition cited above. As a consequence of this new TDB Review, some of
the values selected in the earlier publication have been superseded while others have
retained their validity. The 2003 Update is self-contained with respect to any new
data selections, but the discussions leading to the retained selections can in most cases
only be found in the 1995 publication. Since the latter is no longer available from its
original publisher, the NEA is making the present reprint available to the scientific
community. Consequently, it is important to note that the Tables of Selected Values
contained in this reprint ARE OUTDATED AND SHOULD NOT BE USED. The
updated Tables and the rationale behind the new and updated selections can be

consulted in the above-mentioned 2003 Update.

This reprint has been prepared at the NEA Data Bank by Federico Mompean,
Myriam Illemassene and Jane Perrone by reprocessing the files employed in the
production of the 1995 edition. Every effort has been made to preserve the original
layout and page numbering. We are grateful to the many readers who have provided
feedback and pointed out errors in the 1995 book. In an attempt to make this reprint
as close a reproduction of the original publication as possible, we have not
implemented any corrections — major issues having been dealt with in the 2003

Update.






Preface

This is the second volume in a series of critical reviews of the chemical thermodynamic
data of those elements of particular importance in the safety assessment modeling
of high-level radioactive waste storage and disposal facilities. The Nuclear Energy
Agency (NEA) Thermodynamic Data Base (TDB) project was started in 1984 by the
Organisation for Economic Co-operation and Development (OECD). The objective,
as outlined in NEA-TDB report 0, was to develop a set of reliable thermodynamic
data that could be used to describe the behaviour of these elements under conditions
relevant for radioactive waste disposal systems and the geochemical environments.
The initiation of this peer review of the thermodynamic data of americium resulted
from discussions between Hans Wanner, the TDB project leader at that time, and
the chairman that took place during the Workshop on Geochemical Modeling at
Fallen Leaf Lake, California in September 1986. A meeting was held at the NEA
Data Bank, Saclay, France, in September of 1987 where the initial review committee
met for the first time and where review philosophy, assignments and commitments
where discussed. Present at this meeting, in addition to the chairman, were Dr. B.
Allard (Linkdping, Sweden), Dr. G. Bidoglio (JRC Ispra, Italy) and Dr. M. Rand
(AERE Harwell, U.K.). Representing the NEA TDB project were Drs. H. Wanner
and I. Poirot. A second meeting was held at the NEA Data Bank, Saclay, in May of
1990. At this meeting, first draft reviews of some of the sections of the Am review
were submitted and discussed. Because of his work schedule, Dr. Allard was unable
to make contributions to the review and was replaced by Dr. P. Robouch (IRMM,
Geel, Belgium). Dr. I. Puigdomenech became the TDB project director in 1992 and
assumed oversight of the final stages of this review.

This is a review of experimental data reported in the literature for americium. On
a few occasions, where no data existed, comparisons and estimates were made based
on experimental data on analog lanthanide elements. The basic philosophy was to
develop a minimum set of solid phases and solution species of americium that would
fit all experimental data being reviewed.

Each committee participant contributed selected review sections. Giovanni Bidoglio
contributed the sections on hydrolysis products, halogen complexes and hydroxide
solids. Elemental Am, aqua ions, oxides and compounds of the halogens, sulphur,
nitrogen, phosphorous, etc. were drafted by Malcolm Rand. The data on sulphate,
nitrate, phosphate, carbonate and thiocyanate complexes were reviewed by the chair-
man, by Piotr Robouch and by Ignasi Puigdomenech in close collaboration. When
the sections were completed and assembled into one volume, all the members of the
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team critically reviewed the entire volume. The final step, before submission for pub-
lication, was a technical review by three independent reviewers, Drs. Charles Baes,
Lester Morss and Arthur Martell, and was a judgement of the peer review according
to methods outlined in NEA-TDB report 6.

This review has been a very long time in completion. It would not have been
possible without the constant attention and prodding of Hans Wanner and, in the
later stages, Ignasi Puigdomenech. My personal thanks to the members of the review
team who remained dedicated and diligent to the end. On behalf of the review team,
I would like to thank the many colleagues who have helped and supported us in the
completion of this review.

Livermore, California, September 1994 Robert J. Silva, Chairman
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Foreword

This is the second volume of a series of expert reviews of the chemical thermodynamics
of key chemical elements in nuclear technology and waste management. Volumes on
technetium, neptunium and plutonium are currently in progress. The recommended
thermodynamic data are the result of a critical assessment of published information.

The data base system developed at the Data Bank of the OECD Nuclear Energy
Agency (NEA),cf. Section I1.6, ensures consistency not only within the recommended
data set on americium but also among all the data sets to be published in the series.
The NEA’s thermochemical data base (TDB) system takes advantage of the func-
tionality of the IATEX document preparation software [86LAM], and is designed to
retrieve the data base and construct tables of selected data, authors, references etc.
in IATEX format, which then can be inserted in the computer files that constitute the
books in this series.

The NEA Data Bank provides a number of services that may be useful to the
reader of this book.

e The recommended data can be obtained on electronic media (PC diskettes,
magnetic tape, or via computer networks) directly from the NEA Data Bank.
The special formatting of the data allows conversion to any specific formats
convenient to the user. The design and development of a computer program to
perform such format conversion is however left to the user.

e The NEA Data Bank maintains a library of computer programs in various
areas. This includes geochemical codes such as PHREEQE, EQ3/6, MINEQL,
MINTEQ, PHRQPITZ, etc., in which chemical thermodynamic data like those
presented in this book are required as the basic input data. These computer
codes can be obtained on request from the NEA Data Bank.

For requests of data, computer programs, on-line access, and for further informa-
tion, please write to:

OECD Nuclear Energy Agency, Data Bank
Le Seine St. Germain

12, boulevard des Iles

F-92130 Issy-les-Moulineaux, FRANCE

or send electronic mail through INTERNET to “tdb@nea.fr”. Some information on
the NEA is also available on the World-Wide Web at “http://www.nea.fr”.
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Chapter I

Introduction

I.1. Background

The modelling of the behaviour of hazardous materials under environmental con-
ditions is among the most important applications of natural and technical sciences
for the protection of the environment. In order to assess, for example, the safety
of a waste deposit, it is essential to be able to predict the eventual dispersion of
its hazardous components in the environment (geosphere, biosphere). For hazardous
materials stored in the ground or in geological formations, the most probable trans-
port medium is the aqueous phase. An important factor is therefore the quantitative
prediction of the reactions that are likely to occur between hazardous waste dissolved
or suspended in groundwater, and the surrounding rock material, in order to esti-
mate the quantities of waste that can be transported in the aqueous phase. It is
thus essential to know the relative stabilities of the compounds and complexes that
may form under the relevant conditions. This information is provided by specia-
tion calculations using chemical thermodynamic data. The local conditions, such
as groundwater and rock composition or temperature, may not be constant along
the migration paths of hazardous materials, and fundamental thermodynamic data
are the indispensable basis for a dynamic modelling of the chemical behaviour of
hazardous waste components.

In the field of radioactive waste management, the hazardous material consists to
a large extent of actinides and fission products from nuclear reactors. The scientific
literature on thermodynamic data, mainly on equilibrium constants and redox po-
tentials in aqueous solution, has been contradictory in a number of cases, especially
in the actinide chemistry. A critical and comprehensive review of the available litera-
ture is necessary in order to establish a reliable thermochemical data base that fulfils
the requirements of a proper modelling of the behaviour of the actinide and fission
products in the environment.

The International Atomic Energy Agency (IAEA) in Vienna published between
1966 and 1983 special issues with compilations of physico-chemical properties of com-
pounds and alloys of elements important in reactor technology: Pu, Nb, Ta, Be, Th,
Zr, Mo, Hf and Ti. In 1976, TAEA also started the publication of the series “The
Chemical Thermodynamics of Actinide Elements and Compounds”, oriented towards

1
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nuclear engineers and scientists. This international effort has resulted in the pub-
lication of several parts, each concerning the thermodynamic properties of a given
type of compounds for the entire actinide series. These reviews cover the literature
approximately up to 1984. The latest volume in this series appeared in 1992, under
Part 12: The Actinide Aqueous Inorganic Complexes [92FUG/KHO]. Unfortunately,
data of importance for radioactive waste management (for example, Part 10: The
Actinide Oxides) are lacking in the TAEA series.

The Radioactive Waste Management Committee (RWMC) of the OECD Nuclear
Energy Agency recognised the need for an internationally acknowledged, high-quality
thermochemical data base for the application in the safety assessment of radioactive
waste disposal, and undertook the development of the NEA Thermochemical Data
Base (TDB) project [85MUL4, 8WAN, 91WAN2]|. The RWMC assigned a high pri-
ority to the critical review of relevant chemical thermodynamic data of compounds
and complexes for this area containing the actinides uranium, neptunium, plutonium
and americium, as well as the fission product technetium. After the book on chem-
ical thermodynamics of uranium [92GRE/FUG], the present report on americium
thermodynamics is the second volume in the series.

Simultaneously with the NEA’s TDB project, other reviews on the physical and
chemical properties of actinides have appeared, including the book by Cordfunke et
al. [90COR/KON], the series edited by Freeman et al. [84FRE/LAN, 85FRE/LAN,
85FRE/KEL, 86FRE/KEL, 87FRE/LAN, 91FRE/KEL], the two volumes edited by
Katz et al. [86KAT/SEA], which include a chapter on americium [86SCH/PEN], and
Part 12 by Fuger et al. [92FUG/KHO] within the TAEA reviews mentioned above.
These compilations are both an important source of information which has been used
in the present review, and a complement to the thermodynamic data contained in
this volume.

I.2. Focus of the review

As outlined in the previous section, the focus of the critical review presented in this
report is on the thermodynamic data of americium 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 geo-
logical formations and the various compartments of the biosphere. As groundwaters
and porewaters are the transport media for the waste components, the knowledge of
the thermodynamics of the corresponding elements in waters of various compositions
is of fundamental importance.

The present review puts much weight on the assessment of the low-temperature
thermodynamics of americium in aqueous solution and makes independent analyses
of the available literature in this area. There is little data available above room
temperature. The standard method used for the analysis of ionic interactions between
components dissolved in water (see Appendix B) allows the general and consistent use
of the selected data for modelling purposes, regardless of the type and composition



Isotopes of americium 3

of the groundwater, within the ionic strength limits given by the experimental data
used for the data analyses in the present review.

This book contains a summary and a critical review (c¢f. Chapter V) of the ther-
modynamic data on compounds and aqueous complexes containing americium, as
reported in the available chemical literature up to 1992, but a few more recent ref-
erences are also included. A comparatively large number of primary references are
discussed separately in Appendix A. Owing to the focus of this review, this report
does not include data on the following items:

e Gaseous ions. A review on this subject, published by the IAEA [85HIL/GUR],
will be useful for persons interested in gaseous ions of americium.

e Alloys and intermetallic compounds. Again, a review published by the TAEA
[81CHI/AKH] can be used as initial source of information on this subject.

e Data on non-aqueous solutions (molten salts, organic solvents, etc.).

e Compounds or aqueous complexes containing organic ligands. This class of
compounds is planned to be the subject of a later review in the NEA-TDB
series.

Although the focus of this review is on americium, it is necessary to use data on a
number of other species during the evaluation process that lead to the recommended
data. These so-called auxiliary data are taken both from the publication of CODATA
Key Values [89COX/WAG] and from the evaluation of additional auxiliary data in the
uranium volume of this series [92GRE/FUG], and their use is recommended by this
review. Care has been taken that all the selected thermodynamic data at standard
conditions (cf. Section 11.3) and 298.15 K are internally consistent. For this purpose,
a special software has been developed at the NEA Data Bank that is operational
in conjunction with the NEA-TDB data base system, cf. Section I1.6. In order 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
americium compounds and complexes.

I.3. Isotopes of americium

Although there are fourteen known isotopes of americium, only three have half-lives
longer than a few days and would be of any concern in nuclear waste. The iso-
topes, their half-lives, modes of decay and specific activities are given in Table 1.1
[78LED/SHI]. The isotope *?Am is never present in spent reactor fuel in excess of a
very small fraction of the total percent of americium radioactivity, while 2! Am dom-
inates during the first few thousand years of decay and ?**Am dominates thereafter
[80CRO].

Owing to the fact that americium is a synthetic element, all thermodynamic prop-
erties reviewed in this report have been obtained from measurements on either 2! Am
or 243 Am.
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Table 1.1: Isotopes of americium in nuclear waste.

Isotope  Half-life =~ Mode of decay Specific activity
(GBa/g)
21Am 433 years alpha 128
22Am 16 hours 82.7% beta 2.99%107
17.3% electron capture
22mAm 152 years  internal transition 360
0.5% alpha
M3Am 7370 years alpha 7.40

I.4. 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 that can
be recommended. Experimental measurements published in the scientific literature
are the main source for the selection of recommended data. Previous reviews are not
neglected but form a valuable source of critical information on the quality of primary
publications.

When necessary, experimental source data are re-evaluated by using chemical mod-
els which are either found more realistic than those used by the original author, or
which are consistent with side-reactions discussed in another section of the review (for
example, data on carbonate complex formation might need to be reinterpreted to take
into account consistent values for hydrolysis reactions). Re-evaluation of literature
values might be also necessary to correct for known systematic errors (for example,
if the junction potentials are neglected in the original publication) or to make ex-
trapolations to standard state conditions (I = 0) by using the specific interaction
equations (c¢f. Appendix B).

In order to ensure that consistent procedures are used for the evaluation of primary
data, a number of guidelines have been developed, e.g., assignment of uncertainties.
They have been updated and improved since 1987, and their most recent versions
are available at the NEA [91WAN2, 91WAN3, 92GRE/WAN, 93PUI/RAR, 92WAN,
90WAN, 94WAN]. Some of these procedures are also outlined in this volume, cf.
Chapter II, Appendix B, and Appendix C. These sections, which were also published
in the uranium book [92GRE/FUG], have been revised in this review. For example,
in Chapter II, the Section on “Redox equilibria” has been revised, a new Section on
“pH” has been included, Table I1.5 has been expanded, and two Sections (II.6 and
I1.7) have been moved from Chapter I. The most prominent changes in Appendix B
are in Table B.1, Eq. (B.11) and Section B.1.4. Some minor errors have also been
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removed from Appendix C.

Once the critical review process in the NEA-TDB project is completed, the re-
sulting manuscript is reviewed independently by qualified experts nominated by the
NEA." The independent peer review is performed according to the procedures out-
lined in the TDB-6 guideline [90WAN]. The purpose of the additional peer review is
to receive an independent view of the judgements and assessments made by the pri-
mary reviewers, to verify assumptions, results and conclusions, and to check whether
the relevant literature has been exhaustively considered. The independent peer re-
view is performed by personnel having technical expertise in the subject matter to
be reviewed, to a degree at least equivalent to that needed for the original review.

The thermodynamic data selected in the present review (see Chapters III and
IV) refer to the reference temperature of 298.15 K and to standard conditions, cf.
Section I1.3. 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 thus required. This
review uses the approximate specific ion interaction method 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, emf
data, etc.). For maximum consistency, this method, as described in Appendix B,
should always be used in conjunction with the selected data presented in this review.

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 choice by 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 they are based on. 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
phases. For the user it is important to consider that the selected data set presented in
this review (Chapter III) may not be “complete” with respect to all the conceivable
systems and conditions; there are gaps in the information, particularly concerning
aqueous species that contain more than one kind of ligands. The gaps are pointed
out in the various sections of Chapter V, and this information may be used as a basis
for the assignment of research priorities.

t It should be noted that Appendix D has not been included in the peer-review described here.






Chapter 11

Standards, Conventions, and
Contents of the Tables

This chapter outlines and lists the symbols, terminology and nomenclature, the units
and conversion factors, the order of formulae, the standard conditions, and the fun-
damental physical constants used in this volume. They are derived from international
standards and have been specially adjusted for the TDB publications.

I1.1. Symbols, terminology and nomenclature

11.1.1. Abbreviations

Abbreviations are mainly used in tables where space is limited. Abbreviations for
methods of measurement are kept to a maximum of three characters (except for
composed symbols) and are listed in Table II.1.

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 pressure of 1 atm, whereas SHE always refers to a standard state
pressure of 0.1 MPa (1 bar) in this review.

I11.1.2.  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, [UPAC
[T9OWHI2, 88MIL/CVI]. They are summarised in Table I1.2.

I11.1.3.  Chemical formulae and nomenclature

This review follows the recommendations made by IUPAC [71JEN, 77FER, 90LEI]
on the nomenclature of inorganic compounds and complexes, except for the following
items:
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Table I1.1: Abbreviations for experimental methods.

aix
cal
chr
cix
col
con
cor
cou
cry
dis
em
emf

ise-X
ix
kin
mvd
nmr
pol
pot
prx
gh
red
rev
sp
sol
tc
tls
vit

anion exchange

calorimetry

chromatography

cation exchange

colorimetry

conductivity

corrected

coulometry

CTYOSCOPY

distribution between two phases
electromigration

electromotive force, not specified
glass electrode

ion selective electrode with ion X stated
ion exchange

rate of reaction

mole volume determination
nuclear magnetic resonance
polarography

potentiometry

proton relaxation

quinhydrone electrode

emf with redox electrode

review

spectrophotometry

solubility

transient conductivity

thermal lensing spectrophotometry
voltammetry

method unknown to the reviewers
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Table I1.2: Symbols and terminology.

length
height
radius
diameter
volume
mass
density (mass divided by volume)
time
frequency
wavelength
internal transmittance (transmittance of the medium itself,
disregarding boundary or container influence)
internal transmission density, (decadic absorbance): log,,(1/T)
molar (decadic) absorption coefficient: A/cpl
relaxation time
Avogadro constant
relative molecular mass of a substance ()
thermodynamic temperature, absolute temperature
Celsius temperature
(molar) gas constant
Boltzmann constant
Faraday constant
(molar) entropy
(molar) heat capacity at constant pressure
(molar) enthalpy
(molar) Gibbs energy
chemical potential of substance B
pressure
partial pressure of substance B: zgp DB
fugacity of substance B fB
fugacity coefficient: fg/pp VB
amount of substance () n
mole fraction of substance B: ng/Y; n; TR
molarity or concentration of a solute substance B (amount
of B divided by the volume of the solution) () cp, |B]
molality of a solute substance B (amount of B divided
by the mass of the solvent) (9 mg

mean ionic molality ), m{++"~)

>R TR 3 oAy >

SR

ESO“U?T:U“H

T =
gEEL

=m-tm’~ m
= m'rm” n
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Table I1.2 (continued)

activity of substance B aB
activity coefficient, molality basis: ag/mp B
activity coefficient, concentration basis: ag/cp UB
mean ionic activity ©, o) = qp = aita’” a
mean ionic activity coefficient (), v+~ = Yy Y+
osmotic coefficient, molality basis 0]
ionic strength: I, = £ 3, m;z? or I = 1 3 ¢;27 I
ion interaction coeflicient between substance B; and

substance B, €(B1,Bs)
stoichiometric coefficient of substance B (negative for

reactants, positive for products) VR
general equation for a chemical reaction 0=>gvsB
equilibrium constant K
rate constant k
Faraday constant F
charge number of an ion B (positive for cations, negative for

anions) 2B
charge number of a cell reaction n
electromotive force E
pH = — logyg[ax+/(mol - kg™ ')], ¢f Section I1.1.7 pH
electrolytic conductivity K

superscript for standard state (&

The ratio of the average mass per formula unit of a substance to % of the mass of an
atom of nuclide '2C.

cf. Sections 1.2 and 3.6 of the IUPAC manual [79WHI2].

This quantity is called “amount-of-substance concentration” in the TUPAC manual
[T9WHI2]. A 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 mol - kg™
0.1 m solution.

For an electrolyte N,, X, which dissociates into v4 (= v4 4+ v_) inons, in an aqueous
solution with concentration m, the individual cationic molality and activity coefficient
are my(= vym) and 4 (= aq/my). A similar definition is used for the anionic
symbols. Electrical neutrality requires that vy z4 =v_z_.

Special notations for equilibrium constants are outlined in Section 1.2. In some cases,
K. is used to indicate a concentration constant in molar units, and K,, a constant in
molal units.

See Section “Standard conditions”.

1'is called a 0.1 molal solution or a
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i) The formulae of coordination compounds and complexes are not enclosed in
square brackets [T1JEN, Rule 7.21]. No brackets or parentheses are used at all
to denote coordination compounds.

ii) The prefixes “oxy-” and “hydroxy-” are retained if used in a general way, e.g.,
“gaseous uranium oxyfluorides”. For specific formula names, however, the 1U-
PAC recommended citation [71JEN, Rule 6.42] is used, e.g., “uranium(IV)
difluoride oxide” for UF,O(cr).

An TUPAC rule that is often not followed by many authors [71JEN, Rules 2.163 and
7.21] is recalled here: the order of arranging ligands in coordination 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 ligating atoms determines the sequence of the ligands.
For example, (UO,),CO3(OH)? is standard, (UO,)y(OH)3CO5 is non-standard and
is not used.

Abbreviations of names for organic ligands appear sometimes in formulae. Follow-
ing 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: Hzedta™, Am(Hedta)(s) (where edta stands for ethylenediaminetetra-
acetate).

11.1.4. 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, UF, 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.

e The designator (1) is used for pure liquid substances, e.g., HyO(1).

e The designator (aq) is used for undissociated, uncharged aqueous species, e.g.,
U(OH)4(aq), COz(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 HyO (e.g., DO, 90% ethanol /10% H50),
then (aq) is replaced by a more explicit designator, e.g., “(in DoO)” or “(sln)”.
In the case of (sln), the composition of the solution is described in the text.

e The designator (sln) is used for substances in solution without specifying the
actual equilibrium composition of the substance in the solution. Note the dif-
ference in the designation of HyO in Egs. (I1.2) and (I1.3). H,O(l) in Reac-
tion (I1.2) indicates that HyO is present as a pure liquid, i.e., no solutes are
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present, whereas Reaction (II.3) involves a HCI solution, in which the ther-
modynamic properties of HyO(sln) may not be the same as those of the pure
liquid HyO(l). In dilute solutions, however, this difference in the thermody-
namic properties of HoO can be neglected, and HyO(sln) may be regarded as
pure HyO(1).

Examples:
UOCly(cr) + 2HBr(sln) = UOBry(cr) + 2 HCl(sln) (IL.1)
UOQCIQ : 3HQO(CI") = UOQC]Q : HQO(CI") + 2 HQO(]) (112)
UO;3(y) + 2HCl(sln) = UOyCly(cr) + HoO(sln) (I1.3)

e 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.

e 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, e.g., SiOy(quar) for quartz and SiO;(chal) for chalcedony.
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., a-UF5, 3-UFs5.

Phase designators are also used in conjunction with thermodynamic symbols to
define the state of aggregation of a compound a thermodynamic quantity refers to.
The notation is in this case the same as outlined above. In an extended notation
(cf. [82LAF]) the reference temperature is usually given in addition to the state of
aggregation of the composition of a mixture.

Examples:

ArGS (Nat aq, 298.15 K) standard molar Gibbs energy of formation of
aqueous Na™ at 298.15 K
S2 (UO02S0y4 - 2.5H50, cr, 298.15 K)  standard molar entropy of UO2SOy - 2.5H20(cr)

at 298.15 K

Cp m(UO3, a,298.15 K) standard molar heat capacity of a-UOj3 at
298.15 K

A¢Hp, (HF, sln, HF - 7.8H50) enthalpy of formation of HF diluted 1:7.8 with
water

I1.1.5. Processes

Chemical processes are denoted by the operator A, written before the symbol for
a property, as recommended by ITUPAC [82LAF]. An exception to this rule is the
equilibrium constant, cf. Section 11.1.6. The nature of the process is denoted by



Symbols, terminology and nomenclature 13

Table I1.3: Abbreviations used as subscripts of A to denote the type of chemical
processes.

Subscript of A 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

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

annotation of the A, e.g., the Gibbs energy of formation, A¢G,,, the enthalpy of
sublimation, Ag,, Hm. etc. The abbreviations of chemical processes are summarised
in Table II.3.

The most frequently used symbols for processes are A;G and A;H, the Gibbs
energy and the enthalpy of formation of a compound or complex from the elements
in their reference states (cf. Table I1.6).

I1.1.6. Equilibrium constants

The TUPAC has not explicitly defined the symbols and terminology for equilibrium
constants of reactions in aqueous solution. The NEA has therefore adopted the con-
ventions that have been used in the work Stability constants of metal ion complezes
by Sillén and Martell [64SIL/MAR, 71SIL/MAR]. An outline is given in the para-
graphs 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 the data refer to, especially in cases where several ligands
are discussed that might be confused. For example, for the equilibrium

mM+qL 2 ML, (11.4)

both 3, ,,, and 3(I1.4) would be appropriate, and 3, ,,(I1.4) is accepted, too. Note that,
in general, K is used for the consecutive or stepwise formation constant, and /3 is used
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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).

I1.1.6.1. Protonation of a ligand

H,L]
HT H, ;L = H,L K, = [% 11.5
e L = [, T (I15)
+ _\ _ [HTL]
PHY AL 2 B B = g (IL6)

This notation has been proposed and used by Sillén and Martell [64SIL/MAR], but
it has been simplified later by the same authors [T1SIL/MAR] from K, to K,.
This review retains, for the sake of consistency, c¢f. Egs. (IL.7) and (I1.8), the older
formulation of K ,.

For the addition of a ligand, the notation shown in Eq.(IL.7) is used.

[HL,]
HL, ; +L = HL K,= —= I1.7
" 1) o
Eq. (I1.8) refers to the overall formation constant of the species H,L,.
H,L,]
Ht L = H,L r = [riq I1.8
r + q q 5‘17 [H+}T[L]q ( )

In Egs. (IL5), (I1.6) and (I1.8), the second subscript 7 can be omitted if » = 1, as
shown in Eq. (IL.7).

Example:
H" + PO}~ & HPO;” fBii=p = %
2H" + PO}~ & H,PO;  fBip= %
I11.1.6.2. Formation of metal ion complezes
ML, +L = ML, K,= N[I{\f% (I1.9)
M+¢L = ML, B,= [%[If]}q (IT.10)

For the addition of a metal ion, i.e., the formation of polynuclear complexes, the
following notation is used, analogous to Eq.(I1.5):

(M, 1]

M + Mq_lL ﬁ MqL KLq == m
q—

(IL.11)
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Eq. (IT.12) refers to the overall formation constant of a complex M,,L,.

mM+q¢qL = M,L, m = rﬂm[uq (I1.12)
The second index can be omitted if it is equal to 1, i.e., 3, becomes 3, 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 ¢. If HyO occurs as a reactant to form hydroxide complexes, HyO is
considered as a protonated ligand, HL, so that the reaction is treated as described
below in Eqgs. (I1.13) to (I.15) using n as the index variable. For convenience, no
general form is used for the stepwise constants for the formation of the complex
M,,L,H,. In many experiments, the formation constants of metal ion complexes are
determined by adding to a metal ion solution a ligand in its protonated form. 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. (I1.13) and (I1.14) for mononuclear and in Eq. (II.15) for polynuclear complexes.

ML,][H"]
ML,_; + HL & ML,+H" *K, 6= [q— I1.1
o o "~ DL, [[FL] 19)
N o ay _ IMLJHT)
M+ ¢HL = ML,+q¢H By = M][HL]? (IT.14)
N + * _ [MquHH+}q
mM+¢HL = M,L,+q¢H Bgm = —[M}m[HL]‘I (IT.15)
Examples:
I+
UO%+ + HF(aq) = UOQF+ + HT *Kl = *61 = [UOQF HH }

[UO3*][HF (aq)]

[(UO,)3(OH)g | [H*]°
(VO3
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 coordinated as such to the metal ion, the asterisk is to be omitted, as
shown in Eq. (I1.16).

3UO05T +5H0(1) = (UOg)3(OH)F +5HY #3553 =

M+gHL = MHL), =il (IL.16)

Example:
[UOy(HoPOy)5]

UOZ" + 3H,PO; = UO,(H,PO4); 5 = [UOZH][H,PO; P
2




16 CHAPTER II. STANDARDS AND CONVENTIONS
I11.1.6.3. 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 Egs. (I1.17) to (I1.19).

M,Ly(s) = aM+bL K= [M]*[L]’ (I1.17)
K 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. (I1.12) is used:

b n
%MaLb(S) = ML, + <m7 - q> L Kygm= [MaLJ[L](%9)  (11.18)

Example:
UOoFy(cr) = UOFt+F-  Kgiq = Kg1 = [UOFT][F]

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

b b
T M, Ly(s) + (m— - q> 0 = ML, + <m— - q> HI
a a a

Example:

U(HPO,), - 4H,0(cr) + HT =& UHPO;' + HyPO; + 4 HyO(1)
[UHPO}"|[H,PO7 ]
[H+]

* % _
Ks,l,l - s,1 —

11.1.6.4. FEquilibria 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. (I1.20).

ML
MLq,1 + L(g) \ﬁ MLq Kp,q = ﬁ (1120)
q—

(1))

The subscript “p” can be combined with any other notations given above.
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Examples:

[CO2(aq)]
Pco,
300" +6COy(g) + 6 H,0(1) = (UOy)3(CO3)5™ +12HT
' _ [(UO2)3(COz)gJ[H*]™
P08 = T U0  pto,
U0,CO5(cr) 4+ COy(g) + HyO(1) = UOy(CO3)2 +2HT
[UO,(COs)5 J[HT]?

Pco,

COy(g) = COs(aq) K, =

* —_
pP,s,2 —

In cases where the subscripts become complicated, it is recommended that K or (3
be used with or without subscripts, but always followed by the equation number of
the equilibrium to which it refers.

11.1.6.5. Redox equilibria

Redox reactions are usually quantified in terms of their electrode (half cell) potential,
E, which is identical to the electromotive force (emf) of a galvanic cell in which the
electrode on the left is the standard hydrogen electrode, SHE T, in accordance with
the “1953 Stockholm Convention” [88MIL/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, Hy(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, F, is that of the observed sign of its polarity when coupled
with the standard hydrogen electrode. The electrode potential is related to the Gibbs
energy change A.G,, and the equilibrium constant K as outlined in Eq. (I1.21).

1 RT
E = nFAer = = In K (IT.21)
The symbol E° is used for the emf of a standard galvanic cell relative to the
standard hydrogen electrode (all components in their standard state, cf. Section I1.3.1,
and with no liquid junction potential). Eq. (II.21) can then be written in terms of
E°, A,G;, and K°.
For example, for the hypothetical galvanic cell:

. Fe(Cl0y)2(aq, a'y)

Pt |Hy(g, p = 1bar) | HCl(aq, ayx = 1) Fe(C1O,4)s (aq. o) Pt, (I1.22)
where “i” denotes a liquid junction and “|” a phase boundary, the cell reaction is:
Fe' 4+ 1H,(g) = Fe**+H' (11.23)

t The definitions of SHE and NHE are given in Section I1.1.1.
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For convenience Reaction (I1.23) can be represented by half cell reactions, each
involving an equal number of “electrons”, as shown in the following equations

Fe3t + e
%HQ(g)

where “e”” is a symbol devoid of any physical or chemical significance, and therefore
its name, “electron”, might be misleading but this inconvenience is compensated by
its usefulness.

Equilibrium constants may be written for these half cell reactions in the following
way:

Fe?* (11.24)
H' +e” (I1.25)

—\
N
—\
A

”

Ko(IL24) = —Fet (I1.26)
AFed3+ X Qg-
Ko(1125) = Y29 4 (hy definition) (I1.27)
PH,

In addition, A,G35,(11.25) = A HZ (I1.25) = A,S5, (11.25) = 0 by definition, at all
temperatures, and therefore A, Gy, (11.24) = A,G¢, (11.23).

The following equations describe the change in the Gibbs energy and redox poten-
tial of Reaction (I1.23), if py, and ay+ are equal to unity (c¢f. Eq. (I1.21)):

AGA(I123) = AGS(I123) + RT In (“Fez*)

Ape3+
RT .
E(IL23) = E°(IL23) - - In (ZE;) (I1.28)

The “activity of electrons” in Eqgs. (I1.26) and (I1.27) may be interpreted to repre-
sent the relative tendency for electrons to leave an aqueous solution. For the standard
hydrogen electrode a.- = 1 (by the convention expressed in Eq. (I1.27)), while rear-
rangement of Eq. (I1.26) for the half-cell containing the iron perchlorates in cell 11.22
gives:

Aped+

and by the convention in Eq. (I1.27):

“loggae- = logy, K°(IL23) — logy <“Fe“) (I1.29)
AFe3+
A comparison of Egs. (I1.28) and (I1.29) taking into account Eq. (I1.21) shows that
for the right half-cell in 11.22:

F

FFn(0) E(11.23) (I1.30)

—logg Ge-

The splitting of redox reactions into two half cell reactions by introducing the sym-
bol “e~”, which according to Eq. I1.30 is related to the standard electrode potential, is
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arbitrary but justified by the usefulness of the resulting equations. 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, “e~” is void of chemical and physical sig-
nificance, and its concentration must be set to zero during the calculations (arbitrary
values, however, may be assigned to a.- which are then related to E by Eq. (I1.30)).

In the literature on geochemical modelling of natural waters, it is customary to rep-
resent the “electron activity” of an aqueous solution with the symbol “pe” or “pe”
(= —log, ae-) by analogy with pH (= —log,,an+), and the redox potential of an
aqueous solution relative to the standard hydrogen electrode is usually denoted by ei-
ther “Eh” or “Ey” (see for example [81STU/MOR, 82DRE, 84HOS, 86NOR/MUN]).

I1.1.7. 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.

The acidity of aqueous solutions is often expressed in a logarithmic scale of the
hydrogen ion activity. The definition of pH as

pH = —log,q ag+ = — log o (mu+yu+)

can only be strictly used in the limiting range of the Debye-Hiickel equation (that is,
in extremely dilute solutions). In practice the use of pH values requires extra assump-
tions on the values for single ion activities. In this review values of pH are used to
describe qualitatively 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 emf measurements of galvanic
cells involving liquid junctions [69ROS, 73BAT|. A common 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):

salt test
bridge | solution
a b (I1.31)

Pt(s) ‘Ag(s) AgCl(s) ‘HCl(aq) AgCl(s) | Ag(s) | Pt(s).

HCl(aq)

"

W
N
"

where stands for a glass membrane (permeable to hydrogen ions). The emf of
such a cell is given by

. RT
E:E —n—FlnaH++Ej

where E° is a constant, and Ej; is the junction potential. The purpose of the salt
bridge is to minimise the junction potential in junction “b”, while keeping constant
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the junction potential for junction “a”. Two methods are most often used to reduce
and control the value of Ej. 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 precipi-
tate T 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; are dramatically increased. For example, if both the bridge
and the test solution have [ClO, | = 0.1 M as background electrolyte, the dependence
of the liquid junction at “b” on acidity is E; &~ —440 x [H*] mV - dm? - mol ! at 25°C
[69ROS, p.110], which corresponds to an error at pH= 2 of > 0.07 pH units.

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
[UPAC [88MIL/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 yy+ and Ej cancel each other when emf values
are substracted).

I11.1.8.  Order of formulae

To be consistent with CODATA, the data tables are given in “Standard Order of
Arrangement” [82WAG/EVA]. This scheme is presented in Figure II.1 below which
shows the sequence of the ranks of the elements in this convention. The order follows
the ranks of the elements. For uranium, this means that, after elemental uranium and
its monoatomic ions (e.g., UT), the uranium compounds and complexes with oxygen
are 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 coeffi-
cients of the lower rank elements. For example, in the U-O-F class of compounds and
complexes, a typical sequence would be UOFy(cr), UOF,(cr), UOF(g), UOsF (aq),
UO,F*, UOyFy(aq), UOyFy(cr), UOyFy(g), UOoF5, UOoF;™, UyOsFg(cr), ete. For-
mulae with identical stoichiometry are in alphabetical order of their designators.

I11.1.9. 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 [87GAR/PAR]. A
reference code is made up of the final two digits of the year of appearance (if the
publication is not from the 20 century, the year will be put in full). The year is
followed by the first three letters of the first two authors, separated by a slash. If

t KClO4(cr) has a solubility of ~ 0.15 M in pure water at 25°C.
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Figure I1.1: Standard order of arrangement of the elements and compounds based on
the periodic classification of the elements (from Ref. [82WAG/EVA]).

H — He

Li 7 Ben B4 Cq4 N7 O F 4 Ne
|| | e || |
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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.

The assignment of the reference codes is done automatically by the NEA updating
programs for the TDB data base (cf. Section I1.6). It is therefore possible that
multiple reference codes in the TDB data base do not occur in multiple form in the
present volume. The designators “2”7, “3”, etc., are nevertheless retained for reasons
of compatibility with the TDB data base.

I1.2. Units and conversion factors

Thermodynamic data are given according to the Systéme International d’unité (SI
units). The unit of energy is the joule. Some basic conversion factors, also for non-
thermodynamic units, are given in Table II.4.

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 -
dm 3" for molarity, ¢, and “m” as an abbreviation of “mol-kg " for molality, m. It
is often necessary to convert concentration 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 theory which works in molality
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Table 11.4: Unit conversion factors.

To convert from to multiply by

(non-ST unit symbol) (SI unit symbol)

angstrom (A) metre (m) 1 x 10710 (exactly)
standard atmosphere (atm) pascal (Pa) 1.01325 x 10° (exactly)
bar (bar) pascal (Pa) 1 x 10° (exactly)
thermochemical calorie (cal) joule (J) 4.184 (exactly)
entropy unit (e.un. £ cal- K= -mol=!) | J-K~' - mol~! 4.184 (exactly)

units (cf. Appendix B). This conversion is made in the following way. Molality is
defined as mp moles of substance B dissolved in 1000 grams of pure water. Molarity
is defined as cg moles of substance B dissolved in (1000p—cg M) grams of pure water,
where p is the density of the solution and M the molar weight of the solute. From
this it follows that

1000cp
1000p — cg M

Baes and Mesmer [T6BAE/MES, p.439] give a table with conversion factors (from
molarity to molality) for nine electrolytes and various ionic strengths. Conversion

factors at 298.15 K for twenty one electrolytes, calculated using the density equations
reported by S6hnel and Novotny [85SOH/NOV], are reported in Table IL.5.

mp =

Examples:
1.00 M NaClO;, £ 1.05 m NaClO,
1.00 M NaCl 2 1.02 m NaCl
4.00 M NaClO, £ 4.95 m NaClO,
6.00 M NaNO; £ 7.55 m NaNO,

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

B
B

With (mg/cg) = o, or (log,, ms — log,, cg) = logy, 0, the relationship between K,
and K, becomes very simple, as shown in Eq. (I1.32).

B
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Table I1.5: Factors p for the conversion of molarity, cg, to molality, mg, of a sub-
stance B, in various media at 298.15 K (calculated from densities in [85SOH/NOV]).

0 = mgp/cg (dm? of solution per kg of H20)

¢ (M) HCIO4 NaClOg4 LiClOg4 NH4ClO4 Ba(Cl04)» HCI 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 1.1418 1.1423
¢ (M) KCl NH4Cl MgCls CaCls NaBr HNO3 NaNO3 LiNO3
0.10 1.0057 1.0066 1.0049 1.0044 1.0054 1.0056 1.0058 1.0059
0.25 1.0099 1.0123 1.0080 1.0069 1.0090 1.0097 1.0102 1.0103
0.50 1.0172 1.0219 1.0135 1.0119 1.0154 1.0169 1.0177 1.0178
0.75 1.0248 1.0318 1.0195 1.0176 1.0220 1.0242 1.0256 1.0256
1.00 1.0326 1.0420 1.0258 1.0239 1.0287 1.0319 1.0338 1.0335
1.50 1.0489 1.0632 1.0393 1.0382 1.0428 1.0478 1.0510 1.0497
2.00 1.0662 1.0855 1.0540 1.0546 1.0576 1.0647 1.0692 1.0667
3.00 1.1037 1.1339 1.0867 1.0934 1.0893 1.1012 1.1090 1.1028
4.00 1.1453 1.1877 1.1241 1.1406 1.1240 1.1417 1.1534 1.1420
5.00 1.2477 1.1974 1.1619 1.1865 1.2030 1.1846
6.00 1.2033 1.2361 1.2585 1.2309

c (M) NH4NO3 H>S04 NaoSOy (NH4)QSO4 H3PO4 NaoCOg KsCO3 NaSCN

0.10 1.0077 1.0064 1.0044 1.0082 1.0074 1.0027 1.0042 1.0069
0.25 1.0151 1.0116 1.0071 1.0166 1.0143 1.0030 1.0068 1.0130
0.50 1.0276 1.0209 1.0127 1.0319 1.0261 1.0043 1.0121 1.0234
0.75 1.0405 1.0305 1.0194 1.0486 1.0383 1.0065 1.0185 1.0342
1.00 1.0539 1.0406 1.0268 1.0665 1.0509 1.0094 1.0259 1.0453
1.50 1.0818 1.0619 1.0441 1.1062 1.0773 1.0170 1.0430 1.0686
2.00 1.1116 1.0848 1.1514 1.1055 1.0268 1.0632 1.0934
3.00 1.1769 1.1355 1.2610 1.1675 1.1130 1.1474
4.00 1.2512 1.1935 1.4037 1.2383 1.1764 1.2083
5.00 1.3365 1.2600 1.3194 1.2560 1.2773

6.00 1.4351 1.3365 1.4131 1.3557
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> g vp is the sum of the stoichiometric coefficients of the reaction, cf. Eq. (11.48), and
the values of ¢ are the factors for the conversion of molarity to molality as tabulated in
Table I1.5 for several electrolyte media at 298.15 K. The differences between the values
in Table IL.5 and the values listed in the uranium NEA-TDB review [92GRE/FUG,
p.23] are found at the highest concentrations, and are < 40.003dm?/kg, reflecting
the accuracy expected in this type of conversions. The uncertainty introduced by the
use of Eq. (I1.32) in the values of log,, K, will then be < £+0.001 Y5 vp.

I1.3. Standard and reference conditions

11.3.1. Standard state

A precise definition of the term “standard state” has been given by [UPAC [82LAF].
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 [82LAF] 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, c¢f. Section I1.3.2. 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 11.3.3.

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

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

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

e The standard state for a solute B in a solution is a hypothetical solution, at
the standard state pressure, in which mg = m° = 1mol - kg=!, and in which
the activity coefficient g is unity.

It should be emphasised that the use of °, e.g., in A H?, 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 11.3.3)
are listed in Table II.6.

11.3.2. Standard state pressure

The standard state pressure chosen for all selected data is 0.1 MPa (1 bar) as recom-
mended by the International Union of Pure and Applied Chemistry [UPAC [82LAF].
However, the majority of the thermodynamic data published in the scientific liter-
ature and used for the evaluations in this review, refer to the old standard state
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Table I1.6: Reference states for the elements at the reference temperature of 298.15 K
[82WAG/EVA, 89COX/WAG].

Oy  gaseous Pb crystalline, cubic

Hy, gaseous B [, crystalline, rhombohedral
He gaseous Al crystalline, cubic

Ne gaseous Zn crystalline, hexagonal
Ar  gaseous Cd crystalline, hexagonal
Kr  gaseous Hg liquid

Xe gaseous Cu crystalline, cubic

Fy  gaseous Ag crystalline, cubic

Cl, gaseous Fe  crystalline, cubic

Bry  liquid V  crystalline, cubic

I, crystalline, orthorhombic Ti  crystalline, hexagonal
S crystalline, orthorhombic U  crystalline, orthorhombic
Se  crystalline, hexagonal (“black”) Th crystalline, cubic

Te  crystalline, hexagonal Be crystalline, hexagonal
Ny  gaseous Mg crystalline, hexagonal
P crystalline, cubic (“white”) Ca crystalline, cubic

As  crystalline, rhombohedral (“grey”) Sr  crystalline, cubic

Sb  crystalline, rhombohedral Ba crystalline, cubic

Bi  crystalline, rhombohedral Li  crystalline, cubic

C  crystalline, hexagonal (graphite) Na crystalline, cubic

Si  crystalline, cubic K crystalline, cubic

Ge crystalline, cubic Rb crystalline, cubic

Sn  crystalline, tetragonal (“white”) Cs crystalline, cubic

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 correc-
tions for the change in the standard state pressure in order to avoid inconsistencies
and propagation of errors. In practice the parameters affected by the change be-
tween 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, CI, N, and the noble gases). No other parameters are af-
fected significantly. A large part of the following discussion has been taken from the
NBS tables of chemical thermodynamic properties [82WAG/EVA], see also Freeman
[84FRE].

The following expressions define the effect of pressure on the properties of all
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substances:
OH oV
— = V-T|=] =Vl -aTl I1.33
(), = vorlar),vomen o
ac,,) <a2v>
— = -T|— (I1.34)
<8p T oT? ’
oS ov
el = Va=-—|— I1.35
(&), = o= (), 59
(%) - v (11.36)
dp ),
1
where a = & (g—‘;)p (I1.37)
For ideal gases, V = % and o = z% = % The conversion equations listed below

(Egs. (IL.38) to (I1.45)) 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 (™) here, the ones that refer to the new standard state
pressure of 1 bar the superscript (P20,

For all substances the change in the enthalpy of formation and the heat capacity is
much smaller than the experimental accuracy and can be disregarded. This is exactly

true for ideal gases.

AHE(T) — A;HE™(T) = 0 (11.38)
bar atm
CP*(T) — O m(T) 0 (I1.39)
For gaseous substances, the entropy difference is
(atm)
(bar) _ q(atm) _ p

STy — SWT(T) = Rln (—p(bar)>

= RIn1.01325
= 0.1094J-K ' -mol .. (11.40)

This is exactly true for ideal gases, as follows from Eq. (I1.35) with o = ﬁ. The
entropy change of a reaction or process is thus dependent on the number of moles of
gases involved:

(atm)
ASP) A S@tm) — 5w RIn <p )
p(bar)

= §x0.1094J- K~ -mol™, (I1.41)

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

(atm)

ArG(bar) _ ArG(atm) = —0x RTIn (1)—>
p(bar)

= —§x0.03263kJ-mol ' at 298.15K.  (1.42)
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Eq. (I1.42) applies also to A:G®*) — A;G@™)  since the Gibbs energy of formation
describes the formation process of a compound or complex from the reference states
of the elements involved:

AGP A GE™ = 5% 0.03263kJ - mol™! at 298.15 K. (I1.43)

The change in the equilibrium constants and cell potentials with the change in
the standard state pressure follows from the expression for Gibbs energy changes,

Eq. (11.42):
ArG(bar) _ ArG(atm)
a R(T l)nlO
In ’% (atm)
= 0 1(np(1bo)) = 0 x1ogio (Z;(bar)>
= §x0.005717 (I1.44)
A GO _ A Glatm)
B nkF
RTIn (2o

logy Kt — logy K@) =

E(bar) o E(atm)

p(bar)

nkF
0.0003382
0 X — —

= 0 X

V at 298.15 K. (I1.45)

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

H" +e = 1Hy(g) E° 000V (I1.46)

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

Agh+e” = Ag(er)

should thus be calculated from the balanced reaction that includes the hydrogen
electrode,

Agt +1Hy(g) = Agler)+H'.

Here 6 = —0.5. 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.

Examples:
Fe(cr) + 2 HT & Fe?* + Hy(g) §= 1 Ebar) _ platm) — (,00017 V
CO2(g) = CO2(aq) §=-1  log;y K™ —log,, K™ = —0.0057

NH;(g) + 202(g) = NO(g) + 2H,0(g) 6= 025 AGP¥) —AGE™ = —0.008kJ - mol ™!
1Cly(g) +20s(g) +e~ = ClOy §=-3 AGPar) — AGRtM) = 0 098 kJ - mol !
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I1.5.3. Reference temperature

The definitions of standard states given in Section I1.3 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 [82LAF], 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 [69COM]. The relation between the absolute temperature
T (K, kelvin) and the Celsius temperature ¢ (°C) is defined by t = (T — Ty) where
Ty, = 273.15 K.

I1.4. Fundamental physical constants

The fundamental physical constants are taken from a recent publication by CODATA
[86COD]. Those relevant to this review are listed in Table I1.7.

Table 11.7: Fundamental physical constants. These values have been taken from
CODATA [86COD]. The digits in parentheses are the one-standard-deviation uncer-
tainty in the last digits of the given value.

Quantity Symbol | Value Units
speed of light in vacuum c 299792 458 m-s!
permeability of vacuum o 47 x 1077

=12.566370614... | 107" N. A2
permittivity of vacuum €o 1/poc?

=8.854187817... | 10712C%-Jt - m™!
Planck constant h 6.626 0755(40) 10734 ] s
elementary charge e 1.602 177 33(49) 10719 C
Avogadro constant Na 6.0221367(36) 10%% mol~!
Faraday constant, Na x e F 96 485.309(29) C - mol ™!
molar gas constant R 8.314 510(70) J-K!-mol™!
Boltzmann constant, R/Nx k 1.380658(12) 10723 - K™!
Non-SI units used with SI:
electron volt, (e/C)J eV 1.60217733(49) 10719
atomic mass unit, lu = m, = $;m(!2C) u 1.660 5402(10) 10 27kg
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I1.5. 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 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.

I1.6. The NEA-TDB system

A data base system has been developed at the NEA Data Bank that allows the
storage of thermodynamic parameters for individual species as well as for reactions.
A simplified schema of the NEA-TDB system is shown in Figure I1.2. The struc-
ture of the data base system allows consistent derivation of thermodynamic data
for individual species from reaction data at standard conditions, as well as internal
recalculations of data at standard conditions. If a selected value is changed, all the
dependent values will be recalculated consistently. The maintenance of consistency
of all the selected data, including their uncertainties (cf. Appendix C), is ensured by
the software developed for this purpose at the NEA Data Bank.

The literature sources of the data are stored in the REFERENCES record, and
each author name has a link to the AUTHORS record for direct retrieval of author
names.

The thermodynamic data and their uncertainties selected for individual species
are stored in the DATA record. The following parameters, valid at the reference
temperature of 298.15 K and at the standard pressure of 1 bar, are considered:

A¢Ge,  the standard molar Gibbs energy of formation (kJ - mol™!)
from the elements in their reference state
A¢H?,  the standard molar enthalpy of formation from (kJ - mol™")
the elements in their reference state
S°  the standard molar entropy (J-K=!'-mol™)
Cy . the standard molar heat capacity (J- K ! mol™)

For aqueous neutral species and ions, the values of A¢GL ., AcHY, ST and C)
correspond to the standard partial molar quantities, and for individual aqueous
ions they are relative quantities, defined with respect to the aqueous hydrogen ion,
according to the convention [89COX/WAG] that A¢H: (H*, aq,7) = 0, and that
Se (H*,aq,T) = 0. Furthermore, for an ionised solute B containing any number of
different cations and anions:

A¢HS (By,aq) = > v AHg (cation, aq) + > v A¢Hg, (anion, aq)
+ —

Se(By,aq) = > wiSP(cation,aq) + Y v_Sy (anion, aq).
+ —
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Figure I1.2: Principal schema of the NEA Thermochemical Data Base.

ELEMENTS REACTIONS RECOEFS
A 4 Y
FORMULAE REDAT < REFERENCES
A
Y
DATA AUTHORS
G-COEF H-COEF S-COEF C-COEF

As the parameters in the DATA record vary as a function of temperature, provi-
sion is made to include the compilation of the coefficients of empirical temperature
functions for these thermodynamic data in the records G-COEF, H-COEF, S-COEF
and C-COEF, as well as the temperature ranges over which they are valid. In many
cases the thermodynamic data measured or calculated at several temperatures were
published for a particular species, rather than the deduced temperature functions. In
these cases, a non-linear regression method is used in this review to obtain the most
significant coefficients of the following empirical function:

F(T) = a+bxT+cexT?+dxT ' +exT >+ fxInT+gxTlnT
+hx VT + ——

VT

Most temperature variations can be described with three or four parameters, a, b
and e being the ones most frequently used. In the present review, only C; (T'), i.e.,
the thermal functions of the heat capacities of individual species, are considered and
stored in the record C-COEF. They refer to the relation

+ixT?+kx T2 (11.47)

Conl) = a+bxTH+exT?+dxT " +exT™?

and are listed in Tables ITI.3 .
The pressure dependence of thermodynamic data has not been the subject of criti-
cal analysis in the present compilation. The reader interested in higher temperatures
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and pressures, or the pressure dependency of thermodynamic functions for geochem-
ical applications, is referred to the specialised literature in this area, e.g., [$2HAM,
84MAR/MES, 88SHO/HEL, 88TAN/HEL, 89SHO/HEL, 89SHO/HEL2, 90MON,
91AND/CAS].

Selected standard thermodynamic data referring to chemical reactions (which are
stored in the REACTIONS record in alphanumeric notation) are compiled in the
REDAT record (¢f. Figure 11.2). A chemical reaction “r”, involving reactants and
products “B”, can be abbreviated as

0 = S 3B (I1.48)
B

where the stoichiometric coefficients vf are positive for products, and negative for
reactants. The reaction parameters considered in the NEA-TDB system include:

log,q K; the equilibrium constant of the reaction, logarithmic
AG°  the molar Gibbs energy of reaction (kJ-mol™!)
A.H? the molar enthalpy of reaction (kJ - mol 1)

A,S2  the molar entropy of reaction (J- K ! mol ™)

A.Cp ., the molar heat capacity of reaction (J - K~!-mol™)

The temperature functions of these data, if available, are stored in the record RE-
COEFS, according to Eq. (I1.47).
The equilibrium constant, K7, is related to A,G;, according to the following rela-
tion,
AGr
RT In(10)

and can be calculated from the individual values of A;GS (B) (for example, those
given in Tables II1.1 and IV.1) according to,

logg K: =

1
1 K, = ———F— 5 A¢Go (B). I1.4
Oglo T RT 111(10) XB:VB me( ) ( 9)

I1.7. Presentation of the selected data

The selected data are presented in Chapters IIT and TV. Unless otherwise indicated,
they refer to standard conditions (c¢f. Section I1.3) and 298.15 K (25.00°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 com-
pounds and complexes of americium (Table II1.1), a table of selected reaction data
(Table II1.2) for reactions concerning americium species, and a table containing se-
lected thermal functions of the heat capacities of individual species of americium
(Table II1.3). The selection of these data is discussed in Chapter V.

Chapter IV contains, for auxiliary compounds and complexes that do not contain
americium, a table of the thermodynamic data for individual species (Table IV.1) and
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a table of reaction data (Table IV.2). Most of these values are the CODATA Key
Values [89COX/WAG]. The selection of the remaining auxiliary data is discussed in
Chapter VI of the uranium review [92GRE/FUG].

All the selected data presented in Tables III.1, II1.2, IV.1 and IV.2 are internally
consistent. This consistency is maintained by the internal consistency verification
and recalculation software developed at the NEA Data Bank in conjunction with the
NEA-TDB data base system, cf. Section I1.6. Therefore, when using the selected
data for americium species, 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 Tables I11.2 and IV.2 include only those species of which
the primary selected data are reaction data. The formation data derived therefrom
and listed in Table III.1 is 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 Tables II1.2 and IV.2, rather than taking the derived
values in Tables III.1 and IV.1 to calculate the reaction data with Eq. (I11.49). The
later 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 [93PUI/RAR]. For example,
the temperature dependence of the standard reaction Gibbs energy as a function of
the standard reaction entropy at the reference temperature (7, = 298.15 K), and of
the heat capacity function is:

T
AGE(T) = AHS(Ty) + /T ACE, AT

TACE
-7 <ArS§1(T0) n /T -2 dT),

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

AH(T) (11
1 K(T) =1 K (T)) - ——— = - =
g K°(T) ogo K°(To) R1n(10) <T Tg)
1 T 1 T A,CYP
- —— [ Acgar | =memar,
RT In(10) Jz, panL RIn(10) Jr, T

where R is the gas constant (cf. Table I1.7).

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 con-
stants to temperatures up to 100 to 150°C, with an additional uncertainty of perhaps
about 1 to 2 logarithmic units, due to the disregard of the heat capacity contribu-
tions to the temperature correction. However, it is important to observe that “new”
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aqueous species, i.e., species not present in significant amounts at 25°C and therefore
not detected, may be significant at higher temperatures, see for example the work by
Ciavatta, Tuliano and Porto [87CIA/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 ther-
modynamic data are not available to allow a selection of parameters describing the
temperature dependence of equilibrium constants and Gibbs energies of formation. A
guideline has therefore been developed at the NEA [93PUI/RAR] that gives the user
some information on various procedures to estimate the temperature dependence of
these thermodynamic parameters.






Chapter III

Selected americium data

This chapter presents the chemical thermodynamic data set for americium species
which has been selected in this review. Table ITI.1 contains the recommended ther-
modynamic data of the americium compounds and complexes, Table II1.2 the rec-
ommended thermodynamic data of chemical equilibrium reactions by which the am-
ericium compounds and complexes are formed, and Table II1.3 the te rature co-
efficients of the heat capacity data of Table ITI.1 where available. Y

The species and reactions in Tables II1.1, II1.2 and,{II 3 appef(x@m the standard

order of arrangement (cf. Figure I1.1, p.21). & 6

Table II1.2 contains information only on thoseg‘&@msé&? hich primary data
selections are made in this review. These sel% @m\‘ﬁ\d& are used, together
with data for key americium species (for ex £ uxiliary data listed in
Table IV.1, to derive the corresponding fo Q\‘ﬁ?z'@l ble III.1. The uncertain-
ties associated with values for key amep mzﬁa @ example Am3*) and for the
auxiliary data are in most cases la e\@—m&&%@mparatlvely large uncertainties
in the formation data derived in m:g%

The uncertainties for auxili@ Zen 1@' Chapter IV differ slightly in signifi-
cance depending on the sourég of@:re (f%lther CODATA [89COX/WAG] or the
uranium NEA-TDB review [9 E ) This difference in uncertainty definitions

will have negligible effects in mQ@" he practical uses of the values in Table III.1,
because a larger part of the %tainty given for most A¢G; values in Table III.1
originates from the uncerfgfhty in the value of A;G? (Am** aq,298.15 K). There
are however some inst; s where the + terms listed by CODATA and reported in
Table TV.1 have a @& influence in the confidence limits for A¢G: of americium
species in Table IIL.T (for example, in the case of aqueous phosphate complexes like
AmHPOY], ete.). Therefore, the reader should be aware of the fact that equilibrium
constants calculated from A¢Gf, values in Table III.1 might result in confidence limits
which perhaps do not correspond truly to the 95% confidence limit. The inclusion
of a table for reaction data (Table II1.2) in this report allows the use of equilib-
rium constants with total uncertainties which are directly based on the experimental
accuracies. This is the main reason for including both the table for reaction data
(Table 1I1.2) and the table of A¢Gy,, A¢Hy,, Sy, and C) | values (Table II1.1).

The selected thermal functions of the heat capacities, listed in Table III.3, refer to

35
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the relation
Con) = a+bxT+exT?+dxT ' +exT 2 (111.1)

No references are given in these tables since the selected data are generally not
directly attributable to a specific published source. A detailed discussion of the
selection procedure is presented in Chapter V.

A warning: The addition of any aqueous species and their data to this internally
consistent data base can result in a modified data set which is no longer rigorous and
can lead to erroneous results. The situation is similar, to a lesser degree, with the
addition of gases and solids.

It should also be noted that the data set presented in this Chapter may not be
“complete” for all the conceivable systems and conditions. Gaps are pointed out in
the various sections of Chapter V.

96\
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R
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Table II1.1: Selected thermodynamic data for americium 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. 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 Chapter V. 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 PC diskettes or other computer media from the
OECD Nuclear Energy Agency.

Compound AfGY, AfHY So Cpm
(kJ-mol™!) (kJ-mol™?) (J-K~!-mol™!) (J-K ! -mol™)
S
S
L
Am(cr) 0.000 0.000 55.400) 5000
+9 . SY1.500
.\Q' O
o2 &
B-Am (@ Q NP
SRy
A I
Q W aFe
v-Am (@) Q/ 4’0’ K\
S @
OV P
Am(l) @ Q¥ AL
2R &
Q \QQ; o
S Q
Am(g) 241.9996% 3. v 195.600 20.786(¢)
+1.721 C}\@i » £2.000 +0.001
N
70} N
Am?2+ —376.780(") &35;}%33@) —1.000
i15.2360<\\ O 15.890 +15.000
Am3+ —.%@598(3) —616.700 —201.000
O\:;e 755 +1.500 +15.000
Am?*t —346.358(®)  —406.000 —406.000
+8.692 +6.000 +21.000
AmO,(cr)  —874.492®)  —932.200 67.000 66.170(¢)

+4.271 +3.000 +10.000 £10.000
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Table III.1 (continued)

Compound AfG?, AfH? S Cpm
(kJ-mol™")  (kJ-mol™') (J-K~'-mol™') (J-K~' -mol!)
AmO3 ~739.796()  ~804.260(") —21.000
+6.208 +5.413 +10.000
AmO3* —585.801®)  —650.760(") —88.000
+5.715 +4.839 +10.000
Am,0,(cr) —1613.320  —1690.400 160.000 117.500(¢)
+9.242 +8.000 +15.000 +15.000
AmH, (cr) —-134.661  —175.800 48.100 38.200(¢)
+15.055 +15.000 +3.800 +2.500
AmOH?>* —799.307() &
+6.211 S
&
Am(OH)F —992.495(") &
+5.860 A LoD
RS
o2 &
Am(OH);(am) —1213.082(P) Q' QY& va
P KO
+5.861 D NN
Nt @D (.
(b) Q & & @
Am(OH);(aq) —1163.422 Q/ RSP
+5.547 QY 5~ ¥
6@ & eO %)
Am(OH)y(cr)  —12233560) Q7 »@ & o\
15860 S S QO
LY@ e
P L
AmF>+ ~899.6 o Qé v
+5 SQOC}\@ AV IRS
S
7o} .
AmF§ 119485108 R
+5.088 O°
N
AmF, (cr) —N#¥.833®)  —1588.000 127.600
13.099 +13.000 +5.000
©
AmF,(g) —-1159.331®)  —1166.900") 334.200™)
+15.148 +14.765 +11.180
AmF,(cr) —~1616.833®  —1710.000 148.500
+20.064 +20.000 +5.000
AmCI*+ —1735.909(%)

+4.768
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Table III.1 (continued)

Compound A¢Gy, ArHY, Se Cpm
(kJ-mol™")  (kJ-mol™') (J-K~'-mol™') (J-K™' mol™")

AmCl, (cr) —910.650®)  —977.800 164.800 103.000
+2.290 +1.300 +6.000 +10.000
AmOCI(cr) —902.538®)  —949.800 111.000 70.400(¢)
+6.726 +6.000 +10.000 +10.000
AmBr,(cr) —786.531®)  —810.000 205.000
+11.228 +10.000 +17.000
AmOBr(cr) —861.372(®  —893.000 128.000
+13.413 +12.000 +20.000
AmI, (cr) —613.309®  —612.000 234.000 &
+9.216 +7.000 +20.000 )
N\
AmS(cr) %.000 (\@SQ
000, S
6\006‘0
AmSO7 ~1364.678() Wl >
P KO
+4.776 D> NS
N\ @ R
) Q X T
m(S0,), —2117.530) Q/ 4 &N
+6.267 QY 5~ ¥ &
S &, O
AmSe(cr) X \Q' ‘Q‘ &c’ 109.000
Q/ +12.000
N @Q’
AmTe(cr) O ¢ Q VSQ 121.000
& O +12.000
(GENEY
AmNZ+ —260.0@9&$Q
%@90\5”
N
AmNO%+ () rb,o
N
©
AmNO;* —717.083(")
+4.908
AmPO, (am, hydr) (¢)
AmH,PO;" —1752.974()

£5.763
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Table III.1 (continued)

Compound ArGY, ArHS, Se (O

m p,m

(kJ-mol™")  (kJ-mol™") (J-K~'-mol™') (J-K~' mol")

Am,C,(cr) ~156.063®  —151.000 145.000
+42.438 +42.000 +20.000
AmCO7 ~1171.120"
+5.069
Am(CO,)5 ~1724.706")
+5.332
Am(CO,)3™ —2269.159(P)
+5.976
AmOQ(CO3)§7 © 6\
S
({\\0
Am0,(CO,)5~ © &
A oS
NP
Am(CO,4)S™ -3210.227() 1% \0\6&\(@ o>
+7.919 > NAO
N\ @ R
Q W&
Am, (CO,)4(cr) —2971.743() Q/ 4 &N
+15.795 QY 5~ ¥
6@ & eO %)
AmCO;0H(cr)  —1404.8280) , Q7 2@ & Nd
03075 D & &
AmSCN2+ —513GR Qé v
16,4452 N QY
Qs
SrAmO, (cr) S <=Y1539.000
QO +4.100
o
&
BaAmO,(cr) N —1544.600
» +3.400
Oo
Cs,NaAmClg(cr)  —2164.816(®  —2315.800 440.000 260.000
+4.864 +1.800 +15.000 +15.000

(a) Value calculated internally with the Gibbs-Helmholtz equation, A¢G3 = A¢HS —
TA¢SS,.

(b) Value calculated internally from reaction data (see Table II1.2).

(¢) Temperature coefficients of this function are listed in Table IIIL.3.

(d) For this compound enthalpies of phase transformation are given in Section V.1, and

a temperature function for the heat capacity is given in Table III.3.

(e) Only reaction data are selected for this compound, ¢f. Table II1.2.



Selected americium data 41

Table II1.2: Selected thermodynamic data for reactions involving americium compounds
and complexes. All ionic species listed in this table are aqueous species. Unless noted oth-
erwise, 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 uncer-
tainties listed below each value represent total uncertainties and correspond in principle to
the statistically defined 95% confidence interval. 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 Chapter V. 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 PC diskettes or other computer
media from the OECD Nuclear Energy Agency.

Species Reaction
log,, K° AGE AHS A5,
(kJ-mol™")  (kJ -mol™") (J-K~' mol™")
&
P
Am(g) Am(cr) = Am(g) \
283.800 o
1500
CEINS
2 3 - 2 ?\ 2 @ B
Am?2t AmPt 4 e 2 Am?t QY Q& >
~38.878%) 22188 @ N
+2.536 d;@)YG\QQ’ < As
& @
AmO3 AmP* + 2 H,0()) @n%iw \%Qﬁ o
< 384100
Q~ \Q' & & +£5.200
00 O
AmOZ* Am?+ {\g O@H@m{g@+ 4HY +3e
537.600
\y +4.600
0 fz>
AmOH** Am?*t + Hz;@ R AmOR>* 4 HY
QD100 36.531
& £0.700 +3.996
0
Am(OH)} @\mﬁ + 2 H,0(l) = Am(OH)} + 2 H*
~14.100 80.483
+0.600 +3.425
Am(OH),(am) Am3* + 3 H,0(l) & Am(OH);(am) + 3 HF
~17.000 97.037

£0.600 +3.425
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Table II1.2 (continued)

Species Reaction
log; o K° AGE, ACHE A, S,
(kJ-mol™') (kJ-mol™') (J-K~'-mol™")
m(OH), (aq) Am** + 3 H,0(1) & Am(OH),(aq) + 3 H'
—25.700 146.697
+0.500 +2.854
Am(OH), (cr) Am3* + 3 H,0(1) & Am(OH),(cr) + 3 H
—15.200 86.762
+0.600 +3.425
AmF?t Am3t + F~ & AmF?t
3.400  —19.407
+0.400 +2.283
&
AmFy Am®*t + 2F~ 2 AmFy S
5800  —33.107 &\\0
+0.200 +1.142
< @“
AmF,(g) AmF,(cr) & AmF,(g) Q~ N
—62.982(¢) 359, 502@ \e‘frl 1@j9 206.600
+1.333 +7. S ﬂ%q@ +10.000
\
\ @
: QT
AmCI?t Am3t + Cl- = AmClQ/ ((\ Q\
1.050 § & \9?1
+0. 06% <
<& ’\c"
AmSO] Am** +5Q Qr p@%%{\ S

o)\l%gégg 171

Am(SO,); Am?+ +@€%§_ 5

—30 823
& WOO +3.996
AmN2* éQ N7 = AmN3*+

@ 1.670 —9.532
O +0.100 +0.571

AmNOZ* Am*t + NO; & AmNO2*
2.100 —11.987
+0.200 +1.142

AmNOZ* Am*t + NO; = AmNO2*
1.330 ~7.592

+0.200 +1.142
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Species Reaction

log,y K° A Gy

(kJ - mol ")

(kJ - mol™")

A

rSm

(J-K~' -mol™1)

AmPO,(am, hydr)

Am?*t + PO 2 AmPO,(am, hydr)

24.790  —141.502
+0.600 +3.425
AmH,PO3" Am®* + H,PO; = AmH,PO3*
3.000 —17.124
+0.500 +2.854
AmCOZ Am®+ + CO;~ & AmCO5
7.800 —44.523
+0.300 +1.712
&
Am(CO,); Am?t + 2 CO3™ 2 Am(CO,); &
12.300 —70.209 N
+0.400 +2.283 (\’b-
K S
m(CO,)% Am** + 3 CO2™ = Am(CO,) Q‘ O
15.200 —86 Q; Qb‘
+0.600
AmO,(CO4)5~ AmO0,(CO,)3~ + e QQ \‘?
13 10 %g&
:I:O 3
\® ‘0 AV
Am(CO,)% kgz@ @(CO )5~
D1.732
O) 339@ V= £5.137
Am,(CO,), (cr) Am+ OF ,@ 0QN = 0.50 Am, (CO,), (cr)
—95.324
@} 100 +6.279
AmCO,OH(cr) \@%ﬁ + CO2™ + OH™ = AmCO,0H(cr)
N 21200 —121.010
&) +£1.400 +£7.991
AmSCN2+ Am*t + SOCN~ & AmSCN2*
1.300 —7.420
+0.300 +1.712
(a) Value calculated internally with the Gibbs-Helmholtz equation, A, G9, = A HL — TA,SY,.

a
(b) Value calculated from

a selected standard potential.

(c) Value of log;q K° calculated internally from A,Gg,.
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Table IIL1.3: Selected temperature coefficients for heat capacities functions for the
values marked with (9 in Table III.1, according to the form

Conl)=a+b0T+ cT? +eT2.
The functions are valid between the temperatures Tp, and Ty (in K). The values
in parentheses represent the power of 10. Units for Cy are J-K~'-mol™".

Compound a b c e Twin  Timax
Am(cr) 2.11868(+01) 1.11990(—02)  3.24620(—06)  6.08500(+04) 298 1042
B-Am 1.94406(+01) 1.08360(—02)  2.25140(—06)  5.20870(+05) 1042 1350
v-Am 3.97480(+01) 1350 1449
Am(l) 4.18400(+01) 1449 3000
Am(g) 2.07861(+01) 208 1100
AmO,(cr)  8.47390(+01) 1.07200(—02) —8.15900(—07) —1.92580(+06) 298 2000
Am,O,(cr)  1.13930(+02) 5.93700(—02) —2.30100(—05) —1.07100(+06) 298 1000
AmH,(cr)  2.48000(+01) 4.50000(—02) 208 1200
AmOCl(cr)  6.12840(+01) 4.58933(—02) —1.73065(—05) —2.69380(+05) &8 1100
&
o’§
A8
RS
QY S
QP P
N et D Y
0 X s
O @
OQ/ 64 \QQ %QJA
6@ & eO &
QP I &
NN &
S° e F
O \Q e
O\QQ} .\> 00‘
N
> N
N N
N N)
06‘



Chapter IV

Selected auxiliary data

This chapter presents the chemical thermodynamic data for auxiliary compounds and
complexes which are used within the NEA’s TDB project. Most of these auxiliary
species are used in the evaluation of the recommended americium data in Tables TI1.1
and II1.2. It is therefore essential to always use these auxiliary data in conjunction
with the selected americium data. The use of other auxiliary data can le to incon-
sistencies and erroneous results.

The values in the Tables of this Chapter are either CODATA %'e?\\/alues taken
from Ref. [89COX/WAG], or were evaluated withi {he NE@ TDB project, as
described in Chapter VI of the uranium review [92%?@%@%@

Table IV.1 contains the selected thermodyna w Kf{ﬁ’l%%?fxﬂlary species and
Table IV.2 the selected thermodynamic data of§er@1 algeag fions involving auxiliary
species. The reason for listing both reacti t @d(@g'fr\&hes enthalpies and Gibbs
energies of formation is, as described j O% \Pﬁat uncertalntles in reaction
data are often smaller than the deri 91@‘ nd A¢G? , due to uncertainty
accumulation during the calculatj Q; Q &

All data in Tables IV.1 and TR @er @ a @perature of 298.15 K, the standard
state pressure of 0.1 MPa é@-r %Q@ecqé\spemes and reactions, to the infinite
dilution reference state (I = Oh@ . DS

The uncertainties listed belo e& actlon value in Table IV.2 are total uncertain-
ties, and correspond mainly tQ atlstlcally defined 95% confidence interval. The
uncertainties listed below ue in Table IV.1 have the following significance:

N
e for CODATA vaR¥es from [89COX/WAG], the 4+ terms have the meaning: “it
is probable, b@ 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”.

e for values from [92GRE/FUG], the & terms are derived from total uncertainties
in the corresponding equilibrium constant of reaction (¢f. Table IV.2), and from
the + terms listed for the necessary CODATA key values.

CODATA [89COX/WAG] values are available for CO,(g), HCO;, CO3 , HyPO,
and HPO3 . From the values given for AfH° and S° the values of A¢G° and,

45
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consequently, all the relevant equilibrium constants and enthalpy changes can be
calculated. The propagation of errors during this procedure, however, leads to uncer-
tainties in the resulting equilibrium constants that are significantly higher than those
obtained from experimental determination of the constants. Therefore, reaction data
for COy(g), HCO;, CO3~ and HyPO,, which were absent form the corresponding
Table IV.2 in [92GRE/FUG], are included in this volume to provide the user of se-
lected data for americium species (c¢f. Chapter III) with the data needed to obtain
the lowest possible uncertainties on reaction properties.

Note that the values in Tables IV.1 and IV.2 may contain more digits than those
listed in either [89COX/WAG] or in Chapter VI of [92GRE/FUG], because the data
in the present chapter are retrieved directly from the computerised data base and
rounded to three digits after the decimal point throughout.
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Table 1V.1: Selected thermodynamic data for auxiliary compounds and complexes, includ-
ing the CODATA Key Values [89COX/WAG] of species not containing uranium, as well
as other data that were evaluated in Chapter VI of the uranium review [92GRE/FUG].
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 be-
low 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 Ref. [89COX/WAG] without further evaluation. Values obtained
from internal calculation, c¢f. 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 Chapter VI of
Ref. [92GRE/FUG]. 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 PC diskettes or other computer media from the OECD Nuclear Energy
Agency.

Compound ArGy ArHp, So, pm O
. -1 . -1 K1 -1 LKL, -1
(kJ-mol™")  (kJ-mol™') (J-K~!-mol™') (J-K .\Qfél )
O\
%Q
O(g) 231743  249.180 1 ‘?& 9¢° é‘ 21.912
+0.100 +0.100 +0.001
NS
\
0,(g) 0.000 0.000 <Y 2081 @Q’ \ 29.378
Q, iq,ﬁhs@ﬁ\ +0.003
‘éf S
H(g) 203.276®) @ 8,0 7 20.786
+0.006 002 +0.001
Ht 0.000 \)Q &&Qp 0.000 0.000
&% o
H, (g) 0.000 rz} Q00 130.680 28.836
& < +0.003 +0.002
S O
OH~ 1572800 —230.015 —~10.900
72 +0.040 +0.200
N
H,0(g) ~228.582(®)  -241.826 188.835 33.609
+0.040 +0.040 +0.010 +0.030
H,0(]) —237.140®) —285.830 69.950 75.351
+0.041 +0.040 +0.030 +0.080
H,0,(aq) —191.170(®)

+0.100
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Table IV.1 (continued)

Selected auxiliary data

Compound ArGY ArHY S, Cpm
(kJ-mol™') (kJ-mol™') (J-K~!'-mol™') (J-K~'-mol™')
He(g) 0.000 0.000 126.153 20.786
+0.002 +0.001
Ne(g) 0.000 0.000 146.328 20.786
+0.003 +0.001
Ar(g) 0.000 0.000 154.846 20.786
+0.003 +0.001
Kr(g) 0.000 0.000 164.085 20.786
+0.003 +0.001
Xe(g) 0.000 0.000 169.685 20.786 &
+0.003 +0.002,
L
F(g) 62.280() 79.380 158.751 27746
+0.300 +0.300 +0. . SYo0.002
F- ~281.523(  —335.350 X20® & K3
+0.692 0650  Q 0.8 &‘Q%Q
N\ @ R
Q OIS
Fy(g) 0.000 0. 000@ A 2891 N 31.304
Q/ 0 +0.002
HF (aq) —299.675(") %’ @ ‘Q\ Aa@t)oo
+0.702 00 O£3.362
N
HF (g) ~275.40085~ ¥ (5{56 @ 173.779 29.137
+0.700 e @8@} +0.003 +0.002
HF; —~583.709(%) Q’&g&soo(b) 92.683()
+1.200 &) £2.221 +8.469
O
Cl(g) 1 ﬁ@) 121.301 165.190 21.838
9.008 +0.008 +0.004 +0.001
©
Cl- -131.217®  —167.080 56.600
+0.117 +0.100 +0.200
Cly(g) 0.000 0.000 223.081 33.949
+0.010 +0.002
Clo- —37.670(")

+0.962




Table IV.1 (continued)

Selected auxiliary data

Compound A¢Gy, ArHY, So Cpm
(kJ-mol™")  (kJ-mol™') (J-K'-mol™') (J-K~!'-mol™")
ClO5 10.249(»)
+4.044
ClOz —7.903@  —~104.000 162.300
+1.342 +1.000 +3.000
ClO; ~7.890®  —-128.100 184.000
+0.600 +0.400 +1.500
HCl(g) -95.298®  —92.310 186.902 29.136
+0.100 +0.100 +0.005 +0.002
HC10(aq) —80.024(P) &
+0.613 )
&
HCI0, (aq) —0.939® &
+4.043 A 08
RS
o &
Br(g) 82.379®  111.870 .0@@ Q& ~>X20.786
SN
+0.128 +0.120 0@\ (D" £0.001
O e
Br- —-103.850®) —121.410@ 4’& 064\
+0.167 +035Q°7 %P
Br, (aq) 4.900 Q&Y K
11000 & Qfo S &
NS
Bry(g) 3.10537 N300 S 245.468 36.057
+0.142 @ 20O +0.005 +0.002
S
O
Br, (1) 0.000 > 000 152.210
6\0{\\ O +0.300
BrO- 7§ 10(>)
QM1.510
©
BrO; 19.070®  —66.700 161.500
+0.634 +0.500 +1.300
HBr(g) -53.361®  —-36.290 198.700 29.141
+0.166 +0.160 +0.004 +0.003
HBrO(aq) —81.356(P)

+1.527

49
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Table IV.1 (continued)

Compound A¢Gy, ArHY, So Cpm
(kJ-mol™")  (kJ-mol™') (J-K'-mol™') (J-K~!'-mol™")

I(g) 70.172(®)  106.760 180.787 20.786
+0.060 +0.040 +0.004 +0.001
I~ -51.724  _56.780 106.450
+0.112 +0.050 +0.300
I, (cr) 0.000 0.000 116.140
+0.300
L(g) 19.323(®) 62.420 260.687 36.888
+0.120 +0.080 +0.005 +0.002
105 ~126.338(®  —219.700 118.000 &
+0.779 +0.500 +2.000 &
N\
HI(g) 1.700(®) 26.500 206.59 .@57
+0.110 +0.100 +0. . SY0.003
(b) v &
HIO, (aq) —~130.836 Q' QY& Qv
+0.797 % ,50 &‘Q Q
Q}«
S(cr)(@ 0.000 0. 000 4‘2@&4 KN 22.750
+0.050
Q/ x‘z’
S(g) 236.689( 12?7 ¢’ ‘Q rﬁ?szg 23.674
+0.151 Q@ioe o> QQH) 006 +0.001
B
S%- 120.695 \)(\}: Q VSQ
+11.610 @ N
© >
S, (g) 79.686(%) g~ 1@3600 228.167 32.505
iosogx 0&0300 +0.010 +0.010
S0, (g) —3% —296.810 248.223 39.842
201 +0.200 +0.050 +0.020
SO3~ —487.473(P
+4.020
S,03~ —519.293(")
+11.345
SO3~ ~-744.004®)  -909.340 18.500

+0.418 +0.400 +0.400




Table IV.1 (continued)

Selected auxiliary data

Compound A¢Gy, AfHY, S Cpm
(kJ -mol™")  (kJ-mol™') (J-K'-mol™') (J-K~' -mol™")
HS™ 12.243®)  ~16.300 67.000
+2.115 +1.500 +5.000
H,S(aq) —-27.648®  _38.600 126.000
+2.115 +1.500 +5.000
H,S(g) —-33.443®  _20.600 205.810 34.248
+0.500 +0.500 +0.050 +0.010
HSO3 —528.685()
+4.046
HS,05 ~528.369(P) &
+11.377 )
&
H,S0,(aq)  —539.188(») &
+4.072 A0S
RS
] Voo &b
HSO; —-755.315()  —886.900 Q §@t @ >
+1.342 +1.000 DI3@US O
O e
Se(cr) 0.000 0000@ A(‘}éé,@}o W 25.030
<
QY S 85@ +0.050
& & @O
SeO,(cr) ﬁl(@g’ L AL
Q 2 Ooé\b
2
SN
Se03~ ~361.57 » & Q&z’ VSQ
+1.410 @ OS,00
> o
HSeO3 —409.517) g™ N
+1.290Q O*
N
H,Se0, (aq) —(&3’27(&
736
©
Te(cr) 0.000 0.000 49.221 25.550
+0.050 +0.100
N(g) 455537  472.680 153.301 20.786
+0.400 +0.400 +0.003 +0.001
N, (g) 0.000 0.000 191.609 29.124
+0.004 +0.001

o1
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Table IV.1 (continued)

Compound AGY, AfHY, Se Cpm
(kJ - mol™") (kJ-mol™")  (J-K~'-mol™') (J-K'-mol™)

Ny 348.200 275.140 107.710®)
+2.000 +1.000 +7.500
NO; -110.794®)  -206.850 146.700
+0.417 +0.400 +0.400
HN, (aq) 321.372(P) 260.140(") 147.381(P)
+2.051 +10.050 +34.403
NH, (aq) -26.673(") —81.170(™) 109.040()
+0.305 +0.326 +0.913
NH;(g) —-16.407(2) —45.940 192.770 35.630%
+0.350 +0.350 +0.050 +0. %0,5
<°
NH; -79.398(®  -133.260 111.1%70 &
+0.278 +0.250 + g &
P(am)(© —7.500 ¢ >

N
OIS
+£2.000 \é \fzr QS

X
P(cr)(® 0.000 0. (%((/0 z&z\% \Q’ 23.824
gﬁ +0.200

@
P(g) 280.093 Q@s@@ ¥ "1 3.199 20.786
+1.003 QQ/i&I(OOOOQ Qé +0.003 +0.001
NN q‘g N
P,(g) 103.469%) (\}ﬂ\g 0y~ 218.123 32.032
+2.006 ¥ +0.004 +0.002
N
P,(g) 24.419( > <3900 280.010 67.081
+0. 44%0 \)~ +0.300 +0.500 +1.500
PO}~ 10 @Rn b 1284400  —220.970()
576 +4.085 +12.846
P,03~ —1935.503<b>
+4.563
HPO3;~ ~1095.985®  —1299.000 ~33.500
+1.567 +1.500 +1.500
H,PO; -1137.152(»  —1302.600 92.500

+1.567 +1.500 +1.500




Selected auxiliary data

Table IV.1 (continued)

Compound ArGE AfH? S Cpm
(kJ-mol™')  (kJ-mol™") (J-K~'-mol™') (J-K™' mol™")
H,PO,(aq) ~1149.367")  —1294.120() 161.912(%)
+1.576 +1.616 +2.575
HP,03" ~1989.158(P)
+4.482
H,P,07" —2027.117()
+4.445
H,P,0; —2039.960(")
+4.362
H,P,0,(aq) —2045.668")  —2280.210(") 274.919(P) &
+3.299 +3.383 +6.954 S
L
As(cr) 0.000 0.000 4.640
10.500
AsO3 —350.022(®)  —429.030
+4.008 +4.000
\% & P
AsO}~ —648.360(®)  —888. 1(% \Q’
+£4.008 ﬂ@
As, 0, (cr) —782.449( Q@ @?o ‘Q‘ &?05 400 116.520
+8.016 QQ/ Qoo™ Q +1.200 +0.800
As,O4(cubd)®  —1152.4 4\} 214.200 191.290
+16. 03%}\ 000 +2.400 +0.800
As,O4(mono)(®  —1154.008 %1309 600 234.000
+16. %4& O +16.000 +3.000
HAsO,(aq) 433‘2 925 —456.500 125.900
\\> +4.008 +4.000 +0.600
©
H,AsO3 —587.078®  —714.790 110.500
+4.008 +4.000 £0.600
H,As0,(aq) —639.681()  —742.200 195.000
+4.015 +4.000 +1.000
HAsO; —-714.592®  —906.340 —1.700
+4.008 +4.000 +0.600
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Table IV.1 (continued)

Compound A¢Gy, AfHY, S Cpm
(kJ -mol™')  (kJ-mol™') (J-K'-mol™') (J-K~'-mol™")
H,AsO, ~753.203®)  —909.560 117.000
+4.015 +4.000 +1.000
H;As0,(aq) —766.119%®)  —902.500 184.000
+4.015 +4.000 +1.000
(As,0,)4-5H,0(cr) —4248.400
+24.000
Sh(cr) 0.000 0.000 45.520 25.260
+0.210 +0.200
C(cr) 0.000 0.000 5.740 8.547
+0.100 +O80
O
C(g) 671.254() 716.680 158.100 2720.839
+0.451 +0.450 03. &Y +0.001
NS
CO(g) -137.168(®  —-110.530 1%@% > Qb‘ 29.141
+0.173 i0.170 06% ‘LQ +0.002
CO,(aq) 385970  —41 4@ 1539 3@9
+0.270 ¥ xe$00
O
CO,(g) —394.373 Qf%s%% 0¥ <313 785 37.135
+0. 133 +0.010 +0.002
Cco3~ —527@_9? ~50.000
+0. 39@» ésgaso +1.000
HCOZ —586. 84§§?$9689 930 98.400
+0 &91 O £0.200 +0.500
<O
SCN- \OV2.700 76.400 144.268(2)
S £4.000 +4.000 +18.974
©
Si(cr) 0.000 0.000 18.810 19.789
+0.080 +0.030
Si(g) 405.525() 450.000 167.981 22.251
+8.000 +8.000 +0.004 +0.001
Si0, (quar)® —-856.287(®  —910.700 41.460 44.602
+1.002 +1.000 +0.200 +0.300
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Table IV.1 (continued)

Compound A¢Gy, ArHS, S, Cpm
(kJ - mol™ 1) (kJ-mol™')  (J-K7'-mol™') (J-K~ ' -mol™")
Si0,(OH)a~ 1175651  —1381.960(") —1.487(°)
+1.265 +15.330 +51.592
SiO(OH); —1251.740®)  —1431.360") 88.026(")
+1.162 +3.743 +13.144
Si(OH),(aq)  —1307.735(®  —1456.960(") 189.973(2)
+1.156 +3.163 +10.245
Si,0,(0OH)]~  —2269.878(P)
+2.878
Si,0,(0H);  —2332.096(") &
+2.878 S
Y
. 3— (b) "DSQ
Si,04(OH)3™  —3048.536 £ *Q
+3.870 Q‘ b
Si,0.(0OH)2~  —3291.955(®) 1% \Q» ‘Qv
T +3.869 % Q \Q o
\
4 \ Q}
Si,O4(OH);~  —4075.179(") Q/ > \
+5.437 Q/O é C}\ @%
&,
$i,0.(OH)I~  -4136.826(" Q< Q} %‘ o
+4.934 Q/ NI
NS
SiF,(g) —1572.7 elﬂe Qﬁmr 282.760 73.622
+0. 8140\\ . \p,00 +0.500 +0.500
A\
‘Zr
Ge(cr) 0.000 %Qo 000 31.090 23.222
(\ +0.150 +0.100
@0
Ge(g) 333209 372.000 167.904 30.733
o 3.000 +3.000 +0.005 +0.001
GeO,(tetr))  -521.404)  —-580.000 39.710 50.166
+1.002 +1.000 +0.150 +0.300
GeF,(g) —1150.018®  —1190.200 301.900 81.602
+0.584 +0.500 +1.000 +1.000
Sn(cr) 0.000 0.000 51.180 27.112
+0.080 +0.030
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Table IV.1 (continued)

Selected auxiliary data

Compound A¢Gy, ArHY, S, Cpm
(kJ-mol™")  (kJ-mol™') (J-K~'-mol™") (J-K~' -mol™")
Sn(g) 266.223) 301.200 168.492 21.259
+1.500 +1.500 +0.004 +0.001
Sn>* —27.624) —8.900 —~16.700
+1.557 +1.000 +4.000
SnO(tetr)® —251.913(@  —280.710 57.170 47.783
+0.220 +0.200 +0.300 +0.300
SnO,(cass)¥)  —515.826(8)  —577.630 49.040 53.219
+0.204 +0.200 +0.100 +0.200
Ph(cr) 0.000 0.000 64.800 26 650%
+0.300
Ph(g) 162.232(2) 195.200 175.375 786
+0.805 +0.800 + . & +0.001
\Q
Ph>* —24.238(2) 0.920 (\ b<
+£0.399 +£0.250 % U\
\ &«
Q
PbSO,(cr) —-813.036  —919, 9@ 4@1 Om\
+0.447
B(cr) 0.000 0@0 &05 900 11.087
Q/ O +0.080 +0.100
N \Q' &
B(g) 521.0 \l~ 153.436 20.796
+5. OOOC}\ 00 +0.015 +0.005
B, 0, (cr) ~1194.324@ 6373 500 53.970 62.761
+1. 40@' O +1.400 +0.300 +0.300
B(OH),( i 268 —~1072.800 162.400
0.820 +0.800 +0.600
B(OH),(cr) —969.667<a> —-1094.800 89.950 86.060
+0.820 +0.800 +0.600 +0.400
BF;(g) -1119.403® —1136.000 254.420 50.463
+0.803 +0.800 +0.200 +0.100
Al(cr) 0.000 0.000 28.300 24.200
+0.100 +0.070




Table IV.1 (continued)

Selected auxiliary data

Compound ArGE, AfH? S Cpm
(kJ-mol™')  (kJ-mol™') (J-K! mol’l) (J-K~'-mol™!)
Al(g) 289.376(®) 330.000 164.554 21.391
+4.000 +4.000 +0.004 +0.001
AL+ —491.507®  —538.400 —325.000
+3.338 +1.500 +10.000
Al,04(coru)® ~1582.257®)  —1675.700 50.920 79.033
+1.302 +1.300 +0.100 +0.200
AlF, (cr) —-1431.096 —1510.400 66.500 75.122
+1.309 +1.300 +0.500 +0.400
Zn(cr) 0.000 0.000 41.630 25 890
+0.150 040
Zn(g) 94.813(® 130.400 160.990 & 20.786
+0.402 +0.400 0 4 & +0.001
Zn* —147.203®  —153.390 /ﬁ@
+0.254 +0. 2(@
ZnO(cr) —320.479®
+0.299 Q/ 2&30 0‘0
Cd(er) 0.000 6 \Qo 0%& &(’” 51.800 26.020
Q/ & +0.150 +0.040
\?Q @ ‘ZJ~
Cd(g) () 0&‘9} Qé 1%800 167.749 20.786
io.éQSz Q\‘;bO.200 +0.004 +0.001
Cd** —77. 7@%@ ~75.920 ~72.800
iq§75eo +0.600 +1.500
CdO(cr) \@st 661  —258.350 54.800
@ +0.602 +0.400 +1.500
©
CdS0O,-2.667H,0(cr) —1464.959() —1729.300 229.650
+0.810 +0.800 +0.400
Hg(g) 31.842() 61.380 174.971 20.786
+0.054 +0.040 +0.005 +0.001
Hg(l) 0.000 0.000 75.900

+0.120
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Table IV.1 (continued)

Selected auxiliary data

Compound A¢Gy, AcHY, S Cpm
(kJ -mol™')  (kJ-mol™') (J-K™'-mol™') (J-K~'-mol™")
Hg?* 164.667)  170.210 —36.190
+0.313 +0.200 +0.800
Hgy* 153.567(®  166.870 65.740
+0.559 +0.500 +0.800
HgO(mont))  —58.523  —90.790 70.250
+0.154 +0.120 +0.300
Hg, Cl,(cr) -210.725()  —265.370 191.600
+0.471 +0.400 +0.800
Hg,SO,(cr)  —625.780(®) —743.090 200.700 &
+0.411 +0.400 +0.200 S
Y
Cu(cr) 0.000 0.000 33.150 .440
oo < &io 050
Cu(g) 297.672®)  337.400 Q&}%@& é b< 20.786
+1.200 +1.200 +QD +0.001
S
Cu?* 65.040®) 64. 90 4@98@3&?
+1.557 +1 é O\& Qg
0 Q
CuSO,(cr)  —662.185( Q% '@ 'iﬁb 200
+1.206 Q %Caooo O +0.400
06X S
Ag(cr) o oy~ 42.550 25.350
AR +0.200 +0.100
O 5 <
Ag(g) 246.007'4 % .900 172.997 20.786
+0. sooz‘\\ O* +0.800 +0.004 +0.001
Agt 962  105.790 73.450
\\,&0 156 +0.080 +0.400
AgCl(cr) —109.765( ) —127.010 96.250
+0.098 +0.050 +0.200
Ti(cr) 0.000 0.000 30.720 25.060
+0.100 +0.080
Ti(g) 428.403®  473.000 180.298 24.430
+3.000 +3.000 +0.010 +0.030
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Table IV.1 (continued)

Compound A¢Gy, AfHY, S Cpm
(kJ-mol™")  (kJ-mol™') (J-K~'-mol™") (J-K~' mol™")
TiO, (ruti)™  -888.767()  -944.000 50.620 55.080
+0.806 +0.800 +0.300 +0.300
TiCl,(g) —-726.324%%)  —763.200 353.200 95.408
+3.229 +3.000 +4.000 +1.000
Th(cr) 0.000 0.000 51.800 26.230
+0.500 +0.050
Th(g) 560.745() 602.000 190.170 20.789
+6.002 +6.000 +0.050 +0.100
ThO, (cr) -1169.238®)  —1226.400 65.230 &
+3.504 +3.500 +0.200 S
Y
Be(cr) 0.000 0.000 9. 500 A%6.443
+of%0 . &V +0.060
Be(g) 286.202()  324.000 \{\Q} > 20.786
+5.000 +5.000 % O\A +0.001
\
BeO(brom)®™  —580.090() —60% ’0\&1@77&@ 25.565
+2.500 +0.100
\e O %,
Mg(cr) 0.000 Q. (&&0 ‘0 &Csé 670 24.869
QQ/ Qfo +0.100 +0.020
‘\‘Q
Mg(g) 112.5 1 148.648 20.786
+0.801 \{\@ \) 0 +0.003 +0.001
Mg2+ —455.375@v @67 000  —137.000
+1. 3$’ O+ £0.600 +4.000
MgO(cr) 5693120 —601.600 26.950 37.237
O@\io.sos +0.300 +0.150 +0.200
MgF, (cr) —1071.051®  —1124.200 57.200 61.512
+1.210 +1.200 +0.500 +0.300
Ca(cr) 0.000 0.000 41.590 25.929
+0.400 +0.300
Ca(g) 144.021® 177.800 154.887 20.786
+0.809 +0.800 +0.004 +0.001
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Table IV.1 (continued)

Selected auxiliary data

Compound A¢Gy, AcHY, S, Cpm
(kJ -mol™')  (kJ-mol™') (J-K'-mol™') (J-K~'-mol™")
Ca’t ~552.806(®) —543.000 ~56.200
+1.050 +1.000 +1.000
CaO(cr) —603.296 —634.920 38.100 42.049
+0.916 +0.900 +0.400 +0.400
Sr(cr) 0.000 0.000 55.700
+0.210
Sr2+ —563.864(®)  —550.900 —31.500
+0.781 +0.500 +2.000
SrO(cr) —559.939@)  —590.600 55.440 &
+0.914 +0.900 +0.500 &
N\
SrCl, (cr) —784.974®)  —833.850 4.850 (\é(\
+0.714 +0.700 é& : &
\0
Sr(NO,),(cr)  —783.146()  —982.360 /%@ Q}
+1.018 +0.800 (\
‘b
Ba(cr) 0.000 000% 4 x% 4&4\‘2’
S F
MCRY é
Ba* ~557.656(> Q&s ¥ & 400
+2.582 Q Csn o° +2.000
x 6‘
BaO(cr) —520.39 R 4§d 0 72.070
+2.515 & é +0.380
) Q}.
BaCl, (cr) —806.953()g™ 43%200 123.680
i2.51§‘\\ O £2.500 +0.250
Q
Li(cr) .\,g))oo 0.000 29.120 24.860
N +0.200 +0.200
©
Li(g) 126.604(®  159.300 138.782 20.786
+1.002 +1.000 +0.010 +0.001
Lit —292.918@  —278.470 12.240
+0.109 +0.080 +0.150
Na(cr) 0.000 0.000 51.300 28.230
+0.200 +0.200




Table IV.1 (continued)

Selected auxiliary data

Compound JAVIESS ArHp, S Cpm
(kJ-mol™!) (kJ-mol™!) (J-K!-mol™!) (J-K~ ol b
Na(g) 76.964%®  107.500 153.718 20.786
+0.703 +0.700 +0.003 +0.001
Nat —261.953®)  —240.340 58.450
+0.096 +0.060 +0.150
K(cr) 0.000 0.000 64.680 29.600 &
+0.200 +0.108,
&
K(g) 60.479®) 89.000 160.341 g@ﬁse
+0.802 +0.800 +0, O@;0.001
K+ —282.510®) —252.140 %@f b<
+0.116 +0.080
Rb(cr) 0.000 0.000&4@ 6,@0 31.060
Q dg@?.q@ £0.100
Q/ A <
Rb(g) 53.078() %Qz Q 1&6’094 20.786
+0.805 Q;to O+£0.003 +0.001
‘0 \Q'
Rb* —284.009@\) ) ?SQ 121.750
+0.153 \Q :&b . +0.250
O
Cs(er) 0.000 e&ooo 85.230 32.210
OQ \) +0.400 +0.200
Cs(g) g 76.500 175.601 20.786
R .007 +1.000 +0.003 +0.001
©
Cst —291.456®) —258.000 132.100
+0.535 +0.500 +0.500
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62 Selected auxiliary data

Footnotes to Table IV.1:

) Value calculated internally with the equation A¢GS, = A¢HS, — TA¢Sy,.
) Value calculated internally from reaction data (see Table IV.2).
(c) From [82WAG/EVA], uncertainty estimated in the uranium review [92GRE/FUG].
(d) Orthorhombic.
)

P(cr) refers to white, crystalline (cubic) phosphorus and is the reference state for the element
phosphorus. P(am) refers to red, amorphous phosphorus.

Cubic.
Monoclinic.
a-Quartz.
Tetragonal.

)
)
)
)
(j) Cassiterite, tetragonal.
)
)
)
)

(k) Corundum. 0\
(1) Montroydite, red. ({\\ch
(m) Rutile. Q’b’
(n) Bromellite. Q§ Q& 0&
v Sy
R’ %
N S
QA P
OQ/ 64(0'\0@6\%@4
@Q/ & o ©
el SIS
S P VSQ
Oy
& N
0& O
&
\\‘b'
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Table IV.2: Selected thermodynamic data for reactions involving auxiliary compounds and
complexes used in the evaluation of the selected americium data. All ionic species listed
in this table are aqueous species. The selection of these data is described in Chapter VI.
Reactions are listed only if they were used for primary data selection. The thermodynamic
data of formation (see Table IV.1) are derived therefrom. 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. 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 Chapter VI. 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 PC diskettes or other computer media from the
OECD Nuclear Energy Agency.

Species Reaction
log o K° AGs, AHY, A,
(kJ-mol™!) (kJ-mol™t) (J- Kﬁa mol 1)
,&Q
(\
HF(aq) F~ + HT & HF(aq) Q§ &
3.180 —18.152 12;2(5({(&\ 101.800
+0.020 +0.114%2 @@01@ +1.077
HFy F- + HF(aq) = HF; 9\ \@ ‘?f
0.440 v 6\ \)00 18.486()
4+0.120 Q/ 1&6585(}\ \G-2.000 +7.091
Cl10- HCIO (aq) ‘Q ,@«
19.000 —78.329(2)
3@‘9 \Q’ +£0.000 +£30.289
Cl10; HCIO, (aq deqc ,@H*
Q11188
@02 +0.114
HC10(aq) Cl, g$ér\% O(l) = Cl” + H* + HCIO(aq)
—4. 537< c) 25.900
O& 40.105 +0.600
HC10,(aq) H,0(1) + HCl1O(aq) = 2 H* + HCIO,(aq) + 2 e~
—55.400(®) 316.226
+0.700 +3.996
BrO~ HBrO(aq) & BrO~ + H*
—8.630 49.260 30.000 —64.600()

+0.030 +0.171 £3.000 +10.078
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Table IV.2 (continued)

Species Reaction
log,, K° AGS, AHS, A, S°
(kJ-mol™!)  (kJ-mol™t) (J-K! -mol!)
HBrO(aq) Br,(aq) + H,O(l) & Br~ + H" + HBrO(aq)
—8.240 47.034
+0.200 +1.142
HIO,(aq) H* + 107 = HIO,(aq)
0.788 —4.498
+0.029 +0.166
§2- HS™ = H+ + §2-
—~19.000 108.453
+2.000 +11.416
S02- H,0(l) + SO2~ + 2 e~ = 2 OH- + SO~ S
—31.400(») 179.233 \cf’
+0.700 +3.996 6\
(\
S,0%~ 3H,0() + 2502 +4e =6 OHQ:% % &
—39.200(®) 223.755 ?‘ e? b<
+1.400 i79 Q QQ
\ \‘1/
H,S(aq) H,S(aq) = HT + HS™ Qg )
~6.990 &Q@ 6\ Qﬁ\
+0.170 Q/ 7((}\ o
& C»
HSO; HY + SO2- ??U > \Q &
Qz 66.000 359.591(2)
(@» 6@ @457 +30.000 +100.632
HS,0; H* + S o@k\A H\?@gc‘
—9.076
ﬁa 55?)é +0.856
1,50, (aq) H+ +ﬁo; = H,50,(aq)
%\‘?r 1.840 —10.503 16.000 88.891(2)
Cﬁ\\’“ +0.080 +0.457 +5.000 +16.840
HSO; Ht + SO~ = HSO;
1.980 —11.302
+0.050 +0.285
SeO3~ HSeO; = HY + SeO3~
—8.400 47.948 —5.020 —177.654)

+0.100 +0.571 +0.500 £2.545
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Table IV.2 (continued)

65

Species Reaction
log;o K° AGS, AH? A,S°
(kJ-mol™') (kJ-mol™') (J-K~' mol™")
H,Se(aq) H* + HSe™ = H,Se(aq)
3.800 —21.691
+0.300 +1.712
HSeO3 H,SeO5(aq) = HT 4+ HSeO3
—2.800 15.983 —7.070 —77.319(2)
+0.200 +1.142 +0.500 +4.180
H,Se0;(aq) 3 H,O(l) + 2 I(cr) + Se(cr) & 4 HT + H,SeO5(aq) + 4 I~
—13.840 78.999
+0.100 +0.571
HSeO; H* + Se02~ = HSeO; S
1.800 —10.274 23.800 11286
+0.140 +0.799 +5.000 ,0@6.983
& S
HN;, (aq) H* + N; = HN;(aq)
4700 -26.828 ¢~ (%'@BOQ 39.671()
+0.080 10.457R +33.575
‘lx
NH; (aq) NH] & H* + NH;(aq) (0'0@ (b
—9.237 %rz 72y 6\ @ﬁ%go —2.130@)
+0.022 Q/Qj;&,%a(}\ N20.210 +0.821
&(’”
HNO, (aq) H* + NO, %gv
1 —11.400 23.219()
o\j}‘@ &zr j:@913 +3.000 +10.518
N
PO} HPO?~ ;@‘iﬁ +\}>Q*3‘
% 70.494 14.600 —187.470()
‘Zi%o +0.171 +3.800 +12.758
P,0%" HP ¥ = H' + P,07
A —9.400 53.656
N
) +0.150 +0.856
H,PO; H* + HPO;™ = H,PO;
7.212 —41.166 —3.600 125.998(2)
+0.013 +0.074 +1.000 +3.363
H,PO,(aq) H* + H,PO; = H;PO,(aq)
2.140 —12.215 8.480 69.412()
+0.030 +0.171 +0.600 +2.093
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Table IV.2 (continued)

Species Reaction
log,, K° AGS, AHS, A, 52,
(kJ-mol™!) (kJ-mol™!) (J-K~!-mol™)
HP,03 H,P,0} = H* + HP,03"
—6.650 37.958
+0.100 +0.571
H,P,03~ H,P,0, = Ht + H,P,032~
—2.250 12.843
+0.150 +0.856
H,P,07 H,P,0.(aq) = HT + H,P,07
—1.000 5.708
+0.500 +2.854
H,P,0,(aq) 2 H,PO, (aq) < H,0(1) + H,P,0,(aq) S
—2.790 15.925 22.200 @?045@)
+£0.170  +0.970 +1.000 ,0@4.674
< sy
CO,(g) CO,(aq) = CO,(g) <& \0' o
1472 —8.391 V‘ 6‘ b
+0.020 :I:O 11 Q Q
\rb' \&
HCO; CO2™ + HT = HCO; <. *
10.329 6\
+0. OQOQ/Q i@,tmc}\ @9
HCO; Ht + Hcogé'cgg}%g'@n }gf}
&z, j(q~114
Si0,(OH)2 i(OH) 4@’@ 49 \‘4 Si0,(OH)2
§ 132. 084 75.000 —191.461
+0.514 +15.000 +50.340
SiO(OH); Si@m(aq) = H* + SiO(OH);
§\‘?f —9.810 55.996 25.600 ~101.948()
O\‘r +0.020 +0.114 +£2.000 +6.719
Si(OH),(aq) 2 H,0(1) + SiO,(quar) = Si(OH),(aq)
—4.000 22.832 25.400 8.613(2)
+0.100 +0.571 +3.000 +10.243
Si,0,(0OH)~ 2 Si(OH),(aq) = 2 H* + H,O(1) + Si,0,(0H);~

—19.000 108.453
£0.300 +1.712
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Table IV.2 (continued)

Species Reaction
log,, K° AGS, AH?, A,Se
(kJ-mol™!)  (kJ-mol™!) (J-K~!-mol™!)
Si,0,(OH); 2 Si(OH),(aq) = H* + H,0(1) + Si,0,(OH);
—8.100 46.235
+0.300 +1.712
Si,04(0OH)3~ 3 Si(OH),(aq) = 3 H* + 3 H,O(1) + Si;O4(0OH)3~
—28.600 163.250
+0.300 +1.712
Si, 0. (OH)2~ 3 Si(OH),(aq) = 3 Ht + 2 H,0(1) + Si;O,(OH):~
—27.500 156.971
+0.300 +1.712
Si, Og(OH);~ 4 Si(OH),(aq) = 4 HY 4+ 4 H,0(1) + Si,O4(OH);~ S
—36.300 207.202 . Qfo
+0.500 +2.854 rz§°\
&
$i,0, (OH)3 4 Si(OH), (aq) = 3 H* + 4 H,0(l )Q’fslzL ~(0%®
—25.500 145.555 v
+0.300  +1.712Q \Q» Qv
Q
\é RN
\0 \() (é}“
’0" (Q\ A\
(a) Value calculated internally with the, @ \"3 H ALSE.
(b) Value calculated from a selected S rélt}j

@tl
(c) Value of log;, K° calculated i% 1% o% g&
° 48 &°
il






Chapter V

Discussion of data selection

V.1. Elemental americium!

V.1.1. Americium metal
V.1.1.1. Allotropy and crystal structure

Americium is the first 5f element to resemble the early lanthanide elements.
McWhan, Cunningham and Wallmann [62MCW /CUN] showed that at room tem-
perature americium has a double hexagonal close-(dhcp) structure, confirming the
early work of Graf et al. [5)6GRA/CUN], whose lattice parameters were appreciably
larger. McWhan, Cunningham and Wallmann also observed an fcc phase formed
by condensing americium on to tantalum or quartz fibres, and suggested a melting
point of 1267 K for Am(cr). Wade and Wolf [67TWAD/WOL] (essentially differ-
ential thermal analysis, DTA, measurements) and Stephens, Stromberg and Lilley
[68STE/STR] (also DTA studies) both found solid-solid transformations at 1350 K
and melting at 1448 K, later confirmed by Sari, Miiller and Benedict [72SAR/MUE]
and Seleznev et al. [TTSEL/KOS]. Sari, Miiller and Benedict were unable to observe
any indications, in quenched samples, of a transition below 1273 K. However, recent
work by Seleznev and his colleagues by DTA and high temperature X-ray diffrac-
tion [77SEL/KOS, 78SEL/SHU, 83SHU/SEL]| has clarified the allotropy of Am by
unambiguously identifying a dhcp to fec transition at (1042 £ 30) K. This transition
is easily missed, since it is very sluggish, has a small associated enthalpy, and the
principal X-ray diffraction lines of the dhcp and fcc structures essentially overlap.
The allotropy is summarised in Table V.1. The structure of the y-phase formed at
1347 K has not been established, but is almost certainly bcc, the phase from which
many metals, particularly the lanthanide metals, melt.

t An earlier version of this Section was published in the volume edited by Cordfunke and Konings
[90COR/KON]. This, however, contained a number of misprints which have been corrected in
the current version.
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Table V.1: Allotropy of Am(cr).

Phase | Structure Lattice Thax | Reference
parameters (K)
a dhep a = 0.347, 1042 | [62MCW /CUN]
¢ = 1.125 nm [72SAR/MUE]
[83SHU /SEL]
54 fec a = 0.4894 nm | 1350 | [83SHU/SEL]
¥ bee? ? 1449

V.1.1.2. Low-temperature heat capacity and standard entropy

The first measurements of the low-temperature heat capacity of two samples of 2! Am
by Hall et al. [T6HAL/MOR] were supplemented by further measurements on a sam-
ple of 2*Am by Hall et al. [SOHAL/LEE]. The high self-heat of these samples, to-
gether with the relatively small masses of pure Am metal available, leads to severe
problems in low-temperature thermal measurements. The heat capacity values for
243Am(cr) are appreciably different from those of ! Am(cr). Given these problems,
the composite values given by Hall et al. [SOHAL/LEE] are accepted, leading to

Cpm(Am, ,298.15K) = (25.5+1.5) J-K™" - mol ™,
S2(Am, 0,298.15K) = (55.4+2.0)J-K ' -mol "

V.1.1.3. High-temperature heat capacity and transformation data

There are no experimental measurements on the high-temperature heat capacity of
Am(cr), but both Oetting, Rand and Ackermann [T60ET/RAN] and Ward, Klein-
schmidt and Peterson [86WAR/KLE] have given very similar estimated values. Since
the latter’s transition temperatures (see below) are probably more accurate, their val-
ues for Cy | (Am, cr) above 400 K, based on those of praseodymium, with a correction
for the mass difference, are used, in order to avoid too many essentially equivalent
tables of thermal functions.

However, the tabulated values of Ward, Kleinschmidt and Peterson [S6WAR /KLE]
do not merge smoothly at 298.15 K, and their value of C} (298.15 K) is somewhat
smaller than the experimental value given by Hall et al. [SOHAL/LEE]. The estimates
of Ward, Kleinschmidt and Peterson [S6WAR/KLE] from 298.15 K to 400 K are thus
amended slightly to provide a smooth join at 298.15 K.

These expressions are closely fitted by equations of the form

Con(T) = (a+bT +cT?+eT ) J-K ' mol ! V)
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Table V.2: Heat capacity coefficients and transformation data.

Phase Heat capacity coefficients Timin Timax Tirs AyrsHpn

a bx 103 ¢x10% ex107° (K) (K) (K)  (J-mol™})

Q 21.1868  11.199 3.2462 0.6085  298.15 1042 1042 4+ 30 870

I} 19.4406  10.836 2.2514 5.2087 1042 1350 1350 +5 5862

¥ 39.748 0 0 0 1350 1449 1449 +5 14393
liq 41.840 0 0 0 1449 3000
gas  20.7861 0 0 0 298.15 1100

25.2809  -4.96394 1.54658  -10.9495 1100 1700
62.3915 -33.5329  7.76400 -199.137 1700 3000

with the coefficients given in Table V.2.

The enthalpies of transition are deduced from DTA traces by Wade and Wolf
[67TWAD/WOL] (8 — v, v — liquid) and by Seleznev et al. [T7SEL/KOS]. The
earlier values, which are 50% larger than those by Seleznev et al. [T7TSEL/KOS], are
preferred, since they were obtained on a massive sample of quite pure Am(cr). An
approximate value for A4Sy, (e — ) can be calculated from the pressure required
to stabilise the fcc phase at room temperature, which is taken to be (6 + 1) GPa
[T9AKE/JOH, 81ROO]. With AV (a — 3) = —(1.08 & 0.24) x 10 "m? - mol !
[83SHU/SEL], one finds AysS = (0.87 £ 0.24) J - K~ - mol™!, assuming (d7"/dp)
is constant from 298.15 K to 1042 K. We therefore retain the entropy of transition
estimated by Oetting, Rand and Ackermann [T60ET/RAN] (and used by Ward,
Kleinschmidt and Peterson [86WAR/KLE]), AyS = 0.837 J - K~' - mol™". This is
larger than the value Ay ¢S = 0.32 J - K~! - mol ! estimated from DTA traces by
Seleznev et al. [T7SEL/KOS], which is not surprising in view of the sluggishness of
this transition.

V.1.2.  Americium ideal monoatomic gas
V.1.2.1.  Heat capacity and entropy

Feber and Herrick [65FEB/HER], Oetting, Rand and Ackermann [760ET/RAN] and
Ward, Kleinschmidt and Peterson [S6WAR /KLE] calculated the thermal functions of
Am(g) based on observed and estimated spectroscopic energy levels. The most recent
values of Ward, Kleinschmidt and Peterson [86WAR/KLE], however, are calculated
for the ?*3Am isotope, using the 33 spectroscopic levels up to 18000 cm~' given by
Brewer [84BRE]. This isotope is not the one of major importance for most studies,
so we recalculate the thermal functions for the 24! Am isotope, adding as well 18 more
spectroscopic levels between 18000 and 30000 cm™!, previously communicated by
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Fred [75FRE] to Oetting, Rand and Ackermann [T60ET/RAN]. The Gibbs energy
function —(G — H(298.15K))/T at 3000 K is 0.003 and 0.0150 J-K~'-mol~! greater
than those given by Ward, Kleinschmidt and Peterson [86WAR/KLE] and Oetting,
Rand and Ackermann [T60ET/RAN], respectively.

The recommended standard heat capacity and entropy are

Cp n(Am,g,298.15K) = (20.786+0.001) J- K" - mol ",
S° (Am,g,298.15K) = (195.642.0) J-K™'-mol™".

The heat capacity as a function of temperature is closely fitted by Eq. (V.1) with the
coefficients given in Table V.2.

V.1.2.2.  Enthalpy of vaporization

Precise vapour pressure measurements were made in two separate studies by Ward,
Miiller and Kramer [T6WAR/MUE] (***Am, 990 to 1358 K) and by Ward and Klein-
schmidt [T9WAR/KLE] (*3Am, 1200 to 1595 K). These are preferred to the ear-
lier work by Erway and Simpson [50ERW/SIM] and Carniglia and Cunningham
[55CAR/CUN], using much less pure materials. The vapour pressure equations from
the three studies are:

Am(s): logo(p/atm) = 6.578 —143.15/T (V.2)
990 to 1358 K [T6WAR/MUE]

Am(s): logo(p/atm) = 6.296 — 13983/T (V.3)
1200 to 1415 K [T9WAR/KLE]

Am(l): log,,(p/atm) = 6.279 —13935/T (V.4)

1469 to 1595 K [T9WAR/KLE].

The uncertainty in the values of log,, p obtained from Eqs. (V.2) and (V.3) is prob-
ably +0.10, increasing to £0.15 for Eq. (V.4).

The enthalpy of sublimation at 298.15 K is calculated by both the second- and
third-law methods using the thermal functions assessed in the present work, with the
results shown in Table V.3.

The selected value is

A¢HS (Am, g,298.15K) = (283.84+ 1.5) kJ-mol !

based on the third-law heat from all the studies (this is automatically weighted to-
wards the more complete study of Ward, Miiller and Kramer [T6WAR/MUE] which
has excellent agreement between the second- and third-law enthalpies).

It may be noted that the values for A¢H? (Am, g, 298.15 K) given by Ward, Klein-
schmidt and Peterson [86WAR/KLE] are identical with those given by Ward and
Kleinschmidt [T9WAR/KLE], obtained using different thermal functions for both
Am(s, 1) and Am(g) and are thus not quite consistent with the thermal functions
given in Ward, Kleinschmidt and Peterson [86WAR/KLE]. Nevertheless, the se-
lected value is very close to that selected by both Ward, Kleinschmidt and Pe-
terson [S6WAR/KLE] and Oetting, Rand and Ackermann [T60ET/RAN]|, A¢H? =
(284.1 + 2.1) kJ - mol ™.
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Table V.3: A¢H? (Am, g, 298.15 K) derived from vaporisation measurements.

AcHY, A¢HY,
Equation | (298.15 K, second-law) | (298.15 K, third-law)
(kJ - mol™") (kJ - mol™")
(V.2) 284.0 283.7 + 1.2
(V.3) 279.8 284.2 + 1.0
(V.4) 303.2 283.0 + 1.6

The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy:

A¢GS (Am, g, 298.15K) = (242.0+1.7) kJ - mol™".

V.2. Simple americium aqua ions

In aqueous media, americium exists as the trivalent ion except under strongly ox-
idising conditions, where the five- and six-valent dioxoamericium ions AmOj and
AmOZ" are formed. In acid solutions, the former slowly disproportionates to AmO3"
and Am3*. The free radicals produced from a-particles in water readily reduce these
dioxoamericium ions back to Am3t. Tetravalent americium is only stable in the
presence of strongly complexing agents such as carbonate, fluoride, phosphate and
phosphotungstate ions.

There are no solubility or other data from which the Gibbs energies of any of the
americium ions can be related to any of the condensed phase compounds, although
there are emf data relating one ion to another. The Gibbs energies and related
properties of the ions therefore depend on estimates of the entropies of the aqua ions,
based on comparisons with other actinide and lanthanide ions.

Fuger and Oetting [7T6FUG/OET] reviewed the thermodynamic properties of the
aqua ions, and except for the tetravalent ion, no further relevant data have been
published, so their careful evaluation is accepted with minor changes for the more
stable ions. A later review of the thermochemistry of the simple aqua ions has
been given by Martinot and Fuger [85MAR/FUG]. The discussion in the following
sections summarizes the original works from which the selected data are derived and
the potential diagram in Figure V.1 outlines the selected values which are given in
Table III.1. The current values of the thermodynamic data for the aqua ions will be
re-examined for overall consistency within the actinide series by the reviewers of the
Np and Pu volumes when their selections for the aqueous data for the ions of these
elements have been finalised.
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Figure V.1: Electrode potentials (in units of V) for some americium redox couples.
The species Am?™ is italicized to stress the fact that it is only a transient species, cf.
Section V.2.1.
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Fuger and Oetting [T6FUG/OET]| and Martinot and Fuger [85MAR/FUG] have
discussed the evidence for the formation of the heptavalent aquaion in 3 to 5 M NaOH
by oxidising Am(VT) solutions using v-irradiation in the presence of NyO or K3S,0s.
It is also claimed (Nikolaevskii et al. [7T5NIK/SHI]) that AmO3" disproportionates
to Am(VII) and Am(V) in alkaline solutions with concentrations above 10 M NaOH.
There are no quantitative thermodynamic data for the Am(VII) aquaion, and the
species will not be considered further.

V.2.1. Am*t

As discussed by Martinot and Fuger [85MAR/FUG], there is evidence for the tran-
sient formation of Am?* in aqueous perchlorate media in pulse radiolysis experiments
[76SUL/GOR, 78GOR/MUL] the half life was reported to be approximately 5pus.
Radiopolarography (cf. the review by David et al. [90DAV/MAS]) shows fairly un-
ambiguosly that Am?* is not an intermediate species in the reduction of Am?** to the
metal in non-complexing media, although its formation has been suggested in molten
salts [83MIK] and organic solvents [69MUS/MJA, 76FRI/STO, 92KUL/KAM]. Nu-
gent et at. [T3NUG/BAY] estimated the Am**/Am?** potential to be —2.3 V from a
systematic study of the properties of the lathanide and actinide chlorocomplexes in
relation to their M(IT)/M(III) potentials. A similar value of —2.4 V has been esti-
mated by Bratsch and Lagowski [86BRA/LAG]. The value of E° = —(2.3 £0.15) V,
and the standard Gibbs energy of formation of Am3* selected below gives

A¢GS (Am*t,aq,298.15K) = —(377£15) kJ - mol™".

Morss and Morss and McCue [T6MOR, 76MOR/MCC] and David [86DAV] have
suggested two similar equations expressing S° (M?**, aq, 298.15 K) in terms of the
relative atomic mass, charge, ionic radius and total angular momentum quantum
number. These equations give the same estimated value,

S2 (Am®*,aq,298.15K) = —(1+15)J-K™"-mol™!

where the uncertainty is estimated in this review (the slightly earlier estimate of
—9.3 J-K~'-mol~! [85DAV/FOU] was presumably superseded by that of [86DAV]).
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Combination with the standard Gibbs energy of formation gives the following esti-
mated standard enthalpy of formation:

ArH? (Am®*,aq,298.15K) = —(355416) kJ - mol~".

V.2.2. Am?t

The first values of the enthalpy of solution of americium in hydrochloric acid, reported
by Lohr and Cunningham [51LOH/CUN] and Westrum and Eyring [51WES/EYR],
were carried out before the details of the allotropy were well defined, and the crystal-
line structure of the metal used in these investigations is not known. Both these values
correspond to a value of A H2 (Am?®*, aq, 298.15K) = —670 to —680 kJ-mol~" for the
standard enthalpy of formation of Am®* with an uncertainty of about 15 kJ - mol !,
Later, Morss [(9MOR] made some preliminary measurements which indicated an ap-
preciably more positive value of about —625 kJ-mol ™. Subsequently, Fuger, Spirlet
and Miiller [72FUG/SPI] measured the enthalpy of solution of two samples of Am(a,
dhep) in hydrogen-saturated 1 M, 1.5 M and 6 M HCI solutions. Their americium
samples, which contained mainly 24! Am, were characterised for non-metallic (H, N, O)
and metallic elements. Their values for A¢H2 (Am3*, aq, 298.15K) in 1 M, 1.5 M and
6 M HCl were —(616.14+0.8), —(615.440.8) and —(613.141.4) kJ-mol !, respectively.
More recently, Mondal et al. [87TMON/RAS] have found the enthalpy of dissolution
of essentially isotopically pure ?*3Am(a, dhcp), containing < 50 ppm by weight of
metallic impurities, in hydrogen saturated 1 M HCI to be —(620.6 4+ 1.3) kJ - mol™".
Since the samples used by Fuger et al. [72FUG/SPI] were characterised for both
metallic and non-metallic impurities, and since Fuger et al. carried out consistent
measurements in 1, 1.5 and 6 M HCI, their values are preferred in the present assess-
ment. Extrapolation of these values to zero ionic strength leads to the selected value
of

AcHL (Am®t aq,298.15K) = —(616.7 4+ 1.5) kJ - mol .

The reason for the large discrepancy with the early measurements is not clear. It is
too large to be attributable to the presence of - or y-phases of americium in the ear-
lier material. Undetected impurities in the rather small samples used could of course
be a contributing factor. The close agreement of the value by [87MON/RAS] based
on dissolution of ?**Am suggests that the effect of the radioactivity of americium
(such as radiation damage of the metal) is probably negligible. It may be noted that
similar discrepancies have been found in the enthalpies of solution of uranium and (to
a lesser extent) plutonium metals; for these elements, however, there are problems of
the formation of unwanted oxidation states (U™ and Pu**, respectively), which is
not the case with americium. Some Am(V) is slowly formed by radiolysis in Am3*
solutions in the presence of Cl~, c¢f. Sections V.3.1.2 and V.3.2.5, but this effect will
not be significant in the short time (~ 1 h) taken for the calorimetric dissolution, in
the presence of both dissolved and evolving hydrogen.

However, the careful measurements of Fuger, Spirlet and Miiller [72FUG/SPI] are
confirmed by the study in Ref. [STMON/RAS], as well as the earlier preliminary
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work of Morss [69MOR] already mentioned. The systematic relationships between
the enthalpies of formation of the aqua ions and the enthalpy of sublimation of the
monoatomic gas in actinide and lanthanide metals noted by Nugent, Burnett and
Morss [7T3NUG/BUR] also suggest the enthalpy of formation of Am** is close to the
value selected here.

As noted previously, the entropy of Am®** was estimated by Fuger and Oetting
[7T6FUG/OET] from the interrelationship of the ionic radii and the known thermo-
dynamic properties of lanthanide and actinide ions. Their value of

S° (Am*t aq,298.15K) = —(201+£15) J-K™" mol™

is accepted. David [85DAV/FOU, 86DAV]| has estimated the very similar value of
—199 J- K= - mol~".

The Gibbs energy of formation is calculated from the selected values for the en-
thalpy of formation and the entropy.

A¢GS (Am*t aq,298.15K) = —(598.7+ 4.8) kJ - mol ™",

V.2.3. Am*t

As noted in Section V.2, this species is never found in any appreciable amount in
tetravalent americium solutions, which are only stable in the presence of strongly
complexing anions. Nevertheless, good estimates of its thermodynamic properties
are of interest.

A fairly precise estimate of its enthalpy of formation was given by Morss and Fuger
[81IMOR/FUG]. They pointed out that the enthalpy of the hypothetical solution
process,

MOy(cr) +4HT = M*™ +2H,0(1) (V.5)

is an excellent linear function of the lattice parameter of the dioxide where M is a
lanthanide (Ce and Pr) or actinide (Th, U, Np, Pu) element. Only the values for
terbium are discrepant. In the same paper, Morss and Fuger [81MOR/FUG] present
a careful calorimetric determination of the enthalpy of formation of two samples of
AmO;(cr), one containing **' Am, the other 2**Am. With a lattice parameter of a =
0.53743 nm for AmOs(cr), the correlation noted above indicates that the enthalpy of
the above hypothetical reaction for M = Am is —(45+5) kJ-mol~!, which combined
with ArHg (AmO., cr, 298.15 K) (¢f. Section V.3.2.3) finally gives

A¢HY (Am*™ aq,298.15K) = —(406 £ 6) kJ - mol *

Although there have been a number of estimates for the electrode potential of the
Am?** /Am** couple, the most reliable value for this is probably from an estimate of
Se (Am**, aq). Following Fuger and Oetting [T6FUG/OET], we take the difference
in entropy of Am** and Am3* to be the same as that for the plutonium ions, namely
—(205421) J-K~! - mol™!, giving for Am**

S° (Am** aq,298.15K) = —(406+21) J-K ' -mol ..
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in agreement with the estimate of David [85DAV/FOU, 86 DAV] of —402 J - K~' -
mol~!'. When combined with the enthalpy of formation, the selected value of the
entropy gives

A¢GS (Am*™ aq,298.15K) = —(346 £9) kJ - mol™".

The assessed values for the Gibbs energies of formation of Am** and Am** cor-
respond to a reduction potential of E° = (2.62 & 0.11) V. This is in reasonable
agreement with the following values extrapolated from measurements in phosphate
and carbonate solutions:

e E°=(2.50£0.06) V calculated by Marcus et al. [T72MAR/YAN] from the mea-
sured value of E° = (1.75 4+ 0.03) V in 11.5 M phosphoric acid [T0YAN/GIV].
However, given the uncertainties in the speciation in such concentrated solu-
tions, the uncertainty of #0.06 V in the inferred F° value is almost certainly
too low.

e F° = (2.6 £ 0.1) V from measurements in carbonate solutions by Hobart,
Samhoun and Peterson [82HOB/SAM].

e F° = (2.34£0.22) V extrapolated by Nugentet al. [TINUG/BAY] from their
value of £ = 1.78 V measured in 10 M H3POy,.

e [° =24V, with an unknown uncertainty, estimated by Bratsch and Lagowski
[86BRA/LAG].

These measurements are discussed in more detail in Sections V.6.2.1.2, p.142, and
V.7.1.2.1.d, p.157. The correlation with spectroscopic values proposed by Nugent et
al. [T3NUG/BAY] leads to the appreciably lower value of E° = (2.24+0.2) V.

V.2.4. AmOj

The enthalpy of reduction of AmO3; to Am3*+ by the Fe?* ion
AmOJ 4+ 2Fe?t +4HT = Am?' 4+ 2F* + 2H,0(1), (V.6)

was measured by Gunn and Cunningham [57GUN/CUN] in 1 M HCIO4 to be
ALH? (V.6,298.15K, IMHCIO4) = —(302.1+4.0) kJ-mol~". If this value is assumed
to hold at infinite dilution (since the correction will be both small and uncertain),
combination with the current best CODATA compatible value for the enthalpy of the
Fe** /Fe?" reduction [95PAR/KHO], (41.0 £+ 1.5) kJ - mol !, gives a value of

AHS(V.7,29815K) = (384.145.2) kJ-mol ™!
for the reaction

Am*" + 2H,0(1) & AmOj +4H' +2e". (V.7)
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From this and the previously assigned enthalpy of formation of Am3*, the selected
enthalpy of formation is obtained:

AH: (AmOJ, aq,298.15K) = —(804.3 4+ 5.4) kJ - mol .
Following Fuger and Oetting [T6FUG/OET] this review accepts
52 (AmOjF,aq,298.15K) = —(214£10) J-K ' -mol !,

based on the same value for NpO3 from the (corrected) work of Brand and Cobble
[TOBRA/COB]. Corrections could be made in an attempt to take account of the
differing magnetic contributions to the entropies of these ions, but since the overall
sign of these (small) corrections is not known with certainty, they are ignored and
deemed to be included in the (increased) overall uncertainty.

Hence, the following Gibbs energy value is obtained:

A¢GS (AmOF,aq,298.15K) = —(739.8 £6.2) kJ - mol™".

V.2.5. AmO3"

The enthalpy of reduction of AmO2" to Am?* by the Fe?* jon in 1 M HCIO, was
also measured by Gunn and Cunningham [57GUN/CUN]. For the reaction

AmO;" +3Fe*™ +4H" = Am*t +3Fe*" + 2H,0(1) (V.8)

they obtained A, H2 (V.8,298.15 K, 1 M HCIO,) = —(414.6 + 1.0) kJ - mol~'. If this
value is assumed to hold at infinite dilution (since the correction will be both small
and uncertain), combination with the current best CODATA compatible value for
the enthalpy of the Fe3" /Fe*" reduction [95PAR/KHO], (41.041.5) kJ-mol™!, gives
a value of

AHS(V.9,29815K) = (537.6 4 4.6) kJ - mol™"
for the reaction
Am*" + 2H,0(1) = AmO;" +4H' +3e". (V.9)
From this, the selected enthalpy of formation is obtained:
A¢H? (AmO3T, aq,298.15K) = —(650.8 +4.8) kJ - mol .

Penneman and Asprey [50PEN/ASP] measured the potentials of the
AmO3"/AmOJ couple to be E(1M HCIO,) = (1.60040.0005) V and £(0.3M HCIO,)
= (1.614+0.001) V. Brand and Cobble [T0OBRA /COB| suggested that the difference of
0.100 V they found between the potential of the NpO3 /NpO3* couple in 1 M HCIO,
and the value extrapolated to infinite dilution should also be applied to the similar
couples in other actinides. However, it is now clear from more recent data for the
dioxoneptunium ions (see Fuger and Oetting [76FUG/OET]) and the dioxouranium
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ions (see Grenthe et al. [92GRE/FUG]) that this correction is far too large. Follow-
ing Fuger and Oetting, we do not apply any correction to the “formal” potentials of
Penneman and Asprey [50PEN/ASP], but increase somewhat the uncertainty limits.
The small change in the potential due to the change in standard state pressure from
1 atm to 1 bar is entirely negligible in the present case. Thus, for the reaction

AmOF + HY = AmO32" + 0.5 Hy(g) (V.10)

this review obtains A,G¢,(V.10,298.15K) = (154.3+5.0) kJ-mol~!. When combined
with the enthalpy of the same reaction A¢HS(AmO3") — AtHZ (AmOF) = (153 +
2.5) kJ-mol ! and the standard entropy of AmOj selected in Section V.2.4, this gives
Se (AmO3™, aq,298.15K) = —(91420) J-K~!-mol~!. This is in excellent agreement
with the value estimated from the entropy NpO3* from the (corrected) work of Brand
and Cobble [T0OBRA/COB]|. According to the method used to correct for the difference
in the magnetic contributions to the entropy of these ions, the estimate for the entropy
of AmO3" is —86.2 or —88.7 J-K~!-mol~!, with uncertainties of ~ 10 J-K~-mol .
The selected value is

S° (AmO3*",aq,298.15K) = —(884+10) J-K™'-mol™!
from which one obtains

A¢G2 (AmO2* aq,298.15K) = —(585.8+ 5.7) kJ - mol ..

V.3. Oxygen and hydrogen compounds and complexes

V.3.1. Aqueous americium hydroxide complexes
V.3.1.1.  Aqueous Am(III) hydrozide complezxes

Thermodynamic data on Am(III) hydrolysis have been compiled or reviewed by a
number of authors [7T6SCH, 78RAI/SER, 80BEN/TEA, 82ALL, 84KER, 85PHI/PHI,
86KER/SIL, 86KIM, 88MOU/ROB, 89ROB, 92FUG/KHO, 94JUN/EDE]. Only a
few of them, however, attempted a critical examination of the existing information
[86KER/SIL, 89ROB, 92FUG/KHO, 94JUN/EDE]. Table V.4 shows the wide vari-
ability and uncertainties of the reported values of Am(III) hydrolysis constants. They
refer to the reaction

Am®** + nH,0(1) = Am(OH)® ™ 4+ nH*, (V.11)

A re-evaluation of the published data is made by this review in cases where dis-
crepancies or results of doubtful interpretation were reported. In general, there is no
unique statistical procedure for selecting the best regression equation of experimental
data. A great deal of personal judgement is often a necessary part of the method.
Possibilities of bias in the estimates may arise in the case of very high intercorrelation
among the predictor variables. This review has used the same procedure to select
the best hydrolysis model from all sets of experimental data reported by the different
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authors. The procedure first involved the fitting of all possible hydrolysis models
using the nonlinear regression programme NLIN of the SAS/STAT software package
[88SAS] on a mainframe computer. This was then followed by a series of internal
comparisons to find the best cutoff point for the number of predictor variables. The
partial F-test and the residual mean square were used as criteria for the assessment.
The values of the hydrolysis constants recalculated by this review from the original
experimental data are given in Table V.5, where the reported error limits represent
this review’s estimate of the 95% confidence level.

Major difficulties in the experimental determination of equilibrium constants for
Am(III) hydroxide complexes generally come from its great ease of adsorption and
precipitation. Most of the experimental work was carried out in the pH region
where the first and the second hydroxo species are present, while only a few data
have been reported on the neutral Am(OH)s(aq). By analogy with neodymium
[7T6BAE/MES], Allard [82ALL] and Phillips et al. [85PHI/PHI] proposed also the
existence of Am(OH);. The formation of this negatively charged species would in-
crease the Am(III) solubility in the high pH region. A number of experimental studies
[83RAI/STR, 84BER/KIM, 84KIM/BER, 88STA/KIM, 88STA/KIM2] have shown
that such a solubility increase does not occur at pH < 13. The observations by Vi-
torge and Tran The [91VIT/TRA] are not considered because of the great variation
of the ionic strength during their experiments. Thus, there is no experimental evi-
dence for anionic hydrolysis complexes of Am(IIT). Although polynuclear hydroxo- or
oxo-complexes could be formed in the region immediately before precipitation, there
is no evidence of their existence. Spectroscopic results [84BER/KIM, 84KIM/BER,
88STA /KIM] suggesting the absence of polynuclear complexes were inconclusive since
these species are not expected to appreciably affect spectral shapes. This review has
excluded the presence of polynuclear species on a statistical basis during the computer
refinement of experimental data [82SIL, 84BER /KIM, 84KIM/BER].

No systematic studies have been made with the ionic strength varied to allow ex-
trapolation to thermodynamic conditions. Corrections for activity coefficients should
be possible with the equation derived from the specific ion interaction equations (see
Appendix B, Egs. (B.5) and (B.8)). Eq. (B.5) predicts a linear ionic strength depen-
dence. Figures V.2 and V.3 show, however, that the equilibrium data from Table V.4,
rearranged according to Eq. (B.5), cluster in two distinct regions of the graphs. Ac-
cording to Korotkin [T3KOR2, 74KOR], the contradictory data might be explained
with a different effect of the cations H*, LiT, Na® K+ and NH; of the background
electrolyte on Am(III) hydrolysis. However, the difference between the log, "5 val-
ues, obtained using the specific ion interaction equations (Eq. (B.5) in Appendix B),
is too large to be accounted for by a medium effect.

A kinetic method of analysis was used in Refs. [6OMAR/KIK, 72SHA/STE,
73KOR2], with Am species moving in the solution either under the influence of an
electric field or because of the solvent flow. Assuming a slow rate of equilibration
between the various Am species, the formation of distinct Am peaks was entirely
attributed to hydrolysis reactions. This review rejects this assumption because the
rate of hydrolysis reactions, which involve only dissociation of protons from bound
water molecules is expected to be rapid. Furthermore, it is likely that adsorption-
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Table V.4: Literature values of equilibrium constants (in logarithmic units) for the
reactions

Am(OH)3(s) + 3HT & Am** + 3H,0(1)
and

Am* +n H,0(1) = Am(OH)® ™™ 4 nH*,

Am(OH)3(s) AmOH>**+ Am(OH)]  Am(OH)z(aq) ¢t Medium Method

(°C) Reference
—5.92+0.11 23 0.1M (H,Li) dis [69DES/HUS]
Cl0,
—3.05 4 0.05 15 5x10*M  em [69MAR/KIK]
(H,K)CI
-313+0.1 —6.76 25 5x107*M  em [72SHA/STE]
NH,Cl0,
—5.3+0.1 ? 0.1M (H,L) dis [73HUS/HUB,
Cl0, 76HUB/HUS|
2.5 —6.6 19 0.1 MLiNO; chr, [73KOR2]
em
—-14.7 25 0.2 M NaClO, dis [82BID]
-75+0.3 25 1M NaClO, dis [82LUN]
—~7.0340.04 25 1M NaClO; pot [82NAI/CHA]
166+04 —7.7+03® -16.7+0.7 -250+03" 25 0.1 M NaClO4 sol [82SIL]
~7.5440.2 21 0.7M NaCl dis [83CAC/CHO]
17.5+0.3 25 0.1 M NaClO4 sol [83EDE/BUC]
175403  <—82 -17.14£05 <—27.0 22 corr. to 0 sol [83RAI/STR]
13.85+£0.11 —7.934+0.35 —14.77+0.25 —24.71+0.11 25?7 0.1 M NaClO, sol [84BER/KIM]

(c) ~7.93+0.13 —14.95+0.13 —24.82 +0.11
14.18 £ 0.47 —6.34 £0.83 —13.64 +0.63 —22.87+0.52 257 0.1 M NaClO4 sol [84KIM/BER]
(c) —4.96 —~12.88 —22.34
—6.8+0.3 25 0.5 M NaClO, dis [87RAO/MAH]
156403 —75+03 —154+04 —269+0.5 25 0.1 M NaClO, sol [88STA/KIM,
(< 3.7 GBq/)) 88STA /KIM?2]
163+03 —75+02 -154+03 —26.9+0.2 25 0.1 M NaClOy4
(44 - 185 GBq/1)
162405 —78+04 —154+05 —269+0.5 25 0.1 M NaCl
(74 - 185 GBq/1)
16.1+01 —81+03 -158+04 —27.0+0.5 25 0.6 M NaCl
(74 - 185 GBq/1)
—25.0(@) 14.4(®) 25 5 M NaClOy4
14.60 + 0.11 —6.40 £0.11 —13.4040.16 —20.31+0.17 25 3 M NaClOs sol [89PAZ/KOC]
—6.9+£0.2 -23.840.9 25 01MCIO; em [89ROS/REI]|
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Table V.4 (continued)

Am(OH)3(s) AmOH?>* Am(OH); Am(OH)s(aq) ¢t MediumMethod

(°C) Reference
<-28.6 ?  corr. to 0 sol [90FEL/RAI]
~27.35(4) ?  diluted pot [90PER/SAP]
—11.1(&h) ?  diluted  sol [91VIT/TRA]

(a) Silva kept log, ;81 constant (= —7.7) in the least-squares fitting of his solubility data. The
value of log, " 81 was taken from a previous work, [83EDE/BUC] where the first hydrolysis
constant of Cm(III) was measured by potentiometry (cf. Appendix A).

For Am(OH), , Silva reported log, ;"84 < —34.9.

Data obtained from solubility measurements of AmO;(s).

Equilibrium constant logioKs o for the reaction: Am(OH)s(s) & Am?*+ + 30H™.
Stability constant log;o33 for the reaction: Am3* +3OH~ = Am(OH)3(aq).

For Am(OH), , Rosch et al. reported log, ;81 < —38 + 1.

Equilibrium constant log19Ks 3 for the reaction: Am(OH)3(s) = Am(OH)s(aq).

Vitorge and Tran The reported log,, K4 = —0.2 for the equilibrium: Am(OH)s(aq) +
OH- = Am(OH);.

e amaTao
o
Frzeoess

desorption processes of americium species on the stationary phase interfered with the
measurements.

Americium hydrolysis equilibria were studied using a solvent extraction technique
by both Désiré, Hussonnois and Guillaumont [69DES/HUS] and Hussonnois et al.
[73HUS/HUB| below pH 5.9 in 0.1 M LiClO4 solutions. They assumed the presence
of AmOH?* in quantities large enough to produce measurable deviations from the
pH dependence of distribution coefficients expected in the presence of Am3*t only.
Reanalysis of the data by this review excluded this for statistical reasons.

The values of log,,"3, for n = 1 and 2 at 0.1 M ionic strength reported by the
same research group for distinct solubility experiments [84BER/KIM, 84KIM/BER,
88STA /KIM] cover nearly three orders of magnitude (see Figures V.2 and V.3). How-
ever, a reanalysis of the data [84BER/KIM, 84KIM/BER] made by this review indi-
cated that a major disagreement exists only for log,,"3;. This discrepancy appears to
be related to a change of the solid phase with pH, c¢f. Appendix A. Model calculations
below pH 8 were insensitive to *3;, suggesting a small concentration of AmOH?* over-
whelmed with the predominant Am(OH)J (cf. Table V.5). Solubility measurements
using AmO,(s) cannot be used for a quantitative evaluation of hydrolysis constants
because the dissolution reactions could not be identified.

Silva [82SIL] analysed the pH dependence of Am(OH)s(cr) solubility in 0.1 M
NaClOy in terms of four hydroxide complexes. The claim for the species Am(OH)3(aq)
and Am(OH); is refuted by this review because the experimental points above pH
8.5, influential in fitting the chosen model, were improperly overweighted.

The publication by Stadler and Kim [88STA /KIM] is the major contribution to the
study of *' Am(OH)3(s) solubility at high pH. Measurements were made in various
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Table V.5: Values of equilibrium constants (logarithmic units) for the reactions
Am(OH)3(s) + 3HT = Am** + 3H,0

and
Am* 41 Hy,0(1) = Am(OH)® ™™ 4 nH*

as recalculated by this review from the original experimental data (see Appendix A).

Am(OH)3(s) AmOH?>* Am(OH); Am(OH)s(aq) t Medium Reference
(phase) o)
—-73+£04 —-150=£0.2 25 1M (NaClO4) [82LUN]
~72402 —150+0.3 95 1M (NaClO;) [82NAI/CHA]
17.5 £ 0.6(am) 22 corr.to 0 [83RAI/STR]
159+ 0.6(ct) —6.940.6 —15.140.6 95 0.1 M (NaClO,) [82SIL]
13.7 £ 0.2(7) _14.7+0.2 957 0.1 M (NaClO,) [S4BER/KIM]
13.9+0.2(7) ~14.3+0.3 957 0.1 M (NaClO,) [84KIM/BER]
155+04(7) -7.04+04 —1514+04 -264+05 25 0.1 M (NaClO,) [$8STA/KIM]

ionic media (0.1 M and 5 M NaClOy; 0.1 M, 0.6 M and 3 M NaCl), and at increasing
radiation fields. The a-radiation damage affected the particle size of the precipitates
without changing the chemical nature of the solution species. Formation of Am(V)
only occurred in 3 M NaCl because of the presence of oxidising radicals. The analysis
of the data obtained in 0.1 M NaClOy4 used *4;, *42, and *35 as best predictor variables
(Table V.5).

Rai et al. [83RAI/STR], working with an amorphous solid in 1.5 x 1072 M CaCly,
reported a much higher americium solubility. Although the curve fitting analysis was
insensitive to the first hydrolysis constant, an upper limit was assigned to the value
of *3;. The proposed values for *3, and *33 are lower than selected in this review. The
difference may be attributed to a pH dependent change of the solubility controlling
solid phase in Ref. [83RAI/STR].

Values for *3; in 0.7 M NaCl [83CAC/CHO] and in 0.5 M NaClO,4
[87TRAO/MAH], and for *3; in 0.2 M NaClO4 [82BID] were obtained by solvent ex-
traction. Although they are of the correct order of magnitude, they have not been
included in the set of data used to calculate thermodynamic constants, because of
experimental shortcomings (¢f. Appendix A on discussion of selected references).

Hydrolysis equilibria in 1 M NaClO4 were investigated by Lundqvist [82LUN] and
by Nair, Chander and Joshi [82NAI/CHA] using, respectively, solvent extraction
and potentiometry. In both cases, model calculations assumed only the formation
of AmOH?*. However, reinterpretation of the data by this review finds statistically
significant evidence also for Am(OH)3 (cf. Table V.5).

The results of Pazukhin and Kochergin [89PAZ/KOC] are not considered in this
review for the reasons specified in Appendix A.

Thermodynamic data can be derived from the selected set of hydrolysis constants
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Figure V.2: Literature data (cf. Table V.4) for the equilibrium

Am** + Hy,O(1) & AmOH?*" + HT
plotted according to Eq. (B.5). Filled circles denote the original equilibrium constants
in experimental studies that are re-evaluated in the present review as described in
the text and in Appendix A. For the sake of clarity, the constant from [89PAZ/KOC]|
at 3.5 m NaClOy (log,,'f1 +4D — log,; an,0 = —5.28) is not presented in this graph.
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at 0.1 M and 1 M ionic strength (Table V.5) on behalf of Eq. (B.5) in Appendix B.
However, the data are too sparse to allow an accurate least-square extrapolation to
zero ionic strength. To this purpose, experimental measurements should be under-
taken at other ionic strengths. Consequently, equilibrium constants in Table V.5
are separately extrapolated to infinite dilution. Since there are no interaction coef-
ficient data for Am3*, AmOH?" and Am(OH)3, the correction has been made by
taking the data for trivalent lanthanides, and for typical di- and monovalent ions, cf.
Appendix B, Section B.1.4, together with the value for £+, Cl07)" This gives the
following estimated values in sodium perchlorate media:

Ag;(V.1l,n=1) =  (0.04+0.05) kg - mol !
Agy(V.11,n=2) = —(0.044+0.07) kg - mol™!
Agz(V.11,n=3) = —(0.07+0.07) kg - mol™!

A weighted average of the recalculated and then extrapolated values of *3; gives
log,,B; = —(6.4 £0.2) and log;,"#5 = —(13.9 4+ 0.1). Although the calculated uncer-
tainties are statistically correct, it is possible that the actual uncertainties are much
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Figure V.3: Literature data (cf. Table V.4) for the equilibrium

Am*T + 2H,0(1) & Am(OH)5 + 2H*
plotted according to Eq. (B.5). Filled circles denote the original equilibrium constants
in experimental studies that are re-evaluated in the present review as described in the
text and in Appendix A. For the sake of clarity, the constant from [89PAZ/KOC] at
3.5 m NaClOy (log,,"62 + 6D — 2log,, an,0 = —11.66) is not presented in this graph.
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larger.

The value for the first hydrolysis constant implies a higher stability for Am(OH)?*
than reported in previous reviews on americium and lanthanide hydrolysis. For exam-
ple, values of log,,’# = —(7.1+£0.5), —7.5 and —6.6 have been selected, respectively,
by Fuger [92FUG], Allard, Olofsson and Torstenfelt [84ALL/OLO] and Moulin et al.
[88MOU/ROB]. Baes and Mesmer [7T6BAE/MES] assigned a value of log; '3, = —8.0
to Nd(III) (a chemical analogue of Am(III)), while Rard [85RAR3]| selected a value
of —8.25 for Eu(III). Moreover, AmOH?" was rejected on statistical grounds in the
re-evaluation of the experimental data of Refs. [84BER/KIM, 84KIM/BER], sug-
gesting that AmOH?* was not an important species in these experiments, i.e., that
log,, 01 < log,"K> = (log,,"Ba — log,,31). This result also favors a lower stability for
AmOH?" and a value for log,,"3 near —7.0. The reason for the apparent discrep-
ancy is unknown and may be due to unrecognised systematic errors in some of the
experimental data. Furthermore, different procedures exist to calculate confidence
intervals of predictor variables in non-linear regression analysis. Indeed, slightly dif-
ferent uncertainties have been obtained using different statistical computer packages.
Therefore, it was felt that it would be more realistic to select the unweighted av-
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erage of the values extrapolated to I = 0, i.e., log,"6f = —(6.4 £ 0.7), where the
uncertainty has been assigned to cover the maximum range of expectancy.

It is difficult to decide whether the values of log,,"35 belong to different par-
ent distributions. A discrepancy may exist between the data in Ref. [82SIL| and
[88STA/KIM], and the remaining values. A weighted average of log,,"35 = —(14.4 £
0.3) and —(13.8 £ 0.1) can be calculated, respectively, from the first and the second
set of data. The unweighted average of the two values gives log,,"35 = —(14.1 £+ 0.6)
where the uncertainty has been assigned to cover the maximum range of expectancy.

There are not many equilibrium data for Am(OH)s(aq). The value selected by
this review is that recalculated from solubility data reported by Stadler and Kim
[88STA /KIM] and extrapolated to infinite dilution. More accurate determinations of
hydrolysis equilibria in the alkaline pH region are recommended.

This review selects the following standard equilibrium constants (c¢f. Table I11.2):

log,3 (V.11,n=1,29815K) = —6.4+0.7
log, 85 (V.11,n =2,298.15K) = —14.1+0.6
log,83 (V.11,n =3,298.15K) = —25.7+0.5

The standard Gibbs energies of formation have been calculated to be

ArGS (AmOH?t, aq,298.15K) =  —(799.3 +6.2) kJ - mol™!
ArGS (Am(OH)F,aq,298.15K) =  —(992.5+5.9) kJ - mol !
ArGS (Am(OH);,aq,298.15K) = —(1163.4 +5.5) kJ - mol

Figure V.4 shows the ionic strength dependence of the re-evaluated and original
literature values of log, "1 (¢f. Tables V.5 and V.4) according to the specific ion inter-
action principles described in Appendix B, ¢f. Eq. (B.5). Although this Figure does
not illustrate the selection procedure for the value of the equilibrium constant, *37, at
I = 0, it shows nevertheless that the recalculated values of *3; given in Table V.5 do
follow the ionic strength dependence predicted by the estimated specific interaction
parameters in Section B.1.4. A linear fit of the original literature values (filled circles
in Figure V.4) would instead require a value of € (AmOH2+,Cl107) N —0.4kg - mol !,
which would be inconsistent with the values of specific ion interaction coefficients
for divalent ions, which are in the range +0.09 < ¢ < +0.89, ¢f. Table B.3 and
Section B.1.4.

The distribution of dissolved species in the americium(III) hydroxide system in
standard aqueous solutions (i.e., at [ = 0) at 298.15 K is illustrated in Figure V.5
for the range 6 < pH < 12. This diagram shows that AmOH?* is a relatively minor
species predominating only in a pH range of about one unit, contrary to the other
species in this system. Furthermore, increasing ionic strength reduces the acidity
range in which AmOH?* predominates, as shown in Figure V.6. A distribution
diagram for the hydrolysis of Am(III) in 0.1 M NaClOy solutions is presented in the
lower part of Figure V.8.

The values for the second and third hydrolysis constants of americium(III) se-
lected here fall in the range of values selected in other reviews for Am(III), and
lanthanide(ITI) hydrolysis. For example, for Am(OH); and Am(OH);3(aq) Fuger
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Figure V.4: Equilibrium constants for reaction: Am3* + H,O(l) & AmOH?*" + H*
at 25°C in NaClO, solutions plotted according to Eq. (B.5). Open circles corre-
spond to the values re-evaluated in this review and given in Table V.5, while filled
circles correspond to the original values reported in the literature, ¢f. Table V.4
(with the uncertainties increased by a factor of 1.96 in order to approximate the
95% uncertainty level). For increased readability, the symbols are arbitrarily shifted
(< £0.014 mol/kg) along the X-axis. The solid line represents Eq. (B.5) with
log,,"8; = —(6.4 £ 0.2) and Ae = (0.04 £ 0.05) kg - mol~'. The associated uncer-
tainties are given by the dotted lines.
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[92FUG] recommended log,,35 = —(14.8 £ 0.5) and suggested, by analogy with

Nd(III), a value of log,,"35 = —26.5 for Am(III). For the same equilibrium constants
Allard, Olofsson and Torstenfelt [84ALL/OLO] selected —16.5 and —26.5 respec-
tively, while Moulin et al. [88MOU/ROB| preferred —14.6 and —23.6. It must be
pointed out, however, that these constants extend over a range of a few logarithmic
units.

Hubbert et al. [T6HUB/HUS] report A, H,(V.11,n =1,298.15K) = 65 kJ - mol .
However, due to the scarcity of the experimental data and the narrow pH range used
(cf. Appendix A) this review does not consider the values reported by Hubbert et al.
as reliable.

V.3.1.2.  Aqueous Am(V) and Am(VI) hydrozide complezes

Cohen has described the instability of Am(VI) solutions [72COH]. The formation
of AmO,OH(aq) was assumed by Kim et al. [85MAG/CAR, 86BUP/MAG,
88KIM/BUC, 83STA/KIM, 83STA/KIM2]| in their interpretation of americium sol-
ubility measurements in aqueous solutions containing significant chloride concen-
trations. This is discussed in Section V.3.2.5. Tananaev proposed the existence
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Figure V.5: Calculated distribution diagram of americium species at 25°C in standard
aqueous solutions (I = 0) in the range 6 < pH < 12. The precipitation of solid
phases is not considered. The dotted curves represent the uncertainty range of each
calculated fraction according to the rules of error propagation, cf. Eq. (C.18).
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Figure V.6: Calculated ionic strength dependence of the distribution of Am3*,
AmOH?* and Am(OH);, at 25°C in NaClO, solutions. The precipitation of solid
phases is suppressed. The curves represent the acidity at which two aqueous amer-
icium species have the same concentration, and are calculated with the specific ion
interaction equations of Appendix B. For clarity, neither uncertainties nor the curve
for log,,"K3 are plotted in this diagram.
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of AmO,(OH)(!™ with n = 1...4 [90TAN2] and of AmO,(OH)2~™ also with
n =1...4 [89TAN] based on spectrophotometric measurements in strongly alkaline
solutions. No thermodynamic data can be recommended for any of these complexes.

V.3.2. Solid americium ozides and hydrozides'
V.3.2.1. The americium-ozygen system

It is still not possible to give a definite phase diagram for the Am—0O system, since the
principal studies are far from consistent. Chikalla and Eyring have investigated the
system using room- and high-temperature X-ray techniques [68CHI/EYR)] and have
also measured the oxygen dissociation pressures and derived partial enthalpies and
entropies for 1.8 < O/Am < 1.99 from 1139 to 1445 K [67CHI/EYR], while Sari and
Zamorani [T0OSAR/ZAM]| have made DTA measurements for 1.67 < O/Am < 2.00
and examined ceramographs for a wider range of compositions. However, since it
is impossible to quench the hypostoichiometric fluorite phase, while the reactions
involving oxides at lower O/Am are very sluggish, room-temperature X-ray patterns
and ceramographs are difficult to interpret. In addition, the relatively short half-life
of 22! Am, used in all these studies, means that any subtly ordered phases similar to
those in the corresponding lanthanide oxide systems are unlikely to be observed due
to the radiation self-damage (but see below). A possible phase diagram consistent
with many of the observations of the major studies and with known behaviour of the
Pu-O and Ln-O systems is shown in Figure V.7.

The major features are a broad fcc fluorite phase AmO,_,(cr) which certainly
above 1300 K [70SAR/ZAM], and possibly above 1150 K [67CHI/EYR], extends
from ~ AmO; g5(cr) to AmOs(cr). At lower temperatures, there is probably a bce
phase with a range of homogeneity around AmO; g(cr), but the phase relationships
in this region are very far from clear. The stoichiometric sesquioxide can exist in two
and possibly three of the crystal structures adopted by the lanthanide oxides, see
Section V.3.2.2.

Lyalyushkin et al. [86LYA/SUD] have shown that when heated in a closed capil-
lary with finely-powdered SiOq(s), AmOq(cr) starts to decompose to lower oxides at
temperatures appreciably lower than for pure AmO;(cr) under the same conditions.
This was attributed to the formation of reducing gases such as Hy(g) from radiolytic
decomposition of vapours outgassed from the silica. The same authors also suggest
that an intermediate phase formed under these conditions was a rhombohedral oxide
AmO; 71 (cr), based on splitting of the 220 reflections of the fundamental fcc structure,
but this conclusion needs to be confirmed.

Akimoto [67AKI] claims to have prepared AmO(s) by heating “tens of micrograms”
of americium metal in a sealed quartz capillary with the stoichiometric amount
of (separately heated) AgoO(s). Although it was intended to heat the Am(cr) to
~850°C, the actual reaction temperature was much higher, since the quartz capillary

t Earlier versions of Sections V.3.2.1, V.3.2.2 and V.3.2.3 were published in the volume edited by
Cordfunke and Konings [90COR/KON]. This, however, contained a number of misprints which
have been corrected in the current version.
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Figure V.T: Tentative americium-oxygen phase diagram (revised from
[90COR/KON]).

1500
bccs + feey
fcc AmO, _,
hex. : ’/
Yl muEey | ,’_Lf;’ia"ﬁc?_?“:
| /
3& 900 / ; bcc, + fcc,
— | bec,
bee, | "‘
+ /
bcczl L _ ]
600 // A
/ l'II)l:.'.l.'.'.'zl |
' e bccy+ fce,
/ ! bCC3I I
s00LL [ I I |
1.5 1.6 1.7 1.8 1.9 2.0
O/Am ratio

had recrystallised. A grey brittle product was found to have an fcc structure, with
a =5.045 x 107! m. No further analysis of the product was possible. AmN(cr) has
a similar NaCl(cr) structure with a = 5.00 x 107 m. It seems likely that this was
an Am(O,N)(cr) solid solution, similar to the so-called plutonium monoxide which is
now known to be a Pu(C,0,N)(cr) phase. Other reports of a phase with the NaCl(cr)
structure and a lattice parameter around 5 x 107'Y m had previously been given by
Zachariasen [49ZAC2] who examined material of unknown provenance, and McWhan
[61MCW], during his attempts to prepare americium metal.

Since none of these studies show convincing evidence that AmO(cr) is stable as a
pure bulk phase, it is not considered further.

V.3.2.2.  Americium sesquioxide

At low temperatures, the stoichiometric sesquioxide, Am,Oj3(cr), has the cubic bee
rare-earth type-C Mn, O3 structure, space group Ia3, with @ = 11.03x 10 ' m around
300 K, [53TEM/DAU, 68CHI/EYR]. It transforms at a temperature between 973
and 1173 K [64WAL2, 75KEL/BER] to the rare-earth type-A LasOjz(cr) hexagonal
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structure, space group P3m1, with a = 3.817 x 107'° and ¢ = 5.971 x 107! m. The
monoclinic B-form of the sesquioxide may be stable between the C and A forms,
but it is probably a metastable phase stabilised by minor impurities, particularly Sm
and other lanthanide elements [68CHI/EYR, 73MAI, 74BER/TAN, 75KEL/BER].
Hexagonal AmyOj(cr) melts at (2478 + 15) K [73CHI/MCN].

The enthalpy of formation of hexagonal Am,O3(cr) was recently measured by dis-
solution in hydrochloric acid in a microcalorimeter [85MOR/SON].

ArH? (AmyOs,cr,298.15K) = —(1690.4 £ 8.0) kJ - mol ™"

There are no experimental heat capacity data, and all the values are estimated
from the values for Ce,O3(cr) and PuyOjs(cr), the latter at 298.15 K only.

Cy (29815 t0 1000 K) = [113.9345.937 x 107*(T/K) — 2.301 x 107°(T/K)?
—1.071 x 10(T/K) 3] J- K ! - mol !
Cy (1000 to 2000 K) = [153.13 + 3.573 x 107*(T/K) + 2.372 x 10~%(T'/K)?

—9.8742 x 10%(T/K) % J-K ' - mol !
Thus
Cp (Amy05,cr,298.15K) = (117.54+15.0) J- K" - mol™
Since there are no experimental values of heat capacities, this review estimates
S° (AmyOs, cr,298.15K) = (160 +15) J-K™' - mol™"

from the value for the PuyOz(cr), 163.0 J - K=! - mol™" [81FLO/TET]. Preliminary
calculations of a revised treatment of the vaporisation data for americium oxides
dissolved in plutonium oxides [66ACK/FAI2] suggest the value may be somewhat
lower (150 J - K~ - mol™1).

The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

ArG? (AmyOs, cr,298.15K) = —(1613.3 +9.2) kJ - mol ™.

V.3.2.8. Americium diozxide

The dioxide, AmOs(cr), crystallises in the fcc fluorite structure, space group Fm3m,
with @ = 5.377 x 1071 m [68CHI/EYR]. Like many other fluorite oxides it can exist
with a large deficit of oxygen, the lattice parameter increasing with decrease in oxygen
content.

The enthalpy of dissolution of AmOs(cr) in 0.5 M HSO, - 0.1 M KI solution has
been measured by Morss and Fuger [SIMOR/FUG]. They combined this value with
their measured enthalpies of mixing of aqueous AmCl;, HCI and HySO, solutions to
correct for the effects of the medium, to obtain finally the enthalpy of dissolution
of AmOy(cr) in a 0.55 M HCI solution. Following Morss and Fuger [81IMOR/FUG],
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we use the infinite dilution values for aqueous I~ and I3, since the effects of the
extrapolation to infinite dilution will be similar. With A¢H? (I7,aq,298.15 K) =
—(56.78 £ 0.05) kJ - mol~! [89COX/WAG], and A, HS, = —(5.0 +0.5) kJ - mol~! for
the reaction

I +Ler) = I3

at infinite dilution [T6PAR/WAG], we find A¢H}, (15, aq,298.15K) = —(51.8+0.5) kJ-
mol !, which with the enthalpy of formation of Am** in 0.55 M hydrochloric acid so-
lution at 298.15 K: —(616.5+1.3) kJ-mol~" interpolated from the data of [T2FUG /SPT],
c¢f. Section V.2.2, gives

ArHS (AmOy, cr,298.15K) = —(932.3 +3.0) kJ - mol™!

where the uncertainty has been increased to allow for the uncertainty in the enthalpy
of transfer of Am?®** from sulphuric to hydrochloric acid solutions in the presence of
I

There are no experimental heat capacity data and the values are estimated from
the values from CeOs(cr) and PuOs(cr). The estimated heat capacity is given by the
relation

Cy (29815 t0 2000 K) = [84.739 4+ 1.072 x 107*(T/K) — 8.159 x 10~ (T /K)?
—19.285 x 10°(T/K) ?] J- K ' - mol .
Thus
Cp n(AmO,, cr,298.15K) = (66.17+£10.0) J- K" - mol ™

The estimate of the standard entropy by Westrum and Grgnvold [62WES/GRO]
(83.7J - K=! - mol™') is almost certainly too high. Their estimate for PuOy(cr),
before the heat capacity was measured, was 82.4 J - K=! - mol~! compared with the
experimental value of 66.1 J-K~!-mol~!. We estimate

S2(AmOy,cr,298.15K) = (67+10) J-K™'-mol™!

from the values for the other measured actinide dioxides. This value is also consistent
with preliminary calculations of the vaporisation data for americium oxides dissolved
in plutonium oxides [66 ACK/FAI].

The Gibbs energy of formation is derived from the selected enthalpy of formation
and entropy.

A¢GS (AmOy, cr,298.15K) = —(874.5+4.3) kJ - mol ™",

V.3.2.4. Solid Am(III) hydrozides

A number of solubility studies have been reported for precipitated Am(OH)3(s). Con-
flicting data are, however, proposed for the following reaction (c¢f. Table V.4):

Am(OH)3(s) + 3HT = Am’' 4+ 3H,0(1). (V.12)
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The difference in log;, *Ks (V.12) values can be rationalised by particle size consid-
erations and possible changes in the solid hydroxide phase.

Am(OH);(s) is generally prepared by addition of basic reagents to Am(III) solu-
tions. The amorphous hydroxide formed initially at room temperature and atmo-
spheric pressure then transforms to a crystalline phase. The rate of this transforma-
tion depends on solution composition and acidity, temperature, radiolysis, details of
preparation and pretreatment of the precipitate.

Milligan et al. [68MIL/BEA] and Haire et al. [TTHAI/LLO] found that rapid drying
of freshly precipitated 2! Am(OH)3(s) at room temperature yields a stable amorphous
solid consisting of very small particles (1.5 to 2 nm). Ageing under water after an
initial heating at 80°C for 90 minutes leads instead to a crystalline structure, as in-
dicated by electron diffraction of 5-week aged suspensions [68MIL/BEA]. Electron
microscopy observations showed, however, that crystalline rod-like particles already
exist in a fluid sol aged only for 2 hours at 25°C [TTHAI/LLO]. The ageing processes
continue for weeks and are accelerated at higher temperatures. Silva [82SIL] reported
that complete conversion required 3 weeks boiling in 5 M NaOH under reflux con-
ditions. The crystallisation time was reduced to 3 to 4 days if the suspension was
evaporated to near dryness. Rod-like structures of approximately 1pym diameter and
10pum length were formed. In a paper still in press at the moment that the the final
draft of this book was completed, Morss and Williams [94MOR/WIL] reported on
the preparation and characterisation of a more crystalline 22*Am(OH)3(s) than found
by Silva [82SIL]. A precipitate of Am(III) oxalate first calcined to AmOy(s) in air,
was then reduced to AmyOj3(s) under Hy(g) at 800°C and finally hydrated in the
presence of steam at 225°C. Rai et al. [83RAI/STR] reported that an increase of pH
accelerates the transformation rate of Am(OH)s(am) at room temperature.

The destruction of crystallinity by self-irradiation was studied by Haire et al.
[7THAI/LLO]. The rate of this process depended on the specific activity of the iso-
tope used. In pure water, the complete degradation required 1 day with 2**Cm(IIT)
(specific activity 3 x 10> MBq/mg) and 5 months with 2*' Am(ITI) (specific activ-
ity 120 MBq/mg). In the latter case crystal damage was evident already after two
weeks. Unlike the fresh amorphous precipitate, the product of degradation did not
regenerate crystallinity upon heating. A hydrous oxide phase was suggested to form.

The distinction between amorphous and crystalline Am(OH)3(s) may be ambigu-
ous. Rather than a continuous network of polynuclear species, the freshly precipitated
amorphous body of Am(OH)3(s) can be considered an agglomerate of very small crys-
tals too minute to give diffraction lines but visible by electron microscopy (the 1.5
to 2 nm particles seen by Milligan et al. [(8MIL/BEA]). The ageing processes allow
aggregation to larger rods and the appearance of diffraction patterns [82SIL]. The
various studies in the literature cannot describe the dissolution process (V.12) with a
unique solubility constant (c¢f. Table V.4), because of the complex ageing behaviour
of Am(OH)3(s) suspensions. Although americium trihydroxide appears to be formed
in all cases, it is difficult to explain why so different values were obtained. Possible
reasons for the lower values of *K;, reported in Refs. [84BER/KIM, 84KIM/BER]
are that the equilibrium was not attained during the measurements or that a different
phase involving formation of oxo bridges was present. The value found by Stadler and
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Kim [88STA/KIM] is in agreement with that obtained by Silva [82SIL] for crystalline
material, but no characterisation of the final precipitated product was accomplished.
Based on calorimetric measurements of the enthalpy of solution of **Am(OH);(cr)
in 6 M HCI, and on entropy values estimated by analogy with rare earth hydrox-
ides, Morss and Williams [94MOR/WIL] calculated a solubility constant *K, nearly
three orders of magnitude lower than reported by Silva [82SIL]. This may reflect the
different behaviour of well-crystallised and microcrystalline Am(OH)3(s).

The studies of Pazukhin and Kochergin [89PAZ/KOC] and of Pershin and Sapozh-
nikova [90PER/SAP] are discarded by this review for the reasons specified in Ap-
pendix A.

When a single solid phase is in equilibrium with the aqueous solution, the solubility
of Am(OH);3(s) can be expressed as,

[Am] ., = [Arn?’ﬂ + [AmOH“} + [Am(OH);] + [Am(OH)3(aq)]
= K o[HT] 4+ K1 [HT)? + Ko H] + K 3
= Koo ([HY] + 13, [H* 2 + B, [H] + 3,
and therefore,
[Am] ./ Keo = ([HT? + 8, [H]? + 6,[H"] + ;) (V.13)

— ([H*P + *giw[}ﬁ]?
YAmOH2+VH+

2 3
xq0 @ YAm3+ %90 a YAm3+
+ 73— [HY] 4 5 3
Tam(on)F T+ YAm(OH)3(aq) TH+

This implies that solubility curves obtained in the presence of Am(OH)3(s) of dif-
ferent solubility products should be expressed as the same function of [H*] as long
as the same aqueous speciation of americium occurs in the different solutions. In
Figure V.8 the solubility data of americium(III) hydroxide in 0.1 M NaClO, [82SIL,
84BER/KIM, 84KIM/BER, 88STA/KIM] are plotted according to Eq. (V.13), us-
ing the recalculated values of *K taken from Table V.5. It can be seen that all
data points fall on the same curve. Deviation of the data at pH > 8 from Refs.
[84BER/KIM, 84KIM/BER] indicates that either equilibrium is not reached, or there
is a conversion of the solid to a different phase. The solid line in Figure V.8 was
calculated with the selected set of standard equilibrium constants (c¢f. Table I11.2),
extrapolated to 0.1 M NaClO, using the specific ion interaction equations described
in Appendix B, as well as the associated uncertainty.

In principle, all the solubility constants in Table V.5 could be used for the purpose
of thermodynamic calculations. However, this review prefers to evaluate the Gibbs
energy of formation of Am(OH);(cr) from the data of Silva [82SIL]. Only this author
conducted a careful characterisation of the solid phase.

The selected solubility constant for Am(OH)z(cr), ¢f. Table V.5 and Appendix A,
is thus

logyo K 2o(V.12, Am(OH)3, cr, 298.15K) = 15.2+0.6.
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Figure V.8: Solubility measurements of Am(III) hydroxide in 0.1 M NaClOy solu-
tions at 25°C from Refs. [82SIL, 84BER/KIM, 84KIM/BER, 88STA/KIM] plotted
as “log,o[Am],,, —1og;"Kso” vs. —log,o[H"], where for each experimental study the
corresponding value of K ¢ o is taken from Table V.5. The continuous curve represents
the values calculated with the selected set of equilibrium constants (cf. Table I11.2)
extrapolated to 0.1 M NaClO, using the specific ion interaction equations described
in Appendix B, and the dotted curves show the associated uncertainties. The bot-
tom diagram shows the calculated acidity ranges of predominance for each Am(III)
species under the same conditions as described above.
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The value proposed by Morss and Williams [94MOR/WIL], nearly three orders of
magnitude lower than that selected here, was in disagreement with their predictions
based on the relative basicity of actinide and lanthanide hydroxides as a function
of ionic size. For this reason, Morss and Williams [94MOR/WIL| recommended a
working value for log,, *K¢ ; of (14.542), which differs slightly from but is consistent
with the value recommended by this review.

The two studies using a well characterised amorphous americium hydroxide
[83RAI/STR, 85NIT/EDE2]| reported similar solubilities at pH ~ 7. Although there
are some difficulties in interpreting the data by Rai et al. in the full pH range (cf.
Appendix A), this review selects

logyo *K0(V.12, Am(OH)3,am, 298.15K) = 17.0 £ 0.6.

From the solubility constants for Am(OH)s(cr) and Am(OH)z(am), the following
Gibbs energies of formation are derived:

A¢GS (Am(OH)3,am,298.15K) = —(1213.145.9) kJ - mol™*
A¢GS (Am(OH)3,cr, 298.15K) = —(1223.4+5.9) kJ - mol™".

The only experimental data on the enthalpy of formation of Am(OH);(s) has been
reported in the paper by Morss and Williams [94MOR/WIL] still in press at the
moment that the final draft of this book was completed. The authors gave a value
of A¢H? (Am(OH)3, cr,298.15 K) = —(1371.2 4+ 7.9) kJ - mol~!'. Tt has to be stressed
however that this value refers to a solid which may exhibit a degree of crystallinity
different than that of the Am(OH);(s) used by Silva [82SIL] and recommended by
this review.

V.3.2.5. Am(IV) and Am(V) hydrozides

There are very few studies of americium hydroxides of oxidation states higher than
(III). Procedures for the preparation of Am(IV) and Am(V) precipitates in alka-
line solutions with attempts to characterise the corresponding aqueous species were
reported by Penneman, Coleman and Keenan [61PEN/COL], by Cohen [72COH]
and by Tananaev [90TAN]. Kim et al. [85MAG/CAR, 86BUP/MAG, 88KIM/BUC,
88STA /KIM, 88STA /KIM2] measured the solubility of **' Am(OH)3(s) in 3 and 5 M
NaCl. The high dose rates of a-radiation produced the oxidation of Am(III) to
Am(V), as evidenced by spectroscopic techniques. For the reaction

AmO,0H(s) = AmOj + OH~ (V.14)

the value of log,, K59 = —(9.3 £ 0.5) was obtained both in 3 M and 5 M NaCl. In
alkaline solutions, the following equilibrium was assumed

AmO; + OH™ & AmO,0H(aq) (V.15)

for which log, 41 (V.15, 3 M NaCl) = (1.5 £ 0.5) [85MAG/CAR] and log,, 3:(V.15,
5 M NaCl)= (1.7£0.6) [88KIM/BUC, 88STA /KIM| were proposed. However, accord-
ing to these values, very little AmOyOH(aq) should be present in the solutions. This
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review does not accept these values because of the lack of structural characterisation
of the solid and other experimental shortcomings, c¢f. Appendix A.

No data are selected for Am(IV), (V) and (VI) hydroxides. Estimates may be
made by analogy with other actinides.

V.3.2.6. Ternary and quaternary americium ozxides

a) Crystallographic data

Schulz and Penneman [86SCH/PEN] have summarised the crystallographic structures
of the numerous ternary and quaternary oxide phases containing Am(IV), Am(V) and
Am(VI), and Table V.6 has been abstracted from their Table 8.3. Further details
of the preparation and properties of these oxides can be obtained from the original
references quoted by [86SCH/PEN].

b) Thermodynamic data

The only thermodynamic data for the ternary oxides are the enthalpies of formation of
the perovskite-type compounds BaAmOj(cr) and StAmOj(cr), measured by Goudi-
akas et al. [90GOU/HAI]. BaAmOj(cr) was prepared from BaCOj3(s) and AmOs(s) at
temperatures up to 1350 K and its X-ray pattern was indexed as a pseudo-cubic cell
with @ = 4.367x 107'% m, although it probably has a distorted structure. STAmOj3(cr)
was formed from the co-precipitated oxalates at 1100 K, and its X-ray pattern was
indexed as an orthorhombic cell — compare the idealised cubic structures given in
Table V.6. For the calorimetric measurements, the ternary oxides were dissolved in
an aqueous mixture of 1 M HCI and 0.1 M KI. Using auxiliary data consistent with
those used in the present work, Goudiakas et al. [90GOU/HAI] derived the following
values for the enthalpies of formation of the perovskite-type oxides:

AfHS (StTAmOs3, cr,298.15K) = —(1539.0 £4.1) kJ - mol™*
AtH? (BaAmOsg, cr, 298.15 K) = —(1544.6 & 3.4) kJ - mol™!

These values correspond to the following enthalpies of reaction from AmO,(cr) and
MO(er): —(64 £5) kJ - mol™! for M = Ba, and —(16 &+ 5) kJ - mol~! for M = Sr.
The appreciably lower stability of the Sr compound oxide follows similar behaviour
for the analogous perovskite oxides of BaO(s) and SrO(s) with ZrO,(s) and CeOy(s).

V.3.3.  Americium hydrides

No new data have been published since Flotow et al. [84FLO/HAS] reviewed the
phase diagram and thermodynamic data for the Am-H system and our assessment
has utilised some of the data estimated therein.
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Table V.6: Crystallographic data for ternary and quaternary oxide phases (adapted
from [86SCH/PEN, Table 8.3]).

Crystal Space Group and Lattice parameters x10'°/m
Phase Symmetry Structural Type a b c angle
AmGeOy(cr) tetragonal T4, /a 5.04 11.03
AmAIO;(cr) hexagonal R3m, LaAlO; 5.336 12.91
a-Amy(MoOy)3 tetragonal T4, /a 5.24 11.52
B-Amy(MoOy)s orthorhombic 9.095 10.527 10.820
Ams(WOy)s(cr) tetragonal I4,/a
AmVOs3(cr) orthorhombic Pbnm, GdFeOs 5.45 5.58 7.76
AmVOy(cr) tetragonal zircon 7.31 6.42
Amg 33NbO3(cr) pseudo- P4/mm, 3.819 7.835
tetragonal Lag.33TaO3
a-AmNbQOy4 monoclinic 12 5.444 11.25 5.141 [=94.95°
B-AmNbO, tetragonal I4,/a 5.30 11.34
Amg 33TaO3(cr) tetragonal T4, /a 3.889 7.820
AmTaOy(cr) monoclinic 12 5.489 11.21 5.115  [=95.37°
AmNbTiOg(cr) orthorhombic Pnam 5.34  11.00 7.53
AmTaTiOg(cr) orthorhombic Pnam 5.33  10.95 7.49
AmScOs(cr) orthorhombic P6mm, GdFeO3 5.5040  5.785  8.005
AmPaOy(cr) fce Fm3m 5.458
SrAmOj/(cr) cubic perovskite 4.23  (see text)
Sr3 AmQg(cr) cubic BasWOgq
SrAm,Oy(s)®)
BaAmOs3(cr) cubic perovskite 4.356  (see text)
BagAmOg(cr) cubic F43m 8.81
BaAm;O0y(s)®)
Bay AmNbOg(cr) cubic F43m 8.520
BayAmTaOg(cr) cubic F43m 8.518
Bay AmPaOg(cr) cubic F43m 8.793
LiAmO,(s)(®
LipAmO3(s)®)
LisAmOy4(cr) tetragonal LizUOy4 4.459 8.355
LisAmOs(cr) tetragonal I4/m 6.666 4.415
LigAmOg/(cr) hexagonal LigReOg 5.174 14.59
Li; AmOg(cr) hexagonal R3 5.54 15.65
LigAmOg(cr) hexagonal LigPbOg 5.62 15.96
LiAm(MoOy)2(cr) tetragonal 14, /a, 5.20 11.39
LiGd(MOO4)2
Na;AmOs(cr) monoclinic C2/c 592 10.26 11.23  ($=100.12°
NagAmOy(cr) fce Fm3m 4.757
NasAmOs(cr) fce Fm3m 4.70
NagAmOg(cr) hexagonal LigReOg 4.76 16.10
NaAm(MoOy)a(cr) tetragonal scheelite 5.25 11.55
NasAm(MoOy)4(cr) NasLa(WOy4)4 11.515 11.429
Ko AmOy(cr) tetragonal I4/mmm 4.286 13.05

Ky Amy(MoOy)4(s) @
KlOAmQ(MOO4) (S)(a

(a) Structure not known.
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V.3.3.1. The americium-hydrogen system

Olson and Mulford [660LS/MUL] and Roddy [73ROD] have shown that there are two
solid hydrides of americium, AmHy,(cr), with a very wide range of homogeneity from
a hydrogen stoichiometry slightly less than 2 to at least 2.7, and AmH;z(cr). Above
700 K Am(cr, o) begins to dissolve appreciable amounts of hydrogen, as does the fcc
Am(cr, 3) at higher temperatures. In the two studies mentioned, hydrogen pressures
were measured as a function of r = H/Am (r = 0 to 3) and temperature (773 to
1073 K for [660LS/MUL] using >*! Am, and 748 to 1152 K for [T3ROD] using ?*3Am).
In both studies, an invariant diphasic field was found between Am with dissolved
hydrogen and AmH,_,(cr). From H/Am =~ 1.9 to 2.7, the single-phase AmHy,(cr)
is stable. In both these fields, equilibrium was easily established. Above H/Am = 2.7,
AmHj(cr) exists in equilibrium with hydrogen saturated AmHs, ,(cr); the hydrogen
pressures in this region suffer from considerable hysteresis, and no reliable pressures
can be given. Flotow et al. [84FLO/HAS] have presented a schematic phase diagram
based in these results.

V.3.3.2.  Americium dihydride

a) Crystal structure

AmHy,(cr) crystallises in the fcc CaFy fluorite structure, space group Fm3m, with
a lattice parameter which decreases as H/Am increases. The quoted values are

H/Am a x 10'%/m Reference
Lower Phase Boundary 5.349 [660LS/MUL]
1.96 5.344 + 0.0015 [73ROD]
2.34 5.341+ 0.0022 [73ROD]
2.67 5.338 £ 0.004  [660LS/MUL]

b) Thermodynamic properties

The assessed thermodynamic properties for AmHs(cr) are calculated from the hydro-
gen pressures for the diphasic region Am(cr, saturated with hydrogen) + AmH,_,(cr),
which are assumed to apply to the reaction Am(cr)+Hy(g) = AmHy(cr). The uncer-
tainty in the experimental pressures, particularly at low pressures, does not warrant
a more complete analysis.

The experimental pressures for the diphasic region Am(cr) + AmHs_,(cr) mea-
sured by Olson and Mulford [660LS/MUL], using 2! Am, and by Roddy [73ROD]
agree well at temperatures around 1100 K, but the earlier measurements are about
a factor of two higher at 773 K, for an unknown reason. In analysing these data, we
have accepted the values for the standard entropy and heat capacity for AmHsy(cr)
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estimated by Flotow et al. [84FLO/HAS], but rounded them in Joule units:

S° (AmHy, cr, 298.15K) = (48.1+£3.8) J-K ! -mol*
Cpm(AmHy,cr) = (24.844.5x 107*T/K) J- K" - mol™
(298.15 to 1200 K)
Cr n(AmH,, cr,298.15K) = (382425) J- K" mol™'

These give ArSS (AmH,, cr, 950K) = 147.3 J-K~!-mol ™!, as compared to the values
of 137.7 and 156.2 J - K~! - mol ! calculated from the studies by Olson and Mulford
[660LS/MUL] and Roddy [73ROD] respectively.

The enthalpy of formation of AmH,(cr)
AH? (AmHy, cr,298.15K) = —(175.8 +15.0) kJ - mol *
is then derived from the Gibbs energy of formation at 1165 K
A¢GS (AmHy, cr, 1165 K) = —8.340 kJ - mol !

derived from the concordant values (at this temperature) for the equilibrium hydrogen
pressure in the diphasic region obtained from the equations given in the two studies
noted above.

Most of the uncertainty in the enthalpy of formation arises from the uncertainty
of A¢S? (AmH,, cr). The Gibbs energy of formation is calculated from the selected
enthalpy of formation and entropy.

A¢GS (AmHy, cr, 298.15K) = —(135+15) kJ - mol™"

V.5.5.8.  Americium trihydride

a) Crystal structure

AmH; crystallises with a hexagonal structure. Since at close to ambient pressures,
it is only stable at low temperatures, the X-ray patterns are not good enough to
define the complete structure, but it is presumably the same as PuHjz(cr), space
group P63/mmc, AsNas(cr) type. The lattice parameters are a = (3.764 + 0.0044) x
10719 ¢ = (6.763 £ 0.0073) x 10~ °m [73ROD)].

b) Thermodynamic properties

AmHjz(cr) is formed only sluggishly at low temperatures (e.g. > 200 h at 125°C and
0.92 bar), and neither Olson and Mulford [660LS/MUL] nor Roddy [73ROD] could
obtain any equilibrium pressures pertaining to this phase. No reliable thermodynamic
data can therefore be given.
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Table V.7: Literature values of equilibrium constants for the formation of AmF®~"
complexes.

Method Medium t(°C) log10/1 log1002 logi1033 Reference
sol 0.1 M HCIO;, 23 (a) [54FEA]
dis 0.5 M NaClO4 25 3.39£0.01 6.11 £0.03 9.0 [69AZI/LYL]
dis 1 M NaClO, 25 2.93 £ 0.10 [69JON/CHO]
emf 0.1 M NaClO; 2540.5 3.32+0.06 [73MAK /STE]
dis 1 M NaClO, 25 2.93 £ 0.10 [75DEG/CHO]
dis 1 M NaClOg 10 2.39 £ 0.01 [76CHO/UNR]
25 2.49 £ 0.02
40 2.57 £0.02
55 2.71 £0.03
ix 0.1 M NaClO4 25 2.59+£0.01 4.75+0.04 [84NAS/CLE2]

(a) For the reaction: AmFJ + F~ = AmF;(aq), Feay reports log,, K = (3.11 £ 0.07).

V.4. Group 17 (halogen) compounds and complexes

As procedures for the estimation of the enthalpies of formation and standard entropies
for americium halide compounds are used extensively in this review, and since these
estimation procedures are the same for all the halide compounds, data selection for all
the aqueous halide complexes is discussed first in Section V.4.1, while the discussion
of the data selection for all the halide compounds is postponed to Section V.4.2.

V.4.1. Aqueous group 17 (halogen) complezxes
V.4.1.1.  Aqueous Am(III) fluorides

The number of experimental studies on Am(III) complexation with fluoride ions is
relatively limited. They were mainly designed to determine possible correlations with
analogous complexes of 4f elements. The equilibrium constants for the reactions

Am** +nF- = AmFG (V.16)

reported in Table V.7 are considerably larger than for the corresponding aqueous
complexes with chloride ions (¢f. Table V.8). The values reported by Choppin et al. in
Refs. [69JON/CHO, 75DEG/CHO)] are disregarded in this review because they refer
to preliminary work. The reactions (V.16) are characterised by a positive enthalpy
term. These are indications that the AmFg*”) complexes are predominantly inner-
sphere, in contrast to the other Am(III) halide complex species.

Conclusive evidence exists for the formation of the first two fluoride complexes.

Aziz and Lyle [69AZI/LYL] reported equilibrium data for AmF?*, AmFJ and
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AmFj(aq), at I = 0.5 M. A liquid-liquid partition technique was used in the range of
F~ concentration from 1 x 107 to 4 x 1073 M. Nash and Cleveland [84NAS/CLE2)]
found no evidence for the existence of the third complex up to a F~ concentration
of 8 x 1073 M in a 0.1 M perchlorate medium. Ionic strength effects alone cannot
explain the observed difference. Corrections to thermodynamic conditions still yield
very discordant values of 37 and (5. The data of Ref. [69AZI/LYL] are rejected
by this review, because the extraction mechanism of Am(III) species in the organic
phase was not well characterised.

The experimental data of Choppin and Unrein [76CHO/UNR] and Nash and Cleve-
land [84NAS/CLEZ2] are used to calculate the thermodynamic value of logio;. The
first stability constant determined by Makarova, Stepanov and Shestakov
[7T3MAK/STE] is not included in the selected data set because the electromigration
method used does not appear to be sufficiently accurate for quantitative measure-
ments of this type.

Extrapolation to infinite dilution is performed by using estimated values of ion
interaction coefficients (cf. Appendix B, Section B.1.4), obtaining Ae(v.i6,=1) =
—(0.12£0.1) kg - mol ! and Ae(y 16,-2) = —(0.36 = 0.1) kg - mol !, which results in

log,o °(V.16,n = 1,298.15K) = 3.4+ 0.4,

calculated as the unweighted average of the two accepted values [T6CHO/UNR,
84NAS/CLE2].

For the second formation reaction, this review selects the equilibrium constant
proposed by Nash and Cleveland [84NAS/CLE2], obtaining

log B(V.16,n = 2,298.15K) = 5.8+ 0.2,

Contrary to the selection in the IAEA review [92FUG/KHO], no values are recom-
mended for the formation of AmF;(aq) because the only existing data by [54FEA]
and [69AZI/LYL] are rejected by the present review as explained previously and in
Appendix A.

The Gibbs energies of formation calculated using the auxiliary data for Am3* and
F~ are

ArGS (AmF2t aq,298.15K) =  —(899.6 + 5.3) kJ - mol
ArGS (AmFF,aq,298.15K) = —(1194.945.1) kJ - mol ™.

Choppin and Unrein [7T6CHO/UNR] determined A, H,,(V.16,n = 1) = (27.6 +
2.1) kJ - mol™' at I = 1 M. The values determined by Nash and Cleveland
[84NAS/CLE2] at I = 0.1 M are AHyu(V.16,n = 1) = (22.9 + 1.6) kJ - mol
and A Hy,(V.16,n = 2) = (24 £ 5) kJ - mol~!. Although no major shortcomings can
be identified in the experimental procedures of Refs. [T6CHO/UNR, 84NAS/CLE2]
this review does not recommend any enthalpy value because of the uncertainty in the
influence of temperature on activity coefficients.
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V.4.1.2. Aqueous Am(III) chlorine complexes
V.4.1.2.1.  Aqueous Am(III) chlorides

Most of the available data on complex formation of Am(III) with chloride ions were
published in the sixties. Since this time a number of reviews have appeared, but they
are restricted mainly to data compilations. Recent evaluations of literature data are
reported in Refs. [92FUG/KHO, 88CHA /ROB].

Equilibrium data for the complexation reactions
Am** +nCl” & AmCIG (V.17)

are given in Table V.8. The existence of the species AmCI*>t and AmClJ is well
established. Anion exchange measurements in very highly concentrated media indi-
cated the presence of negatively charged species, probably AmCl, [56WAR/WEL,
66MAR]. On the basis of spectrophotometric studies, higher order complexes were
claimed to be stable only in non-aqueous solvents [67TRYA, 70MAR/BOM,
72BAR/KOT]. Marcus and Bomse [TOMAR/BOM)] calculated the stepwise forma-
tion constant of AmCI}  both in propylene carbonate and in acetonitrile-succino-
nitrile mixtures. However, these are constants for non-aqueous media and therefore
of limited use in this review.

The Am(IIT) chloride complexes are so weak that relatively high concentrations
of complexing ligand are required to get a measurable variation of the intensive
properties monitored throughout the experiments. The ratio of water to salt in
concentrated media is far lower than in dilute solutions. Under these circum-
stances, the replacement of a water molecule in the inner coordination sphere of
the metal ion by a chloride ion should be enhanced. According to Marcus and
Shiloh [69MAR/SHI], outer-sphere interactions have very little effect on the absorp-
tion bands in the Am(III)/chloride system. On this basis, the spectral changes ob-
served at high ligand concentrations were ascribed to the presence of inner-sphere
complexes [64SHI/MAR, 69MAR/SHI, 69BAR/MIK]. However, because of the ex-
tensive change of ionic strength, it is difficult to distinguish unambiguously between
complexation effects and activity effects. This consideration applies also to the NMR
investigation by Vdovenko, Kolokl’tsov and Stebunov [66VDO/KOL] and Vdovenko
and Stebunov [69VDO/STE], to the solubility study of Marcus [67TMAR] and to the
electrophoresis measurements of Marin [(9MAR2].

The temperatures at which the experiments were carried out vary between 20° and
30°C, cf. Table V.8. No enthalpy measurements are available to correct log;o3; to
25°C. However, by analogy with EuCI** [63CHO/UNR], the temperature dependence
of logyo/3; is expected to be negligible within the investigated range. The conversion
to molality units is not straightforward because of the continuous variation of the
ionic media at fixed ionic strength. For example, the numerical value of molality in
the 4 M Na(ClO,4,Cl) medium used by Sekine [64SEK, 65SEK] changes from 4.95 m
in the absence of complexing ligands to 4.37 m in the NaCl solution. Moreover, the
concentration dependence of interaction coefficients cannot be neglected at such high
ionic strengths. Therefore, no data from experiments at I = 3 M [82FUK/KAW,
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Table V.8: Literature values of equilibrium constants for the reaction
Am*t +nCl- = AmCIE™,

Method Medium t(°C) log1051 log1032 Reference
ix 0.206 M HC1 0.35 [56WAR/WEL]
ix 0.5 M HCI ! 0.24
ix 4 M H(CIO.Cl) 20 —0.16+£0.02  —0.74+0.1 [62GRE]
dis 1 M H(ClIOLC) 22 +1 ~0.05 £ 0.1 [62PEP/MAS]
ix 1 M H(CIO,,Cl) 26+ 1 —0.05 + 0.05 [64BAN/PAT]
ix 1 M Na(ClO4,Cl) 26 £ 1 0.15 £ 0.03
dis 4 M Na(ClO,,Cl) 25 —0.15 £ 0.07 —0.69 + 0.10  [64SEK,
65SEK]
prx  LiCl, var ? 0.032 ~0.97 [66VDO/KOL]
sol 0 25+ 1 —0.45 + 0.04®) [67TMAR]
and 40 + 1
sp (H,Li)Cl, var 25 + 1 ~1.99 + 0.05 [69BAR/MIK]
em  HCI var 15 1.0 0.34 [69MAR2]
sp LiCl, var ? —292 401 —4.70 £ 0.06 [64SHI/MAR,
69MAR /SHI]
prx LiCl, var ? 0.26 + 0.12 —0.05 £ 0.29  [69VDO/STE]
dis 1 M H(Cl04,Cl) 30+0.1 —0.1440.02 —0.52+0.04 [7TIKHO/NAR|]
1 M Li(C10,,Cl) —0.25+0.02
1 M Na(ClOy4,Cl) 0.02 £ 0.02 —0.37 £ 0.05
1 M NH4(ClOy4,Cl) 0.12+0.02 0.03 £+ 0.02
dis 3 M (Li,H)(C104,Cl) 20 —0.26+£0.02 —0.66+0.04  [82FUK/KAW,
85SAT/MIT)]

(a)

This constant refers to the solubility process AmCls - 2H,0(s) = AmCIS + C1~ + z H,O(1).

85SAT/MIT] and at I =4 M [62GRE, 64SEK, 65SEK] are used in the present anal-
ysis. For the remaining data, the plot of (logio3; + 6D) according to the specific ion
interaction theory shows no obvious trend with ionic strength. Although a medium
effect on stability constants was sometimes observed [64BAN/PAT, 71IKHO/NAR],
these differences are smaller than the scatter in the data obtained in H* or Na™
containing media. This set of data [S6WAR/WEL, 62PEP/MAS, 64BAN/PAT,
7T1IKHO/NAR] is used to calculate log;o/37. Extrapolation to infinite dilution with a
weighted linear regression procedure is inappropriate. This review corrects the data
at different ionic strengths using an estimated value of Ac. By combining experi-
mental and estimated interaction coefficients (¢f. Appendix B), this review obtains
Ae = —(0.22 £ 0.1) kg - mol~! and —(0.13 & 0.1) kg - mol~! for the H(C1O,,Cl) and
the Na(ClO4,Cl) media, respectively. The uncertainty is increased to +0.1 because
of the approximation concerning s ncp+ cio;)- The derived set of thermodynamic
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values for Reaction V.17 appears to belong to the same parent distribution. Thus,
the weighted average is accepted:

logyo °(V.17,n =1,298.15K) = 1.05 = 0.06.

The recommended value of the standard Gibbs energy of formation is calculated
to be

ArGS (AmCI*Y aq,298.15K) = —(735.9 4 4.8) kJ - mol ™",

No values for log,, 35 are selected. The interpretation of the solvent extraction mea-
surements made by Khopkar and Narayanankutty [71IKHO/NAR] cannot be taken as
definitive (cf. Appendix A). Although Grenthe [62GRE] and Sekine [64SEK, 65SEK]
found evidence for the formation of very weak AmCIJ species, this review prefers not
to use the reported values of log,, 32, because their correction to I = 0 from a mixed
ionic medium of high ionic strength is not sufficiently accurate.

V.4.1.2.2.  Aqueous Am(III) perchlorates

Stability constant data are available for perchlorate complexes of Am(III) only. Sol-
vent extraction measurements apparently indicated that weak AmClO2™" species form
below 2 M ClOj, with equilibrium constants ; = (0.86+0.06) at ionic strength 2 M
fixed with HBF, [72BAI/CHO], and 3} = (4 + 0.9) as estimated by Lebedev and
Mazur in NaClO4 media of variable concentrations [81LEB/MAZ]. Celeda, Holub
and Smirous [T4CEL/HOL] found no significant effect of C10, on electromigration
velocity measurements.

The formation of the aqueous outer-sphere complex Am(Cl0O,); was reported in
the presence of excess perchlorate ions up to 8 m [81LEB/MAZ]. The reported ther-
modynamic constant at 25°C is 43 = (2.0 £ 0.1). The positive enthalpy and entropy
values derived from experiments in the temperature range 25 to 55°C would suggest,
however, that the perchlorate complexes are predominantly inner-sphere.

The large change of ionic strength necessary to investigate complex formation
makes the extrapolation to infinite dilution extremely susceptible to error. Thus,
no clear distinction can be made between very weak complexation effects and large
variations of activity coefficients. Because of these considerations, this review does
not recommend equilibrium constants for any of the americium perchlorates.

V.4.1.3.  Aqueous Am(III) bromides and iodides

Only a few studies addressed complex formation of Am(IIT) with bromide and iodide
ions. Shiloh et al. [64SHI/MAR, 69SHI/GIV] showed by spectrophotometry the
formation of the first two halide complexes in highly concentrated solutions. The
equilibrium constant for the formation of the inner-sphere complex AmBr?* was
reported to be logjpf = —(3.3 £ 0.1). As discussed in Appendix A, it is difficult
to distinguish between complexation and activity effects in such concentrated media
([LiBr] > 8.7 M). Fukusawa et al. [82FUK/KAW] and Sato et al. [85SAT/MIT]
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reported log;, #1 = —(0.52 + 0.04) and log,, 2 = —(0.55 £ 0.03) for the bromide
complexes of americium(III) in 3 M Li(ClO4,Br) at 220°C. Extrapolation to I = 0
is hampered by the variation of the anionic composition of the medium during the
experiments. Therefore, no values are selected.

V.4.1.4. Higher oxidation states of americium

No thermodynamic data are available on the formation of Am(IV), (V) and (VI)
halide complexes.

High concentrations of fluorides ions were found to stabilise Am(IV) in aqueous
solutions [61ASP/PEN, 7T3VAR/BAY]. The close correspondence between the ab-
sorption spectrum of these soluble Am species and that of solid AmF, suggests the
existence of AmF,(aq). Similar observations were made for Am(VI) [82KEL]. How-
ever, no thermodynamic data are available.

Dioxoamericium(V) was found to be present in 3 M and 5 M NaCl solutions be-
cause of radiolytic oxidation of Am(III), but no complex formation was observed
[85MAG /CAR, 88STA/KIM]. The outer-sphere complex between AmO3* and Br~
was postulated to be an intermediate in the reduction process of Am(VI) to Am(V)
by bromide ions [77COO/WOO)]. However, no equilibrium data were reported.

V.4.2.  Americium halide compounds
V.4.2.1. Introduction

There are rather few experimental studies from which accurate thermodynamic data
for americium halides can be derived:

1. The enthalpy of solution of AmCls(cr)  [63FUG/CUN]
2. The vapour pressure of AmFj3(cr)  [55CAR/CUN]

3. The equilibrium AmOC]I(cr)+2 HCI(g) = AmCl;(cr)+H,0(g) [54KOC/CUN,
76WEI/WIS]

4. The equilibrium AmOBr(cr)+2 HBr(g) = AmBr3(cr)+HsO(g) [82WEI/WIS]

However, because of the systematic trends in the thermodynamic behaviour of the
actinide elements, reliable values of both the enthalpy of formation and the en-
tropy of many americium halides have been developed, particularly by Fuger et al.
[83FUG/PAR] in the most recent review of the thermochemistry of the actinide ha-
lides. Since very little thermodynamic information on americium halides has been
published since that review, the present values are derived predominantly from this
work, with some amplification of the high-temperature properties, and consideration
of some additional compounds.

Since the procedures [83FUG/PAR] for the estimation of the enthalpies of forma-
tion and standard entropies of the halides are the same for all the halides, the details
and relevant data used are given here, and only the derived values given in the later
text.
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Table V.9: Data used to estimate A;H2 (AmX3, cr, 298.15K). Values are in kJ-mol ™"
and refer to 298.15 K.

M=U M = Np M = Pu Reference
r(M3+) /(10719 m) 1.025 1.010 1.000 [T6SHA]
A¢H? (M aq) —489.1+38 —527.2+2.1 —592.0+2.1 [76FUG/OET]
AfHZ (MF3, cr) —1502.1 £ 5.0 —1585.7+ 3.0 [83FUG/PAR]
ArHS (MCls, cr) —866.0 £+ 3.8 -959.8 £ 1.7 [83FUG/PAR]
A¢rH? (MBrs, cr) —-698.7+4.2 -730.5+21 —7929+2.1 [83FUG/PAR]
ArHZ (MI;, cr) —-4674+4.2 -513.0+21 —-579.9+2.5 [83FUG/PAR]

V.4.2.1.1. FEstimation of enthalpies of formation

Consideration of thermodynamic data for the actinide halides shows that plots of the
enthalpy difference (AfHg, (MX3,cr,298.15 K) — A¢HZ (M?*, aq,298.15K)) (where
M = U, Np, Pu and X = F, Cl, Br, I), as a function of the ionic radius of the
M3+ ion, are very close to linear — see for example Figure 2 in the earlier re-
view by Fuger [82FUG]. It is therefore assumed that this linear function can be
extended to include americium. This assumption can be tested for AmCl;(cr),
for which a reliable enthalpy of formation is available. The estimated value is
A¢HZ (AmCl3, cr, 298.15K) = —(975+7) kJ-mol ™!, as compared with the experimen-
tal value (see Section V.4.2.3.2) of —(977.8 £ 1.3) kJ - mol~!. The values estimated
in the text are therefore judged to be quite reliable within rather conservative error
limits based on the combined uncertainties of the data used in the estimation proce-
dure. These data are summarised in Table V.9. Table V.10 summarizes the values
used to estimate A¢H: (AmFy, cr,298.15 K) by similar procedures but using values
for thorium in place of neptunium and dioxides as well as the aqueous ions. It may
be noted that some of the values in Tables V.9 and V.10 for the Np and Pu species
will not be identical with those to be selected in forthcoming NEA reviews, since
the latter volumes are not finalized at this time. However the differences will not be
large, and the effect on the estimated values for the Am species will be within the
estimated uncertainties.

The values for the corresponding quantities of the americium species used in the
estimations are: 7(Am3%) = 0.975 x 107"%m, r(Am**) = 0.850 x 107'"m [76SHA]
and the following enthalpies of formation derived in this work:

AfH® (Am3* aq,298.15K) = —(616.7 + 1.5) kJ - mol~!
A¢H? (Am**, aq, 298.15 K) —(406+6) kJ - mol ™!
AHS (AmO,, cr,298.15K) = —(932.2+3.0) kJ - mol ",
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Table V.10: Data used to estimate A;HS (AmFy, cr, 298.15K). Values are in kJ-mol™"
and refer to 298.15 K.

M =Th M=U M = Pu Reference
r(M41) /(10710 m) 0.94 0.89 0.86 [T6SHA]
A¢HS (M aq) —769.0 £ 2.5 —-591.2+3.3 —536.4+3.3 [T6FUG/OET]
AfHS (MFy, cr) —2097.9+84 —1914.2+4.2 —18/6 +21 () [83FUG/PAR]
A¢H? (MOg, cr) -1226.4+3.5 -1085.0+1.0 —1055.8+1.0 [89COX/WAG,
82GLU/GUR]

(a) This value is itself an estimate.

V.4.2.1.2. FEstimation of standard entropies

There are no measured values of the entropies of any americium halide. These values
are therefore all estimated, following [83FUG/PAR]| and earlier workers, from the
values for the halides of the other actinide elements, often by relating the difference
in entropy to the number of unpaired electrons, assuming a spin-only contribution to
the entropy.

V.4.2.2.  Americium fluoride compounds

The trifluoride and tetrafluoride of americium and the six-valent AmOyF5(cr) are
well established compounds, and there is considerable evidence that the hexafluoride
AmFg(cr) can be formed under strongly fluorinating conditions.

There are a number of complex fluorides containing three-, four- and five-valent
americium, whose structures and methods of preparation have been summarised by
Schulz and Penneman [86SCH/PEN]. Since there are no thermodynamic data for
these ternary compounds, they are not considered further in this review.

V.4.2.2.1.  Americium trifluoride
a) Crystal structure

Americium trifluoride has the hexagonal LaF3(cr) type crystal structure, the type in
which all the earlier actinide and many lanthanide trifluorides crystallise. This struc-
ture was discussed in detail by Taylor [76TAY]. The real structure is a distortion
of the idealised fully-capped trigonal prism, with two molecules per unit cell, space
group P63/mmc. Subsequent work, discussed by Taylor [7T6TAY], indicates that the
true cell contains six molecules; however, it is still not clear whether the space group
is P3cl or P63cm, corresponding to slightly different distortions or the smaller cell.
The refinement of the neutron diffraction data gives the same R-factors for each
structure. The lattice parameters given by Asprey, Keenan and Kruse [65ASP/KEE]
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have thus been converted to this larger cell (by multiplying the a parameter by /3),
a = (7.044 £ 0.002) x 1012, ¢ = (7.225 £ 0.002) x 10~1° m.

b) Enthalpy of formation and entropy

A value for the standard enthalpy of formation of americium trifluoride was estimated
by Fuger et al. [83FUG/PAR] by the procedure noted in Section V.4.2.1.1 to be:

A¢HS (AmF3, cr,298.15K) = —(1588 4 13) kJ - mol ..

This value is preferred to that of —1605 kJ - mol™! estimated by Morss [86MOR]
by a slightly different procedure from the systematics of the lanthanide as well as
the actinide trihalides. However, as noted by Morss, the correlations involving the
enthalpies of solution of the trihalides are rather irregular for the elements Nd to Eu,
(which have similar molar volumes to AmF3), whereas the correlation of Fuger et al.
[83FUG/PAR/, involving actinides only, gives excellent predictions in all cases (for
NpXj(cr) as well as AmX3(cr)) where it has been tested.
The standard entropy is estimated (see Section V.4.2.1) to be:

S° (AmF3,cr,298.15K) = (127.6+5.0) J- K ' -mol ..

This value is very close to that estimated by assuming the entropy of formation
of AmFj(cr) is the same as that of PuFs(cr) (ApSS, = —232.57J - K= - mol™!
[83FUG/PAR]), namely 127.1 J- K=" - mol™".

The Gibbs energy of formation is calculated from the selected enthalpy formation
and entropy.

ArGS (AmF3, cr, 298.15K) = —(1518.8413.1) kJ - mol .

c¢) Vapour pressure

Carniglia and Cunningham [55CAR/CUN] measured the vapour pressure of am-
ericium trifluoride from 1126 to 1469 K by the effusion method, using tantalum
cells, and target collection of the effusate. The mass of effusate was calculated
from the a-radiometric assay of the targets using the half-life of 2! Am given by
Hollander, Perlman and Seaborg [53HOL/PER]. These authors in fact gave values
of 470 and 475 y for the half-life of 2! Am, so it is assumed that Carniglia and
Cunningham [55CAR/CUN] used a value of 472.5 y. However, the preferred value
today is (432.7 + 0.5) y, [86VAN, p.127], so all the pressures of AmF;(g) given by
[55CAR/CUN] are reduced by a factor of (432.7/472.5) = 0.916.

In one series of experiments, twin effusion cells were used to compare the vapour
pressures of PuF3(cr) and AmF3(cr). The measured pressures of PuF;(cr) were close
to those determined by Phipps et al. [J0PHI/SEA], which agree with currently ac-
cepted values [83FUG/PAR], indicating that the general calibration of the measuring
system was not seriously in error.

It should be noted that despite the great care taken to exclude oxygen from the ap-
paratus, the samples of PuF3(cr) after the effusion experiments were invariably found
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to contain some oxyfluoride; however, Carniglia and Cunningham [55CAR/CUN]
noted that this was unlikely to affect the vapour pressure measurements appreciably.
The experimental values for the vaporisation of AmFj3(cr) for the assumed process

AmFj(cr) = AmF;(g) (V.18)
can be fitted by the linear expression between 1140 and 1469 K to
log,op(bar) = —20813/T + 9.071,
giving
AGS (V18,1140 to 1469 K) = (398462 — 173.663 T) J - mol '.

The experimental point at the lowest temperature (1126 K) deviates noticeably
from this and has been omitted from the fitting.

Carniglia and Cunningham [55CAR/CUN] noted that the derived entropy of sub-
limation is consistent with the monomeric sublimation assumed, rather than a more
complicated vaporisation process, though small amounts of dimer molecules could be
present in the vapour.

The entropy of sublimation for the corresponding vaporisation of UF3(cr) at 1300 K,
the mean temperature of the measurements, calculated from the thermal functions
given by Glushko et al. [82GLU/GUR], is 191.0 J - K~! - mol~!. However, it would
be expected that the entropy of AmF3(g) would be appreciably smaller than that
of UF3(g) owing to smaller electronic contributions, so this is consistent with the
entropy of vaporisation obtained from the study by Carniglia and Cunningham. In
order to correct the measurements of Carniglia and Cunningham [55CAR/CUN] to
room temperature, it is therefore assumed that the enthalpy and entropy corrections
to 298.15 K are the same as those for the vaporisation of UF;3(cr) [82GLU/GURJ:

AHS (V18,1300 K) — A H2(V.18,298.15K) = —22.65 kJ - mol*
A.S2 (V18,1300 K) — A,S2,(V.18,298.15K) = —32.94 J-K™'-mol™".

The values for the sublimation of AmFj3(cr) to AmF3(g) at 298.15 K are thus

AH?(V.18,298.15K) = (421.1+7.0) kJ - mol™!
A,S2(V.18,298.15K) = (206.6+10.0) J - K~*-mol ..

The derived enthalpy of formation and entropy are:

AfHS (AmFs, g,298.15K) = —(1167+15) kJ - mol !
5o (AmFs3,g,298.15K) =  (334+11) J- K- mol !

The latter value is consistent with a gaseous molecule with similar molecular parame-
ters as those of UF3(g) [82GLU/GUR] , but with a smaller electronic contribution to
the entropy. The standard entropies at 298.15 K (for 1 bar standard state pressure)
for UF3(g) and PuF3(g) are 347.4 J- K~' - mol™! [82GLU/GUR, 85HIL/GUR] and
336.2 J- K=!' - mol~! [85HIL/GURJ, respectively.
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The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

ArG? (AmF3,g,298.15 K) = —(1159.3 4+ 15.1) kJ - mol !

d) Melting point

Burnett [66BUR] reported the melting point of a sample of AmFj;(cr), prepared
by reacting the hydrate of AmF3 precipitated from concentrated HF solution with
NH, - HF5 at 400 K, to be (1666 + 20) K, when supported on a molybdenum holder
in a graphite furnace.

e) Solubility in aqueous solutions

The solubility product obtained with the selected value of A¢Gy, (AmFj, cr, 298.15 K)
is

AmFs3(cr) = Am*T +3F logyg Ks0(298.15K) = —13.3 £ 2.5

As discussed above, this value is derived from the estimated values of the selected
enthalpy of formation and the entropy of the solid phase. The americium solubilities
calculated with this selected value for K, are orders of magnitude higher than the
americium concentrations reported by Feay [54FEA] and by Nash and Cleveland
[84NAS/CLE2] for fluoride solutions having [ClO,] ~ 0.1 M. However, it is not
certain that these solutions were indeed in equilibrium with crystalline americium
trifluoride rather than an amorphous (or even hydrated) trifluoride (¢f. Appendix A).
Therefore the selection made by this review can not be confirmed with solubility data.

V.4.2.2.2.  Americium tetrafluoride
a) Crystal structure

Americium tetrafluoride has the monoclinic UF, type crystal structure, space group
C2/c, a=12.538 x 1079 m, b = 10.516 x 107" m, ¢ = 8.204 x 107" m, 3 = 126.18°
[T3ASP/HAT].

b) Thermodynamic data

The standard enthalpy of formation of AmF4(cr) has been estimated by two (related)
correlations: Fuger and Parker [83FUG/PAR] used the same procedure as used for
the trihalides, namely correlating A¢Hy, (MFy, cr) — A¢H (M*F, aq) with the atomic
radius of the metal ion, for M = Th, U, Pu, which, with the values noted in the
introduction, Section V.4.2.1.1, gives a value of —(1720 + 25) kJ - mol~! for the
enthalpy of formation of AmF,(cr). The extrapolation is less satisfactory in this
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case, since A¢H2 (Am** aq,298.15 K) is not experimentally well defined. A related
correlation is to plot AfH? (MFy4, cr) — A¢H; (MO, cr) also against the ionic radius
of the M** ion, which gives a value of —(17054 15) kJ-mol~!. The selected value is

ArHS (AmFy, cr,298.15K) = —(1710 £ 21) kJ - mol ™!,

which is consistent with the semi-quantitative decomposition measurements discussed
below.

The value of the standard entropy estimated by Fuger et al. [83FUG/PAR] by the
procedure noted in Section V.4.2.1,

S2 (AmFy, cr,298.15K) = (148.54+5.0) J- K" -mol™,

is essentially identical to that estimated by assuming the entropy of formation of
AmF, is the same as that of PuF,(—312.7 J - K™' - mol™') [83FUG/PAR], namely
148.2 J- K- mol .

The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

A¢GS (AmFy, cr,298.15K) = —(1617 +20) kJ - mol *

¢) Vapour pressure

Chudinov and Choporov [7T0CHU/CHO| measured the vapour pressure of AmF,(cr)
by the effusion method from a nickel cell. However, their AmF,(cr) was prepared
in situ by the reaction of Fy(g) with AmOy(cr) at a pressure of < 1 atm for 4 days
at 673 K. This reaction is known to give AmF,(cr) [54ASP] in agreement with the
relevant thermodynamic data. The results from a first run in the apparatus gave
pressures which above 800 K were lower than expected from the normal extrapola-
tion from lower temperatures. After a further fluorination, however, the total vapour
pressure gave a satisfactorily linear relation between logiop and 1/ T up to ~925 K.
Above this temperature, the vapour decreased with increasing temperature, indicat-
ing decomposition (or reaction) of the AmF,(cr). AmF,(cr) is indeed now known
to start to dissociate appreciably at about this temperature, as discussed more fully
below.
Their [T0CHU/CHO)] equation for the vapour pressure under these conditions is

log,gp(bar) = —11911/T + 6.564, from 729 to 908 K
corresponding to the Gibbs energy of sublimation of
Agub G2 (V.19, 729 to 908 K) = (228000 — 125.7 T) J - mol *
for the assumed process
AmF (cr) = AmF,(g). (V.19)

There are no reliable thermal functions for either AmF,(cr) or AmF,(g) with which
the entropy of sublimation of ~ 126 J - K~! - mol™" can be compared, but A,,S for
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the corresponding reaction involving uranium (which is certainly predominantly a
simple evaporation) is about 192 J-K~!-mol™!, using the thermal functions given by
Fuger et al. [83FUG/PAR] for UF4(cr) and Glushko et al. [82GLU/GUR] for UF(g)
(Cyy symmetry). It is unlikely that the entropy of vaporisation of AmF,(cr) would
differ by more than 20 J-K~!-mol™! from this value, so it may be that the reaction
measured by Chudinov and Choporov [T0CHU/CHO] was more complicated than the
simple vaporisation to AmF(g).
In fact, the reaction

3AmF,(cr) + AmOs(cr) = 4 AmF;(cr) + Oq(g)

considered by Chudinov and Choporov [TOCHU/CHO)] to account for the decompo-
sition above 950 K is thermodynamically favourable even at low temperatures, so
could have led to some reduction in the vapour pressure of AmF,(cr), particularly
on the first run, when some unreacted AmOs(cr) could have been present. Moreover,
Gibson and Haire [88GIB/HAI] suggested that nickel cells react with the fluorine
evolved from AmF,(cr), equivalent to the reduction of AmFy(cr) by Ni(cr), which is
of course thermodynamically favourable at all temperatures. Thus nickel could lose
its passivity at these temperatures, perhaps by reaction of the nickel fluoride film
with AmF3(cr) or AmF(cr).

Since the properties of AmF,(g) are of minimal importance for the present pur-
poses, this species is not considered further in this compilation.

d) Decomposition of AmFy

The suggestion of Chudinov and Choporov [T0CHU/CHO] that AmF4(cr) loses flu-
orine at temperatures above ~ 1000 K according to the reaction

2 AmFy(cr) = 2AmF;3(cr) 4+ Fo(g),

has recently been confirmed semi-quantitatively by Gibson and Haire [88GIB/HAI].
These authors heated ~ 5mg of AmF4(cr) in a (leaking) LaFj(cr) effusion cell in
a tantalum furnace leading to a quadrupole mass-spectrometer. Fluorine gas was
identified in the vapour, even at the lowest temperature of the study (~ 850 K). On
heating to ~ 1000 K the Fy(g) signal disappeared. The mass-spectrometer employed
could not detect species with mass numbers as high as those for americium fluorides.
AmFj(cr) (identified by X-ray diffraction) was found to be present in the Knudsen
cell after the experiments, in an amount approximately equal to the starting amount.

From the details of the experiments, in which all the AmF,(cr) was converted into
AmFj(cr) in a few minutes at 1000 K, it is estimated that the pressure of Fy(g) in
their (leaking) effusion cell was 3 x 107° to 5 x 107> bar; the p(F5) calculated from
the selected data at 298.15 K, extrapolated to 1000 K without any C) , correction is
5 x 107° bar.

In their experiments, Chudinov and Choporov [T0CHU/CHO)] used a larger sample
of AmF(cr), and an appreciably smaller effusion orifice, so they would have converted
only part of their sample to AmF3(cr), leading to a lower pressure of AmF,(g) (due
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to lack of saturation in the Knudsen cell), but not to complete decomposition to
americium trifluoride, as in the experiments of Gibson and Haire [88GIB/HAI].

If the study of Chudinov and Choporov [7T0CHU/CHO)] represents, even approx-
imately, the vapour pressure of AmF4(cr), the Fo/AmF, ratio in the vapour over
AmFj(cr) + AmFy(cr) is about 10, suggesting that AmF,(cr) certainly vaporizes
mainly by decomposition.

Jouniaux [79JOU] has studied the vaporisation and redeposition of americium flu-
orides in gaseous fluorine in a nickel tube with a temperature gradient at pp,) =1
and 5 bar. The volatilization was assumed to occur via the tetrafluoride. They report
enthalpies of adsorption of 251 and 349 kJ - mol~! at the two pressures, but it is far
from clear to which precise process or processes these values refer.

V.4.2.2.3.  Americium pentafluoride

Fargeas et al. [86FAR/FRE] have studied the vaporisation of americium compounds
in atmospheres of HF (g), Fo(g) (both of these with and without O4(g)) and BF3+F,
gases, followed by deposition in a tube with a temperature gradient running from 1073
to 123 K. The position of deposition of any volatile compounds along the temperature
gradient tube was identified radiometrically. Fargeas et al. [86FAR/FRE] noted that
the position (and thus temperature) of deposition is strongly correlated with the
type of volatile species (MF5, MOyF,, etc.), depending little on the metal M. From
their experiments, they suggest that americium is deposited as both AmFj;(s) and
AmFg(s). More definitive identification of the formation of AmF5(g) would be very
welcome.

V.4.2.2./. Americium hexafluoride

Drobichevski et al. [SODRO/PRU] suggested that AmFg can be formed in both the
condensed and gaseous states by the reaction of KrFy; with AmF; in anhydrous HF
at 313 to 333 K. They were not able to isolate any pure americium fluoride from
this reaction, but found that ?*'Am, identified by its y-spectrum, was present in
the vapour, that when the solvent was evaporated, a dark brown solid vaporised to
give a vapour with a symmetric infra-red active absorption peak at (604 + 3) cm ™!
(the similar peaks of UFg(s) and PuFg(s) lie at 624 and 615 cm ™!, respectively), and
that on hydrolysis this solid yielded AmO32" in solution, all of which, they suggest,
indicates that a volatile higher americium fluoride, probably AmFg, can be formed
under strongly fluorinating conditions. The temperature gradient experiments of Far-
geas et al. [S6FAR/FRE], which also suggest that 0.04% AmFg(g) can be formed in
an atmosphere of BF3(g) + Fy(g), have been discussed in Section V.4.2.2.3. However
more recently Gibson and Haire [92GIB/HAI] were unable to detect the formation
of a volatile americium fluoride either by mass-spectrometric or radiometric analysis
when AmOs(cr), AmF,(cr) or Am(cr) were heated in fluorinating agents such as
Fy(g), Fa(g) + BFs(g) and ClIF;(g) + BFs(g).
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Drobichevski et al. [S0ODRO/PRU] have estimated the enthalpy of the reaction
AmF,(cr) + Fo(g) = AmFg(g)

at 298.15 K to be +(67+21) kJ-mol~!, by analogy with ruthenium, and Gibson and
Haire [92GIB/HAI] give the same estimated value, without an uncertainty. This is
probably not a totally independent estimate, since [92GIB/HAI] merely refer to the
methods used by [80DRO/PRU] and [86MOR] in describing their own assessment
procedure. With this enthalpy of reaction, the fraction of AmFg4(g) in equilibrium
with AmF,(cr) and Fy(g) at 1 bar would be 107'% to 1078 at 300 to 400 K, but
would, of course, be higher in more strongly fluorinating atmospheres. The balance
of evidence probably points to AmFg(g) being formed, at least transiently, in such
atmospheres. A repetition of the experiments of [SODRO/PRU], but using 2*3Am,
with its lower irradiation flux, would be valuable.

V.4.2.2.5.  Dioxzoamericium(VI) fluoride

Dioxoamericium(VI) fluoride, AmOyFy(cr), was characterised by Keenan [68KEE].
It is formed by the action of an HF/Fy mixture on sodium americyl(VI) acetate,
initially at liquid Ny temperature, but finally at room temperature. X-ray patterns
of the product after evaporation of the solvent indicated the presence of a phase with
a hexagonal structure, space group R3m, UO,F, type, with a = 4.136 x 10 !* m,
¢ =15.85 x 107!% m, isostructural with the other actinide(VI) oxyfluorides.

No further information is available on this compound.

V.4.2.2.6. Ternary fluorides
a) Li and Na compounds

Penneman et al. [(7TPEN/KEE] have prepared the compounds LiF - AmF,(cr) and
7NaF -6AmF4(cr) by heating chlorides with the appropriate cation ratio in elemental
fluorine at 350°C for ~ 16 h. The structures and lattice parameters of these phases
are:

e LiAmFj5(cr), tetragonal, LiUFs-type, space group 14;/a, a = (14.63 £ 0.02) x
10719 m, ¢ = (6.449 £ 0.005) x 10710 m,

e Na;AmgF3;(cr), hexagonal, Na;ZrgF3;-type [68BUR/ELL], space group R3 a =
(14.48 £ 0.02) x 10719 m, ¢ = (9.665 % 0.003) x 1010 m.

b) Rb compounds

Kruse and Asprey [62KRU/ASP] have prepared the Am(IV) complex fluoride
RbyAmFg(cr) by treating Am(IV) hydroxide or Am(V) carbonates with concen-
trated RbF — HF solutions. Orange pink crystals of RboAmFg(cr) were found to
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have an orthorhombic cell with lattice parameters a = (6.98 + 0.02) x 107'% m,
b= (12.0940.02) x 107" m, ¢ = (7.56 4+ 0.02) x 107'° m.

The corresponding Na and K compounds of U and Th have hexagonal symmetry,
but the larger Rb* ion causes a slight distortion to the overall orthorhombic symme-
try, but the distorting influence is so weak that the crystals tend to revert to higher
symmetry by twinning.

V.4.2.3.  Americium chlorides

Americium is the first actinide element for which common truly divalent compounds
are stable, and both the dichloride and the trichloride of americium, as well as the
trivalent oxychloride AmOCI(cr), have been well characterised.

V.4.2.3.1.  Americium dichloride
a) Crystal structure

Americium dichloride, prepared (together with AmCl;(cr)) by the reaction of amer-
icium metal with HgCly(s) has the orthorhombic PbCly(cr) type crystal structure,
space group Pnma, a = 8.963 x 10719 m, b = 7.573 x 107 m, ¢ = 4.532 x 107!% m,
Baybarz [7T3BAY].

b) Enthalpy of formation

Morss [86MOR] estimated the enthalpy of formation of AmCly(cr) to be —654 kJ -
mol~!, with an unknown uncertainty, based on the assumption that the hypothetical
enthalpy of solution is similar to that of SmCly(cr), the lanthanide dichloride with the
same ionic radius of the cation as americium in americium dichloride. However, since
this involves the highly uncertain value of the enthalpy of formation of Am?*(aq),
the most that can probably be said of the enthalpy of formation of AmCl, is that it
is likely to be more negative than 2A¢H? (AmCl3, cr)/3, namely —652 kJ - mol™".

V.4.2.8.2.  Americium trichloride

a) Crystal structure

Americium trichloride has the hexagonal UCl;(cr) type crystal structure, space group
P63/m, a = 7.382 x 1071 m, ¢ = 4.214 x 107'% m, as determined from single crystal
X-ray diffraction data by Burns and Peterson [TOBUR/PET]. This is the structural
type in which all the known actinide trichlorides crystallise.

b) Thermodynamic data

The enthalpy of solution of AmCl;(cr) in 0.001 and 1.5 M HClI solutions was measured
by Fuger and Cunningham [63FUG/CUN]. When combined with the enthalpy of
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solution of @-Am(cr) in the same solutions (where the infinite dilution value has been
used for the 0.001 M HCl solution), and the enthalpies of formation of the chloride ion
[89COX/WAG] and Parker, Wagman and Garvin [76PAR/WAG], the derived values
for the enthalpy of formation of AmCly are —(978.2 + 1.7) and —(977.8 £ 1.3) kJ -
mol !, respectively (see [83FUG/PAR] for details). Following [83FUG/PAR] the

value accepted is

A¢H (AmClg, cr, 298.15K) = —(977.8 4+ 1.3) kJ - mol ™",
The standard entropy is estimated (see Section V.4.2.1) to be

S° (AmCls, cr, 298.15K) = (164.8+6.0) J- K" -mol™".

This value is close to that estimated by assuming the entropy of formation of AmCls(cr)
is the same as that of UCl;(cr) (AgSS = —225.8 J-K~!mol~" [83FUG/PAR]), namely
164.2 J- K= - mol~t.

The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

A¢GS (AmCls, cr,298.15K) = —(910.7 4 2.3) kJ - mol™"

The heat capacity at 298.15 K is estimated to be similar to that of UCls(cr)
[89COR/KON] -

Cy n(AmCly, cr,298.15K) = (103+10) J- K=" -mol ™.
¢) Melting data

Weigel and Kohl [85WEI/KOH| measured the melting point, Tt,s = (991 + 5) K and
the enthalpy of fusion of AmCls(cr) using a commercial DTA apparatus.

AmCls(cr) = AmCl;(1) (V.20)
Their values are accepted, but with increased uncertainties.
Aps H (AmCl3, 911 K) = (48.1 4 4.0) kJ - mol .

There is too much uncertainty in the heat capacities of solid and liquid AmCl; to
attempt a meaningful extrapolation of this value to 298.15 K.

d) Vapour pressure
Weigel and Shuster [85WEI/SCH]| attempted to measure the vapour pressure of

AmCl;(cr) by a variant of the static boiling-point method, using very small amounts
of americium trichloride trapped under a molybdenum cup floating in a bath of liquid

T The value of Cjg  (UCls,cr,298.15 K) in Table III1 of the uranium NEA-TDB review
[92GRE/FUG, p.36] is erroneous, cf. the discussion in Appendix D, p.348
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tin. Their description of the experimental difficulties, plus the numerous quite appre-
ciable corrections which have to be applied to the measured static pressure, suggest
that this technique is certainly difficult to use on a micro-scale. This is borne out
by the extreme variation in the resulting pressures. The authors carried out seven
runs; within runs, individual points deviated from a linear log;op vs. 1/ T plot by
up to a factor of two in the pressure, and between runs, the pressures at the same
temperature differed by up to a factor of ten. Moreover, with amounts of 100 to
200 pg of americium trichloride (prepared from americium dioxide) under a Mo cup,
in contact with hydrogen-reduced Sn(l) at temperatures up to 1343 K, there can
be no guarantee that volatile reaction products such as H,O, HCl or molybdenum
oxychlorides do not form a part, if not the major part, of the measured pressures.

Given these problems, and that the pressures derived by Weigel and Schuster;
log1op (1098 to 1343 K) = 7.8 — 11826/ T'(bar) are about two orders of magnitude
higher than those of plutonium trichloride, it seems unlikely that these represent the
vapour pressure of americium trichloride, and no further treatment of the results is
attempted.

V.4.2.3.3.  Americium oxychloride
a) Crystal structure

Americium oxychloride AmOCI(cr) has the tetragonal PbFCI type crystal structure,
space group P4/nmm, a = 3.99 x 107'% m, ¢ = 6.77 x 107'% m [54KOC/CUN]. This
is the structural type in which all the known MOX actinide oxyhalides crystallise.

b) Thermodynamic data

The equilibrium constant of the reaction
AmCls(cr) + HoO(g) = AmOCI(cr) + 2 HCl(g) (V.21)

was studied by Koch and Cunningham [54KOC/CUN] from 682 to 880 K, and by
Weigel and Wishnewsky [7T6WEI/WIS], using both 2! AmClz(cr) (from 767 to 864 K)
and ?**AmClz(cr) (from 752 to 854 K). The results of these three studies are in excel-
lent agreement, and all the equilibrium constants are fitted to one linear expression

log,y K,(V.21, 682 to 880 K) = 6.676 — 4360/T (bar),
corresponding to
AGS (V21,682 t0 880 K) = (83472 — 127.817) kJ - mol *

for the Gibbs energy for the above reaction.
To utilise this expression to calculate the standard properties of AmOCI(cr) at
298.15 K, the heat capacity change for this reaction must be estimated. For this, the
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heat capacity of AmCls(cr) is assumed to be the same as that of UCl;(cr) and that
of AmOCI(cr) is taken to be a smooth curve, between 298.15 and 1100 K,

Cpn = (61.28444.58933 x 10> T
—1.730645 x 107°T* — 269380/T%) J- K * - mol !

based on values calculated from C; | (3UO; + U + 2UCl3) /6.
If the enthalpy and entropy of the hydrolysis reaction are taken to be those at the
mean temperature of the two studies 781 K, the corrections to 298.15 K are:

ALH (V.21, 781 K) — A H2 (V.21,298.15K) = —1741J - mol™!
ALSS(V.21, 781 K) — A,S2 (V.21,298.15K) = —3.57J-K ' -mol '

With the values given above for AmClz(cr) and the CODATA Key Values
[89COX/WAG] for HyO(g) and HCI(g), the final values for AmOClI(cr) are

ArH (AmOCI, cr, 298.15K) = —(949.8 + 6.0) kJ - mol !
S (AmOCl, cr,298.15K) = (1114+10) J-K~' - mol™".

These values are slightly different from those given by Fuger et al. [83FUG/PAR]
who used a constant heat capacity difference of 6.3 J-K~!-mol™! for the hydrolysis
reaction (V.21). The major uncertainties in the enthalpy of formation and entropy
indeed come from the heat capacity correction.

The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

A¢GS (AmOCI, cr, 298.15K) = —(902.5+6.7) kJ - mol .

V.4.2.3.4. Ternary and quaternary chlorides

Complex chlorides of AmCl; with one and three moles of CsCl have been identified,
together with a series of compounds My AmCl;(s) (M = K, NHy, Rb) and the quater-
nary halide CsyNaAmClg. Data for the enthalpy of formation of the latter compound
are available.

V.4.2.8.4.1. Ternary chlorides CsAmCly, Cs3AmClg, My AmCl;
(M = K, NHy, Rb)

CsAmCly(s) and Cs3AmClg(s) were prepared by Bagnall, Laidler and Stewart
[68BAG/LAI] from acidic aqueous solutions; their structures are not known. The
pentachlorides have been described and characterised by Schleid et al. [87SCH/MOR].
Solutions of 243AmCl; in hydrochloric acid were mixed with the solid alkali chloride
and evaporated to dryness at 200 — 300°C under a stream of HCI(g), to yield tan-
yellow powders of the ternary chlorides. X-ray examination indicated they have an
orthorhombic crystal structure, space group Pnma, isotypic with KoPrCls(cr) and
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Table V.11: Lattice parameters for americium ternary chlorides.

Lattice parameters x10'/m
Compound a b c

Ko AmCls(cr) 12.6832 8.7038 7.9525
(NH4);AmCls(cr) 13.0482 8.7939 8.1630
RbsAmCls(cr)  13.0854 8.8707 8.1629

many other similar lanthanide and actinide compounds. The lattice parameters of
the americium compounds are given in Table V.11.
The ammonium compound forms a convenient intermediary for the synthesis of

AmClj(cr).
V.4.2.8.4.2.  Quaternary chloride CsoNaAmClg

Schoebrechts et al. [89SCH/GEN] have characterised Cs;NaAmClg(cr) and measured
its enthalpy of solution in 1 molal hydrochloric acid solution.

CssNaAmClg(cr) was found to have the fcc ideal-cryolite structure, space group
Fm3m, with a = 10.8546 x 10~'°m for a sample containing ?*' Am. This is significantly
smaller than the parameter reported by Soderholm et al. [86SOD/EDE] for a sample
containing 2**Am; the reason for this difference is not clear.

Schoebrechts et al. [89SCH/GEN] measured the enthalpy of solution of the *' Am
compound in an 1 M HCI solution to be —(51.62 4 0.85) kJ - mol™" at 298.15 K.
We have accepted all the auxiliary data used by Schoebrechts et al., except for
A¢H? (CsCl, cr, 298.15 K), for which we prefer the value —(442.31 + 0.16) kJ - mol !
suggested by Glushko et al. [82GLU/GUR] rather than the value proposed by Parker
[T6PAR/WAG], —(442.69 4+ 0.04) kJ - mol™', since the former value is essentially
in agreement with all the experimental data considered by the CODATA Key Val-
ues Task Group, Cox et al. [89COX/WAG]. The derived enthalpy of formation of
CsyNaAmClg(cr) is

A¢H? (CsyNaAmClg, cr, 298.15K) = —(2315.8 +1.8) kJ - mol™".

The standard entropy and heat capacity at 298.15 K have been estimated in this
review by assuming that the differences from sums of the constituent chlorides are
close to zero:

S° (CsyNaAmClg, cr, 298.15K) = (440 & 15) kJ - mol™!
Cp (Cs:NaAmClg, cr,298.15K) = (260 £ 15) kJ - mol .
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The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

A¢GS (CsyNaAmClg, cr, 298.15K) = —(2164.8 4+ 4.9) kJ - mol

V.4.2.3.5. Molten salt systems

There are a number of studies on the distribution of actinides in molten chlorides
[TAMAR/SPI, 91MAR] and on the electrochemical processing of actinides in molten
Cd/KCI-LiCl eutectic mixtures [92KOY/JOH, 93ACK/SET] which contain data on
partition coefficients. However these studies are outside the scope of this review and
will not be considered further.

V.4.2.4. Americium bromides

Both the dibromide and tribromide of americium, as well as the trivalent oxybromide
AmOBr(cr) have been well characterised. Baybarz [7T3BAY] reported that in the
reaction of americium metal with sufficient HgBry(cr) to form approximately equal
amounts of AmBry(cr) and AmBrj(cr), the X-ray pattern of the product in fact con-
tained no lines attributable to these compounds, but showed lines for an unidentified
phase, similar to that obtained by the hydrogen reduction of CfBrz(cr). This possible
new phase clearly needs further investigation.

V.4.2.4.1. Americium dibromide

a) Crystal structure

Americium dibromide, prepared by the reaction of americium metal and HgBrs(cr),
has the tetragonal EuBry(cr) type crystal structure, space group P4/n, a = 11.592 x
107 m, ¢ = 7.121 x 1010 m [73BAY].

b) Thermodynamic data

There are no published thermodynamic data for this compound.

V.4.2.4.2.  Americium tribromide
a) Crystal structure

Americium tribromide was first prepared on the microgramme scale by the action of
AlBr3(cr) on AmOy(cr), and purified by sublimation [51FRI]. Milligramme amounts
of the tribromide of the longer-lived 24> Am isotope were prepared by Asprey, Keenan
and Kruse [65ASP/KEE] from AmCl;(cr) and ammonium bromide at 672 to 723 K
in a stream of hydrogen. Asprey et al. confirmed the crystal structure, first reported
by Zachariasen [48ZAC], to be the orthorhombic PuBr3(cr) type, space group Cmem,
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with a = 4.064 x 107 m, b = 12.66 x 107" m, ¢ = 9.144 x 1071 m.
b) Thermodynamic data

The standard enthalpy of formation and standard entropy were estimated by Fuger
et al. [83FUG/PAR] by the procedure noted in the introduction (Section V.4.2.1.1)
and are accepted in this review.

A¢H® (AmBrs, cr,298.15K) = —(810410) kJ - mol~!
S° (AmBrs, cr,298.15K) = (205£17) J- K~ ! - mol .

The Gibbs energy of formation calculated from these values is

A¢GS (AmBrs, cr,298.15K) = —(787+11) kJ - mol ..

V.4.2.4.3. Americium oxybromide
a) Crystal structure

Americium oxybromide AmOBr(cr) has the tetragonal PbFCl(cr) type crystal struc-
ture, space group P4/nmm, a = 3.982 x 107 m, ¢ = 7.644 x 10'° m [T9WEI/WIS].
This is the structural type in which all the known MOX actinide oxyhalides crystallise.

b) Thermodynamic data

The equilibrium constant of the reaction
AmBr3(cr) + HoO(g) = AmOBr(cr) + 2 HBr(g) (V.22)

was studied by Weigel, Wishnevsky and Guldner [82WEI/WIS] from 719 to 890 K.
The equilibrium constants from this study are fitted to the linear expression,

log,o K,(V.22, 719 to 890 K) = 6.671 — 4408.3/T (bar)
corresponding to
AGS(V.22, T19t0 890 K) = (84396 + 127.72 T) kJ - mol *

for the Gibbs energy for the above reaction. It will be seen that the equilibrium
constants for the bromide hydrolysis are almost identical with those for the corre-
sponding reaction involving the chlorides, being on average about 15% lower in the
temperature range studied.

The heat capacity change for this reaction is assumed to be the same as that
estimated for the reaction involving chlorides, so the differences to convert to enthalpy
and entropy values at 298.15 K are similar:
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ACHS(V.22,805 K) — A HS (V.22,298.15K) = —1860  J-mol ™
A5 (V.22,805 K) — AS° (V.22,298.15 K) = —3.71 J-K ! mol .

With the values given above for AmBrs(cr) and CODATA Key Values for HyO(g)
and HBr(g) [89COX/WAG] (cf. Table IV.1), the final values for AmOBr(cr) are

A¢H2 (AmOBr, cr, 298.15K) = —(893 £12) kJ - mol !
S° (AmOBr, cr, 298.15K) = (128 £20) J- K !-mol L.
These values are slightly different from those selected in the review by Fuger et al.
[83FUG/PAR] who used a constant heat capacity difference of 6.3 J-K~!-mol™! for
the hydrolysis reaction (V.22). The major contribution to the uncertainties given is
indeed the heat capacity correction.

The Gibbs energy of formation is calculated from the selected enthalpy of formation
and entropy.

A¢GS (AmOBr, cr, 298.15K) = —(861 4+ 13) kJ - mol *

V.4.2.5. Americium iodides
Both the diiodide and triiodide of americium, as well as the trivalent oxyiodide

AmOI(cr) have been well characterised.

V.4.2.5.1.  Americium ditodide
a) Crystal structure

Americium diiodide is prepared [72BAY/ASP] by the action of Hgly(cr) on ameri-
cium metal. The divalency of americium in this compound was confirmed by mag-
netic susceptibility measurements. It has the monoclinic Euly(cr) type crystal struc-
ture, space group Pc, P2/c or P2;/c, a = 7.677 x 107 m, b = 8.311 x 1071 m,
c=7.925x 1071 m, 8 = 98.5°.

b) Thermodynamic data

There are no published thermochemical data for this compound, but Baybarz et al.
[72BAY/ASP] reported that it melts with decomposition at ~973 K.

V.4.2.5.2.  Americium triiodide
a) Crystal structure

Based on microgramme samples of the strong y-emitting 2*' Am isotope, americium
triiodide prepared by Fried [51FRI] from americium dioxide and Allz(cr) was first re-
ported [48ZAC] to crystallise in the orthorhombic PuBr3(cr) type structure. However,
in more recent work using the more easily handled 2**Am isotope, Asprey, Keenan
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and Kruse [64ASP/KEE, 65ASP/KEE] prepared AmI;(cr) from AmCl;(cr) and am-
monium iodide at 672 to 723 K in a stream of hydrogen; its structure was found to be
hexagonal Bilz(cr) type. They were unable to convert this to an orthorhombic phase,
at any temperature from 673 to 1173 K. More recently Haire et al. [83HAI/YOU]
have shown that the triiodide prepared from the metal and iodine at 300°C has
the orthorhombic PuBrjz(cr) structure, while samples prepared from AmBrs(cr) or
AmCl;(cr) and HI(g) above 600°C had the hexagonal Bilz(cr) structure. There is a
reversible transition between the polymorphs at 673 + 30 K, but the conversion of
the high temperature hexagonal phase to the low temperature orthorhombic phase is
very sluggish, so the hexagonal phase can easily be quenched to room temperature,
e.g. from the melt. Subsequently Haire et al. [85HAI/BEN] showed that the conver-
sion of the hexagonal structure to the orthorhombic also occurs by the imposition
of a pressure of ~ 2 GPa at ambient temperature, in accord with the considerably
smaller molar volume of the latter.
The lattice parameters for the two phases given by [83HAI/YOU] are:

e low temperature phase, orthorhombic PuBrs(cr) type, space group CmCm,
a=428x10"1""m, b=13.94x 10 " m, c = 9.974 x 10 '° m.

e high temperature phase, hexagonal Bilz(cr) type, space group R3, a = 7.637 x
107 m, ¢ = 20.91 x 1071% m.

Their parameters for the orthorhombic phase agree with those reported by Zachari-
asen [48ZAC] within the rather large uncertainties of the latter; those of the hexag-
onal phase are appreciably greater (by 1.8 and 2.9%) than those reported by Asprey
and co-workers [64ASP/KEE, 65ASP/KEE]. The reason for this discrepancy is not
known — both studies utilized the longer-lived 2** Am isotope, so radiation damage is
not likely to be the cause.

b) Enthalpy of formation and entropy

The standard enthalpy of formation and standard entropy were estimated by Fuger
et al. [83FUG/PAR] by the procedure noted in the introduction and are selected in
this review.

AcHC (Amly, cr, 298.15K) = —(612 + 7) kJ - mol ™!
S¢ (Amlz, cr,298.15K) = (234 £20) J- K" - mol™".

The Gibbs energy of formation derived from these values is

A¢GS (Amlz, cr,298.15K) = —(61349) kJ - mol ',
V.4.2.5.3.  Americium ozyiodide
a) Crystal structure

Baybarz et al. [T2BAY /ASP] prepared americium oxyiodide by heating Aml,(cr) in
moist air at ~673 K. AmOI(cr) has the tetragonal PbFCl(cr) type crystal structure,



Group 16 (chalcogen) compounds and complexes 125

space group P4/nmm, a = 4.011 x 107'%, ¢ = 9.204 x 107'° m [72BAY/ASP]. This
is the structural type in which all the known MOX actinide oxyhalides crystallise.

b) Thermodynamic data

There are no published thermodynamic data for this compound.

V.5. Group 16 (chalcogen) compounds and complexes

There are no experimental studies involving the thermodynamic properties for ameri-
cium chalcogenides, so this review summarizes the preparative and structural data for
these phases, but includes a few estimated values for the entropies of the monochalco-
genides.

V.5.1.  Sulphur compounds and complezes
V.5.1.1. Americium sulphides

The monosulphide, a “substoichiometric sesquisulphide” (with a composition close to
Amj3Sy(cr)), the true sesquisulphide and the substoichiometric disulphide are known.
The so-called -sesquisulphide is treated with the oxysulphides.

V.5.1.1.1. AmS(cr)

Damien [71DAM] obtained a phase with the fcc NaCl(cr) type structure, space group
Fm3m, mixed with the Am3S4(cr) phase, (which Damien called -Am,S3), by heating
the sesquisulphide in vacuum (~ 107° Torr) at 650°C. By analogy with other actinide
elements, this was assumed to be the monosulphide, but the precise composition is
not known. The lattice parameter of this presumably sulphur-saturated composition
was 5.592 x 10710 m,

The lattice parameter of the single-phase AmS(cr) prepared by Charvillat et al.
[76CHA /BEN] from stoichiometric amounts of americium hydride and sulphur was
5.600 x 107'% m. These authors also prepared the diphasic mixture of AmS(cr) +
Am3S,(cr) after Damien, finding a lattice parameter increasing from 5.592 x 1071? to
5.618 x 1071 m as the annealing temperature was increased from 800°C to 1100°C.
This may indicate an appreciable range of homogeneity for this phase.

During this heating, there was a continuous loss of weight, and at 1300°C, no
monosulphide was present. This may be due to preferential loss of Am(g) from the
monosulphide:

4AmS(cr) = AmgSs(cr) + Am(g)

or loss of AmS(g). The former seems more likely, since as Damien [71DAM] noted, the
decomposition of Am,S;(cr) at as low a temperature as 650°C implies that AmyS;(cr)
is appreciably less stable than the corresponding Pu and Np compounds. This,
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together with the higher volatility of elemental Am, could lead to the congruently
vaporising composition in this system being near AmszSy(cr).

There are no experimental thermodynamic data for AmS(cr), but Grgnvold, Drowart
and Westrum [84GRO/DRO)] estimated the standard entropy to be

S° (AmS, cr,298.15K) = (924+12) J-K™' - mol™",

based on estimated lattice and magnetic contributions of 75.3 [62WES/GRO] and
16.7 J - K~ - mol~!, respectively.

V.5.1.1.2.  AmySs(cr)

Damien [71IDAM] prepared AmySs(cr) on the 50 mg scale by heating americium
hydride with the stoichiometric amount of sulphur at 500°C. Reaction was complete
in four days to give a black powder with an X-ray pattern which could be indexed as
an orthorhombic cell, with a = 7.39x 1071 b = 3.98 x 10 !® and ¢ = 15.36 x 10 1 m.
The structure is assumed to be the same as that of Pu,S3(cr), namely the a-CeyS;
type space group. The sample probably contained some Am3S,(cr).

There are no experimental thermodynamic data for Am,ySs(cr), but Moskvin
[73MOS, 73MOS2] has estimated the standard entropy and heat capacity of AmyS;(cr)
to be 133 and 244 J- K- mol !, respectively. These are appreciably different from
the experimental values for U,S3(cr) [84GRO/DRO], 190 and 133.7 J - K~ - mol™,
and may not be very reliable.

V.5.1.1.8.  AmgSy(cr)

This phase was first identified by Zachariasen [48ZAC, 49ZAC2]; it has the cubic
ThyP4(cr) structure. More recently it has been prepared by Damien [71DAM] (who
called it y-AmsyS3), by the decomposition of the sesquisulphide in vacuum. Fur-
ther work by Charvillat et al. [T6CHA/BEN] showed that the lattice parameter
of this phase increases with the temperature of decomposition, suggesting that it
probably has a range of composition. Even the highest lattice parameter found by
[7T6CHA /BEN] (8.434 x 1079 m by decomposition at 1300°C) is appreciably lower
than found by Zachariasen (8.445 x 107'% m).

V.5.1.1.4. AmS,y(cr)

When Damien and Jove [TIDAM/JOV] heated americium hydride with excess sulphur
in a Pyrex tube at 400°C for one week, they found a coarse black material which
contained a tetragonal phase with a = 3.938 x 107!° and ¢ = 7.981 x 1071° m.
The intensities of the X-ray pattern suggest that this phase has a pseudo-cell of the
CuySb(cr) type, space group P4/nmm similar to the substoichiometric plutonium
disulphide, with the composition MS; g(cr). No analysis of the compound was made,
so the exact composition is not known.
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V.5.1.1.5.  Americium Oxysulphides

There are two oxysulphides known, Am,04S(cr), and a phase related to the sesquisul-
phide, Am100814 (Cr).

a) AmyOyS(cr)

This phase was prepared by Haire and Fahey [TTHAI/FAH] by reducing Am(III)
oxysulphate Amy05SOy(cr) in Hy/Ar at ~ 800°C. Well-crystallised samples were
obtained in as short a time as 2 h. AmyO,S(cr) is isostructural with hexagonal
LayO,S(cr), space group P3m, with a = 3.910 x 107!* and ¢ = 6.772 x 10~ ° m.

b} Amm 0514 (CT)

This compound was prepared by Damien, Marcon and Jove [72DAM/MAR] by heat-
ing Am,S;3(cr) americium disulphide in vacuum in a platinum crucible. AmyS;(cr)
is formed at 850°C; on further heating to 1100°C, a tetragonal phase with a =
14.87 x 10719 and ¢ = 19.73 x 107'° m is formed. The similar plutonium and lan-
thanide phases were first thought to be polymorphs of the sesquisulphides, but Carre,
Laruelle and Besan¢on [7T0CAR/LAR] showed that they were oxysulphides with the
composition M;9OS4(cr), with space group I4;/acd. The americium compound is
assumed to be similar.

V.5.1.2.  Americium sulphates

V.5.1.2.1.  Aqueous americium sulphates

Yakovlev and Kosyakov [56 YAK/KOS] first reported some qualitative spectrophoto-
metric observations on the formation of americium-sulphate complexes. There are few
reliable quantitative studies available in the literature on the americium(I1T) sulphate
system, and all of them refer to solutions of low pH (pH < 3.6, ¢f. Table V.12). Only
extraction techniques such as cation exchange [60LEB/PIR, 64BAN/PAT, 67NAI,
68AZI/LYL, 68NAI] and solvent extraction [64SEK, 65SEK2, 67CAR/CHO,
68AZI/LYL, 78RAO/BAG, 80KHO/MAT] as well as electromigration [90ROS/REI]
were used to determine the composition and the stability constants of the complexes
formed. No solubility measurements were reported. Am(SO,)3~?" (n = 1 and 2)
and Am(HSO,); species have been suggested to interpret the various experimental
data.
The data listed in Table V.12 refer to equilibria of the type

Am* 40803 = Am(S0,)8™, (V.23)

The cation-exchange experiments performed by Lebedev, Pirozhkov and Yakovlev
[60LEB/PIR] at I = 0.75 and 1.5 M were interpreted assuming the formation of the
AmSO; and Am(SO,), complexes. The scarceness of the experimental data and
the narrow concentration range investigated at I = 1.5 M does not allow a reliable
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Table V.12: Literature equilibrium constants for the americium(I1I) sulphate system.

Method Medium pH £(°C) logyo 1 log;o B2 Reference
cix 1.5 MNHg(X®,S04) ~4 2025 1.76 2.11 [60LEB/PIR]
0.75 M NH4(X® SO,) 1.78
cix 1M H(ClO4, HSO,) 0 261  1.18 1.38 [64BAN/PAT]
1 M Na(ClOy4,SO,) 3 1.49 2.48
dis 1 M Na(ClOy4,S04) 34 25 1.57+0.09 2.66+0.08  [64SEK, 65SEK2]
dis 2 M Na(ClOy4,S04) 3 25401 1.43+0.06 1.85+0.12  [67CAR/CHO,
67CAR/CHOZ2]
dis 2 M Na(ClOy4,S04) 30 1.11+0.07 1.73+£0.10  [67CAR/CHOZ2]
40 1.58+0.07 2.03+0.12
55 1.65+0.06 2.38+0.10
cix 1M H(ClO4,HSO4) 0 27 1.2240.01 (b) [67NAI, 68NAT]
1 M Na(ClOy4, SOy) 3 1.49+0.01 2.36-+0.01
dis 0.5 M Na(ClO4,S0,) 3.6 25+0.5 1.86+0.01 2.83+£0.02  [68AZI/LYL)]
cix 1.86+0.01 2.80+0.03
dis T—0 3 2540.1 3.76+0.11 5.6440.10(¢) [72MCD/COL)]
dis 1M H(ClO4, HSO,) 0  25+0.1 1.8240.01Y  3.1240.01(Y) [78RAO/BAG]
2 M H(ClO4,HSO,)  —0.3 1.711 + 0.004(Y 3.04 + 0.01(D
dis 1M NH4(Cl04,S04) 3 30 1.7240.02 [SOKHO /MAT]
em 0.1 M Na(ClO4,S0,) 2.8 25 2.5040.3 3.6+0.4 [90ROS/REI]
5.5 2.5040.2 3.1+0.7

(a) Lebedev, Pirozhkov and Yakovlev [(0LEB/PIR] report that the ionic strength was kept con-
stant by addition of ammonium chloride or perchlorate.

(b) Nair reports log;o K = (0.54 £ 0.03) for: Am®** + 2HSO; = Am(H,S0,)7.
(¢)  McDowell and Coleman report log;q 35 = (5.29 & 0.05).
(d) The stability constants of Rao et al. [TSRAO/BAG] for the reactions: Am** + nHSO,; =

Am(SO4)513_2") + nHT, were combined with the protonation constant of SO3~ used by Rao
et al. (log;y K1 = 1.18 and 1.08 at I =1 and 2 M respectively) to give the values presented in
this Table.

determination of the the equilibrium constants which are therefore disregarded by
this review. Furthermore, because the authors did not specify the composition of the
ionic media used, the log,, 3; value at I = 0.75 M is not included in the extrapolation
to I = 0 performed by this review.

Bansal, Patil and Sharma’s results [64BAN/PAT] are not selected by this review,
as the reported values refer to unpublished work by Nair and Welch.

Nair [67NAI, 68NAI] used a dissociation constant of HSO, not consistent with the
auxiliary data adopted in the NEA reviews, and therefore his experimental data are
reinterpreted using log, K1 = (1.22 £ 0.03) at I = 1 M. The results obtained at
pH = 3 are not affected by the acid constant. At pH = 0, the dependence of the
partition data with [SO;~] indicates the presence of AmSOJ. There is no evidence
of Am(HSO,); formation; thus, this review does not support the existence of the
americium hydrogen-sulphate complexes.
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Figure V.9: Extrapolation to I = 0 of experimental data for the equilibrium con-
stants of formation of AmSO], according to reaction (V.23), using the specific ion
interaction equations (c¢f. Appendix B). Both experiments with [H"] > 1 M (O) and
[HT] <1 mM (e) are plotted. The result of the weighted linear regression for the
experiments with [Hf] < 1 mM is shown as a straight line, and the dotted lines
represent the uncertainty range.
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Reinterpretation of the solvent extraction data of Rao et al. [TSRAO/BAG] using
an acid constant for HSO, consistent with the data in Chapter IV, leads to slightly
different formation constants (c¢f. Appendix A).

The re-evaluated values from Refs. [67TNAI, 68NAI, 78RAO/BAG] and the equi-
librium constants from all other references listed in Table V.12 except [60LEB/PIR,
64BAN/PAT| are converted to molal units to perform an extrapolation using the
specific ion interaction equations of Appendix B. The corrected stability constants
obtained at [H*] > 1 M (O, Figure V.9) and [H"] < 1 mM (e, Figure V.9) seem
not to belong to the same parent distribution. The apparent discrepancy, between
pH < 0 and pH =~ 3 data, may be attributed to the difference in ionic media used
(H*/HSO, /ClO; and Na*/SO3 /ClO; ). The lack of data obtained in concentrated
acid solutions does not allow a reliable estimate of the pH influence on the sum of ion
interaction coefficients, Ae, and even though the results of Rao et al. [TSRAO/BAG]
(I =1 and 2 M H*/HSO; /ClOy) are considered satisfactory by this review, they
will not be included in the extrapolation to I = 0. The weighted linear regression,
performed on pH > 3 data, results in

log,o 39(V.23,298.15K) = 3.85+ 0.03

and Ae; = (—0.16 £+ 0.03) kg - mol~'. The selected value for log,, 37 is close to
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Table V.13: Values of the formation constants for Am(SO,); obtained at pH~ 3
extrapolated to I = 0. The equilibrium constants, reported in Table V.12 in molar
units, have been converted to molal units in accordance with Eq. (I1.32). The +
terms correspond to a 95% uncertainty.

Reference Medium t/(°C) log,, B2 log 5

[64SEK, 65SEK2] 1 M Na(Cl0O4,S0,) 25  2.62+0.05 5.72+0.10
[67CAR/CHO] 2 M Na(Cl104,S0,) 25  1.76+0.12 4.92+0.22
[67TNAI, 68NAI] 1 M Na(ClO,,S0,) 27 2.32+0.05 5.42+0.10
[68AZI/LYL] 0.5 M Na(Cl04,S04) 25 2814+0.04 5.57+0.06

the value (log,, 7 = 3.82) obtained by Bidoglio et al. [87BID/TAN] and to the
equilibrium constant determined experimentally at I < 0.1 M by McDowell and
Coleman [72MCD/COL]. The slight difference is due to the fact that Bidoglio per-
formed the regression to I = 0 using molar (instead of molal) units for the ionic
strength. From the determined value of Ae; and the ion interaction coefficients
€(ams+,cr07) AN £(ny+ g02-) given in Appendix B this review obtains: £(AmSOF,CI07) =
(0.22 4+ 0.08) kg - mol™!, which is in good agreement with the selected estimate for
e-values for the interaction between perchlorate and complexes of americium with
electric charge of +1 (cf. Section B.1.4).

No reliable extrapolation to I = 0 M can be obtained from the scattered Am(SO,)35
formation constants. Furthermore, no evidence of Am(SOy4); was found in the
pH~a 0 results reported in [68NAI], which is in contradiction with the study of
[T8RAO/BAG], performed under similar conditions, cf. Appendix A. As there is no
apparent reason for such discrepancy, this review extrapolates to zero ionic strength
only the values of log,, 32 obtained at pH ~ 3, using the specific ion interaction equa-
tions of Appendix B, and Agy = (—0.30 £ 0.08) kg - mol~!. The results are presented
in Table V.13. The values of Sekine [64SEK, 65SEK2], Nair [67TNAI, 68NAI| and
Khopkar and Mathur [SOKHO/MAT] do not agree with the data by De Carvalho
and Choppin [67CAR/CHO]. Because there is no apparent reason to prefer one set
of data over the other, an unweighted average of all these equilibrium constants is
selected, and the uncertainty assigned to cover the range of expectation of all selected
values:

logyo A2(V.23,298.15K) = 5.4 +0.7.

which is in good agreement with the value experimentally determined by McDowell
and Coleman [72MCD/COL].
It should be mentioned that the experimental data used for these calculations refer
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to slightly different temperatures (cf. Table V.13). However, the study of De Carvalho
and Choppin [67CAR/CHO2] shows that the temperature effects on the values of the
equilibrium constants are not large in this temperature range.

The selected Gibbs energies of formation are calculated to be

AGe (AmSO;,aq,298.15K) = —(1364.7 +4.8) kJ - mol~!
ArGS (Am(S04);,aq,298.15K) = —(2117.546.3) kJ - mol " .

The equilibrium constants reported by De Carvalho and Choppin [67CAR/CHO,
67CAR/CHO2] (¢f. Table V.12) are used to determine the enthalpy and entropy
changes. A weighted linear regression of “In 3, vs. 1/T(K~")” leads to the following
non-standard values:

AHn(V.23,n=1,29815K) = (17.0+3.2) kJ - mol™!
ASm(V.23,n=1,20815K) =  (84£10) J-K ! mol™
AHn(V.23,n =2,29815K) = (19.0+11) kJ-mol™!
ASm(V.23,n=2,20815K) = (102436) J-K~!-mol~"

at I =2 M, pH = 3 and 298.15 K. The values for the formation of AmSO] agree
with A, Hpnq = (18.4+3.3) kJ-mol ! and A, Sy, = (88+13) J- K -mol ! reported
in Ref. [6(7TCAR/CHO2].

V.5.1.2.2.  Solid americium sulphates

Hydrated and anhydrous Am(III) sulphates, Amy(SO4);3-nHyO(cr) (n = 0,5, 8), and
the trivalent oxysulphate (AmO),SOy4(cr), have been prepared. Yellow-pink crystals
of Amy(SOy); - 8H,O(cr) were obtained by evaporation of a 5 M solution; they crys-
tallise in the monoclinic system, space group C2/c with a = 13.619 x 1070 m,
b = 6.837 x 1071 m, ¢ = 18.405 x 10°19 m, # = 102.67° [72BUR/BAY]. On
the basis of analyses for Am, SO}~ and water Yakovlev et al. [58YAK/GOR] sug-
gested the precipitate obtained by the addition of ethanol to a solution of Am(III) in
0.5 M H,SO4 was the pentahydrate; no further characterization was made. Hall and
Markin [57THAL/MAR] have reported thermogravimetric results for the dehydration
of Am,(SO,); hydrates, and showed that the sulphate content of the white product
formed at 550 - 650°C corresponded to anhydrous Am(III) sulphate. The oxysul-
phate of Am(III), (AmO),SOy4(cr), was obtained by Haire and Fahey [77THAI/FAH]
by stopping the calcination of the Am(III) sulphate hydrates in air at ~ 750°C;
it has a body-centered orthorhombic crystal structure with a = 4.225 x 107'% m,
b=4.103x 107 m, ¢ = 13.328 x 107! m. The precise space group has not been
established.

Fedoseeva and Budantseva [89FED/BUD] suggest the product of nitrite reduction
of Am(VI) sulphate solutions at unknown pH to be an unspecified hydrate of the
Am(V) sulphate. However the X-ray diffraction pattern of this phase was quite
distinct from the well-established Np(V) analogue, so this identification is far from
certain.
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Yakovlev and Kosyakov [58 YAK/KOS] reported the existence of Am(III) double
sulphates of type MAm(SOy)s -2H50(s) (with M = K, Rb, Cs and T1) as well as
K3AH1(SO4)3 'HQO(S), KgAmQ(SO4)7(S) and TlgAmQ(SO4)7(S).

V.5.2.  Selenium compounds
V.5.2.1. Selenides

The monoselenide, a “substoichiometric sesquiselenide” (with a composition close to
AmgjSey) and the substoichiometric diselenide are known.

V.5.2.1.1. AmSe(cr)

Damien and Wojakowski [75DAM/WOJ], and Charvillat et al. [T6CHA/BEN] pre-
pared a phase with the fcc NaCl(cr) type structure, space group Fm3m, mixed with
the AmjSe4(cr) phase, by heating the hydride with selenium in equimolar ratio at
800°C in vacuum (~ 1075 Torr) for 24 h, followed by annealing the products in alu-
mina crucibles at 1100°C. By analogy with other actinide elements, this was assumed
to be the monoselenide, but the precise composition is not known. The lattice pa-
rameter of this presumably selenium-saturated composition was 5.821 x 107 m. On
further heating to 1250°C, the monoselenide was no longer observed.

There are no experimental thermodynamic data for AmSe(cr), but Grenvold,
Drowart and Westrum [84GRO/DRO] estimated the standard entropy to be

S° (AmSe, cr,298.15K) = (109+12) J- K™ - mol™!,

based on estimated lattice and magnetic contributions of 92.1 [62WES/GRO] and
16.7 J - K- mol !, respectively.

V.5.2.1.2. AmgSey(cr)

Mitchell and Lam [fOMIT/LAM] first prepared this phase, mixed with another
unidentified phase, from equimolar amounts of americium and selenium heated first
to ~ 200°C, and annealed at 1000 and then 800°C. The major phase had a bcc
structure. ThsP4-type, space group 143d, a = 8.782 x 107'® m, and was assumed
to be AmsSey(cr). Damien and Wojakowski [T5DAM/WOJ], and Charvillat et al.
[7T6CHA /BEN] also prepared this phase together with AmSe(cr) by reacting ameri-
cium hydride with selenium and annealing at 1100°C. They report a somewhat larger
lattice parameter of 8.799 x 10719 m.

V.5.2.1.3.  AmSey(cr)

When Damien and Jove [TIDAM/JOV] heated americium hydride with excess se-
lenium in a Pyrex tube at 673 K for one week they found a coarse black material
which contained a tetragonal phase with a = 4.096 x 107% and ¢ = 8.347 x 1071 m.
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The intensities of the X-ray pattern suggest that this phase has a pseudo-cell of the
CuySb(cr) type, space group P4/nmm, similar to the substoichiometric plutonium
diselenide, with the composition MSe; g(cr). No analysis of the compound was made,
so the exact composition is not known.

V.5.8.  Tellurium compounds
V.5.3.1. Tellurides

The monotelluride, Am;Te,(cr), the sesquitelluride, the substoichiometric ditelluride
and the tritelluride have been identified.

V.5.8.1.1. AmTe(cr)

Damien and Wojakowski [75DAM/WOJ], and Charvillat et al. [T6CHA/BEN] pre-
pared a phase with the fcc NaCl(cr) type structure, space group Fm3m, mixed with
the AmsTey(cr) phase, by heating the hydride with tellurium in equimolar ratio at
800°C in vacuum (~ 107> Torr) for 24 h, followed by annealing the products in
alumina crucibles at 1200°C. By analogy with other actinide elements, this was as-
sumed to be the monotelluride, but the precise composition is not known. The lattice
parameter of this presumably tellurium-saturated composition was 6.171 x 1019 m.
There are no experimental thermodynamic data for AmTe(cr), but Grenvold,
Drowart and Westrum [84GRO/DRO] estimated the standard entropy to be

S? (AmTe, cr,298.15K) = (121 +£12) J-K ' mol !,

based on estimated lattice and magnetic contributions of 104.6 [(2WES/GRO] and
16.7 J - K- mol !, respectively.

V.5.3.1.2. AmgTeq(cr)

Mitchell and Lam [fOMIT/LAM] first prepared this phase, mixed with another
unidentified phase, from equimolar amounts of americium and tellurium heated first
to &~ 420°C, and annealed at 1000 and then 800°C. The major phase had a bcc struc-
ture, ThyP,-type, space group 143d, a = 9.393 x 10 '° m and was assumed to be
Am3T64 (Cr).

Damien and Wojakowski [T5DAM/WOJ], Charvillat et al. [T6CHA /BEN] also pre-
pared this phase together with AmTe(cr) by reacting americium hydride with tel-
lurium and annealing at 1100°C. They reported a rather larger lattice parameter of
9.404 x 1071° m. This phase is also the decomposition product of higher americium
tellurides above 900°C [72DAM/CHA]. They suggested that this phase has an ap-
preciable range of homogeneity, since its lattice parameter increased with annealing
temperature from 9.382 x 107!% m at 900°C to 9.420 x 107! m at 1100°C.
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V.5.3.1.53. AmTey(cr)

Damien [72DAM] obtained a tetragonal phase with a = 4.366 x 107'% and ¢ = 8.969 x
1071 m by thermal dissociation of AmTes(cr) in vacuum at 400°C. The intensities
of the X-ray pattern suggest that this phase has a pseudo-cell of the CuySh(cr) type,
space group P4/nmm, similar to the substoichiometric plutonium ditelluride. No
analysis of the compound was made, so the exact composition is not known, but
by analogy with PuTey ,(cr) it was assumed to be substoichiometric. Subsequently
Burns, Damien and Haire [T9BUR/DAM] prepared 2**AmTe,_,(cr) from the elements
at 550°C for 20 h and removing excess Te by distillation. Refinement of the crystal
structure was consistent with 27% vacancies in one of the two Te lattices, suggesting
the composition was AmTe; 73(cr). The lattice parameters of the tetragonal cell were
a=4.358 x 1071 and ¢ = 9.027 x 1071 m.

V.5.3.1.4. AmTes(cr)

Damien [72DAM] obtained a tetragonal phase with a = 4.339 x 107'% and ¢ = 2.557 x
10~ m by vapour phase reaction of excess Te (Te/Am = 3.5) and americium hydride
at 350°C for 5 d. After removal of unreacted Te by distillation, the weight increase
corresponded to a composition of AmTe;. However, the line intensities suggested
that the phase is isostructural with NdTes(cr) (Norling and Steinfink [66NOR/STE])
and that its true symmetry is orthorhombic, space group Cmcm, with the a and b
parameters essentially equal.

V.5.5.2.  Americium oxytelluride

In their study of the thermal decomposition of AmTe,(cr), Charvillat and Damien
[72DAM/CHA] found that in the X-ray pattern of the major component AmszTe,(cr)
obtained by heating to 900°C, there were four additional lines with d-spacings close
to those of four of the strongest lines of PuyOyTe(cr). It seems likely therefore that
Amy0,Te(cr) was formed, presumably by reaction with silica, in this study.

V.6. Group 15 compounds and complexes

V.6.1. Nitrogen compounds and complexes

There are no experimental studies involving the thermodynamic properties for am-
ericium pnictides, so this review summarizes the preparative and structural data for
these phases.

V.6.1.1. Americium nitrides

Only the mononitride has been identified. As noted below, even in the presence of
ammonia/hydrogen mixtures, which correspond to quite high effective nitrogen pres-
sures, no higher nitrides were found that correspond to those in the earlier actinide
element-nitrogen systems.
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Akimoto [67AKI] was the first to report the preparation of a phase with the
NaCl(cr) structure, space group Fm3m, by heating, in sealed quartz tubes, either
americium hydride and ammonia at 800°C for 30 minutes, or americium powder (ob-
tained by decomposition of the hydride) with nitrogen at 750°C for 1 h. Since only
100pug of Am was used, no further analysis was possible. The lattice parameters of
the black products, assumed to be AmN(cr), were 5.000 x 1071 and 5.005 x 107! m
respectively, with an uncertainty of 0.005 x 107'% m.,

Charvillat et al. [7T5CHA/BEN, 76CHA /BEN] repeated the preparation from nitro-
gen (600 Torr pressure, 550°C, 12 h) finding a phase with the slightly smaller lattice
parameter of (4.995+0.002) x 10~!° m, as have Radchenko et al. [82RAD/RYA] using
70% Ny(g) + 30% Hy(g) at 800°C, who found a = (4.991 to 4.993) x 107° m for the
single phase products. In neither of these studies were any further analyses carried
out.

It is clear from the method of preparation that these “mononitride” phases may
well contain dissolved oxygen.

V.6.1.2. Americium azide complezes

A preliminary report by Cuillerdier, Musikas and Marteau [77CUI/MUS]| on the
complex formation between americium(III) and azide ions, was followed by Ph.D.
thesis [81CUI] and the publications by Musikas et al. [SOMUS/MAR, 83MUS/CUI],
which report that solvent extraction experiments yielded log,, 51 = 1.3, log; f2 = 1.6
and log,, A3 = 1.4, and absorption spectrophotometric measurements resulted in
logyo 31 = 1.0 and log,, #2 = 1.4. The papers by Musikas et al. indicate that the
spectrophotometric experiments were performed at I = 5 M, without stating clearly
which background electrolyte was used, although Cuillerdier [81CUI] indicates that
sodium perchlorate was employed.

Choppin and Barber [89CHO/BAR] performed a solvent extraction study at pH =
5.9 and I = 0.5 M NaClQy, involving a few rare earths and actinides. For ameri-
cium, they obtained log,, 51 = (0.67 & 0.05) at 25°C. Choppin and Barber obtained
A Hp(CmN3', T =0.5) = (15.1 £ 2.8) kJ - mol~! from a temperature variation study
involving Cm?3™.

The specific ion interaction equations (c¢f. Appendix B) are not appropriate to per-
form ionic strength extrapolations for the study reported in [SOMUS/MAR, 81CUI,
83MUS/CUI], and the constant reported by Choppin and Barber [89CHO/BAR] is
adopted. A value of Ae = —(0.1 £ 0.1) kg - mol~" is derived from the following
estimates: € amn2+ cl07) & Eamonz+,cior) = (0.39 £ 0.04) (¢f. Section B.1.4), and
E(N; Nat) = (0.0 £ 0.1) [92GRE/FUG, p.267|. This review assumes that the uncer-
tainties reported in [89CHO/BAR] are +1 standard deviation. The ionic strength
correction yields:

logy, #7(298.15K) = 1.67 +0.10

where the uncertainty has been increased to reflect the 95% confidence level. The
Gibbs energy of formation is calculated to be:

A(G2 (AmN2F aq,298.15K) = —(260.0 4 5.2) kJ - mol !
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V.6.1.3. Americium nitrite complezes

Rao, Kusumakumari and Patil [T8SRAO/KUS] performed a solvent extraction study
on the complexation of Am(III) and Cm(III) by nitrite ions. For americium they
report log,, /1 = (0.96 £0.03) at 1 M NaClO, and 25°C. The acid constant of nitrous
acid was measured under the same conditions: log,, K1 = 2.86. When extrapolated
to I = 0 using the equations in Appendix B, the acid constant (log,; K7 = 3.10)
agrees with the value selected by Grenthe et al. [92GRE/FUG], ¢f. Table IV.2. This
review selects the formation constant for AmNO3" reported by Rao, Kusumakumari
and Patil [TSRAO/KUS]| after extrapolation to I = 0 (again using the equations in
Appendix B) and increasing the uncertainty to +0.2:

logy 37(298.15K) = 2.140.2

No Gibbs energy of formation can be calculated because there is no selected value
for the NO; ion.

V.6.1.4. Americium nitrate compounds and complezes

V.6.1.4.1. Aqueous americium nitrates

The americium (II)-nitrate system has been investigated by solvent extraction, mainly
in 1.0 M HNO3-XClO4 media (where X = H, Na, Li or NHy), as presented in Ta-
ble V.14. The experimental measurements were interpreted assuming the formation
of AmNO3" and Am(NOs)5. The corresponding stability constants indicate that the
nitrate complexes are weak. It is therefore difficult to distinguish between complex
formation and changes in the activity factors of the solutes caused by the (often large)
changes in solute concentration. Hence, this review relies only on the data obtained
for the AmMNO2" species according to

Am*" +NO; = AmNO3Z*, (V.24)

and considers that there is no clear evidence of the existence of higher complexes.

Early qualitative spectrophotometric observation by Yakovlev and Kosyakov
[56 YAK/KOS]| evidenced the formation of americium-nitrate complexes, although
the composition of the complexes was not reported. The cation-exchange data ob-
tained by Lebedev, Pirozhkov and Yakovlev [60LEB/PIR] revealed the existence of
the AMNO3" complex. Lahr and Knoch [7T0LAH/KNO] found evidence for the for-
mation of Am(NO3)®=™ (n = 1,2,3). However, very large changes in the solution
composition were made in this study (0 to 8 M HNOj3), and the data might perhaps
also be explained by activity factor variations. The same reasoning can be applied
to Refs. [66GIV, 69SHI/GIV]. Chiarizia, Danesi and Scibona studied the competitive
complexation of Am(IIT) in NH] /SCN~/NOj3; media [73CHI/DAN] and interpreted
their results assuming the formation of Am(SCN)®=™ (n = 1,2,3) and AmNO3"
complexes. The thiocyanate data contradict all previous observations, and this re-
view rejects the corresponding equilibrium constants for the thiocyanate complexes
(cf. Section V.7.1.4), and disregards the proposed log;, 51 (NOj ).
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Table V.14: Literature equilibrium constants for the Americium(III)-nitrate system,
according to the reactions

Am3t + nNOj = Am(NO3)@™".

n  Method Medium(®) pH t(°C) logio On Reference

1 cix 1.0 M NH,X®) 1.5  20-25 0.60 [60LEB/PIR]
1 dis 1.0 M H(ClO4,NO3) 0 2241  0.26 £0.07 [62PEP/MAS)]
1 dis 1.0 M (H,Na)ClOy4 0 26+1  0.15+0.03 [64BAN/PAT]
1 0 0.27 4 0.02(¢)

1 3 0.20 + 0.03

1 3 0.23 + 0.03(¢)

1 dis 1.0 M HCIO,4 0 25 0.26 + 0.02 [65CHO/STR]
1 sp 1-15M HNO3 <0 25 —1.30+0.09 [66GTV, 69SHI/GIV]
1 dis 80 M H(ClIO4,NO3) <0 20+1 -0.33 [70LAH/KNO]
2 —-0.77

3 1.4

1 dis 1.0 M HCIO,4 0 30 0.29 + 0.01 [71KHO/NAR]
1 1.0 M LiClOy4 2.5 0.30 + 0.01

1 1.0 M NaClOy4 2.5 0.26 + 0.01

1 1.0 M NH4Cl1O,4 2.5 0.23 + 0.01

2 0.13 + 0.06

1 dis 2.0 M NH,CIO,4 20 25 0.20 + 0.03 [73CHI/DAN]

A significant amount of the anion in the background electrolyte was substituted by NOj
in these studies.
Lebedev, Pirozhkov and Yakovlev [60LEB/PIR] report that the ionic strength was kept
constant by addition of ammonium chloride or perchlorate.
Value obtained in this review by a reinterpretation of original data (cf. Appendix A).
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The equilibrium constant from the reinterpretation of the solvent extraction data
of Bansal, Patil and Sharma’s [64BAN/PAT]| (c¢f. Appendix A) are in agreement with
the results of Peppard, Mason and Hucher [62PEP/MAS], those of Choppin and
Strasik [65CHO/STR], and those of Khopkar and Narayanankutty [71KHO/NAR].
The corresponding values of logo3; are accepted by this review. These equilibrium
constants are converted to molal units and extrapolated to zero ionic strength using
the specific ion interaction equations (cf. Appendix B) with Ae = (—0.06 £+ 0.06) kg -
mol~!. An uncertainty of +0.1 has been assigned to all log,, 3; values in order to
take into account the change of the anionic composition of the media. For the same
reason, an unweighted average of the data corrected to I = 0 is performed, yielding:

log, 5°(V.24,298.15K) = 1.33 +0.20.

It should be mentioned that the experimental data used for this calculation refer
to slightly different temperatures (cf. Table V.14). No reliable enthalpy data are
available in the literature, and therefore this review considers that an increased un-
certainty of £0.20 is representative of the eventual (minor) temperature effects on
the equilibrium constants.

The Gibbs energy of formation is calculated to be

A¢GS (AmMNO3*T aq,298.15K) = —(717.1 +4.9) kJ - mol ™",

Vasil’ev et al. [T5VAS/AND] studied the Am(VI)-NOj system in 0 < [HNO3] <
18 M solutions using a spectrophotometric technique and suggested the formation
of AmOQ(NO3)S*") (n = 2,3). Vasil'ev et al. interpreted their measurements at
[HNOj3] < 10 M according to the following reaction

AmO,(H,0);" +2N0; = AmO,(NO3)2(Hy0)q(aq) + 4 HyO(1)

with log,y f2 = (3.93 £0.04). As it is not possible to extrapolate data from this high
and varying ionic strength to I = 0 with the specific ion interaction approach, this
equilibrium constant is not selected in this review.

No other investigations of Am(IV/V/VI)-NO; are found in the literature.

V.6.1.4.2. Solid americium nitrates

Vasil’ev et al. [90VAS/KAL] prepared hydrated Am(III) nitrate by dissolving the
oxide in 8 M HNOj;. The solution was first evaporated and then dried under He(g),
to give a yellow-rose Am(NQOj);-2H2O precipitate. The authors used different thermal
analysis (DTA) to study the thermal decomposition of the prepared solid:

Am(NO3)3(S) — AIIIOQ(S)

which indicates that Am(III) is oxidised to Am(IV) during thermal decomposition.
From the area of the DTA curve for the thermal decomposition, the authors estimated
the standard heat of formation of the anhydrous crystalline Am(III) nitrate:

ArH? (Am(NO3)s, cr,298.15K) = —(640 4 100) kJ - mol™".

As not enough experimental and computational details are given in Ref. [90VAS/KAL],
this value can not be recommended.
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V.6.2.  Phosphorus compounds and complezxes
V.6.2.1. Aqueous americium phosphorus complezes

V.6.2.1.1.  Aqueous americium(III)-phosphate complezes

There are few reliable studies available in the literature on americium complexation
by phosphate anions, and most of these studies were performed on solutions of low
pH and fairly high concentration of phosphoric acid. Experimental studies of equi-
libria in the americium phosphoric acid system are complicated by the presence of
several competing ligands: H3POy(aq), HoPO, , HPO3 ™ and PO} . Techniques such
as cation exchange [66BOR/ELE, 71MOS2], spectrophotometry [79LEB/FRE2] and
solvent extraction [S6RAO/MAH, 88RAO/MAH] have been used to determine the
composition and the stability constants of the americium(III)-phosphate complexes.
The mono- and dihydrogen phosphate complexes AmHPO] and Am(HQPO4)£l37”)
(n = 1 to 4) have been suggested to interpret the various experimental data (cf.
Table V.15).

In order to reanalyze all the available literature data (Table V.15 and Appendix A)
the free ligand concentration, [HpPO§p_3)} was computed using the selected protona-
tion constants of phosphate (Table IV.2) and the corresponding specific interaction
coefficients (Table B.4). Equilibrium constants obtained in reinterpretations of ex-
perimental data given in selected references were analysed using the specific ion in-
teraction equations (cf. Appendix B) and values of € (Am estimated
in Section B.1.4.

One of the limitations of the specific ion interaction method (¢f. Appendix B)
is that it only takes into account the interactions between ions of different charges
while disregarding interactions with uncharged species. This assumption is sufficient
in most of the experimental conditions encountered in the literature for 7 < 4 M.
However, at higher concentration of a neutral species, in this case H3POy4(aq), the ion-
neutral interaction should be considered [7T6PIT/SIL]. Because the appropriate ion-
neutral interaction coefficients are not known for the americium phosphate system,
it is not possible to make the proper corrections to zero ionic strength. This review
nevertheless decides to consider the data collected at [H3PO4] > 4 M, but cannot
include the resulting stability constants in the table of selected standard reaction
data (Table I11.2).

Borisov et al. [(6BOR/ELE] studied the Am(III)-phosphate system, at /= 0.2 M
NH,4ClOy, using a cation exchange resin. The variation of the distribution coefficient
vs. [HyPO,], at pH = 2, 3 and 4, indicates the formation of AmH,PO3*. The
same experimental technique was used by Moskvin [71MOS2] at 1.0 M NH,Cl and
at pH = 0.3 and 1.8, proposing the existence of the four complexes Am(HQPO4)S’_"),
with n = 1 to 4. The cation exchange technique appears however inadequate to
study this system where several potential ligands (PO3~, HPO3~ and H,PO;) may
form various cationic complexes. Hence, the data of Borisov et al. [66BOR/ELE] and
Moskvin [7IMOS2] can not be selected in this review, cf. Appendix A.

Lebedev et al. [TOLEB/FRE2] studied the spectral changes in the americium ab-

(HpPOL)S =% clo;)
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Table V.15: Literature equilibrium constants for the americium-phosphate system.

Method  Ionic Media pH t (°C) logo 3 References
Am3* + HPO;™ & AmHPO}
dis I-—0 7,8 30 4.14 £ 0.08™P) [86RAO/MAH]
dis 0.5 M NH,ClO; 7 10 3.63 [SSRAO/MAH]
20  3.76
Am?t + HyPO; = AmH,PO3*
cix 02MNH4ClO, 2,3,4 20 1.69+0.05  [66BOR/ELE]
cix I—0 2,3,4 20 251
cix 1.0 M NH4Cl 03,1.8 7 1.48 [69MOS, 71IMOS2]
cix I—0 ? 239 [69MOS]
sp ltol13M 0Otol 23  273+0.06° [7T9LEB/FREZ2]
H(ClO4, HoPOy)
dis 0.5 M NH4ClO, 2,3 30 1.97 [S6RAO/MAH]
dis I —0 2,3 30 2.13+0.08%
dis 0.5 M NH4ClO; 2 10 1.64 [8SRAO/MAH]
20 1.69
41 2.36
Am3t + 2HyPO,; = Am(HoPOy)5
cix 1.0 M NH4Cl 0.3, 1.8 2.10 [69MOS, 71IMOS2]
cix I—0 > 3.63 [69MOS]
sp ltol13M 0Otol 23  3.72+40.02¢ [79LEB/FREZ2]
Am3* + 3HyPO; = Am(HoPOy)3(aq)
cix 1.0 M NH4Cl 0.3, 1.8 2.85 [69MOS, 71IMOS2]
cix I—0 5.62 [69MOS]
Am3* + 4HyPO; = Am(HoPOy);
cix 1.0 M NH4Cl 03,1.8 7  3.40 [69MOS, 71IMOS2]
cix I—0 ? 6.3 [69MOS]
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Table V.15 (continued)

Method  Ionic Media pH t (°C) log, 8 References

Am*t + 3H,PO; = Am(HoPOy)7

pot 10 to 15 M 0tol 23 142410 [79LEB/FRE2]
H(ClO4, HoPOy)

AmOZ" + 2H,PO,; = AmO,(HyPOy)2(aq)

sp 01to2M 0.4tol4 23 3.3 +0.1(9 [79LEB/FRE]
H(C104, HoPOy)
pot 02to5 M 0 to 1 4.61 +0.05(%)

H(ClO4, H,PO,)

(a) Value corrected from I = 0.5 M NH4ClO4 to I = 0 by the authors of the
original publication [S6RAO/MAH] using the Davies equation.

(b) Rao et al. [86RAO/MAH] report the following values at 0.5 M NH4ClO4
for the formation of AmHPO}: log,,B:1(pH = 7) = 3.60 and 3.92, and
log,q 41 (pH = 8) = 2.41 and 4.14.

(c) Value corrected to I = 0 by the authors [7T9LEB/FRE, 79LEB/FRE2] and
it corresponds therefore to 5°. Because of the extreme concentration condi-
tions, the reaction involves the exchange between ligands and solvation water
molecules, and the corresponding equilibrium constant was also corrected for
the variation in water activity.

sorption band at 506 nm produced by H,PO, complexation, at high concentrations
of phosphoric acid: 0.1 < [H3PO4| < 13 M. The ionic strength in these solutions is
estimated to be (0.35 £+ 0.10) M from the calculated dissociation of H3PO4(aq) into
HyPOj; . As discussed in Appendix A, this data are not considered due to the extreme
concentration conditions.

Rao, Mahajan and Natarajan [S6RAO/MAH] conducted a solvent extraction ex-
periment using a liquid cation exchanger. They measured the distribution coefficient
at different total phosphate concentrations (at 30°C and 0.5 M NH4ClO,4). They
interpreted their results assuming the presence of AmH,PO3" (at pH = 2 and 3) and
AmHPO] (at pH = 7 and 8). The reanalysis of the experimental data agrees with
the formation of the first dihydrogen phosphate complex, but this review considers
that the experimental data obtained in neutral and weakly basic solutions might
suffer from systematic errors, and furthermore the stoichiometry of the predominant
complex (AmHPO; or AmPOy(aq)) can not be determined unambiguously from the
available data (cf. Appendix A), hence the equilibrium constant for the formation



142 Discussion of data selection

of AmMHPO] listed in Table V.15, is disregarded by this review. Similar conditions
(pH =2and 7, and I = 0.5 M NH4CIlO4) were used by Rao, Mahajan and Natarajan
in another study [88RAO/MAH] to investigate the effect of temperature variation
(at 10, 20 and 41°C). The authors based their conclusions on the chemical model
presented previously [S6RAO/MAH]. For the same reasons this review selects only
the data obtained at pH = 2, and concludes that the existence of AmHPO] is not
clearly proven in the studies of Rao et al. [S6RAO/MAH, 88RAO/MAH].
For the equilibrium:

Am* + H,PO;, = AmH,PO?* (V.25)

the stability constant from [S6RAO/MAH] at 30°C and I = 0.5 M is converted to
molal units and extrapolated to zero ionic strength using the specific ion interaction
equations, cf. Appendix B, yielding the following selected value:

log,, 4°(V.25,298.15K) = 3.0+0.5.

where the uncertainty has been increased to take into account the temperature dif-
ference. The Gibbs energy of formation is calculated to be

A¢GS (AmH,POTT, aq,298.15K) = —(1753.0 +5.8) kJ - mol™".

The data of Rao, Mahajan and Natarajan’s obtained at different temperatures
[86RAO/MAH, 88RAO/MAH] yield for reaction (V.25): A,Hpq = (14+6) kJ-mol !
and A, Sy, 1 = (824+19) J-K~'-mol~" at 25° and I = 0.5 M. Because of the uncertainty
in the influence of temperature on activity coefficients, the equilibrium constants are
not extrapolated to I = 0 to obtain standard values for the enthalpy and entropy of
complex formation. Furthermore, the temperature variation of log;, 3, is small and
of the same order of magnitude as the uncertainty in the individual values of the
equilibrium constants.

V.6.2.1.2. Higher valences of americium

Yanir et al. [69YAN/GIV] studied the stability of higher oxidation states of americium
in 4 to 16 M H3PO, solutions, using spectrophotometry. The authors reported that
anodic oxidation of the initial Am(III) solution lead to Am(VI) in [H3PO4] < 5 M,
while Am(IV) was formed at higher phosphoric acid concentrations, with a maxi-
mum oxidation yield at [H3PO,4] &~ 12 M. This qualitative information indicates that
the experimental determination of the Am(IV)/Am(III) and Am(VI)/Am(V) redox
potentials is possible in phosphate media. Erin et al. [T5ERI/SHA] demonstrated
that Am(IV) could also be produced in solutions with [H3PO,] < 5 by oxidation of
Am(III) followed by chromatographic separation using columns filled with zirconium
phosphate.

The formal potential of the Am(IV)/Am(III) couple was measured by Yanir et al.
[TOYAN/GIV] in 11.5 to 14.5 M H3POy solutions, obtaining E°(IV/III) = (1.75 +
0.01) V versus SHE at 25°C. Nugent et al. [TINUG/BAY] reported a value of 1.78 V,
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measured in 10 M H3POy solutions at 25°C, referring to unpublished work by J.R.
Stokely and R.D. Baybarz. Myasoedov et al. [TTMYA /LEB] measured E°(IV/III) =
(1.800 £ 0.005) and (1.770 £0.005) V in 12 and 15 M H3PO, solutions, respectively.
All these experimental results indicate that the conditional redox potential in high
phosphoric acid concentrations ([H3PO,4] > 11 M) is E°(IV/III) = (1.77 £ 0.02) V
versus SHE.

The complex formation of Am(IV) with HyPO, has been studied by Lebedev et
al. [T9LEB/FRE2] who measured the oxidation potentials of the Am(IV)/Am(III)
couple in 10 to 15 M H3PO, solutions. Using the stability constants for the Am (IIT)
complexes, AmH,POF" and Am(H,PO,)5, measured spectrophotometrically in the
same study, cf. Table V.15, Lebedev et al. obtained log,, #5 = (14.2 £ 1) for the
following reaction:

Am*t + 3H,PO; = Am(HyPOy)5.

However, as discussed in Appendix A, it is not possible to separate media effects
from complex formations in these highly concentrated solutions, and an equilibrium
constant for this reaction can not be recommended by this review.

While in aqueous solutions electrochemical oxidation of Am(III) to Am(IV) is
found to take place at high H3PO,4 concentration (> 10 M), c¢f. Ref. [TOLEB/FRE2],
in acetonitrile media this oxidation occurs at [H3PO4] = 0.3 to 2 M [87TPER/LEB]|.
The stabilisation of tetravalent americium is certainly important, but the reported
values are not considered because of the non-aqueous media.

The formal potential of the Am(VI)/Am(V) couple was measured by Yanir et
al. [TOYAN/GIV], obtaining E°(VI/V) = (1.34 £+ 0.07) V wversus SHE, in 0.5 to
4.3 M H3POy, solutions at 22°C. Lebedev et al. [T9LEB/FRE] studied the americyl-
phosphate system using spectrophotometry and potentiometry at 0 < [H3PO,4] <
12 M. They interpreted their measurements by the presence of AmO,(HyPOy)2(aq)
at [H3PO4] > 0.1 M. The values of log,, 35 for:

AmO%J’ + 2 HQPOZ = AmOQ(HQPO4)2(aq)

were found to be (3.3 £0.1) and (4.61 £ 0.05) by spectrophotometric and potentio-
metric techniques respectively. The experimental data are not adequate to prove the
proposed chemical model, and this equilibrium constant is not recommended by this
review.

Marcus et al. [T2MAR/YAN] evaluated the effect of phosphoric acid media on their
previous measurements of the formal potential for Am(IV)/Am(III) [70YAN/GIV] to
obtain a value of the standard redox potential, E°(IV/III), using stability constant
estimates (from analogous lanthanides and actinides) on assumed stoichiometries for
the complexes. However, these types of correlations are unreliable owing to the lack
of any direct evidence on the Am(IV; V; VI) speciation in phosphoric acid solutions.
Reliable evaluations of the standard potentials E°(IV/III) and E°(VI/V) are thus
not possible from the available measurements in phosphate media.
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V.6.2.1.3. Other aqueous americium-phosphate systems

Elesin et al. [(7TELE/LEB] studied the complex formation of americium and other
trivalent actinides with trimetaphosphoric acid, H3P30q, using an ion exchange tech-
nique (0.2 M NH,Cl1Oy4, 25°C). At, pH = 2 and 4, two complexes were suggested to
describe the experimental results: AmP;0g(aq) and AmHP304 . The formation con-
stants at I = 0.2 M for these complexes were reported to be log,, 51 = (3.48 £ 0.04)
and (3.3 = 0.2) respectively. No reliable auxiliary data (protonation constants for
P;037) are available and therefore these complexes are not included in the selected
data set.

Different Soviet investigations have reported the production and stabilisation of
tetra-, penta- and hexavalent americium in aqueous potassium phosphotungstate so-
lutions, K;gPaWi706, [76SAP/SHI, 76SAP/SPI, 77KOS/TIM, 80MIL/LIT,
82ERI/KOP, 82KUL/LEB, 83ERI/KOP, 86ERI/KOP], based on the following re-

dox reaction schemes:

2Am(V) = Am(IV)+ Am(VI)
Am(VI) + Am(ITI) = Am(V)+ Am(IV)
Am(V) +Am(III) = 2Am(IV)

Milyukova, Litvina and Myasoedov [8OMIL/LIT] reported log,, f2 = 5.4 and 9
for the Am(IH) and Am(IV) complexes Am(P2W17061)%7_ and Am(P2W17061)%6_
respectively. These equilibrium constants, apparently obtained at room temperature,
were calculated from spectrophotometric data on solutions of varying ionic medium.
This review does not recommend values for any of these interactions.

V.6.2.2.  Solid americium phosphorus compounds

V.6.2.2.1. Solid americium phosphides

Only the monophosphide has been identified, even in the presence of excess phospho-
rus.

Charvillat et al. [T5SCHA/BEN, 7T6CHA /BEN] heated americium hydride with ex-
cess red phosphorus at 580°C for 3 days, finding a single-phase product with the
NaCl(cr) structure, space group Fm3m, with a lattice parameter of (5.7114+0.0003) x
107 m. Again, oxygen contamination is possible, but is probably less serious than
with the nitride.

V.6.2.2.2.  Solid americium phosphates

Keller and Walter [65KEL/WAL] have precipitated Am(III) phosphates by addition
of dilute solutions of NayHPO, or (NH4),HPO, to weakly acid Am(IIT) solutions. The
hydrate contains up to 0.5 H,O per mole of AmPQO, and crystallises with a hexagonal
unit cell @ = (6.99 + 0.01) x 107'% m, ¢ = (6.39 + 0.01) x 107'® m. The light pink
completely anhydrous AmPOy(cr) is formed by calcination above 200°C, and has the
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monoclinic ThSiO4-type lattice, space group P2, /h with a = (6.7340.02) x 107'% m,
b=(6.9340.02) x 107'% m, ¢ = (6.41 + 0.02) x 107'° m, 3 = 103.83°. This has an
appreciably higher density than the hydrate.

Rai et al. [92RAT/FEL] performed a solubility study of ***Am(III) in phosphate
media. The experimental data at pH< 3 were interpreted according to the following
reaction

AmPO, - tH,O(am) = Am*" +PO3™ 4+ 2 H,0(]) (V.26)

This review selects the solubility constant obtained by Rai et al. [92RAI/FEL] with
the uncertainty increased to £0.6 log,y-units (cf. Appendix A):

logyo K2(V.26,298.15K) = —24.79 + 0.60.

The temperature at which the experiments were performed was not specified by
Rai et al., but the increased uncertainty will compensate for possible temperature
effects. The corresponding value of A¢G¢, for AmPO,(am, hydr) can not be selected
by this review due to the unknown stoichiometry of the solid phase.

Ternary phosphates of Am(VI) with the general formula MAmO,PO, - zH,O(cr),
(0 < z < 3) and (M = NHy, K, Rb and Cs) were prepared by Lawaldt et al.
[82LAW/MAR/ from Am(VI) in 2 M nitric acid solutions by addition of 0.1 M H3PO,
and M,CO;(s) to obtain a pH of 3.5. The lemon-yellow compounds have a tetragonal
structure, space group P4/nmm or I4/mmm with @ = (6.91 to 6.99) x 1070 m,
c = (8.821t09.06) x 107! m. The Rb and Cs compounds may have some M replaced
by H.

V.6.53. Arsenic compounds
V.6.5.1. Arsenides

Only the monoarsenide has been identified, even in the presence of excess arsenic.

Charvillat and Damien [7T3CHA/DAM] heated some americium hydride (**!Am)
with excess arsenic in a Pyrex tube at 600 K for one week. The X-ray diffraction
patterns of the product (~ 50 mg) indicated the presence of arsenic and an fcc phase.
After vaporisation of the excess arsenic, the lattice parameter of the fcc phase, NaCl-
type, space group Fm3m, was a = 5.873 x 107! m after annealing at 1000°C for
10 h. By analogy with the corresponding neptunium and plutonium phases, this was
assumed to be the monoarsenide.

Roddy [74ROD] repeated this preparation using the longer-lived 2**Am isotope,
and various heat treatments. He found the following lattice parameters: (5.880 +
0.001) 1071 m after heating of 675°C for 1 h and at 400°C for 7 d, and (5.880 +
0.002) 107'% m after annealing at 1000°C for 10 h. The lower lattice parameter after
annealing at 1000°C may of course result from some oxygen contamination, as noted
by Roddy.
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V.6.3.2.  Arsenates

Keller and Walter [65KEL/WAL] have obtained the AmAsQO,(cr) by calcination at
1000°C of the precipitate from mixing Am(NOj3)3 and (NH),HAsO, solutions. It
has the monoclinic ThSiOy-type lattice, space group P2;/h with a = (6.89 £+ 0.02) x
10719 m, b = (7.06 £ 0.02) x 10-1° m, ¢ = (6.62 £ 0.02) x 1010 m, 3 = 105.5°.

Ternary arsenates of Am(VI) with the general formula MAmO,AsO, - zH,O(cr),
(0 < x < 3) and (M = NHy, K, Rb and Cs) were prepared by Lawaldt et al.
[82LAW/MAR] from Am(VI) in 2 M nitric acid solutions by addition of 0.1 M H3AsO,
and MyCOj(s) to obtain a pH of 3.5. The lemon-yellow compounds have a tetragonal
structure, space group P4/nmm or I4/mmm with ¢ = (7.09 to 7.15) x 1070 m,
c = (8.93 to 17.73) x 107! m. The Rb and Cs compounds may have some M
replaced by H.

No thermodynamic data are available for the arsenates of americium.

V.6.4. Antimony compounds
V.6.4.1. Antimonides

Three antimonides have been identified: Am,Sbs(cr), and AmSb(cr) and AmSby(cr);
the detailed phase relationships are not known.
The mixed compound AmSbTe(cr) is also discussed in Section V.6.4.1.4.

V.6.4.1.1. AmySbs(cr)

Charvillat et al. [T5CHA/BEN] obtained this phase by heating americium hydride
with antimony in a molar ratio of 4:3 in a sealed evacuated tube at 550°C for 7 days.
The X-ray diffraction patterns of the product indicated the presence of two phases,
an fcc phase, NaCl(cr) type, with a = 6.240 x 107'° m, and a bcc phase of type
(anti) ThgPy4(cr), space group I4d with a = 9.2392 x 107! m. Phases of this type
are well-known in the lanthanide-antimony systems.

V.6.4.1.2. AmSb(cr)

Mitchell and Lam [FOMIT/LAM] first prepared the monoantimonide, both by arc-
melting the elements, and by heating equimolar amounts of the elements at 630°C
for 1 h in an evacuated quartz capsule.

This phase has also been identified by Roddy [74ROD], using 23Am, and Charvillat
et al. [T6CHA/BEN], by reacting the elements with or without hydrogen in sealed
containers.

AmSb has the usual NaCl(cr) fce structure, space group Fm3m, with a parameter
between 6.2380 x 107!% and 6.241 x 107!° m, depending on the heat treatment or
possibly purity. The as-cast material had a slightly larger parameter of 6.2426 x
10-1% m [7OMIT/LAM].
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V.6.4.1.3. AmSby(cr)

AmSby(cr) was prepared by Charvillat et al. [TTCHA/DAM] by reaction of excess
antimony and americium hydride in a sealed quartz tube at 700°C. Annealing for
7 d was required to obtain well-crystallised products. The structure was found to be
orthorhombic with a = 6.18 x 1071, b = 6.05 x 1071® and ¢ = 17.59 x 1071 m. Based
on the analogous compound of plutonium, for which single crystal X-ray pictures were
taken, the structure is taken to that to LaSby(cr), space group Cmca.

The precise composition (and oxygen content) of this phase is not known.

V.6.4.1.4. AmSbTe(cr)

Charvillat et al. [TTCHA/DAM] also prepared the mixed antimonide-telluride, by
reaction of stoichiometric amounts of AmSb(cr) and Te(cr) in quartz tubes at 750°C
for 7 d. It has the tetragonal (anti) CuySb(cr) structure, space group P4/nmm, with
a=4.326x10"1% ¢=9.17 x 1071 m. Again, the precise composition is not known.

V.6.5. Bismuth compounds

Only the monobismuthide has been identified.

This phase was obtained by Roddy [74ROD], using ?*3Am, by reacting the elements
with or without hydrogen in quartz tubes. The final mixture contained americium
metal and an fcc phase, NaCl(cr) structure, space group Fm3m, with a = 6.338 x
10719 m (975°C for 2 d) or 6.335 x 107! m (as above 800°C for 14 d). No higher
compounds were found.

V.7. Group 14 compounds and complexes

V.7.1.  Carbon compounds and complexes
V.7.1.1. Americium carbides

The phase diagram of the Am-C system has not been established in any detail, but
the “monocarbide” and sesquicarbide have been identified. Workers at Euratom
[T3EUR] prepared samples of americium carbides by carbothermic reduction and
by arc melting. Samples of overall composition AmC; s and AmC, o5 annealed at
1000°C for 24 h, contained an fcc NaCl-type phase with @ = 5.02 x 107 '%m, mixed
with a sesquicarbide phase having a slightly smaller lattice parameter than that noted
below. Although the precise composition and oxygen and nitrogen contents of the
fce phase were not established, it is presumably the monocarbide AmC(cr).

Americium sesquicarbide has been prepared by Mitchell and Lam [7T0MIT/LAM?2].
It is isostructural with PuyCs(cr), space group 143d, a = (8.2757+0.0002) x 107! m
for a sample annealed at 1000°C for 1 h. The precise composition was not established.

From the systematics of the actinide carbides, Holley et al. [84HOL/RAN] have
estimated thermodynamic properties of AmyCs(cr) which correspond to:
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S (Am,Cs,cr,298.15K) = (145420) J-K - mol ! |
A¢HS (AmyCs, cr,298.15 K) =  —(151442) kJ - mol !,

which are accepted by this review. The standard Gibbs energy of formation is calcu-
lated from these selected enthalpy of formation and entropy:

A¢GS (AmyCs,er, 298.15K) = —(156 4 42) kJ - mol .

Americium carbides with C/Am > 2, annealed at 1000°C for 24 h, showed no
evidence of a dicarbide structure [73EURJ, so this phase is presumably stable only at
high temperatures, if at all (¢f. PuCy(cr) [84HOL/RAN]).

V.7.1.2.  Americium carbonate compounds and complezres

Several compilations have been published on available and estimated thermody-
namic data for americium carbonate systems [85PHI/PHI, 86WAN, 88PHI/HAL],
but only a few have attempted a critical review [84KER, 86KER/SIL, 8SNEW /SUL,
88MOU/ROB, 89INIT/STA]. Several articles have appeared with estimates of for-
mation constants [82ALL, 83ALL, 87BRO/WAN, 88CAN], however, the number of
experimentally derived thermodynamic values for solubility products of solids and
formation constants of solution species are rather limited. This review concentrates
on thermodynamic constants determined from experiments (cf. Table V.16) and con-
siders estimates only when they have good chemical justification and when credible
measured data are missing.

V.7.1.2.1. Aqueous americium hydroxide-carbonate systems

Many different soluble species have been proposed for the americium-water-carbonate
system: pure carbonate and/or bicarbonate and/or mixed hydroxy-carbonate com-
plexes. After reinterpretation of literature data, this review finds no evidence for
the formation of Am(III)-bicarbonate or hydroxo-carbonate complexes (cf. Sections
V.7.1.2.1.b and V.7.1.2.1.c). Only the complexes AmCOZ, Am(CO3); and Am(CO3)3~
have been well established. All the reported stability constants are presented in Ta-
ble V.16. Only the data from a few selected references are used in the selection
procedures described below.

a) Am(III) carbonate complexes

Americium complexation by carbonate has been investigated by solvent extraction,
spectrophotometry, electromigration [82BID, 82LUN, 89INIT/STA] and solubility
[84BER/KIM, 89ROB, 90FEL/RAIL 91MEI/KIM]. These studies have demonstrated
the existence of Am(CO3)®2" with n = 1, 2 and 3. There is no experimental evi-
dence on the existence of Am(CO3);~, even at the highest carbonate concentrations
(cf. discussion of Refs. [69SHI/GIV, 83BOU/GUI, 89ROB] in Appendix A).
Bidoglio [82BID] used a solvent extraction technique to study the americium spe-
ciation at I = 0.2 M (NaClO,). He interpreted his experimental data assuming the
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Table V.16: Literature equilibrium constants for the americium(III)-carbonate-water

system.

Method Ionic t log10 K Reference
Medium (°C)
AmCO30H(s) + 2HT = Am**+ + HCO3 4 Hy0O(1)
sol 0.1 M NaClO, 25 2.74 £0.17  [84SIL/NIT]
sol 0.1 M NaClOy 25 2.77+0.15  [85SIL]
sol  IT—0 25 2.53+0.16  [85SIL)]
AmCO30H(s) = Am*+ + CO2™ + OH~
sol  0.1to0.3 M NaClO; 257 —21.03+0.11 [84BER/KIM]
sol  I—=0 ? —22.5() [90FEL/RAT]
sol 0.1 M NaClOy 25  —18.70+£0.12  [92RUN/MEI]
0.5 Amy(CO03)3(s) = Am*T + 1.5C0O3~
sol 3.0 M NaClO, 20  —15.08+0.15 [89ROB]
sol 0.1 M NaClO, 25 —14.94540.09 [9IMEI/KIM]
sp 0.1 -0.3 M NaClOy 25  —14.85+0.05 [9IMEI/KIM]
sol 0.1 M NaClOy 22 —14.785+0.05 [91MEI/KIM2]
sol 0.1 M NaClO, 25 —14.7254+0.09 [92RUN/MEI]
sol 0.1 M NaCl 21  —17.14+0.15  [93GIF/VIT]
sol 4 M NaCl 21 —15.240.2 [93GIF/VIT]
NaAm(CO3)a(s) = Nat + Am?* 4 2C03~
sol  0.1M —18.32(0) [85KIM, 85KIM?2]
10 —17.56(") [85KIM?2]
sol I —0 —17.38() [86AVO/BIL)]
Am?t + CO% = AmCO7
dis 1.0 M NaClOy 25 5.81+£0.04 [82LUN]
em 1.0 M NaClO, 25 5.3+0.4 [82LUN]
sol  0.1to 0.3 M NaClO4 257 5.08 £0.92 [84BER/KIM]
sp 0.1 M NaClO, 22.5 6.69 £0.15  [8INIT/STA]
sp I—0 25 8.16 £0.10  [8INIT/STA]
sol 3.0 M NaClOy 20 5.45+0.12  [89ROB]
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Table V.16 (continued)

Method Ionic t log1g K Reference
Medium (°C)
Am3t + COZ™ = AmCO7 (continued)
sol I—0 ? 7.6 [90FEL/RAI]
sol 0.1 -0.3 M NaClO4 25 5.97+0.15 [91MEI/KIM]
sp 0.1 - 0.3 M NaClO4 25 6.48 £0.03 [91MEI/KIM]
sol 0.1 M NaCl 21 7.7+£0.18 [93GIF/VIT]
sol 4 M Na(Cl 21 5.3+£0.25 [93GIF/VIT]
Am*t +2C03 = Am(CO3),
dis 0.2 M NaClOy4 25 11.45 +£0.08 [82BID]
dis 1.0 M NaClOy4 25 9.72 £0.10 [82LUN]
em 1.0 M NaClOy4 25 8.5£0.5 [82LUN]
sol 0.1 to 0.3 M NaClO4 257 9.27 £ 2.2 [84BER/KIM]
sol 3.0 M NaClOy4 20 8.92 £0.15 [89ROB]
sol I—0 ? 12.3 [90FEL/RAI]
sol 0.1 - 0.3 M NaClO4 25 9.58 £0.24 [91MEI/KIM]
sp 0.1 -0.3 M NaClO4 25 9.94+0.24 [91MEI/KIM]
sol 0.1 M NaCl 21 11.21 £0.21 [93GIF/VIT]
sol 4 M Na(Cl 21 9.2+0.36 [93GIF/VIT]
Am?t +3C03 = Am(CO3)3~
sol 0.1 to 0.3 M NaClO4 257 12.124+0.85 [84BER/KIM]
sol 3.0 M NaClO4 20 11.44 £0.12 [89ROB]
sol I—0 ? 15.2 [90FEL/RAI]
sol 0.1 M NaCl 21 12.8 £0.25  [93GIF/VIT]
sol 4 M Na(Cl 21 11.4+£0.25 [93GIF/VIT]
Am?t + HCO; = AmHCO3"
dis 0.2 M NaClOg4 25 4.79 +0.08 [82BID]
dis 0.5 M NaClOy4 15 1.91 [88RAO/MAH]
25 2.00
25 2.13
Am3t + 2HCO; = Am(HCO3);
dis 0.2 M NaClOg4 25 8.15 +£0.09 [82BID]
dis 0.5 M NaClOy4 35 3.83 [88RAO/MAH]
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Table V.16 (continued)

Method Ionic

t log10 K Reference
Medium (°C)

Am?t + CO%~ + OH- = AmCO3;0H(aq)

sol 0.1 to 0.3 M NaClO4 25? 12.15+0.15 [84BER/KIM]
Am*t + CO% +20H" = AmCO3(OH)y

sol 0.1 to 0.3 M NaClO4 25?7 18.29+£0.17 [84BER/KIM]
Am?t 4+ 2C0%" + OH™ = Am(CO3),OH?*~

dis 0.2 M NaClOy 25  15.57+£0.08 [82BID]
sol 0.1 to 0.3 M NaClO, 25? 16.16 +0.14 [84BER/KIM]

(a) Felmy, Rai and Fulton [90FEL/RAIT] combined their solubilities at pH> 6.5
with those of Silva [85SIL] to obtain this solubility constant.

(b) These values refer to solubility experiments performed by Vitorge [84VIT]
within the MIRAGE project. However, Vitorge did not publish himself
the results from the treatment of the data.

formation of the first and second bicarbonate, the second carbonate and the mixed
hydroxy-carbonate Am(CO3),OH?~ complexes. Lundqvist [82LUN] and Nitsche,
Standifer and Silva [89NIT/STA] showed using two different CO, partial pressures
that the bicarbonate complexes must be much weaker than reported by Bidoglio;
hence, the interpretation of the extraction data seems to be in error and the stability
constants initially reported [82BID] are not considered in this review. The only qual-
itative information available from the data of Bidoglio [82BID] is the predominance
of Am(CO3); at 8 < pH < 9 and —4.4 < log;o[CO3™] < —3 (cf. Appendix A), which
is in agreement with the observations of Lundqvist, Robouch, and Meinrath and Kim
[82LUN, 89ROB, 91MEI/KIM].

Lundqvist [82LUN] studied americium complexation in carbonate media using a
solvent extraction technique at I = 1.0 M (NaClO4) and reported the formation
of AmCO3F and Am(CO3);. Although HCO; was the predominating ion of the
carbonate system under the experimental conditions (pco, = 0.1 and 1.0 atm), there
was no evidence for Am(HCO3)3~™) complexes.

Bernkopf and Kim [84BER /KIM] reported solubility measurements of a solid with
starting composition Am(OH)3(s) at I = 0.1 and 0.3 M NaClOy, pco, = 1073 atm
(cf. Section V.7.1.2.2.a). Bernkopf and Kim interpreted their solubility data assuming
the presence of hydroxide (Am(OH)l@_i); i = 1,2, 3), carbonate (Am(CO3)®~":

n ?

n = 1,2,3) and mixed hydroxy-carbonate (Am(OH);(CO3)3=*=27); j = 1,2 and

n
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n = 1,2) complexes. The solid phase was assumed to be AmCO3;OH(s). This review
considers that the transformation of the initial solid, Am(OH)3(s) = “AmCO30H(s)”,
may be slow and it may have occurred during the experiments (cf. Appendix A), and
therefore the reported equilibrium constants from this study are not considered in
the selection procedure.

Rao, Mahajan and Natarajan [88RAO/MAH)] reported americium(III) solvent ex-
traction experiments at pH = 6 and 7 and at [ = 0.5 M. This review reinterprets the
data showing that these experiments reveal the existence of carbonate complexes (cf.
Appendix A), which is in agreement with other experimental observations presented
in the literature. Therefore, the stability constants for the bicarbonate complexes
reported in [88RAO/MAH] are rejected by this review, cf. Section V.7.1.2.1.b.

Nitsche, Standifer and Silva [89NIT/STA| determined the formation constant of
AmCO7 in 0.1 M NaClOy solutions by absorption spectrophotometry. No evidence
was found for the existence of americium bicarbonate complexes.

Robouch [89ROB] measured the solubility of Amy(COj3);(cr) as a function of car-
bonate concentration at I = 3 M NaClO4. The solubility data were analysed in
terms of carbonate complexes (Am(CO3)3=2"; n =1, 2, 3) and a solubility product
for Amy(CO3)s(cr) (cf. Section V.7.1.2.2.b). No evidence of Am(COj3)}~ formation
was found by spectrophotometry in the 0.1 to 3.0 M Nay;COj3 range. The equilibrium
constants reported by Robouch (¢f. Table V.16) are re-evaluated by this review. As
the data obtained by Robouch [89ROB] in batch experiments (log,,[CO3™] > —3.5)
can equally well be described with the solubility of Amy(CO3)3(s) or AmCO3;0H(s),
only the equilibrium constants unequivocally resulting from the measurements at
constant pco,, i-¢. log;o 47 and log,; K¢y(V.36), are used in the selection procedure.

Meinrath and Kim [91MEI/KIM] investigated the americium complexation in car-
bonate media, performing solubility and spectroscopic experiments. The data col-
lected at ionic strengths of 0.1 and 0.3 M NaClO,, at pH = 6 to 9, and under a
controlled CO, partial pressure (pco, = 0.01 atm) were interpreted by the formation
of AmCOZ and Am(COj3), . The stability constants obtained from the solubility data
reported by Meinrath and Kim agree with the re-evaluation performed by this review
(c¢f. Appendix A). The values of ; and 3, reported in [91MEI/KIM] are therefore
included in the selection procedure. The value of 35 determined spectrophotometri-
cally is however disregarded (cf. Appendix A). The value for the solubility product
of Amy(COj3)3(cr) is discussed in Section V.7.1.2.2.b.

The solubility of 22AmCO3;OH(cr) in carbonate media was investigated by Felmy,
Rai and Fulton [90FEL/RAI], over wide ranges of [CO37], [HCOj; ] and pH values. As
shown in Figure 3 of [90FEL/RAI], the authors included the solubility data reported
by Silva and Nitsche [84SIL/NIT, 85SIL] during the fitting of their own solubility
data. This review considers instead the equilibrium constants for reactions

AmCO30H(cr) + Hf +(n — 1) COZ™ = Am(CO3)®™ + H,0(1) (V.27)

obtained exclusively from solubility data of Felmy, Rai and Fulton (¢f. discussion of
Ref. [90FEL/RAI] in Appendix A). The stepwise equilibrium constants for carbonate
complexation (K, and Kj, derived from values of K, (V.27)) are included in the
selection procedure.
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Figure V.10: Extrapolation to I = 0 of literature equilibrium constants [82LUN,
89NIT/STA, 91MEI/KIM] and the reinterpreted value from [89ROB] for the forma-
tion of AmCO7, according to

Am?**t + CO3~ = AmCO7,
using the specific ion interaction equations (cf. Appendix B). The dashed lines rep-
resent the uncertainty limits estimated by this review, c¢f. Eq. (V.28).
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Giffaut and Vitorge [93GIF/VIT] reported equilibrium constants for the formation
of Am(CO3)3=2") (n = 1 to 3) from an interpretation of their solubility data at 0.1
and 4 M NaCl, ¢f. Table V.16. However, due to the lack of details in this publication,
the reported equilibrium constants can not be credited in this review, c¢f. Appendix A.

The values of log,, #1 from Refs. [82LUN, 89INIT/STA, 91MEI/KIM] and the
reinterpreted value from [89ROB] are extrapolated to I = 0 using the specific ion
interaction equations and the weighted linear regression procedure as described in
Appendices B and C (c¢f. Figure V.10). The extrapolation is performed with a value
of Ag; = —(0.2440.05) kg-mol ™! obtained from the ion interaction coefficients given
in Section B.1.4. The result of the extrapolation to I = 0 for AmCO7 yields:

logy, 37(298.15K) = 7.840.3 (V.28)

This value agrees within the uncertainties with the constants given by Moulin
et al. [88MOU/ROB| (log,, #; = 7.6), Nitsche, Standifer and Silva [89NIT/STA]
(log,o 7 = (8.16 4+ 0.10)), and the value estimated by Cantrell [88CAN] (log,, 5 =
7.7).

The values of the second stepwise equilibrium constant, K5, from Refs. [82LUN,
91MEI/KIM, 90FEL/RAI] are converted to molal units and extrapolated to zero ionic
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strength with the specific ion interaction equations of Appendix B. The Ae value
for this reaction is obtained from the estimated ion interaction coefficients given in
Section B.1.4 (Agy = —(0.14 £ 0.07) kg - mol™!). The weighted average of the three
values of log,, K3 yields:

log;o KS(298.15K) = 4.54 0.2

The value of the third stepwise equilibrium constant, K3, obtained by Felmy, Rai and
Fulton [90FEL/RAT] is selected

log;o KS(298.15K) = 2.940.5

where the uncertainty has been increased because of the unknown temperature of
this study. These stepwise equilibrium constants lead to the following selected values
for the overall formation constants:

log, #3(298.15K) = 12.3+0.4
log,, A2(298.15K) = 15.2+ 0.6

The value of log,, 45 agrees with the values selected by Moulin et al. [88MOU/ROB],
(log,y 45 = 11.8), and with the value estimated by Cantrell [88CAN] (log,, 55 = 12.8).

The Gibbs energies of formation for the carbonate complexes of americium (I1T)
derived from the selected formation constants are:

A¢GS (AmCOY,aq,298.15K) = —(1171.1 £5.1) kJ - mol™*
A¢G? (Am(CO3),,aq,298.15K) = —(1724.7 £ 5.3) kJ - mol *
A¢GL (Am(CO3)3 ,aq,298.15K) = —(2269.2 4 6.0) kJ - mol '

As an illustration, Figure V.11 shows the distribution of carbonate complexes of
Am?* in competition with the hydrolysis products.

b) Am(III) bicarbonate complezes

Formation constants for the first two bicarbonate complexes of americium were
reported by Bidoglio [82BID], c¢f. Table V.16. However, the first stability con-
stants appears too large compared with log,, 31 (MHCO3") = 2 to 3 for M =Y
[85SPA, 92GRE/SPA|, M = La [81CIA/FER] and for other rare earths [90WOO,
87CAN/BYR, 93LEE/BYR]. Lundqvist [82LUN] and Nitsche, Standifer and Silva
[8ONIT/STA| showed that, if the bicarbonate formation constants of Bidoglio were
correct, these species would have been detected in their experiments. Furthermore,
the re-evaluation of the distribution coefficients reported by Bidoglio [82BID] indi-
cates that Am(CO3); was the predominant americium complex in the aqueous phase
(c¢f. Appendix A).

Although HCOj3 was the predominating ion of the carbonate system in the sol-
vent extraction experiments performed by Lundqvist [82LUN], there no evidence for
Am(HCO3)3~") complexes (cf. previous Section).
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Figure V.11: Calculated distribution diagrams for the aqueous americium (IIT)
hydroxide-carbonate system at I = 0 and 25°C. The diagrams have been calculated
using the selected equilibrium constants in Table I11.2 for a fixed partial pressure
of CO4(g) (upper diagram) and for a constant level of total inorganic carbon (lower
diagram). Solid phase precipitation has been suppressed in these calculations.
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Rao, Mahajan and Natarajan [88RAO/MAH)] interpreted their solvent extraction
experiments at pH = 6 and 7 and at I = 0.5 M assuming the formation of AmHCO3"
and Am(HCOj3)5 . This review re-evaluates the data showing that these experiments
reveal instead the existence of carbonate complexes (¢f. Appendix A). Therefore, even
if the equilibrium constants reported in [88RAO/MAH] for the bicarbonate complexes
appear to be of the right order of magnitude, they are nevertheless rejected by this
review.

Ewart et al. [92EWA /SMI] used a chemical model including the equilibrium con-
stants for AmHCO3" and Am(HCO3)5 selected by Phillips et al. [S8PHI/HAL] (which
originate from the values reported by Bidoglio [82BID]), to fit the americium concen-
trations measured in “concrete equilibrated waters”. However, due to experimental
shortcomings in these measurements, no quantitative information can be extracted
from the data, cf. the discussion of Ref. [86EWA/HOW] in Appendix A.

This review concludes that there is no experimental evidence which can prove the
existence of americium bicarbonate complexes. Further experimental work is neces-
sary before the reality of these complexes in aqueous solutions is established.

¢) Mized Am(III) hydroxide-carbonate complezes

Several authors have suggested the formation of mixed carbonate/hydroxide com-
plexes of americium:

e Bernkopf and Kim [84BER/KIM] proposed the formation of three mixed com-
plexes (AmCO30H(aq), AmCO3(OH); and Am(CO3),OH?") to explain their
solubility data.

e Bidoglio [82BID] assumed the presence of Am(CO3),OH?*" in the analysis of
his solvent extraction data.

e Shiloh, Givon and Marcus [69SHI/GIV] proposed the complex Am(COj3)3OH*~
to explain their solubility data.

e Ewart et al. [86EWA/HOW, 87CRO/EWA| used the chemical model proposed
by Bernkopf and Kim [84BER/KIM], adjusting the equilibrium constants for
AmCO3(OH); and Am(CO3),OH?*" to fit the americium concentrations mea-
sured in “concrete equilibrated waters”.

However, the discussions in Sections V.7.1.2.1.a and V.7.1.2.2, and in Appendix A,
show that all the available experimental data can be reinterpreted with the assump-
tion that only americium carbonate complexes and /or hydrolysis products are formed
in aqueous solutions.

Further experimental work is needed to confirm or deny the existence of mixed
Am(III) hydroxy-carbonate complexes in aqueous solutions.
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d) Higher valences of americium

Although Am(V) is very unstable with respect to reduction and disproportionation
in non-complexing aqueous media, it becomes quite stable in carbonate solutions.

Moskvin and Poznyakov [T9MOS/POZ] report a coprecipitation study (using Fe(III)
hydroxide as the host solid phase) of several actinides(V) as a function of the concen-
tration of some ligands in NH,ClI solutions at pH =~ 8.5. For Am(V), Moskvin and
Poznyakov report log,, 31 = (2.02 £ 0.09) for:

AmO7 + HCO; = AmO,HCO;3(aq)

at I = 0.25 M, and (20 &+ 2)°C. Although this study reveals an interaction between
Am(V) and either carbonate or bicarbonate, the experimental evidence is not con-
clusive as to the composition of the complexes formed. This equilibrium constant is
therefore rejected by this review.

Giffaut and Vitorge [93GIF/VIT] studied the solubility of ?!Am in 0.1 and 4 M
NaCl solutions at 21°C. The larger solubility in the concentrated chloride solutions
was interpreted as the radiolytic oxidation of Am(III) to Am(V), and the solubility
curve at 4 M NaCl was interpreted with the formation of two Am(V) carbonate
complexes:

AmOjf + CO;~
AmOj +2C03"

AmO0,CO;
AmOQ(CO3)37

for which they report log,, /1 = (5.5 + 0.3), logy f2 = (8.9 £ 0.4). Giffaut and
Vitorge also claimed that these complexes were in equilibrium with NaAmO,COj3(s).
However, owing to the lack of details in Ref. [93GIF/VIT], the reported equilibrium
constants can not be credited in this review, c¢f. Appendix A.

The apparent normal potential of the Am(VI)/Am(V) couple was measured by
Simakin et al. [74SIM/VOL]: E°(VI/V) = (0.90 £ 0.01) V vs. SHE in 1 M K,CO3
solutions at 20°C. Later Simakin [77SIM] reported that this normal potential was
independent of the concentration of Na,CO3 (E°(VI/V) = 0.90 V vs. SHE), but that
it decreased with the concentration of KoCOy [T7SIM]. Bourges et al. [83BOU/GUI]
performed careful spectrophotometric and potentiometric measurements of this redox
couple in carbonate media at 25°C. The apparent normal potential was found to be
independent of [CO3™] in 2 M NaHCO3-NaCO3 mixtures: E°(VI/V) = (0.975+0.01)
V vs. SHE. Myasoedov et al. [86MYA /LEB] reported E°(VI/V) = (0.910 + 0.003) V
vs. NHE for 3 M Ky,COj3 solutions.

The apparent normal potential of the Am(IV)/Am(III) couple has been measured
in [NaHCOj3 + NayCO3] = 2 M solutions: E°(IV/III) = (0.92 + 0.01) V vs. SHE
at pH = 9.7 [82HOB/SAM], and E°(IV/III) = (0.924 £ 0.01) V vs. SHE at 25°C,
[CO37] = 1M [83BOU/GUI]. The potential of the Am(IV)/Am(III) couple was found
by Bourges et al. [83BOU/GUI] to decrease with the concentration of the carbonate
anion in these [NaHCOj3 + NayCOj3] = 2 M solutions. Myasoedov et al. [86MYA /LEB]
measured E°(IV/IIT) = (0.8704+0.002) V vs. NHE in 3 M KHCO3/K,COj3 solutions.
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The measurements of Bourges et al. [83BOU/GUI] for both the Am(VI)/Am(V)
and Am(IV)/Am(III) couples performed in 2 M NaHCO3/NayCO3 media, have been
reinterpreted by Robouch [89ROB]| assuming the following equilibria:

AIIIOQ(COg)g_ +e”
Am(C03)g7 +e

Am(CO3)5~ +2CO;~ (V.30)

—
N
—\
N~

which presume that Am(IV)(CO3)$~, Am(V)O5(CO3)3~ and Am(VI)Oy(CO3)3™ are
the limiting complexes for the IV, V and VI oxidation states (as expected by anal-
ogy with U(IV); Np(V) and U(VI)-Pu(VI), respectively). Furthermore, the measure-
ments of Bourges et al. show that Am(CO3)3™ is the Am(IIT) limiting complex, which
confirms Shiloh, Givon and Marcus’s [69SHI/GIV] observations, (cf. Appendix A).

Based on the redox reactions mentioned above, Ferri, Grenthe and Salvatore
[83FER/GRE]| used the data of Bourges et al. [83BOU/GUI] to calculate the for-
mation constant for the equilibrium

AmO} +3C0% = AmO0,(CO,)T

which they report to be log;, f3(Am(V)) = (16.4 £ 0.4) at I = 3 M NaClO,. This
appears to be a mistake, and this review believes that the reported value corresponds
instead to reaction (V.29).

Grenthe, Robouch and Vitorge [86GRE/ROB| also used the data of Bourges et al.
[83BOU/GUI] to estimate log,, f5 = 40 at an unspecified ionic strength for reaction

Am*T +5C0% = Am(CO3)$

Similarly, this review reinterprets the data of Bourges et al. [83BOU/GUI] (cf.
Appendix A) according to reactions (V.29) and (V.30) and selects the following values
at zero ionic strength:

log,, K°(V.29,298.15K) = 13.1+0.6
E°(V.29,298.15K) = (0.775+0.038) V,

and

log,o K°(V.30,298.15K) = 20.1+0.9
E°(V.30,298.15K) = (1.1940.05) V.

It should be noted that the result for reaction (V.29) can be combined with the
standard redox potential for the AmO2"/AmOJ couple, and the formation reactions
for the carbonate complexes:

AmO3t +e” = AmOJ (V.31)
AmO2* +3C0%3 = AmO0,(CO3)4"
AmO} +3C0% = AmO0,(CO,)3-
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where log,, K°(V.29) = log,, K°(V.31) + log,, (B5(Am(V)) /B3 (Am(VI))). A value
for log,, K°(V.31) = (27.0 £ 1.5) can be calculated from the selected Gibbs energies
in Table III.1, yielding:
3 (Am(VI))
log,, 22— — 1394 1.6
B3 (Am(V))
This can be compared with the value (14.2 4+ 0.3) which is calculated from the data
in the uranium NEA-review [92GRE/FUG]. Comparisons with values for neptunium
and plutonium should be made when the corresponding NEA-reviews are available.

The result for reaction (V.30) is combined with the Gibbs energy of formation for
Am(CO3)3~ and CO3™ to obtain

ArGS (Am(CO3)8™,aq,298.15K) = —(3210.2 4 7.9) kJ - mol™".
which is combined with the selected value for A;G® (Am**, aq,298.15 K) to give:
Am'" +5C03” = Am(CO3)$™ log,o 5 = 39.3 £ 2.1

This value is comparable with the analogous equilibrium constant obtained for ura-
nium (log,, 42 = (34.0 £ 0.9) [92GRE/FUG]). The large uncertainty in the value of
log,o 32 given above for the formation of Am(CO3)¢™ arises from the uncertainty in
the value of A;G® (Am**, aq,298.15K) obtained by the estimation procedures dis-
cussed in Section V.2.3.

V.7.1.2.2. Solid americium carbonates

Only thermodynamic data for four americium carbonate solids have been reported:
— AmCO3;0H(s) [84BER/KIM, 84SIL/NIT, 85SIL, 88STA /NIT,
90FEL/RAI, 92RUN/MEI]
— Am,(CO3)3(s) [69SHI/GIV, 89ROB, 91MEI/KIM, 91MEI/KIM2,
92RUN/MEI, 93GIF/VIT]
~ NaAm(CO3)y(s) [84VIT, 85KIM, 85KIM2, 86AVO/BIL]
- NaAmO,CO3(s) [93GIF/VIT]
The values of the solubility products reported in the literature are given in Table V.16,
p.149.
As described in the following two sections, the expected partial pressure of CO(g)
below which Amy(COj3)3(s) will (perhaps slowly) be converted into AmCO3OH(s) is
Pco, =~ 0.1 bar (c¢f. [91MEI/KIM2, 92RUN/MEI, 92VIT)).

a) AmCO30H(s)

Americium hydroxy-carbonate displays two structural forms, orthorhombic and hexag-
onal. The cell parameters of the orthorhombic structure are a = 4.958 x 10710,
b=8.487x107"% and ¢ = 7.215x 107" m [85SIL]. Standifer and Nitsche [88STA /NIT]|
reported a crystallographic study identifying AmCO3OH(cr), precipitated at 60°C
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and pH = 5.9, exhibiting an hexagonal structure. The corresponding cell parameters
are ¢ = 12.22 x 107'% and ¢ = 9.70 x 107! m. Solubility studies (cf. Table V.16)
have been performed only for the orthorhombic form.

Shiloh, Givon and Marcus [69SHI/GIV] studied the solubility of a chemically char-
acterised Amy(CO3)3(s) in 0.1 to 0.6 M potassium carbonate media; the authors
interpreted their results assuming the formation of Am(CO3);OH* . This review
reinterprets their results, taking into account the influence of the ionic strength, and
proposes the following equilibrium:

AmCO;0H(s) + 2C0O2~ = Am(CO;3)3~ 4+ OH™, (V.32)

showing that Am(COj3)3~ is the predominant complex up to [CO3~] = 2 M. However,
from these measurements is not possible to determine if the solid phase in equilibrium
with the carbonate solutions is AmCO3;OH(s) or Amy(CO3)3(s), ¢f. Appendix A.

Bernkopf and Kim [84BER/KIM] reported a solubility product constant for the
compound AmCO3;OH(s). The value was obtained from solubility measurements
conducted in dilute bicarbonate media (0.1 to 0.3 M NaClOy,), at constant CO, partial
pressure (pco, = 107%° atm), and starting with Am(OH)3(s). The solid phase was
not characterised but was assumed to be AmCO3OH(s). This review considers that
the transformation of the initial solid, Am(OH)3(s) —“AmCO30H(s)”, may be slow
and it may have occurred during the experiments (¢f. Appendix A), and therefore
does not consider the reported solubility constant in the selection procedure.

Silva and Nitsche [84SIL/NIT, 85SIL] studied the solubility of americium in dilute
carbonate solutions. The experiments were performed at constant ionic strength (I =
0.1 M NaClQy,), constant pH (pH = 6.12 4+ 0.03), and under controlled CO, partial
pressure (pco, = 0.00792 atm). The solid phase, characterised by its X-ray diffraction
pattern to be orthorhombic AmCO3;OH(cr).

The solubility of americium in carbonate media was also investigated by Runde,
Meinrath and Kim [92RUN/MEI] under controlled pco, atmosphere, with pH varying
from 4 to 6 at I = 0.1 M NaClO4. AmCO3;0OH(s) was assumed to be stable at pco, =
3 x 107* atm by analogy with the neodymium-carbonate system [92RUN/MEI].

The solubility product re-evaluated from Silva’s study (cf. discussion of Ref. [85SIL]
in Appendix A) for the reaction

AmCO30H(cr) =& Am*™ 4 CO? + OH, (V.33)

as well as the value reported by Runde, Meinrath and Kim [92RUN/MEI] are ex-
trapolated to zero ionic strength using Ae = (0.45 4 0.04) kg - mol™! as calculated
from the selected ion interaction coefficients (Appendix B). The solubility products
at I = 0 are averaged to give

logo K2o(V.33,208.15K) = —21.2+1.4.

where the uncertainty has been assigned to cover the maximum range of expectancy.
The derived Gibbs energy of formation is

AfGS (AmCO30H, cr,298.15 K) = —(1404.8 +9.3) kJ - mol ",
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The solubility constant, log,o K 3(V.32) = log,(Kgy(V.33) x 85) = —(5.5140.08),
determined by this review from the data of Shiloh, Givon and Marcus [69SHI/GIV]
(cf. Appendix A), agrees with the value obtained with the selected equilibrium con-
stants: log,o(Kgo(V.33) x f5) = —(6.0 £ 1.5). However, as mentioned above, it is
not possible from the data in [69SHI/GIV] to conclude with confidence which is the
solid phase in equilibrium.

The equilibrium constant at 298.15 K for the reaction

Am(OH)s(cr) + CO2(g) = AmCO30H(cr) + HyO(1) (V.34)

can be calculated from the auxiliary data in Chapter III and from the values of
logyo Kg(V.33) and log,," K, (V.12):

logio K5(V.34,298.15K) = 42+15

which results in a COs(g) equilibrium partial pressure for the equilibrium between
the two solids in reaction (V.34) of pco, = (0.6 +2) x 10~* bar. This value is consis-
tent with the conclusions presented by Vitorge [92VIT].

b) Amy(COs)3(s)

Shiloh, Givon and Marcus [69SHI/GIV] studied the solubility of a chemically char-
acterised Amy(COj3)3(s) in 0.1 to 0.6 M potassium carbonate media; the authors
interpreted their results assuming the formation of Am(CO3);OH* . Newton and
Sullivan [85NEW /SUL] reinterpreted their results, taking into account the influence
of the ionic strength, and proposed the following equilibrium:

0.5 Amy(CO3)3(s) + 1.5CO; = Am(CO3)3, (V.35)

showing that Am(COs3)3~ is the predominant complex up to [CO3 ] = 2 M. How-
ever, from these measurements is not possible to determine which is the solid phase
in equilibrium with the carbonate solutions: Amy(COj3)3(s) or AmCO30H(s), cf.
Appendix A.

Robouch [89ROB] measured the solubility of Amy(COj;);3(cr) as a function of
carbonate concentration at [ = 3 M NaClO4. Two set of experiments were per-
formed: one where the total carbonate concentrations were known, and another
using controlled COy(g) partial pressure. The solubility data were analysed in terms
of carbonate complexes (Am(CO3)3=2" n = 1,2, 3) and a solubility product for
Amy(CO3)3(cr). The solid phase was characterised by its X-ray diffraction pattern.
The reported equilibrium constants (cf. Table V.16) are re-evaluated by this review
(cf. Appendix A).

Meinrath and Kim [91MEI/KIM] studied the solubility of americium in carbon-
ate media. The data were collected at 0.1 and 0.3 M NaClO, ionic strength, pH =
6 to 9, under pco, = 0.01 atm, and was interpreted by the formation of AmCOj7
and Am(COj3), in the aqueous solutions. The solid phase was characterised as
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Amy(CO3)3(cr) by X-ray diffraction, thermogravimetry and differential thermal anal-
ysis. A reinterpretation of these experimental data, ¢f. Appendix A, results in values
for equilibrium constants which agree with those originally reported in [91MEI/KIM].

Two additional investigation of the solubility of americium in carbonate media
have been reported by Meinrath and Kim [91MEI/KIM2] and Runde, Meinrath and
Kim [92RUN/MEI] under controlled pco,, with pH varying from 4 to 6, at [ =
0.1 M NaClO4. AmCO30H(s) was assumed [92RUN/MEI] to be the stable phase
at pco, = 3 x 107* atm by analogy with the neodymium system (cf. Appendix A),
while at pco, > 0.01 atm the stable solid phase was assumed on the same grounds to
be Amy(CO3)3(s) [9IMEI/KIM2, 92RUN/MEI], which is in agreement with previous
experimental observations [84SIL/NIT, 85SIL, 89ROB|.

Giffaut and Vitorge [93GIF/VIT] reported solubility constants for Amy(CO3)3(s)
from an interpretation of their solubility data at 0.1 and 4 M NaCl, cf. Table V.16.
However, due to the lack of details in this publication, the reported values can not
be credited in this review, c¢f. Appendix A.

Four values of the equilibrium constant for reaction,

0.5 Amy(CO3)3(cr) = Am*t +1.5C0; , (V.36)

are considered in this review: the re-evaluated constant from the data by Robouch
[89ROB]| (c¢f. Appendix A), the values obtained by Meinrath and Kim [91MEI/KIM,
91MEI/KIM2]| from their solubility measurements, and the value reported by Runde,
Meinrath and Kim [92RUN/MEI]. These constants are converted to molal units and
extrapolated to zero ionic strength using the specific ion interaction equations of
Appendix B. The value obtained from the data of Robouch [89ROB]| is discrepant.
The difference in temperatures seems not large enough to explain the disagreement
in the values of K¢((V.36), and there is no apparent reason to prefer the values from
Kim et al. over those of Robouch. Therefore an unweighted average of the four values
is performed, giving:

logo K2o(V.36,208.15K) = —16.7+1.1.

where the uncertainty has been assigned to cover the maximum range of expectancy.
The Gibbs energy of formation, is derived to be

ArG2 (Amy(CO;y)3, cr, 298.15 K) = —(2971.7 + 15.8) kJ - mol .

It should be mentioned that the solubility constant, log,, KJ3(V.35) =
logyo(Kgo(V.36) x 3) = —(3.68 £ 0.08), determined by this review from the data of
Shiloh, Givon and Marcus [69SHI/GIV] (¢f. Appendix A), differs from the value ob-
tained with the selected equilibrium constants: log, (K¢, (V.36) x 85) = —(1.5+£1.3).
However, as mentioned above, it is not possible from the data in [(9SHI/GIV] to con-
clude with confidence which is the solid phase in equilibrium.

The equilibrium constant at 298.15 K for the reaction

1 1 1
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Figure V.12: Calculated solubility and predominance area diagram for the ameri-
cium(III) hydroxide-carbonate system in the range 6 < pH < 10.5 as a function
of the CO4(g) partial pressure, at I = 0 and 25°C. Solubility limiting phases are
indicated on the graph.
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may be calculated from the auxiliary data in Chapter III, and the values of
logyo Kg(V.36) and log," K 0(V.33):

logio K5(V.37,298.15K) = 04+1.8

which results in a COs(g) equilibrium partial pressure for the equilibrium between
the two solids in reaction (V.37) of pco, = (0.16 £ 1.2) bar. This value is consistent
with the experimental observations in Refs. [91MEI/KIM2, 92RUN/MEI] and with
the conclusions of Vitorge [92VIT].

The limits established by the values of log,, K7 (V.37) and log,, K5 (V.34) are shown
in the predominance area diagram in Figure V.12 for a total americium(III) concen-
tration of 107 M in dilute solutions at 298.15 K. The solubility of americium under
similar conditions is shown in Figure V.13.

¢) Double sodium-americium carbonates
Keller and Fang [69KEL/FAN] investigated the thermal decomposition of synthetic

NaAm(COs3)a(s) and NagAm(CO3)s(s). No thermodynamic data are available on the
last solid.
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Figure V.13: Calculated solubility diagram for the americium(III) hydroxide-
carbonate system in the range 5 < pH < 11 and —8 < logyypco, < 0, at 25°C
and standard conditions (I = 0).
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Several publications have appeared with values for the solubility product of
NaAm(COs3)a(s) [85KIM, 85KIM2, 86AVO/BIL], cf. Table V.16. These values are
based on solubility experiments performed by Vitorge [84VIT|. However, the exper-
imental details have not appeared in the open literature. Robouch [89ROB] char-
acterised this solid by X-ray diffraction in some of his experiments, but not enough
details were given to allow a re-evaluation of his data (c¢f. Appendix A). Due to the
lack of experimental details mentioned above, a value for the solubility product of
NaAm(CO3)a(s) can not be recommended by this review.

d) Other americium carbonate compounds

Schultz and Penneman [86SCH/PEN] listed the americium solids reported in the
literature, and Weigel [85WEI] did a critical and exhaustive review of the Am(V)
and Am(VI) carbonate solids, which can be summarised as follows:

e Pentavalent americium:

1. Mono-carbonate solids of the type MAmO,COj3(cr) (where M = K, Rb,
Cs, NH,) display a hexagonal symmetry, space group C6/mmc, a = (5.10+
0.02) x 1079 m, ¢ = (11.0 £ 0.7) x 10719 m.

2. K3AmO,(CO3)2(s) is a tan precipitate formed in 3.5 M K;CO3 americium
solutions oxidised with ozone.

3. Tri-carbonates MsAmO4(CO3)3(s) (where M = K, Cs, NHy) have also
been reported, no crystallographic parameters are available.

e Hexavalent americium: Nag, o(AmO37)(COj3), of unknown stoichiometry is
readily formed when adding methanol to an Am(VI) — 0.1 M NaHCOj3 so-
lution. Similar precipitates were obtained with Ca and Ba cations, but no
stoichiometric, or crystallographic data have been reported.

More recently Giffaut and Vitorge [93GIF/VIT] have studied the solubility of
2LAm in 0.1 and 4 M NaCl solutions at 21°C. The larger solubility in the con-
centrated chloride solutions was interpreted as the radiolytic oxidation of Am(III)
to Am(V), and the solubility curve at 4 M NaCl was interpreted with the following
solubility equilibria:

NaAmO,CO5(s) = Na® +AmOJ + COZ

for which they report log,; K50 = —(10.5 £ 0.3). Giffaut and Vitorge also claimed
the formation of two Am(V) carbonate complexes (AmO,CO3 and AmO,(CO3)37).
However, owing to the lack of details in Ref. [93GIF /VIT], the reported solubility
constant can not be credited in this review, c¢f. Appendix A.

V.7.1.3.  Americium cyanide complexes

Qualitative information on the interaction between americium(III) and cyanide ions
was provided by Cuillerdier et al. [77CUI/MUS, 81CUI|, who report log,, ; ~ 4 at
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I =5 M and 25°C without giving any experimental details. More experimental work
is needed to confirm the composition and stability of the complexes formed. No value
can be recommended for this system.

V.7.1.4. Americium thiocyanate complezxes

There are several separation procedures of lanthanoid and actinoid elements in aque-
ous thiocyanate media. However, very few direct experimental determinations of the
thermodynamic values of the americium(I1I)-thiocyanate system have been reported;
and no critical compilations of these data seem to exist.

Americium complexation by thiocyanate is quite weak, and its study requires
large concentrations of the thiocyanate ligand. Therefore, large background elec-
trolyte concentrations have been used in order to keep activity coefficients nearly
constant. Most investigations have been performed by solvent extraction using 1.0 or
5.0 M NaSCN/NaClO, aqueous solutions. Mononuclear species, such as AmSCN?*,
Am(SCN)7, Am(SCN);(aq) and Am(SCN);, have been suggested to interpret the
different experimental measurements, according to:

Am* 4nSCN™ = Am(SCN)¥™), (V.38)

Table V.17 presents all the stability constants (1, 32, 33 and (3,,) reported in the lit-
erature and the experimental details: temperature, pH, ionic media and the technique
used for the investigations. We note that Ref. [TOKIN/CHO] is only a preliminary re-
port of the study in [74KIN/CHO]. It should be noted that some authors reported the
presence of only AmSCN?* and Am(SCN)3 (model “3;, 5,”) [65CHO/KET, 71HAR,
71IKHO/NAR, 72HAR/PET2, 74KHO/MAT], while others reported that the com-
plex Am(SCN); is negligible and interpreted their data assuming the formation of
Am(SCN)3(aq) (model “3;, 33”) [64SEK, 65SEK3, 74KIN/CHO] T . Hence, the direct
comparison of stability constants reported in the literature is hindered by the fact
that either 35 or ff3 was not calculated in several cases.

The solvent extraction experiments performed by Choppin and Ketels
[65CHO/KET], display a temperature dependence opposite to that reported in later
publications [T2HAR/PET, 74KIN/CHO)|. Therefore, this work was not considered
by this review.

Khopkar and Narayanankutty [7T1IKHO/NAR] and Khopkar and Mathur
[TAKHO/MAT] studied the Am(IIT)-SCN~ system, using dinonylnaphthalene sulpho-
nate liquid ion exchangers. The variation of the distribution coefficient vs. [SCNT]
was interpreted assuming the presence of AmSCN?* and Am(SCN)J complexes. Re-
analysis of the data shows that a better fit is obtained assuming the formation of
Am(SCN);(aq), instead of Am(SCN)5. The complexation of americium by thiocya-
nate ligands is rather weak and the determination of the stability constants is very
sensitive to changes in the chemical model. This review considers that the work of
Khopkar et al. evidences only the existence of AmSCN?2T.

t It should be noted however, that while Kinard and Choppin [74KIN/CHO] used the “3i, 83"
model to interpret their data, they only reported values of 3.
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Table V.17: Experimental equilibrium constants for the americium(III)-thiocyanate

system.
Method Ionic pH ¢ log,o 1 log,, B2 log,, B3 Reference
Medium(®) (°C)
cix 5.0M NH4ClO, 4.0 ?  0.240) —0.04(") [62LEB/YAK]
0.5 M NH,ClO, 4.0 ?  0.66+0.02
I—0 4.0 ?  1.61+0.01®
dis 5.0 M NaClOs 3-4 25 0.85%0.05 0.55+0.15(¢) [64SEK, 65SEK3]
dis 1.0 M NaClO; 2.0 25 0.5040.01 0.85+0.02 [65CHO/KET]
40 0.40+0.04
55 0.19+0.05
dis 5.0 M NaClO; 3.0 10  0.4240.02 [7T0KIN/CHO]
25  0.600.05
40  0.68+0.02
50  0.72+0.02
sp 1.0 M NaClO, 2.0 22  0.76+0.02 0.83 £0.07 [71HAR]
dis 1.0 M NaClOs 2.0 17.7 0.31%0.06 —0.8 £25 0.354+0.14
25  0.36+0.02 0.05 £0.14 —0.16£0.18
30 0.37+0.04 —0.8 £2.0 0.214+0.17
35  0.33+0.03 —0.6 +0.7 0.1140.11
44.3  0.43+0.03 —0.15 £0.3 —0.2040.28
dis 1.0MLiClO, 2.5 30 0.07+0.04 0.24 £0.03 [71IKHO/NAR]
1.0 M NaClO, 2.5 30  0.17+0.05 0.51 £0.03
1.0 M NH,ClO4 2.5 30  0.12+0.06 0.54 £0.03
dis 1.0 M NaClO; 2.0 25 0.3620.03 0.04 £0.20 —0.1540.23  [T2HAR/PET]
18 0.30£0.08(® 0.36+0.14(d)
25  0.36+0.03(@ 0.17+0.06(4)
30 0.38+0.03(@ 0.2240.18(@
35  0.35+0.03(@ 0.11+0.11(4)
45  0.47+0.03(@ 0.01£0.06(d)
sp 1.0 M NaClO, 2.0 22  0.76+0.03 0.83 £0.07 [72HAR/PET?2]
dis 2.0 M NH,;NO; 2.0 25 —0.524+0.14 0.74 £0.03 0.8740.05  [73CHI/DAN]
dis 1.0 M NH,ClO, 2.8 30 0.17+0.07 0.62 £0.03 [74KHO/MAT]
15 0.1440.08() 0.68 +0.03(¢)
37 0.12+0.07(® 0.64 +£0.03(®)

45

0.2140.04(®) 0.59 £0.02(¢)
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Table V.17 (continued)

Method Ionic pH ¢ logio 81 logyg B2 logiy B3  Reference
Medium () (°C)
dis 5.0 M NaClO4 3.0 10 0.42+0.02 [T4KIN/CHO]
25 0.60+0.05
40 0.68+0.02
55 0.72+0.02

(a) A significant amount of the anion in the background electrolyte was substituted
by SCN™ in these studies.

(b) Values corrected to I = 0 using Davies equation.

(c) Sekine [64SEK, 65SEK3] reports log,, S+ = 0.00 £ 0.15

(d) Values digitised by this review from Figure 12 and Figure 7 in Refs. [T1HAR,
7T2HAR/PET] respectively (31, 83 model).

(e) Values digitised by this review from Figure 3 in Ref. [T4AKHO/MAT].

Harmon et al. [TTHAR, 72HAR/PET] observed the spectral changes in the 503 nm
americium absorption band produced by SCN™ complexation. The authors calcu-
lated the formation constant of AmSCN?** and Am(SCN); from the spectral data.
This review considers that, because of the scattering in the data, no reliable conclu-
sion on the existence of Am(SCN)J and/or Am(SCN)3(aq) can be extracted. Hence,
the stability constants obtained by Harmon et al. from their spectrophotometric mea-
surements are not accepted here.

Chiarizia et al. [T3CHI/DAN] studied the competitive complexation in NH;SCN//-
NH4NOj3 media and interpreted the thiocyanate system assuming the formation of
AmSCN?T, Am(SCN); and Am(SCN)z(aq) complexes. The resulting speciation dia-
gram indicates that AmSCN?* and Am(SCN);(aq) are the predominant species, while
AmSCN?* never exceeds 5%. This contradicts all other experimental evidence, and
therefore, the reported stability constants (logiof3,) are disregarded by this review.

Lebedev and Yakovlev’s ion exchange study [62LEB/YAK], and Sekine’s [64SEK,
65SEK3], Kinard and Choppin’s [74KIN/CHO)] solvent extraction experiments clearly
evidenced the existence of the AmSCN?** and Am(SCN)3(aq) complexes, at high ionic
strength (I = 5 M). As the specific ion interaction equations are valid up to I ~ 3 M,
the corresponding stability constants are not extrapolated to zero ionic strength, and
therefore these values are not selected in this review, even though they are considered
reliable.

At lower ionic strength (I < 1 M) there is some experimental evidence showing the
existence of some weak complexes Am(SCN)$3~") with n > 1, but more experimental
work is needed to confirm the stoichiometry of the species formed. Hence, the values
of By and (33 reported in the literature at I < 1 M, ¢f. Table V.17, are disregarded
by this review, and the corresponding stability constants are not selected.

Attempts to investigate the formation of higher order thiocyanate complexes, using
tributylphosphate or quaternary amines as extracting agents, indicated the presence
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Table V.18: Literature review of the thermodynamic functions for the Am(III)-
thiocyanate system.

I t logq 55, A.Gn A Hp, ALSH Reference
(M) (°C) (kJ-mol™*) (kJ-mol™!) (J-K~! -mol™?)

Am?** + SCN™ & AmSCN?+

1.0 25  050+0.01 —289+008 —182+13 —52+4 [65CHO/KET]
50 25 ~-339+£029  10.6+1.2 47 [70KIN/CHO]
1.0 25  036+0.03 —1.97+0.08 6.7+2.9 2948 [7TIHAR,
72HAR/PET]
50 25 0.60+0.05 -340+031  11.842.1 5047 [74KIN/CHO]
1.0 30 0124007 —0.71+0.42 2.542.3 1048 [74KHO/MAT]

Am®+ +2SCN~ 2 Am(SCN);

1.0 30 0.65+0.03 —3.68+0.17 —4.8+1.1 —4+4 [74AKHO/MAT)

Am3* + 3SCN~ = Am(SCN);(aq)

1.0 25 —015+023 —0.79+0.63  —25+17 —84:+63 [TIHAR,
72HAR/PET]

of anionic species Am(SCN); [64SEK, 65SEK3, 74KIN/CHO], but no reliable sta-
bility constants have been reported.

The values for the equilibrium constant for AmSCN?* determined at I = 0.5 M
by Lebedev and Yakovlev [62LEB/YAK] and at / =1 M by Harmon et al. [TIHAR,
72HAR/PET]| and Khopkar et al. [TIKHO/NAR, 74AKHO/MAT] are extrapolated to
zero ionic strength (c¢f. Appendix A) with the specific ion interaction equations of
Appendix B using Ae; = —(0.15 £ 0.05) kg - mol~!. The unweighted average of the
extrapolated values yields:

log,, 47 (V.38,n =1,298.15K) = 1.340.3.
The Gibbs energy of formation is derived to be
A¢GS (AmSCN?* aq,298.15K) = —(513.446.4) kJ - mol™".

Table V.18 presents a literature review of thermodynamic functions for the for-
mation of AmSCN?** Am(SCN);, and Am(SCN)z(aq) complexes. As mentioned
earlier, the study of [65CHO/KET] is disregarded by this review because its oppo-
site temperature dependence of ;. The enthalpy changes obtained in Appendix A
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Table V.19: Structural data for americium silicides

Phase Symmetry Space Group Iso-type Cell Parameters
Compound / (10710 m)
Am;5Sis(cr) tetragonal I4/mcm W;5Siz(cr)  a=11.419 +£0.016

¢ = 5.538 £0.008

AmSi(cr) orthorhombic Pnma FeB(cr) a = 8.400 £ 0.015
b= 4.064 £ 0.007
¢ =6.036 £ 0.011

AmSi; g1,(cr) hexagonal P6/mmm AlBs(cr)  a = 3.87140.009
c=4.120 4+ 0.009

AmSiy(cr) tetragonal 14, /amd a-ThSiy  a =4.015 £ 0.007
c=13.733 £ 0.022

from the equilibrium constants determined at I = 1 M by Harmon et al. [TIHAR,
72HAR/PET] and by Khopkar and Mathur [74KHO/MAT)] yield the following values:

AHS(V.38,n=1,1=1M,298.15K) = (55+7) kJ-mol™"
ASS(V38n=1,T=1M,298.15K) = (23+27)J-K ' -mol '

Extrapolation of these equilibrium constants to I = 0 according to the equations of
Appendix B, followed by a weighted linear regression “In 3, vs. 1/T(K~')” constrained
with the selected value of log;, 37 = 1.3, would lead to the following standard values
at 298.15 K: A H2(V.38, n = 1) = (10 + 12) kJ - mol~! and A,S°(V.38, n = 1) =
(60 + 40) J - K~! - mol!. However, this review does not recommend these values
because of the uncertainty in the influence of temperature on activity coefficients.

V.7.2.  Silicon compounds and complexes

V.7.2.1. Americium silicides

Weigel et al. [S4WEI/WIT] have prepared the four silicides of americium given in
Table V.19. The samples were prepared by the reaction of 22! AmF3(cr) and silicon
in alumina crucibles at 980 - 1200°C in vacuo, by the following general reaction:

4 AmF;(cr) + (7+ 4y) Si(cr) — 4 AmSi;,(cr) + 3 SiFy(g)

Inhomogeneous samples were re-annealed in vacuo at 1000 - 1200°C. The silicides
were characterised by high temperature X-ray diffraction up to 900°. Insufficient
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information was obtained to draw a reliable phase diagram, but all four silicides
were reported to melt between 1173 and 1273 K, and a possible phase transforma-
tion in AmSi(cr) was observed between 813 and 943 K. The phase relationships in
the Am-Si system are thus very similar to those in the U-Si and Pu-Si systems.
The AmSi; g4, (cr) is probably a single phase region extending from Am,Siz(cr) to
Amj;Sis(cr).

V.7.2.2.  Aqueous americium silicates

No thermodynamic data have been reported in the literature on americium silicate
complexes in aqueous solution nor have any species been demonstrated. Because of
a lack of data, the trivalent lanthanoids can not be used for guidance. Complexes of
the form FeSiO(OH)3" were prepared with trivalent iron [7IPOR/WEB].

V.7.2.3.  Solid americium silicate compounds

Very little has been reported on silicate compounds of americium. AmSiO4(cr) was
reported by Keller [63KEL, 67KEL] as having a tetragonal structure with the unit
cell parameters a = 6.87 x 107!% and ¢ = 6.20 x 10 !* m. However, tetravalent
Am is unlikely to be of importance in natural aquatic systems. High-temperature
solid state reactions in the Am'"-oxide-SiOy system can lead to compounds of the
form Amg330067(Si04)O2(cr) (where O stands for vacancies in the crystal lattice)
and Amg(SiOg)a(cr) [T9ALL], similar to the corresponding lanthanoid compounds.
The former are stated to crystallise with the hexagonal apatite type of structure as
do the polyoxides M'Amg(SiO4)sO4(cr) and MTAmg(SiO4)O5(cr). Because of the
similarity in chemical behaviour between the trivalent actinoids and lanthanoids, one
would expect americium(III) to form a variety of compounds with silica as do the
rare earths [86GSC/EYR]. Rare earth disilicates precipitate as a gel from solutions
of rare earth chloride and silicic acid [77TBOC/CHA]. No data are available on the
solubility constant of any americium silicate compounds.

V.7.5.  Germanium compounds

Crystallographic information for AmGeQy(cr) is given in Table V.6.

V.8. Group 13 compounds

V.8.1. Aluminium compounds

Crystallographic information for AmAlO;z(cr) is given in Table V.6.

V.8.2.  Thallium compounds

The existence of TIAm(SOy), -2HoO(s) and TlgAmy(SOy4)7(s) has been reported by
Yakovlev and Kosyakov [58YAK/KOS] (cf. Section V.5.1.2.2). No thermodynamic
data has been reported on these compounds.
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V.9. Group 9 compounds

V.9.1. Cobalt compounds

Fedoseeva and Budantseva reported the synthesis of the americium (V) sulphate com-
pound Co(NH3)sAmO,(SOy)s -2H,O(s) [89FED/BUD] (¢f. Section V.5.1.2.2). No
thermodynamic data has been reported on this compound.

V.10. Group 6 complexes

V.10.1. Molybdates and tungstates

Crystallographic information for the molybdates and tungstates of americium are
given in Table V.6.

V.10.2. Polyphosphotungstate complexes

The stabilisation of Am(IV), Am(V) and Am(VI) by phosphotungstate ions in aque-
ous solutions is discussed in Section V.6.2.1.3, p.144. In addition, complexes of
Am(III) and Am(IV) with the anions W,O32~, PW;;0%5 and SiW,;0%; are men-
tioned in [89YUS, 89YUS/FED]. No thermodynamic data can be selected for any of
these systems.

V.11. Group 5 complexes

Crystallographic information for the ternary and quaternary oxides of americium and
vanadium, niobium or tantalum are given in Table V.6.

V.12. Group 4 complexes

Crystallographic information for the quaternary oxides of americium and titanium
are given in Table V.6.

V.13. Actinide compounds and complexes

V.13.1. Actinide compounds

V.15.1.1. U0.5Amg.502(67')

Bartscher and Sari [83BAR/SAR| have measured the oxygen potentials in
UpsAmg 5094 x(cr) for both hypo- and hyper-stoichiometric oxides, 1.87 <
O/(U + Am) < 2.09, between 873 and 1573 K by equilibration with CO(g)/COx(g)
and Hj(g)/H2O(g) mixtures. These results have been used to derive partial molar
enthalpies and entropies of dissolution of oxygen in the oxides (presented only in the
form of plots). The results are compared to the similar U-Pu-O and U-Ce-O systems
[83BAR/SAR].
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V.13.1.2.  Other ternary and quaternary ozides

Crystallographic information for the ternary and quaternary oxides of americium and
protactinium are given in Table V.6.

V.13.2. Actinide complezes
V.13.2.1. Actinide-actinide interactions

The tendency of actinide(V) cations, MOj, to interact with certain cations (mostly

multicharged) has been described in many publications using an array of techniques,

mainly absorption spectrophotometry, proton spin relaxation, potentiometric tech-

niques and Raman spectroscopy. These interactions have been reviewed by Grenthe

et al. in the uranium NEA-TDB review [92GRE/FUG]|, where it is noted that all

relevant studies before 1977 were extensively reviewed in Ref. [T9FRO/RYK].
Complexes of AmOJ with UO2" and NpO2*

MO + M'O2" = MMO3*

were reported [81GUI/HOB, 82GUI/BEG] for I = 10 M (perchlorate) and in media
of variable ionic strength for the species AmO5-UO3". As discussed by Grenthe et al.
[92GRE/FUG], no data can be recommended for these cation association reactions.

V.14. Group 2 (alkaline-earth) and group 3 compounds

Crystallographic information for AmScOs(cr) and for the ternary and quaternary
oxides of americium and the alkaline-earths are given in Table V.6.

V.15. Group 1 (alkali) compounds

V.15.1. Ternary and quaternary oxides

The only thermodynamic data for the ternary oxides are the enthalpies of formation
of the perovskite-type compounds BaAmOj;(cr) and SrAmOj(cr), as discussed in
Section V.3.2.6. Crystallographic information for the other ternary and quaternary
oxides are given in Table V.6.

V.15.2. Ternary fluorides

A discussion on the ternary fluorides LIAmF5(cr), Na;AmgF3; (cr) and RbyAmFg(cr)
is presented in Section V.4.2.2.6.

V.15.3. Ternary and quaternary chlorides

A discussion on the ternary chlorides CsAmCly(cr), Cs3AmClg(cr), MyAmCls(cr)
(M = K, NHy, Rb) and the quaternary chloride CssNaAmClg(cr) is presented in
Section V.4.2.3.4.
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V.15.4. Alkali sulphates

The existence of MAm(SOy); - zHoO(s) (with M = K, Rb and Cs) as well as
K3Am(SOy);3 - HoO(s) and KgAmy(SO4)7(s) has been reported by Yakovlev and
Kosyakov [58YAK/KOS]. No thermodynamic data has been reported on these com-
pounds (cf. Section V.5.1.2.2).

V.15.5. Alkali phosphates

Ternary phosphates of Am(VI), MAmO,PO, - xtH,O(cr) (with M = K, Rb and Cs)
have been reported by Lawaldt et al. [82LAW/MAR], c¢f. Section V.6.2.2.2.

V.15.6. Alkali arsenates

Ternary arsenates of Am(VI), MAmO,AsO, - zHyO(cr) (with M = K, Rb and Cs)
have been reported by Lawaldt et al. [82LAW/MAR], c¢f. Section V.6.3.2.

V.15.7.  Alkali carbonates

The Am(IIT) compounds NaAm(COj3)s(cr) and NazgAm(COj3);3(s), are discussed in
Section V.7.1.2.2.c. The americium(V) carbonates: MAmO,CO3(cr), with M =
Na, K, Rb, Cr, K3AIHOQ(COg)2(S) and M5AIIIOQ(C03)3(S), with M = K and Cs
are discussed in Section V.7.1.2.2.d, where carbonates of americium(VI) of unknown
stoichiometry are also mentioned.
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Chapter VIII

Formula list

This chapter presents, in standard order of arrangement (cf. Section I1.1.8) a list of
formulae of americium containing species. The meaning of the phase designators,
(aq), (cr), etc., is explained in Section II.1.4.

The formulae that are not discussed in the present review are provided with infor-
mation on references that may contain thermodynamic data on these compounds or
complexes (for complete citations see Chapter VI). The formulae for which selected
data are presented in Chapter III, as well as those which are discussed but for which
no data are recommended by this review, are marked correspondingly.

The inclusion of these formulae in this chapter is to be understood as information
on the existence of published material on these formulae. It in no way implies that
the present review gives any credit to either the thermodynamic data or the chemical
composition or existence of these species.

Some americium formulae are reported only in [87BRO/WAN]. Note however, that
there is no experimental indication for the existence of these species, and that only
estimates for their equilibrium constants of formation are given in the theoretical
work of [87BRO/WAN].

229



230

Formula list

Formula References

B-Am data selected in the present review
Am(cr) data selected in the present review
Am(g) data selected in the present review
~v-Am data selected in the present review
Am(l) data selected in the present review
Am?t data selected in the present review
Am?3+ data selected in the present review
Am** data selected in the present review
Amb5+ [82FUG]

AmS+ [82FUG]

Amj [72KRE]

Amj [72KRE]

AmO(cr) [62WES/GRO], [86BRA /LAG]
AmO, ;(cr) [86BRA/LAG]

AmO, ¢(cr) see p. 89

AmO, ,(cr) see p. 89

AmO,(cr) data selected in the present review
AmOF data selected in the present review
AmO3* data selected in the present review
AmOj [S1LEB]

Am,O4(cr) data selected in the present review
AmH, (cr) data selected in the present review
AmH,(cr) see p. 100

AmOH* [84KER]

AmOH?* data selected in the present review
AmOH?** [87BRO/WAN]

Am(OH)F data selected in the present review
Am(OH)Z* [87BRO/WAN]

AmO,0H(aq) see pp. 87, 96

AmO,OH(cr) see p. 96

AmO,OH* see p. 87

Am(OH),(am) data selected in the present review
Am(OH),(aq) data selected in the present review
Am(OH),(cr) data selected in the present review
Am(OH),(s) [88STA /KIM2]

Am(OH)F [87BRO/WAN]

AmO,(OH),(aq) see p. 87

AmO,(OH),(cr) [87BRO/WAN]

AmO,(OH)5 see p. 87

Am(OH),(aq) [87BRO/WAN]

Am(OH),(cr) [52LAT], [72KRE], [73MOS], [85PHI/PHI]
Am(OH), see pp. 80

AmO,(OH)3; see p. 87

AmO,(OH)3~ see p. 87

Am(OH); [87BRO/WAN]

Am(OH)Z~ [87BRO/WAN]

AmO, (OH)3~ see p. 87




Formula list

Formula References

AmO,(OH)}~ see p. 87

Am(OH);~ [87TBRO/WAN]

Am(OH)2~ [87BRO/WAN]

AmO,(OH)2™ [87BRO/WAN]

AmO,(OH):~ [87BRO/WAN]

Am, (OH)3* [7TSALL/BEA], [82SIL], [83ALL], [86WAN], [87BRO/WAN]
(AmO,),(OH)3" [87BRO/WAN]

AmS(OH);1+ [82SIL], [83ALL], [86WAN], [87BRO/WAN]
(AmO,),(OH);T  [87BRO/WAN]

(AmO,),;(OH)F  [87BRO/WAN]

(AmO,);(OH),  [87BRO/WAN]

Am, (OH){S [87BRO/WAN]

(AmO,),(OH);  [87BRO/WAN]

Amg(OH)TF [87TBRO/WAN]

AmF?* data selected in the present review
AmF3+ [87BRO/WAN]

AmF, (cr) [86BRA/LAG]

AmFy data selected in the present review
AmF3* [87BRO/WAN]

AmF,(aq) see p. 101

AmF,(cr) data selected in the present review
AmF, (g data selected in the present review
AmFj [87BRO/WAN]

AmF,(aq) see p. 106

AmF,(cr) data selected in the present review
AmF,(g) see p. 112

AmF} [TSALL/BEA], [87TBRO/WAN]
AmF.(g) see p. 114

AmF(s) see p. 114

AmF; [87BRO/WAN]

AmF:~ [87BRO/WAN]

AmF¢(cr) see p. 114

AmF,(g) see p. 114

AmF(s) see p. 114

AmF;~ [87TBRO/WAN]

AmF,~ [87BRO/WAN]

AmO,F(aq) [87BRO/WAN]

AmO,F* [87BRO/WAN]

AmO,F,(aq) [87BRO/WAN]

AmO,F,(cr) see p. 115

AmO,F; [87BRO/WAN]

AmO,F3 [87BRO/WAN]

AmO,F3~ [87BRO/WAN]

AmO,F;~ [87BRO/WAN]

AmO,Fi~ [87BRO/WAN]

AmO,F;~ [87BRO/WAN]

AmO,Fi~ [87BRO/WAN]
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Formula list

Formula References

AmC1?+ data selected in the present review
AmCP3+ [82JEN], [87BRO/WAN]
AmCl,(cr) see p. 116

AmCIy see p. 104

AmCI3* [87BRO/WAN]

AmCl (aq)  [$7BRO/WAN]

AmCl; (cr) data selected in the present review
AmCl, (s) [54KOC/CUN]

AmCIf [87BRO/WAN]
AmCl,(aq)  [$7BRO/WAN]
AmCl,(cr) [72KRE], [86BRA/LAG]
AmcCl, [87BRO/WAN]

AmCl [87BRO/WAN]

AmCIZ~ [87BRO/WAN]

AmCI3~ [87TBRO/WAN]

AmCI~ [87BRO/WAN]
AmClO(cr) [72KRE]

AmOCI(cr) data selected in the present review
AmOCI(s) [7T6WEI/WIS]
AmO,Cl(aq) [87BRO/WAN]
AmO,CI+ [87BRO/WAN]
AmO,Cly(aq) [$7BRO/WAN]
AmO,Cl; [87BRO/WAN]
AmO,Cl; [87BRO/WAN]
AmO,CI3~ [87BRO/WAN]
AmO,Cl3~ [87BRO/WAN]
AmO,Cl;~ [87BRO/WAN]
AmO,CIE~ [87BRO/WAN]
AmO,CI3~ [87TBRO/WAN]

AmCIO3 " see p. 105

AmCIO; [76SMI/MAR]
Am(ClO,)  see p. 105

AmBr?t see p. 105

AmBr?t [87BRO/WAN]

AmBr, (cr) see p. 121

AmBry see p. 105

AmBr3" [87BRO/WAN]
AmBr,(aq) [87BRO/WAN]
AmBr;(cr) data selected in the present review
AmBr,(s) [82WEI/WIS]

AmBr [87BRO/WAN]
AmBr,(aq) [87BRO/WAN]
AmBr,(cr) [72KRE], [86BRA/LAG]
AmBr, [87BRO/WAN]

AmBr; [87BRO/WAN]

AmBr;~ [87BRO/WAN]

AmBrg~ [87BRO/WAN]




Formula list 233

Formula References
AmBrg~ [87BRO/WAN]
AmOBr(cr) data selected in the present review
AmO,Br(aq) [87BRO/WAN]
AmO,Br* see p. 106
AmO,Br,(aq) [87BRO/WAN]
AmO,Bry [87BRO/WAN]
AmO,Br; [87BRO/WAN]
AmO,Br3~ [87BRO/WAN]
AmO,Br;~ [87BRO/WAN]
AmO,Bri~ [87BRO/WAN]
AmO,Bri~ [87BRO/WAN]
AmO,Bry~ [87BRO/WAN]
AmBr,;-6H,0(cr) [73MOS2], [73MOS]
AmI?* [87BRO/WAN]
AmI3+ [87BRO/WAN]
AmlI, (cr) see p. 123
AmlI; [87BRO/WAN]
AmI3* [87BRO/WAN]
Aml; (aq) [87BRO/WAN]
AmlI,(cr) data selected in the present review
AmlI7 [87BRO/WAN]
Aml, (aq) [87BRO/WAN]
AmI, (cr) [72FUG], [72KRE], [86BRA/LAG]
AmlI, [87BRO/WAN]
AmIZ [87BRO/WAN]
AmIZ~ [87BRO/WAN]
AmI;~ [87BRO/WAN]
AmlIy~ [87BRO/WAN]
AmOI(cr) see p. 124
AmO,I(aq) [87BRO/WAN]
AmO,I" [87BRO/WAN]
AmO,I,(aq) [87BRO/WAN]
AmO,I5 [87BRO/WAN]
AmO,I; [87BRO/WAN]
AmO,I3~ [87BRO/WAN]
AmO,I;~ [87BRO/WAN]
AmO, I3~ [87BRO/WAN]
AmO, I3~ [87BRO/WAN]
AmO, I3~ [87BRO/WAN]
AmIO3* [87TBRO/WAN]
AmIOS* [87BRO/WAN]
AmO,I0,(aq) [87BRO/WAN]
AmO,I107 [87BRO/WAN]
Am(10,)F [87BRO/WAN]
Am(10,)5" [87BRO/WAN]
AmO,(10;5),(aq) [87BRO/WAN]
AmO,(10;), [87BRO/WAN]
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Formula list

Formula References
Am(I0;),(aq) [87BRO/WAN]
Am(10,)4 [87BRO/WAN]
AmO,(I05)5 [87BRO/WAN]
AmO,(104)5™ [87BRO/WAN]
Am(I0,),(aq) [87BRO/WAN]
Am(I0;); [87BRO/WAN]
AmO,(10,);~ [87BRO/WAN]
AmO,(10,)5~ [87BRO/WAN]
Am(IO3)g [87BRO/WAN]
Am(10;)z™ [87BRO/WAN]
AmO,(10,):~ [87BRO/WAN]
AmO,(10,)5~ [87BRO/WAN]
Am(10,);~ [87BRO/WAN]
Am(10,)5~ [87BRO/WAN]
AmS(cr) data selected in the present review
AmS, . (cr) [86BRA/LAG]
AmS, (cr) see p. 126
Am,S;(cr) see p. 126
Am,S,(cr) see p. 126
AmSO; data selected in the present review
AmSO3 " [87BRO/WAN]
AmO0,S50,(aq) [87BRO/WAN]
AmO,S0O; [87BRO/WAN]
Am(SO,),(aq) [87BRO/WAN]
Am(S0,)5 data selected in the present review
AmO0,(S0,)3” [87BRO/WAN]
AmO0,(S0,)3™ [87TBRO/WAN]
Am(SO,)3~ [87BRO/WAN]
Am(S0,) [87BRO/WAN]
AmO0,(SO,)5~ [87BRO/WAN]
AmO0,(S0,)5” [87BRO/WAN]
Am(SO,)i~ [87TBRO/WAN]
m(S0,); " [87BRO/WAN]
AmO0,(S0,)5~ [87BRO/WAN]
AmO0,(SO,)i~ [87TBRO/WAN]
Am(S0,)s™ [87BRO/WAN]
Am(S0,):™ [87BRO/WAN]
AmO0,(S0,)%~ [87BRO/WAN]
Am(SO,)§~ [87BRO/WAN]
Am,0,S(cr) see p. 127
(AmO,),SO,(cr) see p. 131
Am,,08S,,(cr) see p. 127
Am(H,S0,); see p. 128
Am,(S0,);-8H,0(cr) see p. 131
AmSe(cr) data selected in the present review
AmSe,(cr) see p. 132
Am,Se,(cr) see p. 132
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Formula References
AmTe(cr) data selected in the present review
AmTe,(cr) see p. 134
AmTe,(cr) see p. 134
Am,Te,(cr) see p. 133
Am,0,Te(cr) see p. 134
AmN(cr) see p. 134
AmN;* data selected in the present review
Am(N,)F see p. 135
Am(N;)4(aq) see p. 135
AmNO3* data selected in the present review
AmNOZ* data selected in the present review
AmNO3 ™" [87BRO/WAN]
AmO,NO;(aq) [87BRO/WAN]
im(OQSOﬁ [87BRO/WAN]
m(NO;); see p. 136
Am(NO,)3* [87BRO/WAN]
AmO,(NOj),(aq) see p. 138
AmO,(NO,), [87BRO/WAN]
Am(NO;)5(aq) see p. 137
Am(NO;)5(s) see p. 138
Am(NO,)7 [87BRO/WAN]
AmO,(NO;)5 see p. 138
AmO,(NO,)3™ [87BRO/WAN]
Am(NO,),(aq) [87BRO/WAN]
Am(NOj); [87BRO/WAN]
AmO,(NO,); [87BRO/WAN]
AmO,(NO,)3~ [87BRO/WAN]
Am(NO,)s [87BRO/WAN]
Am(NO,):™ [87BRO/WAN]
AmO, (NO,)2~ [87BRO/WAN]
Am(NO,);~ [87BRO/WAN]
Am(NO,);~ [87BRO/WAN]
AmNH* [87BRO/WAN]
AmNH; " [87BRO/WAN]
Am(NH,)3+ [87BRO/WAN]
Am(NH,);" [87BRO/WAN]
Am(NH,)3+ [87BRO/WAN]
Am(NH,)3" [87BRO/WAN]
Am(NH,)5+ [87BRO/WAN]
Am(NH,)3 [87BRO/WAN]
Am(NH,)3 [87BRO/WAN]
Am(NH,):+ [87BRO/WAN]
Am(NH,)3+ [87BRO/WAN]
Am(NH,)g" [87BRO/WAN]
AmO,NH7 [87BRO/WAN]
AmO,NHZ*" [87BRO/WAN]
AmO,(NH,); [87BRO/WAN]
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Formula References
AmO,(NH,)3*" [87BRO/WAN]
AmO, (NH,)7 [87BRO/WAN]
AmO,(NH,)3* [87BRO/WAN]
AmO, (NH,); [87BRO/WAN]
AmO,(NH,)3* [87BRO/WAN]
AmO, (NH,)7 [87BRO/WAN]
AmO,(NH,)z* [87BRO/WAN]
(NH,),AmCl;(cr) see p. 120
AmS,(NO,),(aq)  [75ROZ/NIK]
AmP (cr) see p. 144
AmPO,(am, hydr) data selected in the present review
AmPO,(aq) [87BRO/WAN]
AmPO,(cr) see p. 144
AmPO; [87BRO/WAN]
AmO,PO; [87BRO/WAN]
AmO0,PO3™ [87BRO/WAN]
Am(PO,)3~ [87BRO/WAN]
Am(PO,)3” [87BRO/WAN]
AmP.04(aq) see p. 144
AmO,(PO,)5~ [87BRO/WAN]
AmO,(PO,)5~ [87BRO/WAN]
Am(PO,)5” [87BRO/WAN]
Am(PO,)5” [87BRO/WAN]
AmO,(PO,)I~ [87BRO/WAN]
AmO,(PO,)5~ [87BRO/WAN]
Am(PO,)§" [87BRO/WAN]
Am(PO,)5” [87BRO/WAN]
AmO,(P0O,);" [87BRO/WAN]
AmO,(PO,);' ™ [87BRO/WAN]
Am(PO,)i ™ [87BRO/WAN]
Am(PO,)L* [87BRO/WAN]
AmO, (PO, )i [87BRO/WAN]
AmO,(PO,)i* [S7TBRO/WAN]
Am(PO,)" [87BRO/WAN]
Am(PO,)§" [87BRO/WAN]
AmHPO; see p. 140
AmHPO3* [87BRO/WAN]
AmH, PO [84VIE/TAR]
AmH,PO;" data selected in the present review
AmH,PO;" [87BRO/WAN]
AmO,HPO,(aq)  [87BRO/WAN]
AmO,HPO, [87BRO/WAN]
AmO,H,PO,(aq) [87BRO/WAN]
AmO,H,PO; [87BRO/WAN]
Am(HPO,),(aq) [87BRO/WAN]
Am(HPO,); [87BRO/WAN]
Am(H,PO,)5 see p. 140
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Formula References
Am(H,PO,)5" [87BRO/WAN]
AmHP,0f see p. 144
AmO,(HPO,)5~ [87BRO/WAN]
AmO, (HPO,)3" [87BRO/WAN]
AmO,(H,PO,),(aq) see pp. 141, 143
AmO,(H,PO,), [87BRO/WAN]
Am(HPO,)3~ [87BRO/WAN]
Am(HPO,)3~ [87BRO/WAN]
Am(H,PO,);(aq) see p. 140
Am(H,PO,)7 see pp. 141, 143
AmO,(HPO,)3~ [87BRO/WAN]
AmO,(HPO,)5™ [87BRO/WAN]
AmO,(H,PO,); [87BRO/WAN]
AmO,(H,P0,)3” [87BRO/WAN]
Am(HPO,)1~ [87BRO/WAN]
Am(HPO,); [87BRO/WAN]
Am(H,PO,),(aq) [87BRO/WAN]
Am(H,PO,); see p. 140
AmO,(HPO,)5” [87BRO/WAN]
AmO,(HPO,)!™ [87BRO/WAN]
AmO, (H,PO,); [87BRO/WAN]
Am(HPO,)S~ [87BRO/WAN]
Am(HPO,)I~ [87BRO/WAN]
Am(H,PO,)s [87BRO/WAN]
Am(H,PO,)2~ [87BRO/WAN]
AmO,(HPO,)8~ [87BRO/WAN]
AmO,(HPO,)2™ [87BRO/WAN]
Am(HPO,)8~ [87BRO/WAN]
Am(HPO,)3~ [87BRO/WAN]
Am(H,PO,)s~ [87BRO/WAN]
NH,AmO,PO,(s) see p. 144
AmAs(cr) see p. 145
AmAsO,(cr) see p. 146
NH,AmO,AsO,(s)  see p. 146
AmSb(cr) see p. 146
AmSb, (cr) see p. 147
Am,Sb,(cr) see p. 146
AmSbTe(cr) see p. 147
AmBi(cr) see p. 147
AmC(cr) see p. 147
Am,C,(cr) data selected in the present review
AmCO7 data selected in the present review
AmCO3* [87BRO/WAN]
Am(C,0)*" [85PAZ/KRI]
AmC, 0} [69SEK /SAK], [87BRO/WAN]
AmC,035" [87BRO/WAN]
AmO,CO;(aq) [87BRO/WAN]
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Formula list

Formula References

AmO,CO3 see p. 157

Am(CO;),(aq) [87BRO/WAN]

Am(CO;),y(cr) [87BRO/WAN]

Am(CO,)5 data selected in the present review
AmO,C,0,(aq) [87BRO/WAN]

AmO0,C,0; [87BRO/WAN]

AmO0,(CO,)3~ [87BRO/WAN]

AmO0,(CO,)5~ see p. 157

Am(C,0,),(aq) [87BRO/WAN]

Am(C,0,)y [69SEK/SAK], [87BRO/WAN]
Am(CO,)3™ [87BRO/WAN]

Am(CO,)3~ data selected in the present review
AmO0,(C,0,)3” [87BRO/WAN]

Am0,(C,0,)3 [87BRO/WAN]

AmO,(CO,)3~ data selected in the present review
AmO0,(CO,)5~ data selected in the present review
Am(CO,) [87TBRO/WAN]

Am(CO,)5™ [7SALL/BEA], [87BRO/WAN]
Am(C,0,)3 [87BRO/WAN]

Am(C,0,)3" [69SEK /SAK], [87BRO/WAN]
AmO0,(CO,)5 [87BRO/WAN]

AmO0,(CO,)i~ [87BRO/WAN]

Am(CO,)8~ data selected in the present review
Am(CO,){ ™ [87TBRO/WAN]

AmO,(C0O,)8~ [87BRO/WAN]

AmO0,(CO,)2" [87BRO/WAN]

Am(CO,)8~ [87BRO/WAN]

Am(CO,)5~ [87BRO/WAN]

Am,(CO4)5(cr) data selected in the present review
AmHCO3" [87BRO/WAN]

AmHCOZ* [87BRO/WAN]

AmHCO3* see pp. 149, 154

AmHCOZ* [87BRO/WAN]

AmCO;0H(aq) see pp. 150, 156

AmCO;0H(cr) data selected in the present review
AmO,HCO,(aq) [87BRO/WAN]

AmO,HCOF [87BRO/WAN]

Am(HC,0,)** [85PAZ/KRI]

Am(HCO,)§ [87BRO/WAN]

Am(HCO,)2+ [87BRO/WAN]
AmO,CH;CO,(aq) [T9IMOS/POZ]

AmO,HCO4(aq) see p. 157

AmO,HCOF [87BRO/WAN]

Am(OH),CO3 see pp. 150, 156

AmO,0HCO3 [87BRO/WAN]

Am(HCO,)T see pp. 149, 154

Am(HCO,)3" [87BRO/WAN]




Formula list

Formula References
AmO,(HCO,),(aq) [87BRO/WAN]
AmO, (HCO,), [87BRO/WAN]
Am(OH),CO; [87BRO/WAN]
Am(HCO,);(aq) [87BRO/WAN]
Am(HCO,); [87BRO/WAN]
AmO, (CH,CO,),(cr) [73MOS]
AmOH(CO,)3~ see pp. 150, 156
AmO,(OH),CO3~ [87BRO/WAN]
AmO,(HCO,),(aq) [87BRO/WAN]
AmO, (HCO,), [87TBRO/WAN]
AmO,(HCO,); [87BRO/WAN]
AmO,(HCO,);~ [87TBRO/WAN]
Am(HCO,),(aq) [87TBRO/WAN]
m(HCO,); [87BRO/WAN]
m(CH;CO,),(cr) [73MOS]
m(HCO,),(aq) [87TBRO/WAN]
m(HCO,)7 [87BRO/WAN]
Am(CO,),0H*~ see p. 156
AmO,(HCO,)3~ [87BRO/WAN]
Am(HCO,); [87BRO/WAN]
Am(HCO,)%~ [87BRO/WAN]
AmO,(HCO,); [87BRO/WAN]
AmO,(HCO,);~ [87TBRO/WAN]
Am(HCO,),(aq) [87BRO/WAN]
Am(HCO,); [87TBRO/WAN]
AmO,(HCO,);~ [87BRO/WAN]
Am(HCO,):™ [87TBRO/WAN]
AmO,(HCO,)3~ [87BRO/WAN]
AmO,(HCO,)j~ [87TBRO/WAN]
Am(HCO,)y [87BRO/WAN]
Am(HCO,):™ [87TBRO/WAN]
Am(HC,0,), [60MOS/KHA]
AmO,(HCO,)3~ [87BRO/WAN]
Am(HCO,)%™ [87BRO/WAN]
Am(HCO,)s™ [87TBRO/WAN]
(AmO,),(0OH),CO; [87BRO/WAN]
Am,(CO;)5-2H,0(cr) [73MOS2], [73MOS]
Am,(C,0,);-10H,0(cr)  [73MOS]
(AmO,),(0OH),CO5 [87TBRO/WAN]
AmCN2+ see p. 165
AmCN3+ [87BRO/WAN]
Am(CN)J [87BRO/WAN]
Am(CN)Z* [87BRO/WAN]
Am(CN);(aq) [87BRO/WAN]
Am(CN)F [87TBRO/WAN]
Am(CN),(aq) [87BRO/WAN]
Am(CN); [87BRO/WAN]
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Formula list

Formula References

Am(CN)7 [87BRO/WAN]
Am(CN)Z™ [87BRO/WAN]
Am(CN)Z™ [87BRO/WAN]
Am(CN)3~ [87BRO/WAN]
AmO,CN(aq) [87BRO/WAN]
AmO,CN+ [87BRO/WAN]
AmO, (CN),(aq) [87BRO/WAN]
AmO, (CN); [87BRO/WAN]
AmO, (CN); [87BRO/WAN]
AmO,(CN)3~ [87BRO/WAN]
AmO, (CN);~ [87BRO/WAN]
AmO, (CN)3~ [87BRO/WAN]
AmO,(CN)3~ [87BRO/WAN]
AmO, (CN);~ [87BRO/WAN]
NH,AmO,CO4(cr) see p. 165

AmN(CH COO) (aq)  [T2EBE/SAB]

(NH,);AmO,(CO;)5(s) see p. 165

Am(N(CH,COO0),)3~  [72EBE/SAB]
AmSCN2+ data selected in the present review
AmSCN3+ [87BRO/WAN]
Am(SCN)F see p. 166
Am(SCN)3* [87BRO/WAN]
Am(SCN),(aq) see p. 166
Am(SCN)7 [87BRO/WAN]
Am(SCN),(aq) [87BRO/WAN]
Am(SCN), see p. 169
Am(SCN); [87BRO/WAN]
Am(SCN):Z™ [87BRO/WAN]
Am(SCN);~ [87BRO/WAN]
Am(SCN);~ [87BRO/WAN]
AmO,SCN(aq) [87BRO/WAN]
AmOQSCNJr [87BRO/WAN]
AmO,(SCN),(aq) [87BRO/WAN]
AmO,(SCN), [87BRO/WAN]
AmO,(SCN)3 [87BRO/WAN]
AmO, (SCN);~ [87BRO/WAN]
AmO, (SCN)3~ [87BRO/WAN]
AmO, (SCN);}~ [87BRO/WAN]
AmO,(SCN)Z~ [87BRO/WAN]
AmO, (SCN):~ [87BRO/WAN]
AmSi(cr) see p. 170
AmSi, 4(cr) see p. 170
AmSi, (cr) see p. 170

Am_ Si,(cr) see p. 170
AmSiO,(cr) see p. 171
Amg(SiOg),(cr) see p. 171

AmGeO,(cr) see p. 98
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Formula References
AmAIO, (cr) see p. 98
TlAm(SO4)2(s) see p. 131
TlgAm, (SO,),(s) see p. 131
a-Am, (MoOy,), see p. 98
B-Am, (MoO,), see p. 98

Am,(WO,),(cr) see p. 98
Am(P, W ,04,)3%"  see p. 144
Am(P,W,,0q,)3" "  see p. 144

AmVO;(cr) see p. 98

AmVO,(cr) see p. 98

Amg ;,NbO;(cr) see p. 98

a-AmNbO, see p. 98

B-AmNbO, see p. 98

Amg 5, TaO4(cr) see p. 98

AmTaO,(cr) see p. 98

AmNbTiOg(cr) see p. 98

AmTaTiOg(cr) see p. 98

AmScO,/(cr) see p. 98

AmO2NpO§Jr see p. 173

Ug sAmg 5 O,(cr) see p. 172

AmO,UO03" [81GUI/HOB]

AmPaO,(cr) see p. 98

SrAmO;,(cr) data selected in the present review
SryAmOg(cr) see p. 98

SrAm,O,(s) see p. 98

BaAmO,/(cr) data selected in the present review
Ba;AmOg(cr) see p. 98

BaAm,0,(s) see p. 98

Ba, AmNbOg/(cr) see p. 98
Ba,AmTaOg(cr) see p. 98
Ba,AmPaOg(cr) see p. 98

LiAmO,(s) see p. 98
Li,AmO;(s) see p. 98
Li;AmO,(cr) see p. 98
Li,AmO; (cr) see p. 98
LigAmOg(cr) see p. 98
Li, AmOg(cr) see p. 98
LigAmOg(cr) see p. 98
LiAmF, (cr) see p. 115
LiAm(MoO,),(cr)  see p. 98
Na,AmO,(cr) see p. 98
Na;AmO,(cr) see p. 98
Na,AmO;(cr) see p. 98
NazgAmOg(cr) see p. 98
Na;AmgF,, (cr) see p. 115
s

) see p. 165
NaAm(CO,),(cr) see p. 163
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Formula References

Na;Am(CO,)4(cr) see p. 163
NaAm(MoO,),(cr) see p. 98
Na;Am(MoO,),(cr)  see p. 98

K,AmO,(cr) see p. 98
K,AmCI (cr) see p. 120
KAm(SO,),(s) see p. 131
K¢Am,(S0,),(s) see p. 131
K;Am(SO,);-H,O(s)  see p. 131
KAmO,PO,(s) see p. 144
KAmOQAsO4(s) see p. 146
KAmO,CO4(cr) see p. 165
K;AmO,(CO,4),(s) see p. 165
K;AmO,(CO,),(s) see p. 165
K;Am,(MoOy),(s) see p. 98
K gAm,(MoO,)s(s)  see p. 98
Rb,AmF/(cr) see p. 115
Rb,AmCl; (cr) see p. 120
RbAm(SO,),(s) see p. 131
RbAmMO,PO,(s) see p. 144
RbAmMO,As0,(s) see p. 146
RbAmMO,CO,(cr) see p. 165
CsAmCl4(s) see p. 119
Cs3AmClg(s) see p. 119
CsAm(S0,),(s) see p. 131
CsAmO,PO,(s) see p. 144
CsAmO0,As0,(s) see p. 146
CsAmOQCO (cr) see p. 165
Cs;AmO,(CO;)4(s)  see p. 165
Cs,NaAmClg(cr) data selected in the present review




Appendix A

Discussion of selected references

[54FEA]
Feay, D.C., Some chemical properties of curium, Ph.D. thesis, Radiation Laboratory,
University of California, report UCRL-2547, Berkeley, California, 1954, 50p.

Feay reports the solubility of curium and americium trifluoride in aqueous solutions

containing excess fluoride as a function of temperature (0, 23 and 47°C). Analysis of
these solubility data [54FEA] yielded

AmF; +F~ & AmF;(aq) log,, K5 = 3.1140.07
AGHS = (21.942.1) kJ - mol !
ASe = (133£17) J-K ! mol!

AmF;(s) = AmF;(aq) logg K¢y = —4.83+0.07
AH® = (14.6£2.1) kJ - mol™!
ASe = (44417) J-K~'-mol™!

The experiments were performed from undersaturation. However, equilibrium
might not have been reached because of inadequate stirring (Feay states that the
samples were both self stirred due to gas evolution, and manually with a platinum
wire). Only few experimental determinations were performed at each temperature,
and this review considers it possible that the solid might have redissolved completely
in the samples most diluted in fluoride ([F~],,, ~ 0.001 M). Furthermore, it is
not possible to determine the nature of the predominant americium species in solu-
tion based only on these few solubility measurements, and Feay did not report any
characterisation of the solid phase either. Because of all these considerations, the
equilibrium constants and thermodynamic data reported by Feay are disregarded in
this review.

[56WAR/WEL]
Ward, M., Welch, G.A., The chloride complexes of trivalent plutonium, americium and
curium, J. Inorg. Nucl. Chem., 2 (1956) 395-402.

The authors investigated the complex formation of selected trivalent actinides (Am,
Cm and Pu) in hydrochloric acid solutions by using an ion exchange method. The
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measurements were presumably made at room temperature. Preliminary experiments
of actinide distribution between the cation exchanger and the solution phase were
made at fairly high ionic strength, using mixtures of perchlorate and chloride ions.
The results suggested the formation of the first two chloro complexes. As indicated in
Figure 1 of the original paper, the preliminary americium experiments were performed
at [HT] = 0.5 M, while the chloride ion concentration was varied between 0 and 3.5 M.

Ward and Welch derived the dissociation constant of AmCI?* from duplicate mea-
surements of the americium distribution coefficients in 0.206 M and 0.5 M HCI solu-
tions. The authors claimed that of all the americium species present in the solution,
only the adsorption of Am?3* ions on the resin was significant. Carleson and Irv-
ing [54CAR/IRV], Grenthe [62GRE] and Irving and Khopkar [64IRV/KHO] have
shown that the individual distribution ratios of the uncomplexed lanthanide and
actinide(IIT) ions on strong cation exchangers are about 10 to 20 times higher than
those calculated for divalent complex species. Therefore, this indicates that correc-
tions for the presence of AmCI?** in the resin should be negligible at the relatively
low chloride concentrations used by Ward and Welch.

According to the terminology adopted by this review, the formation constants at
I =0.206 M and 0.5 M are log,, 81 = 0.35 and 0.24, respectively, with no uncertainty
values assigned by Ward and Welch. Assuming that the variation of anionic compo-
sition at constant ionic strength does not change the ion interaction coefficients, i.e.,
E(Am*+,C17) = €(Am3+,Cl0] and E(AMCI+,CI7) = €(AmCI+,Cl0; , the measured dlfference
in the distribution coeﬁﬁ(:lents of americium between Chlorlde free and hydrochloric
acid solutions may entirely be attributed to complex formation effects. However,
because of the very limited number of experimental points, this review assigns an
uncertainty of £ 0.2 in the value of log,, #1. The Davies equation used by the au-
thors to calculate the standard equilibrium constant is of doubtful application at ionic
strengths larger than 0.1 M. The correction made by this review with the specific ion
interaction equations in Appendix B using Ae; = —(0.22 4+ 0.1) kg - mol™!, results in
log,, 47 = (1.13 £ 0.20) and (1.18 + 0.20) from the values reported at I = 0.206 M
and 0.5 M respectively.

Americium uptake by an anion exchanger in 8 M HCI solutions was taken as an
evidence for the formation of negatively charged chloro complexes. However, no
quantitative data were reported.

[56YAK /KOS]
Yakovlev, G.N., Kosyakov, V.N., Gorbenko-Germanov, D.S., Zenkova, R.A., Korovin,
A.P., Sobolev, Y.P., Spectrophotometric studies of the behaviour of americium ions in
solutions, Proc. International Conf. on the Peaceful Uses of Atomic Energy, held 1955, in
Geneva, Switzerland, Vol. VII, New York: United Nations, 1956, pp.363-368.
Formation of americium(III) complexes in perchloric, hydrochloric, nitric and sul-
phuric acids was investigated by Yakovlev et al. [56 YAK/KOS] using spectrophotom-
etry. At high acid concentrations (pH < 0), spectral shifts and decreases of molar
extinction coefficients of the characteristic peaks in the UV and IR regions are at-
tributed to the formation of americium complexes. However, the composition of the
predominant species in solution and the corresponding stability constants can not be
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extracted from these qualitative results.

[60LEB/PIR]

Lebedev, I.A., Pirozhkov, S.V., Yakovlev, G.N., Determination of the composition and
the instability constants of oxalate, nitrate and sulphate complexes of Am'! and Cm'!
by the method of ion exchange, Radiokhimiya, 2(5) (1960) 549-558, in Russian; English
transl.. pp.39-47.

Lebedev, Pirozhkov and Yakovlev [60LEB/PIR] used an ion exchange technique
to study the americium(III) nitrate and sulphate systems at pH = 3.5 to 4, and
I = 1M and I = 0.75 M for the nitrate and sulphate systems respectively. The
linear variation of the distribution coefficients with increasing ligand concentration
reveals the presence of the complexes AmNO3" and AmSO] (cf. Tables V.14 and
V.12, respectively). An additional experiment performed at high sulphate concen-
tration (at [ = 1.5 M) was interpreted assuming the formation of both AmSOj and
Am(SO,)3, but the scarceness of the experimental data and the narrow concentration
range investigated do not allow a reliable determination of equilibrium constants, and
therefore the values reported by Lebedev, Pirozhkov and Yakovlev for the sulphate
system at [ = 1.5 M are disregarded by this review.

[61PEN/COL]

Penneman, R.A., Coleman, J.S., Keenan, T.K., Alkaline oxidation of americium; prepa-

ration and reactions of Am(IV) hydroxide, J. Inorg. Nucl. Chem., 17 (1961) 138-145.
The authors reported qualitative observations on the stability of Am(OH),(s) pre-

pared by hypochlorite or ozone oxidation of Am(OH);3(s) suspensions in NaOH so-

lutions. A soluble hydrolysis species of Am(VI) was claimed to be produced when

using ozone as oxidising agent.

[61PEP/MAS]

Peppard, D.F., Mason, G.W., Hucher, I., Stability constants of certain lanthanide(lll) and

actinide(l1l) chloride and nitrate complexes, Report TID-14716, UAC-5777, 1961, 13p.
This report appears to be the same study as Ref. [(2PEP/MAS].

[61STA/GIN]
Starik, I.E., Ginzburg, F.L., State of microamounts of radioelements in dilute solution,
Sov. Radiochem., 3 (1961) 49-55.

This qualitative study on the sorption of americium on ion exchangers contains no
data pertinent to this review.

[62GRE]
Grenthe, |., Chloride complexes of trivalent americium. Short communication, Acta Chem.
Scand., 16 (1962) 2300.

The author used a cation exchange resin to study the Am(III) complexation with
Cl™ ions in a 4 M H(ClIOy4,Cl) medium at 20°C. A combination of graphical and curve
fitting methods was used in the data analysis, as described in Ref. [(2GRE2]. The
calculations suggest a contribution of the complex species AmCI%* to the total ameri-
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cium adsorption on the resin. Grenthe found the stability constants for the formation
of AmCI*" and AmClJ to be log;y 31 = —(0.16 £ 0.02) and log;, 32 = —(0.74 £ 0.1),
respectively. The uncertainties assigned by the author appear to be equal to the
standard deviation of the mean values. Taking also into account the temperature
difference from the reference state, this review estimates the uncertainty in log,, 5
as £0.05 and in log,, B2 as £0.2.

[62LEB/YAK]

Lebedev, I.A., Yakovlev, G.N., Determination of the composition and stability constants of
thiocyanate complexes of Am(I11), Cm(l11) and Ce(lll) by ion exchange, Sov. Radiochem.,
4 (1962) 273-275.

Americium complexation by the thiocyanate ligand was studied using a cation ex-
change technique at two ionic strengths (0.5 and 5.0 M NaSCN/NaClOy,), at pH = 4.
The experimental data, obtained at I = 0.5 M, show that only AmSCN?* is formed
at [SCN™] < 0.36 M. The distribution coefficient at [SCN~] > 0.4 M deviated from
linearity, indicating that a higher complex may be present. At I = 5.0 M, there is
evidence for two complexes: AmSCN?*™ and Am(SCN);(aq). The authors did not
report the corresponding stability constants at I = 5.0 M, only the values corrected
to zero ionic strength by the Davies equation were given. Because this empirical
relation is not valid at ionic strengths greater than 0.1 M (¢f. Appendix B), the re-
ported constants at I = 0 are not considered by this review. The stability constant
determined at I = 0.5 M, log,, #1 = (0.66 + 0.05) (cf. Table V.17), is converted
to molal units and extrapolated to zero ionic strength using the specific interaction
equations, cf. Appendix B, with Ae = —(0.15 + 0.05) kg - mol~". This results in
log,o By = (1.4240.2), where the uncertainty has been increased to take into account
the unknown temperature at which this study was performed.

[62PEP/MAS]
Peppard, D.F., Mason, G.W., Hucher, I., Stability constants of certain lanthanide(lll) and
actinide(l11) chloride and nitrate complexes, J. Inorg. Nucl. Chem., 24 (1962) 881-888.
The authors determined the formation constants of the first chloro and nitrate
complexes of Am(III) and various lanthanides in 1 M H(ClO;,Cl~ or NOj3) me-
dia at (22 £+ 1)°C. Solvent extraction with di[para-(1,1,3,3-tetramethylbutyl)phenyl]
phosphonic acid in toluene was used as the experimental method. Although the
chelating agent used belongs to a group of compounds known to extract appreciable
concentrations of acids, the extracted species did not contain bulk anions. This was
established on the basis of the third order dependence of the americium distribution
coefficient on the hydrogen ion concentration. Modelling of the experimental data
gave log,, 1 = —(0.054+0.01) and log,, 3, = (0.264-0.07) for the formation of AmCI**
and AmNO3", respectively. The corrections for the small difference in temperature
from the reference value of 25°C are negligible. These stability constants, converted
to molal units, are extrapolated to zero ionic strength, using the selected interac-
tion coefficients (c¢f. Appendix B, Section B.1.4), to give: log;, 47 = (0.95 &+ 0.15)
and log;, A7 = (1.29 £0.1) for AmCI?* and AmNO3", respectively, where the uncer-
tainty for the nitrate complex has been increased to 0.1 for the reasons discussed
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in Section V.6.1.4.1, p.138. These values have been used to calculate the standard
equilibrium constants in Sections V.4.1.2.1 and V.6.1.4.1.

[64BAN/PAT]
Bansal, B.M.L., Patil, S.K., Sharma, H.D., Chloride, nitrate and sulphate complexes of
europium(I11) and americium(lll), J. Inorg. Nucl. Chem., 26 (1964) 993-1000.

This study reports ion exchange measurements of equilibrium constants for the
formation of Am(III) and Eu(II1) complexes with C1~, NO; and SO7 ions at (26 +
1)°C. The experiments were performed in the following ionic media: Na(ClO4,X)
at pH = 3, and H(ClO4,X), where X, the complexing anions (C1~,NO3 or SO%7),
were progressively replaced with perchlorate ions to keep a fixed ionic strength of
1.0 M. For all ligands, slightly higher values of equilibrium constants were measured
in Na'-containing solutions. This may be ascribed to medium dependent variations
of the activity coefficients. Bansal, Patil and Sharma reported log;, i (AmCI**) =
—(0.0540.05) and (0.154+0.03), at pH = 0 and pH = 3 respectively. The assumption
made by Bansal, Patil and Sharma that ion exchange occurred only for Am3* appears
to be correct. As discussed under Ref. [56 WAR/WEL], the distribution of the partly
complexed species at the highest ligand concentration studied should have been less
than one tenth of that of the free metal ions. As also recalculated by this review,
no statistically significant evidence for the formation of higher order complexes is
found. The reported equilibrium constants are corrected to zero ionic strength using
the specific ion interaction equations of Appendix B yielding log;, 37 (AmCI*T) =
(0.96 + 0.15) and (1.25 £ 0.15), at pH = 0 and pH = 3 respectively.

A reanalysis of the experimental data obtained in nitrate media by this review
yields log,o 41 (AmNO3") = (0.27£0.02) (in H*) and (0.2340.03) (in Na*). These re-
sults are in agreement with other literature values. The reported and/or re-evaluated
equilibrium constants are corrected to zero ionic strength using the specific ion inter-
action equations of Appendix B. This results in log,, 3°(AmNO3") = (1.30+0.1) and
(1.38 £ 0.10), in HCIO4 and NaClOy solutions respectively, where the uncertainties
have been increased to +0.1 for the reasons discussed in Section V.6.1.4.1, p.138.

The experimental data for the Am(III)-SO3™ system were interpreted by Bansal,
Patil and Sharma assuming the formation of AmSOZ and Am(SO,);. These results
refer to an unpublished work by Nair and Welch, and hence, are not considered by
this review.

[64SEK]
Sekine, T., Complex formation of La(lll), Eu(Ill), Lu(lll) and Am(Ill) with oxalate, sul-
phate, chloride and thiocyanate ions, J. Inorg. Nucl. Chem., 26 (1964) 1463-1465.

A solvent extraction study of the americium chloride, sulphate and thiocyanate

systems is summarised in this paper. The experimental details are given in [65SEK,
65SEK2, 65SEK3], respectively.
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[64SHI/MAR]
Shiloh, M., Marcus, Y. The chemistry of trivalent neptunium plutonium and americium
in halide solutions, Report 1A-924, Israel Atomic Energy Commission, Soreq Research
Establ., 1964, 26p.

The americium study described in this report is also presented in references
[69OMAR/SHI] (chloride complexation) and [69SHI/GIV] (bromide complexation).

[65CHO/KET]
Choppin, G.R., Ketels, J., Thiocyanate complexes of some trivalent lanthanide and ac-
tinide elements, J. Inorg. Nucl. Chem., 27 (1965) 1335-13309.

The authors studied americium complexation in SCN~ media using a solvent ex-
traction technique (bis-2-ethyl-hexyl orthophosphoric acid, hdehp, in toluene and
1.0 M NaSCN/NaClO,4 at pH = 2). At 25°C, the data were interpreted assuming
the formation of AmSCN?" and Am(SCN); complexes. The extraction behaviour
of americium was also investigated at higher temperatures (40 and 55°C) in order
to determine the thermodynamic functions for the formation of AmSCN?* (c¢f. Ta-
ble V.18): A H,,(298.15 K) = —(18.25 + 1.25) kJ - mol™" and A,S,,(298.15 K) =
—(51.494+4.18) J- K=" -mol~". A H,, and A.S,, seem to have a temperature depen-
dence opposite to that reported in the later publications [7T0KIN/CHO, 72HAR /PET,
74KIN/CHO)] and are therefore not considered in this review. Values of A,H,, and
A.Spconcerning the formation of the second complex were not reported, due to the
uncertainties in the determination of the corresponding formation constant.

[65CHO/STR]
Choppin, G.R., Strazik, W.F., Complexes of trivalent lanthanide and actinide ions: |.
Outer-sphere ion pairs, Inorg. Chem., 4 (1965) 1250-1254.

Choppin and Strazik performed a solvent extraction experiment using dinonyl-
naphthalene sulphonic acid, dissolved in n-heptane, as a liquid cation exchanger.
The ionic strength was kept constant (I = 1.0 M HCIO4/HNOj3). The data were
interpreted assuming the formation of AmNO3" with log 8; = (0.26 & 0.02). The
reported equilibrium constant is corrected to zero ionic strength using specific ion
interaction equations (c¢f. Appendix B). An uncertainty of +0.1 is assigned to all
nitrate log,, #; values in order to take into account the variation in the anionic com-
position of the media. This results in log,, 67 = (1.29 £ 0.10).

[65SEK]

Sekine, T., Solvent extraction studies of trivalent actinide and lanthanide complexes in
aqueous solutions: |. Chloride complexes of La(lll), Eu(lIl), Lu(lll), and Am(lIl) in 4 M
NaClO,4, Acta Chem. Scand., 19 (1965) 1435-1444.

A synergic solvent extraction system composed of 2-thenoyltrifluoroacetone and tri-
butylphosphate in CCl; was used to study complex formation of Am3*, La’*, Eu3*t
and Lu* with chloride ions at 25°C. The measurements were made at a constant
acidity of log1o[H"] = —2. The chloride ion concentration was varied between 0.4 M
and 3.6 M by using NaClO, as inert electrolyte to keep the ionic strength fixed at
4 M Na*t. The extraction mechanism was proved to be the same both in the presence
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and in the absence of the ligand. The experimental method and the calculation pro-
cedure used by the author are satisfactory. The stability constants of AmCI>* and
AmCl; were reported to be log;y 3; = —(0.15 £ 0.07) and log,, B> = —(0.69 & 0.10).
The uncertainties provided by Sekine (three times the standard deviation) reflect the
accuracy of the curve fitting procedure. They do not take into account the large
changes in the ionic medium during the experiments. This review therefore assigns
larger uncertainties as follows: £0.14 in log,, /1 and £0.2 in log;, 3s.

[65SEK?2]

Sekine, T., Solvent extraction study of trivalent actinide and lanthanide complexes in
aqueous solutions. Il. Sulphate complexes of La(lll), Eu(Ill), Lu(Ill), and Am(lIl) in 1 M
Na(ClO,), Acta Chem. Scand., 19 (1965) 1469-1475.

Sekine studied the sulphate complexation of americium(III) at 25°C by a solvent
extraction method (3 < pH < 4; I = 1 M NaySO4/NaClO,4 at 25°C). The varia-
tion of the distribution coefficient with increasing [SO7~] was interpreted assuming
the presence of AmSO} and Am(SO,); complexes. The author used an unspecified
value from [58BJE/SCH] for the second dissociation constant of HySO4. The com-
plexation constants given by the author are used in the selection procedure described
in Section V.5.1.2.1. Extrapolation to zero ionic strength (¢f. Appendix B) yields
logy, 39 = (3.87 £ 0.11) and log,, 55 = (5.72 & 0.10).

[65SEK3]

Sekine, T., Solvent extraction study of trivalent actinide and lanthanide complexes in
aqueous solutions: V. Thiocyanate complexes of La(lll), Eu(lll), Lu(lll) and Am(Ill) in
5 M NaClOy solution at 25°C, Acta Chem. Scand., 19 (1965) 1519-1525.

Sekine measured the distribution coefficient of Am(III) between an aqueous phase
at I = 5.0 M NaSCN/NaClO, and 3 < pH < 4, and an organic phase containing
2-thenoyltrifluoroacetone in CCly, at 25°C. The variation of the distribution coeffi-
cient as a function of [SCN~] indicated the formation of the complexes AmSCN?*,
Am(SCN);3(aq) and Am(SCN)y. All the attempts to include the second complex,
Am(SCN)J, in the statistical data analysis scheme produced a poorer fit to the
data, indicating that this constant was not statistically needed to fit the distribution
data, i.e., Am(SCN)J never exceeded 5% in the investigated experimental conditions
[65SEK]. Even though the stability constants were obtained from accurate experi-
mental data [65SEK], no extrapolation to zero ionic strength is performed because
of the high electrolyte concentration used (I =5 M).

[66BOR/ELE]

Borisov, M.S., Elesin, A.A., Lebedev, I.A., Filimonov, V.T., Yakovlev, G.N., Investigation
of the complexing of trivalent actinides and lanthanides in phosphoric acid solutions, Sov.
Radiochem., 8 (1966) 40-44.

Borisov et al. studied the complexation of americium(IIT) in phosphoric acid solu-
tions using a cation exchange technique at 0.2 M NH,ClOy, (20 &+ 2)°C. The exper-
imental results were interpreted assuming the formation of AmH,PO?". A plot of
logo((Kao/Ka) — 1) vs. log,o[HoPO4 | (where K4, is the distribution coefficient in
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the absence of ligand) shows that the complexing ligand is H,POjy and that only the
first complex is formed. A reinterpretation of the data shows that K, (the partition
coefficient of the complex) has to be negative, but this assumption is not proven
experimentally by Borisov et al. Hence, the reported equilibrium constants are not
selected by this review.

[66GIV]
Givon, M. Nitrate complexing of americium, in: Proc. XXXVI Meeting Israel Chem. Soc.,
held in Tel Aviv, October 1966, Israel J. Chem., 4 (1a) (1966) 3p.

This abstract reports the americium(I1I)-nitrate study presented in detail later by
Shiloh, Givon and Marcus [69SHI/GIV].

[66MAR]
Marcus,Y., Anion exchange of metal complexes: XV. Anion exchange and amine extrac-
tion of lanthanides and trivalent actinides from chloride solutions, J. Inorg. Nucl. Chem.,
28 (1966) 209-219.

The distribution data of Am(III) between an anion exchanger and LiCl solutions
in the concentration range 8 to 13.5 M were interpreted by assuming the presence of
AmCIl3 and AmCl;. No equilibrium constants were calculated.

[66VDO/KOL]

Vdovenko, V.M., Kolokol'tsov, V.B., Stebunov, O.B., Relaxation processes in complex
formation. |. Copper and americium chlorides in aqueous solutions, Sov. Radiochem., 8
(1966) 266-269.

The authors calculated the equilibrium constants of chloride complexes of Am(III)
from measurements of proton nuclear magnetic relaxation time as a function of LiCl
concentration within the range 0.5 M and 4.5 M. There is no indication about the
temperature of the experiments. The stability constants reported for AmCI?>t and
AmCl3 were log,, 31 = 0.032 and log,, f> = —0.97, respectively, without any uncer-
tainty estimation. The computation procedure closely resembles that generally used
for the interpretation of spectrophotometric measurements. The experimental data
were revised in Ref. [69VDO/STE] by using an alternative method of estimation.
Although the same notation was used in the two papers, the equilibrium constants
were reported as stepwise dissociation constants in Ref. [66VDO/KOL], and as step-
wise formation constants in Ref. [(9VDO/STE]|. They are represented here as overall
stability constants. The reanalysis by Vdovenko and Stebunov [69VDO/STE] of the
experimental data gave log,, 51 = (0.26 £ 0.12) and log,, S = —(0.046 £ 0.29). In
view of the large changes in the activity coefficients of the various americium species,
it is not possible to use these data to calculate standard equilibrium constants.

[67CAR/CHO]
De Carvalho R.G., Choppin G.R., Lanthanide and actinide sulphate complexes: |. Deter-
mination of stability constants, J. Inorg. Nucl. Chem., 29 (1967) 725-735.

Americium(IIT) complexation in sulphuric acid solutions was studied by De Car-
valho and Choppin [67CAR/CHO)] using a solvent extraction method at 2.0 M NaySOy/-
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NaClOy ionic media, pH = 3, and (25 £ 0.1)°C. The formation of AmSO] and
Am(SOy), complexes was suggested to fit the experimental results. The authors used
a value of K = 10 for the Ht+SO? = HSO, equilibrium; this value was taken as an
average of two literature data [51ZEB/ALT, 54SUN] and is in good agreement with
the estimate made by this review. The stability constants for AmSOJ and Am(SO,);
are used in the selection procedure described in Section V.5.1.2.1. Extrapolation to
I =0 (cf. Appendix B) yields log;, 57 = (3.79 + 0.18) and log,, 35 = (4.92 £ 0.20).

[67CAR/CHO2]
De Carvalho R.G., Choppin G.R., Lanthanide and actinide sulphate complexes: Il. Deter-
mination of thermodynamic parameters, J. Inorg. Nucl. Chem., 29 (1967) 737-743.
The authors report a list of stability constants calculated from solvent extraction
data (similar to [67CAR/CHO]) at 0, 25, 40 and 55°C and at [ = 2 M (¢f. Ta-
ble V.12). A weighted linear regression of “In 3, vs. 1/T(K™')” (for n = 1 or 2) by
this review leads to the re-determination of the enthalpy and entropy changes (A, H,
and A.Sy,), ¢f. Section V.5.1.2.1.

[67TMAR]
Marcus, Y., The solubility of americium(lll) chloride in concentrated lithium chloride
solutions, Radiochim. Acta, 8 (1967) 212-214.

Marcus studied the solubility of well-characterised AmCl;(cr) in aqueous LiCl so-
lutions by approaching equilibrium both from over- and undersaturation. The LiCl
concentration was varied between 9 M and 13.2 M without addition of an inert elec-
trolyte to keep a constant ionic strength. No significant differences were observed
between solubility measurements at (25 4+ 1)°C and (40 £ 1)°C. The solubility curve
was modelled by assuming the formation of AmClj. The numerical value of the
equilibrium constant for the reaction AmCls(s) & AmClj + Cl~ was reported to be
logg K55, = —(0.454 0.04). The empirical relationship used to describe the varia-
tion of the mean activity coefficient of AmCI; with chloride concentration does not
take into account properly activity effects in the high ionic strength media. Since it is
not possible to obtain standard equilibrium constants from data obtained in solutions
of varying and very high ionic strength, the reported value is not considered by the
present review.

[67NAI]
Nair G.M., Americium(I11) sulphate complexes, Proc. Nucl. Radiat. Chem. Symp., held 6-9
March 1967, in Poona, Chemistry Committee, Department of Atomic Energy, Goverment
of India, pp.405-410.

Preliminary presentation of the americium(III) sulphate chemistry. The experi-
mental details and the exhaustive treatment of data are presented in a later publica-
tion [68NAT].



252 Discussion of selected references

[67RYA]
Ryan, J.L., Octahedral hexahalide complexes of the trivalent actinides, in: Lanthanide/
actinide chemistry, Advances in Chemistry Series No 71, American Chemical Society
Publications, 1967, pp.331-334.

The author reported spectrophotometrical indications on the presence of AmCI3~
species in non-aqueous solutions.

[68BAZI/LYL]

Aziz A., Lyle S.J., Naqvi S.J., Chemical equilibria in americium and curium sulphate and
oxalate systems and an application of a liquid scintillation counting method, J. Inorg.
Nucl. Chem., 30 (1968) 1013-1018.

The authors studied the americium(III) sulphate system combining a cation ex-
change and solvent extraction techniques at I = 0.5 M (NaySO4/NaClO,), pH = 3.6
and (254 0.5)°C. Both experimental methods indicate the formation of AmSO} and
Am(SOy); complexes. The reported stability constants are used in the selection pro-
cedure described in Section V.5.1.2.1. Extrapolation to I = 0 (c¢f. Appendix B) yields
log,o 47 = (3.91 + 0.04) and log,, 35 = (5.57 4 0.06).

[68NAI]
Nair, G.M., Americium(lll) sulphate complexes, Radiochim. Acta, 10 (1966) 116-119.

Nair studied the americium(III)-sulphate system using a cation exchange tech-
nique, at 27°C, I = 1 M (H*, Na*)(HSOj, SOF~, C1O;) media [67NAI, 68NAI]. The
experimental results were interpreted assuming the formation of AmSO;, Am(HSO,);
and Am(SOy);. The SOF ™ concentration was calculated using K = 0.302 for the sec-
ond dissociation constant of HySOy, reported in Ref. [55EIC/RAB].

This review reinterprets the experimental distribution coefficients, Ky, obtained at
pH = 0. The second dissociation constant of HySO, was calculated for each of the
experimental points reported by Nair, and log,, K; was found to vary between 1.16
and 1.29. As expected, these values are different from the dissociation constants of
HSOj given in Ref. [89SMI/MAR] for NaClO4 media, because the activity coefficients
of sulphate and bisulphate ions change when NaClO, is replaced by mixtures of
sulphuric and perchloric acids. The ionic strength is found to vary only slightly in
the experiments of Nair (0.97 M < I < 1.04 M), which should not affect considerably
the resulting stability constants. The linear variation of ((K5/K4) — 1) vs. [SOF ]
indicates the presence of AmSOj; only, with log;, 31 = (1.88 4+ 0.10). There is no
need to include either Am(HSO,4)3 or Am(SO,); to interpret the experimental data.

The results obtained at pH = 3 are not affected by the acid constant. The stability
constants reported by Nair, log;, /1 = (1.49 4+ 0.01) and log;, f2 = (2.36 £ 0.01), are
in agreement with our recalculations and are used by this review. The uncertainty
of log,, B2 is however increased to £0.05. As expected there is a difference between
the value of 3; in sodium and acid sulphato/perchlorate media.

These stability constants are used in the selection procedure described in Sec-
tion V.5.1.2.1. The values obtained at pH = 3 are extrapolated to I = 0 (c¢f. Ap-
pendix B) to yield log,, 47 = (3.79 £+ 0.06) and log,, 35 = (5.42 + 0.10).
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[69AZI/LYL]

Aziz, A., Lyle, S.J., Equilibrium constants for aqueous fluoro complexes of scandium,
yttrium, americium(I11) and curium(II1) by extraction into di-2-ethylhexyl phosphoric acid,
J. Inorg. Nucl. Chem., 31 (1969) 3471-3480.

The complexation of Sc*, YT, Am?*" and Cm3* with fluoride ions in 0.5 M
NaClO4 at pH = 3.6 was studied by solvent extraction with di-2-ethylhexyl phos-
phoric acid, hdehp, in toluene. The temperature was kept constant at 25°C. Aziz
and Lyle proposed an equilibrium model involving the formation of AmF?*, AmF5
and AmF3(aq). The stability constants at zero ionic strength are, respectively,
log,o B = (4.37 £ 0.05), log,, 5 = (7.66 £ 0.06) and log,, 35 = (11.1), as recal-
culated by this review using the ion interaction coefficients given in Appendix B.

The distribution coefficient, D, between the organic and the aqueous phase was
found to decrease regularly with increasing the fluoride ion concentration up to
1.5 x 1073 M. This was associated with the depressing role of complex formation
in the aqueous solution on the extraction of the aqua ion Am?3*. At higher F~ con-
centrations, the extraction of the neutral complex AmF3(aq) was also claimed to
occur. However, at pH = 3.6, hdehp is known to be a good extracting agent also for
divalent ions. Although this was apparently excluded on the basis of the observed
third order dependence of D on the hdehp concentration, the extraction mechanism
proposed by Aziz and Lyle is not adequately proven. The formation constants of
AmF?* and AmF] are at least one order of magnitude higher than reported in other

two-phase distribution studies where the partition mechanism could be identified
more precisely [T6CHO/UNR, 84NAS/CLE2].

[69BAR/MIK]

Barbanel, Yu. A., Mikhailova, N.K., Study of the complex formation of Am(IIl) with the
CI~ ion in aqueous solutions by the method of spectrophotometry, Sov. Radiochem., 11
(1969) 576-579.

The absorption spectra of Am(IIT) ions were studied in aqueous HCI and LiCl so-
lutions at (254 1)°C. The ligand concentrations were varied between zero and 12.6 M
for HCI, and 10.75 M for LiCl solutions. The authors determined the stability con-
stant of AmCI?*T from the change of the molar absorbances in the wavelength region
500 to 510 nm, obtaining log,, 31 = —(2 £ 0.05). This is a mixed constant obtained
by using the concentration of the Am species and the activity of the chloride ions.
The experimental approach and the calculation procedure used by the authors are
not satisfactory. The results of this study are not used in the present review because
of the considerable variation of ionic strength throughout the experiments.

[69DES]
Désiré, B., Détermination de la premiere constante d'hydrolyse d'éléments trivalents des
séries “4f" et “5f’, These Doctorale 3°™ cycle, Faculté des Sciences de Paris, 1969, 45p,
in French.

The content of this thesis was published in two different papers. Information on
lanthanides is given in Ref. [7TIGUI/DES], while hydrolysis data of interest to this
review are reported in Ref. [(9DES/HUS].
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[69DES/HUS]

Désiré, B., Hussonnois, M., Guillaumont, R., Détermination de la premiére constante
d’hydrolyse de I'américium, du curium, du berkélium et du californium, C.R. Hebd. Acad.
Sci. Paris, Ser. C, 269 (1969) 448-451, in French.

The authors investigated the hydrolysis behaviour of the trivalent actinides Am3*,
Cm3*, Bk3" and Cf3* using a solvent extraction technique (2-thenoyltrifluoroaceto-
ne, tta, in benzene). The ionic strength was buffered at 0.1 M with (H, Li)ClO4. For
americium, the pH range studied was 4.2 to 5.9. The slope of the log,, D vs. pH
plot (where D is the distribution coefficient) is very close to the theoretical slope of
3 expected in the presence of Am3*. However, despite the spread observed in the
data, a second-power dependence on pH was claimed to result above pH = 5.2. This
was taken as an indication of AmOH?* formation in the aqueous phase. The first
hydrolysis constant proposed by the authors is log, "6y = —(5.92+0.11) at (23+1)°C.
Our re-evaluation used a weighted least-squares procedure with error estimates on
experimental parameters derived from Désiré’s thesis [69DES] and from a compan-
ion paper [69GUI/FER]. Within the accuracy of the measurements this review can
find no evidence that AmOH?* was present in any noticeable amount, which is in
accordance with calculations done using the value for log,,3; selected in the present
review and extrapolated to 0.1 M ionic strength.

[69MAR?2]
Marin, B., Comportement des lanthanides et transuraniens trivalents en milieu chlorhy-
drique, Ph.D. Thesis, Université de Paris, Report CEA-R-3803, 1969.

The complex formation of trivalent lanthanides, Am3* and Cm?3* with chloride ions
was studied by paper electrophoresis at 15°C. The stability constants of AmCI?* and
AmCl; were determined to be, respectively, log,, 1 = 1.0 and log,, 82 = 0.34. No
constant ionic medium was used, with C1~ concentrations varying from 1072 M to
10 M. Since no appropriate methods are available for their correction to I = 0, these
values are not credited by this review.

[69MAR/KIK]

Marin, B., Kikindai, T., Etude comparée de I'hydrolyse de I'europium et de I'américium
en milieu chlorure par électrophorese sur papier, C.R. Hebd. Acad. Sci. Paris, Ser. C, 268
(1969) 1-4, in French.

The americium and europium hydrolysis in HCl/KCl medium (I = 5 x 107% M)
was investigated between pH = 2.5 and 5 using paper electrophoresis. The tempera-
ture was fixed at (154+1)°C. Two plateaux were found in the electrophoretic mobility
curve. The first was assigned to the aqua ion Am3* (at pH < 2.5), and the second
to the hydroxo complex AmOH?* (at pH > 3.5). The individual electrical mobility
values were then used to calculate the stability constant (called hydrolysis constant
in the original paper) for the AmOH?** species. The hydrolysis constant log,,’3; as
defined in the present review, was determined to be —(3.05 + 0.05) for AmOH?**
and —(3.15 £ 0.05) for EuOH?*". Insufficient experimental details can be extracted
from the paper (electrode calibration procedure, pH control on the support for elec-
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trophoresis, total Am concentration, existence of electro-osmotic flow). Calculations
of electrical mobilities from the position of broad Am peaks along the paper strip
are likely to be affected by large errors. The reported constant is not credited by the
present review.

[69MAR /SHI]
Marcus, Y., Shiloh, M., A spectrophotometric study of trivalent actinide complexes in
solution: 1V. Americium with chloride ligands, Israel J. Chem., 7 (1969) 31-43.

Marcus and Shiloh measured the spectral changes of Am(III) in various aqueous
and non-aqueous solutions at increasing concentrations of chloride ions. In order to
obtain further information about the nature of soluble americium species, attempts
were made to compare the solution spectra with those obtained for characterised solid
americium chlorides.

Pronounced changes were observed for the absorption bands at 235 nm and 503 nm
in aqueous LiCl media at 0.5 M acidity. Both wavelengths were used to calculate the
formation constants of AmCI?* and AmCl] with good internal agreement, obtaining
logo 1 = —(2.2£0.1) and log;y f2 = —(4.7£0.06) at 22°C. The LiCl concentration
was changed from 0 to 13.7 M, but no constant ionic strength was maintained. The
procedure for estimating equilibrium constants used the activity of the chloride ions
and the concentration of the americium species giving, therefore, mixed constants.
Marcus and Shiloh concluded that the weak complexes seen by spectrophotometry
were of the inner-sphere type, with, however, a mixed inner-outer sphere character
for AmCI?*.

The large variation of activity coefficients, and the questionable assumption of in-
variance of the extinction coefficients with changes in the LiCl concentration render
the reported values of limited application for the estimation of equilibrium constants
at I =0.

[69MOS]
Moskvin, A.l., Complex formation of the actinides with anions of acids in aqueous solu-
tions, Sov. Radiochem., 11 (1969) 447-449.

This publication is a compilation of stability constants of actinide complexes, pre-
sented at the Moscow Seminar on Analytical Chemistry (1964). No experimental
details were reported. The tabulated values for the americium(IIT) phosphate system
are given at [ = 1.0 M. These data are presented in Table V.15, but are not accepted
by this review.

[69SHI/GIV]
Shiloh, M., Givon, M., Marcus, Y., A spectrophotometric study of trivalent actinide
complexes in solutions: [Il. Americium with bromide, iodide, nitrate and carbonate ligands,

J. Inorg. Nucl. Chem., 31 (1969) 1807-1814.

Spectrophotometric studies were used to identify the Am(III) complexes present
in aqueous solutions containing bromide, iodide, nitrate or carbonate ions. The
measurements were made at 25°C. No constant ionic strength medium was used.

The formation of AmBr?* was claimed to occur only in concentrated LiBr solutions
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above 8.7 M. The observed spectral changes in the visible region were associated with
inner-sphere interactions. The reported stability constant, log,, 31 = —(3.3+0.1), is
a mixed constant incorporating both activity and concentration terms. However, as
discussed in this Appendix under Ref. [(9MAR/SHI], it is difficult to derive reliable
quantitative information on this weak complex because it requires large variations in
the activity coefficients throughout the experiments. Similar arguments apply to the
reported equilibrium constant for AmNO3*, log,, 3 = (—1.3040.09), obtained from
spectra in solutions containing up to 15 M HNOj; [69SHI/GIV, Fig. 3].

Spectral changes in the americium iodide system were observed only in concen-
trated Mgl solutions (4.1 M), but no quantitative data were reported.

Shiloh, Givon and Marcus also studied the solubility of a chemically characterised
Amy(CO3)3(s) in 0.1 to 0.6 M potassium carbonate media [69SHI/GIV]. The authors
did not consider the influence of the ionic strength, which varied from 0.4 to 2 M,
but interpreted their results by assuming the formation of Am(CO3);OH*". Newton
and Sullivan [85NEW /SUL] later pointed out, in their review of actinide carbonate
complexes, that these solubility data did not distinguish between Am(COj3)30OH*~
and Amy(CO3)3~. They also found that, if a reasonable ionic strength correction is
included in the analysis, the solubility data may be described by the reaction

0.5 Amy(CO3)3(s) +1.5CO3™ = Am(COs3)3~ (V.35)

with K;3(V.35) = (K;0(V.36) x (33) showing that Am(CO3)3~ is the predominant
complex up to [CO3 ] = 2 M. Following the reinterpretation by Robouch [89ROB],
the solubility data, digitised from Figure 4 in [69SHI/GIV], are used by this review
to perform an extrapolation using the specific interaction equations (c¢f. Appendix B)
making the assumption [CO3~] ~ [K,COs]. The following relation for the ionic
strength correction (c¢f. Figure A.1) is obtained:

logyy Ks3(V.35,1)
= —(3.68+0.08) + 3D + (0.28 + 0.12) x [K2COs], (A1)

where K, 3(V.35) and [K,COj3] are expressed in molal units, and the Debye-Hiickel
term, D, is defined in Eq. (B.2) of Appendix B.

However, the low equilibrium partial pressures of CO5(g) in experiments with high
carbonate concentrations (specially in this work where the solutions were apparently
equilibrated with atmospheric COy(g)) would favor the formation of AmCO3;OH(s)
at the expense of Amy(CO3)s(s), as outlined by Vitorge [92VIT] and according to
Eq. (V.37) in p.162. In the presence of solid americium hydroxy-carbonate, the
solubility data may be described by the reaction

AmCO;0H(s) +2C02" = Am(CO;)} + OH- (V.32)

with K3(V.32) = (K50(V.33) x 33). Similar procedure and assumptions as those
described above for reaction (V.35) are now applied to reaction (V.32). The following
relation for the ionic strength correction (¢f. Figure A.1) is then obtained:
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Figure A.1: Experimental solubility data from [69SHI/GIV] extrapolated to I = 0
using the specific ion interaction equations (c¢f. Appendix B). Upper diagram (a)
assuming reaction: 0.5 Amy(CO3)3(s) + 1.5CO3 = Am(CO3); . Lower diagram
(b) assuming reaction: AmCO30H(s) +2C03" = Am(CO3); + OH~. The lines
correspond to Egs. (A.1) and (A.2) respectively, and the dotted curves represent the
95% confidence intervals.
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logyo Ks3(V.32, 1)
= —(5.51£0.08) + 3D + (0.20 £ 0.16) x [K,COs]. (A.2)

Although the solubility data of Shiloh, Givon and Marcus show unequivocally that
Am(CO;3)3™ is the predominant complex up to [CO3™] = 2 M, it is not possible to
conclude with confidence which is the equilibrium reaction taking place, and the data
can not be used in the selection procedures described in Section V.7.1.2.2.

[69VDO/STE]
Vdovenko, V.M., Stebunov, O.B., Relaxation processes during complex formation: |V.
Determination of the stability constants of the complexes from the data of the proton
relaxation method, Sov. Radiochem., 11 (1969) 625-629.

In this paper Vdovenko and Stebunov recalculated equilibrium constants for Am(I1T)
complexation with chloride ions from experimental data in Ref. [66VDO/KOL].

[70KIN/CHO]
Kinard, W.F., Choppin, G.R., The thermodynamic of complexing of trivalent actinide ions
by thiocyanate, Report TID-25671, Florida state University, Thallahasse, Florida, 1970,
13p.

This appears to be the same study reported as Ref. [7T4AKIN/CHO] where more
experimental details are given. The stability constants obtained at various tempera-

tures are reported identically in the two publications, which indicates that a misprint
may be present in Table I of Ref. [TOKIN/CHO] (50 instead of 55°C).

[7TOLAH/KNO]

Lahr, H., Knoch, W., Bestimmung von Stabilitatskonstanten einiger Aktinidenkomplexe:
[1. Nitrat- und Chloridkomplexe von Uran, Neptunium, Plutonium und Americium, Ra-
diochim. Acta 13 (1970) 1-5, in German.

Lahr and Knoch studied the formation of americium(III) nitrate complexes in 8 M
H* at 20°C. They used an extraction method based on tri-n-octylamin dissolved in
xylene. They found for the reaction Am** + n NO; = Am(NO;),)S’_n): 6,(NO3) =
0.47;0.17 and 0.04 for n = 1, 2 and 3, respectively. The nitrate concentration varied
from 0 to 8 M. This should result in large changes in the activity factors of the various
species. The “equilibrium constants” given by the authors are better regarded as
empirical parameters than as true stability constants. It is not possible to extrapolate
data from this high ionic strength to I = 0. This review therefore disregards these
data.

In spite of the title, no measurements of americium complexation in the chloride
system are reported.
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[7TOMAR/BOM]
Marcus, Y., Bomse, M., Octahedral chloride complexes of trivalent actinides and lan-
thanides in solution, Israel J. Chem., 8 (1970) 901-911.

The objective of this paper was to investigate the formation of hexacoordinated
species of Am?*, Cm?" and various lanthanides in chloride-containing solutions.
For this purpose, Marcus and Bomse used solvents of low dielectric constants. All
measurements were made at 25°C by using spectrophotometry. The stepwise equi-
librium constant for the formation of AmCI}  from AmCIZ~ was calculated to be
K = (150 £ 20) in a mixed solvent acetonitrile/succinonitrile, and K¢ = (60 £ 20) in
propane-1,2-diol carbonate. These are conditional constants which due to the non-
aqueous media are not considered in this review.

[71HAR]
Harmon, H.D., The thiocyanate and chloride complexes of some trivalent actinides, Ph.D.
thesis in inorganic chemistry, University of Tennessee, Knoxville, Tennessee, 1971, 143p.
Attempts were made to select appropriate synergic mixtures for solvent extraction
studies of Am?*, Bk3* and Es*t complexation with chloride ions. However, only pre-
liminary data were reported. See the discussion in this Appendix of [72HAR/PET]
and [72HAR/PET?2] for the experimental details on the americium(III)-thiocyanate
system studied by spectrophotometry and solvent extraction.

[71IKHO/NAR]

Khopkar, P.K., Narayanankutty, P., Effect of ionic media on the stability constants of
chloride, nitrate and thiocyanate complexes of americium(l11) and europium(ll1), J. Inorg.
Nucl. Chem., 33 (1971) 495-502.

A solvent extraction technique with dinonylnaphthalene sulphonic acid
(hdnns) in n-hexane was used to investigate the complexation of Am*" and Eu®"
with chloride, nitrate and thiocyanate ions. The authors used constant ionic strength
media (1 M) at (304+0.1)°C, in which the ratio of perchlorate to ligand ions was var-
ied. The effect of varying the cation of the background electrolyte (Lit, H*, Na* or
NH{) on the equilibrium constants was also studied.

Khopkar and Narayanankutty assumed that only Am®" was extracted into the
aqueous phase. To clarify this, the dependence of the americium distribution ra-
tio with the hdnns concentration in the organic phase at constant concentrations of
inorganic ligands in the aqueous solution should have been investigated. As hdnns be-
haves as a liquid cation exchanger, divalent or monovalent americium complexes may
also have been extracted. However, the order of extractability of the complex ions is
expected to decrease with decreasing the charge/size ratio. According to the consid-
erations made in this Appendix under Ref. [56WAR/WEL], the assumption made by
Khopkar and Narayanankutty appears to be reasonable, because the concentration
of the complexing anions never exceeded 1 M.

The species AmCI>* and AmCl] were claimed to be present in the americium
chloride system. The values of log;, f; ranged from —(0.2540.02) to +(0.12+£0.02),
depending upon whether lithium or ammonium was used, cf. Table V.8. Although
less regularly, the value of log,, 32 was also found to increase with decreasing degree
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of solvation of the bulk cation. Similar observations were made by Bansal, Patil and
Sharma [64BAN/PAT]. The observed variations are likely to be due to changes in
the activity coefficients which are independent of the nature of the medium only at
very low ionic strengths. The stability constants of AmCI?>* are slightly smaller than
those measured by other authors at lower temperatures, as expected for the formation
of outer-sphere complexes. However, according to the enthalpy value for EuCIl**
reported by Choppin and Unrein [63CHO/UNRJ, the variation of the equilibrium
constant with temperature between 30 and 25°C should be negligible. The difference
between the various sets of values may also be ascribed to the calculation procedure.

With respect to the single variable 3, model, the addition of 35 is expected to give
a smaller value for ;. It is, however, difficult to estimate the statistical significance
of the model with two predictor variables, because no experimental raw data were
given in the paper. For this reason, only (3, is considered for calculation of the
thermodynamic value, but the associated uncertainty is increased to 0.1 logarithmic
units. The stability constants at zero ionic strength are log,, 87 (AmCI**) = (0.87 +
0.15) and (1.12+0.15) in acid and sodium ionic media respectively, as recalculated by
this review using the ion interaction coefficients given in Appendix B. Apparently,
the addition of AmCly in the data analysis was found to be significant only for
solutions at 30°C, while no improvement of the error sum was obtained for preliminary
experimental data at room temperature.

AmNO3;" and Am(NO3)5 were claimed to be present in the americium nitrate sys-
tem. The values of log,, 1 (AmNO3") ranged between (0.2340.02) and (0.3040.02),
depending upon whether Li* or NH} was used, cf. Table V.14. These values are in fair
agreement with other published results [62PEP/MAS, 64BAN/PAT, 65CHO/STR].
The stability constants are converted to molal units and extrapolated to zero ionic
strength using the specific ion interaction equations of Appendix B, resulting in
logyo 87 (AmNO3") = (1.32 4+ 0.1), (1.32 £ 0.1) and (1.41 £ 0.1) in acid, lithium and
sodium ionic media respectively, where the uncertainties have been increased to +0.1
for the reasons discussed in Section V.6.1.4.1, p.138.

From the distribution data, AmSCN?** and Am(SCN)j seem to be evidenced in
the americium thiocyanate system. The corresponding values of the stability con-
stants, obtained in Na™ and NHJ media, are reported to be indistinguishable within
the experimental errors. The experimental data were not reported, but the measured
distribution coefficients (at 30°C and I = 1.0 M NH{) were obtained by digitising
the available figure. Two different models were then tested by this review. First, it
was assumed the presence of the first two complexes obtaining values of log,, £ and
log,, B2 similar to those proposed by Khopkar and Narayanankutty. Then we fitted
the data by assuming the formation of AmSCN?* and Am(SCN);(aq), as suggested
by Sekine [65SEK3] and Harmon [72HAR/PET], obtaining a somewhat better least
squares fit to the data. This indicates that complexation by the thiocyanate ligand
is rather weak and that the determination of the corresponding stability constants
may be very sensitive to changes in the chemical model. The presence of AmSCN%**
is certainly evidenced in the experiments of Khopkar et al., but no conclusion on the
formation of the second and/or third complex can be deduced. Hence, the reported
formation constant of Am(SCN)j in [7IKHO/NAR] is not selected by this review.
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The value of log,, 41 at 30°C reported in [TIKHO/NAR] is converted to molal units
and extrapolated to zero ionic strength using the specific interaction equations, cf. Ap-
pendix B, with Ae = —(0.15+0.05) kg-mol~". This results in log;, 3; = (1.23+0.11).

[7IMOS2]
Moskvin, A.l., Investigation of the complex formation of trivalent plutonium, americium
and curium in phosphate solutions, Sov. Radiochem., 13 (1971) 688-693.

Moskvin studied the americium(I1T) phosphate system by an cation exchange tech-
nique in 1.0 M, NH,CI solutions at an unknown temperature using a wide range of
total phosphate concentration: 0.05 < [H3POy4] < 6.8 M. The experiments were
performed both at pH = 1.8 and at [H"] = 0.5 M. The variation of the distribution co-
efficient, Ky, with increasing [HyPO, | was interpreted assuming the formation of four
complexes of the general composition Am(HyPO,)B~™ with n = 1 to 4. However, us-
ing the speciation proposed by Moskvin, non-realistic negative values are calculated
for the partition coefficients of the cationic americium species (Am?®**, AmH,PO3*
and Am(HyPO,)5). The cation exchange technique appears inadequate to study this
system where there are several potential ligands which may form many cationic com-
plexes. Therefore the equilibrium constants proposed by Moskvin are rejected by this
review.

[72BAI/CHO]
Baisden, P.A., Choppin, G.R., Kinard, W.F., lon pairing of Am(lIl) with perchlorate, J.
Inorg. Nucl. Chem., 34 (1972) 2029-2032.

The authors studied the ion pair formation between Am(III) and ClO, ions by sol-
vent extraction with dinonylnaphthalene sulphonic acid in n-heptane at 25°C. The
ionic strength of the aqueous phase was fixed at 2 M by using HBF, as background
electrolyte. Therefore, activity coefficients varied when the medium was changed from
“inert” anions to ligand anions. The equilibrium constant derived by the authors,
however, refers to a “pure” perchlorate medium. As described in an earlier report
[67CHO/KEL], activity effects in the mixed electrolyte solutions were accounted for
by introducing, as constant parameters, the activity coefficients of the pure back-
ground electrolyte and of the pure ligand solution, instead of correcting each data
point of mixed composition. Moreover, as also stated by the authors, no activity
coefficients were available for HBF,. Apparently, these values were derived indirectly
from the experimental measurements of stability constants for the Am(III) complex
with p-toluene sulphonic acid (hpts) in the systems HCIOy4-hpts and HBF,-hpts.

It is difficult to evaluate the uncertainty associated with the approximations made
by the authors. Hence, it is not clear if the very low value reported, 3; = (0.86+£0.06),
represents an effective formation constant or rather reflects changes of the ionic
medium. Moreover, possible interactions of Am(III) with HBF, were not consid-
ered quantitatively. In view of these considerations, the present review does not
include the reported constant in the selected data set.
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[72COH]
Cohen, D., Americium(VI) in basic solution, Inorg. Nucl. Chem. Letters, 8 (1972) 533-
535.

This is a spectrophotometric study of Am(VI) in 1 M CsOH. Reduction of Am(VT)
and formation of an Am(V) precipitate was reported to occur in one or two days. No
equilibrium constants were reported.

[72HAR/PET)]

Harmon, H.D., Peterson, J.R., McDowell, W.J., Coleman, C.F., The tetrad effect: the
thiocyanate complex stability constants of some trivalent actinides, J. Inorg. Nucl. Chem.,
34 (1972) 1381-1397.

The authors studied the formation of americium(III) thiocyanate complexes in
1.0 M NaSCN/NaClO4 media at pH = 2. Solvent extraction experiments were con-
ducted at 18, 25, 30 and 35°C to investigate the temperature effects. The treatment
of the data showed that mono-, di- and tri-thiocyanate complexes were formed at
0 < [SCN7] < 1.0 M, according to:

Am** 4+ SCN™ = Am(SCN)B™), (A.3)

The authors used two models in which the presence of Am(SCN); was consid-
ered (0, B2, f3) or omitted (51, 33). The results indicate that neither of the above
models was consistently superior, even if the (£, 33) model was considerably more
effective for Bk(III), Cf(III) and Es(III). As discussed in [TIKHO/NAR] the com-
plexation by the thiocyanate ligand is rather weak and the determination of the
corresponding stability constants may be very sensitive to changes in the chemical
model. The presence of AmSCN?* is certainly evidenced in this work, while no un-
ambiguous evidence of the formation of the second and/or the third complex can
be obtained from this solvent extraction data set. Therefore the values of (5 and
B3 reported by Harmon et al. are not selected by this review. The first formation
constant log,, f1(I = 1 M) = (0.36 £ 0.05), ¢f. Table V.17, is converted to mo-
lal units and extrapolated to zero ionic strength with the specific ion interaction
equations of Appendix B using Ae; = —(0.15 4 0.05) kg - mol~!. This results in
log,, 47 = (1.41 +0.08).

Due to the uncertainty in the speciation mentioned above, the values of (33 ob-
tained at different temperatures (18 to 45°C) are not used by this review to calculate
enthalpy and entropy changes. However, the values of 3; are used to determine the
reaction enthalpy and entropy at I = 1 M by a weighted linear regression “In 3;
vs. 1/T (K™1)” obtaining: A;Hy,(A3, n=1,1=1M) = (8.2+4.8) kJ - mol~! and
ASu(A3,n=1,1=1M)=(34+16) J-K~'-mol~'. These values are in agreement
with the results reported by the authors (cf. Table V.18).
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[72HAR/PET2]

Harmon, H.D., Peterson, J.R., Bell, J.T., McDowell, W.J., A spectrophotometric study
of the formation of americium thiocyanate complexes, J. Inorg. Nucl. Chem., 34 (1974)
1711-1719.

The authors performed spectrophotometric measurements, in 1.0 M NaSCN/
NaClO, media to observe the spectral changes of the 503 nm americium absorp-
tion peak, produced by SCN™ complexation. They determined the formation con-
stants of AmSCN?* and Am(SCN); and suggested the presence of Am(SCN)3z(aq)
at [SCN~] > 1.0 M. In order to reproduce the tabulated equilibrium constants, this
review digitised the molar absorptivities at 503 nm as a function of [SCN~] in Fig-
ure 2 of the original paper. The software SQUAD [85LEG] is used to extract the
stability constants. The large scatter in the spectroscopic data makes it impossible
to derive all three equilibrium constants. A value of log,, 3; = (0.88+0.06) can only
be obtained from the data at [SCN~] < 0.1 M, but not from data at higher thiocya-
nate concentration. We attempted (fixing log,, 31) to determine log,, 52 or log,, (3.
No reliable conclusion on the existence of Am(SCN); and/or Am(SCN);(aq) can be
extracted from the data because of the considerable scatter in the values. This review
therefore disregards all these spectrophotometric results.

[72MCD/COL]
McDowell, W.J., Coleman, C.F., The sulphate complexes of some trivalent transplutonium
actinides and europium, J. Inorg. Nucl. Chem., 34 (1972) 2837-2850.

McDowell and Coleman performed a solvent extraction experiment to investigate
sulphate complexes of americium(III), using a benzene solution of 1-nonyldecylamine
and an aqueous sulphuric acid — sodium sulphate solution. The experimental data
were interpreted assuming the formation of Am(SO,)®=2") (n = 1,2, 3).

As low concentrations of HySO4—Nay,SO,4 were used, the Debye-Hiickel relation
was appropriately applied. The stability constants log,, 37 and log,, 35 presented in
Table V.12, are in good agreement with the values extrapolated by this review, cf.
Section V.5.1.2.1, using the specific ion interaction equations of Appendix B. Further
experimental work is necessary to confirm the presence of Am(SO,4)3~. The value of

log,, 33 is therefore not selected by this review.

[72SHA/STE]

Shalinets, A.B., Stepanov, A.V., Investigation of complex formation of the trivalent ac-
tinide and lanthanide elements by the method of electromigration. XVII. Hydrolysis, Sov.
Radiochem., 14 (1972) 290-293.

The authors studied the hydrolysis of Am(IIT) and Cm(IIT) in 5 x 107 M NH,C1O,
at 25°C. An electromigration technique without solid support was used. 107° M
Ce(III) was added to the solutions as a carrier, probably to reduce Am and Cm ad-
sorption on the wall of the electromigration cell. The decrease of electrical mobilities
with increasing pH from 2 to 5 was modelled assuming the formation of the mononu-
clear species AmOH?* and Am(OH)$. The hydrolysis constants recalculated from
the reported formation constants (using log,, Kw = —13.83 which had been deter-
mined previously [65STE/SHV]) are log,,31 = —(3.13 & 0.1) and log,,’#; = —6.76.
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These values are orders of magnitude higher than those obtained in a number of other,
more careful studies. The experimental technique used by Shalinets and Stepanov
can easily give inconsistent results because of convective fluxes and the difficult de-
termination of the front of the migrating species which move as a plume rather than
as a sharp peak. The reported hydrolysis constants are not used in the evaluation in
this review.

[73CHI/DAN]
Chiarizia, R., Danesi, P.R., Scibona, G., Liquid anion exchange of thiocyanate-nitrate
actinide and lanthanide complexes, J. Inorg. Nucl. Chem., 35 (1973) 3595-3604.

The authors studied the Am(IIT)-SCN™-NOj3 system using a solvent extraction
technique at 25°C. Tricaprylmethylammonium chloride in o-xylene was equilibrated
with a 2.0 M NH4;SCN~/NH4NO; aqueous phase at pH = 2. The author claims
to have determined the stability constants of the americium nitrate and thiocya-
nate complexes, from the distribution coefficients. There was however a consider-
able scatter in the data. The reported formation constant of the AmNO3" complex
logo 61(NO3 ) = (0.20 £ 0.03) seems to be in agreement with previous literature val-
ues [62PEP/MAS, 64BAN/PAT, 65CHO/STR, 7T1IKHO/NAR]. The formation of the
thiocyanate complexes AmSCN*" Am(SCN); and Am(SCN);(aq) were suggested.
However, the speciation diagram obtained by this review with the proposed equi-
librium data shows that AmSCN?2* never exceeds 5%, while Am(SCN)j is the pre-
dominant species at —0.6 < log;([SCN~] < —0.2. This is in complete disagreement
with all previous observations. This review considers that before conducting a study
on competitive complexation (nitrate-thiocyanate), a better knowledge of the simple
systems, Am-SCN~ and Am-NOj, is necessary. Therefore, the stability constants
reported by Chiarizia, Danesi and Scibona are disregarded by this review.

[73HUS/HUB]

Hussonnois, M., Hubert, S., Brillard, L., Guillaumont, R., Détermination de la premiere
constante d'hydrolyse de |'einsteinium, Radiochem. Radioanal. Letters, 15 (1973) 47-56,
in French.

The authors studied the hydrolysis behaviour of Es*™ [73HUS/HUB] using a liquid-
liquid partition technique (2-thenoyltrifluoroacetone, tta, in benzene) in the presence
of americium. The pH dependence of the americium extraction reported in Ref.
[69DES/HUS| was used to calculate the equilibrium pH of the aqueous phases. For the
same reasons as discussed in this Appendix under Ref. [(9DES/HUS], the first hydrol-
ysis constant obtained for this element (log,,"61 = —(5.3£0.1) at 0.1 M (H,Li)ClOy)
is not accepted by this review. See also the comments under [T6HUB/HUS].

[73KOR]
Korotkin, Y.S., Hydrolysis of transuranium elements: Il. Hydrolysis of americium(lIl) and
curium(I11) in pure nitric acid solutions, Sov. Radiochem., 15 (1973) 682-685.

This is an experimental study involving distribution chromatography, electromigra-
tion and paper chromatography, similar to [T4AKOR2]. As discussed in this Appendix
under references [T3KOR2, 74KOR2], the experimental methods are not very reliable,
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and the reported observations are not credited by this review.

[73KOR?2]

Korotkin, Yu.S., Hydrolysis of transuranium elements: Ill. Hydrolysis of americium(lll) in
the presence of ions with positive and negative hydration energies, Sov. Radiochem., 15
(1973) 776-781.

The author investigated the Am(III)-H,O system in lithium, sodium and potas-
sium nitrates and perchlorates (0.1 M and 1 M ionic strength) at 18 to 20°C. The
charge of the predominating species was determined as a function of pH using paper
electromigration and reversed phase chromatography.

The proposed hydrolysis scheme between pH = 1 and 11 includes the formation
of mixed hydroxo-nitrates, mono- and polynuclear hydroxo species, and negatively
charged colloids. The experiments were carried out at a total americium concentra-
tion in the order of 2 x 10~ M. Hence, the measurements in the neutral to alkaline
pH range were likely influenced by the precipitation of Am(OH);(s). Korotkin re-
ported the following values for the first and the second hydrolysis constants in 0.1 M
LiNO3 (pH between 3 and 4) with no error estimate given: log,,’3; = —2.5 and
log,;f2 = —6.6. This would imply that Am hydrolysis starts already in acidic me-
dia, an observation in contrast with those made by other investigations. There is no
information available on the procedure used to calculate equilibrium constants and
on the way pH measurements were made. Moreover, it is not clear how equilibrium
data derived using a dynamic elution method were influenced by sorption-desorption
kinetics of individual americium species on the stationary phase. In view of the short-
comings of this study, the reported hydrolysis constants are not used by the present
review.

[73MAK/STE]

Makarova, T.P., Stepanov, A.V., Shestakov, B.l., Electromigration investigation of the
comparative stability of fluoro-complexes of the MF?* type of certain rare-earth and
actinide elements, Russ. J. Inorg. Chem., 18 (1973), 783-785.

The authors investigated the formation of Am(III) complexes with fluoride ions in
0.1 M NaClOy at (25 + 0.5)°C by using an electromigration technique. The experi-
ments were carried out by using a porous bed of carborundum powder as stationary
phase.

In the investigated concentration range (from 1073 to 1072 M total fluorides at
pH = 1.8), the authors found the presence of AmF?** only. Even after ion strength
corrections, the value log,, 47 = (3.96 = 0.06) is higher than determined in more
precise studies. It is often difficult to obtain reliable quantitative values of electrical
mobility with the electromigration method used by the authors. The shape of the
moving spot depends on the rate of equilibration between the species present in the
system, their interactions with the stationary phase, and on the possible existence
of electro-osmotic flows and associated phenomena of hydrodynamic dispersion. If
not properly accounted for, all this is likely to introduce systematic errors into the
measurements. For this reason, the reported equilibrium constant is not included in
the selected set of data.
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[74CEL/HOL]

Celeda, J., Holub, J., Smirous, F., A ionophoretic study of the association of Pm?3*
and Am3* ions in concentrated solutions of calcium perchlorate and nitrate, Collection
Czechoslov. Chem. Commun., 39 (1974) 3599-3602.

This is a qualitative study on complex formation of Am(III) in Ca(ClOy4), and
Ca(NOj3), media by using paper electrophoresis. The authors claimed that the mono-
valent complex Am(NQ3); was present in the nitrate concentration range from 1 to
8 M.

[74AKHO/MAT]
Khopkar, P.K., Mathur, J.N., Thiocyanate complexing of some trivalent actinides and
lanthanides, J. Inorg. Nucl. Chem., 36 (1974) 3819-3825.

A solvent extraction technique (as in Ref. [TIKHO/NAR]) was used at
I =1.0M (NH,SCN/NH,ClOy), to determine the thermodynamic parameters (A,G,
ArHy, ArSh) corresponding to the complex formation between Am3* and thiocy-
anate, cf. Table V.18. The formation of AmSCN?* and Am(SCN)J was suggested
at 15, 30, 37 and 45°C. The presence of AmMSCN?* is certainly evidenced in this ex-
perimental study, but no conclusions on the formation of the second complex can be
obtained. Because the interpretation of the experimental data is dependent on the
chemical model chosen, the reported formation constants for Am(SCN); are not cred-
ited by this review. See also the comments in this Appendix for Ref. [TIKHO/NAR].
The value of log,, 3; interpolated at 25°C is converted to molal units and extrapo-
lated to zero ionic strength using the specific interaction equations, c¢f. Appendix B,
with Ae = —(0.15 £ 0.05) kg - mol~!. This results in log,, 57 = (1.20 &+ 0.15).

The values of 3; are used to determine the reaction entropy and enthalpy at I/ = 1M
by a weighted linear regression “In 3, vs. 1/T (K™ !')” obtaining: A Hy,; (I =1 M)
= (2.7+4.6) kJ-mol™" and A;Sy; (I =1 M) = (12+15) J- K" - mol™'. These
values are in agreement with the results reported by the authors (cf. Table V.18).

[74KIN/CHO]
Kinard, W.F., Choppin, G.R., Complexing of trivalent actinide ions by thiocyanate, J.
Inorg. Nucl. Chem. 36 (1974) 1131-1134.

The authors performed a solvent extraction study using dinonylnaphthalene sul-
phonic acid, dissolved in n-heptane, as a liquid cation exchanger. The ionic strength
was kept constant (I = 5.0 M NaSCN/NaClO,4) at pH = 3. Only AmSCN?** was
formed up to [SCN~] = 0.5 M, while Am(SCN);(aq) was evidenced at 1.5 < [SCN~] <
2.5 M. From the log,, 3; values, determined at different temperatures (10, 25, 40,
55°C), Kinard and Choppin calculated the entropy and enthalpy changes at 25°C:
AvHy = (11.76+£2.05) kJ-mol™" and A, Sy, = (50.246.6) J-K~'-mol~". These values
are in satisfactory agreement with the values reported by Harmon [72HAR/PET], but
differ considerably from those reported earlier by Choppin and Ketels [65CHO/KET].

We used the equilibrium constants reported by Kinard and Choppin [74KIN/CHO)]
(cf. Table V.17) to verify the reported thermodynamic values by performing a weighted
linear regression “In 3, vs. 1/T (K™'))”, obtaining at T = 5 M: A H,, = (12.36 +
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3.21) kJ-mol™!, and A, S, = (51.95410.49) J-K~'-mol~". These values are in agree-
ment with the results reported by Kinard and Choppin, ¢f. Table V.18. Even though
the stability constants are obtained from accurate experimental data [74KIN/CHO],
no extrapolation to zero ionic strength will be performed, because of the high elec-
trolyte concentration used (I =5 M).

[74KOR]
Korotkin, Y.S., Hydrolysis of transuranium elements. IV. Sorption homogeneity of mi-
croamounts of americium(lIl), Sov. Radiochem., 16 (1974) 218-222.

Qualitative information is given on the effect of various alkali metal cations on
Am(IIT) hydrolysis between pH = 0 and 6 studied by cation exchange. Hydrolysis
was reported to begin at pH = 0.4 both in HCIO4 and in aqueous solutions contain-
ing KT ions. According to Korotkin, small concentrations of Li* ions should shift
hydrolysis towards pH = 4. This is in contradiction with an earlier statement by the
same author [7T3KOR], claiming that 50% hydrolysis in 0.1 M LiNOj; occurs already
at pH = 2.5. Since the reliability of the experimental technique used by Korotkin is
questionable, the reported observations are not credited by this review.

[74KOR?2]
Korotkin, Y.S., Hydrolysis of transuranium elements: V. Hydrolysis of americium and
curium in perchloric acid solutions, Sov. Radiochem., 16 (1974) 223-226.

This is a qualitative study of Am(IIT) and Cm(III) hydrolysis in the pH range from
1 to 9 using electromigration and reverse-phase chromatography. Hydrolysis was re-
ported to begin at pH = 0.5 to 1. The same conclusion was drawn in Ref. [T3KOR|
dealing with Am?®™ and Cm?3" hydrolysis in nitric acid solutions. This pH value is
considerably different from that obtained by other determinations. As discussed in
this Appendix under Refs. [7T3KOR2] and [7T4KOR], these experimental methods are
not very reliable, and the reported observations are not credited by this review.

[75KOR]
Korotkin, Y.S., Study of the hydrolysis of americium and curium, Sov. Radiochem., 17
(1975) 528-533.

This paper gives results and conclusions very similar to those reported in Ref.
[7T3KOR2].

[75VAS/AND]

Vasil'ev, V.Y., Andreichuk, N.N., Ryabinin, M.A., Rykov, A.G., Spectrophotometric study
of complex formation and solvation of actinide ions: XII. Forms of existence of ameri-
cium(V1) in nitric acid solutions, Sov. Radiochim. 17 (1975) 28-30.

The authors used a spectrophotometric technique to investigate the americium (VI)-
nitrate system, in 0 < [HNO3] < 18 M media. They interpreted their experimental
results assuming the presence of AmO,(NO3)s(aq) at 6 < [HNO3] < 11 M, and sug-
gested the formation of AmO5(NOj3); at higher nitric acid concentrations. Because
of the large change in the ionic media (0 < I < 18 M), this review considers that
no reliable values of equilibrium constants can be obtained from these measurements.
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[76CHO/UNR]

Choppin, G.R., Unrein, P.J., Thermodynamic study of actinide fluoride complexation, in:
Transplutonium 1975 (Miiller, W., Lindner, R., eds.), Amsterdam: North-Holland, 1976,
pp.97-107.

Potentiometric and solvent extraction techniques were used to investigate the com-
plex formation of various tri- and tetravalent actinides with fluoride ions in 1 M
NaClO4 at pH = 2.7. For Am(III), solvent extraction experiments with dinonyl-
naphthalene sulphonic acid in n-heptane were made at 10, 25, 40 and 55°C. Prelimi-
nary results from this work have been reported by Choppin [69JON/CHO,
75DEG/CHO)].

In the investigated range of ligand concentration, Choppin and Unrein only found
the existence of AmF?*, and calculated a value for the stability constant of log,, 3; =
(2.49 £ 0.02) at 25°C. The extrapolation to standard conditions by using the ion
interaction coefficients reported in Appendix B gives log,, 47 = (3.58 £ 0.21) where
the uncertainty is increased to represent the 95% confidence level.

The enthalpy change of the reaction in the 1 M perchlorate medium was deter-
mined by Choppin and Unrein to be A H,, = (27.6 + 2.1) kJ - mol~". This review
applies the Van’t Hoff relation to the equilibrium constants obtained by Choppin
and Unrein at different temperatures after correction to infinite dilution. These cal-
culations yield A H, = (16.2 4+ 0.5) kJ - mol~'. However, this review does not feel
confident to recommend this value because of the uncertainties affecting the specific
ion interaction coefficients in the investigated temperature range.

[7T6HUB/HUS]

Hubert, S., Hussonnois, M., Brillard, L., Guillaumont, R., Thermodynamic functions for
complexing of M** ions (M** = Puj to Fm3!), in: Transplutonium 1975 (Miiller, W.,
Lindner, R., eds.), Amsterdam: North-Holland, 1976, pp.109-118.

The authors reported enthalpy and entropy changes for the first hydrolysis reac-
tions of trivalent transuranium elements from Pu to Fm in 0.1 M (H,Li)ClO4 medium
within the temperature range 10 to 50°C. They calculated the values of log,,"5; for
Am(III) at each temperature from the difference in distribution coefficient measured
between pH = 3.2 and pH = 5.4 using 2-thenoyltrifluoroacetone, tta, in benzene. This
difference was attributed entirely to the formation of AmOH?* at pH = 5.4. How-
ever, as mentioned in the discussion of Ref. [(9DES/HUS] in this Appendix, there
is no statistical support for the selection of such a model from the data obtained
at 25°C. The sign of the reported values for enthalpy and entropy changes is that
expected for the formation of inner-sphere complexes. However, the authors’ claim
that enhancement of hydrolysis occurs with increasing temperature is based only on
two data points. Because of the scarce experimental details, it is not possible to
make a proper uncertainty estimate. It is thus difficult to obtain from these data

unambiguous evidence for the proposed hydrolysis scheme. See also the comments
under [7T3HUS/HUB.
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[78RAO/BAG]
Rao, P.R.V., Bagawde, S.V., Ramakrishna, V.V., Patil, S.K., Sulphate complexing of
some trivalent actinides, J. Inorg. Nucl. Chem., 40 (1978) 123-127.

The authors studied the americium(III) complexation in sulphate media
by the dinonylnaphthalene sulphonic acid extraction method, at I = 1 and 2 M
H,SO,4/HCI1Oy4, and 25°C. The variation of the distribution coefficient with increas-
ing [SO%"] was interpreted by the formation of Am(SO4)?®=2") (n = 1, 2) complexes,
c¢f. Table V.12, The authors used 0.066 and 0.084 (at I = 1 and 2 M, respectively)
as the dissociation constants of HSO} , taken from [51ZEB/ALT, 76FAR/BUC].

This review reinterprets the experimental results of Rao et al. to study the influence
of the ionic media on the data treatment. In order to calculate the stability constants
of the americium complexes, values of [SO% | have to be computed from the reported
total sulphuric and perchloric acid concentrations. Using the specific ion interaction
equations (c¢f. Appendix B) we compute the equilibrium constant for the reaction
H™ 4+ SO;~ = HSOj; (log;y K° = (1.98 + 0.05), ¢f. Table IV.2) as a function of ionic
strength: log,, K (/) = (1.98 — 4D — Acl,,), where in H,SO4/HCIO4 media,

Ael, = mH+(5(HSO;,H+)_5(SOi’,H+))

— &m+,c107) Mcio; — Em+,HS0;) MHSO;

Assuming that Emt+502) N ELitg0t) = —(0.03 £ 0.04) kg - mol !, and € (1r+,HS07 )
X Enatusor) = —(0.01£0.02) kg - mol !, we calculate the protonation constant of
sulphate for each of the experimental points given by Rao et al. [TSRAO/BAG, Ta-
ble 3] (this gives log,, K values in the range 1.17 to 1.30 at I = 1 M, and between
1.20 to 1.32 at I = 2 M). As expected, these values are different from the dissocia-
tion constants of HSOy given in Ref. [89SMI/MAR] for NaClO, media, because the
activity coefficients of sulphate and bisulphate ions change when NaClO, is replaced
by mixtures of sulphuric and perchloric acids.

Our calculations lead to: log,, 31 = (1.97 £ 0.02), log,y f2 = (2.89 £ 0.04) at
[H*] &~ 1 M, and log,, /1 = (1.97 & 0.02), log,, 32 = (2.96 £ 0.04) at [H*] ~ 2 M.
However, as the assumption &+ R E(Nat v = —(0.01 £0.02) kg - mol ! is
quite doubtful, we increase th((eHu{l}i:Se(;"lc;intie(sNof ’?}Slg4c)alcula§ced equilibri)ur;gl constants
for the americium complexes to +0.3 logarithmic units.

[7T9LEB/FRE]
Lebedev, I.A., Frenkel, V.Y., Kulyako, Y.M., Myasoedov, B.F., Complex formation by
americium(VI) in phosphoric acid solutions, Sov. Radiochem., 21 (1979) 699-705.
Spectrophotometry and potentiometry were used to investigate the Am(VI)-phos-
phate system in 0 < [H3PO4] < 12 M media. The ionic strength was not kept
constant. The experimental data indicate the presence of the AmO,(HyPOy)q(aq)
complex. The difference in the stability constants determined by the two experimen-
tal techniques (log,, B2(sp) = 3.3; log;, f2(pot) = 4.6) are explained by the author
as being due to the formation of “first- or second-sphere” complexes. This review
believes that more experimental work is needed to obtain a reliable value for this
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stability constant.

[7T9LEB/FRE2]

Lebedev, I.A., Frenkel, V.Y., Kulyako, Y.M., Myasoedov, B.F., Investigation of com-
plex formation of americium(I1) and americium(IV) in phosphoric acid solutions., Sov.
Radiochem., 21 (1979) 692-698.

Lebedev et al. studied the americium-phosphate system in 0.01 to 13 M H3PO,
media using spectrophotometry. The ionic strength was not kept constant. The
decrease in absorptivity of the 506 nm peak at 0.1 < [H3POy4] < 5 M was attributed
to the formation of AmH,PO3", while the further decrease at [H3PO4] > 5 M was
credited to the presence of Am(HyPO,)5. This review considers that the decrease
of molar extinction data (or scattering) at the high phosphoric acid concentrations
may be an ionic strength artifact in quasi “non-aqueous” media (I ~ (0.35+£0.10) M
for 4 M < [H3POy4] < 13 M, from calculated [HoPO,]), and not to the formation of
the second complex as suggested by the authors. Hence, the formation equilibrium
constant for Am(H,PO,)4 reported by Lebedev et al. [T9LEB/FRE2] is disregarded.

The authors also measured the oxidation potentials of the couple Am(IIT)/Am(IV)
in 10 to 15 M H3PO,4 media. The ionic strength was not kept constant, and it is
estimated to be I ~ (0.3 to 1.6) M, from calculated [HoPO, ] values. The decrease
of By, was assigned to the presence of Am(HyPO,)7. As previously stated, this
review does not rely on data obtained at such high concentrations, and therefore, the
corresponding stability constant will not be considered.

[BOKHO/MAT]
Khopkar, P.K., Mathur, J.N., Complexing of californium(II1) and other trivalent actinides
by inorganic ligands, J. Inorg. Nucl. Chem., 42 (1980) 109-113.

Khopkar and Mathur studied the americium(III)-sulphate complexes using a sol-
vent extraction technique at 30°C, pH = 3 and I =1 M (NH,4),SO,/NH4ClO4. The
linear variation of K;' vs. [SOF | indicates the formation of the AmSO} complex.
The corresponding stability constant is used in the selection procedure described
in Section V.5.1.2.1. Extrapolation to I = 0 (¢f. Appendix B) yields log,, 57 =
(4.04 +0.07).

[81LEB/MAZ]

Lebedev, I.A., Mazur, Y.F., Investigation of the complex formation of americium(lll),
curium(I11), and californium(I11) with perchlorate ions in aqueous solution, Sov. Ra-
diochem., 23 (1981) 291-299.

The authors measured the distribution coefficients of Am(III), Cm(III) and Cf(III)
between di-2-ethylhexyl phosphoric acid in decane and aqueous (Na,H)ClO, solutions
with perchlorate concentrations varied between 0.1 and 8 M at pH = 1. Interpretation
of the data below 2 M considered the presence of Am(ClO4)?*" with ) = (4 £0.9),
while the outer-sphere complex Am(ClO4)5 was claimed to be present at higher
concentrations. The formation constant for Am(ClO4); was measured at 25, 35,
45 and 55°C obtaining, respectively, 45 = (2.0 £ 0.1);(2.3 £ 0.2); (2.6 £+ 0.3); and
(2.9 £ 0.4). The positive values of AHS = (9.8 + 1.8) kJ - mol™' and A,S2 =
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(38.8 £ 6.7) J- K~! - mol™" derived from these measurements appear to indicate,
however, an inner-sphere character of the complex.

The model equation used by Lebedev and Mazur included two different terms
accounting for the formation of outer-sphere and inner-sphere complex species. Both
the latter reaction and the extraction process were formally written as a displacement
of water molecules into the first hydration sphere of actinide ions. Thus, the water
activity appeared as a variable raised to a power index, z, representing the hydration
number of the trivalent actinides. Although postulated to be always equal to 8 in the
concentration range from 2 M to 8 M, possible undetected variations of the hydration
number with ionic strength could have influenced the data analysis. The 10-fold lower
value of 5 calculated in the case of Cf(III) resulted from the assignment of a lower
hydration number to californium ions.

Moreover, activity corrections on behalf of the mean activity coefficients of
(Na,H)ClO, only, appear to be too crude taking into account the large changes in
the ionic strength. In view of the uncertainties of the ionic strength corrections, the
reported equilibrium constants are not used in the present review.

[82BID]
Bidoglio, G., Characterisation of Am(lll) complexes with bicarbonate and carbonate ions
at groundwater concentration levels, Radiochem. Radioanal. Letters, 53 (1982) 45-60.

Bidoglio studied the extraction of americium from aqueous carbonate-bicarbonate
solutions to an organic phase (a solution of 1,3-diphenyl 1,3-propanedione, hdbm, in
benzene) at I = 0.2 M (NaClOy4) and 25°C. The experimental data were interpreted
assuming the formation of the complexes AmHCO3", Am(HCO3)5, Am(CO3), and
Am(CO3),OH?". Lundqvist [82LUN] and Nitsche, Stanclife and Silva [89NIT/STA]
showed using two different partial pressures of COs(g) that the bicarbonate com-
plexes must be much weaker, Bidoglio, and therefore Bidoglio’s interpretation of his
extraction data seems to be in error. The author did not measure the distribution
coefficient in the absence of carbonate ligand, and therefore no reliable stability con-
stants can be determined from the experimental data.

Following the reinterpretation made by Robouch [89ROB], the distribution coeffi-
cients are plotted in Figure A.2 as a function of [CO3~]. The fact that the points at
different pH values fall on the same curve indicates the formation of only carbonate
complexes in the aqueous solutions, and from the slope of the curve, it can be deduced
that if the extracted species is Am(OH);(hdbm)s, then the predominant species in
the aqueous phase is Am(CO3); at 8.3 < pH < 9 and —4.4 < log,,[CO3™] < -3,
which is in agreement with the results of Lundqvist [82LUN], Robouch [89ROB] and
Meinrath and Kim [91MEI/KIM].

No experimental evidence for the formation of hydroxy-carbonate complexes is
present, and therefore the stability constants initially reported by Bidoglio [82BID]
are not credited by this review.

The second hydrolysis constant (log;,f2 = —14.7) was calculated from the pH
dependence of the distribution coefficients, D, in the absence of carbonate ligands.
These D values could only be obtained by extrapolation from experimental curves
at variable carbonate concentrations to [CO3 ] = 0. Because of the predominant
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Figure A.2: Distribution coefficients of Am(III), D, combined with pH-values in 0.2 M
NaClO, at 25°C [82BID]. The continuous line is drawn assuming the formation of
only Am(CQO3); in the aqueous phase.
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complexation with carbonates, identification of the minor Am(OH); species appears
to be difficult, and therefore this constant is not considered in this review.

[82FUK/KAW]

Fukasawa, T., Kawasuji, |., Mitsugashira, T., Investigation on the complex formation
of some lanthanoids(lll) and actinoids(lIl) with chloride and bromide, Bull. Chem. Soc.
Japan, 55 (1982) 726-729.

The authors investigated the complexation of various trivalent lanthanides and
actinides (Sm, Eu, Gd, Tb, Ac, Am, Cm, Bk and Cf) with chloride and bromide ions
by using a solvent extraction technique (bis(2-ethylhexyl)phosphoric acid, hdehp, in
octane) at 20°C. The ionic strength was kept at 3.0 M using appropriate mixtures
of LiClOy, LiCl and LiBr. The experiments were carried out at constant acidity of
0.15 M perchloric acid. Investigation of the extraction mechanism showed that the
same species was extracted into the organic phase both in the presence and in the
absence in the aqueous phase of chloride and bromide ions. This allowed a simplified
treatment of the experimental data for the determination of equilibrium constants.
Fukasawa et al. reported log,, 1 = —(0.26 = 0.02) and log,, f; = —(0.66 & 0.04)
for the chloro complexes of americium and log,, #1 = —(0.52 & 0.04) and log,, 2 =
—(0.55 £ 0.03) for the bromo complexes of americium.

A reanalysis of the data made by this review confirms the proposed model. Al-
though slightly different values for 3; and [, are obtained, the values reported by
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Fukasawa et al. are preferred because of the difficult digitalisation of the experimen-
tal data from the original paper. Extrapolation to zero ionic strength using the
specific ion interaction coefficients of Appendix B and neglecting temperature effects
on Ae values would give log,, 57 = (0.46 + 0.18) and log;, 57 = (0.09 £ 0.19) for the
first chloride and bromide complexes of Am3™*, respectively. Even considering a very
large uncertainty, the log,, 47 value of AmCI?* would be outside the range of values
selected by this review [56WAR/WEL, 62PEP/MAS, 64BAN/PAT, 71KHO/NAR].
This may be due to the effect of changes in the anionic composition at constant ionic
strength on the values of Ae. For this reasons the values proposed by Fukasawa et
al. have not been retained for the calculation of recommended equilibrium constants.

[82LUN]
Lundqvist, R., Hydrophilic complexes of the actinides: |. Carbonates of trivalent ameri-
cium and europium, Acta Chem. Scand., A36 (1982) 741-750.

Lundqvist investigated Am(III) and Eu(III) complexation with carbonate and hy-
droxide in 1 M NaClO, solutions at 25°C by studying the distribution of Am(III)
between the aqueous phase and tributyl phosphate.

Hydrolysis studies of *' Am(TIT) were conducted both at tracer concentration levels
and in the presence of non-radioactive Eu carrier (5 x 107° to 2 x 10™* M) in order
to reduce americium sorption on glass surfaces. The extraction curves differed in
the two cases. Assuming a solubility constant *K, for Eu(OH);(am) identical to
that selected by this review for Am(OH);(am), precipitation might have occurred for
the test solutions above pH = 8 to 8.5. However, this should not have influenced
the relative distribution of americium between the organic and the aqueous phases,
as long as equilibrium was achieved in the two phases. Lundqvist obtained more
reproducible results with the carrier-containing solutions. Nevertheless, the author
calculated log,,"6; = —(7.5£0.3) from the pH value of 50% decrease of Am extraction
in the absence of Eu carrier.

This review tries to re-estimate hydrolysis constants from the two sets of data.
The experimental points at tracer concentrations of americium can only be fitted
with a single variable model *3; up to pH = 9.7, a result which is in disagreement
with a number of other studies. A satisfactory regression equation of the second
set of experimental data was obtained by using a (*3;, *3;) model. In this case,
the addition of *3, meets the 1% but not the 5% significance level of the F-test to
enter. It is not possible, however, to select alternative hydrolysis schemes including
polynuclear species, as suggested by the relatively high concentration of Eu carrier.
The calculated equilibrium constants log,,’#1 = —7.3 and log,,"#, = —15.0, are close
to those selected by this review when corrected to the common reference state 1=0
with Ae; = (0.04 £ 0.05) and Aey = —(0.04 + 0.07) kg - mol™" (c¢f. Appendix B).
This results in log,, 0y = —(6.4 + 0.4) and log,,"65 = —(13.8 £ 0.2). The reported
uncertainties reflect the difficulties in selecting a model.

The formation constants of AmCO3 and Am(CO3); were obtained from studies
of the solvent extraction of Am(IIT) as a function of [CO3~]. It was assumed for
the analysis of the distribution data that the americium carbonate complexes did
not extract into the organic phase. This was confirmed by electromigration exper-



274 Discussion of selected references

iments. Although HCOj3 was the predominant ion of the carbonate system under
the experimental conditions (pco, = 0.1 and 1.0 atm), there was no evidence for
Am(HCO3)3~") complexes. The determined stability constants, converted to mo-
lal units, are extrapolated to zero ionic strength using the selected ion interaction
coefficients (cf. Appendix B, Section B.1.4), to give log,, ; = (8.00 &+ 0.10) and
log,, #5 = (12.57 +0.21). These values are used in the selection procedure described
in Section V.7.1.2.1.

[82NAI/CHA]
Nair, G.M., Chander K., Joshi, J.K., Hydrolysis constants of plutonium(lIl) and ameri-
cium(I11), Radiochim. Acta, 30 (1982) 37-40.

The authors used a potentiometric method to measure the hydrolysis constants
of Am(IIT), Pu(III), Sm(III) and Eu(III) in 1 M NaClO4 at 25°C. The americium
titration was carried out in the pH range from 4 to 7.2 until the precipitation of
the hydroxide was observed. The authors estimated the value of the first hydrolysis
constant, log,,"%1 = —(7.03 £ 0.04), using a weighted least-square treatment of the
experimental formation curve (7 vs. pH). The weight of each point was iteratively
calculated during the regression procedure rather than externally supplied as the in-
verse of the variance of individual measurements. This led to an underestimation of
the uncertainty assigned to the *3; value. For different [Am],,, concentrations, the
experimental points did not coincide into a single curve below pH = 6.5. Titrated
concentrations were so low that scattering in the data may be ascribed to systematic
errors in the measurement of small changes of ligand number (7). A recalculation of
the best fitting curve using a model including Am(OH); as additional species pro-
vides a statistically significant decrease of the residual sum of squares. Although the
hydrolysis constants derived from these calculations are of the correct order of mag-
nitude, the choice of such a model is questionable, because the highest average ligand
number achieved is only 0.6, and the addition of *4 appears to be sensitive to only a
few points of the formation curve. However, this does not seem to be a sufficient rea-
son to discard the two-variable model. This review calculates log,,’31 = —(7.2+0.2)
and log;,fa = —(15.0 £ 0.3). The associated uncertainties reflect the difficulties
in selecting a model. Conversion to I = 0 using the specific ion interaction coef-
ficients reported in Sections V.3.2.4 and B.1.4 yields log,,3; = —(6.3 + 0.2) and
log,, 05 = —(13.8 £ 0.3).

[82RAI/STR]
Rai, D., Strickert, R.G., Solubilities of actinide solids under oxic conditions, Report PNL-
SA-10368, Pacific Northwest Laboratory, Richland, Washington, 1982, 18p.

This reference includes the same solubility results for Am(OH);(cr) as reference
[83RAI/STR] but without giving any details.
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[82SIL]

Silva, R.J., Thermodynamic properties of chemical species in nuclear waste. Topical re-
port: The solubilities of crystalline neodymium and americium trihydroxides, LBL-15055,
Lawrence Berkeley Laboratory, Berkeley, California, 1982, 57p.

Solubility measurements of 2#*Am(OH)z(cr) and Nd(OH)3(cr) were made in 0.1 M
NaClOy solutions at (25 £ 1)°C within the pH range 6 to 10.

This is the only solubility study with americium hydroxide using an X-ray charac-
terised crystalline solid. The solid phase was prepared by rigorously controlled high-
temperature transformation of Am(OH);(am). Optical viewing by Scanning Electron
Microscopy of Nd(OH);(cr) samples at the end of the solubility experiments showed
no changes in the crystals. By analogy, this was taken as a proof that no secondary
solid phases were formed during the equilibration period of *** Am(OH)j3(cr) (contact
times of 17, 28 and 48 days). The a-radiation damage of the crystal structure ob-
served by Haire et al. [TTHAI/LLO] for >*' Am(OH)3(cr) can reasonably be considered
negligible in Silva’s experiments, because of the much lower specific activity of 2#*Am
(6.8 MBq/mg) compared with 2!Am (120 MBq/mg).

Different techniques of solid/liquid separation were tested on the samples equili-
brated for 48 days. Each measured americium concentration was then given equal
weight and considered as an individual data point, instead of using average values.
This improperly increased the degrees of freedom from (18 — p) to (30 — p), where
the integer refers to the number of observations and p is the number of unknown
regression coefficients in the model. Silva used a least-squares procedure keeping
log,o’f1 = —(7.7 £ 0.3) constant and solving simultaneously for *Kj g, *3,, %3 and
*B4. The log,, "1 value was taken from a previous work where the first hydrolysis
constant of Cm(III) was measured by potentiometry [83EDE/BUC]. There is, how-
ever, a typing error in Table 9 of Ref. [82SIL]. The listed value of log,,3 refers to
an ionic strength of 0.1 M KCI. Silva reported thermodynamic constants after ionic
strength corrections with the Davies equation. The same equation was used in this
review to recalculate equilibrium constants at 0.1 M NaClOy, obtaining log,;"Ks o =
(16.6+0.4), log,,B2 = —(16.7£0.7), log,,3 = —(25.04+0.3), and log, "84 —34.9. Very
similar values of hydrolysis constants for Nd(III) were derived from the Nd(OH)3(cr)
solubility measurements.

This review performs a reinterpretation of the americium solubility data of Silva
using only 18 experimental points. The lack of measurements in the pH range from
8 to 8.8, and the scarce data points in the plateau region make these data unsuitable
for an interpretation using the full model. The results of the least-squares refinements
indicate that the two-variable model including *K o and *3; yields the greatest initial
decrease of the residual mean square (RMS). The stepwise additions of *3; and *3;
further decrease the RMS, but the achieved reduction is not sufficient to justify
the inclusion of *33 in the regression equation. Figure A.3 shows that Silva’s data
compare well with those obtained by Stadler and Kim [88STA/KIM] who observed
the solubility curve to level down at higher pH values, c¢f. Figure A.9. The statistical
F-ratio tests indicate that adding *3; to the model is significant at 5% but not at 1%.
Examination of the residuals shows that the model does not perform satisfactorily
below pH = 8 if *3; is used, instead, as a fixed parameter. A statistically significant
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Figure A.3: Solubility measurements of Am(III) hydroxide in 0.1 M NaClO, from
Silva [82SIL] (A) and from Ref. [88STA/KIM] (O). The continuous curve represents
the values calculated with the set of equilibrium constants re-estimated by this review
from experimental data in Ref. [82SIL], and the dotted curves show the associated
uncertainties.
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description of the experimental data is then provided by

log,;'Ksop = 15.9+0.6
log,yB = —15.1+0.6

Conversion to the molality scale and extrapolation to I = 0 with the selected specific
ion interaction coefficients (cf. Section B.1.4) gives

log,KS, = 152406
log,, 8 = —6.5+0.6
log,, 8, = —144+0.6

[83BOU/GUI]
Bourges, J.Y., Guillaume, B., Koehly, G., Hobart, D.E., Peterson, J.R., Coexistence of
americium in four oxidation states in sodium carbonate - sodium bicarbonate medium,
Inorg. Chem., 22 (1983) 1179-1184.

Bourges et al. combined spectrophotometry and cyclic voltammetry to study the
speciation of americium in carbonate/bicarbonate media at 25°C. These results clearly
demonstrate the coexistence of the four oxidation states of americium (III, TV,V,VI)

in concentrated carbonate media. The authors measured the apparent normal po-
tential of the Am(VI)/Am(V) and Am(IV)/Am(III) couples in [HCO5] = 1.15 M,
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[CO3 7] = 0.85 M solutions, obtaining: E°(VI/V) = 0.971 V vs. SHE and E°(IV/III) =
0.925 V ws. SHE respectively. Bourges et al. also investigated the influence of the
carbonate concentration on these formal potentials in aqueous solutions containing
mixtures of NaHCO3 and Na,CO3 ([HCO;3] + [CO3™] = 2 M). The apparent normal
potential of the Am(VI)/Am(V) couple was found to be practically independent of
[CO37]: E°(VI/V) = (0.975 4+ 0.01) V vs. SHE. The value of E°(IV/III), instead
decreased monotonically with increasing [CO3™]. Corrections for the liquid junction
potential were apparently not performed by Bourges et al., and estimations with
the Henderson’s equation [73BAT, pp.36-44] show that an additional uncertainty of
+0.015 V should be added to their measurements.

Several authors [83FER/GRE, 86GRE/ROB, 89ROB]| have reinterpreted these ex-

perimental measurements, assuming the following equilibria:

AmO,(CO3)i™ 4™ = AmO,(CO3)3™ (A.4)
Am(CO3)8 +e” = Am(CO3)% +2C0% . (A.5)

These reinterpretations indicate that Am(CO3)¢~, AmOy(CO3)5~ and AmO,(CO3)3~
are the limiting complexes for the IV, V and VI oxidation states (as expected by anal-
ogy with U(IV); Np(V) and U(VI)-Pu(VI), respectively). Furthermore, the measure-
ments of Bourges et al. show that Am(COs3)3~ is the Am(IIT) limiting complex, which
is in agreement with the reinterpreted observations of Shiloh, Givon and Marcus (cf.
the discussion of Ref. [69SHI/GIV] in this Appendix).

Following the reinterpretations in Refs. [83FER/GRE, 89ROB, 86GRE/ROB], this
review assumes that the apparent normal potentials measured by Bourges et al.
[83BOU/GUI], refer to reactions (A.4) and (A.5). From the formal redox potential of
the Am(VI)/Am(V) couple it is possible to obtain log,, K (A .4, [CO%’}TOT =2M) =
(16.48+0.42). The extrapolation of this equilibrium constant from [NaHCO3] = 2 M
to standard conditions with the specific ion interaction equations of Appendix B is
quite uncertain due to the uncertainty in the values of the ion interaction coefficients
for the americium complexes. Nevertheless, assuming that Ae is similar to that of the
same reaction involving uranium complexes in NaClO4 medium but with increased
uncertainty, As = (—0.6140.3) kg- mol™! [92GRE/FUG, p.322], and using Az? = 9,
we obtain E°(A.4) = (0.775 + 0.038) V vs. SHE, i.e., log,y K°(A.4) = (13.1 £ 0.6).

The formal redox potential of the Am(IV)/Am(III) couple, which decreases with
the ratio [NayCOj3]/[NaHCOj3], ¢f. [83BOU/GUI, Figure 9], can be interpreted ac-
cording to reaction (A.5):

o o RT In(10 YAm(CO3)6~
E°" = E°(A.5) + 7]?( ) log, (COS)QS’ S
VAm(cog)g—[ 3] Vco‘;*

where E° stands for the formal redox potential of the Am(IV)/Am(III) couple. The
specific ion interaction equations in Appendix B are used to calculate the activ-
ity coefficients with €, (co5- Nat)) & E(u(coy)t- Nat)) = —(0.27 £ 0.15) kg - mol ™",
cf. Table B.4, obtaining E°(A.5) = (1.19 £ 0.05) V vs. SHE, i.e., log;, K°(A.5) =
(20.1 +0.9).
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[83CAC/CHQ]
Caceci, M.S., Choppin, G.R., The determination of the first hydrolysis constant of Eu(lll)
and Am(I11), Radiochim. Acta, 33 (1983) 101-104.

This is a solvent extraction study of Am(III) and Eu(III) hydrolysis in 0.7 M
NaCl at 21°C using a competitive method of complex formation with oxalate ions.
Experiments were performed only at pH ~ 6 and pH &~ 8. Stability constants of
Am(CQO4)S’_2") (n =1 and 2) were first determined at pH = 5.9 where hydrolysis is
negligible. The set of data at pH = 8.05 was then modelled assuming the existence of
Am(OH)?" only. A calculation of the relative amounts of hydrolysis species shows,
however, that the formation of Am(OH); cannot be neglected in the data analy-
sis. This calculation was made using the value for log,,"35 selected in the present
review and the specific ion interaction equations in Appendix B assuming that Ae
for the hydrolysis reaction would be the same in chloride as in perchlorate media
(Agy = —0.04kg - mol™"). It is not possible from these data to obtain a hydrolysis
constant for Am(OH)3. This would have required additional experiments at various
pH values. The *3; value has to be derived from the best fit parameters of the ex-
perimental curve at pH = 8.05. These are obtained as a combination of equilibrium
constants for all competitive reactions in the system (second hydrolysis, complex
formation with chloride and oxalate). Taking into account the limited number of
measurements, the single pH value studied, and the various corrections that have to
be made, the reported value for log,,"4; is not accepted by this review.

[83EDE/BUC]

Edelstein, N., Bucher, J., Silva, R., Nitsche, H., Thermodynamic properties of chemical
species in nuclear waste, Report ONWI-399, LBL-14325, Lawrence Berkley Laboratory,
Berkley, California, 1983, 115p.

A number of techniques were used by the authors to investigate actinide complex
formation in neutral and basic solutions.

The only quantitative information of interest to this review refers to the first hy-
drolysis constants of Cm(III) and Nd(III). These were determined by potentiometric
measurements of [H*] in 0.1 M KCI solutions. Data analysis was limited to the por-
tion of the titration curve before precipitation of metal hydroxides occurred. The
formation of polymeric hydrolysis species was examined and discarded during the
regression analysis. Although this would have required more systematic pH titra-
tions over a range of metal concentrations, the single variable model proposed by the
authors provides a log,,’3; value for Cm and Nd of the correct order of magnitude
—(7.7+0.3).

The authors measured also the solubility in 0.1 M NaClO, of ?**Am(OH);3(s) at
25°C. The hydroxide was claimed to be amorphous, but no characterisation of the
solid phase was made. It is difficult to make an interpretation of the few experi-
mental data reported [83EDE/BUC, Appendix D]. However, the value proposed for
log,y"Kso = (17.5£0.3) at 0.1 M ionic strength is in agreement with that found by Rai
et al. [83RAI/STR], for the solubility product of well-characterised Am(OH);3(am).
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[83RAI/STR]
Rai, D., Strickert, R.G., Moore, D.A., Ryan, J.L., Am(IIl) hydrolysis constants and solu-
bility of Am(Ill) hydroxide, Radiochim. Acta, 33 (1983) 201-206.

The authors measured Am(III) concentrations in the presence of americium (I1T)
hydroxide at (22 +2)°C. The experiments were conducted using both ?*'Am in 1.5 x
10~ M CaCl, solutions, and ?**Am in pH-adjusted deionized water. Because of
radiolysis effects in 2! Am solutions, the thermodynamic hydrolysis constants were
estimated from the best fitting curve of the 2**Am solubility data. The following
values were obtained by Rai et al.: log,,"K, = (17.5+0.3); log,,"05 = —(17.140.5);
log,, 5 < —27. The authors proposed an upper limit of log,," 47 < —8.2, although
no statistical improvement was found by adding AmOH?" in the model.

No background salt was added to keep the activity coefficients constant. However,
the study was made at such low ionic strength that uncertainties in the activity
coefficient corrections to I = 0, iterated during the calculations by means of the
Davies equation, should have only affected data at higher americium solubilities.

This is one of the few solubility studies of americium trihydroxide reporting the
characterisation of the solid phase. X-ray diffraction analysis of the precipitate at
pH = 7.5 and 9.6 indicate the presence of Am(OH);s(am), while a mixed phase of
a higher degree of crystallinity was detected above pH = 9.6. This fact was not
addressed in the calculation of the equilibrium constants. The use of tetrapropyl am-
monium hydroxide as basic titrant may have influenced the surface properties of the
precipitate. Reanalysis of the experimental data below pH = 9.6 does not provide a
statistical support for selecting a particular hydrolysis scheme. The solubility curve
recalculated using the hydrolysis constants (c¢f. Table I11.2) and the solubility prod-
uct for the crystalline hydroxide, log,, *K¢, = (15.2 + 0.6) selected by this review,
is in fair agreement (within +0.5 log ,-units) with the experimental data between
pH ~ 7.5 and pH = 13. However, this is in contradiction with the X-ray diffrac-
tion measurements showing the presence of a crystalline phase only above pH = 9.6.
Keeping the hydrolysis constants fixed to the values selected by this review and ad-
justing the solubility product to the experimental points below pH = 7.5, a value of
logyy *Kg o = (17.0 £ 0.6) has been obtained. This is very close to the value reported
by Rai et al. Together with our statistical analysis, this might indicate that the
points at pH < 7.5 have the highest weight in the regression procedure. Figure A.4
shows the solubility data for characterised Am(OH);(am) obtained by Rai et al., and
by Nitsche and Edelstein [85NIT/EDE2] in 0.1 M NaClO,. The Figure also shows
calculated solubilities at the ionic strengths used by Rai et al., determined on the
basis of the dissolved americium concentrations, the amount of acid or base used
to keep solutions electrically neutral, and the hydrolysis constants selected here (cf.
Table I11.2).

[83SIL]
Silva, R.J., The solubilities of crystalline neodymium and americium trihydroxide, in:
Materials and Molecular Research Division, Annual Report 1982, LBL-15150, Lawrence
Berkeley Laboratory, Berkeley, California, 1983, pp.251-253.

This is a summary of Ref. [82SIL].
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Figure A.4: Solubility measurements of amorphous Am(III) hydroxide from
[83RAI/STR] in pH-adjusted deionized water (O), and from [85NIT/EDE2] in 0.1 M
NaClO, (®). The continuous curves represents the values calculated with the se-
lected set of hydrolysis constants (c¢f. Table I11.2) at low ionic strengths. The up-
per continuous curve corresponds to log,,"K;, = (17.0 £ 0.6), and the lower one to
log;g'Kgy = (15.2 £ 0.6). The dotted curves show the associated uncertainties.
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[84BER/KIM]

Bernkopf, M.F., Kim, J.I., Hydrolysereaktionen und Karbonatkomplexierung von drei-
wertigem Americium im natirlichen aquatischen System, Report RCM-02884, Inst. fiir
Radiochemie, Technische Universitat Miinchen, 1984, 200p., in German.

The authors measured the solubility of 2Am(OH)s(s), 2AmO,(s) and
Eu(OH);(s) in 0.1 M NaClOy solutions at room temperature (25°C 7). Results are
also given on the solubility of ?' AmCO30H(s) and EuCO30H(s) in NaHCO3 and
Nay,COj3 solutions.

Similar experiments reported by the same authors in a companion publication
[84KIM/BER] resulted in different solubility vs. pH curves (cf. Figure A.5). Appar-
ently the same solid phases were used in the two studies. The experimental matrix in
Table A.1 shows, however, that ageing conditions differed not only from one experi-
ment to the other, but even within a single data set. Several investigators have shown
that changes of solid phase in aqueous suspensions of Am(III) hydroxides due to age-
ing conditions become evident in hours and continue for weeks (cf. Section V.3).
Figure A.5 indicates a fairly good agreement between solubility measurements of
Am(OH);(s) using the batch-type procedure. Major disagreement between the solu-
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Table A.1: Experimental matrix describing the different procedures used to measure
24 Am(I1I) solubility in 0.1 M NaClO, by Kim et al. [84BER/KIM, 84KIM/BER].

Solid Procedure Activity Contact Reference
(MBg-ml™!) time

Am(OH)3(s) batch, pH < 8 20 (a) [84BER/KIM]
titration, pH > 8 5.9 (b)
AmOy(s) batch, pH < 8 35 (c)
titration, pH > 8 1 (b)

Am(OH)3(s) batch 23.7 (d) [84KIM/BER|
AmOy(s) batch 63 (pH < 4) (d)
12.6 (pH > 4) (d)

a) several days

b) one titration point per day

c) two months

d) from one week to several months.

bilities reported in [84BER/KIM] and in [84KIM/BER] exists above pH & 8 where
the experimental procedure changed from “batch” to “titration”. This indicates that
in some of the experiments either equilibrium is not reached or there is a conversion
of the solid to a different phase.

This review re-estimates the hydrolysis constants from the solubility data below
pH = 8 of the Am(OH);(s) experiments in Ref. [84BER/KIM]. The reported val-
ues of log,,[OH™] are corrected for liquid junction effects by experimental measure-
ments using the same setup as Bernkopf and Kim [84BER/KIM]. The relationship
between corrected and experimental values for the hydroxide ion concentration be-
comes: 1og;o[OH ] zor. = (logyo[OH ]¢zp. — 0.07). Values of log; [H] are calculated
from the corrected hydroxide ion concentrations and the ionic product of water in
0.1 M NaClOy, which is recalculated (using the specific ion interaction equations
in Appendix B) to log,, K,, = —13.798. The least squares adjustment of the hy-
drolysis constants from the solubility data is fully insensitive to the value of *3;
which cannot be derived from this set of experimental data. This review finds
log,o"Kso = (13.7£0.2) and log,,6, = —(14.7 £ 0.2).

The recalculated solubility constant *K o differs considerably from those found for
well-characterised Am(OH);(am) and Am(OH);(cr) [83RAI/STR, 82SIL]. No char-
acterisation of the solid was reported by Bernkopf and Kim. Hence, it is not clear if
the difference is attributable to particle size effects or to a hydroxide phase of different
solubility. For this reason, only log,,"3 is included in the set of selected equilibrium
constants. The standard value is calculated with the specific ion interaction equations
of Appendix B to be log,,"35 = —(14.0 £ 0.2).
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Figure A.5: Comparison of solubility data of Am(III) hydroxide in 0.1 M NaClOy
reported by Bernkopf and Kim [84BER/KIM] (A at pH < 8, and x at pH > 8) and
by Kim et al. [84KIM/BER] (O at pH < 8, and * at pH > 8). The data points in Ref.
[84KIM/BER]| above pH = 10 are not included because they cannot be distinguished
unequivocally from those referring to the dissolution experiment of AmO;(s). Only
the data points at pH < 8 (A [84BER/KIM] and O [84KIM/BER]) have been consid-
ered in the least squares re-evaluations. The continuous curve represents the values
calculated with the equilibrium constants log,;"K;o and log,,’3> re-estimated by this
review from data in Ref. [$4BER/KIM], and the dotted curves show the associated
uncertainties.
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The reaction

1
AmO,(s) + 21{20(1) = Am* 4 30H™ + {0s(s)

was proposed to control Am(III) solubility in the presence of AmOs(s). These sol-
ubility data are in complete disagreement with similar measurements reported by
Kim et al. [84KIM/BER]. This review does not consider the postulated dissolution
mechanism of AmO,(s) as proven. The equilibrium constants obtained from these
sets of data are therefore not accepted in the present review.

Bernkopf and Kim also reported a solubility product constant for the mixed hy-
droxy-carbonate solid AmCO3;OH(s) [84BER/KIM]. The value was obtained from
the results of solubility measurements conducted under oversaturated conditions with
respect to Am(III) in dilute bicarbonate media (at I = 0.1 to 0.3 M NaClQy), start-
ing with a solid Am(OH)s(s). The carbonate concentration was varied by chang-
ing the pH of the solution under constant COy(g) partial pressure (pco, = 10735
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Figure A.6: Solubility data of americium(III) reported by Bernkopf and Kim
[84BER/KIM] in the absence of COs(g) in 0.1 M NaClO, (A at pH < 8, and x
at pH > 8) and at pco, = 10735 atm (e) in 0.1 to 0.3 M NaClO,.
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atm). The solid phase was not characterised but was assumed to be AmCO3;OH(s).
Bernkopf and Kim interpreted their solubility results assuming the presence of hy-
droxide (Am(OH)¥™; i = 1,2,3), carbonate (Am(CO3)3~2M: n = 1,2,3) and
mixed hydroxy-carbonate (Am(OH);(CO3)3~#=27): j = 1,2 and n = 1,2) complexes.
However, it is not possible to distinguish between AmCO3(OH); and Am(COj3);
from solubility data obtained at a constant pco,. The fact that Am(OH);(s) and
AmCO30H(s) have exactly the same solubility in the pH range 6 to 8 (¢f. Figure A.6
and Figure 6.23 in [84BER/KIM]), makes it difficult to distinguish between the two
solids. It is possible that the transformation of the initial solid, Am(OH)s3(s) —
“AmCO30H(s)”, may have occurred slowly during the experiments. These solubil-
ity data, which may be based on a “varying” solid, are questionable; the proposed
equilibrium constants are therefore not taken into account in the present review.

[84KIM/BER]
Kim, J.I., Bernkopf, M., Lierse, Ch., Koppold, F., Hydrolysis reactions of Am(lIl) and
Pu(VI) ions in near neutral solutions, in: Geochemical Behaviour of Disposed Radioactive
Waste (Barney, G.S., Navratil, J.D., Schulz, W.W., eds.), ACS Symp. Ser., No. 246,
Washington, D.C.: American Chemical Society, 1984, pp.115-134.

Kim et al. measured the solubility of Am(III) and Pu(VI) in 0.1 M NaClO4 solu-
tions as a function of pH, ¢f. Table A.1. Two sets of experiments were performed
using different Am(IIT) solid phases: **' Am(OH)3-2H,0(s) and **' AmO,(s). The dis-
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solution process of AmOs(s) could not be identified. It was postulated to involve a
mechanism turning the solution phase into a more reducing medium with increasing
pH. Since no meaningful solubility constant could be obtained, this set of experi-
mental data is not considered in the present analysis. The formation constants of
Am(OH)®=™ species and the solubility product of Am(OH)s(s) reported by Kim et
al. are log,, /1 = (7.44 £ 0.83); log;, B2 = (13.92 £ 0.63); log,, f3 = (18.47 £ 0.52);
log,q Kso = —(27.164+0.47). There is probably a typing error in Table I of the original
paper because the calculated value of log,y(Kso X f3) = —8.69 does not correspond
to the ordinate value of the plateau region of the solubility curve for the Am(OH)s(s)
experiment (log;, [Am] _ = —9.4, cf. Figure A.5). These formation constants are
one or two orders of magnitude higher than those reported by Bernkopf and Kim
[84BER/KIM] in a companion paper. This discrepancy might well be due to an er-
roneous procedure used to interpret the solubility measurements. Reanalysis of the
data made by this review over the entire pH range indicated only log;, 45 as the main
source of disagreement.

The equilibrium constants are re-estimated from experimental data in Figure 1 of
[84KIM/BER]. The values of log,,[OH~] are corrected for the liquid junction poten-
tial, and log,,[H"] is derived as described in the discussion of Ref. [84BER/KIM]
in this Appendix. The data are displayed in Figure A.5. Only experimental points
below pH = 8 were included in the least-squares calculations. The reason for this
selection is also given in the discussion of Ref. [84BER/KIM] in this Appendix. No
improvement of statistics was obtained by using *3; as additional predictor variable.
The computation gives log,,"Kso = (13.9 £ 0.2) and log,,’#2 = —(14.3 £ 0.3). Only
the log,,"32 value has been selected by this review because the exact nature of the
hydroxide is unclear. Extrapolation to I = 0 with the specific ion interaction equa-
tions of Appendix B yields log,,"35 = —(13.6 +0.3).

[84NAS/CLE2]
Nash, K.L., Cleveland, J.M., Thermodynamics of the system: Americium(IIl)-fluoride.
Stability constants, enthalpies, entropies and solubility product, Radiochim. Acta, 37
(1984) 19-24.

The authors investigated the formation of Am(III) fluoride complexes by using a
cation exchange technique. The ionic strength of the aqueous phases was buffered
at 0.1 M with NaClO4 and the pH was fixed at 3.5. The concentration of free F~
ions in the test solutions was measured directly with ion selective electrodes carefully
calibrated.

Nash and Cleveland reported the stepwise equilibrium constants for the formation
of AmF?*" (K| = 386+20) and AmF3 (K, = 147+24) at 25°C. Conversion to molality
units and correction to I = 0 by using Ae; = —(0.12 £ 0.1) and Aey = —(0.36 £
0.1) kg - mol™" (c¢f. Appendix B, Section B.1.4) result in log;, 37 = (3.23 4 0.05) and
logyo 65 = (5.80 &+ 0.15), where 37 refer to the overall formation reaction

Am*T 4+ nF~ = AmFG, (A.6)

and the uncertainties assigned by the authors are doubled to represent the 95%
confidence level.
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The experiments were also performed at 5° and 45°C. From the temperature
variation of the equilibrium constants, the authors calculated the enthalpy change
accompanying the reactions. No attempts can be made here to correct the re-
ported value of A.H,, to I = 0, because only equilibrium constants at 25°C were
given by Nash and Cleveland. Making the approximation that ionic strength ef-
fects can be neglected, this would give A Hp (A.6,n = 1) = (23 +4) kJ - mol ! and
AHL (A6,n =2) = (24+10) kJ-mol™" (uncertainties represent the 95% confidence
level). The value for n = 1 is close to that obtained in Ref. [fT6CHO/UNR|. However,
this approximation is not recommended by this review.

The ?*' Am activity in the aqueous phase was found to decrease systematically with
increasing F~ concentrations above 8 x 10~ M. This was ascribed to the formation
of the sparingly soluble AmF;(s) with a solubility product K = (5.1+1.6) x 1076,
This equilibrium constant can be extrapolated to I = 0 with the specific ion inter-
action equations of Appendix B, yielding log, KJ, = —(16.5 4 0.3), a value which
is considerably lower than that calculated by using the estimated Gibbs energy of
formation of AmFj3(cr) selected by this review. Since freshly precipitated amorphous
solids usually exhibit higher solubilities than crystalline forms, the observed loss of
241 Am activity from the aqueous phase may possibly refer to the formation of a dif-
ferent solid compound or, as also suggested by Nash and Cleveland, to sorption of
colloidal particles on the walls of the reaction vessel.

[84SIL]
Silva, R.J., The behaviour of americium in aqueous carbonate systems, Sci. Basis Nucl.
Waste Management VII (McVay, G.L., ed.), held November 1983 in Boston, New York:
North Holland Elsevier, 1984, pp.875-881.

This reference summarizes the results from the solubility studies on Am(OH);(cr)
and AmCO3;O0H(cr) in Refs. [82SIL, 85SIL].

[84SIL/NIT]
Silva, R.J., Nitsche, H., Thermodynamic properties of chemical species of waste radionu-
clides, in: NRC Nuclear waste geochemistry '83 (Alexander, D.H., Birchard, G.F., eds.),
Symp. held 30-31 August 1983, in Reston, Virginia, Report NUREG/CP-0052, U.S. Nu-
clear Regulatory Commission, Washington, D.C., 1984, pp.70-93.

This report contains the same experimental data as Ref. [85SIL].

[85MAG/CAR]
Magirius, S., Carnall, W.T., Kim, J.I., Radiolytic oxidation of Am(lll) to Am(V) in NaCl
solutions, Radiochim. Acta, 38 (1985) 29-32.

Am(OH);3(s) was freshly precipitated by addition of NaOH to a 5 M NaCl solu-
tion containing 107 M Am(III). Radiolysis reactions occurred because of the rel-
atively high dose rate of a-radiation (40 MBq/ml), leaving only Am(V) species in
the aqueous phase. The solubility data were interpreted with a model considering
AmO,0H(s) as the solubility limiting solid phase, and AmOj3 and AmO,0OH(aq) as
the predominating aqueous species. The reported values of the solubility product and
the formation constant of AmO,OH(aq) are respectively, log,; Kso = —(9.3 £ 0.5)
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and log,, 31 = (1.5£0.5). For the same reasons as discussed under Ref. [88STA /KIM]
in this Appendix, these data are not included in the selected data set.

[85NIT /EDE]
Nitsche, H., Edelstein, N.M., Solubilities and speciation of actinides ions in near- neutral
solution, Report LBL-18900, Lawrence Berkeley Laboratory, Berkeley, California, 1985,
75p.

This appears to be the same study as Ref. [85NIT/EDE2].

[85NIT /EDE2]

Nitsche, H., Edelstein, N.M., Solubilities and speciation of selected transuranium ions. A
comparison of a non-complexing solution with a groundwater from the Nevada tuff site,
Radiochim. Acta, 39 (1985) 23-33.

Actinide solubilities (NpV, NpV!, Pu'Y, PuY, Pu¥!', Am'") in a natural groundwater
and in 0.1 M NaClOy, solutions were measured by monitoring with time the actinide
precipitation from supersaturated solutions at pH = (7.0 £ 0.1) and at (25 + 1)°C.
No thermodynamic data were reported.

For 2**Am(II1), equilibrium concentrations in 0.1 M NaClO4 at pH = (7.0 £ 0.1)
were found to be in agreement with those measured by Rai et al. [83RAI/STR], cf.
Figure A.4. Accordingly, X-ray diffraction analysis of the precipitate, Am(OH)s(s),
indicated that it mainly contained the amorphous hydroxide. The formation of hy-

drolysis species was claimed to decrease the molar absorptivity value of Am(III) at
503 nm in 0.1 M NaClOy.

[85SAT /MIT]

Satoh, I., Mitsugashira, T., Hara, M., Kishimoto, M., Suzuki, S., A study of the pro-

duction of transuranium elements and its application to the solution chemistry in To-

hoku University, in: Americium and curium chemistry and technology (Edelstein, N.M.,

Navratil, J.D., Schulz, W.W., eds.), Dordrecht: D.Reidel Publ. Co., 1985, pp.261-273.
This is the same study as reported under Ref. [82FUK/KAW].

[85SIL]

Silva, R.J., Preparation, characterisation and solubility constant of AmOHCO3, in: Am-
ericium and curium chemistry and technology (Edelstein, N.M., Navratil, J.D., Schulz,
W.W. eds.), Dordrecht: D. Reidel Publ. Co., 1985, pp.225-238.

The solubility of AmCO3OH(cr) in dilute carbonate solutions was measured by
Silva [85SIL]. The solid was identified from the similarity of its X-ray powder diffrac-
tion pattern with that reported for NdCO30H(cr) type A [TADEX/CAR]. The sol-
ubility product was obtained from measurements made under both undersaturated
and oversaturated solution conditions (i.e., by dissolution of the characterised solid in
a solution initially free of americium and by precipitation of the solid from a solution
initially supersaturated with respect to americium). The experiments were performed
at constant ionic strength (I = 0.1 M NaClOy), constant pH (pH = (6.12 + 0.03))
and under controlled CO, partial pressure (pco, = 0.00792 atm) at (254 1)°C. The
stability of the precipitate was monitored vs. time (measured solubility: log,, S =
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(5.60+0.06)), but the variation of the solubility with pH and/or pco, was not inves-
tigated. For reaction:

AmCO30H(s) + 2H+ = Am*" + HCOj; + HyO(1)

Silva obtained log,,*Kso = (2.77 £ 0.15) at I = 0.1 M, which he extrapolated to
(2.53+0.16) at I = 0. These values are equivalent to log,, K59 = —(20.94 £ 0.16) at
I'=0.1M, and log,; Ky = —(21.80 & 0.16) at I = 0 for reaction:

AmCO;0H(s) = Am** 4+ OH™ +CO3” (V.33)
The experimental data reported by Silva were reinterpreted as follows. Values of
[H*] were obtained from the reported pH-values and single ion activity coefficients
calculated with Eq.(B.4). Values of pco, were converted from atm to bar units (cf.
Section I11.3.2), and were used together with the calculated [H*]-values and the known
equilibrium constant of the CO,(g)/CO3 ™ system (Table IV.2 and Appendix B) to
determine the free carbonate concentrations: log,, [CO3™] = (—17.53 + log,, pco, —
2 logo[HT]), at I = 0.1 M NaClOy4. The selected value for the stability constant
of AmCOj (cf. Table IT1.2) was extrapolated to 0.1 M NaClO, with the specific ion
interaction equations of Appendix B, log,, /1 = (6.51 £ 0.20), and used to calcu-
late the free americium concentrations that correspond to the [Am], .. values mea-
sured by Silva [85SIL]. This procedure resulted in log;; K;0(V.33) = —(20.8 £ 0.3)
at I = 0.1 M. This solubility product is converted to molal units and extrapolated
to zero ionic strength, using the selected interaction coefficients (¢f. Appendix B,
Section B.1.4), to give: log,q KJy = —(22.3 + 0.3). While the reinterpreted value at
0.1 M NaClO, agrees with the value obtained by Silva [85SIL], the difference in the
values at I = 0 is due to the dissimilar methods used for ionic strength extrapolations.

[86EWA /HOW]

Ewart, F.T., Howse, R.M., Thomason, H.P., Williams, S.J., Cross, J.E., The solubility of
actinides in the near-field, Sci. Basis Nucl. Waste Management IX (Werme, L.O., ed.),
Mat. Res. Soc. Symp. Proc., 50 (1986) 701-708.

Ewart et al. determined the solubility of plutonium, americium and neptunium in
“concrete equilibrated water” (demineralised water equilibrated for some weeks with
aged concrete). The analysis of the water gave as main components [Ca?*] = 0.01 M,
[C17] = 0.002 M and [SO7 "] = 0.003 M, with pH = 12 and [CO; "] =3 x107° M.
This water was filtered and the pH adjusted with NaOH or HCI before actinide
chlorides were added to reach a total concentration of ~ 1075 M. The solutions were
mixed, and after an equilibration time (30 minutes in the case of Am [S6EWA /HOW])
they were filtered, acidified, and the actinide concentrations measured by liquid
scintillation. In another report within the same project, Thomason and Williams
[92THO/WIL, Figure 1] show that the Am(III) concentrations measured after 3
hours did not differ from the measurements after 30 mins. of equilibration time. The
temperature of the experiments was not reported by Ewart et al. [8S6EWA/HOW].
The actinide solid phases controlling the measured solubilities were not determined
experimentally, and therefore these concentrations are not adequate to determine
equilibrium constants.
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Figures comparing the experimental solubilities and those calculated with the
PHREEQE code [80PAR/THO]| were presented by Ewart et al. in this paper
[B6EWA /HOW], as well as in later publications [87CRO/EWA, 87EWA /TAS,
92EWA /SMI| where a few more experimental data were included in the graphs.
Although the spread in the data is about one logarithmic unit, the americium (I1T)
solubilities measured at pH = 10.5 suggest a discontinuity in the shape of the sol-
ubility curve. Figure A.7 displays the experimental data extracted from Figure 6
in [92EWA /SMI]. In the initial publication [86EWA/HOW], Ewart et al. described
their americium concentrations assuming that the solubility limiting solid phase
changed from AmCO3;O0H(s) to Am(OH);(s) at pH =~ 9.2 and that americium (IIT)
mixed hydroxo-carbonate complexes were present in the aqueous solution, as sug-
gested by Kim et al. [84BER/KIM, 86AVO/BIL]. In a later publication, Ewart et
al. [92EWA /SMI] stated that the americium concentrations could equally well be de-
scribed with a model containing instead the bicarbonate complexes AmHCO3" and
Am(HCO3); suggested by Bidoglio [82BID] and adopted by Phillips et al.
[88PHI/HALI.

Figure A.7 compares the americium concentrations reported by Ewart et al.
[92EWA /SMI, Figure 6] with the calculated solubility curve for Am(OH);(cr) using
the equilibrium constants selected in this review (c¢f. Table I11.2). The calculations
illustrated in Figure A.7 show that with a few exceptions, specially at pH = 10.5, the
americium(IIT) levels can be described by the solubility of Am(OH)s(cr), and that hy-
drolysis complexes of Am(III) are predominant. The discrepancy around pH = 10.5
might be due to an unknown experimental artifact, or to some process like a change
in the solid phase present in the experiments (change in chemical composition or
crystallinity), or to a change in the kinetics of the solid-solution processes which reg-
ulate the concentration of americium(III). Due to the lack of characterisation of the
solid phase and the short equilibration times in these experiments, is not possible to
reach any definite conclusion from the data reported by Ewart et al.

[86RAO/MAH]
Rao, V.K., Mahajan, G.R., Natarajan, P.R., Phosphate complexation of americium(ll1),
Radiochim. Acta, 40 (1986) 145-149.

The authors studied the complexation of americium(III) by phosphate using a
solvent extraction technique (dinonylnaphthalene sulphonic acid in benzene, and an
aqueous phase containing 0.5 M NH; /H,PO, /ClO; ) at 30°C and pH = 2, 3, 7 and 8.
The data was interpreted assuming the formation of AmH,PO3" and Am(HPO,)*.
This review calculates [HiPOii_g)} from the tabulated [H3PO4l,,,, using the selected
dissociation constants of phosphoric acid extrapolated to 0.5 M NH4ClO, with the
specific ion interaction equations of Appendix B (log;, K; = —11.28; —6.53 and
—1.81, at 30°C and I = 0.5 M). The distribution coefficient data at pH = 2 and 3
show that HoPO, is the complexing ligand, and reanalysis of these data according
to reaction

Am™ + H,PO; = AmH,PO;* (A7)
gives log,y f1(A.7) = (1.97 & 0.43) which is in agreement with the results of Rao et
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Figure A.7: Americium concentrations determined by Ewart et al. [S6EWA/HOW,
92EWA/SMI] in “concrete equilibrated water”. The continuous curve shows the
solubility of Am(OH)z(cr) calculated with the equilibrium constants selected by this
review (cf. Table I11.2), and the dotted curves display the associated uncertainty. The
lower diagram shows the calculated acidity ranges of predominance for each Am(I11)
species under the same conditions as the upper plot.
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al. (¢f. Table V.15). This value, extrapolated to I = 0, is selected in this review as
described in Section V.6.2.1.1.

The experimental data obtained at pH = 7 and 8 might be inaccurate because
the activity of the aqueous phase was obtained from the difference of activities in
the organic phase before and after equilibration. Since Am3* is known to be ab-
sorbed on glass walls at neutral pH values [83CAC/CHO], the americium activity
in the aqueous phase obtained in this way may be incorrect, resulting in erroneous
distribution coefficients. The available experimental data indicate the presence of
a new complex (AmHPO] or AmPOy(aq)) but are insufficient to determine either
its stoichiometry or its stability constant. Thus, the value of log,, f; (AmHPO}) re-
ported by Rao, Mahajan and Natarajan (cf. Table V.15) is disregarded by this review.

[87CRO/EWA]
Cross, J.E., Ewart, F.T., Tweed, C.J., Thermochemical modelling with application to nu-
clear waste processing and disposal, Report AERE-R12324, UK Atomic Energy Authority,
Harwell, UK, 1987, 45p.

See comments under [S6EWA /HOW].

[87PER/LEB]

Perevalov, S.A., Lebedev, |.A., Myasoedov, B.F., Complex formation of Am(IIl) and
Am(IV) with phosphate ions in acetonitrile solutions, Sov. Radiochem., 29 (1987) 572-
577.

Perevalov et al. [S7TPER/LEB]| investigated the complex formation of Am(III) in
acetonitrile solutions containing 0.05 to 2.0 M H3PO, using a spectrophotometric
technique. The spectral shift and the broadening of the 503 nm peak was interpreted
by the formation of AmH,PO3" and Am(H,PO,)5 in the organic solvent. The cor-
responding stability constants are: log,, #; = 12.0 and log,, 32 = 24.6. The stability
constants are many orders of magnitude larger than the ones obtained in aqueous
solutions.

The authors investigated also the complex formation of Am(IV) in the same non-
aqueous media. The decrease of the formal potential for the couple Am(IV)/Am(IIT)
with increasing H3PO, concentration was interpreted by the presence of the complex
Am(IV)(HyPOy)7, for which the stability constant was calculated to be:

Am*T +3H,PO; = Am(H,PO,)7 logo B3 = 46.4 4+ 0.2

These results obtained in acetonitrile solutions have an informative value, but will
not be included in this review.

[87RAO/MAH]
Rao, V.K., Mahajan, G.R., Natarajan, P.R., Hydrolysis and carboxylate complexation of
trivalent americium, Inorg. Chim. Acta, 128 (1987) 131-134.

The authors investigated the complexation of Am(III) with acetate and tartrate
ions in 0.5 M NaClO, solutions at pH = 4 and pH = 8. Solvent extraction with di-
nonylnaphthalene sulphonic acid in benzene was used as the experimental technique.
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The tartrate (L.?7) ions were considered to be the only complexing agents in the sys-
tem, even though almost equal concentrations of HL™ and L2~ are present at pH = 4,
as calculated with the values of the dissociation constants of tartaric acid, H,L, used
by the authors. Moreover, a disagreement exists between free ligand concentrations
estimated from total tartrate concentrations, and those used in the regression analysis
of the experimental data (see Table 1 and Figure 2 of the original paper).

The value of the first hydrolysis constant, log,,31 = —(6.80 & 0.30) was derived
from the data for the tartrate system at pH = 8. However, by using the values of
the complexation constants reported by Rao, Mahajan and Natarajan, the Am(III)
speciation is calculated to be largely dominated by AmL?" and AmL; at pH = 8 and
at the relatively high concentrations of tartrate ions used throughout the experiments
(from 5 x 107* M to 8 x 1072 M). Therefore, the derived value of *3; may only be an
artifact of the curve fitting procedure.

[88KIM/BUC]

Kim, J.I., Buckau, G., Bippelmann, K., Klenze, R., Lierse, Ch., Stadler, S. Chemis-
ches verhalten von Np, Pu und Am unter naturlichen aquatischen bedingungen. Hy-
drolyse, carbonat-komplexierung, a-radiolyse, kolloidbildung, huminstoff-charakterisierung
und speziation, Report RCM-00988, Inst. fur Radiochemie, Techn. Univers. Miunchen,
1988, 134p., in German.

The information in this report on the hydrolysis of americium is also given in Refs.
[88STA /KIM, 88STA /KIM2], see the comments in this Appendix on the correspond-
ing references. The results of Bernkopf and Kim on the carbonate complexation of
Am(III) are also summarised in this report, cf. the discussion of [84BER/KIM] in
this Appendix.

[88RAO/MAH]

Rao, V.K., Mahajan, G.R., Natarajan, P.R., The thermodynamics of complexation of
trivalent americium by phosphate and carbonate in neutral aqueous solutions, Lanthanide
and Actinide Research, 2 (1988) 347-361.

Rao, Mahajan and Natarajan carried out solvent extraction experiments as a func-
tion of temperature to investigate the Am(III) carbonate system at I = 0.5 M
NaClOy, pH = 6 and 7. The results presented in Figures 3 and 4 of Ref. [88RAO/MAH]
were interpreted by Rao, Mahajan and Natarajan assuming the formation of the
AmHCO2" complex. This review uses the experimental data at 25°C, which consists
of the total carbonate concentrations, pH and distribution coefficients [88RAO/MAH,
Table 3], to check the chemical model. The following values were used for the first
and second acidity constants in the carbonate system,

CO; +H* =HCO; logo K1(I = 0.5 M) = 6.074+0.027
CO3™ + 2H*=2CO04(aq) + HyO(1) log,o Ko (I = 0.5 M)= 15.731+0.035

Figure A.8 shows that the distribution coefficients measured at different pH values fall
on the same curve (log,, D versus log;,[CO3 ]) in contradiction with the calculations
and with the conclusions of Rao, Mahajan and Natarajan [88RAO/MAH, Figure 3].
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Figure A.8: Distribution coefficients of Am(III), D, measured by Rao, Mahajan and
Natarajan [88RAO/MAH] in aqueous solutions containing carbonate at I = 0.5 M
NaClOy4, pH = 6 and 7, and at 25°C.
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The points in Figure A.8 indicate the formation of americium carbonate complexes
(rather than bicarbonate). As no solvent extraction was measured in the absence of
ligand in order to ascertain the extraction mechanism, it is not possible to determine
the stoichiometry of the predominant americium complex in the aqueous phase, or
its stability constant. This review rejects the chemical model proposed by Rao,
Mahajan and Natarajan and considers that the bicarbonate complex, AmHCO2", is
not evidenced by this experimental work.

Rao, Mahajan and Natarajan also studied the temperature dependence of Am(III)
complexation by phosphate ions using a solvent extraction technique at 7 = 0.5 M
NH; /H,PO, /ClO,, pH = 2 and 7, and at temperatures of 10, 20 and 41°C. The
experimental results were interpreted assuming the formation of AmH,PO?" and
AmHPO]. These species were previously suggested by Rao, Mahajan and Natara-
jan in a previous study [86RAO/MAH]. The reported equilibrium constants are re-
produced in Table V.15. The authors calculated enthalpy changes from the vari-
ation of the equilibrium constants with temperature, and reported A H, = 2.37
and 1.34 kJ - mol™! for the formation of AmH,PO?" and AmHPO] respectively.
However, from the values of log;, 1 given in Table 2 of [S8RAO/MAH], the values
A Hp, = (40 £18) and (24 + 4) kJ - mol~! are instead obtained for AmH,PO3" and
AmHPO] respectively. There is no apparent reason for such a large discrepancy.

The experimental data obtained at pH = 7 are not considered sufficient for the
determination of either the stoichiometry or the stability constant of the predom-
inant americium species at neutral pH (c¢f. discussion of Ref. [S6RAO/MAH] in
this Appendix), and therefore, the corresponding log,, 1 (AmHPO}) values (at 10
and 20°C, Table V.15) are not accepted by this review. This review calculates
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[HoPOy ], from the tabulated [H3PO4l,,, at pH =2 using the selected dissociation
constant of phosphoric acid extrapolated to I = 0.5 M NH,ClO4 with the specific
ion interaction equations in Appendix B (log,q K3 = —1.71; —1.76 and —1.86, at
10, 20 and 41°C, respectively). The variation of the distribution coefficient vs.
[HoPO;] indicates the formation of AmH,PO3;" (pH = 2 and 3). Reanalysis of
these data gives log,, 31(A.7) = (1.74 £ 0.30), (1.80 £+ 0.16), and (1.97 £+ 0.28) at
10, 20 and 41°C, respectively. These equilibrium constants and that obtained from
the reevaluation of Ref. [86RAO/MAH] may be used to determine the enthalpy and
entropy changes from a weighted linear regression “In 3;(A.7) vs. 1/T (K1), yield-
ing A;Hpyy = (14 £6) kJ - mol ! and A, Sy = (82+19) J- K ! - mol ™t at 25°
and I = 0.5 M. Extrapolation of the equilibrium constants to I = 0 with the aim
of obtaining the reaction enthalpy in standard conditions is not attempted because
it would require the extra assumption that Ae is constant with temperature, intro-
ducing an error of unknown magnitude. Furthermore, the small variation of log,, 5
with temperature is similar in value to the uncertainty in the individual values of the
equilibrium constants.

[88STA/KIM]

Stadler, S., Kim, J.I., Chemisches Verhalten von Americium in naturlichen wassrigen
Losungen: Hydrolyse, Radiolyse und Redox-Reaktionen, Report RCM-01188, Institute fur
Radiochemie der Technischen Universitat, Miinchen, 1988, 141p., in German.

The authors investigated the pH dependence of Am(OH);(s) solubility in the fol-
lowing solutions at (2540.5)°C: 0.1 M NaClOy (cf. Figures A.9 and A.3), 0.1 M NaCl,
0.6 M NaCl, 3 M NaCl and 5 M NaClOy4. The effect of a-induced radiolysis on solu-
bility was studied using different total concentrations of 2! Am. This is a reasonably
careful work, but no attempts were made to characterise the solid phase. Precipi-
tation of trivalent lanthanides with OH~ from solutions containing Cl1~, SO, NO3
was found to form basic salts of composition depending both on the bulk anion con-
centration and on the age of the system [61AKS/ERM, 70MIR/POL]J. It is possible
that formation of mixed-anion precipitates might occur also in the Am/H,O/NaCl
system studied by Stadler and Kim.

The reported solubility products are concordant with the value measured by Silva
[82STL] for 2**Am(OH)z(cr). Tt is unclear, however, if the same phase controls the
americium solubility in the two cases, because of the markedly different conditions
of preparation of the starting solids. Parallel shift of solubility curves occurred by
increasing total americium activity, with no further change above 44 MBq/ml. As
suggested by the authors, the higher values determined for the solubility product
probably results from an increase of available surface area of the solid phase due to
radiation damage.

This review recalculates hydrolysis constants from the experimental data (plotted
in Figures A.9 and A.3) in 0.1 M NaClO, with low radiation effect (< 3.7 MBq/ml).
The experimental pH-values reported in [88STA/KIM, Table 7.3] are converted to
logyo[H*] values by introducing a correction factor accounting for the liquid junction
potential (measured by this review using the same experimental setup as Stadler
and Kim) and the value of the activity coefficient of HT recalculated for internal
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Figure A.9: Solubility measurements of Am(III) hydroxide in 0.1 M NaClO,4 and
25°C from Stadler and Kim [88STA/KIM]. The continuous curve represents the sol-
ubility values calculated with the set of equilibrium constants re-estimated by this
review from experimental data in Ref. [88STA /KIM] and the dotted curves show the
associated uncertainties.
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consistency with the equations given in Appendix B. The correction found by this
review is: —log,o[H"] = (pHezp. —0.0522). The least-squares Marquardt computation
gives

log,;'Kso = 15.5£0.4
log, /1 = —-70+04
log,;B: = —15.1+04
log,B = —264+05

This review increases the estimated uncertainties because of the scarce information
available on the composition of the solid phase. The thermodynamic constants are
calculated using the Ag, values reported in Section V.3.2.4 obtaining log,,’3; =
—(6.6 +0.4), log,'85 = —(14.4 + 0.4), log, 85 = —(25.7 £ 0.5).

The solubility measurements in 5 M NaClO,4 are too few to derive reliable infor-
mation on equilibrium constants.

Solubility experiments of Am(OH)s(s) in 3 M NaCl at 74 Bq/ml resulted in much
higher americium concentrations, because of radiolytic oxidation of Am(III) to Am(V).
Stadler and Kim fitted these experimental data with a model assuming AmOj; and
AmO,0OH(aq) as main soluble species, and AmO,OH(s) as solubility-controlling solid
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phase. Although no characterisation was made of the Am(OH)3(s) solid/liquid inter-
face where Am(III) oxidation to Am(V) should occur, spectrophotometric evidence of
Am(V) species in solution was reported. According to the calculated formation con-
stant, log,, 41 = (1.7£0.6), only 2% of AmO,OH(aq) should be present in solution at
pH = 13, the highest pH value investigated. This review considers the experimental
procedure not precise enough to obtain a reliable value of the hydrolysis constant
for AmO,OH(aq). The order of magnitude of the solubility product of AmO,OH(s)
is in agreement with other studies on different pentavalent actinides. The authors
reported the value of log,; K50 = —(9.3 £ 0.5) for the reaction

AmO,0H(s) = AmOj + OH". (A.8)

Stadler and Kim mentioned an ionic strength effect on pH measurements. It is
not clear, however, if these were corrected for the liquid junction potential. If this is
not the case, a displacement of the Am(V) solubility curve along the X-axis of about
+0.7 pH units (as experimentally measured by this review) would occur at 3 M NaCl.
Least-squares fit of the corrected data with a model neglecting AmO,OH(aq) would
then give log,q Ks0(A.8) = —(9.8 £0.5), i.e., log,"Kso = (4.2 £ 0.5). Because of the
high concentration of Cl~ ions, formation of mixed precipitates and soluble ameri-
cium chloro complexes may not be disregarded. However, no characterisation of the
solid phase was reported, and therefore this solubility constant for AmO,OH(s) is
not recommended by this review.

[88STA/KIM2]
Stadler, S., Kim, J.I., Hydrolysis reactions of Am(Ill) and Am(V), Radiochim. Acta,
44/45 (1988) 39-44.

This appears to be the same study reported as Ref. [88STA /KIM] where more
experimental details are given.

[8INIT /STA]
Nitsche, H., Standifer, E.M., Silva, R.J., Americium(lll) carbonate complexation in aque-
ous perchlorate solution, Radiochim. Acta, 46 (1989) 185-189.

The authors determined the formation constant of AmCOj3 in 0.1 M NaClOy so-
lutions by absorption spectrophotometry [89NIT/STA]. The shift in the absorption
band at 502.8 nm (to longer wavelength with increasing [CO3 ]) was analysed by
a non-linear least-squares method to estimate the first stability constant (). By
conducting the measurements at two different CO(g) partial pressures (0.1 and 1.0
atm), it was possible to differentiate between carbonate and bicarbonate complexa-
tion. No evidence was found for the existence of americium bicarbonate complexes.
The authors applied the specific ion interaction equations (c¢f. Appendix B) on the
available literature data [82LUN, 84BER/KIM, 89ROB, 89INIT/STA] and extrap-
olated the value of the equilibrium constant to zero ionic strength. The results
log,, A7 = (8.16 + 0.10) and Ae = —(0.11 & 0.07) kg - mol™" are in agreement with
selected values in the present review.



296 Discussion of selected references

[89PAZ /KOC(]
Pazukhin, E.M., Kochergin, S.M. Stability constants of hydrolysed forms of americium(I11)
and solubility product of its hydroxide, Sov. Radiochem., 31 (1989) 430-436.

Pazukhim and Kochergin reported americium solubilities as a function of [H*] in
3 M NaClOy at (2540.5)°C. Most of the measurements were performed with 24! Am,
but some experiments were duplicated with *Am. Contamination by atmospheric
COs(g) was prevented. The authors reported values for the formation constants of
americium hydroxo species using a value for the ionic product of water log,, K,, =
—14.0. On this basis we calculate the following values for the solubility and hydrolysis
constants at I = 3 M: log,,"31 = —(6.40+0.11), log,,"F2 = —(13.40£0.16), log,"fs =
—(20.30 £ 0.17) and log,;"Kso = (14.60 = 0.11). Extrapolation to I = 0 using
the specific ion interaction equations of Appendix B gives: log,,"3; = —(5.1 £ 0.2),
log,o'B = —(12.140.2), log,"#; = —(19.2 + 0.2) and log, 'Ky, = (13.1 £0.2).

The most striking difference between the solubility curves reported by other authors
[83RAI/STR, 82SIL, 84BER /KIM, 84KIM/BER, 88STA /KIM] and the experimental
results of [89PAZ/KOC] is the much higher solubility values reported in this work.
This results in a very high value for log,o(*Kso X *05), suggesting the presence of
a highly soluble Am(OH);(s). However, this is in contradiction with the value of
log,o"Ks obtained in the regression analysis which points to a solid of high crystal-
linity. Indeed, the log,,"K; is two orders of magnitude lower than that reported by
other authors who carefully characterised the solid phase.

The method used by Pazukhin and Kochergin for the preparation of solid
Am(OH);(s) changed with the pH-range. Moreover, no characterisation of the solid
was made, the equilibration time was very short (1 to 2 hours), and the centrifuga-
tion procedure used (10000 rpm during 25 min) may have not differentiated between
smaller americium colloids and true dissolved americium species. The consequence
of this last consideration would be a much higher apparent solubility. Based on these
factors, the measurements reported by Pazukhin and Kochergin are disregarded in
this review.

[89ROB]

Robouch, P., Contribution a la prévision du comportement de |'américium, du pluto-
nium et du neptunium dans la géosphére; données chimiques, Ph.D. thesis, presented
in Strasbourg, 13 Nov. 1987, Report CEA-R-5473, Commissariat a |'Energie Atomique,
Gif-sur-Yvette, France, 1989, 216p., partly in French.

The solubility of Amy(CO3)3(s) as a function of the concentration of carbonate in
solution was studied at 3 M NaClOy ionic strength and (20 + 1)°C, ¢f. Figure A.10.
X-ray diffraction studies were made of the solid phase, and the solid was identified as
the normal carbonate of americium(III) by analogy of the X-ray diffraction pattern
with that of lanthanides. Two sets of experiments were performed: the first one with
known total carbonate concentration (3x10~* < [CO37],,, < 1.0 Mand ~ 7 < pH <
10.5); the second one under controlled CO4(g) partial pressure (pco, = 0.1,0.3 and
1.0 atm and 5.1 < pH < 7.8). The solubility data were analysed in terms of carbonate
complexes (Am(CO3)32") n = 1,2,3) and a solubility product for Amy(COs)s(s).
No evidence of Am(CQO3);  formation was found by spectrophotometry in the 0.1 to
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Figure A.10: Solubility measurements of Am(III) at 3 M NaClO4 and 20°C from
Robouch [89ROBJ. The diagram shows experimental points (0) obtained under con-
trolled COy(g) partial pressure (0.1, 0.3 and 1.0 atm) and data from batch experi-
ments sampled after 10 and 20 weeks of equilibration time (& and O respectively).
The continuous curve represents the solubility of Amy(COj3)s3(cr) calculated with the
set of equilibrium constants re-estimated by this review from data in Ref. [S9ROB],
and the dotted curves show the associated uncertainty.
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3.0 M NayCOj range, which is in agreement with the observations of Shiloh et al. and
Bourges et al. (cf. discussion of Refs. [(9SHI/GIV, 83BOU/GUI] in this Appendix).
The reported thermodynamic constants are presented in Table V.16.

This review re-evaluates the experimental data as follows. The acid equilibrium
constants for the carbonate system given in Table IV.2 are extrapolated first to 20°C
and then to 3.49 m NaClO, (using however e-values valid at 25°) and converted to
molar units:

CO3™ + 2H+=2C04(g) + H,O(1) log,o Kp2(I =3 M,20°C) = 17.8140.05
CO3™ + 2H*=CO04(aq) + HyO(1) log,o Ko(I =3 M, 20°C) = 16.21+0.05
CO; + H* =HCO3; log,o K1(I =3 M,20°C) = 9.6240.04

These equilibrium constants differ slightly from the values used by Robouch. There-
fore the “pH” (= log,,[H"]) measurements reported in Tables 2a and 2b of [89ROB]
were adjusted to the different log,,[H*] values of the solutions used to calibrate
his glass electrode. These corrected values, were used with pco, (in bar units) or

[CO37],,, data to obtain revised values of log;,[CO3 ] which are shown in Fig-
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ure A.10. An unweighted least squares fitting of the data yielded the following equi-
librium constants (at I = 3.0 M): log,, 51 = (5.73 £ 0.24), log,, f2 = (9.09 + 0.25),
log,o B3 = (11.50 £ 0.18), and log,y K50 = —(15.27 £ 0.14) for reaction:

0.5 Amy(CO3)3(cr) = Am®+ +1.5CO5. (V.36)

These values, converted to molal units, are extrapolated to zero ionic strength
(using however the ion interaction coefficients in Appendix B which are valid at 25°C).
This yields: log,, 37 = (7.80+0.32), log,, 45 = (11.60+0.38), log,, /5 = (12.88+0.42)
and log;o Kgo(V.36) = —(17.54 4+ 0.24).

There is however an alternative interpretation for the data obtained with the batch
experiments. The calculated partial pressures of COs(g) in these solutions is in
general much lower (8 x 1073 bar in average) than in the experiments at constant pco, -
This would favor the transformation of Amy(COj3);3(s) into AmCO3;OH(s) according
to:

1 1 1

§Am2(C03)3(s) + §HQO(1) = AmCO3;0H(s) + §C02(g)
as outlined by Vitorge [92VIT]. Under the conditions studied by Robouch the solu-
bilities of these two solids are of the same order of magnitude, and because Robouch
only determined the nature of the solid phase by X-ray analysis on experiments at
controlled pco,, it is possible that the hydroxy-carbonate was present in the batch
experiments. If that is the case, the solubility of americium at high values of [CO3™]
should be described with the following reactions:

AmCO;0H(s) + HY 4+ CO2™
AmCO;0H(s) + HY 4+ 2C0O2

= Am(COj3); (A.9)
= Am(CO3)3~ (A.10)
(see also Ref. [94GIF]). Figure A.11 shows that indeed the data obtained in the batch
experiments can be explained with the solubility of AmCO3OH(s). The values of the
equilibrium constants, Kg; = (K;0(V.33) x Kg,0 X i), used to draw the continuous
curve in Figure A.11 correspond to 3.33 and 6.23 at I = 0 for reactions (A.9) and
(A.10). These values are similar to the equilibrium constants obtained from the data
in Refs. [85SIL, 90FEL/RAI], but differ from the values given in Refs. [$4BER/KIM,
92RUN/MEI].

As the data obtained by Robouch [89ROB] in batch experiments (log,,[CO3; ] >
—3.5) can equally well be described with the solubility of both Amy(CO3)3(s) and
AmCO3;0H(s), only the equilibrium constants unequivocally resulting from the mea-
surements at constant pco,, i.e. log;s 87 and log;q K¢o(V.36), are used in the selection
procedure described in Sections V.7.1.2.1.a and V.7.1.2.2.b.

Robouch mentioned [89ROB, pp.57-58| that the solid americium carbonate in con-
tact for more than 8 months with solutions containing [Na,CO3]> 1 M was converted
to NaAm(COj)a(cr). However, it is not clear for which experimental points [S9ROB,
Table 2b, page 60] the X-ray diffraction pattern was obtained. Furthermore, the re-
ported solubilities are too few to permit an accurate determination of the solubility
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Figure A.11: Americium(III) solubility measurements at 3 M NaClO, and 20°C
from Robouch [89ROB]. The diagram shows only experimental data from batch
experiments sampled after 10 and 20 weeks of equilibration time (& and O re-
spectively). The curve shows the values calculated assuming equilibrium with
AmCO3;0H(s) and the following equilibrium constants: log;y Ks2(A.9) = 2.79 and
log,q Ks3(A.10) = 6.82.
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product for this mixed-carbonate compound.

[89ROS/REI]

Rosch, F., Reimann, T., Buklanov, G.V., Milanov, M., Khalkin, V.A., Dreyer, R., Electro-
migration of carrier-free radionuclides. 13. lon mobilities and hydrolysis of 24! Am-Am(l11)
in aqueous inert electrolytes, J. Radioanal. Nucl. Chem., 134 (1989) 109-128.

Rosch et al. present an electromigration study of **'Am at [C1O,] = 0.1 M and
25°C. The electromigration method used does not suffer from the possible artifacts
of other electromigration methods using solid stationary phases (see considerations
under Refs. [(OMAR/KIK, 72SHA/STE, 73KOR2] in this Appendix). The ion mo-
bilities of the americium(III) aqua ion were found to be pH-dependent even in the
acidic pH region where Am(III) hydrolysis does not occur. The authors proposed a
change in the hydration sphere to explain these observations. On the other hand,
they assumed that this effect was negligible in the pH range 5.5 — 7.9, and ascribed
only to hydrolysis the observed variations in the overall americium mobility. These
data were fitted with a model assuming the presence of Am3* and AmOH?* only, ob-
taining a value of log,,"3; = —(6.9 £ 0.2). No attempts were made to test alternative
hydrolysis schemes. A dramatic drop of the overall americium mobility was observed
above pH = 9. This was interpreted as the formation of the hydroxide Am(OH);, and
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a value of log,,"33 = —(23.8 £ 0.9) was reported. It is not clear how this calculation
was made. No indication was given on the nature of this hydroxide, either solid or a
soluble species. Indeed the experiments were made by injecting 1 — 2 ul of an am-
ericium stock solution into the starting position of the migration tube, but no data
are given on the total americium concentration involved. We expect that to cope
with detection limits, quite high americium concentrations were used, and therefore
local precipitation may have occurred. Rosch et al. also proposed an upper limit
log,," K4 < —12.9 for the fourth hydrolysis complex, even though no experimental
evidence for this complex was found.

Based on the above considerations the data of Rosch et al. [89ROS/REI] have not
been credited by this review.

[90FEL /RAI]
Felmy, A.R., Rai, D., Fulton, R.W., The solubility of AmOHCOj3(c) and the aqueous
thermodynamics of the system Nat—-Am3*-HCO; -CO2 -OH~-H20, Radiochim. Acta,
50 (1990) 193-204.

Felmy, Rai and Fulton investigated the solubility of 243Am in carbonate media over
wide ranges of CO3 /HCO; concentrations and pH values:

e at pco, = 0.001 atm and 5.2 < pH < 9.3
e at 10.6 < pH < 11.3 and 0.03 <[Na,CO3] < 0.1 M
e at 11.7 < pH < 13.0 and [Na,CO3] = 0.07 M.

The ionic strength of the solutions was not kept constant. Although the temper-
ature at which the experiments were performed was not mentioned by Felmy, Rai
and Fulton, this review assumes it to be close to 25°C. The authors presented X-ray
pattern similar to the one presented by Silva and Nitsche [84SIL/NIT] and identified
the precipitate as AmCO3OH(s). The solubility data were then interpreted assuming
the formation of Am(cog)ﬁ-““ (¢ =1, 2, 3) complexes, which is in agreement with
other experimental observations (cf. Section V.7.1.2.1). Felmy, Rai and Fulton used
the Pitzer virial coefficient approach [7T9PIT] together with a nonlinear least-squares
technique to calculate standard equilibrium constants (cf. Table V.16). The authors
did not include their solubility results at pH < 6.5 in the least-squares fit, because
they suspected that the solutions were undersaturated. These experimental points
were instead replaced with the solubility results of Silva and Nitsche [84SIL/NIT,
85SIL]. If only solubility measurements at pH > 6.5 are considered, it is only possible
to obtain values for the equilibrium constants involving the predominant aqueous
americium complexes in this pH range. Assuming, as Felmy, Rai and Fulton did,
that Am(cog)ﬁ-“” (1 =1, 2, 3) are the predominant complexes, it is possible to use
reactions like:

AmCO30H(cr) + HF (i — 1) COZ = Am(CO5)®™*) £+ Hy,0(1)  (A.11)
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or:

AmCO3;0H(cr) + (i — 2) H,O(1) + (i — 1) CO4(g)
= Am(CO3)* %) 4 (2i — 3)H*

etc., to fit the data at pH > 6.5. This review digitises the solubilities at fixed pco,
(converted from atm to bar units) [90FEL/RAI, Figure 8] and at varying concentra-
tions of NayCOj for 78 day equilibration [90FEL/RAI, Figure 9 and Table 1], and per-
forms a least-squares fit of these solubilities, all of them measured at 6.5 < pH < 11.
The measurements on 0.07 M Nay,COj solutions with added NaOH [90FEL/RAI, Fig-
ure 5] at 11.7 < pH < 13.0 were not included in our re-evaluation because not enough
experimental details are provided in the publication. The fitting procedure involved
the calculation of [H*] from reported pH-values, and of the ionic strength and the
activity coefficients (using the specific ion interaction equations in Appendix B) by an
iteration procedure. Owing to the low ionic strengths of these solutions, the results
of the calculations are not sensitive to the method used to obtain single ion activity
coefficients. The calculations show that a systematic error of +0.05 in the pH-values,
for example from junction potentials, would result in errors between +0.05 and +0.1
in the fitted equilibrium constants.

Our calculations yield values for log,y"K¢;(A.11) of —(0.8 +£0.2), (3.7 £0.4) and
(6.4 + 0.5) for i = 1, 2 and 3 respectively. These values can be compared with
those calculated from the equilibrium constants reported by Felmy, Rai and Fulton
[90FEL/RAI]: —0.9, 3.8 and 6.7 respectively. The experimental data at constant
pco, for pH > 6.5 are compared in Figure A.12 with the computed solubilities.
Combining the recalculated values with log,, K35,(V.33) = —(22.3 £ 0.3), from the
reinterpretation of the experiments reported by Silva [85SIL], and the ionic product
of water results in logy, ) = (7.5 + 0.4), logy, 5 = (12.0 + 0.5) and logy, 55 =
(14.7 £ 0.5). It should be noted that while the constants for the first and second
complex agree with the values reported by Felmy, Rai and Fulton: 7.6 and 12.3
respectively, there is some discrepancy between the value of 335 given by Felmy, Rai
and Fulton (15.2) and our results. This difference arises from the fact that the
measurements in 0.07 M Na,COj3 at 11.7 < pH < 13.0 could not be included in
our evaluation. Therefore, the equilibrium constants at I = 0 for the formation of
AmCO3, Am(CO3), and Am(Cog) reported by Felmy, Rai and Fulton are included
in the selectlon procedure of Section V.7.1.2.1.a with the uncertainties obtained in
our recalculation.

On the basis of the solubility data above pH = 12.5, Rai et al. revised the upper
limit proposed in a former paper [83RAI/STR] for the Am(OH)s(aq) complex, cf.
Table V 4.

[90PER/SAP]
Pershin, A.S., Sapozhnikova, T.V., Hydrolysis of Am(lll), J. Radioanal. Nucl. Chem., 143
(1990) 455-462.

The authors performed two potentiometric titrations. No information was given on
ionic strength or temperature for the pH measurements. The solubility product was
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Figure A.12: Solubility measurements of AmCO3;OH(cr) from Felmy, Rai and Ful-
ton [90FEL/RAI| at pco, = 0.001 atm. The continuous curve represents the values
calculated with the set of equilibrium constants re-evaluated by this review from
experimental data in [90FEL/RAI], and the dotted curves show the associated un-
certainty.
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derived from a jump on the titration curves associated by the authors to the onset of
precipitation. Pershin and Sapozhnikova report the following value for the solubility
product: log,,"Kso = —27.3. For lack of information on how the experiments were
conducted this constant is disregarded in this review.

[90ROS/REI]
Rosch, F., Reimann, T., Buklanov, V., Milanov, M., Khalkin, V.A., Dreyer, R., Electro-
migration of carrier-free radionuclides. XIV. Complex formation of 2! Am—-Am(lll) with
oxalate and sulphate in aqueous solution, J. Radioanl. Nucl. Chem., 140 (1990) 159-169.
Résch et al. [90ROS/REI] investigated the formation of americium sulphato com-
plexes using an electromigration technique at 298.15 K and I = 0.1 M, in HCIO,/-
Nay,SO, (pH = 2.8) and NaClO4/NaySO, (pH = 5.5) media. The decrease of the am-
ericium mobility with increasing [SOF | was interpreted by the formation of AmSO;
as the predominant species. The corresponding stability constant was found to be
logo 61 = (2.520.3), and this value is used in the selection procedure described in Sec-
tion V.5.1.2.1. Extrapolation to I = 0 (cf. Appendix B) yields log,, 67 = (3.8 £0.6).
This review considers that the experimental data presented by Rosch et al. are insuf-
ficient to prove the existence of Am(SQOy),, and therefore rejects the reported value
of log,, K.
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[90TAN]
Tananaeyv, |.G., Hydroxides of pentavalent americium, Sov. Radiochem., 32 (1990) 305-
307.

The procedure for the synthesis and the X-ray characterisation of several dou-
ble hydroxides of americium(V) (MAmOy(OH)y - xHyO(cr), M = Li, Na, K; and
M;AmOy(OH)3 - 2H5O(cr), M = Na, K) were reported in this paper. The existence
of these solid phases was taken as an evidence for the presence in basic media of the
corresponding aqueous Am(V) hydroxo complexes. No values for equilibrium con-
stants were reported.

[90TANZ2]
Tananaev, |.G., Forms of Np(V) and Am(V) in basic aqueous media, Sov. Radiochem.,
32 (1990) 476-479.

From spectrophotometric measurements Tananaev concluded that in alkaline so-
lutions of Am(V), the dominant hydroxo complexes are AmOo(OH)L ™™, with n =

n
1...4. No values for the equilibrium constants are reported in this work.

[91MEI/KIM]
Meinrath, G., Kim, J.I., The carbonate complexation of the Am(Ill) ion, Radiochim. Acta,
52/53 (1991) 29-34.

The authors investigated the americium complexation in carbonate media, per-
forming solubility and spectroscopic experiments. The data were collected in a ionic
media of 0.1 M NaClO4 (at 6 < pH < 8) and 0.3 M NaClO, (at 8 < pH < 9), under a
controlled CO4(g) partial pressure (pco, = 0.01 atm), and at 25°C [91MEI/KIM, Ta-
ble 4], cf. Figure A.13. The results were interpreted by the formation of AmCOjZ and
Am(CO3);. The precipitate, analysed by X-ray diffraction, thermogravimetry and
differential thermal analysis, was characterised as Amy(COj3)s3(cr). The equilibrium
constant, for the reaction

COy(g) + H,O(1) = 2H' +CO3, (A.12)

was experimentally determined in 0.1 M NaClOy as log,, K = —(17.62 £ 0.10). For
this very simple equilibrium the uncertainty at the 95% level (+0.2 log,,-units) seems
to be considerable, and may indicate that the electrode measurements perhaps were
not very accurate.

The spectrophotometric and photoacoustic results are essentially based on four
spectra measured in carbonate media. The second formation constant, determined
only from one spectrum at pH = 8.7 in combination with the solubility results, is
to be disregarded due to insufficient accuracy of the collected data. The value of
logo £1(0.1 M) = (6.48 & 0.03) determined spectrophotometrically is in good agree-
ment with previous results by Nitsche, Standifer and Silva [89NIT/STA] and is se-
lected by this review.

The solubilities presented in Figure 3 or Ref. [91MEI/KIM] were digitised by this
review, and the data were re-analysed as follows. Activity coefficient corrections,
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Figure A.13: Solubility measurements of Amy(COj3);(cr) from Meinrath and Kim
[91IMEI/KIM] at 0.1 M NaClO, and pH < 8 (O) and 0.3 M NaClO4 and pH > 8
(©), and at pco, = 0.01 atm and 25°C. The continuous curve represents the values
calculated with the set of equilibrium constants determined by Meinrath and Kim
[91MEI/KIM], and the dotted curves show the associated uncertainty.
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using the specific ion interaction equations of Appendix B, were used to obtain [H*]
from the reported pH-values and to calculate americium(III)-carbonate equilibrium
constants at I = 0.3 M (for the points at pH > 8) from the fitted equilibrium
constants at I = 0.1 M. The reported value of pco, was converted from atm to bar
units, and then used to calculate values of [CO3~] using log;, K (A.12) = —17.53 and
—17.28 at I = 0.1 and 0.3 M respectively (experimental points at pH < 8 and > 8).
The calculations show that a systematic error of £0.05 in the pH-values, for example
from junction potentials, would result in errors between £0.1 and +0.2 in the fitted
equilibrium constants.

Our least-squares fitting yields the following values at I = 0.1 M NaClOy: log,, /1 =
(6.14+0.3), logyy B2 = (9.5£0.3), and log,y Ko = —(15.0 £0.2), where the solubility
constant refers to the reaction:

0.5 Amy(CO3)3(cr) = Am*T +1.5C0O3™. (V.36)

These values are in agreement with the ones reported by Meinrath and Kim (cf.
Table V.16) which are consequently included in the selection procedure described in
Section V.7.1.2. The complexation constants (solubility method) and the solubility
products (solubility and spectrophotometric methods) given by Meinrath and Kim
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are converted to molal units and extrapolated to I = 0 with the specific ion interac-
tion model of Appendix B to yield: log,, 67 = (7.26 £0.30) log,, #5 = (11.29 £0.47),
logyo K5(V.36) = —(16.54 4+ 0.18) and —(16.45 + 0.10) (solubility and spectrometry
experiments, respectively).

[91MEI/KIM2]
Meinrath, G., Kim, J.I., Solubility products of different Am(IIl) and Nd(Ill) carbonates,
Eur. J. Solid State Inorg. Chem., 28 (1991) 383-388.

Meinrath and Kim investigated the formation of Amy(CO3)3(s), NdCO3OH(s) and
Nd3(COs3)3(s) under different CO4(g) partial pressures in the pH range of 4.1 to 6.2 at
(224+1)°C. The chemical composition of the Nd(III) precipitates were characterised by
X-ray diffraction measurements, FTIR spectroscopy and thermogravimetry together
with differential thermal analysis.

Nd;(CO3)3(s) was found to be formed at pco, > 0.01 atm, while at pco, = 0.031%
(i.e. atmospheric conditions) the Nd precipitate appears to be at first a mixture of
Nd;(CO3)3(s) and NdCO30H(s), with a steady increase of the amount of the hydroxy
carbonate solid with time.

The solubility of ?*' Am(III), obtained for pco, = 1% and 100%, were interpreted
assuming — by analogy — the formation of Amy(CO3)3(s). The equilibrium con-
stant for the reaction COy(g) + HyO(1) = 2H™ + CO3™, was experimentally deter-
mined in 0.1 M NaClO, as log;y K = —(17.62 + 0.07), and used by Meinrath and
Kim for the data treatment. There are no graphs or tables in the paper present-
ing the experimental measurements on americium, and therefore it is not possible
to judge the uncertainty in the results. The solubility product reported by Mein-
rath and Kim (¢f. Table V.16) converted to molal units, is extrapolated to zero

ionic strength using the specific ion interaction equations (¢f. Appendix B) yielding
logyg Kgo(V.36) = —(16.38 + 0.10) (cf. Section V.7.1.2.2).

[91VIT/TRA]

Vitorge, P., Tran The, P., Solubility limits of radionuclides in interstitial water — Americium
in cement. Task 3 — Characterization of radioactive waste forms. A series of final
reports (1985-89) — No. 34, Report EUR 13664, 1991, Commission of the European
Communities, Luxembourg, 39p.

Vitorge and Tran The investigated the solubility of ?*! Am in cement leachates and
in KOH solutions of variable concentration (0 < [KOH] < 10 M) in the presence of
0.04 M Ca(OH)(s). No precautions were taken to avoid contact with atmospheric
CO4(g), even though the addition of Ca(OH)(s) was contributing to the removal
of dissolved CO5y by precipitation of solid calcium carbonate. The measurement of
americium concentrations in the supernatant showed that equilibrium was attained in
about 100 days. No characterisation of the solubility limiting solid phase was made.
Incorporation of americium(III) in precipitating CaCOj;(s) might have also occurred.
The temperature of the solubility experiments is not mentioned in [91VIT/TRA].

The solubility of americium in alkaline solutions in the presence of excess Ca(OH),(s)
was found to be in agreement with the values given by Bernkopf and Kim [84BER /KIM],
Ewart et al. [86EWA/HOW] and Stadler and Kim [88STA /KIM]. Vitorge and Tran The
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reported log,q K53 = —11.1 for reaction:
Am(OH)3(s) = Am(OH)s(aq) (A.13)

This is in agreement with the equilibrium constant selected in this review (cf. Ta-
ble I11.2) for crystalline americium hydroxide, i.e. log,y K53 = —(10.5 + 0.8) (ionic
strength effects are negligible for reaction (A.13) which does not involve charged
aqueous species).

The observed increase in americium concentration with increasing concentration
of KOH was interpreted assuming the formation of Am(OH),:

Am(OH)s3(aq) + OH™ = Am(OH);

with log,, K4 = —0.2. This value, however, is disregarded because of variations in
ionic strength and the lack of characterisation of the solid phase.

[92EWA /SMI]

Ewart, F.T., Smith-Briggs, J.L., Thomason, H.P., Williams, S.J., The solubility of ac-

tinides in a cementitious near-field environment, Waste Management, 12 (1992) 241-252.
See comments under [S6EWA /HOW].

[92RAI/FEL]
Rai, D., Felmy, A.R., Fulton, R.W., Solubility and ion activity product of AmPO, -
zH,0(am), Radiochim. Acta, 56 (1992) 7-14.

Rai, Felmy and Fulton investigated the americium solubility in phosphate media,
from over- and under-saturation, for phosphate concentrations ranging from 1073 to
10752 M.

A pink americium phosphate solid was prepared by adding 5 mg ?**Am in a stock
solution to 30 ml of 0.1 M NaH,PO, (pH = 4.5). After a few days of equilibration,
the precipitate was filtered, washed, suspended in deaerated water samples (the pH
was varied in the range 3 to 1 by adding HCI), and shaken continuously for 50 days.
243 Am was then added to half of the batches to increase the americium concentration
in the solution (i.e. oversaturation). The samples were shaken again and analysed
after different equilibration times.

Chemical and X-ray diffraction analysis show the presence of an amorphous amer-
icium phosphate solid: AmPO, -zH5O(am). The solubility data may be summarised
as follows:

e at pH > 3, the americium concentration is very low (~ 10~ M) and close to the
analytical detection limit of the equipment used by the authors. No reliable
information on the complex formation can be therefore obtained in this pH
region.

e at 2 < pH < 3 the americium concentration decreases by two orders of magni-
tude with one pH unit. This is in disagreement with the expected trend. An
inspection of Table 5 in [92RAI/FEL] shows that phosphate concentrations are
systematically larger than the corresponding americium solubilities in the pH
range ~ 2 to ~ 3. There is no clear reason for this imbalance.
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Figure A.14: Solubility measurements of AmPO, -zH,O(am) from Rai, Felmy and
Fulton [92RAI/FEL] (at 21 days, O, and 86 days, O, equilibration time). The con-
tinuous curve represents the values calculated with the solubility product reported
in [92RAI/FEL] (i.e. logy K5y = —24.79) in combination with the selected acidity
constants for phosphoric acid given in Table IV.2 and the specific ion interaction
equations in Appendix B. The dotted curves show the calculated uncertainty on the
solubility when the uncertainty in the value of log,, K¢ is set to £0.6.
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The authors used both Davies equation [62DAV] and the Pitzer virial coefficient
approach [73PIT, 79PIT] to calculate the standard solubility product:

AmPO, -2H,0(am) = Am®** + PO} +2 H,0(1)
logy Kgo = —24.79 4 0.18.

The temperature was not mentioned by Rai, Felmy and Fulton, but this review
assumes it to be close to 25°C.

A plot of the product of the americium and phosphate solubilities measured by Rai,
Felmy and Fulton [92RAI/FEL, Table 5] vs. the corresponding acidities [92RAI/FEL,
Table 1], is compared in Figure A.14 with the corresponding calculated values.

[92RUN/MEI]
Runde, W., Meinrath, G., Kim, J.I., A study of solid-liquid phase equilibria of trivalent
lanthanide and actinide ions in carbonate systems, Radiochim. Acta, 58/59 (1992) 93—
100.

Runde, Meinrath and Kim investigated the solubility of 2! Am in carbonate media
at 0.1 M NaClO4 and (25.0£0.2)°C using the methodology described in [91MEI/KIM].
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The results are interpreted assuming the formation of Amy(CO3)s3(s) (at pco, >
0.01 atm), and AmCO3;0H(s) (at pco, = 3 x 107* atm). There are no graphs or
tables in the paper presenting the experimental measurements on americium, and
therefore it is not possible to judge the uncertainty in the results. The solubility
products reported by Runde, Meinrath and Kim, presented in Table V.16, are con-
verted to molal units and extrapolated to zero ionic strength using the specific ion
interaction equations (cf. Appendix B) yielding log,y Kg((V.33) = —(20.18 £ 0.24)
and log;y K¢ ((V.36) = —(16.32 4+ 0.18) (cf. Section V.7.1.2.2).

[92VIT]
Vitorge, P., Am(OH)s(5), AmOHCO;3(,) and Amy(COs)s(,) stabilities in environmental
conditions, Radiochim. Acta, 58/59 (1992) 105-107.

The author describes the equilibria between the americium solids present in the
water-bicarbonate-carbonate system, as follows:

Am(OH);3(s) + CO4(g)
AmCO;0H(s) + %Cog(g)

1 1
§Am2(003)3(s) + §H20(1)

By combining the acid constants of HoCO3(aq) and the solubility products of the
different solids, Vitorge concludes that Amy(COs3)3(s) is stable at pco, > 0.1 atm,
while at pco, < 107'% atm the solid that precipitates is Am(OH)3(s), and the
mixed solid AmCO3;OH(s) should be predominant under atmospheric conditions
(pco, =~ 0.001 atm). These thermodynamic considerations are in good agreement
with experimental evidence as well as with the calculations performed in this review

(cf. Section V.7.1.2.2).

[93GIF/VIT]T
Giffaut, E., Vitorge, P. Evidence of radiolytic oxidation of ! Am in Na* / CI= / HCO; /
CO%’ media, Sci. Basis Nucl. Waste Management XVI (Interrante, C.G., Pabalan, R.T.,
eds.), Mat. Res. Soc. Symp. Proc., 294 (1993) 747-751.

Giffaut and Vitorge measured americium concentrations in 0.1 and 4 M NaCl
solutions with added Amy(COj3);3(cr). The solutions contained known amounts of

t Additional experimental details and data are given in a doctoral thesis [94GIF] published after
this volume had been sent for independent peer-reviewing.

In his thesis, Giffaut claims that the Am(III) solid phase in his experiments, performed at pco, <
1072 atm, was in fact AmCO30H(s) instead of Amy(CO3)3(s) as stated in [93GIF/VIT]. Owing
to this, the results at 21°C for the Am(III) system reported in Giffaut’s thesis (log;, 37 = 8.9,
log,o 85 = 13.5, logq B3 = 14.8 and log, K¢ (V.33) = —22.5) [94GIF, pp. 155 and 159] differ
considerably from the equilibrium constants given in [93GIF/VIT]. But the values reported for
Am(V) [94GIF, p.147] do not differ significantly from the the equilibrium constants in [93GIF /VIT].
Giffaut extrapolated the equilibrium constants for Am(V) to I = 0, obtaining: log,, 85 = 4.7, 7.0
and 5.6 for Am0,(CO3), " with n = 1 to 3, and log;q K&o(NaAm0,COs(s)) = —11.4 [94GIF,
p.148].

This work also presents americium solubility curves in 4 M NaCl and reducing conditions in the
temperature range 20 to 70°C. Giffaut interpreted these experimental data assuming the formation
of either AmCO30H(s) or NaAm(CO3)(s).
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total sodium carbonate/bicarbonate. Free carbonate concentrations were calculated
from glass electrode measurements of log;, [H*]. All measurements were performed
at 21°C, except for a few 4 M NaCl solutions which were equilibrated at 70°C.

Higher solubilities in concentrated chloride media were interpreted as the radiolytic
oxidation of Am(III) to Am(V). This was consistent with the fact that addition of
metallic iron, which imposed reducing conditions, resulted in solubilities at 4 M NaCl
similar to the solubilities in 0.1 M NaCl media. This also showed that, in 4 M NaCl,
chloride complex formation was negligible compared with carbonate complexing. The
results in 4 M NaCl media were interpreted with the formation of AmO,CO3; and
AmO,(CO3)3™ in equilibrium with NaAmO,COs3(s), while in dilute chloride media
the formation of Am(CO3)32" (n = 1 to 3) and Amy(COs)s(s) was assumed, cf.
Table V.16 and Section V.7.1.2.1.d.

The equilibrium constants are extrapolated here to I = 0 with the specific ion
interaction equations of Appendix B, and the uncertainties are adjusted to a 95% level
assuming that the reported uncertainties are 0. The results for the americium (I11)
system in 0.1 M NaCl give (assuming that chloride complex formation is negligible
and that £(ams+,c1-) & €(Ama+,cio7): €1C.): 10810 87 = (9.0£0.4), log,, 5 = (12.9+0.4),
logyo B3 = (14.1 £0.5) and log,, KJ(V.36) = —(18.7 £ 0.3). The extrapolation of
the americium(V) results in 4 M NaCl to I = 0 is performed using the Ag,, values
for the analogous neptunium(V) system [86GRE/ROB|, again assuming that the
complex formation between AmOj3 and Cl~ is negligible, even in these concentrated
chloride solutions. These assumptions yield: log, 47(AmO,CO;) = (4.6 £ 0.7),
logy 35 (AmO,(CO3)5 ) = (7.3 £ 0.8), and log;o K5y = —(11.0 £ 0.6), where the
solubility constant refers to reaction:

NaAmO,CO3(s) = Na® + AmO; + CO3~

However, no solid phase characterisation is reported in [93GIF/VIT], and no ex-
perimental details are given which would allow the estimation of pco,. Due to lack of
information, the equilibrium constants reported in [93GIF/VIT] can not be credited
in this review.






Appendix B

Ionic strength corrections'

Thermodynamic data always refer to a selected standard state. The definition given
by IUPAC [82LAF] is adopted in this review as outlined in Section I1.3.1. According
to this definition, the standard state for a solute B in a solution is a hypothetical
solution, at the standard state pressure, in which mg = m°® = 1mol - kg~!, and in
which the activity coefficient g is unity. 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, ensuring that 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 ob-
tained from the experiment to the standard state (I = 0). Two alternative methods
can be used to describe the ionic medium dependence of equilibrium constants:

e One method takes into account the individual characteristics of the ionic me-
dia by using a medium dependent expression for the activity coefficients of the
species involved in the equilibrium reactions. The medium dependence is de-
scribed by virial or ion interaction coefficients as used in the Pitzer equations
and in the specific ion interaction theory.

e The other method uses an extended Debye-Hiickel expression in which the ac-
tivity 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 ionic pairing between the medium ions and the species involved in

¥ This Appendix contains essentially the text written by Grenthe and Wanner [92GRE/WAN]
which was also printed in the uranium NEA-TDB review as Appendix B [92GRE/FUG]. The
equations presented here are an essential part to the review procedure and are required to use
the selected thermodynamic values. Main differences between this Appendix and the one in
Grenthe et al. [92GRE/FUG] are: Table B.1, Eq. (B.11) and Sections B.1.2 and B.1.4. The
contents of Tables B.3 and B.4 has also been revised.
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the equilibrium reactions. Earlier, this approach has been used extensively in
marine chemistry, c¢f. Refs. [7T9JOH/PYT, 79MIL, 79PYT, 79WHI].

The activity factor estimates are thus based on the use of Debye-Hiickel type equa-
tions. The “extended” Debye-Hiickel equations are either in the form of specific ion
interaction methods or the Davies equation [62DAV]. However, the Davies equation
should in general not be used at ionic strengths larger than 0.1 mol-kg . The method
preferred in the NEA Thermochemical Data Base review is a medium-dependent ex-
pression for the activity coefficients, which is the specific ion interaction theory in
the form of the Brgnsted-Guggenheim-Scatchard approach. Other forms of specific
ion interaction methods (the Pitzer and Brewer “B-method” [61LEW/RAN] and the
Pitzer virial coefficient method [79PIT]) are described in the NEA Guidelines for the
extrapolation to zero ionic strength [92GRE/WAN].

The specific ion interaction methods are reliable for intercomparison of experimen-
tal data in a given concentration range. In many cases this includes data at rather
low ionic strengths, I = 0.01 to 0.1 M, ¢f. 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 [92GRE/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, the other due to model errors. The model
errors seem to be rather small for many systems, less than 0.1 units in log,, K°. For
reactions involving ions of high charge, which are 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.

It should be emphasised that the specific ion interaction model is approzrimate.
Modifying it, for example by introducing the equations suggested by Ciavatta [90CTA,
Eqgs. (8-10)] (¢f. Section B.1.4), would result in slightly different ion interaction co-
efficients and equilibrium constants. Both methods provide an internally consistent
set of values. However, their absolute values may differ somewhat. Grenthe et al.
[92GRE/FUG] estimate that these differences in general are less than 0.2 units in
log,y K°, i.e., approximately 1kJ - mol™! in derived A;G?, values.

B.1. The specific ion interaction equations

B.1.1. Background

The Debye-Hiickel term, which is the dominant term in the expression for the activity
coefficients in dilute solution, accounts for electrostatic, non-specific long-range in-
teractions. 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-Hiickel expression. This method was first outlined by Brgnsted
[22BRO, 22BRO2], and elaborated by Scatchard [36SCA| and Guggenheim [66GUG].
The two basic assumptions in the specific ion interaction theory are described below.
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Assumption 1: The activity coefficient ~; of an ion j of charge z; in the solution
of ionic strength I, may be described by Eq. (B.1).

longj = _ZJQ‘D_FZS(j,k,Im)mk (Bl)
k

D is the Debye-Hiickel term:

= ﬂ (B.2)

1+ Ba]‘\/ Im

where [,,, is the molal ionic strength:
1 2
I, = 3 Z m;z;

A and B are constants which are temperature and pressure dependent, and a; is
an ion size parameter (“distance of closest approach”) for the hydrated ion j. The
Debye-Hiickel limiting slope, A, has a value of (0.509 & 0.001) kg'/? - mol /2 at 25°C
and 1 bar, (¢f. Section B.1.2).

The term Ba; in the denominator of the Debye-Hiickel term has been assigned
a value of Ba; = 1.5kg!/? - mol="/2 at 25°C and 1 bar, as proposed by Scatchard
[76SCA] and accepted by Ciavatta [SOCIA]. This value has been found to minimise,
for several species, the ionic strength dependence of £(; r,,) between I, = 0.5 m
and I, = 3.5 m. It should be mentioned that some authors have proposed different
values for Ba;, ranging from Ba; = 1.0 [35GUG] to Ba; = 1.6 [62VAS]. However,
the parameter Ba; is empirical and as such correlated to the value of £(; 7,,). Hence,
this variety of values for Ba; does not represent an uncertainty range, but rather
indicates that several different sets of Ba; and ¢(;,1,,) may describe equally well the
experimental mean activity coefficients of a given electrolyte. The ion interaction
coefficients at 25°C listed in Tables B.3 through B.5 have thus to be used with
Baj =1.5 kg'/? - mol~1/2.

The summation in Eq. (B.1) extends over all ions k present in solution. Their
molality is denoted my,, and the specific ion interaction parameters, ¢ x.1,,), in general
depend only slightly on the ionic strength. The concentrations of the ions of the ionic
medium is 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,, v, for the reacting
ions. This fact often makes it possible to simplify the summation 3" &(;x,1,,) 7 SO
that only ion interaction coefficients between the participating ionic species and the
ionic medium ions are included, as shown in Eqgs. (B.4) to (B.8).

Assumption 2: The ion interaction coefficients £ r,,) are zero for ions of the same
charge sign and for uncharged species. The rationale behind this
is that e, 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.
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Eq. (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 concentra-
tion dependence of the ion interaction coefficients can thus often be neglected. This
point was emphasised by Guggenheim [66GGUG]|, who has presented a considerable
amount of experimental material supporting this approach. The concentration de-
pendence is larger for electrolytes of higher charge. In order to accurately reproduce
their activity coefficient data, concentration dependent ion interaction coefficients
have to be used, ¢f. Lewis, Randall, Pitzer and Brewer [61LEW/RAN], Baes and
Mesmer [T6BAE/MES], or Ciavatta [S0CIA]. By using a more elaborate virial expan-
sion, Pitzer and co-workers [73PIT, 73PIT/MAY, 74PIT/KIM, 74PIT/MAY, 75PIT,
76PIT/SIL, 78PIT/PET, 79PIT] have managed to describe measured activity coeffi-
cients 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 theory. The use of the theory 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 no 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 theory is illustrated below for a general case
of a complex formation reaction. Charges are omitted for brevity.

mM+ ¢L+nH,O() = M,L,(OH),+nH"

The formation constant of M,,L,(OH),, *B;nm, determined in an ionic medium (1:1
salt NX) of the ionic strength I, is related to the corresponding value at zero ionic
strength, *(3° by Eq. (B.3).

q?nim,

logo Bgnm = 10819840 m + mlogiy ym + qlogyg . + nlogy au,o
— 10819 Ygnm — nlogyo yu+ (B.3)

The subscript (g,n,m) denotes the complex ion M,,L,(OH),. If the concentrations
of N and X are much greater than the concentrations of M, L, M,,,L,(OH),, and H*,
only the molalities my and myx have to be taken into account for the calculation of
the term 3=, €j k,1,,)mk in Eq. (B.1). For example, for the activity coefficient of the
metal cation M, vy, Eq. (B.4) is obtained at 25°C and 1 bar.

. 210509V T,
= m
B10 T™ 1+ 1.5v1, XL

(B.4)
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Under these conditions, I,,, & mx = my. Substituting the log,,v; values in Eq. (B.3)
with the corresponding forms of Eq. (B.4) and rearranging leads to

log, o Bg.nm — AZ’D — nlog,, amo = logw*ﬂ;’n’m — Ael, (B.5)

where, at 25°C and 1 bar:

AZ* = (may —qzr —n)? +n—mzdy — g2t (B.6)
0.509v/1,,

p = —2PVem (B.7)
1+ 151,

Ae = €(gn;mN or X) T NEM,X) — GE(N,.L) — ME(M,X) (B-8)

Here (mzy — gz — n), 2zu and zp, are the charges of the complex M,,L,(OH),, the
metal ion M and the ligand L, respectively.

Equilibria involving HyO(1) as a reactant or product require a correction for the ac-
tivity of water, ap,0. The activity of water in an electrolyte mixture can be calculated
as

- Zk mg

In(10) x 55.51 (B-9)

log, an,0

where @ is the osmotic coefficient of the mixture and the summation extends over all
solute species k with molality my present in the solution. In the presence of an ionic
medium NX in dominant concentration, Eq. (B.9) 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 I, & mxx, Eq. (B.9) becomes

—ZmNX<I>

o NXE B.10
In(10) x 55.51 (B-10)

log an,0

Values of osmotic coefficients for single electrolytes have been compiled by various
authors, e.g., Robinson and Stokes [59ROB/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.11) (¢f. Egs. (23-39), (23-40) and (A4-2) in [(1ILEW/RAN]).

Aln(10)|z4 2| 1
1-® = 1+ Baj\/1, — 21 14+ Baj\/1In) — ———F+—
I,(Ba;)? + Bay 0810(1 + Ba, ) 1+ Bajv/Tn

v v
— In(10 B.11
n(10) & .x)mxx (w n V) (B.11)

were v, and v_ are the number of cations and anions in the salt formula (v, 2z, =
v_z_), and in this case

1
I, = §\z+z_\mNX(V++l/_)
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The activity of water is obtained by inserting Eq. (B.11) into Eq. (B.10). It should
be mentioned that in mixed electrolytes with several components at high concentra-
tions, it is necessary to use Pitzer’s equation to calculate the activity of water. On
the other hand, ay,o is near constant (and equal to 1) 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 HyO(1) 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., (Nat, Mg?*, Ca?*)(Cl~, SO37), Pitzer’s equation
(cf. [92GRE/WAN]) 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 mean activity coef-
ficients can be split up to give equations for conventional single ion activity coeffi-
cients 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 standard potentials, a combination of redox equilibria with Ht + e~ = L Hy(g) is
necessary (cf. Example B.3).

B.1.2.  Ionic strength corrections at temperatures other than 298.15 K

Values of the Debye-Hiickel parameters A and B in Egs. (B.2) and (B.11) are listed in
Table B.1 for a few temperatures at a pressure of 1 bar below 100°C and at the steam
saturated pressure for ¢ > 100°C. The values in Table B.1 may be calculated from
the static dielectric constant and the density of water as a function of temperature
and pressure, and are also found for example in Refs. [T4HEL/KIR2, 79BRA /PIT,
81HEL/KIR, 84ANA/ATK, 90ARC/WAN].

The term Ba; in the denominator of the Debye-Hiickel term D, cf. Eq. (B.2), has
been assigned in this review a value of 1.5kg'/? - mol~/? at 25°C and 1 bar, cf
Section B.1.1. At temperatures and pressures other than the reference and standard
state, the following possibilities exist:

e The value of Ba, is calculated at each temperature assuming that ion sizes are
independent of temperature and using the values of B listed in Table B.1.

e The value of Ba; is kept constant at 1.5kg!/? - mol='/2. Due the variation of
B with temperature, cf. Table B.1, this implies a temperature dependence for
ion size parameters. Assuming that ion sizes are in reality constant, then it
is seen that this simplification introduces an error in D which increases with
temperature and ionic strength (this error is less than £0.01 at ¢ < 100°C and
I < 6 m, and less than £0.006 at ¢t < 50°C and I < 4 m).
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Table B.1: Debye-Hiickel constants as a function of temperature at a pressure of 1 bar
below 100°C and at the steam saturated pressure for ¢ > 100°C. The uncertainty in
the A parameter is estimated by this review to be £0.001 at 25°C, and +0.006 at
300°C, while for the B parameter the estimated uncertainty ranges from +0.0003 at
25°C to £0.001 at 300°C.

¢ p A B x 10-10
(°C) | (bar) | (kg-mol 1)2 | (kgZ-mol Z -m?)
0 1.00 0.491 0.3246
) 1.00 0.494 0.3254
10 1.00 0.498 0.3261
15 1.00 0.501 0.3268
20 1.00 0.505 0.3277
25 1.00 0.509 0.3284
30 1.00 0.513 0.3292
35 1.00 0.518 0.3300
40 1.00 0.525 0.3312
50 1.00 0.534 0.3326
75 1.00 0.564 0.3371
100 1.013 0.600 0.3422
125 2.32 0.642 0.3476
150 4.76 0.690 0.3533
175 8.92 0.746 0.3593
200 | 15.5 0.810 0.365
250 | 29.7 0.980 0.379
300 | 85.8 1.252 0.396

e The value of Ba; is calculated at each temperature assuming a given tempera-
ture variation for a; and using the values of B listed in Table B.1. For exam-
ple, in the aqueous ionic model of Helgeson et al. [S8TAN/HEL, 88SHO/HEL,
89SHO/HEL, 89SHO/HEL2| ionic sizes follow the relation:  a;(7T)
= @;(298.15 K, 1 bar) + |z;|¢g(T,p) [900EL/HEL], where ¢(T,p) is a temper-
ature and pressure function which is tabulated in [88TAN/HEL, 92SHO/OEL],
and is approximately zero at temperatures below 175°C.

The values of £(;,r,,) obtained with the methods described in Section B.1.3 at
temperatures other than 25°C will depend on the value adopted for Ba;. As long
as a consistent approach is followed, values of €(;,,,) absorb the choice of Baj,
and for moderate temperature intervals (between 0 and 200°C) the choice Ba; =
1.5kg'/? - mol /2 is the simplest one and is recommended by this review.

The variation of £ r,,) with temperature is discussed by Lewis, Randall, Pitzer
and Brewer [61LEW/RAN], Millero [79MIL], Helgeson et al. [81HEL/KIR,
900EL/HEL], Giffaut et al. [93GIF /VIT2] and Grenthe and Plyasunov [94GRE/PLY].
The absolute values for the reported ion interaction parameters differ in these studies
due to the fact that the Debye-Hiickel term used by these authors is not exactly the
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same. Nevertheless, common to all these studies is the fact that values of (0¢/0T),
are usually < 0.005kg-mol~!-K~! for temperatures below 200°C. Therefore, if values
of €(jx,1,,) obtained at 25°C are used in the temperature range 0 to 50°C to perform
ionic strength corrections, the error in (logy,v;)/I, will be < 0.13. It is clear that in
order to reduce the uncertainties on solubility calculations at ¢ # 25°, studies on the
variation of £(; 1,,)-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 &+ c1-) can be obtained from published values of
Y+,HCl US. MuCI-

2logigyemar = logig vy m+ + 108107 a-
= —D+em+ayma- — D+ eci- m+ymu+
logigv+,mc1 =  — D+ €@+, c1-)ymnuci

By plotting log;q v+ mc1 + D vs. mucr a straight line with the slope em+ - is
obtained. The degree of linearity should in itself indicate the range of validity of
the specific ion interaction approach. Osmotic coefficient data can be treated in an
analogous way.

B.1.3.2.  FEstimations based on experimental values of equilibrium constants at dif-
ferent ionic strengths

Example B.2:

Equilibrium constants are given in Table B.2 for the reaction
UO2" +CI- = UO,CIT, (B.12)
The following formula is deduced from Eq. (B.5) for the extrapolation to I = 0:
log,y 1 +4D = log,, ] — Ael, (B.13)

The linear regression is done as described in Appendix C. The following results are

obtained:
log,, 37 = 0.170 & 0.021

Ae(B.12) = —(0.248 £0.022) kg - mol*
The experimental data are depicted in Figure B.1, where the dashed area represents
the uncertainty range that is obtained by using the results in log,, 47 and Ae and
correcting back to I # 0.

Example B.3:

When using the specific ion interaction theory, the relationship between the redox
potential of the couple UO3" /U%* in a medium of ionic strength I,, and the corre-
sponding quantity at I = 0 should be calculated in the following way. The reaction
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Table B.2: The preparation of the experimental equilibrium constants for the extrap-
olation to I = 0 with the specific ion interaction method at 25°C and 1 bar, according
to Reaction (B.12). The linear regression of this set of data is shown in Figure B.1.

I, logyo B (exp)(a) logy ﬁf’fn logyo B1,m + 4D

0.1 -0.17+0.10 -0.174 0.264 + 0.100
02 -0.25%0.10 —0.254 0.292 £ 0.100
026 —0.35+0.04 —0.357 0.230 £ 0.040
031 —0.39 £0.04 —0.397 0.220 + 0.040
0.41 -0.41+0.04 —0.420 0.246 + 0.040
0.51 -0.32+0.10 —0.331 0.371 £ 0.100
0.57 -0.42+0.04 —0.432 0.288 £ 0.040
0.67 —0.34+0.04 —0.354 0.395 £ 0.040
0.89 -0.42+0.04 —0.438 0.357 £ 0.040
1.05 -0.31+£0.10 —0.331 0.491 £ 0.100
1.05 -0.277+£0.260 —0.298 0.525 £ 0.260
1.61 -0.24£0.10 —-0.272 0.618 £0.100
221 -0.15+0.10 —0.193 0.744 £ 0.100
221 -0.12+0.10 —0.163 0.774 £ 0.100
282 -0.06=%0.10 —0.021 0.860 + 0.100
3.5 0.04 £0.10 —0.021 0.974 £ 0.100

(a) Equilibrium constants for Reaction (B.12) with as-
signed uncertainties, corrected to 25°C where nec-
essary.

(b) Equilibrium constants corrected from molarity to
molarity units, as described in Section I1.2.
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Figure B.1: Plot of log,, 51 +4D wvs. I, for Reaction (B.12), UO3"+CI~ = UO,CI* 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.
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in the galvanic cell
Pt|Hy(g) [H || U0, U™ | Pt
is
U0t + Hy(g) +2HT = U™ +2H,0(). (B.14)

For this reaction

ays+ X a%
log;g K° = logyg Sk 2 10 ;
logg K° = logyy K + logyy yus+ — logy, Yot — 2log g Yu+

— logyo vp1, + 21084 am,o0,

fu, &~ pu, at reasonably low partial pressure of Hy(g), ag,0 ~ 1, and

logygyus+ = —16D + £t clo;)Mclo;
logigTwozt = —4D +£wozt ciop)Maio;

logijgvme = —D+ &m+,c10;)Mcio; -
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Hence,
log,y K° = log,y K — 10D
+ (5(U4+,01o;) ~ fwoitclo;) ~ 28(H+,(:10;)) Mcio; - (B.15)

The relationship between the equilibrium constant and the redox potential is

nkF
InK = —F B.16
n BT (B.16)
nkF
InK° = —E°. B.17
n BT (B.17)

E is the redox potential in a medium of ionic strength I, E° is the corresponding
standard potential at I = 0, and n is the number of transferred electrons in the
reaction considered. Combining Eqgs. (B.15), (B.16) and (B.17) and rearranging them
leads to Eq. (B.18).

RT In(10) RTln(10)> (B18)

E - 10D (T) = E°— Aemgyo- ( -

For n = 2 in the present example and 7' = 298.15 K, Eq. (B.18) becomes
E[nV] - 295.8D = E°[miV] — 20.58Aemcq-

where

Ae = (5(U4+,Clo;) ~ &woitco;) ~ 25(H+,c1o;)) .

In general however, formal potentials are reported with reference to the standard
hydrogen electrode, cf. Section I11.1.6.5, as exemplified in Tables V.2 and V.3 of the
uranium NEA review [92GRE/FUG]. In that case, the H" appearing in the reduction
reaction might already be in standard conditions. For example, experimental data
are available on the formal potentials for reactions

UO3" +4H +2e = U +2H,0(]) (B.19)
and
UOst +e” = UOS (B.20)

While reaction (B.19) corresponds to (B.14), reaction (B.20) is equivalent to

UOs*T + %Hg(g) = UOj +H' (B.21)

The cations in reaction (B.14) represent aqueous species in the ionic media used

during the experiments. However, in reaction (B.21) H* represents the cation in

the standard hydrogen electrode, and therefore it is already in standard conditions,

and its activity coefficient must not be included in any extrapolation to I = 0 of
experimental values for reaction (B.20).
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B.1.4. On the magnitude of ion interaction coefficients

Ciavatta [80CIA] made a compilation of ion interaction coefficients for a large number
of electrolytes. Similar data for complexations of various kinds were reported by
Spahiu [83SPA| and Ferri, Grenthe and Salvatore [83FER/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 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. [92GRE/FUG] proposed that it is possible to
estimate, with an error of at most +0.1 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 £0.1 in Ae¢ in most cases,
based on comparison with Ae values of various reactions of the same charge type.

Since there are no interaction coefficient data for americium species, using the
arguments presented in the previous paragraph, this review estimates the following
interaction coefficients at 25°C and 1 bar,

8(Am3+,CIOZ) ~ 8(Nd3+,CIOZ) = (049 + 003) kg . HIOI_1

Estimates of ion interaction coefficients for other americium complexes were also
made from ions of the same charge, i.e.

€(AmoOH?+,C10;) ¥ €(AmF2+,C10;)
£

€(AmCI2+,C10;) £ (AmN2t,cl07)

R

~
~
~
~

&

(

(AmNO2*,C107) €(AmNO2t,C107) £(AmH,POZT,CIO])
~ €(AmSCN2+,C107)

(

€(am(on)f,clo7) ¥ Eamriclio;) 7~ €(Aamcof,Cloy)

etc. Similarly, for negatively charged aqueous complexes of americium this review
estimates:

€(Am(CO3); Nat) ~ €(Am(SO4); Nat) = —(0.05 £ 0.05) kg - mol *
€(Am(CO3)3~ Nat) = —(0.15 £ 0.05) kg - mol !

Ciavatta [90CIA| has proposed an alternative method to estimate values of ¢ for
a first or second complex, ML or ML,, in an ionic media NX, according to the
following relationships,

e, Norx) = (egux)+ewn))/2 (B.22)
ey, Norx) R (Eux) +28,m))/3 (B.23)

Ciavatta obtained [90CTA] an average deviation of +-0.05 kg-mol~!' between e-estimates
according to Egs. (B.22) and (B.23) and the e-values at 25°C obtained from ionic
strength dependency of equilibrium constants.
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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 [80CIA| 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, ¢f. Table B.3. 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 € y/ns o7 as a
substitute for e+ ci-) and &3ms xo;)- 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 nega-
tively charged complexes and the cation of the ionic medium. An example is the
stabilisation of the complex ion UO5(COs3)5™ at high ionic strength, see for example
Section V.7.1.2.1.d (page 322) in the uranium review [92GRE/FUG].

B.3. Tables of ion interaction coefficients

Tables B.3 through B.5 contain the selected specific ion interaction coefficients used
in this review, according to the specific ion interaction theory described. Table B.3
contains cation interaction coefficients with C17, ClO; and NOj, Table B.4 anion
interaction coefficients with Li™, with Na™ or NH} and with K*. The coefficients
have the units of kg - mol™" (m) and are valid for 298.15 K and 1 bar. The species
are ordered by charge and appear, within each charge class, in standard order of
arrangement, cf. Section I1.1.8.

In some cases, the ionic interaction can be better described by assuming ion interac-
tion coefficients as functions of the ionic strength rather than as constants. Ciavatta
[80CIA] proposed the use of Eq. (B.24) for cases where the uncertainties in Tables B.3
and B.4 are £0.03kg - mol~! or greater.

e = ¢e1+¢9logy I

For these cases, and when the uncertainty can be improved with respect to the use
of a constant value of ¢, the values €, and &5 given in Table B.5 should be used.

It should be noted that ion interaction coefficients tabulated in Tables B.3 through
B.5 may also involve ion pairing effects, as described in Section B.3. In direct com-
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parisons of ion interaction coefficients, or when estimates are made by analogy, this
aspect must be taken into account.
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Table B.3: Ion interaction coefficients £, (kg - mol ') at 25°C and 1 bar for cations
J with & = Cl7, ClO; and NOj, taken from Ciavatta [80CIA] unless indicated oth-
erwise. The uncertainties represent the 95% confidence level, most of them were
estimated by Ciavatta [88CIA]. The ion interaction coefficients marked with { can
be described more accurately with an ionic strength dependent function, listed in
Table B.5. As discussed in Section B.2, care should be taken when using the coeffi-
cients £+ c1-) and €nt no;) Teported by Ciavatta [80CIA], which were evaluated
without taking chloride and nitrate complexation into account.

i k— Cl ClO; NO;

!

H* 0.12 £ 0.01 0.14 £ 0.02 0.07 £ 0.01
NH] —0.01£0.01 | —0.08+0.04T | —0.06+0.03f
Haogly ™ —0.06 %+ 0.02

TI+ —0.21 £ 0.06

ZnHCO3Z 0.2(M)

CdClt 0.25 £ 0.02

Cdrt 0.27 £ 0.02

CdSCN+ 0.31 £ 0.02

HgClt 0.19 + 0.02

Cu™ 0.11 £ 0.01

Ag* 0.00£0.01 | —0.12+0.051
YCO3F 0.17 + 0.04@

UO5 0.26 & 0.03()

UO,0OH* —0.06 £ 3.7(%) 0.51 4 1.4
(UOy)3(OH)F | 0.8140.17C | 0.45+0.15© | 0.41 +0.22()
UF; 0.140.10 0.140.10

UO,F+ 0.04 4 0.07® | 0.29 £ 0.05()

UO,CI* 0.33 & 0.04()

UO,Cl05 0.33 £ 0.04"

UO,Br™* 0.24 £ 0.04®)

UO,BrOf 0.33 & 0.04®

UO,I0F 0.33 & 0.04®

UO,N§ 0.3+ 0.10

UO,NO5 0.33 & 0.04®

UO,SCN+ 0.22 £ 0.04®)

NpOy 0.25 4 0.05(")

PuOyF 0.17 & 0.05®)

Am(OH)y 0.17 £ 0.040)

AmFy 0.17 & 0.04W
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Table B.3 (continued)
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i k— Cl- ClO; NO;

!

AmSOyf 0.22 £ 0.08®)

AmCO7F 0.17 £ 0.04W

AIOH?* 0.09® 0.31®

Al,CO3(OH)2" | 0.26(®

Ph2* 0.15+£0.02 | —-0.20=+0.12
Zn** 0.33 £ 0.03 0.16 £ 0.02
ZnCO3" 0.35 4 0.05(M

Cd** 0.09 £ 0.02
Hg2* 0344003 | —0.1+0.1f
Hg2* 0.09+£0.02 | —02+0.1f
Cu?t 0.08£0.01 | 0.3240.02 0.11 £0.01
Ni* 0.17 £ 0.02

Co*t 0.16 £0.02 | 0.3440.03 0.14 £ 0.01
FeOH?* 0.38(4)

FeSCN?+ 0.45(

Mn?* 0.13 +0.01

YHCOZ" 0.39 & 0.04(%)

UOZ* 0.21 £ 0.020 | 0.46 + 0.03 0.24 £ 0.030
(UOy)o(OH)2* | 0.69 +0.07) | 0.574+0.07¢) | 0.49 4 0.09()
(UO3)3(OH)2* | 0.50 £ 0.18© | 0.894+0.23() | 0.72 4 1.0()
UF3* 0.340.10

Uso3t 0.3+0.10

U(NO3)3* 0.49 + 0.14()

AmOH?** 0.39 & 0.04W

AmF?+ 0.39 & 0.04W

AmCI** 0.39 & 0.04W

AmN2*t 0.39 & 0.04W

AmNO2* 0.39 4 0.040)

AmNO2* 0.39 4 0.040)

AmH,PO3" 0.39 & 0.04W

AmSCN?+ 0.39 & 0.04W

Mg+ 0.19+0.02 | 0.3340.03 0.17 £0.01
Ca’t 0.14+0.01 | 0.2740.03 0.02 £ 0.01
Ba?t 0.07+£0.01 |0.154+0.02 | —0.28 £ 0.03
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Table B.3 (continued)

i k— Cl- ClO; NO;

1

AP 0.33 £ 0.02

Fedt 0.56 + 0.03 0.42 + 0.08
Crit 0.30 + 0.03 0.27 + 0.02
La3t 0.22+0.02 |0.47+0.03

La’t — Ludt 0.47 — 0.52(4)

UOH3* 0.48 4+ 0.08(®

UF3+ 0.48 4+ 0.08("

UCPB+ 0.59 4+ 0.10(®

UBr3+ 0.52 + 0.10

Ut 0.55 4+ 0.10

UNO3* 0.62 + 0.08(8)

Am?3t 0.49 + 0.030

Be,OH?* 0.50 & 0.05®

Bes(OH)3" 0.30 £ 0.05® | 0.51 4 0.05) | 0.29 & 0.05()
Al3;CO3(OH)3* | 0.41®

Fe,(OH)5* 0.82(@

Y,CO3" 0.80 4 0.04(4)

Put 1.03 £ 0.05®

Np** 0.82 4 0.05(")

Ut 0.76 &+ 0.06"

Tht+ 0.25 + 0.03 0.11 + 0.02
Alz(OH);* 0.66(*) 1.30)
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Table B.3 (continued)

Footnotes:

(a)
(b)

=
N

Taken from Hedlund [88HED)].

Taken from Riglet, Robouch and Vitorge [89RIG/ROB], where the following
assumptions were made : ENp3+,Cl107) N E(Pus+,ClO]) = 0.49kg - mol~! as
for other (M3*,ClOy]) interactions, and ENpo2t,cl07) F Epuodt.cloy) N
E(UO;“’,CIOZ) - 0-46 kg . mOlfl.

Evaluated in NEA-TDB review on wuranium thermodynamics
[92GRE/FUG], using ot x) = (0.46 £ 0.03) kg - mol !, where X = ClI—,
ClO} and NOj3, cf. Section B.2.

Taken from Spahiu [83SPA].

Taken from Bruno [86BRU], where the following assumptions were made:
€(Be2+,ci0;) = 0-30 kg-mol~"' as for other €2+ cl0; ) E(Bezt,c1-) = 0.17kg:
mol~! as for other €(m2+,c1-), and £(Be2+ NO;) = 0.17kg-mol~' as for other
€(m2+,NO3 )"

Estimated in NEA-TDB review on uranium thermodynamics
[92GRE/FUQG].

Evaluated in NEA-TDB review on uranium thermodynamics [92GRE/FUG]|
using &ys+ cior) = (0.76 + 0.06) kg - mol 1.

Taken from Ferri et al. [85FER/GRE].

It is recalled that these coefficients were not used in the NEA-TDB review
on uranium thermodynamics [92GRE/FUG] because they were evaluated
by Ciavatta [80CIA] without taking chloride and nitrate complexation into
account. Instead, Grenthe et al. used &2+ x) = (0.46 £ 0.03) kg - mol 1,
for X = Cl~, ClO; and NOj.

Estimated in this review (p.322).

Evaluated in this review (p.130).
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Table B.4: Ion interaction coefficients ;. (kg - mol™") at 25°C and 1 bar for anions
jwith k= Li*, Natand K*, taken from Ciavatta [SOCIA] unless indicated otherwise.
The uncertainties represent the 95% confidence level, most of them were estimated
by Ciavatta [88CIA]. The ion interaction coefficients marked with { can be described
more accurately with an ionic strength dependent function, listed in Table B.5.

i k- Lit Nat K+

!

OH- —0.02+0.03T | 0.0440.01 0.09 + 0.01
F- 0.02 4+ 0.02® 0.03 £ 0.02
HF, —0.11 4 0.06®

Cl- 0.10 £ 0.01 0.03 £ 0.01 0.00 £ 0.01
ClO3 —0.01 £ 0.02

ClO; 0.15 + 0.01 0.01 + 0.01

Br~ 0.13 + 0.02 0.05 + 0.01 0.01 + 0.02
BrO3 —0.06 + 0.02

I~ 0.16 + 0.01 0.08 + 0.02 0.02 £ 0.01
103 —0.06 £ 0.02(")

HSO; —0.01 £ 0.02

Ny 0.0 +£0.1

NO, 0.06 +0.04T | 0.00+0.02 —0.04 + 0.02
NO; 0.0840.01 | —0.0440.037 | —0.11 +0.04T
H,PO; —0.08+0.04T | —0.14 + 0.04T
HCO; —0.00 + 0.02()

SCN- 0.05 + 0.01 —0.01 +0.01
HCOO~ 0.03 + 0.01

CH3;COO~ 0.05 £ 0.01 0.08 £ 0.01 0.09 + 0.01
SiO(OH)z —0.08 £ 0.03(®

Si,05(OH)5 —0.08 £ 0.04()

B(OH), —0.07 £ 0.05%

UO,(OH)5 —0.09 + 0.05(®)

UO,F; 0.00 £ 0.05)

UO3(N3)5 0.0+ 0.1®)

(UO3)2CO3(OH)5 0.00 £ 0.05(>4)

Am(SOy); —0.05 £ 0.05®

Am(CO3); —0.05 £ 0.05®

SO;~ —0.08 + 0.05T

SO —0.03+0.04T | —0.1240.06T | —0.06 +0.02
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i k- Lit Nat K+
!
S,0% —0.08 £ 0.051
HPO?~ —0.15£0.06T | —0.10 £ 0.06
CO3~ —0.08 +0.03() 0.02 + 0.01
SiO5(OH)3™ —0.10 £ 0.07®
Si,03(OH);™ —0.15 + 0.06)
CrO2- —0.06 +0.04T | —0.08 + 0.04T
UO,F3~ —0.08 £ 0.06")
U0,(S04)3~ —0.12 + 0.06()
UO,(N3)3~ —0.140.1®)
U0, (CO3)3~ —0.02 £ 0.09?
PO3~ —0.25 £ 0.03 —0.09 + 0.02
SizOg(OH)3~ —0.25 4 0.03®)
SizO5(OH)2~ —0.25 4 0.03®)
Si;O7(OH)2~ —0.25 4 0.03®)
Am(CO3)3~ —0.15 4 0.05®
P,0%" —0.26 £ 0.05 —0.15+ 0.05
Fe(CN)g™ —0.174+0.03
U(CO3)y~ —0.09 £ 0.104)
UO,(CO3)3~ —0.01 £ 0.11(®
U0, (CO3)5” —0.62 £ 0.15@
U(CO3)E™ —0.30 + 0.15@
(UO4)3(CO3)8~ 0.37 +0.11
(a) Evaluated in NEA-TDB review on uranium thermodynamics
[92GRE/FUQG].
(b) Estimated in NEA-TDB review on uranium thermodynamics

[92GRE/FUG].

(¢) From [80CIA]. These values differ from those reported in the NEA-TDB
uranium review [92GRE/FUG]. See the discussion in Section D.4.

See the discussion in Section D.4.

(e) Estimated in this review (p.322).
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Table B.5: Ion interaction coefficients e(1jx) and £(2,;4) (in units of kg - mol™") for
cations j with £ = Cl~, ClO; and NOj (first part), and for anions j with k& =
LiT, Nat and K" (second part), according to the relationship ¢ = &1 + &3 log; In-
The data are from Ciavatta [80CIA] and valid at 25°C and 1 bar. The uncertainties
represent the 95% confidence level, and most of them were estimated by Ciavatta
[88CTA].

i k— Cl- Clo; NOjz

1 €1 €2 €1 €2 €1 €9
NHF —0.088 £ 0.002 0.095 4 0.012 | —0.075 £ 0.001 0.057 £ 0.004
Agt —0.1432 £ 0.0002 0.0971 + 0.0009
TI+ —0.18 +0.02 0.09 4 0.02

Hg2* —0.2300 £ 0.0004 0.194 =+ 0.002
Hg3+ —0.145 4+ 0.001 0.194 £ 0.002
Pb2+ —0.329 £ 0.007 0.288 + 0.018
i k= Lit Nat K+

1 €1 €2 €1 €2 €1 €2
OH~ —0.039 £ 0.002 0.072 4 0.006

NO3 0.02 £+ 0.01 0.11 £ 0.01

NO, —0.049 +0.001 0.044 4 0.002 | —0.131 =+ 0.002 0.082 + 0.006
B(OH); —0.092 £+ 0.002 0.103 £ 0.005

H,POj —0.109 £+ 0.001 0.095 4 0.003 | —0.1473 £ 0.0008 0.121 =+ 0.004
S0~ —0.125 £+ 0.008 0.106 =+ 0.009

so%* —0.068 +0.003 0.093 & 0.007 | —0.184 +0.002 0.139 =+ 0.006

$203” —0.125 £+ 0.008 0.106 & 0.009

HPO;™ —0.1940.01 0.11 4+ 0.03 —0.152 £ 0.007 0.123 £ 0.016
CrO3™ —0.090 £+ 0.005 0.07 +0.01 —0.123 £ 0.003 0.106 =+ 0.007
PO3™ —0.29 4+ 0.02 0.10 & 0.01







Appendix C

Assigned uncertainties!

One of the objectives of the NEA Thermochemical Data Base (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, 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 statis-
tical 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 recalcu-
lation.

C.1. One source datum

The assignment of an uncertainty to a selected value that is based on only one exper-
imental source is a highly subjective procedure. In some cases, the number of data
points the selected value is based on allows the use of the “root mean square” [82TAY]
deviation of the data points X; to describe the standard deviation sy associated with

t This Appendix contains essentially the text written by Wanner [94WAN] which was also printed
in the uranium NEA-TDB review as Appendix C [92GRE/FUG]. 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 after some minor revision.
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the average X:

R .

The standard deviation sy is thus calculated from the dispersion of the equally
weighted data points X; around the average X, and the probability is 95% that an
X, is within X £1.96 sy, see Taylor [82TAY, 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.1) (but often
not multiplied by 1.96), but these do not represent the quality of the reported values
in absolute terms. It is thus important not to confuse the standard deviation s
with the uncertainty o. The latter reflects the reliability and reproducibility of an
experimental value and also includes all kinds of systematic errors s; that may be
involved. The uncertainty o can be calculated with Eq. (C.2), assuming that the
systematic errors are independent.

ox = sk +X,(59) (C.2)

The estimation of the systematic errors s; (which, of course, have to relate to X and
be expressed in the same unit) can only be made by a person who is familiar with the
experimental method. The uncertainty o 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.4.2.

More often, the determination of sy is not possible because either only one or two
data points are available, or the authors did not report the individual values. The
uncertainty o in the resulting value can still be estimated using Eq. (C.2) assuming
that 5% is much smaller than 3,(s?), which is usually the case anyway.

C.2. Two or more independent source data

Frequently, two or more experimental data sources are available, reporting experi-
mental 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 X; are provided with an uncertainty o; that also includes all systematic errors
and represents the 95% confidence level, as described in Section C.1. The weighted
mean X and its uncertainty o are then calculated according to Eqs. (C.3) and

(C.4).

X = ZZNIE?) (C.3)
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(C.4)

Egs. (C.3) and (C.4) may only be used if all the X; belong to the same parent dis-
tribution. If there are serious discrepancies among the X;, one proceeds as described
below under Section C.2.1. It can be seen from Eq. (C.4) that o is directly de-
pendent on the absolute magnitude of the o; values, and not on the dispersion of the
data points around the mean. This is reasonable because there are no discrepancies
among the X;, and because the o; values already represent the 95% confidence level.
The selected uncertainty o will therefore also represent the 95% confidence level.

In cases where all the uncertainties are equal o; = 0, Egs. (C.3) and (C.4) reduce
to Egs. (C.5) and (C.6).

— 1 XN
X = N;Xi (C.5)

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.1.

7 X; o;
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 Egs. (C.3) and (C.4), the following result is obtained:
X = 253402

The calculated uncertainty o+ = 0.2 appears relatively small but is statistically
correct, for the values are assumed to follow a Gaussian distribution. As a conse-
quence of Eq. (C.4), o will always come out smaller than the smallest o;. Assuming
o4 = 0.10 instead of 0.25 would yield X = (25.0 + 0.1), and o4 = 0.60 would result
in X = (25.6 +£0.2). In fact, the values (X; & ;) in this example are at the limit of
consistency, that is, the range (X, 4 04) does not overlap with the ranges (X, £ 09)
and (X3 £ 03). There might be a better way to solve this problem. Three possible
alternatives seem more reasonable:
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i. The uncertainties o; 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 o; by 2 would yield
X = (25.3£0.3).

ii. If reconsideration of the previous assessments gives no evidence for reassigning
the X; and o; (95% confidence level) values listed above, the statistical con-
clusion will be that all the X, 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 X4(i = 1,4,5) = (24.95 £ 0.21) and of
those in Group B Xp(i = 2,3) = (26.06 £ 0.31), the second digit after the dec-
imal point being carried over to avoid loss of information. The selected value
is now determined as described below under “Discrepancies” (Section C.2.1),
Case I. X4 and Xp are averaged (straight average, there is no reason for giving
X4 a larger weight than Xp), and o+ is chosen in such a way that it covers
the complete ranges of expectancy of X4 and Xpg. The selected value is then
X = (25.5+0.9).

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 = (25.45 + 1.05), which is rounded according to the
rules in Section C.4.3 to X = (25.4 + 1.1).

C.2.1. Discrepancies

Two data are called discrepant if they differ significantly, 7.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
unrecognized 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 o+ assigned to the selected mean X has to cover the range
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of expectation of both source data X;, X5, as shown in Eq. (C.7),
X; = X| + Omas; (C.7)

where 7 = 1,2, and o,y is the larger of the two uncertainties o;, see Example C.1.ii
and Example C.2.

O'y:

Example C.2:

The following credible source data are given:
X, = 45+£03
Xy = 59+£0.5.

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 = 52+1.2.

[lustration for Example C.2:

X
f L4 i
X1 X2
f L 4 i f L4 i
| T T | T T | T T | T T | T T | 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.

? X; O;

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
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There are two sets of data that, statistically, belong to different parent distributions A
and B. According to Egs. (C.3) and (C.4), the following average values are found for
the two groups: X4(i = 1) = (4.45£0.35) and Xp(i = 2,3,4,5) = (5.62+£0.23). The
selected value will be the straight average of X4 and Xp, analogous to Example C.1:

X = 50£009.

C.3. Several data at different ionic strengths

The extrapolation procedure 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, As. The ion
interaction coefficient of the target species can usually be extracted from Ae and is
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.4.1.

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 Ae. The first step is the conversion of the ionic
strength from the frequently used molar (mol - dm™3, M) to the molal (mol - kg™!,
m) scale, as described in Section I1.2. The second step is the assignment of an
uncertainty o;, to each data point X; at the molality my;, according to the rules
described in Section C.1. A large number of commercial and public domain computer
programs and routines exist for weighted linear regressions. The subroutine published
by Bevington [69BEV, pp.104-105] has been used for the calculations in the examples
of this appendix. Eqs. (C.8) through (C.12) present the equations that are used for
the calculation of the intercept X and the slope —Ae:

—0 1 mz N X; N M. N mg X
X - K Ai }) REgN] C.8
PR Bl (©8)
1 N 1 N my X N mg.; N X;
—NAe = — - i ” - C.9
SRiB IR OIS0 3 S o (€9
1 Xom2,
T = A\lx 3 C.10
7% \A; 02-2 ( )
1M1
€ - A 9 C].]_
oA \ A;af (C.11)
N N .2 N 2
1 M. Mg,
where A = Z?Z ool <Z 02) : (C.12)
i=1 % =1 Oi i=1 i
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In this way, the uncertainties o; are not only used for the weighting of the data in
Egs. (C.8) and (C.9), but also for the calculation of the uncertainties o x> and oa.
in Egs. (C.10) and (C.11). If the o; represent the 95% confidence level, o0 %= and oa.
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 o;.

Example C.4:

Ten independent determinations of the equilibrium constant log,,"3 for the reaction
UO2" + HF(aq) = UO,F* +HT (C.13)

are available in HC10,/NaClO4 media at different ionic strengths. Uncertainties that
represent the 95% confidence level have been assigned by the reviewer. A weighted
linear regression, (log,,"6+2D) vs. my, according to the formula log,,"3(C.13)+2D =
log,"6°(C.13) — Ae my,, will yield the correct values for the intercept log,,3°(C.13)
and the slope Ae. In this case, my corresponds to the molality of ClO;. D is the
Debye-Hiickel term, c¢f. Appendix B.

i Meio; ; log,,"6;(C.13) + 2D o

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
D 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 £ 0.0564 = log,,6°(C.13)
slope = 0.029 £ 0.036 = —Ae.
Calculation of the ion interaction coefficient &o,p+ c107) = Ae + Ewolt,clo;) ~
Em+ clor). From eoz+ giomy = (0.46 £ 0.03) kg - mol ™!, Em+cior)y = (0.14=£

0.02) kg - mol ! (see Appendix B) and the slope of the linear regression, Ae =
—(0.03 £ 0.04) kg - mol ™", it follows that £yq,p+ ci0;) = (0.29 £+ 0.05) kg - mol~".
Note that the uncertainty (£0.05) kg - mol~! is obtained based on the rules of error
propagation as described in Section C.4.2:

o = /(0.04)% + (0.03)2 + (0.02)2.
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The resulting selected values are thus

log,;"6°(C.13) = 1.84+0.05
(0.29 + 0.05) kg - mol ™.

£(U0,F+,Cl07)

C.3.1. Discrepancies or insufficient number of data points

Discrepancies are principally treated as described in Section C.2. Again, two cases
can be defined. Case I: Only two data 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.4 should be followed.

Case 1. 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
log,o K° and Ae. 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 Ae 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 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.2. 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.4.2. 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 de-
cisions are left to the judgement 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 dis-
card the “outliers”. If, however, the eight points are scattered considerably and two
points are just a bit further out, one can probably not consider them as “outliers”.
It depends on the particular case and on the judgement of the reviewer whether it is
reasonable to increase the uncertainties of the data to reach consistency, or whether
the slope Ae of the straight line should be estimated by analogy.
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Example C.5:

Six reliable determinations of the equilibrium constant log,, 5 of the reaction
U032t +SCN™ = UO,SCN* (C.14)

are available in different electrolyte media:

I, =01M (KNO;): logy 8(C.14) = 1.19 4 0.03
I, = 0.33 M (KNO3):  log, 3(C.14) = 0.90 £ 0.10
I.=1.0 M (NaClOy,): logy, 3(C.14) = 0.75 + 0.03
I.=1.0 M (NaClO,): log,, 3(C.14) = 0.76 £ 0.03
I.=1.0 M (NaClO,): log,, 3(C.14) = 0.93 £ 0.03
I, =25M (NaNOs):  log;, 8(C.14) = 0.72 4 0.03

The uncertainties are assumed to represent the 95% confidence level. From the values
at I, =1 M, it can be seen that there is a lack of consistency in the data, and that
a linear regression like in Example C.4 would not be appropriate. Instead, the use of
Ae values from reactions of the same charge type is encouraged. Analogies with Ae
are more reliable than analogies with single ¢ values due to cancelling effects. For the
same reason, the dependency of Aec on the type of electrolyte is often smaller than
for single ¢ values.

A reaction of the same charge type as Reaction C.14, and for which Ae is well
known, is

U0t +ClI° = UO,CIF (C.15)

The value of Ae(C.15) = —(0.25 £ 0.02) was obtained from a linear regression using
16 experimental data between I. = 0.1 M and I. = 3 M Na(Cl,Cl0,) [92GRE/FUG].
It is thus assumed that

Ae(C.14) = Ae(C.15) = —0.25+0.02

The correction of log,, 3(C.14) to I, = 0 is done using the specific ion interaction
equation, c¢f. TDB-2, which uses molal units:

log,, 8 +4D = log,,° — Aely (C.16)

D is the Debye-Hiickel term in molal units and I, the ionic strength converted to
molal units by using the conversion factors listed in [T6BAE/MES, p.439]. The fol-
lowing list gives the details of this calculation. The resulting uncertainties in log,, 3
are obtained based on the rules of error propagation as described in Section C.4.2.
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I, | electrolyte logyo B 4D Aely, log( B°
0.101 | KNOs 1.19 4+ 0.03 | 0.438 | —0.025 | 1.68 & 0.03(@
0.335 | KNO; 0.90 4+ 0.10 | 0.617 | —0.084 | 1.65 + 0.10()

1.050 | NaClOy4 0.75+0.03 | 0.822 | —0.263 | 1.31 +0.04
1.050 | NaClOy4 0.76 +0.03 | 0.822 | —0.263 | 1.32 + 0.04
1.050 | NaClOy4 0.93 +0.03 | 0.822 | —0.263 | 1.49 + 0.04
2.714 | NaNOs 0.72 £0.03 | 0.968 | —0.679 | 1.82 +0.13®

(a) These values were corrected for the formation of the nitrate
complex UO,NOF by using log;, K(UO,NOF) = (0.30 £ 0.15)
[92GRE/FUQG].

As was expected, the resulting values log,, 3° are inconsistent and have therefore
to be treated as described in Case I of Section C.2. That is, the selected value will
be the unweighted average of log,, 3°, 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 log,, 3° were consistent. The result is

log,, ° = 1.56+0.39

C.4. Procedures for data handling

C.4.1. 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 is 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, log,, K or log;, 3, and the stoichiometric sum of the ion interaction coefficients,
Ae. The ion interaction coefficients (see Tables B.3, B.4 and B.5 of Appendix B)
required to calculate Ae 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 Ae 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 that the ionic strength is frequently given in moles per dm? of solution (molar,
M) and has to be converted to moles per kg H,O (molal, m), as the model requires.
Conversion factors for the most common inert salts are given in Table I1.5.



Procedures for data handling 343
Example C.6:
For the equilibrium constant of the reaction
M3 42 H,O() & M(OH); +2H" (C.17)

only one credible determination in 3 M NaClO, solution is known, log,,’3(C.17) =
—6.31, to which an uncertainty of 4+0.12 has been assigned. The ion interaction
coefficients are as follows:

€3t cl07) T (0.56 + 0.03) kg - mol !
momtcior) = (026 £0.11) kg mol™
Ew+ciory = (0.14£0.02) kg - mol ™.

The values of Ae and oa. can be obtained readily (¢f. Eq. C.19):

Ae = 6(M(OH);,CIOZ) + 25(H+,C10;) - 8(M3+’CIOZ) = —O.Ong-mol’1

oa. = (0.11)2 + (2 x 0.02)2 + (0.03)2 = 0.12kg-mol .

The two variables are thus:

log,,B(C.17) = —6.31+0.12
Ase = —(0.0240.13) kg - mol™"

According to the specific ion interaction model the following equation is used to
correct for ionic strength for the reaction considered here:

logyy'B(C.17) + 6D = logy6°(C.17) — Ae myo-

D is the Debye-Hiickel term: D = 0.509+/1,,,/(1 + 1.5v/1,,,). The ionic strength I,
and the molality mgq- (I, ~ mmo;) have to be expressed in molal units, 3 M

NaClO, corresponding to 3.5 m NaClO, (see Section I1.2), giving D = 0.25. This
results in

log,8°(C.17) = —4.88.

The uncertainty in log,,"(6° is calculated from the uncertainties in log, "5 and Ae (cf.
Eq. C.19):

2
Tlog,g 6o = \/afogw*ﬁ + (mao; aAE) - \/(0.12)2 + (3.5 % 0.12)2 = 0.44.
The selected, rounded value is

log,3°(C.17) = —4.9+0.4.
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C.4.2. 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 [69BEV]. A simplified form of the general formula for error

propagation is given by Eq. (C.18), supposing that X is a function of V7,5, ..., Yy.
N 2
0X
2
= : C.18
% = 3 (G (.18)
Eq. (C.18) can be used only if the variables Y7, Y3, ..., Yy are independent or

if their uncertainties are small, that is the covariances can be disregarded. One of
these two assumptions can almost always be made in chemical thermodynamics, and
Eq. (C.18) can thus almost universally be used in this review. Egs. (C.19) through
(C.23) present explicit formulas for a number of frequently encountered algebraic
expressions, where ¢, c¢;, ¢y are constants.

X=cY+cY;: o2 = (c10y,)? + (c20v,)* (C.19)

cY; ox\2 oy, \ 2 oy, \ 2
Yok v () () () o
cY1Y, an Y, % Y, + Y (C.20)

’ ox Oy

X = Y:I:Cz . e == — 2]_
C1 X Co Y (C )
X = ¢ et . ny = 0y (C.22)
X =¢ In(£eY) : ox = cla?y (C.23)

Example C.7:

A few simple calculations illustrate how these formulas are used. The values have
not been rounded.

Bq. (C.19) 1 AGy = 2[—(277.4 £ 4.9)] kJ - mol~" — [—(467.3 % 6.2)] kJ - mol "
— —(87.5 4 11.6) kJ - mol

. __ (0.038+0.002) __
Eq. (C20): K = (Gt = (8.09+0.92)

Eq. (C.21): K =4(3.75 + 0.12)? = (210.9 = 20.3)

Eq. (C.22): K° = e_ARrg?n; AGS, = —(2.740.3) kJ - mol™!
R = 83145 J-K ! -mol!
T = 298.15K

K°=297+0.36

Note that powers of 10 have to be reduced to powers of e, i.e., the variable has to be
multiplied by In(10), e.g.,

logo K = (2454 0.10): K = 10980 K = ((n00) g K) — (989 + 65),
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Eq. (C23): AGS = —RTInK°; K° = (82+1.2) x 10°
R = 83145J-K ' mol !
T = 298.15K
AGE, = —(39.46 % 0.36) kJ - mol~!

InK° = 15.92+0.15
log;, K° = InK°/In(10) = 6.91 & 0.06

Again, it can be seen that the uncertainty in log;; K° cannot be the same as in
In K°. The constant conversion factor of In(10) = 2.303 is also to be applied to the
uncertainty.

C.4.3. 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.

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
set of data is developed, and only then are data rounded.

C.4.4. Significant digits

The uncertainty of a value basically defines the number of significant digits a value
should be given.
Examples: 3.478 £+ 0.008
3.48 +0.01
28 4+04
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In the case of auxiliary data or values that are used for later calculations, it is often not
convenient to round to the last significant digit. In the value (4.854+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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Introduction

Readers of the uranium review [92GRE/FUG] have pointed out to us several minor
problems and misprints.

The labels “U(OH)4(aq)” and “U05CO3(aq)” should be interchanged in Fig-
ure V.19, p.325.

In Section V.3.3.1.4, p.136, the reference in the first line should be “Cordfunke
[66COR]”, while in the second line after Eq. (V.22), the reference [66COR|
should read [63COR/ALI].

The value of A¢HZ (UO4 - 4H50, cr,298.15 K) should be —(2384.7 £ 2.1) kJ -
mol~! (instead of —2394.8 kJ - mol™'), both in Table ITI.1, p.32, and in Sec-
tion V.3.3.1.4, p.136.

t Although this text has been prepared by the authors listed, most of the corrections mentioned in
it have been pointed out by various observant readers: D. Cubicciotti, J. Fuger, R.J. Lemire, P.
Vitorge and others. It must be stressed that this Appendix has not been submitted to independent
peer-review. Judgement should be used when applying the comments and values given in this
and following pages.

347
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e The title and the last page number for Ref. [63COR/ALI|, which were omitted
in the uranium book can be found in the Reference list of this Appendix.

e In Figures V.7, V.8, V.19 and V.20, the variable “pe”, which denotes the Y-
axis, is not defined anywhere in the uranium review. The definition of this
variable is given in Section I1.1.6.5 of this volume.

e Several errors in Appendices B and C of [92GRE/FUG] have been corrected
and reprinted in this volume, for example, Eqs. (B.11) and (C.9). Likewise,
footnotes “(c)” and “(i)” in Table B.3 of [92GRE/FUG] have been revised.

e In the first line of Section V.9.5.2.3, p.347, the compound should be BaySrUOg(cr)
and not BayCaUOg(cr).

The authors of the uranium volume agreed that updates of the review to include
later publications would not be made, but that the selected values could be revised if
errors were discovered. Problems brought to our attention with the selected uranium
thermodynamic data in Chapter III and with the specific ion interaction coefficients
in Appendix B of Ref. [92GRE/FUG] are dealt with in the following Sections.

D.2. Uranium trichloride

The value of Cj  (UCI3, cr, 298.15K) in Table IIL.1 of the uranium NEA-TDB review
[92GRE/FUG, p.36] is erroneous. Grenthe et al. [92GRE/FUG, pp.200-202] adopted
the values reported by Cordfunke, Konings and Westrum [89COR/KON], but the
numbers were mistyped. The correct value is Cp  (UCl3, cr,298.15 K) = (102.5 +
0.5) J-K~!-mol !, instead of 95.1 J- K~ - mol~!, and the thermal function quoted
in Table I11.3 [92GRE/FUG, p.61] should read

° 1 1y -3 5 )
C’p’m/(J-K -mol ") = 87.78 + 31.127 x 10 °T /K + 4.853 x 10°(T/K) =.
We note however that this function has a minimum at ~ 315 K. In order to remove

this artifact the original data [47GIN/COR] should be refitted.

D.3. Aqueous uranium hydroxide complexes

Concerns have been expressed about the inadequacy of the selected values for this
species, namely:

U02" 4+ 2H,0(1) = UOy(OH)y(aq) +2HT log,, "35(298.15 K) < —10.3

which corresponds to A¢G2 (UO,(OH),, aq, 298.15 K) > —1368 kJ - mol~!. This up-
per stability limit would suggest that this complex is not a predominating hydrolysis
species in the uranium(VI) system. However, Figures V.4 to V.5, V.7 and V.18 in
pages 115, 116, 128 and 322 of Ref. [92GRE/FUG] show that this species predomi-
nates over a large range of conditions. Most of these Figures might be misleading,
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because for the sake of clarity they were constructed suppressing the precipitation of
solid phases. Nevertheless, Figure V.5 in [92GRE/FUG] shows that UO,(OH)s(aq)
can reach concentrations approaching 1075 M in equilibrium with schoepite if the
selected upper limit for log,, *335 is used. It appears therefore, that some additional
comments are required for this complex.

The selected values expressed the knowledge on this system by the date the draft
was sent for peer-review. Later publications (for example [91CHO/MAT, 92BIS/KRA,
92SIL, 94TOR/CAS]) have shown that the actual value of AyGY, for this complex
is probably larger than the lower limit set by Grenthe et al. by about 8 kJ - mol ™!,
cf. the footnote in p.113 of Ref. [92GRE/FUG]. Nevertheless, a revised value for this
complex is not offered because of the decision taken that the uranium book would
not be updated in the near future to take account of subsequent publications.

D.3.2. U(IV) hydrozide complexes

Users of the selected data set for this system should be aware of the caveats expressed
in section “A potential inconsistency” in [92GRE/FUG, pp.129-131]. Although it ap-
pears that the stability of U(OH),(aq) has been overestimated by orders of magnitude
in [92GRE/FUG], the inconsistencies mentioned by Grenthe et al. still remain unre-
solved, and a re-examination of this system is being undertaken simultaneously with
the neptunium and plutonium NEA-reviews.

D.4. Uranium carbonate complexes and compounds

Although no remarks have been made on the selected thermodynamic values con-
cerning this chemical system, a re-adjustment of the method for ionic strength cor-
rections has taken place within the NEA-TDB project as discussed below. This has
insignificant consequences on the selected thermodynamic values, but might have
non-negligible effects on the ionic strength extrapolations in carbonate solutions for
users of the specific ion interaction equations discussed in Appendix B.

More important is the fact that the thermodynamic data selected by Grenthe et
al. [92GRE/FUG] are not likely to reflect the behaviour of U(IV) at pH < 7, because
mixed hydroxide carbonate/bicarbonate complexes of U(IV) are probably formed in
those aqueous solutions (cf. [92GRE/FUG, p.323]). Experimental information on the
complexes formed and their stability is still badly needed 3 years after the publication
of the NEA review.

The grounds for the change in the parameters of the ionic strength correction
method for carbonate solutions, and its effects on the selected uranium values, are
presented in the following discussions.

For consistency, the auxiliary data presented in Chapter IV have to be used with
the values selected in the NEA-TDB reviews. For the aqueous carbonate system, the
equilibrium constants are calculated from the CODATA Key Values [89COX/WAG]
with the uncertainties re-evaluated in Chapter VI of [92GRE/FUG]. For example for
the reaction

COZ +2HY = COy(g) + HyO(1) (D.1)
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logyo K = (18.15 £ 0.04) is obtained combining the values given in Table TV.2.

The selected data in the NEA-TDB project should be used in combination with
the specific ion interaction equations (cf. Appendix B). This will ensure consistency
between the ionic strength corrections used in the modelling calculations and during
the NEA review procedure.

However, a member of the team for the Np/Pu review (Dr. Vitorge, CEA, France)
has pointed out that for the aqueous carbonate system the experimental equilibrium
constants in NaClO, media are poorly represented by the combination of CODATA
Key Values and the specific ion interaction equations (using the values of € (Nat+,c027)
and € x,+ pco-) adopted in [92GRE/FUG]). Nevertheless, it must be stated that the
calculated and experimental values do agree within the uncertainty of the extrapola-
tions. A better agreement between the CODATA Key Values and the experimental
measurements is obtained using the e-values reported by Ciavatta [80CIA]. Appar-
ently the values of €,+ co2-) and &y,+ nco, ) adopted in [92GRE/FUG] were ob-
tained from a fitting of activity (or osmotic) coefficient data for NayCO3 and NaHCOj;
solutions. However, Dr. Vitorge pointed out that this procedure is inadequate, be-
cause hydrolysis will take place in these solutions of the “pure” salts, introducing a
systematic error in the e-values obtained by the fitting procedure. These arguments
weighted against the policy of keeping the values of the specific ion interaction pa-
rameters constant throughout the NEA-TDB reviews, and it was finally decided that
it would be reasonable to change the values of the two key e-values to those given in
[8OCTA]:

Eat,coz-y = —(0.08£0.03) kg - mol ™, (D.2)
Ematmcosy =  (0.00=£0.02) kg - mol . (D.3)

In order to keep internal consistency among the NEA-TDB reviews, this change
of e-values requires a re-evaluation of the values selected in the NEA review on
uranium thermodynamics [92GRE/FUG]. Grenthe at al. selected data for 10 aque-
ous carbonate/bicarbonate complexes of uranium, including mixed complexes with
hydroxo or oxo groups. Furthermore, the uranium review contains selected values
for two complexes containing both dioxouranium(VI) and either dioxoplutonium(VI)
or dioxoneptunium(VI). Two solid phases have selected values: UO,COjs(cr) and
Na4UOQ(CO3)3(Cr).

In addition to formation and reaction data 7 specific ion interaction coefficients
were selected by Grenthe et al. [92GRE/FUG, Table B.4] for aqueous complexes of
uranium and carbonate (including a mixed carbonate-hydroxo complex).

The selection procedure followed by Grenthe et al. is repeated here using the new
g-values as described in the following Sections. As expected, the effect of the new
e-values (cf. Egs. (D.2) and (D.3)) in the selected thermodynamic data for uranium
complexes and compounds is quite small, but the changes are larger on the values of
the specific ion interaction coefficients of uranium carbonate complexes. The results
of these re-evaluations are summarized in Tables D.1, D.2 and D.3.
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Table D.1: Specific ion interaction coefficients (g, in units of kg - mol™") for uranium
carbonate complexes revised for the changed e-values given in Eqs. (D.2) and (D.3).
The value in emphasized typeface is taken directly from Ref. [92GRE/FUG] and is not
affected by this re-evaluation. All ionic species listed in this table are aqueous species.
All data refer to the reference temperature of 298.15 K and to the standard state,
i.e., a pressure of 0.1 MPa. The uncertainties listed represent total uncertainties and
correspond in principle to the statistically defined 95% confidence interval.

6((UOQ)CO?,(OH);,Na-s-) = 0.00+£0.05
€(U05(CO3)2™ Na+) = —0.02+0.09
£(U(C0o3)i~ Nat) = —0.09+0.10
€(U0,(CO3)4~ Nat) = —0.01+0.11
€(U0,(CO3)3~ ,Nat) = —0.62+0.15
£(U(C03)8~ Nat) = —-0.30x£0.15
E(U0y)a(COs)e Nat) = 037 £0.11

D.4.1. U(VI) carbonate complezes
D.j.1.1. UOy,COs(aq)
The two values of the equilibrium constants for reaction
UO3T +CO;~ = U0,CO3(aq) (D.4)

from Refs. [T2SER/NIK, 91GRE/LAG]| and the four values obtained from reinter-
pretations of the data in Refs. [69TSY, 79CIA/FER, 84GRE/FER] are corrected to
I =0 using Ag(D.4) = —(0.38 £ 0.04) kg - mol ! instead of —(0.41 £ 0.04) kg - mol .
The revised values are given in Table D.4.

Note that the values of log,, 4, for Refs. [TOCIA/FER, 84GRE/FER, 91GRE/LAG]|
have been recalculated from the corresponding equilibrium constants of reactions
involving COq(g):

UO3* + Hy0(1) + COy(g) = UO,CO3(aq)

combined with values of log,, K,(D.1) calculated from the CODATA Key Values
(cf. Table IV.2) and the specific ion interaction equations (cf. Appendix B) using
S(Na'*‘,CO?,*) == _(008 j: 003) kg . mOlfl.
The weighted average of the values extrapolated to I = 0 and listed in Table D.4
is:
log,, 39(D.4,298.15K) = 9.67 £ 0.05

which is essentially equal to the value obtained by Grenthe et al. [92GRE/FUG]:
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Table D.2: Thermodynamic data for uranium carbonate complexes and compounds
from Ref. [92GRE/FUG]| revised for the changed e-values given in Eqgs. (D.2) and
(D.3). Values in emphasized typeface are taken directly from Ref. [92GRE/FUG]
and are not affected by this re-evaluation. 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 repre-
sent total uncertainties and correspond in principle to the statistically defined 95%
confidence interval. Values obtained from internal calculation, c¢f. 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 Chapter V of [92GRE/FUG]. Systematically, all
the values are presented with three digits after the decimal point, regardless of the
significance of these digits.

Compound AeGyy ArHY Sy (O

m ,m

p
(kJ-mol™')  (kJ-mol™!) (J-K!'-mol!) (J-K ! -mol!)

U0,C0;(aq) —1535.6507)  —1689.230(P) 53.710()
+1.813 +2.512 +10.394
U0,CO,(cr) —1563.160(")  —1689.760() 144 .200 120.100
+1.805 +1.808 +0.300 +0.100
U(CO,)% —3362.860(")  —3987.350(P) —84.970(2)
+6.285 +5.334 +27.654

(UOQ)Q(PUOQ)(COS)E_ (©)

(UO,)5(NpO,)(CO4)g™ ©

(a) Value calculated internally with the Gibbs-Helmholtz equation, A¢GY, = A¢Hy — T A¢Sy,.
(b) Value calculated internally from reaction data (see Table D.3).
(¢c) Only reaction data are selected for this compound, ¢f. Table D.3.
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Table D.3: Thermodynamic data for reactions involving uranium compounds and
complexes revised for the changed e-values given in Eqs. (D.2) and (D.3). Values in
emphasized typeface are taken directly from Ref. [92GRE/FUG] and are not affected
by this re-evaluation. 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. Values
obtained from internal calculation, ¢f. footnote (a), are rounded at the third digit
after the decimal point and may therefore not be exactly identical to those given in
Chapter V of [92GRE/FUG]. Systematically, all the values are presented with three
digits after the decimal point, regardless of the significance of these digits.

Species Reaction
log,, K° AG AH?, A.Se
(kJ - mol~!)  (kJ-mol~1) (J-K=!-mol™!)
U0,C0,(aq) CO3™ + UO3T = U0,CO,4(aq)
9.670 —55.197 5.000 201.901(2)
+0.050 +0.285 +2.000 +6.776
U0,CO,(cr) CO3™ + UO3T = U0,CO4(cr)
14.490 —82.710
+0.040 +0.228
U(CO,4)8 5CO3™ + Ut 2 U(CO,)E~
33.900 —193.503 —20.000 581.931(2)
+1.000 +5.708 +4.000 +23.378
(UO,),(Pu0,)(CO4)¢ Pu0,(CO,3)5~ + 2 U0, (CO,)5~ & (UO,),(Pu0,)(CO,4)8~ + 3 CO;~
—8.200 46.806
+1.300 +7.420
(UO,),(NpO,)(CO3)5~ NPO2(CO3)37 + 2 UO2(CO3)§7 = (UO,),(Np0,)(CO;)g~ + 3 CO3~
—9.400 53.656
+1.300 +7.420

(a) Value calculated internally with the Gibbs-Helmholtz equation, A,GY, = A HY — TA,Sy.
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Table D.4: Experimental equilibrium data for reaction: UO2t + CO3~ =
UO,CO3(aq). This table supersedes the corresponding values in Table V.42, p.309
of Ref. [92GRE/FUG].

Method  Ionic t log, o B\ logo 2™ Reference
Medium (°C)

emf, gl 0.1 M (NaClO,) 25  9.30+£0.20>% 10.13 4 0.20 [69TSY]
sol,sp  <0.03M 25 9.874+0.30(Y  [72SER/NIK]
[
[

emf, gl 3.0 M (NaClO4) 25  8.60=+0.18"°  9.14+0.23 79CIA/FER]

sol 0.5M (NaClO,) 25  838+0.10>9  9.57+0.11 84GRE/FER]
3.0 M (NaClO,) 25 889+0.10>° 94340.18

emf, gl 0.5m (NaClO4s) 25  8.54+0.05 9.73 4+ 0.07 [91GRE/LAG]

(a) logyq B1 refers to equilibrium constant in the ionic medium and at the temperature
given in the table, log,y A7 (in molal units) at I = 0 and 298.15 K.

(b) Re-evaluated by Grenthe et al. [92GRE/FUG, Appendix A].

(¢c) The reported constant is corrected for the different protonation constant of car-
bonate used in the NEA reviews (¢f. Table IV.2) corrected for medium effects with
the specific ion interaction equations (c¢f. Appendix B), using the same procedure
as Grenthe et al. [92GRE/FUG, Appendix A].

(d) Uncertainties estimated by Grenthe et al. [92GRE/FUG].

D412 U02(003)37 and U02(003)37

The selection procedure for the values of log,, 35 and log,, 35 is not affected by the
change in the key e-values. However, from the values of Aey and Aes the two selected
ion interaction coefficients are instead:
E(U0a(c0y)2- Naty = —(0.02£0.09) kg - mol™' (D.5)
E(U0s(COp)i- Naty = —(0.01£0.11) kg mol . (D.6)

D.4.1.3. (UOy)s(COs)%

The selection procedure for the value of the standard equilibrium constant of for-
mation of this complex, log,, g 3, is not affected by the change in the key e-values.
However, the value of the selected ion interaction coefficient is derived to be:

E((U02)3(C03)27,Na+) = (037 + 0]_].) kg : mOl_l.

D.4.2. Mized U(VI) hydrozide-carbonate complezxes

The selection procedure for the value of the standard equilibrium constant of forma-
tion of these complexes ((UO3)11(CO3)6(OH)Ty, (UO2)s0(OH)y(HCO3)* and
(UO5)2CO3(OH)5 ) is not affected by the change in the key e-values, because the
reactions considered by by Grenthe et al. [92GRE/FUG] did involve COy(g) as
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a component, rather than carbonate or bicarbonate ions, cf. reactions (V.164) to
(V.167) and Table II1.2 in Ref. [92GRE/FUG]. For the same reason, the value of
€((U0)205(0M); Nat) Selected by Grenthe et al. remains unchanged.

D.4.3. Mized U(VI), Np(VI) and Pu(VI) carbonate complezes
The equilibrium constants at (22 4+ 1)°C in 3 M NaClO4 reported in [86GRE/RIG]

for the reactions

2U0,(CO3)5~ + MO2(CO3)57 = (UO3)2(MO,)(CO3)g~ 4 3CO35~
M = Np, Pu (D.7)

are extrapolated to I = 0 assuming that e-values are the same for the complexes with
M = U, Np and Pu, i.e. using Ae = (0.16 + 0.36) kg - mol™"!, obtaining

log; K°(D.7, M = Np,298.15K) = —9.4+1.3
log;o K°(D.7, M = Pu,298.15K) = —82+1.3

The standard Gibbs energies of formation for (UO)y(NpOy)(COs)s~ and
(UO3)2(Pu03)(CO3)§~ will be selected in the forthcoming NEA review on the chem-
ical thermodynamics of neptunium and plutonium.

D.j.4. U(V) carbonate complexes

The selection procedure used by Grenthe et al. to obtain the value for the standard
redox potential for reaction

UO,(CO3)3~ +e~ = UO0y(CO3)5™ (D.8)

is not affected by the change in the key e-values, because no carbonate or bicarbonate
ions are involved in this reaction. However, from the value of Ae(D.8) = —(0.61 +
0.10) obtained by Riglet [90RIG, p.105], the selected ion interaction coefficient is:

€(U0(CO3)3~ Nat) = —(0.62 £ 0.15) kg - mol .

Note that at each of the NaClO, concentrations studied by Riglet, she measured
apparent normal potentials relative to the standard hydrogen electrode and, therefore,
activity coefficient corrections for HY according to the reaction: JHy(g) = H* + e~
are not included in the value of Aec.

D.4.5. U(IV) carbonate complezes
D.4.5.1. U(COs )i

The selected stepwise equilibrium constant for reaction

U(CO3); +CO3~ = U(CO3)s~ (D.9)
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is not affected by the e-values given in Eqs. (D.2) and (D.3). Grenthe et al. esti-
mated E(U(COg)t- Nat) = —(0.09 £ 0.10) kg - mol™!' [92GRE/FUG, p.324], which is
combined with the experimental value of Ae(D.9) = —(0.1340.11) kg-mol ! to yield
E(U(cos)e- Nat) = —(0.30 £0.15) kg - mol™'. The selected e-values are

oyt Naty = —(0.09%0.10) kg - mol ™,

8(U(CO3)27,N8.+) = _(030 + 015) kg : mOl_l.

The value of €043~ na+), Which is derived from the estimate of € co,)1- Nat)s
is used in next Section to extrapolate the value of log,, 85 to I = 0.

D.4.5.2. U(COs)t

The normal redox potential of the reaction
UO(CO3)i™ +2e” +2C05(g) = U(CO5)8" (D.10)

was determined in 3 M NaClOy solutions at 25°C by Ciavatta et al. [83CIA/FER):
E° = —(0.279 £ 0.001) V, i.e., logyo K (D.10) = —(9.432 £ 0.034). The procedure
indicated in Grenthe et al. [92GRE/FUG, Appendix A], will also be followed here.
Reaction (D.10) is combined with the equilibria

UO2 +2e +4H" = U +2H,0(]) (D.11)
UOZT +3C0O;~ = U0y(CO3)3~ (D.12)
COy(g) + H,O() & CO2 4+ 2H" (D.13)

whose selected constants are extrapolated to I = 3 M NaClOy4 using the specific
ion interaction equations of Appendix B (with the e-values given by Egs. (D.2) and
(D.3)), obtaining, log,, K(D.11) = (11.96+0.37), log,, K (D.12) = (22.61+£0.51) and
log,q K(D.13) = —(17.61 £ 0.18). Finally, for reaction

U +5C03 = U(CO3)¢~ (D.14)

the equilibrium constant is calculated to be log;, f5 = (36.44 £ 0.68). The value of
E(U(COa)8 Nat) = —(0.30£0.15) kg-mol ™", estimated in the previous section following
the procedure of Grenthe et al. (cf. pages 660 and 324 in Ref. [92GRE/FUG]), is used
to obtain Ae(D.14) = —(0.66 + 0.22) kg - mol !, which allows us to calculate:

log, 32(298.15 K) = 34.1 + 1.0,

which is essentially the same value as that reported by Grenthe et al., (34.0 £ 0.9)
[92GRE/FUG, p.324]. The large uncertainty is due to the accumulation of uncertain-
ties for the extrapolation of the equilibrium constants for reactions (D.11) to (D.13)
from I = 0 to I =3 M, and then for the extrapolation of log,, 45 back to I = 0.

t Grenthe et al. consistently listed E(U(COg)i~ Nat) = (0.09 £ 0.10) both in p.324 and in p.697

[92GRE/FUG]. This appears to be a misprint, and the value should in fact have a negative
sign.
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D.4.6. Solid uranium carbonates
D.j.6.1. UOy,COs(cr)
The four reliable values of the equilibrium constants for reaction
UO0,CO3(cr) = UO2T 4+ CO3™ (D.15)

from Refs. [T2SER/NIK, 76NIK2, 84GRE/FER] are corrected to I = 0 using
Aeg(D.15) = —(0.38 4 0.04) kg - mol™'. The revised values are listed in Table D.5.
The weighted average of the values extrapolated to I = 0 is:

logyo K2o(D.15,298.15 K) = —14.49 =+ 0.04

which is essentially equal to the value obtained by Grenthe et al. [92GRE/FUG]:
logg Ky = —(14.47 + 0.04).

Table D.5: Experimental equilibrium data for reaction: UOyCOs(cr) = UO3" +
CO3~. This table supersedes the corresponding values in Table V.42, p.311 of Ref.
[92GRE/FUG].

Method  Ionic t log;, KS(%) log,, K;E)a) Reference
Medium (°C)

sol 0.0002 to 0.02M 25  —14.261) —14.26 £ 0.301Y  [72SER/NIK]

sol 0.01 M®) 25  —14.15+0.08 —14.50 £ 0.17  [76NIK2]

sol 0.5 M (NaClOy) 25  —13.3140.03(>¢) —14.49 +0.04 [84GRE/FER]

(
3.0 M (NaClO,) 25  —13.9440.03(»%) —14.48+0.15

(a) logyg Ko refers to equilibrium constant in the ionic medium and at the temperature
given in the table, log;q K¢, (in molal units) at 7 = 0 and 298.15 K.

(b) Re-evaluated by Grenthe et al. [92GRE/FUG, Appendix A].

(¢) The reported constant is corrected for the different protonation constant of carbon-

ate used in this review (cf. Table IV.2) corrected for medium effects with the specific

ion interaction equations (cf. Appendix B), following the procedure of Grenthe et al.

[92GRE/FUG, Appendix A].

Uncertainties estimated by Grenthe et al. [92GRE/FUG].

Ionic strength assumed to be similar to that reported in Ref. [72SER /NIK].

Value refers to I = 0.

o
= o
= =

D462 Na4 UOQ(CO3)3(CT)

The extrapolation to I = 0 of the measurements [56BLA/COL] of the equilibrium
constant for

Na4UOQ(CO3)3(Cr) = 4Na++UOQ(C03)§* (D16)

is not affected by the new e-values defined in Eqgs. (D.2) and (D.3). The value of
Aeg(D.16) = —(0.09 + 0.06) kg - mol™" obtained by Grenthe et al. [92GRE/FUG,
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p-328] now leads to £yo,(co,)t- xat) = —(0.13 £0.07) kg - mol™", which still differs
significantly from the value given in Eq. (D.6) and Table D.1.

D.5. Uranium minerals

The thermodynamic data for uranium minerals have been the subject of some ex-
pressed criticism regarding the NEA-TDB review for uranium. Taking into account
the complex chemistry of these solid phases, it is to be expected that the number
of publications with experimental determinations of thermodynamic parameters for
uranium minerals is low. The existing literature on this subject was reviewed by
Grenthe et al., [92GRE/FUG], and we are not aware of any other experimental work
which escaped the attention of the NEA-review team and that could have been used
to recommend thermodynamic data on uranium minerals.

Nevertheless, a few publications have been found [810BR/WIL, 81VOC/PIR,
830BR/WIL, 83VOC/PEL, 84VOC/GRA, 84VOC/GOE, 86VOC/GRA,
88ATK/BEC, 90VOC/HAV] which by mistake were not included in the discussions
of Chapter V in Ref. [92GRE/FUG]. As the quality of the experimental data given
in these references is not adequate to include them in a selection procedure, it is
important to note that this omission does not really affect the set of selected ther-
modynamic uranium data given in the NEA review.

Two studies presented by O’Brien and Williams in [8IOBR/WIL, 830BR/WIL]
deal with the stabilities of different secondary uranyl minerals. These references are
Parts 3 and 4 of a series of papers. Parts 1 and 2 [T9HAA/WIL, 80ALW/WIL] in the
same series were reviewed and discussed by Grenthe et al. [92GRE/FUG] (Sections
V.5.1.3.2.cand V.7.1.2.2.b, pp. 254-255 and 328, and the comments on [T9HAA /WIL|
in Appendix A, pp. 646-648).

O’Brien and Williams [81OBR/WIL] reported the Gibbs energies of formation of
sodium, potassium, and ammonium zippeites, (basic dioxouranium(VI) sulphates).
There are almost no experimental details on the technique and data analysis used
in this work as well as no information about the auxiliary data used. In Part 4,
[830BR/WIL], O'Brien and Williams reported the thermodynamic stabilities, i.e.,
Gibbs energies of formation, of schrockingerite, CazNaUOy(CO3)3FSO, - 10HO(cr),
and grimselite, K3NaUOy(COj3)3 - HoO(cr), calculated from solubility experiments.
The method used for these measurements is essentially the same as was previously
used by Haacke et al., [T9HAA/WIL] in Part 1 of this series. The authors performed
corrections for ionic strength effects to the equilibrium constants for the aqueous
complexes, but the data suffer from the same flaw as previous studies, i.e., neglect of
the formation of hydrolysis species, which in the investigated pH range (7.69 to 10.00)
is expected to be important for the uranium system, introducing a large uncertainty
in the calculated solubility products, and therefore on the resulting values of the
thermodynamic data.

The solubility products of cobalt, nickel, and copper uranylphosphate, (meta-
torbenite) were measured by Vochten et al., [81VOC/PIR]. The solid compounds
were synthesised and adequately characterised. However, the solubility experiments
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and the corresponding data analysis have serious limitations, e.g., lack of uranium
and phosphorous analysis, standardisation of the pH electrode with buffer solutions
which were out of the pH range under investigation, no correction for ionic strength
effects on the auxiliary thermodynamic data (which were taken from Sillén et al.
[64STL/MAR], and only included uranyl phosphorus complexes), etc. Furthermore,
the authors did not specify in which ionic medium the solubility experiments were
done. It might be assumed that this was just pure water. No enough details were
given for a thorough evaluation.

Sabugalite is a hydrated acid aluminium uranylphosphate which crystal chemi-
cal formula corresponds to HAI(UO)4(POy)4 - 16H5O(cr). The study performed by
Vochten and Pelsmaekers, [83VOC/PEL], gives some information on the solubility
of this compound under conditions not well defined, in two ionic media, phosphoric
and hydrochloric acid. The lack of experimental details along with the absence of
the raw data does not allow further calculations of thermodynamic values.

Bassetite is a secondary uranyl phosphate and has the crystal chemical formula
Fe(UO3)2(POy)s - 8HyO(cr). This compound together with its fully oxidised form
were synthesised and extensively investigated by Vochten et al. [84VOC/GRA], using
various techniques, i.e., powder diffraction, Mossbauer and infrared spectroscopy,
zeta- potential measurements and thermal analysis. The authors also measured the
solubility of this solid as a function of the acidity, at 2.4 < pH < 6.0 in HCl medium
under nitrogen atmosphere. They reported solubility values based only on the total
iron concentration in solution. The ionic strength of the experiments is unknown.
The experimental details are so scarce that it is not possible to obtain any further
information.

The synthesis and properties of several uranyl arsenates have been reported in
[84VOC/GOE, 86VOC/GRA]. Vochten and Goeminne [84VOC/GOE] measured the
solubility of copper (meta-zeunerite), cobalt (meta-kirchheimerite) and nickel uranyl
arsenates at room temperature. The corresponding ionic medium was not specified.
The experimental methodology and data analysis were basically the same as pre-
viously described in other publications by the same authors (see the comments on
[81VOC/PIR] given previously in this section). Therefore, all the data exhibit anal-
ogous limitations. A similar study on manganese and iron (meta-kahlerite and its
fully oxidised form) uranyl arsenates was reported by Vochten et al. [86VOC/GRA].
Again, the same procedures were used which render the measurements unsuitable for
the extraction of additional thermodynamic data.

The stability field of becquerelite, CaUgOqg - 11H,O(cr), was reported as a func-
tion of temperature and calcium concentration by Atkins et al. [SSATK/BEC]. They
also measured the solubility of this solid and Cay,UOj - (1.3-1.7)H5O(cr), at 20°C in
two ionic media, pure water and a 0.5 M NaOH solution. Very few details about
the experimental procedure are given. Thus, these solubility values do not provide
sufficient information to extract thermodynamic data.

Vochten and Van Haverbeke, [90VOC/HAV], investigated the transformation of
schoepite, chemically equivalent to UOj3 - 2H,O(cr), into becquerelite, billietite and
wolsendorfite, which correspond to CaUgO1g - 11H,O(cr), BaUgOq9 - 11H,O(cr), and
PbU,07 - 2H,0(cr), respectively. These transformation reactions were obtained at
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60°C. The solubilities of these compounds were also measured at 25°C in water as
a function of the pH. Care was taken to avoid the presence of COy(g). However,
the stability of these solids at room temperature in the absence of calcium, barium,
and lead, in the aqueous solution at the pH values investigated was not addressed.
Based on the solubilities measured under these experimental conditions, the authors
calculated the solubility products for becquerelite and billietite. They claimed to
use auxiliary data from various sources of published thermodynamic data for the
uranyl hydroxo species, but the set of complexes along with the corresponding ther-
modynamic values used are not reported. Moreover, they presented two distribution
diagrams for the aqueous uranyl species involved in these two systems, which are
clearly incorrect (for example, the complex UO;OH™ predominates at pH > 9 in
their figures). Therefore, all the thermodynamic data derived from this study will be
strongly affected by these uncertainties.

To facilitate the task of geochemists searching for thermodynamic data to model
uranium migration in aquatic environments, the tables in Chapters IX and X of Ref.
[92GRE/FUG] have been combined, re-organised, updated with new references and
purged of aqueous complexes. Furthermore, only solid phases which are believed
(perhaps arbitrarily) to be important for modelling radionuclide migration were left
in the table. Thus, solids containing alkali metals other than sodium, and potassium
have not been included. For the same reason, intermetallic compounds and alloys,
halides, nitrates, etc., have been excluded. Other systems have also been excluded
because they have been thoroughly discussed in [92GRE/FUG], like simple oxides,
hydroxides, sulphides, sulphites, sulphates, arsenates and their hydrates, etc. Solid
phases for which there is only stoichiometric or structural information have also been
excluded (e.g., those having only Ref. [83FLE] in Chapter IX of [92GRE/FUG]) in or-
der to present the reader with a table containing literature sources of thermodynamic
and/or solubility data of uranium minerals. The solid phases have been rearranged
into families (phosphates, sulphates etc.). The result of all these changes is given
in Table D.6. It is stressed that this table does not bring new information to the
reader, but it is provided only as a convenience to geochemical modellers. Table D.6
in combination with Chapter IX in 92GRE/FUG constitute a convenient way of ob-
taining bibliographic information. It must be noted that it is intended that these
tables should be as comprehensive as possible, but any errors or omission will be
gladly received by the NEA secretariat.
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Table D.6: Minerals of uranium and related solid phases of interest for geochemical
modeling. The inclusion of these formulae in this Table is to be understood as
information on the existence of published material. It does not imply that the authors
of this Appendix give any credit to either the thermodynamic data or the chemical
composition or existence of these species. The compounds for which selected data are
presented in Chapter III of [92GRE/FUG], as well as those which are discussed but for
which no data are recommended in Ref. [92GRE/FUG], are marked correspondingly.

Formula Name References

Ternary and quaternary ozides and hydrozides® :

PbU,07 - 2H,O(cr) wolsendorfite [90VOC/HAV]

NI(U02)303(OH)2 . 4-6H20(C1‘) [QIVOC/HAV]

MH(UOQ)?,O?,(OH)Q . 4—6H20(C1‘) [QIVOC/HAV]

MgUOy4(cr) data selected in [92GRE/FUG]

MgU,O¢/(cr) [81GOL/TRE2]

MgU,O~(cr) [81GOL/TRE2]

MgU301o(cr) data selected in [92GRE/FUG]

Mg(UO2)g04(OH)g - 10-13H50(cr) [91VOC/HAV]

Mg3U3010(Cr) [83FUG]

CaUOy(cr) data selected in [92GRE/FUG]

a — CalUOy data selected in [TINAU/RYZ]

B — CaUQy data selected in [92GRE/FUG]

CazUQg(cr) data selected in [92GRE/FUG]

CaU,O¢(cr) [81GOL/TRE, 82MOR, 83FUG,
85PHI/PHI, 86MOR, 88PHI/HAL)

CaU,07(cr) calciouranoite, anhydr. [81GOL/TRE, 82MOR, 83FUG,

CaUgO1g - 11H,0(cr) becquerelite

a — SrUO4(cr)
B — SrUOQ4(cr)

85PHI/PHI, 86MOR, 88PHI/HAL)

[8SATK/BEC, 90VOC/HAV,
94CAS/BRU, 94SAN/GRA]
data selected in [92GRE/FUG]
data selected in [92GRE/FUG]
[T9TAG/FUJ, 86 MOR]

SrUO4(cr) [83KOH]

SroUOs5(cr) data selected in [92GRE/FUG]
Sr3UOg(cr) data selected in [92GRE/FUG]
Sro U304 (cr) data selected in [92GRE/FUG]
SrU4043(cr) data selected in [92GRE/FUG]
BaUOs/(cr) data selected in [92GRE/FUG]
BaUOy(cr) data selected in [92GRE/FUG]
BazUOg(cr) data selected in [92GRE/FUG]
BaU,O~(cr) bauranoite, anhydr. data selected in [92GRE/FUG]
Bay,U207(cr) data selected in [92GRE/FUG]

BaGDyg (UOG)3 (CI‘)

[82MOR]
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Table D.6 (continued)

Formula Name

References

Ternary and quaternary oxides and hydrozides (continued):

BasMgUOg(cr)

BayCalUOg/(cr)

BaySrUOg(cr)

BaUgOjg - 11H,O(cr) billietite
NaUOj(cr)

a — NaQUO4

B — N82U04

NasUOy4(cr)

NasUOs(cr)

Nay U, Or(cr)
Naﬁ U7 021 (CI‘)
NagU7Oa4(cr)

Na4O4UO4 . QHQO(CI‘)
N32U207 . 15H20(CI‘)
KUO3(CI“)

KQUO4(CI‘)
K4UO5(CI“)
KQUQ 07(cr)

K2U4013 (cr)
KsUgO1g - 11H50(cr) compreignacite
K2U7 022 (CI“)

data selected in [92GRE/FUG]
data selected in [92GRE/FUG]
data selected in [92GRE/FUG]
[90VOC/HAV]

data selected in
data selected in [92GRE/FUG

92GRE/FUG]

]

data selected in [92GRE/FUG]
]

]

data selected in [92GRE/FUG
data selected in [92GRE/FUG
[71COR/LOO, 78COR/OHA,
S1LIN/BES, 82HEM, 82WAG /EVA,
83FUG, 85PHI/PHL, 85TSO/BRO,
86MOR, 88PHI/HAL]

data selected in [92GRE/FUG]
[T8COR/OHA]

data selected in [92GRE/FUG]
[71COR/LOO, 81LIN/BES,
82HEM, 82MOR, 82WAG /EVA,
83FUG, 86MOR]

[R2WAG/EVA]

[65MUT, 82WAG/EVA]

data selected in [92GRE/FUG]
[81COR/OUW, 81LIN/BES,
82HEM, 82MOR, 83FUG,
83KAG/KYS, 85PHI/PHI, 86MOR,
SSPHI/HAL]

data selected in [92GRE/FUG]
[81LIN/BES]

data selected in [92GRE/FUG]
[750HA/HOE2, 81LIN/BES,
85FUG, 86MOR]

[81LIN/BES]

[94SAN/GRA]

[81LIN/BES]
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Formula Name References
Sulphates®) :
CazNaUO2(CO3)3FSO4 - 10H2O(cr)  schroeckingerite [82HEM, 830BR/WIL]

ZHQ(UOQ)G(SO4)3(OH)10 . SHQO(CI‘)
COQ (UOQ)G(SO4)3(OH)10 . SHQO(CI“)

NiQ (UOz)G (804)3 (OH)lo . 8H20(cr)

Mgz (UOz)G (SO4)3 (OH)lo . 8H20(cr)

Na4 (UOQ)G (804)3 (OH)lO . 4HQO(CI“)
K4(U02)6(SO4)3(OH)10 . 4HQO(CI“)

Phosphates:

U3 (PO4)4(CI‘)

U(HPO4)2 . 4H20(CI‘)
U(HPOy)a(cr)
U(HPO4)2H3PO4 . HQO(CI“)
UOQHPO4 . 4HQO(CI“)
UO,HPO, (cr)
(UOQ)z(HPO4)2(Cr)

H2 (UOz)Q(PO4)2(CI‘)

H2 (UOz)z(PO4)2 . ].OHQO(CI‘)
UOQ(HQPO4)2 . 3HQO(CI“)
(UO2)3(PO4)2(cr)
(U02)3(PO4)2 . 4H20(cr)

(U02)3(PO4)2 . 6H20(cr)
NH4UOQPO4 . 3HQO(CI“)

NH4UOQPO4(CI")

(NH4)2(UO2)2(PO4)2(cr)
HAI(U02)4(PO4)4 . 16H20(cr)
HAI(UOQ)4(PO4)4(CI“)
PbyUO,(POy)s - 2H,0(cr)
PbQUOQ(PO4) (C)
Ph(UO4)2(POy)s - 10H,0(cr)
Pb(UOs)5(POy)s - 2H> O (cr)
Pb(UO2)2(PO4)2 (cr)

Zn-zippeite
Co-zippeite
Ni-zippeite

Mg-zippeite

Na-zippeite
zippeite

H-autunite

uramphite

NH,-autunite, anhydr.

sabugalite
sabugalite, anhydr.
parsonsite
parsonsite, anhydr.

przhevalskite
przhevalskite, anhydr.

[7T9HAA/WIL, 810BR/WIL,
82HEM](D)

[7T9HAA/WIL, 810BR/WIL,
82HEM](D)

[7T9HAA/WIL, 810BR/WIL,
82HEM](4)

[7T9HAA/WIL, 810BR/WIL,
82HEM]()

[810BR/WIL, 82HEM]
[810BR/WIL, 82HEM]

[73MOS, 78ALL/BEA](®)

data selected in [92GRE/FUG]
[71MOS, 84VIE/TAR, 86 WAN] ()
[55SCH] (&)

data selected in [92GRE/FUG]
See footnote (h)

See footnote (h)

See footnote (h)

See footnotes (h) and (i)
[54SCH/BAE)W)

data selected in [92GRE/FUG]
data selected in [92GRE/FUG]
[92SAN/BRU]

data selected in [92GRE/FUG]
[61KAR, TINAU/RYZ, 84VIE/TAR,
88PHI/HAL)

[56CHU/STE, 65VES/PEK,
84VIE/TAR, 85PHI/PHI,
S6WAN] (9

[7SLAN, 88PHI/HAL]
[83VOC/PEL]

[S4GEN/WEI]

[S4NRI2]

[S4GEN/WEI]

[65MUT/HIR]

[84NRI2)()

[7SLAN, 85PHI/PHI, 88PHI/HAL)
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CO(UOQ)Q(PO4)2 . 7H20(C1‘)
Fe(UOQ)Q(PO4)QOH . 6H20(C1‘)
FQ(UOQ)Q(PO4)2 . SHQO(CI“)

bassetite

81VOC/PIR, 84VIE/TAR]
84VOC/GRA]
65MUT/HIR, 84VOC/GRA]™)

Formula Name References
Phosphates (continued):
Pb(UO2)35(P0O4)2(OH)y(cr) [84GEN/WEI]
Pbs(UO2)3(P0O4)2(0H)4 - 3H2O(cr)  dumontite [84NRI2]
Ph(UO3)4(POy4)2(OH)y - THyO(cr)  renardite(™) [84NRI2]
b(UO2)4(PO4)2(OH)4 - 8H5O(cr) [84NRI2]
Cu(U05)(POy)s - 8-12H,0 cr) torbernite [65MUT/HIR, 84NRI2]
u(UO3)2(P0Oy4)2 - 8H50(cr) meta-torbernite [81VOC/PIR, 84NRI2, 84VIE/TAR]
Cu(UO2)2(POy)a(cr) torbernite, anhydr. [7T8LAN, 85PHI/PHI, SSPHI/HAL]
Ni(UO32)2(POy4)s - TH2O(cr) [81VOC/PIR 84VIE/TAR]

[

[

[

[

Fe(UO2)2(POy4)a(cr)

Mg(UOQ)Q (PO4)2 . IOHQO(CI“)
Mg(UOQ)Q (PO4)2 (CI“)

CaU(PO4)2 . 2H20(CI‘)
CaU(POy)2(cr)
Ca(UOQ)Q(PO4)2 . 10H20(Cr)
Ca(UOQ)Q(PO4)2(cr)

Ca(UO32)4(POy4)2(OH)4(cr)
Sr(U03)2(POy4)2(cr)

SI“(UOQ)Q (PO4)2 . 10H20(C1‘)
Ba(UOg)Q (PO4)2 (CI“)

Ba(UO2)2 (PO4)2
NaUOQPO4(cr)

- 10H,O(cr)

Nag (UOQ)Q (PO4)2 (CI“)
N32 (U02)2 (PO4)2 . ].OHQO(CI‘)
KUO3POy(cr)

KQ (UOQ)Q (PO4)2 (CI“)
KUO3;PO4 - 3H50(cr)

KQ(UOQ)2(PO4)2 . IOHQO(CI‘)

bassetite, anhydr.

saleeite
saleeite, anhydr.

ningyoite

autunite
autunite, anhydr.

Sr-autunite, anhydr.

uranocircite, anhydr.

uranocircite II

Na-autunite, anhydr.

K-autunite, anhydr.

See footnote (o)

78LAN, 85PHI/PHI,

S6WAN, 88PHI/HAL]
[65MUT/HIR]

[78LAN, 85PHI/PHI,

86WAN, 88PHI/HAL)]
[65MUT, 65MUT/HIR, 78LAN,
84VIE/TAR, 88PHI/HAL]®
[S6WAN]

[65MUT, 65MUT/HIR, 84VIE/TAR]()
[78LAN, 85PHI/PHI,

86WAN, 88PHI/HAL)]
[84GEN/WEI]

[7T8LAN, 85PHI/PHI, 86WAN,
88PHI/HAL)]

[65MUT/HIR]

[7T8LAN, 84GEN/WEI, 85PHI/PHI,
86WAN, 88PHI/HAL)]
[65MUT/HIR]

[65VES/PEK, 85PHI/PHI,
86WAN]¥)

[78LAN, 88PHI/HAL]®)
[65MUT/HIR]

[56CHU/STE, 65VES/PEK,
82WAG/EVA, 84VIE/TAR,
85PHI/PHI, 86 WAN](*)

[78LAN, 8SPHI/HAL]™)

[61KAR, 7INAU/RYZ, 84VIE/TAR,
85PHI/PHI, 88PHI/HAL]
[65MUT/HIR]
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Formula Name References
Pyrophosphates:
UPOs(cr) data selected in [92GRE/FUG]
UP,07 - zH;0(cr) [67TMER/SKO](®)
UP507(cr) data selected in [92GRE/FUG]
(UO42)2P207(cr) data selected in [92GRE/FUG]
Arsenates:
(UO2)3(As04)2(cr) troegerite, anhydr. data selected in [92GRE/FUG]
UO2HAsO4(cr) hydrogen spinite [56CHU/SHA, 84GEN/WEI]
NH;,UO2As04(cr) [56CHU/SHA]
PbyUO3(AsO4)s(cr) hallimondite [84GEN/WEI]
Zn(UO3)2(As04)2(cr) meta-lodevite, anhydr. [84GEN/WEI]
Cu(UO2)2(As04)a(cr) meta-zeunerite, anhydr. [84GEN/WEI]
Cu(UO2)2(As0y4)2 - 8H2O(cr)  meta-zeunerite [84VOC/GOE]
Ni(UOQ)Q(ASO4)2 . 7HQO(CI“) [84VOC/GOE]
Co(UO2)2(AsO04)2(cr) meta-kirchheimerite, anhydr. [84GEN/WEI]
Co(UO2)2(AsOy4)2 - THaO(cr)  meta-kirchheimerite, [84VOC/GOE]
heptahydrate

Fe(UO2)2(AsOy4)a(cr) kahlerite, anhydr. [84GEN/WEI]
Fe(UO2)2(AsOy4)s - 8H50(cr) meta-kahlerite [86VOC/GRA]
Mn(UO3)2(As0y4)2 - 8H,O(cr) [86VOC/GRA]
Mg(UO2)2(AsO04)a(cr) novacekite, anhydr. [84GEN/WEI]
Ca(UO02)2(AsO04)2(cr) uranospinite, anhydr. [84GEN/WEI, 91FAL/HOO)]
Ca(U02)4(As04)2(OH)4(cr) arsenuranylite, anhydr. [84GEN/WEI]
Ba(UO3)2(AsO0y4)a(cr) meta-heinrichite, anhydr. [84GEN/WEI]
NaUO3AsOy - 4H,O(cr) Na-uranospinite [7INAU/RYZ]
NaUO2AsO4(cr) [56CHU/SHA, 91FAL/HOOQ)]
KUO2As04(cr) abernathyite, anhydr. [56CHU/SHA, 7INAU/RYZ,

82WAG /EVA]
Carbonates:
U0,CO3(cr) rutherfordine data selected in [92GRE/FUG]

UOQCO?, . HQO(CI")
UOQ(HCOg)Q . HQO(CI‘)

CagNaUO2(C03)3FSO4 . 10H20(cr)
schroeckingerite
CaQUOQ(CO3)3 . 10-11H20(C1‘) liebigite

[82HEM](®)

[76BOU/BON, 78COR/OHA,
82WAG/EVA, 83FUG,
86MOR]

[82HEM, 830BR/WIL]
[8OBEN/TEA, 80ALW /WIL,
82HEM, 830BR/WIL]®)
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Table D.6 (continued)

Formula Name References

Carbonates (continued):

CaMgUQO,(CO3)3 - 12H,0(cr) swartzite [SOALW /WIL, 80BEN/TEA,
82HEM] ()
Mg>UO,(CO3)5 - 18H,0(cr) bayleyite [SOALW /WIL, S8OBEN/TEA,
82HEM](")
CaNaUO2(CO3)3 - 6H2O(cr) andersonite [SOALW /WIL, 80BEN/TEA,
830BR/WIL](™)
CayCulUO3(CO3)4 - 6HyO(cr) voglite [82HEM]
CagMgg(UOQ)z(C03)6(OH)4 . 18H20(CI‘)
rabbittite [82HEM]
NaysUO2(CO3)3(cr) data selected in [92GRE/FUG]
K3NaUO»(CO3)3 - HoO(cr) grimselite [830BR/WIL]
Silicates:
USiO4(cr) coffinite data selected in [92GRE/FUG]
(U0,)Si0y - 2H,0 (cr) soddyite [82HEM, 92NGU/SIL, 94CAS/BRU]
PbUO,Si04 - HyO(cr) kasolite 82HEM]
(H30)KUO,Si04(cr) boltwoodite(®) 82HEM]

[

[

Nag.7Ko.3(H30)UO,Si0, - HyO(cr)  Na-boltwoodite(®) [82HEM, 92NGU/SIL)]

Cu(U03)2(Si030H)5 - 6H5O(cr) cupro sklodowskite [82HEM]

Mg(U02)5(Si030H), - 5H2O(cr) sklodowskite [82HEM](®)

Ca(U042)2(Si030H), (cr) uranophane, anhydr.  [T8LAN, 80BEN/TEA, 86WAN,
88LEM, 88PHI/HAL]

Ca(U042)2(Si030H), - 5H2O(cr) uranophane [82HEM, 92NGU/SIL, 94CAS/BRU]
Ca(UOQ)QSie 015 . 5H20(C1‘) haiweeite [SQHEM]
Nag (UOQ)Q Si6015 . 4HQO(CI“) Na-weeksite [92NGU/SIL]
KQ(UOQ)2Si6 015 . 4H20(CI‘) weeksite [82HEM]
Vanadates:
Pb(UO3)2(VOy4)a(cr) curienite, anhydr. [84GEN/WET]
Al(UO3)2(VO4)2OH(cr) vanuralite, anhydr. [84GEN/WEI]
CuUO02VOy(cr) sengierite, anhydr. [84GEN/WEI]
Ca(U02)2(VO4)a(cr) tyuyamunite, anhydr. [78LAN, 80BEN/TEA,
85PHI/PHI, 88PHI/HAL]
Ba(UO3)2(VOy4)a(cr) francevillite, anhydr.  [84GEN/WEI]
NaUO2VOy(cr) strelkinite, anhydr. [84GEN/WEI]
K2(U02)2(VOy4)2 - 3H2O(cr) carnotite [62HOS/GAR]
K2(UO2)2(VOy4)a(cr) carnotite, anhydr. [7TSLAN, 80BEN/TEA,

85PHI/PHI, 88PHI/HAL]
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Table D.6 (continued)

Footnotes:

Simple oxides and hydroxides of uranium are discussed in Section V.3.3 (pp.131-148) of
[92GRE/FUG].

Only binary and ternary sulphates are listed. Simple uranium sulphates are discussed in
Section V.5.1.3.2 (pp.249-254) of [92GRE/FUG].

It should be noted that there is some disagreement, in the literature on the number of water
molecules in the formulae of the zippeite family.

See Section V.5.1.3.2.c (pp.254-255) and the discussion of Ref. [T9HAA /WIL] in Appendix A
(p.646) of [92GRE/FUG].

See the discussion in Section V.6.2.2.5.b (p.294) of [92GRE/FUG].

See the discussion in Section V.6.2.2.7.b (p.297) of [92GRE/FUG].

See the discussion in Section V.6.2.2.9 (p.298) of [92GRE/FUG].

Compounds with formula Hy(UQ)2(PQOy)2 - zH20(cr) (z = 0 to 10) are discussed in Sec-
tions V.6.2.1.1.b and V.6.2.2.10.c (pp. 284-286 and 299-300 respectively) of [92GRE/FUG].
Grenthe et al. selected thermodynamic data for UOsHPO, - 4H5O(cr), ¢f. Table II1.1 in
[92GRE/FUG].

See the discussion of Ref. [65MUT] in Appendix A (p.599) of Ref. [92GRE/FUG].

See the discussions in Sections V.6.2.1.1.b and V.6.2.2.8 (pp. 284-286 and 298) and the
comments on [54SCH/BAE] in Appendix A (p.564) of Ref. [92GRE/FUG].

Vesely et al. [65VES/PEK] reported solubility products for hydrated alkali phosphates.
Grenthe et al. [92GRE/FUG] reinterpreted the results of Ref. [(5VES/PEK], ¢f. Table V.40
(p.283), Section V.6.2.1.1.b (pp.286), and Appendix A (pp.600-601) of [92GRE/FUG]. It
should be noted that Langmuir [7T8LAN] incorrectly referred as sodium and potassiun au-
tunite the anhydrous compounds.

Nriagu gives 4 waters of hydration for this mineral [84NRI2, Table 1].

The stoichiometry of the mineral renardite is not clear, and it is related to dewindtite:
Pb3(102)6(PO4)402(OH)2 . 12H20(S) (see [glFIN/EWI])

Muto, Hirono and Kurata give 10 molecules of water of hydration for this mineral
[65MUT/HIR].

This formula is related to meta-ankoleite: Ko(UQO3)2(POy)s - 6HoO(cr).

See the discussion of Ref. [(7TMER/SKO] in Appendix A (p.603) of [92GRE/FUG].
Hemingway [82HEM] incorrectly assigned the name of sharpite to this solid.

Discussed in Section V.7.1.2.2.b (pp.327-328) of [92GRE/FUG].

There is some uncertainty in the composition of boltwoodite and Na-boltwoodite, cf.
[81STO/SMI, 91FIN/EWI, 92NGU/SIL].

Hemingway [82HEM] reports estimated data for a solid with 6 water molecules.
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D.6. References to Appendix D
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