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I Preface 
 

 

This volume is the eighth of the series “Chemical Thermodynamics” edited by the 
OECD Nuclear Energy Agency (NEA). It is a critical review of the Thermodynamic 
Data Base of zirconium and its compounds initiated by the Management Board of the 
NEA Thermochemical Database Project Phase II (NEA TDB II). 

 The TDB Zr review team first met at the Lawrence Livermore National 
Laboratory, (Livermore, USA) in July 1999. Four subsequent plenary meetings were 
held at the Australian Nuclear Science and Technology Organisation (Sydney, 
Australia) in March 2000, the Ecole des Mines de Nantes (Nantes, France) in January 
2001, the Lawrence Livermore National Laboratory in July 2001 and at the NEA 
Headquarters at Issy-les-Moulineaux (Paris, France) in June 2002. Smaller working 
sub-groups also met at Lake Tahoe (USA) in October 1999 and at the NEA 
Headquarters in February 2005. The Executive Group of the Management Board 
provided scientific assistance in the implementation of the NEA TDB Project 
Guidelines. Cindy Atkins-Duffin participated in meetings of the Review Team as the 
designated member of the Executive Group. At the NEA Data Bank, the responsibility 
for the overall coordination of the Project was placed with Eric Östhols (from its 
initiation in 1999 to February 2000), with Stina Lundberg (from March to September 
2000) and with Federico Mompean (since September 2000). Federico Mompean was in 
charge of the preparation of the successive drafts, updating the NEA thermochemical 
database and editing the manuscript to its final form, with assistance from Jane Perrone, 
Katy Ben Said and Myriam Illemassène. 

 Originally, the review team was composed of Ken Jackson (Lawrence 
Livermore National Laboratory), Bernd Grambow (Ecole des Mines de Nantes) and 
Paul Brown (Australian Nuclear Science and Technology Organisation). Over the 
period that Ken Jackson participated in the Review Team, he was assisted by Axel 
Brachmann and Mark Sutton. Initially, Ken Jackson was chair of the Review Team but 
relinquished this role in January 2001 and the chair responsibility was subsequently 
taken over by Paul Brown. In March 2003, time constraints and the pressure of other 
commitments forced Ken Jackson to resign from the Review Team. In January 2004, 
Enzo Curti (Paul Scherrer Institut, Villigen, Switzerland) joined the Review Team. Paul 
Brown was also assisted by Christian Ekberg (Chalmers University of Technology, 
Gothenburg, Sweden). 
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 All of the members of the final review team contributed, if not text, then 
comments to all of the chapters of the book. Their primary responsibilities for the 
different sections/chapters were divided as follows. Paul Brown prepared the 
introduction, and the sections on elemental zirconium, the zirconyl ion, the gaseous 
zirconium oxides, zirconium hydride, the halogen compounds and complexes, the 
chalcogen compounds and complexes, the Group 15 compounds and complexes, 
zirconium carbides and silicates. He was assisted by Christian Ekberg in the 
interpretation of aqueous zirconium complexes in these sections. Some initial work was 
done by Ken Jackson on the zirconium sulphate, nitrate and phosphate compounds and 
complexes. Bernd Grambow was responsible for the drafting of the sections on 
zirconium hydrolysis, the Zr4+ ion and the section on crystalline and amorphous 
zirconium oxides. Enzo Curti drafted the section on the zirconium carbonates. 

 The contribution of Bernd Grambow warrants a special mention. As is clear 
from the review, data on the hydrolysis of zirconium reported in the literature is highly 
contradictory. For example, the variation in a stability constant, at a particular ionic 
strength, may be as great as ten orders of magnitude. To overcome this difficulty, the 
original experimental data was reinterpreted in the present review to obtain a consistent 
hydrolysis model with common hypotheses. This model was critical in the interpretation 
and re-interpretation of the thermochemical data in all other sections of the book. To our 
knowledge, this is the first time that a reevaluation has been undertaken in this way. 
Due to the complexity and contradictory nature of currently available hydrolysis data, 
we nevertheless feel that, at least in the low pH-region, the data selected in this review 
will be susceptible to amendments in the future. 

 In undertaking the review, it was clear that while there was a substantial 
amount of thermochemical data for many zirconium compounds, the same was not true 
for aqueous zirconium complexes. It is evident that future work on zirconium should be 
aimed at filling in these gaps. Such data may be of high importance in understanding the 
behaviour of zirconium in geochemical systems. 

 

Churchill, Australia, May 2005 Paul Brown, Chairman 
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Note from the Chairman of the  
NEA-TDB Project Phase II 

 
 
The need to make available a comprehensive, internationally recognised and quality-
assured chemical thermodynamic database that meets the modeling requirements for the 
safety assessment of radioactive waste disposal systems prompted the Radioactive 
Waste Management Committee (RWMC) of the OECD Nuclear Energy Agency (NEA) 
to launch in 1984 the Thermochemical Database Project (NEA-TDB) and to foster its 
continuation as a semi-autonomous project known as NEA-TDB Phase II in 1998. 

The RWMC assigned a high priority to the critical review of relevant chemical 
thermodynamic data of inorganic species and compounds of the actinides uranium, 
neptunium, plutonium and americium, as well as the fission product technetium. The 
first four books in this series on the chemical thermodynamics of uranium, americium, 
neptunium and plutonium, and technetium originated from this initiative.  

The organisation of Phase II of the TDB Project reflects the interest in many 
OECD/NEA member countries for a timely compilation of the thermochemical data that 
would meet the specific requirements of their developing national waste disposal 
programmes.  

The NEA-TDB Phase II Review Teams, comprising internationally recognised 
experts in the field of chemical thermodymanics, exercise their scientific judgement in 
an independent way during the preparation of the review reports. The work of these 
Review Teams has also been subjected to further independent peer review. 

Phase II of the TDB Project consisted of: (i) updating the existing, CODATA-
compatible database for inorganic species and compounds of uranium, neptunium, 
plutonium, americium and technetium; (ii) extending it to include selected data on 
inorganic species and compounds of nickel, selenium and zirconium; (iii) and further 
adding data on organic complexes of citrate, oxalate, EDTA and iso-saccharinic acid 
(ISA) with uranium, neptunium, plutonium, americium, technetium, nickel, selenium, 
zirconium and some other competing cations. 

The NEA-TDB Phase II objectives were formulated by the 17 participating 
organisations coming from the fields of radioactive waste management and nuclear 
regulation. The TDB Management Board is assisted for technical matters by an 
Executive Group of experts in chemical thermodynamics. In this second phase of the 
Project, the NEA acts as coordinator, ensuring the application of the Project Guidelines 
and liaising with the Review Teams. 
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The present volume is the fourth one published within the scope of NEA-TDB 
Phase II and contains a database for inorganic species and compounds of zirconium. We 
trust that the efforts of the reviewers, the peer reviewers and the NEA Data Bank staff 
merit the same high recognition from the broader scientific community as received for 
previous volumes of this series. 

 

Mehdi Askarieh  
United Kingdom Nirex limited 
Chairman of TDB Project Phase II Management Board 
On behalf of the NEA TDB Project Phase II Participating Organisations: 
 
 
ANSTO, Australia 
ONDRAF/NIRAS, Belgium 
RAWRA, Czech Republic 
POSIVA, Finland 
ANDRA, France 
IPSN (now IRSN), France 
FZK, Germany 
JNC, Japan 
ENRESA, Spain 
SKB, Sweden 
SKI, Sweden  
HSK, Switzerland 
NAGRA, Switzerland 
PSI, Switzerland 
BNFL, UK  
Nirex, UK 
DoE, USA 
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Editor’s note 
 

 

 

 

This is the eighth volume of a series of expert reviews of the chemical thermodynamics 
of key chemical elements in nuclear technology and waste management. This volume is 
devoted to the inorganic species and compounds of zirconium. The tables contained in 
Chapters III and IV list the currently selected thermodynamic values within the 
NEA-TDB Project. The database system developed at the NEA Data Bank, see Section 
II.6, assures consistency among all the selected and auxiliary data sets.  

The recommended thermodynamic data are the result of a critical assessment of 
published information. The values in the auxiliary data set, see Tables IV-1 and IV-2 
have been adopted from CODATA key values or have been critically reviewed in this 
or earlier volumes of the series. 
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How to contact the NEA-TDB Project  

Information on the NEA and the TDB Project, on-line access to selected data and 
computer programs, as well as many documents in electronic format are available at  

www.nea.fr. 

To contact the TDB project coordinator and the authors of the review reports, send 
comments on the TDB reviews, or to request further information, please send e-mail to 
tdb@nea.fr. If this is not possible, write to:  

TDB project coordinator 
OECD Nuclear Energy Agency, Data Bank 
Le Seine-St. Germain 
12, boulevard des Îles 
F-92130 Issy-les-Moulineaux 
FRANCE 

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

• The recommended data can be obtained via the internet directly from the 
NEA Data Bank.  

• The NEA Data Bank maintains a library of computer programs in 
various areas. This includes geochemical codes such as PHREEQE, 
EQ3/6, MINEQL, MINTEQ and PHRQPITZ, 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.  
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Chapter I 

I Introduction 
 

 

I.1 Background 
The modelling of the behaviour of hazardous materials under environmental conditions 
is among the most important applications of natural and technical sciences for the 
protection of the environment. 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 transport medium is the aqueous phase. An 
important requirement for predicting the pathways and rates of aqueous transport of 
potential contaminants is the quantitative prediction of the reactions that are likely to 
occur between hazardous waste dissolved or suspended in ground water, and the 
surrounding rock material, to be able to estimate the quantities of waste that can be 
transported in the aqueous phase. In this context, it is essential to know the relative 
stabilities of the compounds and complexes that may form under the relevant 
conditions. This information is often provided by speciation calculations using chemical 
thermodynamic data. The local conditions, such as ground water 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 dynamic 
modelling of the chemical behaviour and transport 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. Due to 
differences in scientific approaches and assumptions, there is a great deal of 
contradictory and unreliable thermodynamic data concerning aqueous speciation of 
these elements in the scientific literature, in the form of equilibrium constants, free 
energies and enthalpies. To fulfil the requirements of a proper modelling of the 
behaviour of the actinide and fission products in the environment, it is essential to 
establish a reliable thermochemical database by critically and comprehensively 
reviewing all available data in the literature. 

 The Radioactive Waste Management Committee (RWMC) of the OECD 
Nuclear Energy Agency (NEA) recognised the need for an internationally 
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acknowledged, high-quality thermochemical database for application in the safety 
assessment of radioactive waste disposal, and undertook the development of the NEA 
Thermochemical Data Base (TDB) project [85MUL4], [88WAN], [91WAN]. Initially 
(Phase I), the RWMC assigned the highest priority to a critical review of relevant 
chemical thermodynamic data of compounds and complexes of the actinides, uranium, 
neptunium, plutonium and americium, as well as the fission product, technetium. 
Subsequently (Phase II), the NEA TDB project updated the data reviewed in Phase I, 
conducted additional reviews of the fission products, selenium, nickel and zirconium as 
well as the compounds and complexes formed with each of the listed elements with 
simple organic molecules. The present report on zirconium is Volume 8 in the series. 

I.2 Focus of the review 
The first and most important step in the modelling of chemical reactions is to decide 
whether they are controlled by chemical thermodynamics or kinetics, or possibly by a 
combination of the two. This also applies to the modelling of more complex chemical 
systems and processes, such as waste repositories of various kinds, the processes 
describing transport of toxic materials in ground and surface water systems, the global 
geochemical cycles, etc. 

 As outlined in the previous section, the focus of the critical review presented in 
this report is on the thermodynamic data of zirconium relevant to the safety assessment 
of radioactive waste repositories in the geosphere. This includes the release of waste 
components from the repository into the geosphere (i.e., its interaction with the waste 
container and the other near-field materials) and their migration through the geological 
formations and the various compartments of the biosphere. As ground and pore waters 
are the transport media for the waste components, the knowledge of the 
thermodynamics of the corresponding elements in waters of various composition is of 
fundamental importance. 

 The present review, therefore, puts much weight on the assessment of the low-
temperature thermodynamics of zirconium in aqueous solution and makes independent 
analyses of the available literature in this area. 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 of the ground water, within the ionic strength 
limits given by the experimental data used for the data analyses in the present review. 
However, in aqueous solution, zirconium is very reactive, particularly in relation to 
hydrolysis, due to its high ionic charge and relatively small size. As a consequence, the 
solubility of zirconium in natural systems will generally be quite low, and therefore, its 
thermochemistry in the solid state is of considerable importance. 

 The interactions between solid compounds, such as the rock materials, and the 
aqueous solution and its components are as important as the interactions within the 
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aqueous solution, because the solid materials in the geosphere control the chemistry of 
the ground water, and they also contribute to the overall solubilities of key elements. 
The present review therefore also considers the chemical behaviour of solid compounds 
containing zirconium. It is difficult to assess the relative importance of the solid phases 
for performance assessment purposes, particularly since their interactions with the 
aqueous phase are in many cases known to be subject to quantitatively unknown kinetic 
constraints. Furthermore, in some circumstances sorption of aqueous ions at mineral 
water interfaces may be a more important factor in determining migration of zirconium 
than dissolution and precipitation phenomena. 

 This book contains a summary and a critical review of the thermodynamic data 
on compounds and complexes containing zirconium as reported in the available 
chemical literature up to the end of 2001 – beginning of 2002, but a few more recent 
references are also included. In order to produce this review, a large number of primary 
references were critically reviewed and discussions of these references and in many 
cases re-evaluation of their results are given in Appendix A. No attempt has been made 
to estimate the relative importance of a certain complex or solid with respect to its 
behaviour under any specific environmental or geological conditions. Thus, the review 
tries to present as complete an account as possible of the thermodynamic quantities of 
the inorganic zirconium species for which such data are available. Data for zirconium 
alloys have generally not been considered in the review. Additionally, the present 
review does not include any compounds or complexes containing organic ligands. This 
class of compounds is the subject of a separate review in the NEA-TDB series. 

 Although the focus of this review is on zirconium, it is necessary to use data 
for 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 volume on uranium [92GRE/FUG] (and subsequent volumes in this 
series [95SIL/BID], [99RAR/RAN], [2001LEM/FUG], [2003GUI/FAN], 
[2005GAM/BUG] and [2005OLI/NOL]), and their use is recommended by this review. 
Zirconium forms compounds with many of the elements of the Periodic Table. The 
sources of auxiliary data mentioned do not contain all data that were needed. Additional 
auxiliary data were obtained from the literature and, when used, the source has been 
indicated in Chapter VI. Recalculation of data is presented in Appendix A and, where 
necessary, the re-evaluation has involved new auxillary data when needed. Care has 
been taken that all the selected thermodynamic data at standard conditions are internally 
consistent. For this purpose, special software has been developed at the NEA Data Bank 
that is operated in conjunction with the NEA-TDB data base system, cf. Section II.6. To 
maintain consistency in the application of the values selected by this review, it is 
essential to use these auxiliary data. 
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I.3 Review procedure and results 
The objective of the present review is to present an assessment of the sources of 
published thermodynamic data such that a decision on the most reliable values can be 
made. Experimental measurements, including quantities for simple molecules calculated 
by statistical mechanics methods, published in the scientific literature are the main 
source for the selection of recommended data. When necessary, experimental source 
data are re-evaluated by using chemical models which are found more realistic than 
those used by the original author. A considerable amount of re-evaluation has been 
undertaken in the case of the aqueous complexes of zirconium due to the inherent 
experimental difficulties in acquiring such data. Further, a comprehensive re-evaluation 
of all the best available experimental data was required to determine a single best 
chemical model of the zirconium hydrolysis speciation in solution. Re-evaluation of 
literature values might also be necessary to correct for known systematic errors (for 
example, if the junction potentials are neglected in the original publication) or to make 
extrapolations to standard state conditions (I = 0) by using the specific ion interaction 
(SIT) equations (cf. Appendix B). For convenience, these SIT equations are referred to 
in some places in the text as “the SIT”. A great number of recalculations have also been 
made to ensure that the final result is consistent with selected data for basic reactions, 
such as vapour pressure - temperature relationships and the selected thermodynamic 
data for auxiliary compounds and complexes (Chapter IV).  

A great majority of studies on equilibria in aqueous solution have been carried 
out with the final result presented on the molar scale (M). In the presentation of the 
primary result this scale has been kept and no recalculation to the molal scale (m) 
performed. Even when not specifically mentioned in the text, the SIT procedure 
requires that all results be converted to the molal scale for extrapolation to the infinite 
dilution (I = 0) standard state. All pressures are expressed using the unit of bars and the 
necessary transformation has been made by the review. If this rule was not followed for 
any reason then the pressure unit used is explicitly mentioned. 

 To ensure that consistent procedures are used for the evaluation of primary 
data, a number of guidelines have been developed. They have been updated and 
improved since 1987, and their most recent versions are available at the NEA 
[99WAN], [99WAN/OST], [2000GRE/WAN], [2000OST/WAN], [2000WAN/OST]. 
Some of these procedures are also outlined in this volume, cf. Chapter II, Appendix B 
and Appendix C. 

 Once the critical review process for a particular element in the NEA-TDB 
project is completed, the resulting manuscript is reviewed independently by qualified 
experts nominated by the NEA. The independent peer review is performed according to 
the procedures outlined in the TDB-6 guideline [99WAN]. The purpose of the 
additional peer review is to receive an independent view of the judgements and 



I.3 Review procedure and results 

 

7

assessments made by the primary reviewers, to verify assumptions, results and 
conclusions, and to check whether the relevant literature has been exhaustively 
considered. The independent peer review is performed by personnel having technical 
expertise in the subject matter to be reviewed, to a degree at least equivalent to that 
needed for the original reviewers. 

 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 II.3. For the modelling of real systems it is, in general, necessary to recalculate 
the standard thermodynamic data to non-standard state conditions. Thus, for aqueous 
species, a procedure for the calculation of the activity factors is required. This review 
uses the approximate SIT 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. 

As discussed in Appendix C, there is often no unique way to assign 
uncertainties to thermochemical parameters. The assignments of uncertainties, 
representing the 95% confidence level, have been determined quantitatively when 
sufficient data is available, but often have involved some subjective assessment by the 
reviewers based on their scientific and technical evaluation of the assumptions, 
methodology, and reliability of the experimental results. Often an important parameter 
is based on a single experiment and/or is reported with no recommended uncertainties. 
Other times, the published reports give insufficient experimental detail to quantitatively 
derive uncertainties. Under these conditions, the subjective assessment of the reviewers 
is the only guide to uncertainties and therefore, it has been difficult to apply, in a 
consistent way, the standard set by the NEA guidelines in the assessment of the 
thermodynamic quantities of zirconium compounds and complexes. This has been a 
particular problem in the zirconium review where there are relatively few independent 
studies. 

To provide as complete a model of the thermochemistry of zirconium as 
possible, the reviewers adopted the following approach: each experiment is evaluated, 
reviewed, and, if necessary and possible, the results are recalculated to be consistent 
with other experimental conclusions and the SIT model (Appendix A). Uncertainties are 
assigned at this point, subjectively, if necessary. These results, with their associated 
uncertainties, are accepted if there is no clear reason to reject them and such data are 
reported in Chapter V. Accepted results are used in the determination of the relevant 
thermodynamic parameter or to confirm a parameter derived by other methods. 
Uncertainties assigned at the review stage and associated with the extrapolation to the 
I = 0 standard state are propagated (Appendix C), to the extent possible, throughout the 
procedure and the final recommended results with the associated uncertainties are given 
in Chapter III. In some cases, uncertainties are derived from a sensitivity analysis of the 
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effect of one or more parameters on the parameter of interest (see Appendix D). The 
quality of thermodynamic models cannot be better than the quality of the 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 accepted or selected data sets presented in this review (Chapters III 
and IV) may not be “complete” with respect to all the conceivable systems and 
conditions; undoubtedly there are gaps in the information. These gaps (for example, the 
need for additional data on the aqueous complexes of zirconium), and the uncertainties 
about the reliability of the data, are pointed out in Chapter V, and this information may 
be used as a basis for the assignment of future research priorities. 

I.4 History of zirconium and its uses 
Whilst analysing the mineral jargon (ZrSiO4), the German chemist, Klaproth discovered 
the new element zirconium in 1789. The name zirconium is believed to be from the 
Persian word “zargon” meaning gold-like. It was another 35 years before Berzelius, a 
Swedish chemist, was able to separate the metal, but nearly another century passed 
before it could be separated in a pure form. One of the main difficulties in the 
production of pure zirconium is the almost identical chemistry to hafnium, the latter 
which, in nature, is always found as an impurity in zirconium ores. The most common 
ore minerals are zircon (ZrSiO4) and baddleyite (ZrO2) and metallic zirconium is 
produced from these ores using the Kroll process. 

Zirconium metal is resistant to attack by many common acids and bases and by 
seawater. These properties have led to extensive use of zirconium in the chemical 
industry where corrosive agents are used. Zirconium compounds possess a number of 
properties which have been utilised in a number of industries. Zircon is used as a semi-
precious gemstone that imitates diamond. It is also used as a refractory material for 
mould-casting and is a constituent of insulating materials. Baddeleyite is also used as a 
refractory material because of its resistance to high temperatures i.e. in laboratory 
crucibles and metallurgical furnaces. Compounds such as the nitride and carbide 
possess high hardness and are used as abrasives and surgical instruments. 

 The major use for zirconium is in the nuclear industry. Zirconium alloys 
(zircaloys) are used extensively as a cladding for nuclear (uranium oxide) fuel rods in 
water cooled reactors. Zircaloys were favoured over stainless steel cladding because 
they had a considerably lower neutron cross-section, appropriate thermal conductivity 
and both corrosion and mechanical resistance. As indicated, hafnium is an impurity in 
nearly all zirconium ores. Hafnium, however, has a much higher neutron cross-section 
than zirconium and, as such, the two elements must be separated prior to using 
zirconium in fuel rod cladding. For many years the separation was very difficult due to 
the chemical similarity of the two elements. Zirconium hydride is used as a moderator 
in nuclear reactors. 
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 One of the problems associated with using zircaloys as cladding for fuel rods is 
hydride-induced embrittlement that results in the corrosion of the zircaloys. At the high 
temperatures occurring in nuclear reactors, hydrogen is produced by reaction of coolant 
water with zirconium. The hydrogen, in turn, can diffuse into the zircaloy cladding to 
produce hydrides. The hydride is a brittle phase which has a considerable impact on the 
mechanical properties of the cladding material. 

I.5 Previous reviews on the thermochemistry of zirconium 
There have been a number of previous reviews of various aspects of the thermochemical 
properties of zirconium and its compounds. The chemical behaviour of zirconium was 
reviewed by Blumenthal [58BLU]. The review of [58BLU] contains an extensive 
history of the element and its compounds. It references much of the older literature, 
including those on the thermochemistry of zirconium and its compounds. The data 
given for thermochemical parameters in [58BLU], however, were not critically 
reviewed and therefore do not agree with the present review. Nevertheless, the review 
of [58BLU] is of particular value due to the detailed historical information it contains. 

 Clearfield [64CLE] reviewed the structural aspects of zirconium chemistry. 
One of the important findings of this review was the substantial amount of evidence that 
was presented for the absence of the zirconyl (ZrO2+) ionic structure in aqueous solution 
and in solids. Even in monoclinic zirconium oxide, Zr−O−Zr bonds are present rather 
than the Zr=O double bond. Many compounds in both aqueous solution and the solid 
state contain hydroxo-zirconium bridges (see Section V.2.2). Clearfield presented 
evidence of the moiety [Zr4(OH)8(H2O)16]8+ occurring in both aqueous solution and the 
solid state and argued that measurements by Zielen and Connick [56ZIE/CON] to 
determine the stability of polymeric zirconium hydrolysis species confirmed the 
existence of this species in aqueous solution. 

 Alcock et al. [76ALC/JAC] reviewed the thermochemical properties of 
zirconium metal and a range of zirconium compounds and presented a considerable 
amount of data with assigned uncertainties. However, a number of important parameters 
were not determined and studies that post-date [76ALC/JAC] indicate that alternative 
interpretations of the data may be more realistic. 

 Baes and Mesmer [76BAE/MES] reviewed the hydrolysis of all cations, 
including zirconium, a work that has been fundamental in hydrolysis chemistry. On the 
basis of a number of studies, these authors postulated the existence of a number of 
hydrolysis species for zirconium, including the monomeric species, ZrOH3+ to 

5Zr(OH)− , and the polymeric species, 8
4 8Zr (OH) +  and 8

3 4Zr (OH) +  or 7
3 5Zr (OH) + . 

Stability constants at zero ionic strength were estimated from the work of Norén 
[73NOR] for ZrOH3+ and from Bilinski et al. [66BIL/BRA2] for 2

2Zr(OH) +  to Zr(OH)4. 
However, [76BAE/MES] also argued that the solubility measurements of 
[66BIL/BRA2] most likely represented equilibrium with polymeric species over much 
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of the pH range studied (1.5 < pH < 6). Thus, it would seem reasonable to expect that 
stability constants for the monomeric species could not be estimated from such 
solutions. 

 Fernández Guillermet [87FER], [95FER] performed extensive reviews of the 
thermochemistry of the forms of zirconium metal and zirconium carbide, respectively. 
These studies critically evaluated the available data and then utilised all of the accepted 
data to determine values of each of the thermochemical parameters. Although both of 
these studies were extremely thorough, no uncertainties were presented for any of the 
thermochemical parameters determined. As such, these reviews can be used as a good 
guide to the relevant thermochemical data but, such data is reevaluated in the present 
review such that uncertainty limits can be presented. 

 The aqueous chemistry of zirconium was reviewed by Aja et al. 
[95AJA/WOO]. For hydrolysis products, these authors selected and averaged the results 
of a number of Russian studies [61PES/MEL], [66SOL/IVA], [69NAZ/MAN]. These 
results, however, are not consistently reliable for reasons given in Appendix A and 
averaged parameters measured over a range of ionic strengths are not good estimates of 
the parameters at the infinite dilution standard state.  

 Adair et al. [97ADA/KRA] reviewed the hydrolytic chemistry of zirconium to 
200°C. These authors accepted the stability constants presented by [76BAE/MES] and, 
as such, the same comments applied to the earlier review (above) apply to 
[97ADA/KRA]. An additional problem with [97ADA/KRA] is that they used the 
stability constants for 8

3 4Zr (OH) +  and 7
3 5Zr (OH) +  together in their model when 

[76BAE/MES] indicate that the reported trimers and stability constants are exclusive; 
only one trimer should be used in a single model (assuming the absence of the other 
competing species).  

The thermochemical properties of the zirconium halide compounds were 
reviewed by van der Vis et al. [97VIS/COR]. This is a very thorough review and 
contains data for both gaseous and solid state zirconium halide compounds. It is not 
always completely clear, however, how the data recommended by [97VIS/COR] were 
derived. Nevertheless, there is very good agreement between the data selected by 
[97VIS/COR] and the same data recommended in the present review (see Section V.4). 
It should also be noted that in calculating the entropy values of the halides, 
[97VIS/COR] used slightly different data for the entropy of zirconium metal than is 
recommended in this review. 

 A recent review on the aqueous complexes of zirconium has been published by 
Nagra/Paul Scherrer Institute (PSI) as part of an update to their thermochemical 
database [2002HUM/BER]. For the hydrolysis species, these authors included in the 
Nagra/PSI update the stability constants proposed by [76BAE/MES] for ZrOH3+, 
Zr(OH)4 and 5Zr(OH)− . As indicated above, the stability constant derived for Zr(OH)4 
may be questionable due to the fact it was obtained from solutions that may contain a 
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predominance of polymeric hydrolysis species. For the complexation of zirconium with 
fluoride, chloride, sulfate and nitrate, [2002HUM/BER] used the data as quoted in the 
original reference. Much of the original data, however, was quoted without uncertainty 
values and in some instances the model selected cannot be supported by the data. As 
such, it was important to re-evaluate the original data in the present review (see 
Chapter V and Appendix A). Nevertheless, in relation to the thermochemical data, and 
concomitant ion interaction coefficients, there is, in general, good agreement between 
the values recommended in the present review and those selected by [2002HUM/BER] 
for zirconium fluoride, chloride, sulfate and nitrate complexes. 
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Chapter II 

II Standards, Conventions, and 
Contents of the TablesEquation Section 2 
 

Equation Section 2 

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

II.1 Symbols, terminology and nomenclature 

II.1.1 Abbreviations 
Abbreviations are mainly used in tables where space is limited. Abbreviations for meth-
ods of measurement are listed in Table II-1. 

Table II-1: Abbreviations for experimental methods 

AIX Anion exchange 
AES Atomic Emission Spectroscopy 
CAL Calorimetry 
CHR Chromatography 
CIX Cation exchange 
COL Colorimetry 
CON Conductivity 
COR Corrected 
COU Coulometry 
CRY Cryoscopy 
DIS Distribution between two phases 
DSC Differential Scanning Calorimetry 
DTA Differential Thermal Analysis 
EDS Energy Dispersive Spectroscopy 

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

EM Electromigration 
EMF Electromotive force, not specified 
EPMA Electron Probe Micro Analysis 
EXAFS Extended X-ray Absorption Fine Structure 
FTIR Fourier Transform Infra Red 
IDMS Isotope Dilution Mass-Spectroscopy 
IR Infrared 
GL Glass electrode 
ISE-X Ion selective electrode with ion X stated 
IX Ion exchange 
KIN Rate of reaction 
LIBD Laser Induced Break Down 
MVD Mole Volume Determination 
NMR Nuclear Magnetic Resonance 
PAS Photo Acoustic Spectroscopy 
POL Polarography 
POT Potentiometry 
PRX Proton relaxation 
QH Quinhydrone electrode 
RED Emf with redox electrode 
REV Review 
SEM Scanning Electron Microscopy 
SP Spectrophotometry 
SOL Solubility 
TC Transient Conductivity 
TGA Thermo Gravimetric Analysis 
TLS Thermal Lensing Spectrophotometry 
TRLFS Time Resolved Laser Fluorescence Spectroscopy 
UV Ultraviolet 
VLT Voltammetry 
XANES X-ray Absorption Near Edge Structure 
XRD X-ray Diffraction 
? Method unknown to the reviewers 

Other abbreviations may also be used in tables, such as SHE for the standard 
hydrogen electrode or SCE for the saturated calomel electrode. The abbreviation NHE 
has been widely used for the “normal hydrogen electrode”, which is by definition iden-
tical to the SHE. It should nevertheless be noted that NHE customarily refers to a stan-
dard state pressure of 1 atm, whereas SHE always refers to a standard state pressure of 
0.1 MPa (1 bar) in this review. 
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II.1.2  Symbols and terminology 
The symbols for physical and chemical quantities used in the TDB review follow the 
recommendations of the International Union of Pure and Applied Chemistry, IUPAC 
[79WHI], [88MIL/CVI]. They are summarised in Table II-2.  

Table II-2: Symbols and terminology. 

Symbols and terminology  

length l 
height h 
radius r 
diameter d 
volume V 
mass m 
density (mass divided by volume) ρ 
time t 
frequency ν 

wavelength λ 
internal transmittance (transmittance of the medium itself, disregarding boundary or 
container influence) 

Ti 

internal transmission density, (decadic absorbance): log10(1/T ) A 
molar (decadic) absorption coefficient: B/A c l  ε 
relaxation time τ 
Avogadro constant NA 

relative molecular mass of a substance(a) Mr 
thermodynamic temperature, absolute temperature T 
Celsius temperature t 
(molar) gas constant R 
Boltzmann constant k 

Faraday constant F 
(molar) entropy mS  
(molar) heat capacity at constant pressure 

,mp
C  

(molar) enthalpy mH  
(molar) Gibbs energy mG  
chemical potential of substance B µB 
pressure p 
partial pressure of substance B: xB p pB 

fugacity of substance B fB 
fugacity coefficient: fB/pB γf,B 

(Continued on next page) 
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Table II-2: (continued) 

Symbols and terminology  

amount of substance(b) n 
mole fraction of substance B: xB 

molarity or concentration of a solute substance B (amount of B divided by the volume 
of the solution) (c) 

cB, [B] 

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

± + −=  m± 
activity of substance B aB 
activity coefficient, molality basis: B B/a m  γB 
activity coefficient, concentration basis: B B/a c  yB 
mean ionic activity (e), B

+ +(ν ν ) ν νa a a a− −+
± + −= =  a± 

mean ionic activity coefficient (e), + +(ν ν ) ν ν− −+
± + −γ = γ γ  γ± 

osmotic coefficient, molality basis φ 
ionic strength: 2 2 or  ½   ½  i im i i c i iI m z I c z= =∑ ∑  I 
SIT ion interaction coefficient between substance B1 and substance B2 stoichiometric 
coefficient of substance B (negative for reactants, positive for products) 

ε(B1, B2) 

stoichiometric coefficient νB
 

general equation for a chemical reaction B B0 ν B= ∑  
equilibrium constant (f) K 
charge number of an ion B (positive for cations, negative for anions) zB 
charge number of a cell reaction n 
electromotive force E 

1

10 HpH = log /(mol kg )[ ]a −− ⋅  pH 
electrolytic conductivity κ 
superscript for standard state.(g) ° 

a ratio of the average mass per formula unit of a substance to 1
12  of the mass of an atom of nuclide 12C. 

b cf. Sections 1.2 and 3.6 of the IUPAC manual [79WHI]. 
c This quantity is called “amount-of-substance concentration” in the IUPAC manual [79WHI]. A solution 

with a concentration equal to 0.1 mol·dm−3 is called a 0.1 molar solution or a 0.1 M solution. 
d A solution having a molality equal to 0.1 mol·kg−1 is called a 0.1 molal solution or a 0.1 m solution. 
e For an electrolyte 

+
ν ν

N X
−

 which dissociates into + ν ( ν ν )± −= +  ions, in an aqueous solution with 
concentration m, the individual cationic molality and activity coefficient are +( ν )m m+ =  and 

+ ( )γ /a m+ += . A similar definition is used for the anionic symbols. Electrical neutrality requires that 

+ +ν νz z− −=  
f Special notations for equilibrium constants are outlined in Section II.1.6. In some cases, cK  is used to 

indicate a concentration constant in molar units, and mK a constant in molal units. 
g See Section II.3.1. 
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II.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: 

• The formulae of coordination compounds and complexes are not enclosed in 
square brackets [71JEN] (Rule 7.21). Exceptions are made in cases where 
square brackets are required to distinguish between coordinated and uncoordi-
nated ligands. 

• The prefixes “oxy-” and “hydroxy-” are retained if used in a general way, e.g., 
“gaseous uranium oxyfluorides”. For specific formula names, however, the 
IUPAC recommended citation [71JEN] (Rule 6.42) is used, e.g., “uranium(IV) 
difluoride oxide” for 2UF O(cr).  

An IUPAC 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 com-
pounds 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 alpha-
betical order of the symbols of the ligating atoms determines the sequence of the lig-
ands. For example, 2 2 3 3(UO ) CO (OH)  −  is standard, 2 2 3 3(UO ) (OH) CO−  is non-standard 
and is not used. 

Abbreviations of names for organic ligands appear sometimes in formulae. 
Following the recommendations by IUPAC, lower case letters are used, and if neces-
sary, 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: 3H edta− , Am(Hedta)(s) (where edta stands for ethylenediaminetetraacetate). 

II.1.4 Phase designators 
Chemical formulae may refer to different chemical species and are often required to be 
specified more clearly in order to avoid ambiguities. For example, UF4 occurs as a gas, 
a solid, and an aqueous complex. The distinction between the different phases is made 
by phase designators that immediately follow the chemical formula and appear in paren-
theses. 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 con-
sidered. The use of the phase designators is described below. 

• The designator (l) is used for pure liquid substances, e.g., 2H O(l) . 

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

scribed in the text. 

• The designator (sln) is used for substances in solution without specifying the 
actual equilibrium composition of the substance in the solution. Note the dif-
ference in the designation of 2H O  in Eqs.(II.2) and (II.3). 2H O(l) in Reaction 
(II.2) indicates that 2H O  is present as a pure liquid, i.e., no solutes are present, 
whereas Reaction (II.3) involves a HCl solution, in which the thermodynamic 
properties of 2H O(sln)  may not be the same as those of the pure liquid 

2H O(l) . In dilute solutions, however, this difference in the thermodynamic 
properties of 2H O  can be neglected, and 2H O(sln)  may be regarded as pure 

2H O(l) . 

Example: 

UO2Cl2(cr) + 2HBr(sln)  UO2Br2(cr) + 2HCl(sln) (II.1) 

UO2Cl2·3H2O(cr)  UO2Cl2·H2O(cr) + 2H2O(l) (II.2) 

UO3(γ) + 2HCl(sln)  UO2Cl2(cr) + H2O(sln) (II.3) 

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

• In some cases, more than one crystalline form of the same chemical composi-
tion 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., 2SiO (quar)  for quartz and 2SiO (chal)  for chalced-
ony. If there is no mineral name, the designator (cr) is replaced by a Greek let-
ter preceding the formula and indicating the structural phase, e.g., α-UF5, 
β-UF5. 

Phase designators are also used in conjunction with thermodynamic symbols to 
define the state of aggregation of a compound to which a thermodynamic quantity re-
fers. 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 aggrega-
tion of the composition of a mixture. 
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Example: 

f mGο∆ (Na+, 298.15 K) standard molar Gibbs energy of formation 
of aqueous +Na at 298.15 K 

mS ο (UO2(SO4)·2.5H2O, cr. 298.15 K) standard molar entropy of 
2 4 2UO (SO ) 2.5H O(cr)⋅ at 298.15 K 

,mpCο (UO3, α, 298.15 K) standard molar heat capacity of α-UO3 at 
298.15 K 

f mH∆ (HF, sln, HF·7.8H2O) enthalpy of formation of HF diluted 1:7.8 
with water. 

II.1.5 Processes 
Chemical processes are denoted by the operator ∆, written before the symbol for a prop-
erty, as recommended by IUPAC [82LAF]. An exception to this rule is the equilibrium 
constant, cf. Section II.1.6. The nature of the process is denoted by annotation of the ∆, 
e.g., the Gibbs energy of formation, f mG∆ , the enthalpy of sublimation, sub mH∆ , etc. 
The abbreviations of chemical processes are summarised in Table II-3. 

Table II-3: Abbreviations used as subscripts of ∆ to denote the type of chemical process. 

Subscript of ∆  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 

The most frequently used symbols for processes are f G∆  and f H∆ , the Gibbs 
energy and the enthalpy of formation of a compound or complex from the elements in 
their reference states (cf. Table II-6). 
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II.1.6 Equilibrium constants 
The IUPAC has not explicitly defined the symbols and terminology for equilibrium 
constants of reactions in aqueous solution. The NEA has therefore adopted the conven-
tions that have been used in the work Stability Constants of Metal ion Complexes by 
Sillén and Martell [64SIL/MAR], [71SIL/MAR]. An outline is given in the paragraphs 
below. Note that, for some simple reactions, there may be different correct ways to in-
dex an equilibrium constant. It may sometimes be preferable to indicate the number of 
the reaction to which the data refer, especially in cases where several ligands are dis-
cussed that might be confused. For example, for the equilibrium: 

 mM + qL  MmLq (II.4) 

both ,q mb  and b (II.4) would be appropriate, and ,q mb (II.4) is accepted, too. Note that, 
in general, K is used for the consecutive or stepwise formation constant, and β is used 
for the cumulative or overall formation constant. In the following outline, charges are 
only given for actual chemical species, but are omitted for species containing general 
symbols (M, L). 

II.1.6.1 Protonation of a ligand 

 +
1H  + H L  H L    r r−  1, +

1

H L
 = 

H H L
r

r
r

K
−

  
      

 (II.5) 

 +H  + L  H L rr  
[ ]

1, +

H L
 = 

H L

r
r r

  
  

b  (II.6) 

This notation has been proposed and used by Sillén and Martell [64SIL/MAR], 
but it has been simplified later by the same authors [71SIL/MAR] from 1,rK  to rK . 
This review retains, for the sake of consistency, cf. Eqs.(II.7) and (II.8), the older 
formulation of 1,rK . 

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

 HLq−1 + L  HLq 
1

[HL ]
 = 

[HL ][L]
q

q
q

K
−

 (II.7) 

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

 rH+ + qL  HrLq , +

[H L ]
 = 

[H ] [L]
r q

q r r qb . (II.8) 

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

 + 3 2
4 4H  + PO HPO− −  

2
4

1,1 1 + 3
4

HPO
  = 

H PO

−

−

  =
      

β β  

 + 3
4 2 42 H  + PO H PO− −  2 4

1,2 2+ 3
4

H PO
 = 

H PO

−

−

  
      

β . 

II.1.6.2 Formation of metal ion complexes 

 MLq−1 + L  MLq 
1

[ML ]
 = 

[ML ][L]−

q
q

q

K  (II.9) 

 M + qL  MLq 
[ ][ ]
[ML ]

 = 
M L

q
q qβ  (II.10) 

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

 M + Mm−1L  MmL 
[ ]

[ ][ ]1,
1

M L
 = 

M M L
m

m
m

K
−

. (II.11) 

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

 mM + qL  MmLq 
[ ] [ ],

[M L ]
 = 

M L
m q

q m m qβ . (II.12) 

The second index can be omitted if it is equal to 1, i.e., ,q mb becomes qβ  if 
m = 1. The formation constants of mixed ligand complexes are not indexed. In this case, 
it is necessary to list the chemical reactions considered and to refer the constants to the 
corresponding reaction numbers. 

It has sometimes been customary to use negative values for the indices of the 
protons to indicate complexation with hydroxide ions, OH− . This practice is not 
adopted in this review. If OH−  occurs as a reactant in the notation of the equilibrium, it 
is treated like a normal ligand L, but in general formulae the index variable n is used 
instead of q. If 2H O  occurs as a reactant to form hydroxide complexes, 2H O  is consid-
ered as a protonated ligand, HL, so that the reaction is treated as described below in 
Eqs.(II.13) to (II.15) using n as the index variable. For convenience, no general form is 
used for the stepwise constants for the formation of the complex MmLqHr. In many ex-
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periments, the formation constants of metal ion complexes are determined by adding a 
ligand in its protonated form to a metal ion solution. The complex formation reactions 
thus involve a deprotonation reaction of the ligand. If this is the case, the equilibrium 
constant is supplied with an asterisk, as shown in Eqs.(II.13) and (II.14) for mononu-
clear and in Eq.(II.15) for polynuclear complexes. 

 MLq−1 + HL  MLq + H+ 
+

1

* ML H
 = 

ML HL−

     
     

q
q

q

K  (II.13) 

 M + qHL  MLq + qH+ 
[ ][ ]

+
* ML H

= 
M HL

      
q

q
q qb  (II.14) 

 mM + qHL  MmLq + qH+ 
[ ] [ ]

+

,
* M L H

 = 
M HL

q

m q
q m m q

      b  (II.15) 

Example: 

 2+ + +
2 2UO  + HF(aq)  UO F H+  

+ +
2

1 1 2+
2

* * UO F H
 =  = 

UO HF (aq)
K

      
      

b  

 2+ + +
2 2 2 3 53UO  + 5H O(l)  (UO ) (OH) + 5H  

5+ +
2 3 5

5,3 32+
2

* (UO ) (OH) H
 = 

UO

      
  

b . 

Note that an asterisk is only assigned to the formation constant if the proto-
nated 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.(II.16) 

 M + qHrL  M(HrL)q  
[ ][ ]

M(H L)
 = 

M H L
r q

q q
r

  b . (II.16) 

Example: 

 2+
2 2 4 2 2 4 3UO   + 3H PO   UO (H PO )− −  2 2 4 3

3 32+
2 2 4

UO (H PO )
 = 

UO H PO

−

−

  
      

b . 

II.1.6.3 Solubility constants 
Conventionally, equilibrium constants involving a solid compound are denoted as “sol-
ubility constants” rather than as formation constants of the solid. An index “s” to the 
equilibrium constant indicates that the constant refers to a solubility process, as shown 
in Eqs.(II.17) to (II.19) 
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 M L (s) M + L a b a b  ,0sK  = [M]a [L]b. (II.17) 

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

M L (s)  M L  + La b m q
m mb q
a a

 − 
 

 [ ] ( )
, ,  = M L L

mb q
a

s q m m qK −   . (II.18) 

Example: 

 +
2 2 2UO F (cr)   UO F  + F−  +

,1,1 ,1 2=  = UO F Fs sK K −       . 

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

 +M L (s)  +  H   M L  +  HLa b m q
m mb mbq q
a a a

   − −   
   

 

 
( )

, ,
( )+

* M L HL
 = 

H

−

−

     

  

mb q
a

m q
s q m mb q

a

K . (II.19) 

Example: 

 + 2+
4 2 2 4 2 4 2U(HPO ) 4H O(cr) + H   UHPO  + H PO  + 4 H O(l)−⋅  

 
2+
4 2 4

,1,1 ,1 +
* * UHPO H PO

 =  = 
Hs sK K

−      
  

. 

II.1.6.4 Equilibria involving the addition of a gaseous ligand 
A special notation is used for constants describing equilibria that involve the addition of 
a gaseous ligand, as outlined in Eq.(II.20): 

 MLq−1 + L(g)  MLq 
1 L

p, 

ML
 = ML

q

q
qK p−

 
  

 
  

. (II.20) 

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

Example: 

 CO2(g)  CO2(aq) 
[ ]

2

2
p

CO

CO (aq)
 K

p
= , 

 2+ 6 +
2 2 2 2 3 3 63 UO  + 6 CO (g) + 6 H O(l)  (UO ) (CO )  12 H− +  
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2

126 +
2 3 3 6

p,6,3 32+ 6
2 CO

* (UO ) (CO ) H
 = 

UO  p

−      
  

b , 

 2 +
2 3 2 2 2 3 2UO CO (cr) + CO (g) + H O(l)  UO (CO )  2 H− +  

 
2

22 +
2 3 2

p, s, 2
CO

* UO (CO ) H
 = K

p

−       . 

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

II.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 elec-
trode on the left is the standard hydrogen electrode, SHE1, in accordance with the “1953 
Stockholm Convention” [88MIL/CVI]. Therefore, electrode potentials are given as re-
duction potentials relative to the standard hydrogen electrode, which acts as an electron 
donor. In the standard hydrogen electrode, 2H (g)  is at unit fugacity (an ideal gas at unit 
pressure, 0.1 MPa), and H+ is at unit activity. The sign of the electrode potential, E, is 
that of the observed sign of its polarity when coupled with the standard hydrogen elec-
trode. The standard electrode potential, Eο , i.e., the potential of a standard galvanic cell 
relative to the standard hydrogen electrode (all components in their standard state, cf. 
Section II.3.1, and with no liquid junction potential) is related to the standard Gibbs 
energy change r mGο∆  and the standard (or thermodynamic) equilibrium constant K ο  as 
outlined in Eq.(II.21). 

 r m
1 =  = lnRTE G K

nF nF
ο ο ο− ∆  (II.21) 

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

 = ( / ) lni iE E RT n F aο − ν∑ . (II.22) 

For example, for the hypothetical galvanic cell: 

Pt H2(g, p = 1 bar) HCl(aq, a
±

= 1, 
2Hf =1) 

Fe(ClO4)2 2+Fe
= 1(aq, )a  

Fe(ClO4)3 3+Fe
=1(aq, )a  

Pt (II.23) 

  
where  denotes a liquid junction and  a phase boundary, the reaction is: 

                                                           
1 The definitions of SHE and NHE are given in Section II.1.1. 
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 3+ 2+ +
2Fe  + ½H (g)  Fe  + H . (II.24) 

Formally Reaction (II.24) can be represented by two half cell reactions, each 
involving an equal number of electrons, (designated “ e− ”), as shown in the following 
equations: 

 3+ 2+Fe  + e   Fe−  (II.25) 

 +
2 ½H (g)  H  + e− . (II.26) 

The terminology is useful, although it must be emphasised that “ e− ” here does 
not represent the hydrated electron. 

The equilibrium constants of the two half cell reactions may be written: 

 K ο (II.25) = 
2+

3+

Fe

Fe e

a

a a −⋅
 (II.27) 

 K ο (II.26) = 
+

2

H e

H

1
a a

f
−⋅

= . (II.28) 

 The “Stockholm Convention” implies that the constant K ο (II.26) = 1, which 
also defines the numerical value of ea −  to 1 for the standard hydrogen electrode. In ad-
dition, r mGο∆ (II.26) = 0, r mH ο∆ (II.26) = 0, r mS ο∆ (II.26) = 0 by definition, at all tempera-
tures, and therefore r mGο∆ (II.25) = r mGο∆ (II.24).  

 The equilibrium constant of the more general cell reaction: 

 Ox + ½n H2(g)  Red + n H+  (II.29) 

and of the half cell reaction 

 Ox + n e−   Red (II.30) 

together with K ο (II.26) yield 

K ο (II.29) = K ο (II.30)× K ο (II.26)n Red Red

Ox Oxe e e

1 1
( /( (SHE)=1))n n

a a
a aa a a− − −

= = . (II.31) 

 The activity scale is thus fixed by the above convention. Further 

 E(II.29) = Eo(II.29) Red
10

Ox

ln(10) log
aRT

nF a
 

−  
 

 (II.32) 

Combination of Eqs.((II.21), (II.31) and (II.32)) yields the relationship between ea −  and 
the electrode potential vs. SHE: 

 – log10 ea − =
ln(10)
F E

RT
(II.29) (II.33) 
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 The splitting of redox reactions into two half cell reactions by introducing the 
symbol “ e− ” is highly useful. It should be noted that the e−  notation does not in any 
way refer to solvated electrons. When calculating the equilibrium composition of a 
chemical system, both “ e− ”, and +H  can be chosen as components and they can be 
treated numerically in a similar way: equilibrium constants, mass balances, etc. may be 
defined for both. However, while +H  represents the hydrated proton in aqueous solu-
tion, the above equations use only the activity of “ e− ”, and never the concentration of 
“ e− ”. Concentration to activity conversions (or activity coefficients) are never needed 
for the electron (cf. Appendix B, Example B.3). 

 In the literature on geochemical modelling of natural waters, it is customary to 
represent the “electron activity” of an aqueous solution with the symbol “pe” or 
“pε”( 10 e

log a −= − ) by analogy with pH ( +10 H
log a= − ), and the redox potential of an 

aqueous solution relative to the standard hydrogen electrode is usually denoted by either 
“Eh” or “ HE ” (see for example [81STU/MOR], [82DRE], [84HOS], [86NOR/MUN]). 
The two representations are interrelated via Eq.(II.33) yielding the expression: 

Hpe
ln(10)
F E

RT
= . 

The symbol 'E ο  is used to denote the so-called “formal potential” [74PAR]. 
The formal (or “conditional”) potential can be regarded as a standard potential for a 
particular medium in which the activity coefficients are independent (or approximately 
so) of the reactant concentrations [85BAR/PAR] (the definition of 'E ο  parallels that of 
“concentration quotients” for equilibria). Therefore, from  

' = lni i
RTE E c
nF

ο − ν∑  (II.34) 

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

 ' r m = ln  i i
GRTE E

nF nF
ο ο ν γ

∆
− = −∑  (II.35) 

where the iγ  are the molality activity coefficients and  is (mi/ci), the ratio of molality 
to molarity (cf. Section II.2). The medium must be specified.  

II.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: 
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+ + +10 10H H H
pH = log  = log ( )a m γ− −  

can only be strictly used in the limiting range of the Debye-Hückel equation (that is, in 
extremely dilute solutions). In practice the use of pH values requires extra assumptions 
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 concentra-
tion), a salt bridge, the test solution, and a glass electrode (which encloses a solution of 
constant acidity and an internal reference half cell):  

 

Pt(s) Ag(s) AgCl(s) KCl(aq) salt 

bridge 

test 

solution 

KCl(aq) AgCl(s) Ag(s) Pt(s) 

 a b (II.36) 

where  stands for a glass membrane. 

The emf of such a cell (assuming Nernstian behaviour of the glass electrode) is 
given by: 

+ jH
*= ln  + RTE E a E

F
+  

where *E  is a constant, and jE  is the liquid junction potential. The purpose of the salt 
bridge is to minimise the junction potential in junction “b”, while keeping constant the 
junction potential for junction “a”. Two methods are most often used to reduce and con-
trol the value of jE . 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 precipitate2 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 NaClO4). However, if the 
concentration of the background electrolyte in the salt bridge and test solutions is re-
duced, the values of jE  are dramatically increased. For example, if both the bridge and 
the test solution have 4[ClO ]−  = 0.1 M as background electrolyte, the dependence of the 

                                                           
2 KClO4(cr) has a solubility of ≈ 0.15 M in pure water at 25°C 
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liquid junction at “b” on acidity is jE ≈ – 440 × [H+] mV·dm3·mol–1 at 25°C [69ROS] 
(p.110), which corresponds to a correction 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 IUPAC [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 +H

γ  and jE  cancel each other when emf values are sub-
tracted).  

 In order to deduce the stoichiometry and equilibrium constants of complex 
formation reactions and other equilibria, it is necessary to vary the concentrations of 
reactants and products over fairly large concentration ranges under conditions where the 
activity coefficients of the species are either known, or constant. Only in this manner is 
it possible to use the mass balance equations for the various components together with 
the measurement of one or more free concentrations to obtain the information desired 
[61ROS/ROS], [90BEC/NAG], [97ALL/BAN], p. 326 − 327. For equilibria involving 
hydrogen ions, it is necessary to use concentration units, rather than hydrogen ion activ-
ity. For experiments in an ionic medium, where the concentration of an “inert” electro-
lyte is much larger than the concentration of reactants and products we can ensure that, 
as a first approximation, their trace activity coefficients remain constant even for mod-
erate variations of the corresponding total concentrations. Under these conditions of 
fixed ionic strength the free proton concentration may be measured directly, thereby 
defining it in terms of – log10[H+] rather than on the activity scale as pH, and the value 
of – log10[H+] and pH will differ by a constant term, i.e., +10 H

log γ . Equilibrium con-
stants deduced from measurements in such ionic media are therefore conditional con-
stants, because they refer to the given medium, not to the standard state. In order to 
compare the magnitude of equilibrium constants obtained in different ionic media it is 
necessary to have a method for estimating activity coefficients of ionic species in mixed 
electrolyte systems to a common standard state. Such procedures are discussed in Ap-
pendix B. 

 Note that the precision of the measurement of – log10 [H+] and pH is virtually 
the same, in very good experiments, ± 0.001. However, the accuracy is generally con-
siderably poorer, depending in the case of glass electrodes largely on the response of the 
electrode (linearity, age, pH range, etc.), and to a lesser extent on the calibration method 
employed. 

II.1.8 Spectroscopic constants and statistical mechanics calculations 
for gaseous species  

The thermal functions for a number of gaseous species have been calculated by statisti-
cal-mechanical relations (see for example Chapter 27 of [61LEW/RAN]). The parame-
ters defining the vibrational and rotational energy levels of the molecule in terms of the 
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rotational (J) and vibrational (v) quantum numbers, and thus many of its thermodynamic 
properties, are: 

• for diatomic molecules (non-rigid rotator, anharmonic oscillator approxima-
tion): ω (vibrational frequency in wavenumber units), x (anharmonicity con-
stant), B (rotational constant for equilibrium position), D (centrifugal distortion 
constant), α (rotational constant correction for excited vibrational states), and σ 
(symmetry number), where the energy levels with quantum numbers v and J 
are given by:  

E(v,J) /hc = ω (ν+ ½) − ω x(ν + ½)2 + B J(J + 1)  
 – D J 2(J + 1)2 – α(ν + ½) J (J +1)  (II.37) 

• for linear polyatomic molecules, the parameters are the same as those for dia-
tomic molecules, except that the contributions for anharmonicity are usually 
neglected.  

• for non-linear polyatomic molecules (rigid rotator, harmonic oscillator 
approximation): Ix Iy Iz, the product of the principal moments of inertia (readily 
calculated from the geometrical structure of the molecule), v(i), the vibration 
frequencies and σ, the symmetry number. While the vibrational energy levels 
for polyatomic molecules are given approximately by the first term of 
Eq.(II.37) for each of the normal vibrations, the rotational energy levels cannot 
be expressed as a simple general formula. However, the required rotational par-
tition function can be expressed with sufficient accuracy simply in terms of the 
product of the principal moments of inertia. As for linear polyatomic mole-
cules, anharmonic contributions are usually neglected. In each case, the sym-
metry number σ, the number of indistinguishable positions into which the 
molecule can be turned by simple rotations, is required to calculate the correct 
entropy. 

The relations for calculating the thermal functions from the partition function 
defined by the energy levels are well-known – again, see Chapter 27 of [61LEW/RAN], 
for a simple description. In each case, the relevant translational and electronic contribu-
tions (calculated from the molar mass and the electronic energy levels and degeneracies) 
must be added. Except where accurate spectroscopic data exist, the geometry and pa-
rameters of the excited states are assumed to be the same as those for the ground state. 

II.1.9 Order of formulae 
To be consistent with CODATA, the data tables are given in “Standard Order of Ar-
rangement” [82WAG/EVA]. This scheme is presented in Figure II-1 below, and shows 
the sequence of the ranks of the elements in this convention. The order follows the ranks 
of the elements. 
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Figure II-1: Standard order of arrangement of the elements and compounds based on the 
periodic classification of the elements (from Ref.[82WAG/EVA]) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For example, for uranium, this means that, after elemental uranium and its monoatomic 
ions (e.g., 4+U ), the uranium compounds and complexes with oxygen would be listed, 
then those with hydrogen, then those with oxygen and hydrogen, and so on, with de-
creasing rank of the element and combinations of the elements. Within a class, increas-
ing coefficients of the lower rank elements go before increasing coefficients of the 
higher rank elements. For example, in the U−O−F class of compounds and complexes, a 
typical sequence would be 2UOF (cr) , 4UOF (cr) , 4UOF (g) , 2UO F(aq) , +

2UO F , 

2 2UO F (aq) , 2 2UO F (cr) , 2 2UO F (g) , 2 3UO F− , 2
42UO F − , 2 3 6U O F (cr) , etc. [92GRE/FUG]. 

Formulae with identical stoichiometry are in alphabetical order of their designators. An 
exception is made for ammonium salts, which are included in group 1 before the alkali 
metals. 

II.1.10 Reference codes 
The references cited in the review are ordered chronologically and alphabetically by the 
first two authors within each year, as described by CODATA [87GAR/PAR]. A refer-
ence code is made up of the final two digits of the year of appearance (if the publication 
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is not from the 20th century, the year will be put in full). The year is followed by the 
first three letters of the surnames of the first two authors, separated by a slash. 

If there are multiple reference codes, a “2” will be added to the second one, a 
“3” to the third one, and so forth. Reference codes are always enclosed in square brack-
ets.

II.2 Units and conversion factors 
Thermodynamic data are given according to the Système International d'unités (SI 
units). The unit of energy is the joule. Some basic conversion factors, also for non-
thermodynamic units, are given in Table II-4. 

Table II-4: Unit conversion factors 

To convert from 
(non-SI unit symbol) 

to 
(SI unit symbol) 

multiply by 

ångström (Å) metre (m) 1 × 10–10 (exactly) 
standard atmosphere (atm) pascal (Pa) 1.01325 × 105 (exactly) 
bar (bar) pascal (Pa) 1 × 105 (exactly) 
thermochemical calorie (cal) joule (J) 4.184 (exactly) 
entropy unit 1 1e.u. cal K mol− −⋅ ⋅  1 1J K mol− −⋅ ⋅  4.184 (exactly) 

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 “ 3mol dm−⋅ ” 
for molarity, c, and, in Appendices B and C, “m” as an abbreviation of “ 1mol 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 equilib-
rium data to zero ionic strength by the specific ion interaction theory, which works in 
molality units (cf. Appendix B). This conversion is made in the following way. Molality 
is defined as Bm  moles of substance B dissolved in 1 kilogram of pure water. Molarity 
is defined as Bc  moles of substance B dissolved in B(   )c M−ρ  kilogram of pure water, 
where ρ is the density of the solution in kg·dm–3 and MB the molar weight of the solute 
in kg·mol–1.  

From this it follows that: 

 B
B

B

 = 
  

cm
c M−ρ

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

B

B I I

1  
  

m
c c M

≈
−ρ

 

where cI  is the concentration of the inert electrolyte in mol·dm–3 and MI its molar mass 
in kg·mol–1. 

Baes and Mesmer [76BAE/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 four electrolytes, calculated using the density equations 
reported by Söhnel and Novotný [85SOH/NOV], are reported in Table II-5. 

Example:  

 1.00 M NaClO4  1.05 m NaClO4 

 2.00 M NaCl  1.02 m NaCl 
 4.00 M NaClO4  4.95 m NaClO4 
 6.00 M NaNO3  7.55 m NaNO3 

 It should be noted that equilibrium constants need also to be converted if the 
concentration scale is changed from molarity to molality or vice versa. For a general 
equilibrium reaction, B

B
0 = ν B∑ , the equilibrium constants can be expressed either in 

molarity or molality units, cK  or mK , respectively: 

 
10 B 10 B

B

10 B 10 B
B

log  ν log

log  ν log

c

m

K c

K m

= ∑

= ∑
 

 With B B( / ) = m c , or 10 B 10 B 10(log log ) = logm c− , the relationship be-
tween cK and mK  becomes very simple, as shown in Eq.(II.38) 

 10 10 B 10
B

log  log  + ν logm cK K= ∑ . (II.38) 

B
B
ν∑ is the sum of the stoichiometric coefficients of the reaction, cf. Eq.(II.54) 

and the values of   are the factors for the conversion of molarity to molality as tabu-
lated in Table II-5 for several electrolyte media at 298.15 K. In the case of very dilute 
solutions, these factors are approximately equal to the reciprocal of the density of the 
pure solvent. Then, if the solvent is water, molarity and molality may be used inter-
changeably, and c mK K≈ . The differences between the values in Table II-5 and the 
values listed in the uranium NEA-TDB review [92GRE/FUG] (p.23) are found at the 
highest concentrations, and are no larger than ± 0.003 dm3·kg–1, reflecting the accuracy 
expected in this type of conversion. The uncertainty introduced by the use of Eq.(II.38) 
in the values of 10log mK  will be no larger than ± 0.001 B

B
ν∑ . 
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Table II-5: Factors  for the conversion of molarity, cB, to molality, mB, of a substance 
B, in various media at 298.15 K (calculated from densities in [85SOH/NOV]) 

  = mB / cB (dm3 of solution per kg of H2O) 

c (M) HClO4 NaClO4 LiClO4 NH4ClO4 Ba(ClO4)2 HCl NaCl LiCl 

0.10 1.0077 1.0075 1.0074 1.0091 1.0108 1.0048 1.0046 1.0049 
0.25 1.0147 1.0145 1.0141 1.0186 1.0231 1.0076 1.0072 1.0078 
0.50 1.0266 1.0265 1.0256 1.0351 1.0450 1.0123 1.0118 1.0127 
0.75 1.0386 1.0388 1.0374 1.0523 1.0685 1.0172 1.0165 1.0177 
1.00 1.0508 1.0515 1.0496 1.0703 1.0936 1.0222 1.0215 1.0228 
1.50 1.0759 1.0780 1.0750 1.1086 1.1491 1.0324 1.0319 1.0333 
2.00 1.1019 1.1062 1.1019  1.2125 1.0430 1.0429 1.0441 
3.00 1.1571 1.1678 1.1605  1.3689 1.0654 1.0668 1.0666 
4.00 1.2171 1.2374 1.2264   1.0893 1.0930 1.0904 
5.00 1.2826 1.3167    1.1147 1.1218 1.1156 
6.00 1.3547 1.4077    1.1418  1.1423 

c (M) KCl NH4Cl MgCl2
 CaCl2 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
 H2SO4 Na2SO4 (NH4)2SO4 H3PO4 Na2CO3 K2CO3 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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II.3 Standard and reference conditions 

II.3.1 Standard state  
A precise definition of the term “standard state” has been given by IUPAC [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, pο = 0.1 MPa (1 bar), has therefore also been adopted, cf. Sec-
tion II.3.2. The application of the standard state principle to pure substances and mix-
tures is summarised below. It should be noted that the standard state is always linked to 
a reference temperature, cf. Section II.3.3. 

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

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

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

• The standard state for a solute B in a solution is a hypothetical liquid solution, 
at the standard state pressure, in which 1=  = 1 mol  kgBm m −ο ⋅ , and in which 
the activity coefficient Bγ  is unity. 

It should be emphasised that the use of superscript, ο , e.g., in f mH ο∆ , implies 
that the compound in question is in the standard state and that the elements are in their 
reference states. The reference states of the elements at the reference temperature (cf. 
Section II.3.3) are listed in Table II-6. 
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Table II-6: Reference states for some elements at the reference temperature of 298.15 K 
and standard pressure of 0.1 MPa [82WAG/EVA], [89COX/WAG], [91DIN], 
[2005GAM/BUG], [2005OLI/NOL]. 

O2 gaseous  Zn crystalline, hexagonal 
H2 gaseous Cd crystalline, hexagonal 
He gaseous Hg liquid 
Ne gaseous Cu crystalline, cubic 
Ar gaseous Ag crystalline, cubic 
Kr gaseous Ni crystalline, fcc 
Xe gaseous Fe crystalline, cubic, bcc 
F2 gaseous Tc crystalline, hexagonal 
Cl2 gaseous V crystalline, cubic 
Br2 liquid Ti crystalline, hexagonal 
I2 crystalline, orthorhombic Am crystalline, dhcp 
S crystalline, orthorhombic Pu crystalline, monoclinic 
Se crystalline, trigonal Np crystalline, orthorhombic 
Te crystalline, hexagonal U crystalline, orthorhombic 
N2 gaseous Th crystalline, cubic 
P crystalline, cubic (“white”) Be crystalline, hexagonal 
As crystalline, rhombohedral (“grey”) Mg crystalline, hexagonal 
Sb crystalline, rhombohedral Ca crystalline, cubic, fcc 
Bi crystalline, rhombohedral Sr crystalline, cubic, fcc 
C crystalline, hexagonal (graphite) Ba crystalline, cubic 
Si crystalline, cubic Li crystalline, cubic 
Ge crystalline, cubic Na crystalline, cubic 
Sn crystalline, tetragonal (“white”) K crystalline, cubic 
Pb crystalline, cubic Rb crystalline, cubic 
B β, crystalline, rhombohedral Cs crystalline, cubic 
Al crystalline, cubic   



II Standards, Conventions, and contents of the Tables 

 

36 

II.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 IUPAC [82LAF]. 

 However, the majority of the thermodynamic data published in the scientific 
literature and used for the evaluations in this review, refer to the old standard state pres-
sure of 1 “standard atmosphere” (= 0.101325 MPa). The difference between the ther-
modynamic data for the two standard state pressures is not large and lies in most cases 
within the uncertainty limits. It is nevertheless essential to make the corrections for the 
change in the standard state pressure in order to avoid inconsistencies and propagation 
of errors. In practice the parameters affected by the change between these two standard 
state pressures are the Gibbs energy and entropy changes of all processes that involve 
gaseous species. Consequently, changes occur also in the Gibbs energies of formation 
of species that consist of elements whose reference state is gaseous (H, O, F, Cl, N, and 
the noble gases). No other thermodynamic quantities are affected significantly. A large 
part of the following discussion has been taken from the NBS tables of chemical ther-
modynamic properties [82WAG/EVA], see also Freeman [84FRE]. 

The following expressions define the effect of pressure on the properties of all 
substances: 

  =   (1 )
pT

H VV T V T
p T

 ∂ ∂ − = − α   ∂ ∂  
 (II.39) 

 
2

2 =  p

pT

C VT
p T

∂   ∂
−   ∂ ∂  

 (II.40) 

  =   = 
pT

S VV
p T

 ∂ ∂ − α −   ∂ ∂  
 (II.41) 

  =  
T

G V
p

 ∂
 ∂ 

 (II.42) 

 where 1  
p

V
V T

∂ α ≡  ∂ 
 (II.43) 

For ideal gases,  = p
RTV  and  = 

1
pV T
Rα = . The conversion equations listed be-

low (Eqs. (II.44) to (II.51)) apply to the small pressure change from 1 atm to 1 bar (0.1 
MPa). The quantities that refer to the old standard state pressure of 1 atm are assigned 
the superscript (atm) while those that refer to the new standard state pressure of 1 bar 
carry the superscript (bar). 
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For all substances the changes in the enthalpy of formation and heat capacity 
are much smaller than the experimental accuracy and can be disregarded. This is exactly 
true for ideal gases. 

 (bar) (atm)
f f( )  ( ) = 0H T H T∆ − ∆  (II.44) 

 (bar) (atm)( )  ( ) = 0p pC T C T−  (II.45) 

For gaseous substances, the entropy difference is: 

(atm)
(bar) (atm)

(bar)( )  ( ) =  ln =  ln  1.01325pS T S T R R
p

 
−  

 
 

 1 1                                    = 0.1094 J K mol− −⋅ ⋅  (II.46) 

This is exactly true for ideal gases, as follows from Eq.(II.41) with  = pV
Rα . 

The entropy change of a reaction or process is thus dependent on the number of moles 
of gases involved: 

 
(atm)

(bar) (atm)
r r (bar)   = δ  ln pS S R

p
 

∆ − ∆ ⋅  
 

 

 1 1                                = δ 0.1094 J K mol− −× ⋅ ⋅  (II.47) 

where δ is the net increase in moles of gas in the process. 

Similarly, the change in the Gibbs energy of a process between the two stan-
dard state pressures is: 

(atm)
(bar) (atm)

r r (bar)   = δ  ln pG G RT
p

 
∆ − ∆ − ⋅  

 
 

 1                                = δ 0.03263 kJ mol−− ⋅ ⋅  at 298.15 K. (II.48) 

Eq.(II.48) applies also to (bar) (atm)
f f  G G∆ − ∆ , since the Gibbs energy of for-

mation describes the formation process of a compound or complex from the reference 
states of the elements involved: 

 (bar) (atm) 1
f f   = δ 0.03263 kJ molG G −∆ − ∆ − × ⋅  at 298.15 K. (II.49) 

The changes in the equilibrium constants and cell potentials with the change in the 
standard state pressure follow from the expression for Gibbs energy changes, Eq.(II.48) 
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(bar) (atm)
(bar) (atm) r r

10 10

(atm)

(bar) (atm)

10 (bar)

log   log  = 
 ln 10

ln
                                       δ  = δ log

ln10

G GK K
RT

p
p p

p

∆ − ∆
− −

 
    = ⋅ ⋅  

 

 

                                             δ 0.005717= ⋅  (II.50) 

 

(bar) (atm)
(bar) (atm) r r

(atm)

(bar)

   = 

 ln
                       δ

G GE E
nF

pRT
p

nF

∆ − ∆
− −

 
 
 = ⋅

 

0.0003382 δ V 
n

= ⋅  at 298.15K. (II.51) 

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

 + 
2

defH  e   ½H (g)                    0.00V=E− ο+ . (II.52) 

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

+Ag  + e   Ag (cr)−  

should thus be calculated from the balanced reaction that includes the hydrogen elec-
trode, 

+ +
2 Ag  + ½H (g)  Ag (cr) + H . 

Here δ = − 0.5. Hence, the contribution to δ 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 δ as the combination with the hydrogen half cell. 

Example: 

 Fe(cr) + 2H
+
  Fe

2+
 + H2(g) δ = 1 E

(bar)
 − E

(atm)
 = 0.00017 V 

 CO2(g)  CO2(aq) δ = − 1 log10 K
(bar)

 − log10 K
(atm)

 = − 0.0057 

 NH3(g) + 5
4

O2(g)  NO(g) + 3
2

H2O(g) δ = 0.25 ∆rG
(bar)

 − ∆rG
(atm)

 = − 0.008 kJ·mol–1 

 1
2

Cl2(g) + 2O2(g) + e−  4ClO−  δ = − 3 ∆fG
(bar)

 − ∆fG
(atm)

 = 0.098 kJ·mol–1 

 



II.3 Standard and reference conditions 

 

39

II.3.3 Reference temperature  
The definitions of standard states given in Section II.3 make no reference to fixed tem-
perature. 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 tempera-
ture. 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 t (°C) is defined by t = (T − T0) where T0 = 273.15 K. 

II.4 Fundamental physical constants 
To ensure the consitency with other NEA-TDB Reviews, the fundamental physical con-
stants are taken from a publication by CODATA [86COD]. Those relevant to this re-
view are listed in Table II-7. Note that updated values of the fundamental constants can 
be obtained from CODATA, notably through its Internet site. In most cases, recalcula-
tion of the NEA-TDB database entries with the updated values of the fundamental con-
stants will not introduce significant (with respect to their quoted uncertainties) excur-
sions from the current NEA-TDB selections.  

Table II-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 299 792 458 m·s–1 

permeability of vacuum µ0 4π×10–7 = 12.566 370 614… 10−7 N·A−2 
permittivity of vacuum є ο  1/µ0 c2 = 8.854 187 817… 10−12 C2·J−1·m−1 
Planck constant h 6.626 0755(40) 10−34 J·s 
elementary charge e 1.602 177 33(49) 10−19 C 
Avogadro constant NA 6.022 1367(36) 10−23 mol−1 
Faraday constant F 96 485.309(29) C·mol−1 

molar gas constant R 8.314 510(70) J·K−1·mol−1 

Boltzmann constant, R/NA k 1.380 658(12) 10−23 J·K−1 
 

Non-SI units used with SI:    
electron volt, (e/C) J eV 1.602 177 33(49) 10−19 J 
atomic mass unit, u 1.660 5402(10) 10−27 kg 

12

u

11u =   ( )
12

m m C=     
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II.5 Uncertainty estimates 
One of the principal objectives of the NEA-TDB development effort is to provide an 
idea of the uncertainties associated with the data selected in the reviews. In general the 
uncertainties should define the range within which the corresponding data can be repro-
duced 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. 

II.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. The structure 
of the data base system allows consistent derivation of thermodynamic data for individ-
ual 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 devel-
oped for this purpose at the NEA Data Bank. The literature sources of the data are also 
stored in the data base. 

The following thermodynamic parameters, valid at the reference temperature 
of 298.15 K and at the standard pressure of 1 bar, are stored in the data base: 

f m
ο∆ G  the standard molar Gibbs energy of formation from the elements in 

their reference states (kJ·mol–1) 

f mH ο∆  the standard molar enthalpy of formation from the elements in their 
reference states (kJ·mol–1) 

mS ο  the standard molar entropy (J·K–1·mol–1) 

,mpCο  the standard molar heat capacity (J·K–1·mol–1). 

 For aqueous neutral species and ions, the values of f mGο∆ , f mH ο∆ , mS ο  and 
,mpCο  correspond to the standard partial molar quantities, and for individual aqueous 

ions they are relative quantities, defined with respect to the aqueous hydrogen ion, ac-
cording to the convention [89COX/WAG] that f mH ο∆ ( +H , T ) = 0 and that mS ο ( +H ,      
T ) = 0. Furthermore, for an ionised solute B containing any number of different cations 
and anions: 

f m + f m f m
+

(B , aq) =  (cation, aq) +  (anion, aq)H H Hο ο ο
± −

−
∆ ν ∆ ν ∆∑ ∑  

m + m m
+

(B , aq) =  (cation, aq) +  (anion, aq)S S Sο ο ο
± −

−
ν ν∑ ∑  
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As the thermodynamic parameters vary as a function of temperature, provision 
is made for including the compilation of the coefficients of empirical temperature func-
tions for these data, 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 for a thermodynamic pa-
rameter, X: 

 

2 1 2

3 3

( )  =  ln ln

              + +  + .

X X X X X X X

X
X X X

X T a b T c T d T e T f T g T T
ih T j T k T
T

− −

−

+ ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅

⋅ ⋅ + ⋅
 (II.53) 

Most temperature variations can be described with three or four parameters, a, 
b and e being the ones most frequently used. In the present series of reviews, only 

,m ( )p TCο , i.e., the thermal functions of the heat capacities of individual species, are con-
sidered and stored in the data base. They frequently refer to the relation: 

 2 1 2
,m ( )  =  pC T a b T c T d T e Tο − −+ × + × + × + ×  

(where the subindices for the coefficients have been dropped) and are listed in Table III-
3. 

The pressure dependence of thermodynamic data has not been the subject of 
critical analysis in the present compilation. The reader interested in higher temperatures 
and pressures, or the pressure dependency of thermodynamic functions for geochemical 
applications, is referred to the specialised literature in this area, e.g., [82HAM], 
[84MAR/MES], [88SHO/HEL], [88TAN/HEL], [89SHO/HEL], [89SHO/HEL2], 
[90MON], [91AND/CAS]. 

Selected standard thermodynamic data referring to chemical reactions are also 
compiled in the data base. A chemical reaction “r”, involving reactants and products 
‘B”, can be abbreviated as: 

 B
B

0   Br= ν∑  (II.54) 

where the stoichiometric coefficients B
rν  are positive for products, and negative for re-

actants. The reaction parameters considered in the NEA-TDB system include: 

10log rK ο  the equilibrium constant of the reaction, logarithmic 

r mGο∆  the molar Gibbs energy of reaction (kJ·mol–1) 

r mH ο∆  the molar enthalpy of reaction (kJ·mol–1) 

r mS ο∆  the molar entropy of reaction (J·K–1·mol–1) 

r ,mpCο∆  the molar heat capacity of reaction ( 1 1J K mol− −⋅ ⋅ ) 
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The temperature functions of these data, if available, are stored according to Eq.(II.53). 

The equilibrium constant, rK ο , is related to r mGο∆  according to the following 
relation: 

r m
10log   =  

ln(10)r
GK

RT

ο
ο ∆

−  

and can be calculated from the individual values of f m (B)Gο∆  (for example, those given 
in Table III-1 and Table IV-1), according to: 

 10 B f m
B

1log   =   (B)
ln(10)

r
rK G

RT
ο ο− ν ∆∑ . (II.55) 

II.7 Presentation of the data 
The selected data are presented in Chapter III. Unless otherwise indicated, they refer to 
standard conditions (cf. Section II.3) and 298.15K (25°C) and are provided with an un-
certainty which should correspond to the 95% confidence level (see Appendix C).  

Chapter III contains a table of selected thermodynamic data for individual 
compounds and complexes of zirconium (Table III-1), a table of selected reaction data 
(Table III-2) for reactions concerning zirconium species and a table containing selected 
thermal functions of the heat capacities of individual species of zirconium (Table III-3). 
The selection of these data is discussed in Chapter V.  

Chapter IV contains, for auxiliary compounds and complexes that do not con-
tain zirconium, a table of the thermodynamic data for individual species (Table IV-1) 
and 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 
[92GRE/FUG], and other preceding volumes of this series.  

All the selected data presented in Table III-1, Table IV-1 and Table IV-2 are 
internally consistent. This consistency is maintained by the internal consistency verifi-
cation and recalculation software developed at the NEA Data Bank in conjunction with 
the NEA-TDB data base system, cf. Section II.6. Therefore, when using the selected 
data for zirconium 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 Table III-2 and Table IV-2 include only those spe-
cies for which the primary selected data are reaction data. The formation data derived 
from them and listed in Table III-1 are obtained using auxiliary data, and their uncer-
tainties are propagated accordingly. In order to maintain the uncertainties originally 
assigned to the selected data in this review, the user is advised to make direct use of the 
reaction data presented in Table III-2 and Table IV-2, rather than taking the derived 
values in Table III-1 and Table IV-1 to calculate the reaction data with Eq.(II.55). The 
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later approach would imply a twofold propagation of the uncertainties and result in re-
action data whose uncertainties would be considerably larger than those originally as-
signed. 

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 [97PUI/RAR]. For example, the 
temperature dependence of the standard reaction Gibbs energy as a function of the stan-
dard reaction entropy at the reference temperature (T0= 298.15 K), and of the heat capac-
ity function is: 

0 0

r ,m
r m r m 0 r ,m r m 0

(T)
( )   =   ( ) + (T) d ( ) d  ,

T T p
pT T

C
G T H T C T T S T T

T

ο
ο ο ο ο

 ∆
∆ ∆ ∆ − ∆ +  

 
∫ ∫  

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

 

0 0

r m 0
10 10 0

0

r ,m
r ,m

( ) 1 1log ( )   = log ( )   
ln(10)

( ) 1 1                         ( ) d  + d ,
ln(10) ln(10)

T T
p

p
T T

H TK T K T
R T T

C T
C T T T

RT R T

ο
ο ο

ο
ο

 ∆
− − 

 
∆

− ∆∫ ∫
 

where R is the gas constant (cf. Table II-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 constants 
to temperatures up to 100 to 150°C, with an additional uncertainty of perhaps about 1 to 
2 logarithmic units, due to neglecting the heat capacity contributions to the temperature 
correction. However, it is important to observe that “new” 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 et al. [87CIA/IUL]. Addi-
tional high-temperature experiments may therefore be needed in order to ascertain that 
proper chemical models are used in the modelling of hydrothermal systems. For many 
species, experimental thermodynamic data are not available to allow a selection of pa-
rameters describing the temperature dependence of equilibrium constants and Gibbs 
energies of formation. The user may find information on various procedures to estimate 
the temperature dependence of these thermodynamic parameters in [97PUI/RAR]. The 
thermodynamic data in the selected set refer to infinite dilution for soluble species. Ex-
trapolation of an equilibrium constant K, usually measured at high ionic strength, to K ο  
at I = 0 using activity coefficients γ, is explained in Appendix B. The corresponding 
Gibbs energy of dilution is: 
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 dil m r m r m = G G Gο∆ ∆ − ∆  (II.56) 

 r          =   lnRT ±− ∆ γ  (II.57) 

Similarly dil mS∆  can be calculated from ln ±γ  and its variations with T, while: 

 2
dil m r = ( ln ) pH RT

T ±
∂∆ ∆

∂
γ  (II.58) 

depends only on the variation of γ with T, which is neglected in this review, when no 
data on the temperature dependence of γ’s are available. In this case the Gibbs energy of 
dilution dil mG∆  is entirely assigned to the entropy difference. This entropy of reaction is 
calculated using r mGο∆  = r mH ο∆  − r mT S ο∆ , the above assumption dil mH∆  = 0, and 

dil mG∆ . 
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Chapter III 

II Selected zirconium data 
 

 

This chapter presents the chemical thermodynamic data set for zirconium species which 
has been selected in this review. Table III-1 contains the recommended thermodynamic 
data of the zirconium compounds and species, Table III-2 the recommended thermody-
namic data of chemical equilibrium reactions by which the zirconium compounds and 
complexes are formed, and Table III-3 the temperature coefficients of the heat capacity 
data of Table III-1 where available. 

The species and reactions in the tables appear in standard order of arrange-
ment. Table III-2 contains information only on those reactions for which primary data 
selections are made in Chapter V of this review. These selected reaction data are used, 
together with data for key zirconium species and auxiliary data selected in this review, 
to derive the corresponding formation data in Table III-1. The uncertainties associated 
with values for key zirconium species and the auxiliary data are in some cases substan-
tial, leading to comparatively large uncertainties in the formation quantities derived in 
this manner. 

The values of r mGο∆  for many reactions are known more accurately than would 
be calculated directly from the uncertainties of the f mGο∆  values in Table III-1 and aux-
iliary data. The inclusion of a table for reaction data (Table III-2) in this report allows 
the use of equilibrium constants with total uncertainties that are based directly on the 
experimental accuracies. This is the main reason for including both Table III-1 and Ta-
ble III-2. 

The selected thermal functions of the heat capacities, listed in Table III-3, and, 
in general, they refer to the relation 

C°p,m(T ) = a + b T + c T 2 + d T –1 + e T –2 + f T ln T + h T 1/2 + i T –1/2 + j T 3. 

A detailed discussion of the selection procedure is presented in Chapter V. It 
may be noted that this chapter contains data on more species or compounds than are 
present in the tables of Chapter III. The main reasons for this situation are the lack of 
information for a proper extrapolation of the primary data to standard conditions in 
some systems and lack of solid primary data in others.  
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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 when gases or solids are added. 

Table III-1: Selected thermodynamic data for zirconium 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 statisti-
cally 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 Part 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 computer media from the 
OECD Nuclear Energy Agency. 

Compound f mGο∆   f mH ο∆   mS ο   ,mpCο   

   (kJ·mol–1)    (kJ·mol–1)    (J·K–1·mol–1)   (J·K–1·mol–1)   
Zr(cr)        0.000        0.000       39.080

± 0.100
       26.080 

± 0.050 
 (c) 

β–Zr     
 
 (c) 

Zr(omega)              29.000 
± 0.050 

 

Zr(g)      566.882
± 1.400

 (a)      609.800
± 1.400

      183.027
± 0.010

       24.775 
± 0.010 

 (c) 

Zr4+     – 528.509
± 9.227

 (b)     – 608.500
± 5.000

     – 490.569
± 35.200

 (a)   

ZrO(g)       30.576
± 27.124

 (a)       56.200
± 27.008

 (b)      227.600
± 8.400

       30.800 
± 1.000 

 

ZrO2(monoclinic)    – 1042.746
± 1.313

 (a)    – 1100.600
± 1.300

       50.190
± 0.620

       55.960 
± 0.790 

 (c) 

ZrO2(g)     –298.386
± 47.042

 (a)     – 289.600
± 47.018

 (b)      273.700
± 5.000

       46.100 
± 1.000 

 

ZrH(cr)      – 64.686
± 0.801

 (a)      – 84.400
± 0.800

       38.300
± 0.100

       30.200 
± 0.100 

 (c) 

ε–ZrH2     – 124.281
± 1.700

 (a)     − 164.400
± 1.700

       35.200
± 0.080

       30.930 
± 0.060 

 

ZrOH3+     – 767.476
± 9.312

 (b)       

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

Compound f mGο∆   f mH ο∆   mSο   ,mpCο   

   (kJ·mol–1)    (kJ·mol–1)    (J·K–1·mol–1)   (J·K–1·mol–1)   
Zr(OH)2

2+    – 1008.384
± 11.034

 (b)       

Zr(OH)4(aq)    – 1464.570
± 13.391

 (b)       

Zr(OH)6
2–    – 1785.818

± 10.058
 (b)       

Zr3(OH)4
8+    – 2536.373

± 27.735
 (b)    – 2970.800

± 10.000
    – 1190.892

± 98.886
 (a)   

Zr3(OH)9
3+    – 3789.372

± 27.688
 (b)       

Zr4(OH)8
8+    – 4048.377

± 37.096
 (b)       

Zr4(OH)15
+     – 5742.950

± 36.939
 (b)       

Zr4(OH)16(aq)    – 5956.173
± 37.196

 (b)    – 6706.160
± 7.200

      327.508
± 127.072

 (a)   

ZrF(g)       41.353
± 1.165

 (a)       72.100
± 1.000

      243.600
± 2.000

       32.800 
± 1.000 

 

ZrF3+     – 867.798
± 9.262

 (b)     – 961.350
± 5.090

 (b)     – 369.319
± 35.313

 (b)   

ZrF2(g)     – 492.769
± 1.436

 (a)     –  478.300
± 0.800

      290.400
± 4.000

       49.400 
± 2.000 

 

ZrF2
2+    – 1197.440

± 9.497
 (b)    – 1296.000

± 5.262
 (b)     – 219.380

± 35.890
 (b)   

ZrF3(g)    – 1065.713
± 1.692

 (a)    – 1075.900
± 1.200

      309.100
± 4.000

       68.400 
± 2.000 

 

ZrF3
+    – 1514.182

± 9.704
 (b)    – 1625.750

± 5.630
 (b)      – 96.273

± 36.472
 (b)   

ZrF4(aq)    – 1826.471
± 9.901

 (b)    – 1971.900
± 6.249

 (b)      – 43.106
± 37.282

 (b)   

β–ZrF4    – 1810.119
± 1.322

 (a)    – 1911.300
± 1.000

      105.300
± 2.900

      102.800 
± 2.900 

 (c) 

ZrF4(l)      – 1975.520
± 1.085

 (b)     

ZrF4(g)    – 1634.578
± 1.045

 (a)    – 1671.120
± 1.001

 (b)      322.100
± 1.000

       87.440 
± 0.500 

 

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

Compound f mGο∆   f mH ο∆   mSο   ,mpCο   

   (kJ·mol–1)    (kJ·mol–1)    (J·K–1·mol–1)   (J·K–1·mol–1)   
ZrF5

 –    – 2133.504
± 10.082

 (b)       

ZrF6
2–    – 2435.062

± 10.354
 (b)       

ZrCl(cr)     – 264.480
± 2.021

 (a)     – 291.200
± 2.000

       61.000
± 0.970

       47.160 
± 0.590 

 

ZrCl(g)      200.418
± 23.580

 (a)      231.837
± 23.563

      256.000
± 3.000

       35.700 
± 1.500 

 

ZrCl3+     – 668.803
± 9.234

 (b)       

ZrCl2(cr)     – 496.151
± 13.023

 (a)     – 542.800
± 13.000

      105.700
± 2.600

       68.800 
± 1.600 

 

ZrCl2(g)     – 154.311
± 19.869

 (a)     – 145.385
± 19.813

 (b)      292.100
± 5.000

       58.300 
± 2.500 

 

ZrCl2
2+     – 803.331

± 9.331
 (b)       

ZrCl3(cr)     – 689.742
± 3.013

 (a)     – 760.100
± 3.000

      137.720
± 0.940

       92.950 
± 0.620 

 (c) 

ZrCl3(g)     – 510.571
± 9.196

 (a)     – 520.143
± 9.074

      341.600
± 5.000

       76.100 
± 2.500 

 

ZrCl4(cr)     – 890.150
± 1.188

 (a)     – 980.800
± 0.900

      181.200
± 2.600

      117.500 
± 1.600 

 (c) 

ZrCl4(g)     – 836.425
± 0.949

 (a)     – 871.500
± 0.901

 (b)      367.600
± 1.000

       98.200 
± 1.000 

 

ZrBr(cr)       – 218.900
± 3.500

     

ZrBr(g)          268.200
± 3.000

       36.700 
± 1.500 

 

ZrBr2(cr)       – 399.200
± 13.000

     

ZrBr2(g)          318.900
± 5.000

       60.400 
± 2.500 

 

ZrBr3(cr)       – 599.800
± 13.000

     

ZrBr3(g)          379.300
± 5.000

       79.400 
± 2.500 

 

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

Compound f mGο∆   f mH ο∆   mSο   ,mpCο   

   (kJ·mol–1)    (kJ·mol–1)    (J·K–1·mol–1)   (J·K–1·mol–1)   
ZrBr4(cr)       – 759.500

± 3.300
     

ZrBr4(g)     – 664.669
± 3.775

 (a)     – 643.500
±3.759

 (b)      414.500
± 1.000

      102.700 
± 1.000 

 

ZrI(cr)     – 150.417
± 1.205

 (a)     – 152.400
± 1.200

       90.500
± 0.300

       50.800 
± 0.100 

 

ZrI(g)      349.318
± 11.036

 (a)      403.000
± 11.000

      277.200
± 3.000

       37.200 
± 1.500 

 

ZrI2(cr)     – 273.799
± 10.001

 (a)     – 277.800
± 10.000

      141.800
± 0.300

       75.500 
± 0.200 

 

ZrI2(g)       77.761
± 16.070

 (a)      135.000
± 16.000

      347.200
± 5.000

       61.400 
± 2.500 

 

ZrI3(cr)     – 385.580
± 15.001

 (a)     – 391.600
± 15.000

      193.100
± 0.400

      100.300 
± 0.200 

 

ZrI3(g)     – 185.876
± 4.365

 (a)     – 130.000
± 4.100

      400.700
± 5.000

       80.900 
± 2.500 

 

ZrI4(cr)     – 480.862
± 3.714

 (a)     – 488.900
± 3.700

      244.400
± 0.900

      125.100 
± 0.500 

 (c) 

ZrI4(g)     – 405.959
± 3.732

 (b)     – 355.500
± 3.712

 (b)      440.600
± 1.140

 (b)      104.590 
± 0.250 

 

ZrS1.5(cr)     – 502.107
± 3.886

 (a)     – 509.400
± 1.100

       62.700
± 12.500

   

ZrS2(cr)     – 565.750
± 12.015

 (a)     – 573.200
± 12.000

       78.200
± 2.000

       56.400 
± 2.000 

 (c) 

ZrS3(cr)     – 601.920
± 4.836

 (a)     – 615.200
± 4.600

       90.700
± 5.000

   

Zr(SO3)2(cr)    – 1834.870
± 10.032

 (a)    – 2011.000
± 10.000

      127.900
± 2.700

   

ZrSO4
2+    – 1312.698

± 9.251
 (b)    – 1480.900

± 5.100
     – 213.393

± 35.431
 (a)   

Zr(SO4)2(cr)    – 2009.454
± 2.183

 (a)    – 2245.200
± 2.100

      133.100
± 2.000

      185.100 
± 10.000 

 (c) 

Zr(SO4)2(aq)    – 2082.389
± 9.342

 (b)    – 2359.800
± 5.200

       – 6.646
± 35.861

 (a)   

Zr(SO4)3
2–    – 2842.147

± 9.739
 (b)       

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

Compound f mGο∆   f mH ο∆   mSο   ,mpCο   

   (kJ·mol–1)    (kJ·mol–1)    (J·K–1·mol–1)   (J·K–1·mol–1)   
Zr(SO4)2. 4 H2O(cr)    – 3008.762

± 2.607
 (a)    – 3470.900

± 2.600
      306.800

± 0.600
      321.300 

± 0.300 
 

Zr(SeO3)2(cr)      – 1609.550
± 2.689

     

ZrTe1.843(cr)     – 291.328
± 7.000

 (a)     – 295.000
± 7.000

      117.480
± 0.120

       70.590 
± 0.280 

 

ZrTe2(cr)     – 290.037
± 7.000

 (a)     – 294.000
± 7.000

      124.230
± 0.100

   

Zr5Te4(cr)     – 810.430
± 44.000

 (a)     – 829.000
± 44.000

      330.000
± 0.400

      222.000 
± 0.300 

 

ZrTe3O8(cr)      – 2119.200
± 9.600

     

ZrN(cr)     – 341.852
± 1.952

 (a)     – 370.500
± 1.389

 (b)       38.800
± 4.600

       39.700 
± 1.400 

 (c) 

ZrNO3
3+     – 648.379

± 9.248
 (b)       

Zr(NO3)2
2+     – 765.167

± 9.316
 (b)       

ZrP2O7(cr)          188.800
± 2.000

      150.700 
± 1.500 

 (c) 

α–Zr(HPO4)2    – 2987.000
± 23.000

    – 3166.200
± 6.000

      471.508
± 79.726

 (a)   

β–Zr(HPO4)2      – 3159.100
± 6.000

     

Zr(HPO4)2. H2O(cr)    – 3194.528
± 20.204

 (b)    – 3466.100
± 1.600

      394.945
± 67.978

 (a)   

Zr(HPO4)2. 2 H2O(cr)      – 3742.100
± 13.300

     

α–Zr(HAsO4)2      – 2364.700
± 12.100

     

β–Zr(HAsO4)2      – 2360.900
± 12.000

     

Zr(HAsO4)2. H2O(cr)      – 2659.300
± 13.100

     

ZrC(cr)     – 203.476
± 2.585

 (a)     – 207.000
± 2.500

       33.000
± 2.200

       37.280 
± 0.750 

 (c) 

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

Compound f mGο∆   f mH ο∆   mSο   ,mpCο   

   (kJ·mol–1)    (kJ·mol–1)    (J·K–1·mol–1)   (J·K–1·mol–1)   
Zr(CO3)4

4–    – 2884.984
± 10.962

 (b)       

ZrSiO4(cr)    – 1919.712
± 3.115

 (a)    – 2034.200
± 3.100

       84.200
± 1.000

       98.200 
± 0.600 

 (c) 

Ca2ZrSi3O12(cr)    – 5951.457
± 15.076

 (a)    – 6283.000
± 15.000

      297.600
± 5.000

      252.500 
± 2.500 

 

Ca3ZrSi2O9(cr)    – 4769.295
± 10.046

 (a)    – 5029.000
± 10.000

      253.600
± 3.000

      238.100 
± 1.500 

 

SrZrSi2O7(cr)    – 3443.991
± 4.203

 (a)    – 3640.800
± 4.200

      190.330
± 0.480

      187.810 
± 0.380 

 

Sr6ZrSi5O18(cr)      – 9867.900
± 8.600

     

Na2ZrSiO5(cr)    – 2523.498
± 20.003

 (a)    – 2670.000
± 20.000

      182.000
± 1.000

      172.400 
± 2.000 

 

Na2ZrSi2O7(cr)    – 3412.402
± 10.019

 (a)    – 3606.000
± 10.000

      248.000
± 2.000

      211.000 
± 5.000 

 

Na2ZrSi3O9. 2 H2O(cr)    – 4654.000
± 20.000

       

Na2ZrSi4O11(cr)    – 5181.000
± 20.000

       

Na2ZrSi6O15. 3 H2O(cr)    – 7391.000
± 30.000

       

Na4Zr2Si3O12(cr)    – 5944.005
± 20.057

 (a)    – 6285.000
± 20.000

      427.000
± 5.000

      365.000 
± 5.000 

 

NaZr2P3O12(cr)    – 4556.968
± 20.222

 (a)    – 4889.000
± 20.000

      370.000
± 10.000

      310.000 
± 10.000 

 

Cs2ZrSi2O7(cr)      – 3587.000
± 10.000

     

(a) Value calculated internally using f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑  
(b) Value calculated internally from reaction data (see Table III-2) 
(c) Temperature coefficients of this function are listed in Table III-3 
(d) Value calculated internally from reaction data for a different key species 
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Table III-2: Selected thermodynamic data for reactions involving zirconium compounds 
and complexes. All ionic species listed in this table are aqueous species. Unless noted 
otherwise, all data refer to the reference temperature of 298.15 K and to the standard 
state, i.e., a pressure of 0.1 MPa and, for aqueous species, infinite dilution (I = 0). The 
uncertainties listed below each value represent total uncertainties and correspond in 
principal to the statistically defined 95% confidence interval. Values obtained from in-
ternal 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 Part V. Systematically, all 
the values are presented with three digits after the decimal point, regardless of the sig-
nificance of these digits. The data presented in this table are available on computer me-
dia from the OECD Nuclear Energy Agency.  

 Species  Reaction  
   log10 Ko   ∆r G m

 o   ∆r H m
 o   ∆r S m

 o    
       (kJ . mol–1)    (kJ . mol–1)    (J . K–1 . mol–1)   

Zr4+  4H+ + ZrO2(mono)  2H2O(l) + Zr4+ 
        – 7.000

± 1.600
       39.956

± 9.133
     

ZrO(g)  0.5Zr(cr) + 0.5ZrO2(mono)  ZrO(g) 
           606.500

± 27.000
   

ZrO2(g) ZrO2(mono)  ZrO2(g) 
           811.000

± 47.000
   

ZrOH3+ H2O(l) + Zr4+  H+ + ZrOH3+ 
         0.320

± 0.220
       – 1.827

± 1.256
     

Zr(OH)2
2+  2H2O(l) + Zr4+  2H+ + Zr(OH)2

2+ 
         0.980

± 1.060
       – 5.594

± 6.051
     

Zr(OH)4(am, fresh)  4H2O(l) + Zr4+  4H+ + Zr(OH)4(am, fresh) 
         3.240

± 0.100
      – 18.494

± 0.571
     

Zr(OH)4(aq)  4H2O(l) + Zr4+  4H+ + Zr(OH)4(aq) 
        – 2.190

± 1.700
       12.501

± 9.704
     

Zr(OH)6
2–  6H2O(l) + Zr4+  6H+ + Zr(OH)6

2– 
       – 29.000

± 0.700
      165.533

± 3.996
     

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

 Species  Reaction  
   log10 Ko   ∆r G m

 o   ∆r H m
 o   ∆r S m

 o    
       (kJ . mol–1)    (kJ . mol–1)    (J . K–1 . mol–1)   

Zr3(OH)4
8+  4H2O(l) + 3Zr4+  4H+ + Zr3(OH)4

8+ 
         0.400

± 0.300
       – 2.283

± 1.712
     

Zr3(OH)9
3+  9H2O(l) + 3Zr4+  9H+ + Zr3(OH)9

3+ 
        12.190

± 0.080
      – 69.581

± 0.457
     

Zr4(OH)8
8+  8H2O(l) + 4Zr4+  8H+ + Zr4(OH)8

8+ 
         6.520

± 0.650
      – 37.216

± 3.710
     

Zr4(OH)15
+   15H2O(l) + 4Zr4+  15H+ + Zr4(OH)15

+  
        12.580

± 0.240
      – 71.807

± 1.370
     

Zr4(OH)16(aq)  16H2O(l) + 4Zr4+  16H+ + Zr4(OH)16(aq) 
         8.390

± 0.800
      – 47.890

± 4.566
     

ZrF3+ F – + Zr4+  ZrF3+ 
        10.120

± 0.070
      – 57.765

± 0.400
      – 17.500

± 0.700
      135.051

± 2.703
 (a) 

ZrF2
2+  2F – + Zr4+  ZrF2

2+ 
        18.550

± 0.310
     – 105.884

± 1.769
      – 16.800

± 1.000
      298.790

± 6.817
 (a) 

ZrF3
+  3F – + Zr4+  ZrF3

+ 
        24.720

± 0.380
     – 141.103

± 2.169
      – 11.200

± 1.700
      435.696

± 9.243
 (a) 

ZrF4(g) β–ZrF4  ZrF4(g) 
           240.180

± 0.040
   

ZrF4(l) β–ZrF4  ZrF4(l) 
           – 64.220

± 0.420
   

ZrF4(aq)  4F – + Zr4+  ZrF4(aq) 
        30.110

± 0.400
     – 171.869

± 2.283
      – 22.000

± 2.700
      502.664

± 11.860
 (a) 

ZrF5
 –  5F – + Zr4+  ZrF5

 – 
        34.600

± 0.420
     – 197.498

± 2.397
     

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

 Species  Reaction  
   log10 Ko   ∆r G m

 o   ∆r H m
 o   ∆r S m

 o    
       (kJ . mol–1)    (kJ . mol–1)    (J . K–1 . mol–1)   

ZrF6
2–  6F – + Zr4+  ZrF6

2– 
        38.110

± 0.430
     – 217.533

± 2.454
     

ZrCl3+ Cl – + Zr4+  ZrCl3+ 
         1.590

± 0.060
       – 9.076

± 0.342
     

ZrCl2
2+  2Cl – + Zr4+  ZrCl2

2+ 
         2.170

± 0.240
      – 12.386

± 1.370
     

ZrCl2(g)  2ZrCl3(g)  ZrCl2(g) + ZrCl4(g) 
            23.400

± 7.900
   

ZrCl4(g) ZrCl4(cr)  ZrCl4(g) 
           109.300

± 0.040
   

ZrBr4(g) ZrBr4(cr)  ZrBr4(g) 
           116.000

± 1.800
   

ZrI4(g) ZrI4(cr)  ZrI4(g) 
       – 13.122

± 0.064
 (c)       74.903

± 0.365
 (a)      133.400

± 0.300
      196.200

± 0.700
 

ZrSO4
2+ SO4

2– + Zr4+  ZrSO4
2+ 

         7.040
± 0.090

      – 40.185
± 0.514

     

Zr(SO4)2(aq)  2SO4
2– + Zr4+  Zr(SO4)2(aq) 

        11.540
± 0.210

      – 65.871
± 1.199

     

Zr(SO4)3
2–  3SO4

2– + Zr4+  Zr(SO4)3
2– 

        14.300
± 0.500

      – 81.625
± 2.854

     

ZrN(cr)  0.5N2(g) + ZrO2(mono)  O2(g) + ZrN(cr) 
           730.100

± 1.200
   

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

 Species  Reaction  
   log10 Ko   ∆r G m

 o   ∆r H m
 o   ∆r S m

 o    
       (kJ . mol–1)    (kJ . mol–1)    (J . K–1 . mol–1)   

ZrNO3
3+ NO3

 – + Zr4+  ZrNO3
3+ 

         1.590
± 0.080

       – 9.076
± 0.457

     

Zr(NO3)2
2+  2NO3

 – + Zr4+  Zr(NO3)2
2+ 

         2.640
± 0.170

      – 15.069
± 0.970

     

Zr(HPO4)2. H2O(cr) H2O(l) + 2H3PO4(aq) + Zr4+  4H+ + Zr(HPO4)2. H2O(cr) 
        22.800

± 3.100
     – 130.143

± 17.695
     

Zr(CO3)4
4–  4CO3

2– + Zr4+  Zr(CO3)4
4– 

        42.900
± 1.000

     – 244.875
± 5.708

     

(a) Value calculated internally using r m r m r mG H T Sο ο ο∆ = ∆ − ∆  
(b) Value calculated from a selected standard potential. 
(c) Value of 10log K ο  calculated internally from r mGο∆ . 
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Chapter IV 

III Selected auxiliary data 
 

 
This chapter presents the chemical thermodynamic data for auxiliary compounds and 
complexes which are used within the NEA-TDB project. Most of these auxiliary species 
are used in the evaluation of the recommended zirconium data in Table III-1, Table III-
2, and Table III-3. It is therefore essential to always use these auxiliary data in conjunc-
tion with the selected data for zirconium. The use of other auxiliary data can lead to 
inconsistencies and erroneous results.  

 The values in the tables of this chapter are either CODATA Key Values, taken 
from [89COX/WAG], or were evaluated within the NEA-TDB project, as described in 
the corresponding chapters of the uranium review [92GRE/FUG], the technetium re-
view [99RAR/RAN], the Update review [2003GUI/FAN], the nickel review 
[2005GAM/BUG] and the selenium review [2005OLI/NOL].  

 Table IV-1 contains the selected thermodynamic data of the auxiliary species 
and Table IV-2 the selected thermodynamic data of chemical reactions involving auxil-
iary species. The reason for listing both reaction data and entropies, enthalpies and 
Gibbs energies of formation is, as described in Chapter III, that uncertainties in reaction 
data are often smaller than the derived mS ο , f mH ο∆  and f mGο∆ , due to uncertainty accu-
mulation during the calculations.  

 All data in Table IV-1 and Table IV-2 refer to a temperature of 298.15 K, the 
standard state pressure of 0.1 MPa and, for aqueous species and reactions, to the infinite 
dilution standard state (I = 0).  

 The uncertainties listed below each reaction value in Table IV-2 are total un-
certainties, and correspond mainly to the statistically defined 95% confidence interval. 
The uncertainties listed below each value in Table IV-1 have the following significance:  

• for CODATA values from [89COX/WAG], the ± terms have the meaning: “it 
is probable, but not at all certain, that the true values of the thermodynamic 
quantities differ from the recommended values given in this report by no more 
than twice the ± terms attached to the recommended values”. 

• for values from [92GRE/FUG], [99RAR/RAN], [2003GUI/FAN], 
[2005GAM/BUG], [2005OLI/NOL] and the present Review, the ± terms are 
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derived from total uncertainties in the corresponding equilibrium constant of 
reaction (cf. Table IV-2), and from the ± terms listed for the necessary 
CODATA key values 

 CODATA [89COX/WAG] values are available for CO2(g), 3HCO− , 2
3CO − , 

2 4H PO−  and 2
4HPO − . From the values given for f mH ο∆  and mS ο  the values of f mGο∆  

and, consequently, all the relevant equilibrium constants and enthalpy changes can be 
calculated. The propagation of errors during this procedure, however, leads to 
uncertainties in the resulting equilibrium constants that are significantly higher than 
those obtained from experimental determination of the constants. Therefore, reaction 
data for CO2(g), 3HCO− , 2

3CO − , which were absent form the corresponding Table IV-2 
in [92GRE/FUG], are included in this volume to provide the user of selected data for 
species of zirconium (cf. Chapter III) with the data needed to obtain the lowest possible 
uncertainties on reaction properties.  

 Note that the values in Table IV-1 and Table 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 IV-1: Selected thermodynamic data for auxiliary compounds and complexes 
adopted in the NEA-TDB project, including the CODATA Key Values [89COX/WAG]. 
All ionic species listed in this table are aqueous species. Unless noted otherwise, all data 
refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous species, a standard state of 
infinite dilution (I = 0). The uncertainties listed below each value represent total uncer-
tainties 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, 
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 VI of [92GRE/FUG]. Sys-
tematically, all the values are presented with three digits after the decimal point, regard-
less of the significance of these digits. The data presented in this table are available on 
computer media from the OECD Nuclear Energy Agency.  

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
O(g) 
[92GRE/FUG] 

     231.743 
± 0.100 

 (a)      249.180
± 0.100

      161.059
± 0.003

       21.912 
± 0.001 

 

O2(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      205.152

± 0.005
       29.378 

± 0.003 
 

H(g) 
[92GRE/FUG] 

     203.276 
± 0.006 

 (a)      217.998
± 0.006

      114.717
± 0.002

       20.786 
± 0.001 

 

H+ 
[92GRE/FUG] 

       0.000 
 
        0.000        0.000        0.000 

 
 

H2(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      130.680

± 0.003
       28.836 

± 0.002 
 

OH – 
[92GRE/FUG] 

    – 157.220 
± 0.072 

 (a)     – 230.015
± 0.040

      – 10.900
± 0.200

   

H2O(g) 
[92GRE/FUG] 

    – 228.582 
± 0.040 

 (a)     – 241.826
±0.040

      188.835
± 0.010

       33.609 
± 0.030 

 

H2O(l) 
[92GRE/FUG] 

    – 237.140 
± 0.041 

 (a)     – 285.830
± 0.040

       69.950
± 0.030

       75.351 
± 0.080 

 

H2O2(aq) 
[92GRE/FUG] 

      – 191.170
± 0.100

     

He(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      126.153

± 0.002
       20.786 

± 0.001 
 

Ne(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      146.328

± 0.003
       20.786 

± 0.001 
 

Ar(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      154.846

± 0.003
       20.786 

± 0.001 
 

        (Continued on next page) 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Kr(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      164.085

± 0.003
       20.786 

± 0.001 
 

Xe(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      169.685

± 0.003
       20.786 

± 0.001 
 

F(g) 
[92GRE/FUG] 

      62.280 
± 0.300 

 (a)       79.380
± 0.300

      158.751
± 0.004

       22.746 
± 0.002 

 

F – 
[92GRE/FUG] 

    – 281.523 
± 0.692 

 (a)     – 335.350
± 0.650

      – 13.800
± 0.800

   

F2(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      202.791

± 0.005
       31.304 

± 0.002 
 

HF(aq) 
[92GRE/FUG] 

    – 299.675 
± 0.702 

     – 323.150
± 0.716

       88.000
± 3.362

 (a)   

HF(g) 
[92GRE/FUG] 

    – 275.400 
± 0.700 

 (a)     – 273.300
± 0.700

      173.779
± 0.003

       29.137 
± 0.002 

 

HF2
 – 

[92GRE/FUG] 
    – 583.709 

± 1.200 
     – 655.500

± 2.221
       92.683

± 8.469
 (a)   

Cl(g) 
[92GRE/FUG] 

     105.305 
± 0.008 

 (a)      121.301
± 0.008

      165.190
± 0.004

       21.838 
± 0.001 

 

Cl – 
[92GRE/FUG] 

    – 131.217 
± 0.117 

 (a)     – 167.080
± 0.100

       56.600
± 0.200

   

Cl2(g) 
[92GRE/FUG] 

       0.000 
 
        0.000      223.081

± 0.010
       33.949 

± 0.002 
 

ClO – 
[2005OLI/NOL] 

     – 37.669 
± 0.962 

 (b)      – 108.300
± 1.500

 (b)      42.560
± 9.238

 (b)   

ClO2
 – 

[92GRE/FUG] 
      10.250 

± 4.044 
       

ClO3
 – 

[92GRE/FUG] 
      – 7.903 

± 1.342 
 (a)     – 104.000

± 1.000
      162.300

± 3.000
   

ClO4
 – 

[92GRE/FUG] 
      – 7.890 

± 0.600 
 (a)     – 128.100

± 0.400
      184.000

± 1.500
   

HCl(g) 
[92GRE/FUG] 

     – 95.298 
± 0.100 

 (a)      – 92.310
± 0.100

      186.902
± 0.005

       29.136 
± 0.002 

 

HClO(aq) 
[2005OLI/NOL] 

     – 80.023 
± 0.613 

 (a)      – 125.700
± 1.500

      126.255
± 5.434

   

HClO2(aq) 
[92GRE/FUG] 

      – 0.938 
± 4.043 

       

 (Continued on next page) 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Br(g) 
[92GRE/FUG] 

      82.379 
± 0.128 

 (a)      111.870
± 0.120

      175.018
± 0.004

       20.786 
± 0.001 

 

Br – 
[92GRE/FUG] 

    – 103.850 
± 0.167 

 (a)     – 121.410
± 0.150

       82.550
± 0.200

   

Br2(aq) 
[92GRE/FUG] 

       4.900 
± 1.000 

       

Br2(g) 
[92GRE/FUG] 

       3.105 
± 0.142 

 (a)       30.910
± 0.110

      245.468
± 0.005

       36.057 
± 0.002 

 

Br2(l) 
[92GRE/FUG] 

       0.000 
 
        0.000      152.210

± 0.300
   

BrO – 
[92GRE/FUG] 

     – 32.095 
± 1.537 

       

BrO3
 – 

[92GRE/FUG] 
      19.070 

± 0.634 
 (a)      – 66.700

± 0.500
      161.500

± 1.300
   

HBr(g) 
[92GRE/FUG] 

     – 53.361 
± 0.166 

 (a)      – 36.290
± 0.160

      198.700
± 0.004

       29.141 
± 0.003 

 

HBrO(aq) 
[92GRE/FUG] 

     – 81.356 
± 1.527 

 (b)       

I(g) 
[92GRE/FUG] 

      70.172 
± 0.060 

 (a)      106.760
± 0.040

      180.787
± 0.004

       20.786 
± 0.001 

 

I – 
[92GRE/FUG] 

     – 51.724 
± 0.112 

 (a)      – 56.780
± 0.050

      106.450
± 0.300

   

I2(cr) 
[92GRE/FUG] 

       0.000 
 
        0.000      116.140

± 0.300
   

I2(g) 
[92GRE/FUG] 

      19.323 
± 0.120 

 (a)       62.420
± 0.080

      260.687
± 0.005

       36.888 
± 0.002 

 

IO3
 – 

[92GRE/FUG] 
    – 126.338 

± 0.779 
 (a)     – 219.700

± 0.500
      118.000

± 2.000
   

HI(g) 
[92GRE/FUG] 

       1.700 
± 0.110 

 (a)       26.500
± 0.100

      206.590
± 0.004

       29.157 
± 0.003 

 

HIO3(aq) 
[92GRE/FUG] 

    – 130.836 
± 0.797 

       

S(cr)(orthorhombic) 
[92GRE/FUG] 

       0.000 
 
        0.000       32.054

± 0.050
       22.750 

± 0.050 
 

S(g) 
[92GRE/FUG] 

     236.689 
± 0.151 

 (a)      277.170
± 0.150

      167.829
± 0.006

       23.674 
± 0.001 

 

S2– 
[92GRE/FUG] 

     120.695 
± 11.610 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
S2(g) 
[92GRE/FUG] 

      79.686
± 0.301

 (a)      128.600
± 0.300

      228.167
± 0.010

       32.505
± 0.010

 

SO2(g) 
[92GRE/FUG] 

    – 300.095
± 0.201

 (a)     – 296.810
± 0.200

      248.223
± 0.050

       39.842
± 0.020

 

SO3
2– 

[92GRE/FUG] 
    – 487.472

± 4.020
       

S2O3
2– 

[92GRE/FUG] 
    – 519.291

± 11.345
       

SO4
2– 

[92GRE/FUG] 
    – 744.004

± 0.418
 (a)     – 909.340

± 0.400
       18.500

± 0.400
   

HS – 
[92GRE/FUG] 

      12.243
± 2.115

 (a)      – 16.300
± 1.500

       67.000
± 5.000

   

H2S(aq) 
[92GRE/FUG] 

     – 27.648
± 2.115

 (a)      – 38.600
± 1.500

      126.000
± 5.000

   

H2S(g) 
[92GRE/FUG] 

     – 33.443
± 0.500

 (a)      – 20.600
± 0.500

      205.810
± 0.050

       34.248
± 0.010

 

HSO3
 – 

[92GRE/FUG] 
    – 528.684

± 4.046
       

HS2O3
 – 

[92GRE/FUG] 
    – 528.366

± 11.377
       

H2SO3(aq) 
[92GRE/FUG] 

    – 539.187
± 4.072

       

HSO4
 – 

[92GRE/FUG] 
    – 755.315

± 1.342
 (a)     – 886.900

± 1.000
      131.700

± 3.000
   

Te(cr) 
[92GRE/FUG] 

       0.000        0.000       49.221
± 0.050

       25.550
± 0.100

 

TeO2(cr) 
[2003GUI/FAN] 

    – 265.996
± 2.500

 (a)     – 321.000
± 2.500

       69.890
± 0.150

       60.670
± 0.150

 

N(g) 
[92GRE/FUG] 

     455.537
± 0.400

 (a)      472.680
± 0.400

      153.301
± 0.003

       20.786
± 0.001

 

N2(g) 
[92GRE/FUG] 

       0.000        0.000      191.609
± 0.004

       29.124
± 0.001

 

N3
 – 

[92GRE/FUG] 
     348.200

± 2.000
      275.140

± 1.000
      107.710

± 7.500
 (a)   

NO3
 – 

[92GRE/FUG] 
    – 110.794

± 0.417
 (a)     – 206.850

± 0.400
      146.700

± 0.400
   

HN3(aq) 
[92GRE/FUG] 

     321.372
± 2.051

      260.140
± 10.050

      147.381
± 34.403
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
NH3(aq) 
[92GRE/FUG] 

     – 26.673
± 0.305

      – 81.170
± 0.326

      109.040
± 0.913

   

NH3(g) 
[92GRE/FUG] 

     – 16.407
± 0.350

 (a)      – 45.940
± 0.350

      192.770
± 0.050

       35.630
± 0.005

 

NH4
+ 

[92GRE/FUG] 
     – 79.398

± 0.278
 (a)     – 133.260

± 0.250
      111.170

± 0.400
   

P(am)(red) 
[92GRE/FUG] 

        – 7.500
± 2.000

     

P(cr)(white, cubic) 
[92GRE/FUG] 

       0.000        0.000       41.090
± 0.250

       23.824
± 0.200

 

P(g) 
[92GRE/FUG] 

     280.093
± 1.003

 (a)      316.500
± 1.000

      163.199
± 0.003

       20.786
± 0.001

 

P2(g) 
[92GRE/FUG] 

     103.469
± 2.006

 (a)      144.000
± 2.000

      218.123
± 0.004

       32.032
± 0.002

 

P4(g) 
[92GRE/FUG] 

      24.419
± 0.448

 (a)       58.900
± 0.300

      280.010
± 0.500

       67.081
± 1.500

 

PO4
3– 

[92GRE/FUG] 
   – 1025.491

± 1.576
    – 1284.400

± 4.085
     – 220.970

± 12.846
   

P2O7
4– 

[92GRE/FUG] 
   – 1935.503

± 4.563
       

HPO4
2– 

[92GRE/FUG] 
   – 1095.985

± 1.567
 (a)    – 1299.000

± 1.500
      – 33.500

± 1.500
   

H2PO4
 – 

[92GRE/FUG] 
   – 1137.152

± 1.567
 (a)    – 1302.600

± 1.500
       92.500

± 1.500
   

H3PO4(aq) 
[92GRE/FUG] 

   – 1149.367
± 1.576

    – 1294.120
± 1.616

      161.912
± 2.575

   

HP2O7
3– 

[92GRE/FUG] 
   – 1989.158

± 4.482
       

H2P2O7
2– 

[92GRE/FUG] 
   – 2027.117

± 4.445
       

H3P2O7
 – 

[92GRE/FUG] 
   – 2039.960

± 4.362
       

H4P2O7(aq) 
[92GRE/FUG] 

   – 2045.668
± 3.299

    – 2280.210
± 3.383

      274.919
± 6.954

   

As(cr) 
[92GRE/FUG] 

       0.000        0.000       35.100       24.640
± 0.500

 

AsO2
 – 

[92GRE/FUG] 
    – 350.022

± 4.008
 (a)     – 429.030

± 4.000
       40.600

± 0.600
   

  (Continued on next page) 



IV Selected auxiliary data 

 

66

Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
AsO4

3– 
[92GRE/FUG] 

    – 648.360
± 4.008

 (a)     – 888.140
± 4.000

     – 162.800
± 0.600

   

As2O5(cr) 
[92GRE/FUG] 

    – 782.449
± 8.016

 (a)     – 924.870
± 8.000

      105.400
± 1.200

      116.520
± 0.800

 

As4O6(cubic) 
[92GRE/FUG] 

   – 1152.445
± 16.032

 (a)    – 1313.940
± 16.000

      214.200
± 2.400

 191.290
± 0.800

 

As4O6(monoclinic) 
[92GRE/FUG] 

   – 1154.009
± 16.041

 (a)    – 1309.600
± 16.000

      234.000
± 3.000

   

As4O6(g) 
[2005GAM/BUG] 

   – 1092.716
± 16.116

 (a)    – 1196.250
± 16.000

      408.600
± 6.000

   

HAsO2(aq) 
[92GRE/FUG] 

    – 402.925
± 4.008

 (a)     – 456.500
± 4.000

      125.900
± 0.600

   

H2AsO3
 – 

[92GRE/FUG] 
    – 587.078

± 4.008
 (a)     – 714.790

± 4.000
      110.500

± 0.600
   

H3AsO3(aq) 
[92GRE/FUG] 

    – 639.681
± 4.015

 (a)     – 742.200
± 4.000

      195.000
± 1.000

   

HAsO4
2– 

[92GRE/FUG] 
    – 714.592

± 4.008
 (a)     – 906.340

± 4.000
       – 1.700

± 0.600
   

H2AsO4
 – 

[92GRE/FUG] 
    – 753.203

± 4.015
 (a)     – 909.560

± 4.000
      117.000

± 1.000
   

H3AsO4(aq) 
[92GRE/FUG] 

    – 766.119
± 4.015

 (a)     – 902.500
± 4.000

      184.000
± 1.000

   

(As2O5)3. 5 H2O(cr) 
[92GRE/FUG] 

     – 4248.400
± 24.000

     

Sb(cr) 
[92GRE/FUG] 

       0.000        0.000       45.520
± 0.210

       25.260
± 0.200

 

Bi(cr) 
[2001LEM/FUG] 

       0.000        0.000       56.740
± 0.420

       25.410
± 0.200

 

C(cr) 
[92GRE/FUG] 

       0.000        0.000        5.740
± 0.100

        8.517
± 0.080

 

C(g) 
[92GRE/FUG] 

     671.254
± 0.451

 (a)      716.680
± 0.450

      158.100
± 0.003

       20.839
± 0.001

 

CO(g) 
[92GRE/FUG] 

    – 137.168
± 0.173

 (a)     – 110.530
± 0.170

      197.660
± 0.004

       29.141
± 0.002

 

CO2(aq) 
[92GRE/FUG] 

    – 385.970
± 0.270

 (a)     – 413.260
±0.200

      119.360
± 0.600

   

CO2(g) 
[92GRE/FUG] 

    – 394.373
± 0.133

 (a)     – 393.510
± 0.130

      213.785
± 0.010

       37.135
± 0.002
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
CO3

2– 
[92GRE/FUG] 

    – 527.900
± 0.390

 (a)     – 675.230
± 0.250

      – 50.000
± 1.000

   

HCO3
 – 

[92GRE/FUG] 
    – 586.845

± 0.251
 (a)     – 689.930

± 0.200
       98.400

± 0.500
   

CN – 
[2005OLI/NOL] 

     166.939
± 2.519

 (b)      147.350
± 3.541

 (b)      101.182
± 8.475

 (b)   

HCN(aq) 
[2005OLI/NOL] 

     114.368
± 2.517

 (b)      103.750
± 3.536

 (b)      131.271
± 8.440

 (b)  

HCN(g) 
[2005OLI/NOL] 

     119.517
± 2.500

 (a)      129.900
± 2.500

      201.710
± 0.100

   

SCN – 
[92GRE/FUG] 

      92.700
± 4.000

       76.400
± 4.000

      144.268
± 18.974

 (a)   

Si(cr) 
[92GRE/FUG] 

       0.000        0.000       18.810
± 0.080

       19.789
± 0.030

 

Si(g) 
[92GRE/FUG] 

     405.525
± 8.000

 (a)      450.000
± 8.000

      167.981
± 0.004

       22.251
± 0.001

 

SiO2(α– quartz) 
[92GRE/FUG] 

    – 856.287
± 1.002

 (a)     – 910.700
± 1.000

       41.460
± 0.200

       44.602
± 0.300

 

SiO2(OH)2
2– 

[92GRE/FUG] 
   – 1175.651

± 1.265
    – 1381.960

± 15.330
       – 1.488

± 51.592
   

SiO(OH)3
 – 

[92GRE/FUG] 
   – 1251.740

± 1.162
    – 1431.360

± 3.743
       88.024

± 13.144
   

Si(OH)4(aq) 
[92GRE/FUG] 

   – 1307.735
± 1.156

 (b)    – 1456.960
±3.163

 (b)      189.973
± 11.296

 (b)   

Si2O3(OH)4
2– 

[92GRE/FUG] 
   – 2269.878

± 2.878
       

Si2O2(OH)5
 – 

[92GRE/FUG] 
   – 2332.096

± 2.878
       

Si3O6(OH)3
3– 

[92GRE/FUG] 
   – 3048.536

± 3.870
       

Si3O5(OH)5
3– 

[92GRE/FUG] 
   – 3291.955

± 3.869
       

Si4O8(OH)4
4– 

[92GRE/FUG] 
   – 4075.179

± 5.437
       

Si4O7(OH)5
3– 

[92GRE/FUG] 
   – 4136.826

± 4.934
       

SiF4(g) 
[92GRE/FUG] 

   – 1572.773
± 0.814

 (a)    – 1615.000
± 0.800

      282.760
± 0.500

       73.622
± 0.500
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Ge(cr) 
[92GRE/FUG] 

       0.000        0.000       31.090
± 0.150

       23.222
± 0.100

 

Ge(g) 
[92GRE/FUG] 

     331.209
± 3.000

 (a)      372.000
± 3.000

      167.904
± 0.005

       30.733
± 0.001

 

GeO2(tetragonal) 
[92GRE/FUG] 

    – 521.404
± 1.002

 (a)     – 580.000
± 1.000

       39.710
± 0.150

       50.166
± 0.300

 

GeF4(g) 
[92GRE/FUG] 

   – 1150.018
± 0.584

 (a)    – 1190.200
± 0.500

      301.900
± 1.000

       81.602
± 1.000

 

Sn(cr) 
[92GRE/FUG] 

       0.000        0.000       51.180
± 0.080

       27.112
± 0.030

 

Sn(g) 
[92GRE/FUG] 

     266.223
± 1.500

 (a)      301.200
± 1.500

      168.492
± 0.004

       21.259
± 0.001

 

Sn2+ 
[92GRE/FUG] 

     – 27.624
± 1.557

 (a)       – 8.900
± 1.000

      – 16.700
± 4.000

   

SnO(tetragonal) 
[92GRE/FUG] 

    – 251.913
± 0.220

 (a)     – 280.710
± 0.200

       57.170
± 0.300

       47.783
± 0.300

 

SnO2(cassiterite, 
tetragonal) 
[92GRE/FUG] 

    – 515.826
± 0.204

 (a)     – 577.630
± 0.200

       49.040
± 0.100

       53.219
± 0.200

 

Pb(cr) 
[92GRE/FUG] 

       0.000        0.000       64.800
± 0.300

       26.650
± 0.100

 

Pb(g) 
[92GRE/FUG] 

     162.232
± 0.805

 (a)      195.200
± 0.800

      175.375
± 0.005

       20.786
± 0.001

 

Pb2+ 
[92GRE/FUG] 

     – 24.238
± 0.399

 (a)        0.920
± 0.250

       18.500
± 1.000

   

PbSO4(cr) 
[92GRE/FUG] 

    – 813.036
± 0.447

 (a)     – 919.970
± 0.400

      148.500
± 0.600

   

B(cr) 
[92GRE/FUG] 

       0.000        0.000        5.900
± 0.080

       11.087
± 0.100

 

B(g) 
[92GRE/FUG] 

     521.012
± 5.000

 (a)      565.000
± 5.000

      153.436
± 0.015

       20.796
± 0.005

 

B2O3(cr) 
[92GRE/FUG] 

   – 1194.324
± 1.404

 (a)    – 1273.500
± 1.400

       53.970
± 0.300

       62.761
± 0.300

 

B(OH)3(aq) 
[92GRE/FUG] 

    – 969.268
± 0.820

 (a)    – 1072.800
± 0.800

      162.400
± 0.600

   

B(OH)3(cr) 
[92GRE/FUG] 

    – 969.667
± 0.820

 (a)    – 1094.800
± 0.800

       89.950
± 0.600

       86.060
± 0.400

 

BF3(g) 
[92GRE/FUG] 

   – 1119.403
± 0.803

 (a)    – 1136.000
± 0.800

      254.420
± 0.200

       50.463
± 0.100
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
BCl(g)  
This review 

148.106
± 13.001

 176.669
± 13.000

 213.240
± 0.500

 31.657
± 0.010

 

Al(cr) 
[92GRE/FUG] 

       0.000        0.000       28.300
± 0.100

       24.200
± 0.070

 

Al(g) 
[92GRE/FUG] 

     289.376
± 4.000

 (a)      330.000
± 4.000

      164.554
± 0.004

       21.391
± 0.001

 

Al3+ 
[92GRE/FUG] 

    – 491.507
± 3.338

 (a)     – 538.400
± 1.500

     – 325.000
± 10.000

   

Al2O3(corundum) 
[92GRE/FUG] 

   – 1582.257
± 1.302

 (a)    – 1675.700
± 1.300

       50.920
± 0.100

       79.033
± 0.200

 

AlF3(cr) 
[92GRE/FUG] 

   – 1431.096
± 1.309

 (a)    – 1510.400
± 1.300

       66.500
± 0.500

       75.122
± 0.400

 

Tl+ 
[99RAR/RAN] 

     – 32.400
± 0.300

       

Zn(cr) 
[92GRE/FUG] 

       0.000        0.000       41.630
± 0.150

       25.390
± 0.040

 

Zn(g) 
[92GRE/FUG] 

      94.813
± 0.402

 (a)      130.400
± 0.400

      160.990
± 0.004

       20.786
± 0.001

 

Zn2+ 
[92GRE/FUG] 

    – 147.203
± 0.254

 (a)     – 153.390
± 0.200

     – 109.800
± 0.500

   

ZnO(cr) 
[92GRE/FUG] 

    – 320.479
± 0.299

 (a)     – 350.460
± 0.270

       43.650
± 0.400

   

Cd(cr) 
[92GRE/FUG] 

       0.000        0.000       51.800
± 0.150

       26.020
± 0.040

 

Cd(g) 
[92GRE/FUG] 

      77.230
± 0.205

 (a)      111.800
± 0.200

      167.749
± 0.004

       20.786
± 0.001

 

Cd2+ 
[92GRE/FUG] 

     – 77.733
± 0.750

 (a)      – 75.920
± 0.600

      – 72.800
± 1.500

   

CdO(cr) 
[92GRE/FUG] 

    – 228.661
± 0.602

 (a)     – 258.350
± 0.400

       54.800
± 1.500

   

CdSO4. 2.667 H2O(cr) 
[92GRE/FUG] 

   – 1464.959
± 0.810

 (a)    – 1729.300
± 0.800

      229.650
± 0.400

   

Hg(g) 
[92GRE/FUG] 

      31.842
± 0.054

 (a)       61.380
± 0.040

      174.971
± 0.005

       20.786
± 0.001

 

Hg(l) 
[92GRE/FUG] 

       0.000        0.000       75.900
± 0.120

   

Hg2+ 
[92GRE/FUG] 

     164.667
± 0.313

 (a)      170.210
± 0.200

      – 36.190
± 0.800
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Hg2

2+ 
[92GRE/FUG] 

     153.567 
± 0.559 

 (a)      166.870
± 0.500

       65.740
± 0.800

   

HgO(montroydite, red) 
[92GRE/FUG] 

     – 58.523 
± 0.154 

 (a)      – 90.790
± 0.120

       70.250
± 0.300

   

Hg2Cl2(cr) 
[92GRE/FUG] 

    – 210.725 
± 0.471 

 (a)     – 265.370
± 0.400

      191.600
± 0.800

   

Hg2SO4(cr) 
[92GRE/FUG] 

    – 625.780 
± 0.411 

 (a)     – 743.090
± 0.400

      200.700
± 0.200

   

Cu(cr) 
[92GRE/FUG] 

       0.000 
 
        0.000       33.150

± 0.080
       24.440 

± 0.050 
 

Cu(g) 
[92GRE/FUG] 

     297.672 
± 1.200 

 (a)      337.400
± 1.200

      166.398
± 0.004

       20.786 
± 0.001 

 

Cu2+ 
[92GRE/FUG] 

      65.040 
± 1.557 

 (a)       64.900
± 1.000

      – 98.000
± 4.000

   

CuCl(g) 
[2003GUI/FAN] 

        76.800
± 10.000

     

CuSO4(cr) 
[92GRE/FUG] 

    – 662.185 
± 1.206 

 (a)     – 771.400
± 1.200

      109.200
± 0.400

   

Ag(cr) 
[92GRE/FUG] 

       0.000 
 
        0.000       42.550

± 0.200
       25.350 

± 0.100 
 

Ag(g) 
[92GRE/FUG] 

     246.007 
± 0.802 

 (a)      284.900
± 0.800

      172.997
± 0.004

       20.786 
± 0.001 

 

Ag+ 
[92GRE/FUG] 

      77.096 
± 0.156 

 (a)      105.790
± 0.080

       73.450
± 0.400

   

AgCl(cr) 
[92GRE/FUG] 

    – 109.765 
± 0.098 

 (a)     – 127.010
± 0.050

       96.250
± 0.200

   

Ni(cr) 
[2005GAM/BUG] 

       0.000 
 
        0.000       29.870

± 0.200
       26.070 

± 0.100 
 

Ni2+ 
[2005GAM/BUG] 

     – 45.773 
± 0.771 

 (b)      – 55.012
± 0.878

 (a)     – 131.800
± 1.400

 (d)      – 46.100 
± 7.500 

 

Ti(cr) 
[92GRE/FUG] 

       0.000 
 
        0.000       30.720

± 0.100
       25.060 

± 0.080 
 

Ti(g) 
[92GRE/FUG] 

     428.403 
± 3.000 

 (a)      473.000
± 3.000

      180.298
± 0.010

       24.430 
± 0.030 

 

TiO2(rutile) 
[92GRE/FUG] 

    – 888.767 
± 0.806 

 (a)     – 944.000
± 0.800

       50.620
± 0.300

       55.080 
± 0.300 

 

TiCl4(g) 
[92GRE/FUG] 

    – 726.324 
± 3.229 

 (a)     – 763.200
± 3.000

      353.200
± 4.000

       95.408 
± 1.000 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Th(cr) 
[92GRE/FUG] 

       0.000        0.000       51.800
± 0.500

       26.230
± 0.050

 

Th(g) 
[92GRE/FUG] 

     560.745
± 6.002

 (a)      602.000
± 6.000

      190.170
± 0.050

       20.789
± 0.100

 

ThO2(cr) 
[92GRE/FUG] 

   – 1169.238
± 3.504

 (a)    – 1226.400
± 3.500

       65.230
± 0.200

   

Be(cr) 
[92GRE/FUG] 

       0.000        0.000        9.500
± 0.080

       16.443
± 0.060

 

Be(g) 
[92GRE/FUG] 

     286.202
± 5.000

 (a)      324.000
± 5.000

      136.275
± 0.003

       20.786
± 0.001

 

BeO(bromellite) 
[92GRE/FUG] 

    – 580.090
± 2.500

 (a)     – 609.400
± 2.500

       13.770
± 0.040

       25.565
± 0.100

 

Mg(cr) 
[92GRE/FUG] 

       0.000        0.000       32.670
± 0.100

       24.869
± 0.020

 

Mg(g) 
[92GRE/FUG] 

     112.521
± 0.801

 (a)      147.100
± 0.800

      148.648
± 0.003

       20.786
± 0.001

 

Mg2+ 
[92GRE/FUG] 

    – 455.375
± 1.335

 (a)     – 467.000
± 0.600

     – 137.000
± 4.000

   

MgO(cr) 
[92GRE/FUG] 

    – 569.312
± 0.305

 (a)     – 601.600
± 0.300

       26.950
± 0.150

       37.237
± 0.200

 

MgF2(cr) 
[92GRE/FUG] 

   – 1071.051
± 1.210

 (a)    – 1124.200
± 1.200

       57.200
± 0.500

       61.512
± 0.300

 

Ca(cr) 
[92GRE/FUG] 

       0.000        0.000       41.590
± 0.400

       25.929
± 0.300

 

Ca(g) 
[92GRE/FUG] 

     144.021
± 0.809

 (a)      177.800
± 0.800

      154.887
± 0.004

       20.786
± 0.001

 

Ca2+ 
[92GRE/FUG] 

    – 552.806
± 1.050

 (a)     – 543.000
± 1.000

      – 56.200
± 1.000

   

CaO(cr) 
[92GRE/FUG] 

    – 603.296
± 0.916

 (a)     – 634.920
± 0.900

       38.100
± 0.400

       42.049
± 0.400

 

CaF(g) 
[2003GUI/FAN] 

    – 302.118
± 5.104

     – 276.404
± 5.100

      229.244
± 0.500

       33.671
± 0.500

 

CaCl(g) 
[2003GUI/FAN] 

    – 129.787
± 5.001

     – 103.400
± 5.000

      241.634
± 0.300

       35.687
± 0.010

 

CaCl2(g) 
This review 

− 485.755
± 5.142

 − 485.243
± 5.000

 266.389
± 4.000

 59.049
± 0.010

 

Sr(cr) 
[92GRE/FUG] 

       0.000        0.000       55.700
± 0.210
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Sr2+ 
[92GRE/FUG] 

    – 563.864
± 0.781

 (a)     – 550.900
± 0.500

      – 31.500
± 2.000

   

SrO(cr) 
[92GRE/FUG] 

    – 559.939
± 0.914

 (a)     – 590.600
± 0.900

       55.440
± 0.500

   

SrCl2(cr) 
[92GRE/FUG] 

    – 784.974
± 0.714

 (a)     – 833.850
± 0.700

      114.850
± 0.420

   

Sr(NO3)2(cr) 
[92GRE/FUG] 

    – 783.146
± 1.018

 (a)     – 982.360
± 0.800

      194.600
± 2.100

   

Ba(cr) 
[92GRE/FUG] 

       0.000        0.000       62.420
± 0.840

   

Ba(g) 
[2003GUI/FAN] 

     152.852
± 5.006

      185.000
± 5.000

      170.245
± 0.010

       20.786
± 0.001

 

Ba2+ 
[92GRE/FUG] 

    – 557.656
± 2.582

 (a)     – 534.800
± 2.500

        8.400
± 2.000

   

BaO(cr) 
[92GRE/FUG] 

    – 520.394
± 2.515

 (a)     – 548.100
± 2.500

       72.070
± 0.380

   

BaF(g) 
[2003GUI/FAN] 

    – 349.569
± 6.705

     – 324.992
± 6.700

      246.219
± 0.210

       34.747
± 0.300

 

BaCl2(cr) 
[92GRE/FUG] 

    – 806.953
± 2.514

 (a)     – 855.200
± 2.500

      123.680
± 0.250

   

Li(cr) 
[92GRE/FUG] 

       0.000        0.000       29.120
± 0.200

       24.860
± 0.200

 

Li(g) 
[92GRE/FUG] 

     126.604
± 1.002

 (a)      159.300
± 1.000

      138.782
± 0.010

       20.786
± 0.001

 

Li+ 
[92GRE/FUG] 

    – 292.918
± 0.109

 (a)     – 278.470
± 0.080

       12.240
± 0.150

   

Na(cr) 
[92GRE/FUG] 

       0.000        0.000       51.300
± 0.200

       28.230
± 0.200

 

Na(g) 
[92GRE/FUG] 

      76.964
± 0.703

 (a)      107.500
± 0.700

      153.718
± 0.003

       20.786
± 0.001

 

Na+ 
[92GRE/FUG] 

    – 261.953
± 0.096

 (a)     – 240.340
± 0.060

       58.450
± 0.150

   

NaF(cr) 
[2001LEM/FUG] 

    – 546.327
± 0.704

 (a)     – 576.600
± 0.700

       51.160
± 0.150

   

NaCl(cr) 
[2001LEM/FUG] 

    – 384.221
± 0.147

     – 411.260
± 0.120

       72.150
± 0.200

       50.500 

NaNO3(cr) 
[2003GUI/FAN] 

      – 467.580
± 0.410

     

 (Continued on next page) 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mSο  ,mpCο  Compound and 
 review where adopted (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
K(cr) 
[92GRE/FUG] 

       0.000        0.000       64.680
± 0.200

       29.600
± 0.100

 

K(g) 
[92GRE/FUG] 

      60.479
± 0.802

 (a)       89.000
± 0.800

      160.341
± 0.003

       20.786
± 0.001

 

K+ 
[92GRE/FUG] 

    – 282.510
± 0.116

 (a)     – 252.140
± 0.080

      101.200
± 0.200

   

KCl(cr) 
[2005GAM/BUG] 

      – 436.461
± 0.129

     

KBr(cr) 
[2005GAM/BUG] 

      – 393.330
± 0.188

     

KI(cr) 
[2005GAM/BUG] 

      – 329.150
± 0.137

     

Rb(cr) 
[92GRE/FUG] 

       0.000        0.000       76.780
± 0.300

       31.060
± 0.100

 

Rb(g) 
[92GRE/FUG] 

      53.078
± 0.805

 (a)       80.900
± 0.800

      170.094
± 0.003

       20.786
± 0.001

 

Rb+ 
[92GRE/FUG] 

    – 284.009
± 0.153

 (a)     – 251.120
± 0.100

      121.750
± 0.250

   

Cs(cr) 
[92GRE/FUG] 

       0.000        0.000       85.230
± 0.400

       32.210
± 0.200

 

Cs(g) 
[92GRE/FUG] 

      49.556
± 1.007

 (a)       76.500
± 1.000

      175.601
± 0.003

       20.786
± 0.001

 

Cs+ 
[92GRE/FUG] 

    – 291.456
± 0.535

 (a)     – 258.000
± 0.500

      132.100
± 0.500

   

CsCl(cr) 
[2001LEM/FUG] 

    – 413.807
± 0.208

 (a)     – 442.310
± 0.160

      101.170
± 0.200

       52.470 

CsBr(cr) 
[2001LEM/FUG] 

    – 391.171
± 0.305

     – 405.600
± 0.250

      112.940
± 0.400

       52.930 

a  Value calculated internally using f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
b  Value calculated internally from reaction data (see Table V-2). 
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Table IV-2: Selected thermodynamic data for reactions involving auxiliary compounds 
and complexes used in the evaluation of thermodynamic data for the NEA-TDB Project 
data. All ionic species listed in this table are aqueous species. The selection of these 
data is described in Chapter VI of the uranium review [92GRE/FUG]. Unless noted 
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous species, 
a standard state of infinite dilution (I = 0). The uncertainties listed below each value 
represent total uncertainties and correspond in principle to the statistically defined 95% 
confidence interval. Systematically, all the values are presented with three digits after 
the decimal point, regardless of the significance of these digits. The data presented in 
this table are available on computer media from the OECD Nuclear Energy Agency.  

Reaction  Species and review where 
adopted 

10log K ο
r mGο∆ r mH ο∆  r mS ο∆  

      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 
HF(aq) F – + H+    HF(aq) 
[92GRE/FUG]         3.180

± 0.020
      – 18.152

± 0.114
       12.200

± 0.300
      101.800

± 1.077
 (a) 

HF2
 – F – + HF(aq)    HF2

 – 
[92GRE/FUG]         0.440

± 0.120
       – 2.511

± 0.685
        3.000

± 2.000
       18.486

± 7.090
 (a) 

ClO – HClO(aq)    ClO – + H+ 
[2005OLI/NOL]       – 7.420

± 0.130
       42.354

± 0.742
       17.400

± 2.100
      – 83.695

± 7.470
 (a) 

ClO2
 – HClO2(aq)    ClO2

 – + H+ 
[92GRE/FUG]        – 1.960

± 0.020
       11.188

± 0.114
     

HClO(aq) Cl2(g) + H2O(l)    Cl – + H+ + HClO(aq) 
[92GRE/FUG]        – 4.537

± 0.105
       25.900

± 0.600
     

HClO2(aq) H2O(l) + HClO(aq)   2H+ + HClO2(aq) + 2 e – 
[92GRE/FUG]       – 55.400

± 0.700
 (b)      316.230

± 3.996
     

BrO – HBrO(aq)    BrO – + H+ 
[92GRE/FUG]        – 8.630

± 0.030
       49.260

± 0.171
       30.000

± 3.000
      – 64.600

± 10.078
 (a) 

HBrO(aq) Br2(aq) + H2O(l)    Br – + H+ + HBrO(aq) 
[92GRE/FUG]        – 8.240

± 0.200
       47.034

± 1.142
     

HIO3(aq) H+ + IO3
 –    HIO3(aq) 

[92GRE/FUG]         0.788
± 0.029

       – 4.498
± 0.166

     

 (Continued on next page) 
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Table IV-2: (continued) 

Reaction  Species and review where 
adopted 

10log K ο
r mGο∆ r mH ο∆  r mS ο∆  

      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

S2– HS –    H+ + S2– 
[92GRE/FUG]       – 19.000

± 2.000
      108.450

± 11.416
     

SO3
2– H2O(l) + SO4

2– + 2 e –   2OH – + SO3
2– 

[92GRE/FUG]       – 31.400
± 0.700

 (b)      179.230
± 3.996

     

S2O3
2–  3H2O(l) + 2SO3

2– + 4 e –   6OH – + S2O3
2– 

[92GRE/FUG]       – 39.200
± 1.400

 (b)      223.760
± 7.991

     

H2S(aq) H2S(aq)    H+ + HS – 
[92GRE/FUG]        – 6.990

± 0.170
       39.899

± 0.970
     

HSO3
 – H+ + SO3

2–    HSO3
 – 

[92GRE/FUG]         7.220
± 0.080

      – 41.212
± 0.457

       66.000
± 30.000

      359.590
± 100.630

 (a) 

HS2O3
 – H+ + S2O3

2–    HS2O3
 – 

[92GRE/FUG]         1.590
± 0.150

       – 9.076
± 0.856

     

H2SO3(aq) H+ + HSO3
 –    H2SO3(aq) 

[92GRE/FUG]         1.840
± 0.080

      – 10.503
± 0.457

       16.000
± 5.000

       88.891
± 16.840

 (a) 

HSO4
 – H+ + SO4

2–    HSO4
 – 

[92GRE/FUG]         1.980
± 0.050

      – 11.302
± 0.285

     

HN3(aq) H+ + N3
 –    HN3(aq) 

[92GRE/FUG]         4.700
± 0.080

      – 26.828
± 0.457

      – 15.000
± 10.000

       39.671
± 33.575

 (a) 

NH3(aq) NH4
+    H+ + NH3(aq) 

[92GRE/FUG]        – 9.237
± 0.022

       52.725
± 0.126

       52.090
± 0.210

       – 2.130
± 0.821

 (a) 

HNO2(aq) H+ + NO2
 –    HNO2(aq) 

[92GRE/FUG]         3.210
± 0.160

      – 18.323
± 0.913

      – 11.400
± 3.000

       23.219
± 10.518

 (a) 

  (Continued on next page) 
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Table IV-2 (continued) 

Reaction  Species and review where 
adopted 

10log K ο
r mGο∆ r mH ο∆  r mS ο∆  

      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

PO4
3– HPO4

2–    H+ + PO4
3– 

[92GRE/FUG]       – 12.350
± 0.030

       70.494
± 0.171

       14.600
± 3.800

     – 187.470
± 12.758

 (a) 

P2O7
4– HP2O7

3–    H+ + P2O7
4– 

[92GRE/FUG]        – 9.400
± 0.150

       53.656
± 0.856

     

H2PO4
 – H+ + HPO4

2–    H2PO4
 – 

[92GRE/FUG]         7.212
± 0.013

      – 41.166
± 0.074

       – 3.600
± 1.000

      126.000
± 3.363

 (a) 

H3PO4(aq) H+ + H2PO4
 –    H3PO4(aq) 

[92GRE/FUG]         2.140
± 0.030

      – 12.215
± 0.171

        8.480
± 0.600

       69.412
± 2.093

 (a) 

HP2O7
3– H2P2O7

2–    H+ + HP2O7
3– 

[92GRE/FUG]        – 6.650
± 0.100

       37.958
± 0.571

     

H2P2O7
2– H3P2O7

 –    H+ + H2P2O7
2– 

[92GRE/FUG]        – 2.250
± 0.150

       12.843
± 0.856

     

H3P2O7
 – H4P2O7(aq)    H+ + H3P2O7

 – 
[92GRE/FUG]        – 1.000

± 0.500
        5.708

± 2.854
     

H4P2O7(aq)  2H3PO4(aq)    H2O(l) + H4P2O7(aq) 
[92GRE/FUG]        – 2.790

± 0.170
       15.925

± 0.970
       22.200

± 1.000
       21.045

± 4.673
 (a) 

CO2(aq) H+ + HCO3
 –    CO2(aq) + H2O(l) 

[92GRE/FUG]         6.354
± 0.020

      – 36.269
± 0.114

    ) 

CO2(g) CO2(aq)    CO2(g) 
[92GRE/FUG]         1.472

± 0.020
       – 8.402

± 0.114
     

HCO3
 – CO3

2– + H+    HCO3
 – 

[92GRE/FUG]        10.329
± 0.020

      – 58.958
± 0.114

     

  (Continued on next page) 
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Table IV-2 (continued) 

Reaction  Species and review where 
adopted 

10log K ο
r mGο∆ r mH ο∆  r mS ο∆  

      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

CN – HCN(aq)    CN – + H+ 
[2005OLI/NOL]        – 9.210

± 0.020
       52.571

± 0.114
       43.600

± 0.200
      – 30.089

± 0.772
 (a) 

HCN(aq) HCN(g)    HCN(aq) 
[2005OLI/NOL]        0.902

± 0.050
       – 5.149

± 0.285
      – 26.150

± 2.500
      – 70.439

± 8.440
 (a) 

SiO2(OH)2
2– Si(OH)4(aq)   2H+ + SiO2(OH)2

2– 
[92GRE/FUG]       – 23.140

± 0.090
      132.080

± 0.514
       75.000

± 15.000
     – 191.460

± 50.340
 (a) 

SiO(OH)3
 – Si(OH)4(aq)    H+ + SiO(OH)3

 – 
[92GRE/FUG]        – 9.810

± 0.020
       55.996

± 0.114
       25.600

± 2.000
     – 101.950

± 6.719
 (a) 

Si(OH)4(aq)  2H2O(l) + SiO2(quar)    Si(OH)4(aq) 
[92GRE/FUG]$        – 4.000

± 0.100
       22.832

± 0.571
       25.400

± 3.000
        8.613

± 10.243
 (a) 

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

2– 
[92GRE/FUG]       – 19.000

± 0.300
      108.450

± 1.712
     

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

 – 
[92GRE/FUG]        – 8.100

± 0.300
       46.235

± 1.712
     

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

3– 
[92GRE/FUG]       – 28.600

± 0.300
      163.250

± 1.712
     

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

3– 
[92GRE/FUG]       – 27.500

± 0.300
      156.970

± 1.712
     

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

4– 
[92GRE/FUG]       – 36.300

± 0.500
      207.200

± 2.854
     

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

3– 
[92GRE/FUG]       – 25.500

± 0.300
      145.560

± 1.712
     

a Value calculated internally using  r m r m r mG H T Sο ο ο∆ = ∆ − ∆ . 
b Value calculated from a selected standard potential. 
c Value of 10log K ο  calculated internally from r mGο∆ . 
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Chapter V 

Discussion of data selection for 
zirconium 
Equation Section 5 

 

V.1 Elemental zirconium 

V.1.1 Zirconium metal 

V.1.1.1 Phases and crystal structure 
At atmospheric pressure and 298 K, zirconium has a hexagonal close packed structure 
which is called α-zirconium. The crystal structure of this phase has been determined by 
a number of workers at, or around, 298 K and values for a and c from these studies are 
summarised in Table V-1. The selected values are the average of the data listed in the 
table and are in good agreement with those selected by Fernández Guillermet [87FER] 
(3.2316 and 5.1475 × 10–10 m for a and c, respectively) in a review of the 
thermodynamic properties of zirconium (the value for a in Table 4 of [87FER] is written 
incorrectly as 0.3216 nm and should read 0.32316 nm). 

Table V-1: Crystal structure parameters for α-Zr around 298.15 K. 

Lattice parameters (× 1010 m)  Reference 

a c a / c  

(3.2323 ± 0.0006) (5.1477 ± 0.0011) 0.6279 [53TRE] 

(3.2330 ± 0.0010) (5.1475 ± 0.0015) 0.6281 [53SKI/JOH] 

(3.2312 ± 0.0006) (5.1477 ± 0.0009) 0.6277 [54RUS] 

(3.2316 ± 0.0001) (5.1475 ± 0.0003) 0.6278 [60LIC] 

(3.2331 ± 0.0001) (5.1480 ± 0.0006) 0.6280 [66GOL/LLO] 

3.232 5.147 0.6279 [81RAB/TAL] 

(3.232 ± 0.0007) (5.1476 ± 0.0003) (0.6279 ± 0.0001) Mean values 
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1120 K, Russell [54RUS] between 283 and 852 K and Goldak et al. [66GOL/LLO] 
between 4.2 and 1125 K. There is good agreement between the three sets of data, 
however, there is a significant amount of scatter in the work of [53SKI/JOH]. From 
these measurements, it is evident that the thermal expansion coefficients are temperature 
dependent [87FER] and can be expressed by the following equations: 

αa = (3.5881 × 10–6 + 3.1516 × 10–9T ) K–1 

αc = (3.7618 × 10–6 + 1.0818 × 10–8T ) K–1. 

These equations are different from those obtained by Fernández Guillermet 
[87FER], particularly for αa. 

At atmospheric pressure and higher temperatures, a second phase, β-zirconium, 
forms that has a body-centered cubic structure. The temperature of the transition 
between α- and β-zirconium was first measured by Vogel and Tonn [31VOG/TON] and 
has subsequently been measured many times. The value of (1135 ± 5) K determined by 
[31VOG/TON] is lower than the majority of the later values but is in reasonable 
agreement with the most recent value of (1137 ± 5) K determined by Arias and Roberti 
[83ARI/ROB]. The purity of the zirconium used by Vogel and Tonn [31VOG/TON] 
may be questionable [87FER], however, that of [83ARI/ROB] was 99.99%. The 
majority of the most recent reviews (e.g. [73HUL/DES], [76ALC/JAC]) have selected a 
value based on the measurements of Skinner [51SKI] and Scott [57SCO] (i.e. 1144 K) 
whereas [87FER] selected a value of (1139 ± 5) K. The available data with error 
estimates are given in Table V-2; the average value, (1141 ± 6) K, is selected in this 
review with the uncertainty covering the range in the measured values. 

Table V-2: Temperature of the transition between α- and β-zirconium at atmospheric 
pressure. 

T (K) Reference 

(1135 ± 5) [31VOG/TON] 

(1138 ± 10) [36DEB/CLA] 

(1139 ± 10) [51DUW] 

(1144 ± 5) [51SKI] 

(1144 ± 2) [57SCO] 

(1145 ± 15) [65RUD/HAR] 

(1147 ± 10) [74CEZ/RIG] 

(1144 ± 2) [76ETC/DEB] 

(1137 ± 5) [83ARI/ROB] 

(1141 ± 6) Mean value 
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Skinner and Johnston [53SKI/JOH] studied the thermal expansion of cubic 
β-zirconium from 1166 to 1584 K, using X-ray diffraction at lower temperatures (below 
1252 K) and dilatometry at higher temperatures. Within the same study, they also 
studied the thermal expansion of α-zirconium. At the transition temperature (1141 K), 
they determined that there was a 0.66% decrease in the volume of the metal. 
Additionally, they found that the average linear coefficient of expansion of the phase 
was 9.7 × 10–6 K–1 and that at 1252 K the lattice parameter, a, was 3.6162 × 10–10 m. 
These values are accepted by this review. More recently, [95GRA/PIE], 
[2000BEN/FER] and [2003AUR/FER] have used data on Zr-Nb alloys to estimate 
thermal expansion and lattice parameter data for β-Zr at lower temperatures i.e. where 
β-Zr is metastable. Their low temperature data [2003AUR/FER] was found to be in very 
good agreement with measured data from higher temperatures. The lattice parameter at 
298.15 K was estimated by [95GRA/PIE] to be (3.5878 ± 0.0007) × 10–10 m. This latter 
value is noted by this review. 

 Values determined for the melting point of zirconium have generally ranged 
between 2121 and 2136 K [52ADE], [54DOM/MCP], [54ORI/JON], [56DEA/HAY], 
[65SAR] and [75CEZ/RIG]. The measurements made by Oriani and Jones 
[54ORI/JON] were performed on two materials of differing hardness. The material of 
higher hardness gave a melting point of (2144 ± 12) K which the authors indicated was 
subjected to a systematic positive error. The lower hardness material gave a melting 
point of (2128 ± 2) K in much better agreement with measurements by other workers. 
The value selected in this review is the mean value of the cited work excluding the 
value of [54ORI/JON] from the material of higher hardness, namely, (2128 ± 9) K. 

 At high pressures, zirconium forms another phase, called ω-zirconium, as was 
first reported by Bridgman [52BRI]. Jamieson [63JAM] found that the phase formed 
under pressure persisted after the pressure had been released and used X-ray diffraction 
to demonstrate that the phase was hexagonal with three atoms in the unit cell. The 
lattice positions of the unit cell lead to a greater density for this phase than is found for 
α-Zr [87FER]. 

 The lattice parameters of ω-Zr were first measured by Jamieson [63JAM] 
whose values were subsequently revised by Olinger and Jamieson [73OLI/JAM]. The 
values determined for the lattice parameters in various studies are listed in Table V-3. 
The values selected in this review are the mean of the values from the different studies, 
except for [63JAM]. The selected values are in good agreement with those estimated by 
[2000AUR/FER] from Zr-Hf alloys (i.e. the extrapolated values determined by 
[2000AUR/FER] fall within the uncertainty limits of the present values). 
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Table V-3: Crystal structure parameters for ω-Zr around 298.15 K. 

Lattice parameters (× 1010 m) Reference 

a c  

5.036 3.109 [63JAM] 

(5.039 ± 0.001) (3.136 ± 0.007) [73OLI/JAM](a) 

(5.036 ± 0.005) (3.126 ± 0.005) [73BYC/LIK] 

(5.023 ± 0.008) (3.134 ± 0.008) [73ZIL/NOS] 

(5.035 ± 0.004) (3.141 ± 0.003) [81MIN/MAN] 

(5.033 ± 0.006) (3.134 ± 0.005) Mean values 

 a  Revised from values reported by [63JAM]. 

V.1.1.2 Heat capacity and entropy 

V.1.1.2.1 α-zirconium 

There have been numerous studies of the heat capacity of α-zirconium. These studies 
have been reviewed comprehensively by [87FER] who separated the heat capacity for 
α-zirconium into two portions.  

Above 130 K, he used a standard polynomial expression of the form: 

,mpCο  = a + b T + c T 2 + d T 3 + e T –1 + f T –2 

where a, b, c, d, e and f are constants. 

At low temperatures (T < 130 K), the heat capacity was described by the 
expression: 

,m
l

p V e dC C C Cο = + +  

where l
VC  is the lattice heat capacity at constant volume, Ce and Cd are electronic and 

dilatational contributions to the heat capacity, respectively [87FER]. The electronic 
contribution, Ce, can be represented by the linear expression: 

e eC T= γ  

where the parameter γe is evaluated from heat capacity data at very low temperatures 
(< 5 K).  

Estermann et al. [52EST/FRI], Wolcott [57WOL] and Kneip et al. 
[63KNE/BET] have measured the heat capacity of zirconium metal at very low 
temperatures. Below 5 K, they demonstrated that the heat capacity data obey the 
expression: 

 3
,mp eC T T= +ο γ b  (V.1) 
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where β is a parameter that is related to the zero-Kelvin Debye temperature, θD(0), 
through the expression: 

θD (0) = (12π4R / 5β ⅓). 

Thus, from Eq.(V.1), a plot of ,mpCο /T versus T 2 will be linear with a slope of β 
and an intercept of γe, as is shown in Figure V-1.  

Figure V-1: Plot of ,mpCο /T versus T 2 for α-zirconium from the data of [52EST/FRI] for 
the determination of γe and θD(0). 

 

 

Table V-4 lists the values of γe and θD(0) given by [63KNE/BET] and 
determined from heat capacity data of [52EST/FRI] and [57WOL]. Also given in the 
table is the mean value and 95% uncertainties of the two parameters. The value for γe is 
in excellent agreement with the value calculated by [87FER]. However, the value for 
θD(0) was found to be 7.4 K lower than that calculated by [87FER]. Conversely, both 
values are in good agreement with those selected by Stewart [83STE] (2.9 mJ·mol−1·K−2 
and 290 K) from previous data. Nevertheless, the value from [87FER] does fall within 
the range of values for the zero-Kelvin Debye temperature given in Table V-4. Further, 
the value proposed by [87FER] is in reasonable agreement with a later value by that 
author (i.e. 296 K) determined from elasticity constants [89FER/GRI2]. 
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Table V-4: Literature values of γe and θD(0). Values in parentheses are standard 
deviations except for the mean value which is a 95% uncertainty limit. 

γe (mJ·mol−1·K−2) θD(0) (K) Reference Sample 

(2.798 ± 0.023) (290.9 ± 1.3) [63KNE/BET] (Zr-1a) 

(2.792 ± 0.023) (291.2 ± 1.3) [63KNE/BET] (Zr-1b) 

(2.827 ± 0.028) (292.6 ± 1.3) [63KNE/BET] (Zr-2) 

(2.804 ± 0.026) (291.3 ± 1.3) [63KNE/BET] (Zr-3) 

(2.813 ± 0.022) (292.8 ± 1.2) [63KNE/BET] (Zr-4a) 

(2.808 ± 0.024) (291.2 ± 1.3) [63KNE/BET] (Zr-4b) 

(2.970 ± 0.051) (270.7 ± 4.4) [52EST/FRI]  

(3.080 ± 0.029) (328.2 ± 6.8) [57WOL]  

(2.839 ± 0.018) (291.6 ± 1.0) Mean values  

Heat capacity or enthalpy measurements above 50 K have been made by 
[50COU/KIN], [50TOD], [51SKI], [51SKI/JOH], [52RED/LON], [57SCO], 
[58BUR/EST], [58DOU/VIC], [67VOL/BRA]. The high temperature enthalpy 
measurements of [51SKI] and those of [58DOU/VIC] were performed relative to 25°C 
whereas those of [50COU/KIN] and [52RED/LON] were relative to 0°C. Nevertheless, 
there is good agreement between the four sets of data. Vollmer et al. [67VOL/BRA] 
used adiabatic calorimetry to measure the heat capacity of zirconium from 300 K to the 
transition temperature from which they calculated the enthalpy. Both the heat capacities 
and enthalpies determined by these authors are consistently lower than values measured 
by other authors and, as such, are not accepted by this review. The heat capacity data of 
[51SKI/JOH] are in good agreement with other data [50TOD], [58BUR/EST] to 
approximately 160 K; the range of their experiments was from 14.38 to 298.23 K. 
However, above this temperature the data of [51SKI/JOH] become progressively less 
positive. Skinner and Johnston [51SKI/JOH] believed these differences, at least with 
[50TOD], to be due to the fact that they used a considerably purer sample. Since the 
sample used by [58BUR/EST] was the purest used in the three studies the argument of 
[51SKI/JOH] does not seem justified. Scott [57SCO] used adiabatic calorimetry to 
measure the heat capacity of zirconium (both α- and β-Zr) between 60 and 980°C. The 
data show an inflexion point above 180°C that is not consistent with other data, 
suggesting impurities in the sample that lead to the occurrence of other reactions above 
this latter temperature [87FER]. As such, these data cannot be accepted by the present 
review, even though the data at lower temperatures are in reasonable agreement with 
other data. 
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The dependence of the heat capacity on temperature, as determined by least 
squares analysis, using the data from sources other than [51SKI/JOH], [57SCO] and, 
[67VOL/BRA] is: 

 1141K
,m 50 K[ ]pCο (Zr, α, T ) = (31.87 – 0.00846 T + 0.0000143 T 2  

 – 1399.5 T –1 + 14000 T –2) J·K–1·mol–1. (V.2) 

 The selected heat capacity at 298.15 K determined from the least squares 
regression is: 

,mpCο (Zr, α, 298.15 K) = (26.08 ± 0.05) J·K–1·mol–1. 

This value is in good agreement with the value estimated by [87FER], namely 
25.98 J·K–1·mol–1. 

 The heat capacity equation (V.2) was used to derive an expression for the 
entropy change in the temperature range 50 to 1125 K. The heat capacity data of 
[50TOD], [52EST/FRI], [57WOL], [58BUR/EST] and [63KNE/BET] were then used to 
calculate the entropy change below 50 K. The values were then combined to derive a 
value for the standard entropy at 298.15 K of: 

mS ο (Zr, α, 298.15 K) = (39.08 ± 0.10) J·K–1·mol–1. 

This value is in good agreement with that estimated by [87FER] (39.18 
J.K−1.mol–1). The error estimated in this review represents a 95% uncertainty interval. 
Calculated thermodynamic parameters for α-Zr to 1141 K, the transition temperature to 
β-Zr, are given in Table V-5. A comparison between the values calculated in the present 
review and the literature heat capacity and enthalpy data is illustrated in Figure V-2 and 
in Figure V-3. 

The enthalpy of transition between α- and β-zirconium has been measured by a 
number of workers using a variety of calorimetric techniques. A summary of the values 
obtained is given in Table V-6. There is reasonable agreement between the majority of 
values, with the exception of [31VOG/TON] and the average value is selected in the 
present review: 

trs mH ο∆ (α Æ β, 1141 K) = (4009 ± 202) J.mol–1. 

This value is in reasonable agreement with the value of 4106 J·mol–1 chosen by 
[87FER]. 
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Table V-5: Thermodynamic properties of solid α-Zr. 

T 
(K) 

,mpCο  
(J·K–1·mol–1) 

mS ο  
(J·K–1·mol–1) 

m m( ) (0 K)H T H−  
(J·mol–1) 

m m[ ( ) (0 K)] /G T H T− −  
(J·K–1·mol–1) 

0 0.0 0.0 0 — 

25 2.02 0.70 12.48 0.20 

50 9.09 4.24 150.62 1.22 

75 15.14 9.19 461.39 3.04 

100 18.57 14.06 886.38 5.20 

125 20.73 18.45 1379.52 7.42 

150 22.21 22.37 1917.41 9.59 

175 23.28 25.88 2486.78 11.67 

200 24.10 29.05 3079.52 13.65 

225 24.74 31.92 3690.37 15.52 

250 25.27 34.56 4315.78 17.30 

273.15 25.69 36.82 4905.76 18.86 

275 25.72 36.99 4953.32 18.98 

298.15 26.08 39.08 5552.97 20.46 

300 26.11 39.24 5601.24 20.57 

325 26.46 41.35 6258.35 22.09 

350 26.77 43.32 6923.77 23.54 

400 27.41 47.22 8391.01 26.45 

450 27.92 50.19 9659.35 28.72 

500 28.47 53.16 11068.98 31.02 

600 29.65 58.45 13973.83 35.16 

700 30.98 63.12 17003.82 38.83 

800 32.53 67.35 20177.46 42.13 

900 34.30 71.29 23516.82 45.16 

1000 36.33 75.00 27046.03 47.96 

1100 38.61 78.57 30790.45 50.58 

1141 39.62 80.00 32393.94 51.61 
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Figure V-2: Comparison of the calculated heat capacity using Eq.(V.2) (line) with 
literature data. The measured data are from [50TOD] ( ) and [58BUR/EST] ( ). 

Figure V-3: Comparison of the calculated enthalpy, derived from integration of 
Eq.(V.2) with respect to T (line), with literature data. The measured data are from 
[50COU/KIN] ( ), [58DOU/VIC] ( ), [52RED/LON] (▲) and [51SKI] (▼). 
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Table V-6: Measured enthalpies of transition between α- and β-zirconium. 

trs mH∆  (J·mol–1) Reference 

2950 [31VOG/TON] 

3849 [50COU/KIN] 

4360 [51SKI] 

4155 [57SCO] 

3740 [58DOU/VIC] 

3975 [67VOL/BRA] 

3980 [74CEZ/RIG] 

(4009 ± 202) Mean value 

 

 

V.1.1.2.2 β-zirconium 

There have only been a few studies of the heat capacity or enthalpy change of 
β-zirconium [50COU/KIN], [51SKI], [52RED/LON], [58DOU/VIC], [67VOL/BRA], 
[74CEZ/RIG2]. Cezairliyan and Righini [74CEZ/RIG2] measured the heat capacity of 
three specimens of β-Zr from 1500 to 2100 K using a pulse heating technique and found 
that the ,mpCο  for the phase could be described by the equation: 

 2100 K
,m 1500 K[ ]pCο (Zr, β, T ) = (36.65 – 0.01435 T + 0.000006624 T 2) J·K–1·mol–1 (V.3) 

as is shown in Figure V-4. This equation is selected by this review as it can be used to 
derive an equation for the enthalpy change which describes well the enthalpy data from 
a number of sources [50COU/KIN], [51SKI], [52RED/LON], [58DOU/VIC] over a 
wide range in temperature (1135 to 1798 K), as is shown in Figure V-5. Again, the 
adiabatic calorimetry measurements of the heat capacity of β-Zr from the transition 
temperature to 1700 K performed by [67VOL/BRA] are considerably lower than the 
heat capacity measurements of [74CEZ/RIG2] and are also rejected by this review. As 
with α-Zr, the heat capacity data for β-Zr of Scott [57SCO] show an inflexion point at 
about 940°C, a behaviour inconsistent with the measurements from other studies. 
Additionally, the values derived by [57SCO] are considerably lower than would be 
calculated on the basis of Eq.(V.3). As such, the data from this latter study are not 
accepted by this review. 
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Figure V-4: Comparison of the calculated heat capacity using Eq.(V.3) (line) with the 
data of [74CEZ/RIG2]. The measurements are from three different samples of 
β-zirconium. 

Figure V-5: Comparison of the calculated enthalpy, derived from integration of 
Eq.(V.3) with respect to T (line), with literature data. The measured data are from 
[50COU/KIN] ( ), [58DOU/VIC] (▲), [52RED/LON] ( ) and [51SKI] (▼). 
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V.1.1.2.3 ω-zirconium 

Bychkov et al. [73BYC/LIK] measured the heat capacity of both α- and ω-zirconium 
from 80 to 270 K using an adiabatic calorimetry technique. For α-zirconium, their data 
was in reasonable agreement with other literature data [50TOD], [58BUR/EST] and the 
values determined from Eq.(V.2), for temperatures above 200 K. At lower temperatures, 
however, the data of [73BYC/LIK] become progressively more negative than the data 
estimated in the present review on the basis of the experimental data of [50TOD] and 
[58BUR/EST] (Figure V-2). It is likely that the same discrepancies will also occur for 
ω-zirconium [87FER]. As such, the data from [73BYC/LIK] from 200 to 270 K has 
been used to determine a value for the heat capacity of ω-zirconium at 298.15 K. The 
value determined is: 

,mpCο (Zr, ω, 298.15 K) = (29.0 ± 0.5) J·K–1·mol–1 

where the uncertainty has been estimated by this review. 

 Botstein et al. [81BOT/RAB] examined the phase transition between α- and 
ω-Zr under a range of experimental conditions using electron microscopy. They found 
that ω-Zr occurred at lower pressures than had previously been found by less sensitive 
techniques such as electrical resistivity or X-ray analysis [75ZIL/CHI], [73ZIL/NOS], 
[81MIN/MAN]. At 300 K, [81BOT/RAB] found that ω-Zr occurred in equilibrium with 
α-Zr at pressures as low as 1.0 GPa. This result was in reasonable agreement with the 
work of Kutsar et al. [74KUT/GER] who noted ω-Zr formation at a pressure of 1.22 
GPa and at 293 K in shock wave experiments. Botstein et al. [81BOT/RAB] also noted 
that, at atmospheric pressure, ω-Zr was found to occur at temperatures below 210 K, 
whereas α-Zr was the sole phase above 260 K.  

 The triple point for α-, β- and ω-Zr occurs at (974 ± 1) K and (6.69 ± 0.01) 
GPa [63JAY/KLE], [75ZIL/CHI]. From these values and the data of [74KUT/GER] and 
[81BOT/RAB], the slope (d / d )T p  for the boundary of the α Æ ω transition is 
calculated to have a value of 115.6 K·GPa–1 which is in very good agreement with the 
value determined by [81BOT/RAB] (116 K·GPa–1) from their own data. The high 
temperature-high pressure resistivity measurements (above 414 K and 1.8 GPa) of 
[73ZIL/NOS] were also utilised in this calculation. At pressures near ambient, [87FER] 
suggested that the results of [73ZIL/NOS] may be subjected to kinetic constraints and 
indeed, the results obtained are not consistent with those of [81BOT/RAB] at 
atmospheric pressure. 

 The transition of α- to ω-Zr results in a reduction in volume. Olinger and 
Jamieson [73OLI/JAM] measured the compressibility of both α- and ω-zirconium as 
well as the reduction in volume that occurs during the transition. At ambient pressure, 
they found that the change in volume during the transition was 0.19 cm3·mol–1 and 
remained approximately constant over the pressure range studied (ambient to 12.2 GPa). 
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Kutsar [75KUT] determined a value of 0.2 cm3·mol–1 under the same conditions, in 
good agreement with the earlier value of [73OLI/JAM]. 

 The above data can be utilised to determine the thermodynamic parameters for 
ω-zirconium at 298.15 K. The values determined are: 

trs mH ο∆ (α → ω, 298.15 K) = − (0.503 ± 0.013) kJ·mol–1, 

mS ο (Zr, ω, 298.15 K) = (37.39 ± 0.11) J·K–1·mol–1, 

f mH ο∆ (Zr, ω, 298.15 K) = − (0.503 ± 0.013) kJ·mol–1, 

f mGο∆ (Zr, ω, 298.15 K) = − (0.001 ± 0.046) kJ·mol–1. 

The entropy of the transition, – (1.69 ± 0.05) J·K–1·mol–1 is in excellent 
agreement with the value determined by [81BOT/RAB] (− 1.67 J·K–1·mol–1). 
Additionally, the enthalpy of the transformation evaluated in the present review is also 
in reasonable agreement with the value determined by [81BOT/RAB] (– 553 J·mol–1). It 
is surprising that the transformation enthalpy is so small and further, these authors also 
noted that the driving force for cooling at 4 K was also very small. As a result, even 
though the activation energy of the transformation is also small (220 J·mol–1 
[81BOT/RAB]), the transformation is not complete even after cooling to these very low 
temperatures. 

V.1.2 Liquid zirconium 
Bonell [72BON] used levitation calorimetry to measure the heat content of liquid 
zirconium in the temperature range 2233 to 3048 K, referring to a reference temperature 
of 2128 K (the melting point of zirconium; see Section V.1.1.1). The data obtained were 
linear with respect to temperature (Figure V-6) indicating that the heat capacity of the 
liquid phase is a constant. The value of the heat capacity determined for liquid 
zirconium from the data of [72BON] is: 

3048K
,m 2233K[ ]pCο (Zr, l) = (43.6 ± 0.1) J·K–1·mol–1. 

The heat of fusion can be calculated from the data of Trulson and Goldstein 
[65TRU/GOL] and Ackermann and Rauh [72ACK/RAU], both studies which measured 
the vapour pressure of liquid and solid zirconium. The difference in the p-T equations 
between the two phases (liquid and solid) either side of the melting point allows the heat 
of fusion to be calculated. The values calculated from the two studies are 40.2 and 
16.9 kJ·mol–1, respectively. These values compare favourably with the direct 
measurements of Elyutin et al. [67ELY/MAU] (20.9 kJ·mol–1) and of Martynyuk and 
Tsapkov [72MAR/TSA] (21.5 kJ·mol–1). On the basis of these latter results, the result of 
[65TRU/GOL] is not accepted and the selected value in the present review is the 
average of the three remaining values, namely:  

fus mH ο∆ (Zr, s, 2128 K) = (19.8 ± 5.0) kJ·mol–1 
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where the uncertainty has been chosen by this review. The selected value is in good 
agreement with the value selected by [87FER] (22 kJ·mol–1). 

Figure V-6: Comparison of the calculated enthalpy change for liquid zirconium (line) 
with the data of [72BON]. 

 

 

V.1.3 Gaseous zirconium 
The thermodynamic properties of gaseous zirconium have been determined by Kolsky 
and Gilles [56KOL/GIL] from the energy levels tabulated by Moore [52MOO] over the 
temperature range 0 to 8000 K. The data tabulated by Moore is based on the earlier 
spectroscopic work of Kiess and Kiess [31KIE/KIE] who observed nearly 1600 lines in 
the spectrum of zirconium and were able to classify approximately 80% of them. This 
author listed 264 energy levels to the ionisation limit of 56077 cm–1. Moore 
subsequently updated the energy levels [70MOO], [71MOO2] from which 
[85CHA/DAV] determined the thermodynamic properties of zirconium gas. The outer 
electronic configuration of atomic zirconium is 4s24p64d25s2 with the term symbol 3F2. 

 On the basis of the energy levels for atomic zirconium, the selected heat 
capacity (J·K–1·mol–1) for zirconium gas can be expressed by the following two 
temperature dependent equations: 

 400 K
,m 100 K[ ]pCο (Zr, g, T ) = (19.85219 + 11.68 × 10–5 T 2 + 20.75 × 10–8 T 3) J·K–1·mol–1 
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 6000 K
,m 400K[ ]pCο (Zr, g, T ) = (– 247300 + 6.865 T − 17.08 × 10–5 T 2 + 42.12 × 10–10 T 3  

 − 84.19 × 105/T + 20.48 × 107/T 2 – 1484.5 T ½  
 + 35211 ln (T ) + 16.62 × 105/T ½) J·K–1·mol–1. 

The thermal functions of Zr(g) listed in Table V-7 are those derived by 
[85CHA/DAV] (or calculated from those values listed by [85CHA/DAV]). The 
equations listed above for the heat capacity of zirconium gas and equations for other 
thermodynamic properties derived from these equations reproduce the values listed in 
Table V-7 to within 0.5%. As is evident from the data presented in the table, the heat 
capacity exhibits a maximum at about 435 K and a minimum at 975 K. This behaviour 
also occurs for other metals such as titanium and iron. 

Table V-7: Thermodynamic properties of gaseous Zr. 

T 
(K) 

,mpCο               
(J.K–1.mol–1) 

mS ο               
(J.K–1.mol–1) 

m m( ) (0 K)H T Hο ο−    
(kJ.mol–1) 

m m[ ( ) (0K)] /G T H Tο ο− −    
(J.K–1.mol–1) 

100 20.850 158.622 8.903 69.592 

200 22.745 173.518 11.063 118.203 

250 23.969 178.730 12.232 129.802 

298.15 24.775 183.027 13.407 138.060 

300 24.798 183.180 13.453 138.337 

350 25.196 187.038 14.704 145.027 

400 25.271 190.410 15.967 150.493 

450 25.147 193.381 17.228 155.097 

500 24.923 196.020 18.480 159.060 

600 24.431 200.519 20.947 165.607 

700 24.105 204.257 23.372 170.868 

800 24.054 207.470 25.778 175.248 

900 24.285 210.313 28.165 179.019 

1000 24.752 212.895 30.642 182.253 

1100 25.392 215.283 33.148 185.148 

1200 26.132 217.523 35.724 187.753 

1300 26.911 219.645 38.376 190.125 

1400 27.678 221.668 41.106 192.307 

1500 28.399 223.603 43.910 194.330 

1600 29.053 225.457 46.783 196.218 

1700 29.632 227.238 49.718 197.992 

(Continued on next page) 
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Table V-7: (continued) 
T 

(K) 
,mpCο               

(J.K–1.mol–1) 
mS ο               

(J.K–1.mol–1) 
m m( ) (0 K)H T Hο ο−    

(kJ.mol–1) 
m m[ ( ) (0K)] /G T H Tο ο− −    

(J.K–1.mol–1) 

1800 30.134 228.944 52.707 199.662 

1900 30.567 230.585 55.743 201.247 

2000 30.940 232.163 58.818 202.754 

2500 32.304 239.223 74.651 209.363 

3000 33.549 245.221 91.108 214.852 

3500 34.967 250.497 108.232 219.574 

4000 36.406 255.261 126.079 223.741 

4500 37.668 259.624 144.607 227.489 

5000 38.608 263.643 163.685 230.946 

5500 39.223 267.355 183.156 234.054 

6000 39.522 270.782 202.855 236.973 

The selected values for the heat capacity and standard entropy of gaseous 
zirconium at 298.15 K and atmospheric pressure are: 

,mpCο (Zr, g, 298.15 K) = (24.775 ± 0.010) J·K–1·mol–1 

mS ο (Zr, g, 298.15 K) = (183.027 ± 0.010) J·K–1·mol–1. 

 The heat of sublimation of zirconium has been determined by a number of 
workers from either solid or liquid zirconium using the vacuum evaporation 
[51SKI/EDW], [68KOC/ANA], mass spectrometric [65TRU/GOL], [72ACK/RAU] and 
mass effusion [72ACK/RAU] techniques. The data, calculated using the third law, are 
presented in Table V-8 from which it can be seen that there is good agreement between 
the various studies. Also presented in the table is the p-T equation used to obtain the 
heat of sublimation and the temperature range over which the studies were conducted. 

 The selected value of the enthalpy of formation of zirconium gas is the 
weighted average of the data from the various studies listed in Table V-8. 

f mH ο∆ (Zr, g, 298.15 K) = (609.8 ± 1.4) kJ·mol–1. 

When combined with the relevant entropy values at 298.15 K, this gives: 

f mGο∆ (Zr, g, 298.15 K) = (566.9 ± 1.4) kJ·mol–1. 
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Table V-8: Third law heat of sublimation values for gaseous zirconium including the 
p-T equation and the temperature range over which the measurements were conducted. 

T range 
(K) 

Pressure equation Third law sub mH ο∆   
(kJ·mol–1) 

Reference 

2229 − 2795 10log p (atm) = 6.521 – 30940T –1 (620.9 ± 5.0) [68KOC/ANA] 

1949 − 2054 10log p (atm) = 6.399 – 30160T –1 (609.9 ± 1.5) [51SKI/EDW] 

1950 − 2540 10log p (atm) = 6.541 – 29940T –1 (Zr(l)) (600.0 ± 5.0) [72ACK/RAU] 

1968 − 2274 10log p (atm) = 6.642 – 29830T –1 (593.3 ± 13.8) [65TRU/GOL] 

 Weighted mean value (609.8 ± 1.4)  

 

V.2 Zirconium aqua ions 
Zirconium exists in aqueous solutions in the + 4 oxidation state only. An older belief 
was that the solution chemistry was dominated by the presence of zirconyl (ZrO2+) ions, 
and therefore, formulas for sulphates, halides and other salts were written as 

6
4 4ZrO(SO ) −  etc. (see Section V.2.2). However, it was shown using data on basic 

chlorides [62SOL/TSV] (and see review of Clearfield [64CLE]) that the existence of the 
zirconyl ion cannot explain experimental observations and that the free aqua ion, Zr4+, 
must be the dominant form in solution. Due to the high charge and the small ion size 
(72 pm in octahedral oxygen coordination), Zr4+ has a tendency for strong hydrolysis 
and polymerisation. The free aqua ion Zr4+ is only stable in very acid solutions. The 
selected thermodynamic properties of Zr4+ rely strongly on the overall fit of the relevant 
hydrolysis data (see Section V.3 and Appendix D).  

V.2.1 Zr4+ 

V.2.1.1 Gibbs energy of formation 
The standard Gibbs energy of formation of the free aqua ion is calculated from 
equilibrium (V.4):  

 ZrO2(monoclinic) + 4H+  Zr4+ + 2H2O(l) (V.4) 

by  

f mGο∆ (Zr4+) = r mGο∆ (V.4) + f mGο∆ (ZrO2, monoclinic) + f m4 Gο∆ (H+) – f m2 Gο∆ (H2O, l), 

using the solubility constant at infinite dilution: 

10
*log sK ο ((V.4), 298.15 K) = – (7.0 ± 1.6), 

r mGο∆ ((V.4), 298.15 K) = (40.0 ± 9.1) kJ·mol–1 

obtained by the overall fit of the hydrolysis data (Section V.3.2.1.3 and see Appendix D 
for further details on the hydrolysis model). The selected standard Gibbs energy of 
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formation of monoclinic ZrO2 is − (1042.6 ± 0.7) kJ·mol–1, (Section V.3.2.1.2), and with 
NEA-TDB auxliliary data, the Gibbs energy of formation is obtained: 

 f mGο∆ (Zr4+, 298.15 K) = – (528.5 ± 9.2) kJ·mol–1. 

 This value is quite different from the value of – (557.7 ± 11.0) kJ·mol–1 
selected by [2002HUM/BER] and the value of − 598 kJ·mol–1 calculated by [2001CUR] 
from the emf data of [85BAR/PAR], but closer to the value of − 519.7 kJ·mol–1 derived 
by [92SLO/KRI] from the solubility data and hydrolysis scheme of [66BIL/BRA2]. It is 
similar to the value of − 524.5 kJ·mol–1 given by [76BAE/MES]. The hydrolysis scheme 
of [66BIL/BRA2], and hence, the derived thermodynamic data are considered 
incompatible with the overall fit of hydrolysis data derived in the present review (see 
Section V.3), which indicates that Zr4(OH)16(aq) and not Zr(OH)4(aq) is dominant 
solution species at neutral pH conditions and Zr concentrations in the experiments 
studied by [66BIL/BRA2]. 

V.2.1.2 Enthalpy of formation 
The standard enthalpy of formation was calculated in this review from the careful 
measurements of [76VAS/LYT]. A value of – (607.4 ± 1.6) kJ·mol–1 was reported by 
these authors. However, it was necessary to correct their published experimental data 
for the formation of polynuclear complexes at high Zr concentrations (see Appendix A). 

 Therefore, the corrected value selected in this review is: 

 f mH ο∆ (Zr4+, 298.15 K) = – (608.5 ± 5.0) kJ·mol–1. 

 The error is larger than that given by [76VAS/LYT] because only the data with 
low Zr concentrations could be used in the fit. The value of – 554.5 kJ·mol–1 given by 
[92SLO/KRI] is not considered as reliable, since it was calculated from a standard 
entropy value of – 338.9 J·K–1·mol–1 [75DOB] that is incompatible with the value 
selected in the present review and from a Gibbs energy of formation value which has 
been derived from an hydrolysis scheme different from the one adopted here 
(Appendix D).  

V.2.1.3 Entropy 
The third law entropy values for Zr4+ in the literature are in most cases estimations: a 
value of – (300 ± 130) J·K–1·mol–1 quoted by [2001CUR] by analogy with Ce4+, a value 
of – 365 J·K–1·mol–1 estimated using ionic radii [83VAS/SUT] and a value of   
− 416 J·K–1·mol–1 estimated by [88SHO/HEL]; or they are taken from undefined 
sources: − 338.9 J·K–1·mol–1 ([75DOB] and also used by [92SLO/KRI]). The value of 
− 509 J·K−1·mol–1 quoted by [76VAS/LYT] is based on the standard state enthalpy of 
formation that is selected in this review (Section V.2.1.2) but is combined with an 
erroneous value of the standard state Gibbs energy of formation for Zr4+ of 
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− 522 kJ·mol–1. This latter value is close to the reported value of – 519.7 kJ·mol–1 given 
by [92SLO/KRI]. 

The entropy of the Zr4+ aqua ion can be calculated directly from the standard 
enthalpy and Gibbs energy of formation with respect to the H+ ion: 

Zr(α) +4H+  Zr4+ + 2H2. 

Under these conditions, mS ο (Zr4+) is given by: 

4+ 4+
4+ f m f m

m m
(Zr , 298.15 K) (Zr , 298.15 K)(Zr ) = + (Zr, , 298.15 K) H GS S

T

ο ο
ο ο∆ − ∆

α   

 m 22 (H , g, 298.15 K)S ο−  

Using the selected value mS ο (Zr, α, 298.15 K) = (39.08 ± 0.10) J·K–1·mol–1 and 
a value of (130.680 ± 0.003) J·K–1·mol–1 (Chapter IV) for mS ο (H2, g, 298.15 K), one 
obtains: 

 mS ο (Zr4+, 298.15 K) = – (491.0 ± 35.2) J·K–1·mol–1 

which is selected in this review.  

This value is similar to the value of – 509.3 J·K−1·mol–1 reported by 
[76VAS/LYT]. It is very much lower than the value (– 416.3 J·K−1·mol–1) estimated by 
[88SHO/HEL] from a correlation algorithm based on ionic radius and charge. 
Additionally, the molar entropy of Zr4+ is lower than that of the actinides U4+ 
(− (416.9 ± 12.5) J·K–1·mol–1, [92GRE/FUG]), Pu4+ (– (414.53 ± 10.19) J·K–1·mol–1, 
[2003GUI/FAN]) or Np4+ (– (426.39 ± 12.39) J·K–1·mol–1, [2001LEM/FUG]) in contrast 
to the similarity predicted by [88SHO/HEL]. 

V.2.2 ZrO2+ 
Historically, there was a strong belief that the solution chemistry of zirconium was 
dominated by the zirconyl (ZrO2+) ion [05RUE], [20VEN/JAC], [54BLU]. However, in 
examining the crystal structure of zirconyl chloride and bromide, Clearfield and 
Vaughan [56CLE/VAU] were among the first workers to amass evidence to disprove 
the existence of the zirconyl ionic structure. They found that in these structures four Zr 
atoms occupy the corners of a distorted square linked along each edge by two bridging 
hydroxo groups, thus disproving the existence of a zirconyl complex in these solids. The 
two hydroxide groups were found above and below the plane of the square. Four water 
molecules were also found to be bound to each zirconium atom. Thus, there were a total 
of eight oxygen atoms around each zirconium atom arranged in a distorted square 
antiprism. Interestingly, no zirconium-halogen bonds were identified in the structure 
[56CLE/VAU]. As such, the central moiety of the complexes were found to have the 
formula [Zr4(OH)8

.16H2O]8+.  
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Subsequently, a number of studies examined the crystal structures of other 
zirconyl salts [59LUN], [63MCW/LUN], [65MCW/LUN]. Each of these studies found 
similar results to those of [56CLE/VAU]. The salts studied included sulphates, nitrates 
and chromates. In all cases, the central moiety was found to contain zirconium-
hydroxide bonds rather than the zirconyl ion. In the basic sulphate, ZrOSO4, the 
structure was found to consist of infinite zig-zag chains with the composition 

2
2[Zr(OH) ] n

n , and was isomorphous with the thorium and uranium(IV) salts of the same 
composition [63MCW/LUN]. Similarly, the basic nitrate ZrO(NO3)2 was also found to 
have infinite zig-zag chains where the zirconium atom was bonded by double hydroxide 
bridges, with the chains having the composition of 2 3 2 2[Zr(OH) NO (H O) ]n

n  
[63MCW/LUN]. McWhan and Lungren [65MCW/LUN] also studied another basic 
sulphate with the formula ZrOSO4

.Zr(SO4)2
.4H2O. In this compound, the structure is 

composed of layers with each zirconium connected to four others by sulphate groups 
and the zirconium and hydroxide ions are in the form of the dimer, 6

2 2Zr (OH) + . In the 
basic zirconium chromate, (ZrOCrO4)3

.Zr(CrO4)2
.2H2O, another structure built up of 

infinite chains of zirconium atoms bound by hydroxide and chromate ions was 
identified. The chains in this compound were found to have the composition 

8
4 6 4[Zr (OH) CrO ] n

n  [59LUN]. 

Nevertheless, it does not follow that the structures which occur in the solid 
state will also occur in solution. Muha and Vaughan [60MUH/VAU] studied the 
structure of the complex ion of zirconyl and hafnyl oxyhalides in aqueous solution using 
X-ray scattering. The structure of the compound identified in the solutions were 
explained by the presence of the same complex identified in the solid state of these 
oxyhalide compounds, [Zr4(OH)8

.16H2O]8+. In solution, the four zirconium atoms were 
also found to be arranged in a square held together by double hydroxide bridges with an 
additional four water molecules bound to each metal atom. Again, the halide ions were 
found not to be bound directly to the metal and were believed to be held in place by 
electrostatic forces [60MUH/VAU]. There has not been an unequivocal identification of 
the zirconyl ion in either the solid state or aqueous solution. As such, this review does 
not accept the existence of the zirconyl ion. 

V.3 Oxygen and hydrogen compounds and complexes 

V.3.1 Aqueous zirconium hydroxide complexes 
There have been a large number of studies concerning the stoichiometry and stability of 
Zr hydrolysis products in aqueous solution. An overview of the experiments reporting 
thermodynamic data is given in Table V-9. Although most of these studies have been 
useful to this review, the conclusions of many investigators could not be used due to 
untested and sometimes inconsistent hypotheses concerning the nature and 
predominance of monomeric species present in the experimental solutions under 
conditions where polymers might be favoured. The interpretation of some experiments 
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is further complicated by the slow polymerisation kinetics in the Zr-H2O system 
[62NAB]. In many cases, however, investigators have provided sufficient experimental 
detail to allow the re-interpretation of these data in a more comprehensive and 
consistent fashion for the purposes of this review. Details of the global re-evaluation of 
experimental data are given in Appendix D. The results of the re-evaluation are given 
and are compared with the results of previous reviews in Table V-10. 

Table V-9: Experimental equilibrium data for the zirconium hydrolysis system 
according to the equilibria 4+ 4 +

2Zr + H O  Zr (OH) + Hm q
m qm q q−  

q:m Method t 

(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  

 
10 ,

*log q mb  

re-interpreted 

Reference 

1:1 dis 25 2 M HClO4   − (0.34 ± 0.3) [49CON/MCV] 

 dis 25 2 M (Li,H)ClO4 < – 1.0   [53ZIE] 

 ex r. t. 2 M ClO4   (0.58 ± 0.11) [58PAR/SER] 

 dis 25 1 M (Na,H)ClO4  (14.30 ± 0.09) (0.32 ± 0.05) [61PES/MEL] 

 dis 25 1 M (Li,H)ClO4  (14.55 ± 0.07) (0.62 ± 0.07) [66SOL/IVA] 

 sp 25 0.1 M ClO4    0.08   [69NAZ/MAN] 

 sp 25 0.3 M ClO4    0.11   [69NAZ/MAN] 

 sp 25 0.5 M ClO4    0.14   [69NAZ/MAN] 

 sp 25 1 M ClO4    0.29   [69NAZ/MAN] 

 sp 25 0.1 M NO3    0.09   [69NAZ/MAN] 

 sp 25 0.3 M NO3    0.13   [69NAZ/MAN] 

 sp 25 0.5 M NO3    0.17   [69NAZ/MAN] 

 sp 25 1 M NO3    0.32   [69NAZ/MAN] 

 pot 25 4 M HClO4 – (0.55 ± 0.07)   [73NOR] 

 dis 20 4 M HClO4    (0.3 ± 0.4)   [73NOR] 

 p. c. r. t. 0.5-2 M H2SO4 – 1.977    [75CHE/CHI] 

 ix 20 1 M HClO4 – (0.87 ± 0.19)   [87DAV/ZAB] 

 sp 20 1 M HClO4 − (1.13 ±  0.07)   [87DAV/ZAB] 

 pot 15 1 M HClO4 – (1.16 ± 0.4)   [2001EKB/BRO] 

 pot 25 1 M HClO4 – (0.87 ± 0.10)   [2001EKB/BRO] 

 pot 35 1 M HClO4 – (0.42 ± 0.02)   [2001EKB/BRO] 

 (Continued on next page) 
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Table V-9: (continued) 

q:m Method t  

(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  

 
10 ,

*log q mb  

re-interpreted 

Reference 

2:1 dis 25 1 M (Na,H)ClO4  (28.26 ± 0.01) (0.26 ± 0.01) [61PES/MEL] 

 turbid 20 Dilute solution – 2.77   [66BIL/BRA2] 

 turbid 40 Dilute solution − (3.04 ± 0.124)   [66BIL/BRA2] 

 dis 25 1 M (Li,H)ClO4  (28.76 ± 0.07) (1.05 ± 0.08) [66SOL/IVA] 

 sp 25 0.1 M ClO4 – 0.17   [69NAZ/MAN] 

 sp 25 0.3 M ClO4 – 0.11   [69NAZ/MAN] 

 sp 25 0.5 M ClO4 – 0.04   [69NAZ/MAN] 

 sp 25 1 M ClO4    0.22   [69NAZ/MAN] 

 sp 25 0.1 M NO3 − 0.17   [69NAZ/MAN] 

 sp 25 0.3 M NO3 − 0.09   [69NAZ/MAN] 

 sp 25 0.5 M NO3 − 0.05   [69NAZ/MAN] 

 sp 25 1 M NO3    0.24   [69NAZ/MAN] 

 p. c. r. t. 0.5-2 M H2SO4 – 4.48   [75CHE/CHI] 

        

 sp 20 1 M HClO4 – (2.49 ± 0.38)   [87DAV/ZAB] 

        

3:1 dis 25 1 M (Na,H)ClO4  (41.92 ± 0.00) − (0.08 ± 0.0) [61PES/MEL] 

 turbid 20 Dilute solution – 4.33   [66BIL/BRA2] 

 turbid 40 Dilute solution – (4.99 ± 0.12)   [66BIL/BRA2] 

 turbid 20 1 M NaClO4 – 3.60   [66BIL/BRA2] 

 dis 25 1 M (Li,H)ClO4  (42.69 ± 0.14) (0.81 ± 0.14) [66SOL/IVA] 

 sp 25 0.1 M ClO4 – 0.62   [69NAZ/MAN] 

 sp 25 0.3 M ClO4 – 0.53   [69NAZ/MAN] 

 sp 25 0.5 M ClO4  – 0.43   [69NAZ/MAN] 

 sp 25 1 M ClO4  – 0.06   [69NAZ/MAN] 

 sp 25 0.1 M NO3 – 0.57   [69NAZ/MAN] 

 sp 25 0.3 M NO3 – 0.47   [69NAZ/MAN] 

 sp 25 0.5 M NO3  – 0.42   [69NAZ/MAN] 

 sp 25 1 M NO3 – 0.12   [69NAZ/MAN] 

 pot 25 0.2 M KNO3 – (2.02 ± 0.02)   [99VEY] 

       (Continued on next page) 
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Table V-9: (continued) 

q:m Method t  

(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  

 
10 ,

*log q mb  

re-interpreted 

Reference 

 pot 25 0.5 M KNO3 – (2.18 ± 0.02)   [99VEY] 

 pot 25 1.0 M KNO3 – (2.27 ± 0.02)   [99VEY] 

 pot 25 1.0 M NaClO4 – (2.29 ± 0.10)   [99VEY] 

 pot 25 2.0 M KNO3 – (1.77 ± 0.06)   [99VEY] 

 pot 25 0 M (extrapolated) – (0.52 ± 0.01)   [99VEY] 

        

4:1 dis 25 1 M (Na,H)ClO4  55.39 – 0.71 [61PES/MEL] 

 turbid 20 1 M NaClO4 – 8.16   [66BIL/BRA2] 

 turbid 20 Dil. – 8.5   [66BIL/BRA2] 

 turbid 40 Dil. – (8.96 ± 0.13)   [66BIL/BRA2] 

 dis 25 1 M (Li,H)ClO4  56.51 0.77 [66SOL/IVA] 

 sp 25 0.1 M ClO4 – 1.43   [69NAZ/MAN] 

 sp 25 0.3 M ClO4  – 1.26  . [69NAZ/MAN] 

 sp 25 0.5 M ClO4  – 1.14   [69NAZ/MAN] 

 sp 25 1 M ClO4  – 0.66   [69NAZ/MAN] 

 sp 25 0.1 M NO3 – 1.36   [69NAZ/MAN] 

 sp 25 0.3 M NO3 – 1.23   [69NAZ/MAN] 

 sp 25 0.5 M NO3 − 1.15   [69NAZ/MAN] 

 sp 25 1 M NO3 – 0.83   [69NAZ/MAN] 

 pot 25 0.2 M KNO3 – (6.09 ± 0.06)   [99VEY] 

 pot 25 0.5 M KNO3 – (6.65 ± 0.34)   [99VEY] 

 pot 25 1.0 M KNO3 – (6.71 ± 0.08)   [99VEY] 

 pot 25 1.0 M NaClO4 – (6.51 ± 0.18)   [99VEY] 

 pot 25 2.0 M KNO3 – (6.87 ± 0.60)   [99VEY] 

 pot 25 0 M (extrapolated) – (4.52 ± 0.07)   [99VEY] 

7:2 pot 25 0.2 M KNO3 – (5.26 ± 0.04)   [99VEY] 

 pot 25 0.5 M KNO3 – (5.39 ± 0.04)   [99VEY] 

 pot 25 1.0 M KNO3 – (5.48 ± 0.04)   [99VEY] 

 pot 25 1.0 M NaClO4 – (5.56 ± 0.11)   [99VEY] 

 pot 25 2.0 M KNO3 – (4.35 ± 0.05)   [99VEY] 

       (Continued on next page) 
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Table V-9: (continued) 

q:m Method t  

(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  

 
10 ,

*log q mb  

re-interpreted 

Reference 

 pot 25 0. M (extrapolated) – (2.27 ± 0.07)   [99VEY] 

        

4:3 dis 25 2 M (Na,H)ClO4    (5.39 ± 0.08)  (5.51 ± 0.04) [56ZIE/CON] 

 dis 25 3.5 M (H,Na)ClO4   (6.19 ± 0.28) [75TRI/SCH] 

 pot 15 1 M HClO4    (0.17 ± 0.14)   [2001EKB/BRO] 

 pot 25 1 M HClO4    (0.62 ± 0.12)   [2001EKB/BRO] 

 pot 35 1 M HClO4    (0.95 ± 0.26)   [2001EKB/BRO] 

        

5:3 dis 25 4 M (Li,H)ClO4    6.60   [53ZIE] 

        

7:3 dis 25 4 M (H,Na)ClO4 See Appendix A   [75TRI/SCH] 

        

8:4 dis 25 4 M (Li,H)ClO4 9.15   [53ZIE] 

 dis 25 2 M (Na,H)ClO4 (8.24 ± 0.07)   [56ZIE/CON] 

 pot 15 1 M HClO4 – (1.87 ± 0.20)   [2001EKB/BRO] 

 pot 25 1 M HClO4 – (1.34 ± 0.18)   [2001EKB/BRO] 

 pot 35 1 M HClO4 – (0.38 ± 0.18)   [2001EKB/BRO] 

turbid = turbidity 
r. t. = room temperature 
p. c. = paper chromatography 

V.3.1.1 Monomer hydrolysis species 

V.3.1.1.1 ZrOH3+ 

The formation constant for the first hydrolysis reaction of zirconium(IV) 

 Zr4+ + H2O(l)  ZrOH3+ + H+ (V.5) 

has been measured by a number of potentiometric [73NOR], [2001EKB/BRO], 
extraction [49CON/MCV], [61PES/MEL], [66SOL/IVA], [73NOR], [87DAV/ZAB], 
ion exchange [87DAV/ZAB] and spectroscopic [69NAZ/MAN] studies. These studies 
are discussed in detail in Appendix A. Due to very early hydrolysis and polymerisation 
of aqueous Zr, the hydrolysis constant can be found only from studies with sufficiently 
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low total Zr concentration. In many cases, radioactive tracer techniques were applied to 
avoid polymer formation. 

 The SIT plot for 10 1,1
*log b (V.5) is given in Figure V-7. 

Figure V-7: Extrapolation to I = 0 of experimental data for the formation of ZrOH3+ 
using the specific ion interaction theory. The data refer to (Na, H)ClO4 media. The area 
between the dashed lines represents the uncertainty range obtained by propagating the 
resulting uncertainties at I = 0 to I = 6 m. The data not used in the fit ( ) refer to 
[49CON/MCV], [53ZIE], [58PAR/SER], [61PES/MEL], [66SOL/IVA], 
[69NAZ/MAN], [2001EKB/BRO] and the solvent extraction data from [73NOR]. 

 

 

Data not considered in the fit are the solvent extraction data of [73NOR], 
following the argument of this author that his potentiometric data were more reliable. 
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significant contribution. The following equilibrium constant, based on the 
potentiometric data of [73NOR] and [87DAV/ZAB] is selected in this review: 

10 1,1
*log οb ((V.5), 298.15 K) = (0.32 ± 0.22); 

with ∆ε((V.5), NaClO4 media) = – (0.18 ± 0.08) kg·mol–1. 

 This value of 10 1,1
*log οb  is very close to the one determined by the review of 

[76BAE/MES] (Table V-9). The corresponding Gibbs energy of formation is: 

f mGο∆ (ZrOH3+, 298.15 K) = – (767.5 ± 9.3) kJ·mol–1, 

which is within the uncertainties of the value of – 761.2 kJ·mol–1 reported by 
[92SLO/KRI]. 

There is one reported value of (63 ± 4) kJ mol–1 for the enthalpy of reaction of 
ZrOH3+ [2001EKB/BRO]. However, this value is based on measurements made at 
concentrations of Zr high enough that polymers are likely to predominate (see 
Appendix A discussion of [2001EKB/BRO] and Appendix D). 

V.3.1.1.2 2+
2Zr(OH)  

There are various claims reporting the direct determination of the formation constant of 
the second hydrolysis reaction of Zr(IV), defined by: 

 Zr4+ + 2H2O(l) 2
2Zr(OH) + + 2H+ (V.6) 

using spectroscopic [69NAZ/MAN], [87DAV/ZAB], turbidity and solubility 
[66BIL/BRA2] and solvent extraction [61PES/MEL], [66SOL/IVA] techniques. 
However, these data were not used in the present review to determine the formation 
constant of 2+

2Zr(OH) , since they were derived from solutions where polymeric species 
should predominate over monomers in contrast to the assumed model [66BIL/BRA2] 
(see Appendix D), or obtained from slope analyses of solvent extraction data obtained 
from too narrow a pH range [69NAZ/MAN], [87DAV/ZAB].  

The following selected constant was derived from the fit of the overall 
hydrolysis model (see Appendix D).  

10 2,1
*log οb ((V.6), 298.15 K) = (0.98 ± 1.06) 

with ∆ε((V.6), NaClO4) = (0.01 ± 0.37) kg·mol–1. 

The corresponding Gibbs energy of formation is: 

f mGο∆ ( 2+
2Zr(OH) , 298.15 K) = – (1008.4 ± 11.0) kJ·mol–1 

and is within the uncertainties of the value of – 999.4 kJ·mol–1 given in the review of 
[92SLO/KRI] and obtained from the data of [69NAZ/MAN]. A SIT plot using the 
constants and error margins for the global hydrolysis model is given in Figure V-8 
together with the hydrolysis constants reported by [69NAZ/MAN], [61PES/MEL], 
[87DAV/ZAB] and [66SOL/IVA]. The value 10 2,1

*log b (dilute solution, 298.15 K) = 
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− 3.65 reported by [76BAE/MES] is substantially different from the recommended 
value as [76BAE/MES] relied on the conclusions of [66BIL/BRA2] that did not 
properly account for the impact of polymerisation. The results of [87DAV/ZAB] are 
localised well within the error margins of the overall fit, even though they were not used 
to constrain the hydrolysis model. It is also interesting to note that the data of 
[69NAZ/MAN] are within the uncertainties (dashed line in Figure V-8) characterised by 
a 10 2,1

*log οb  value of 1.0 close to the one derived by the global fit but with a ∆ε value of 
− 1.5 kg·mol–1. This suggests that there were systematic errors proportional to ionic 
strength in the interpretation of [69NAZ/MAN] that may have an impact on the 
constants derived by these investigators for other hydrolysis species. Though these data 
were not used to constrain the global hydrolysis model, they can be used as additional 
support of the selected constant. 

Figure V-8: SIT plot for 10 2,1
*log b (V.6) in perchlorate media. The symbols (○) denote 

the reported values of the equilibrium constants, established according to the hydrolysis 
models of the corresponding references. These original interpretations are not consistent 
with the overall hydrolysis model (Appendix D) selected by this review, represented by 
the solid straight line (and the 95% confidence limits denoted by the dashed lines).  
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V.3.1.1.3 +
3Zr(OH)  

Measurements of the formation constant for the third monomeric hydrolysis 
Reaction (V.7) of Zr(IV), 

 Zr4+ + 3H2O(l) 3Zr(OH)+ + 3H+ (V.7) 

have been reported by various authors, using spectroscopic [69NAZ/MAN], 
turbidity/solubility [66BIL/BRA2], potentiometric/solubility [99VEY] and solvent 
extraction [61PES/MEL], [66SOL/IVA] techniques. These constants, however, were 
not used to constrain the model, since the data were derived from solutions with 
dominant polymeric species [66BIL/BRA2], [99VEY], or are obtained from data in a 
too narrow pH range [69NAZ/MAN]. Due to error propagation in stepwise assignment 
of stability constants and the effect of systematic errors in the assignment of 3,1

* οb  the 
third hydrolysis constant of [69NAZ/MAN] will be much higher than the error for the 
second constant. The value of [99VEY] is rejected due to an inconsistent and unverified 
hypothesis concerning the stoichiometry of the dominant species in the starting 
experimental solutions of the potentiometric titrations.  

Due to the apparently small stability field of +
3Zr(OH) , the global fit of the 

available hydrolysis data (Appendix D) does not fully constrain the stability constant for 
this species. Therefore, no hydrolysis constant is proposed for this species.  

V.3.1.1.4 Zr(OH)4(aq) 

The equilibrium constant of formation of Zr(OH)4(aq), 

 Zr4+ + 4H2O(l)  Zr(OH)4(aq) + 4H+ (V.8) 

has been reported by many authors using potentiometric titration and solubility 
[99VEY], turbidity and solubility [66BIL/BRA2] and spectroscopic techniques 
[69NAZ/MAN]. Deviations in the reported constants span eight orders of magnitude for 
a given ionic strength, indicating a strong dependency of this constant on the hydrolysis 
model used in the interpretation of the experimental data. Although none of the reported 
constants are used to determine the recommended stability constant for Zr(OH)4(aq), the 
underlying data from a number of studies were used to constrain the overall hydrolysis 
model used to determine the recommended stability constants (Appendix D). 

Based on the global fit of the best hydrolysis data (see Appendix D), the value 
selected in this review is: 

10 4,1
*log οb ((V.8), 298.15 K) = − (2.19 ± 1.70), 

with ∆ε((V.8), NaClO4) = – (0.32 ± 0.24) kg·mol–1. 

The uncertainty in the ∆ε value is governed by the uncertainties in 
ε(Zr4+, 4ClO− ) = (0.89 ± 0.10) kg·mol–1 and ε(H+, 4ClO− ) = (0.14 ± 0.02) kg·mol–1. 
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The corresponding Gibbs energy of formation is: 

f mGο∆ (Zr(OH)4, aq, 298.15 K) = − (1464.6 ± 13.4) kJ·mol–1. 

This value is substantially lower than the value suggested by [92SLO/KRI] (– 1439.8 
kJ·mol–1). A SIT plot and corresponding error margins are given together with the 
reported measurements in Figure V-9.  

The reported experimental values for 10 4,1
*log b  are all outside the 

recommended uncertainty domain, indicating that the corresponding hydrolysis models 
on which these constants are based are inconsistent with the present approach 
(Appendix D). 

Figure V-9: SIT plot for 10 4,1
*log b (V.8) in perchlorate media. The symbols ( ) denote 

the reported values of the equilibrium constants, established according to the hydrolysis 
models of the corresponding references. These original interpretations are not consistent 
with that selected by this review, represented by the solid straight line (and the 95% 
confidence limits denoted by dashed lines). 
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the earlier experiments probably suffered from carbon dioxide contamination, and thus, 
an increase in solubility due to Zr complexation by carbonate ions. Therefore no 
formation constant is proposed for this species. 

V.3.1.1.6 −2
6Zr(OH)  

From solubility data of Zr hydroxides in hyperalkaline solutions, the presence of 
2
6Zr(OH) −  was deduced [60SHE/PEV2]. Due to difficulties in the assessment of activity 

coefficients, no equilibrium constant was determined. With consideration of the 
evidence given for the formation of the 5Zr(OH)−  species derived from the same data, 
one cannot rule out that the solubility data are influenced by the presence of carbonate 
and the stability of Zr - 2

3CO −  complexes (see Section V.7.1.1.1). In another set of data 
where the CO2 was effectively excluded experimetally, the presence of zirconate ions 

2
3ZrO −  was deduced in the very alkaline media from an observed increase in the 

solubility of Zr(OH)4(am aged) in 1 m perchlorate medium with the square of hydroxyl 
ion [2004EKB/KAL], and a formation constant for Reaction (V.9), 10

*log b (1 m 
NaClO4, 298.15 K) = – 30.0 has been proposed. No evidence with respect to the choice 
of stoichiometry ( 2

6Zr(OH) −  vs. 2
3ZrO − ) has been presented, but because of the analogy 

to the absence of discrete zirconate ions in crystalline so-called zirconate phases 
[88COT/WIL], the present evaluation considers the hypothesis of presence of zirconate 
ions in solution as an open question to be solved by structural observations, and 
interprets the experimental data arbitrarily in terms of 2

6Zr(OH) −  formation according 
to: 

 Zr4+  + 6H2O(l)  2
6Zr(OH) −  + 6H+. (V.9) 

Due to a different choice in a solubility constant for Zr(OH)4(am aged), the 
proposed constant is inconsistent with the present hydrolysis model. Using a solubility 
constant of 10log sK (Zr(OH)4(am aged), 1m NaClO4) = − (5.55 ± 0.2) a model-
consistent stability constant: 

 10 6,1
*log οb ((V.9), 298.15 K) = – (29.0 ± 0.70),  

with ∆ε((V.9), NaClO4) = − (0.14 ± 0.19) kg·mol–1, has been calculated from the overall 
fit as selected value. The exact stoichiometry of the reaction product ( 2

3ZrO −  vs. 
2
6Zr(OH) − ) has no impact on the values assigned to 10 6,1

*log οb  or ∆ε. An 
ε(Na+, 2

6Zr(OH) − ) value of − (0.10 ± 0.1) kg·mol–1 has been estimated from the data for 
all two fold negative charged species reported in [2001LEM/FUG]. All data of 14 
different species fell into the same uncertainty range. It has been checked that the 
uncertainty in the value of ε is without any bearing on the value of 10 6,1log οb  and its 
uncertainty. 

If the product of Reaction (V.9) is 2
6Zr(OH) − , as presumed in this review, its 

Gibbs energy of formation is: 

f mGο∆ ( 2
6Zr(OH) − , 298.15 K) = − (1785.8 ± 10.1) kJ·mol–1. 
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V.3.1.2 Polynuclear hydrolysis species 
The ability of Zr(IV) to form polymeric hydrolysis species is well established. Evidence 
for polymerisation comes from slow conductivity changes [05RUE], [20VEN/JAC], 
from freezing point depression and potentiometric studies [21ADO/PAU], from 
spectroscopic observations ([75TRI/SCH], [87BER/BOU], [93ABE/GLA]) and from 
the titration of ZrCl4 solutions with base [25BRI]. By means of diffusion measurements 
it was concluded that only low molecular weight polynuclear complexes are formed 
[36JAN/JAH]. A review of older literature is given in [54BLU].  

Using ion exchange data, the hypothesis of a continuous series of polymers 
was put forward by [51CON/REA]. However, the experimental data obtained in their 
study at high total Zr concentrations are not very reliable since they are influenced by 
saturation of the exchanger. Subsequent investigations showed that this theory is 
inconsistent with solvent extraction [53ZIE] and ultra-centrifugation [53KRA/JOH] 
data, at least in very acid solutions. Instead, distinct trimeric and tetrameric polynuclear 
complexes are formed. A polymer with six Zr atoms was reported by [52LIS/DON] for 
0.04 M Zr solutions in 0.02 m HNO3. Using ultra-centrifugation as the test method for 
0.05 m Zr in chloride and perchlorate media, [56JOH/KRA] determined degrees of 
polymerisation depending on the quantity of excess acid concentration. For 0.5 to 2 m 
HCl solutions, the degree of polymerisation was observed to fall between three and 
four; higher degrees of polymerisation were observed at lower acid concentration, lower 
degrees at higher acidities. The apparent net charge of the hydrolysis product per unit 
was about one. The results were similar in perchloric acid media but the charge per Zr 
atom was higher than in chloride media. A reciprocal relationship between acid 
concentration and degree of polymerisation is confirmed by the data of [62ANG/TYR]. 
In 2.8 m HCl solutions, a trimer was observed and in 0.75 m HCl a hexamer.  

The monomer/polymer transition was evaluated by [53ZIE] and [56ZIE/CON] 
in 2.2 m (Li,H)ClO4 media. Monomers were found dominant at [Zr] < 10–4 m, whereas 
at higher Zr concentrations of up to 0.02 M the data were interpreted to result from 

8
3 4Zr (OH) +  and 8

4 8Zr (OH) +  formation, with formation constants at 25°C of 2.4 × 105 
and 2 × 108, respectively. The monomer/polymer boundary was also evaluated 
systematically by [62NAB]. In 4 M HClO4, polymerisation became dominant in 0.01 M 
Zr solutions, in 2 N HClO4 at a 0.0025 M Zr concentration, in 1 N HClO4 at 0.001 M Zr 
and in 0.14 M HClO4 at 0.0001 M Zr. In 1 N HClO4, a degree of polymerisation of 4 
was reached with 0.01 M Zr solutions after about one hour, and remained stable for one 
month. In contrast, an increase in the degree of polymerisation with time was observed 
with an acid concentration less than 1 N. In 0.14 N HClO4, the average degree of 
polymerisation of a 0.01 M Zr solution increased from 7 after 95 minutes to 13 after one 
month.  

 The observed kinetic behaviour [62NAB] poses a general problem for 
identifying thermodynamically stable polymer solution species in an overall hydrolysis 
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model for Zr. Since polymerisation may be only one step in the precipitation process, it 
cannot be unequivocally demonstrated that the species identified are really the 
thermodynamically stable species under a given set of conditions. The proposed 
hydrolysis model will be limited in very high zirconium concentrations due to kinetic 
constraints, except for very acid solutions where higher concentrations can be modelled 
with stable solution species. Kinetic constraints do not really cause a problem for 
modelling Zr behaviour in natural systems, because solution concentrations of Zr are 
generally rather low. However, they may cause problems in predicting the precipitation 
boundaries from highly concentrated supersaturated solutions. 

There is ample evidence in the literature that tetrameric species play a major 
role in Zr hydrolysis [64CLE], [87BER/BOU], [93ABE/GLA]. In particular, X-ray data 
of crystalline ZrOX2·8H2O (X= Cl, Br, I) [56CLE/VAU] and of aqueous Zr-halogenide 
solutions [60MUH/VAU] indicate the presence of the 8+

4 8 2 16Zr (OH) (H O)  unit. In a 
review of data and structural information in previous work and the concomitant 
uncertainties in this information, Clearfield [64CLE] gave clear evidence for the 
dominance of tetrameric species in 1 to 2 M HCl and HClO4. Clearfield proposed, as a 
working hypothesis, that the tetramer will remain stable with increasing hydrolysis. 
Hydrolysed tetramers were represented by the general formula [Zr4(OH)8+x(H2O)8−x]8−x. 
The dominant species in acid solution is probably 8

4 8Zr (OH) + , structurally formulated 
as [Zr4(OH)8(H2O)I

8(H2O)II
8]8+ [93ABE/GLA] but 4+

4 8 4 2 12Zr (OH) (OH) (H O)  has also 
been observed [87BER/BOU].  

V.3.1.2.1 Dimeric species 

The principal dimeric hydrolysis species of Zr in aqueous solutions is reported to be 
2 7Zr (OH)+  [99VEY] as obtained from potentiometric and solubility data. However, the 

overall hydrolysis model has been found to be inconsistent with the presence of dimeric 
species. The re-evaluation of the original data of [99VEY] indicates that the proposed 
dimer, 2 7Zr (OH)+ , is most likely the tetramer 4 15Zr (OH)+  (see Appendix A and 
Appendix D).  

V.3.1.2.2 Trimeric species 

V.3.1.2.2.1 8+
3 4Zr (OH)  

In very acid media, 8
3 4Zr (OH) +  becomes dominant (see Appendix D). The species 

forms according to Reaction (V.10): 

 3Zr4+ + 4H2O(l) 8+
3 4Zr (OH) + 4H+. (V.10) 

A SIT plot, for determination of the stability constant at I = 0, is given in 
Figure V-10. Water activity is explicitly taken into account. Most of the data in this plot 
([56ZIE/CON], [75TRI/SCH] and [76VAS/LYT]) are obtained by re-evaluating 
experimental data. The re-evaluation procedure is documented in the corresponding 
entries in Appendix A and Appendix D. 
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Figure V-10: Extrapolation to I = 0 of experimental data for the formation of 
8

3 4Zr (OH) +  according to Reaction (V.10) using the specific ion interaction theory. The 
data refer to HClO4 or HCl media. The data refering to perchlorate media are taken 
from: [56ZIE/CON] ( ), [75TRI/SCH] ( ), [76VAS/LYT] ( ) and [2001EKB/BRO] 
( ), while the data refering to the chloride media are taken from [76VAS/LYT] ( ). All 
data are re-interpreted values, except that of [2001EKB/BRO]. Cl− complexation is 
considered implicitly in the SIT approach. 

 

 

The re-interpreted data follow straight lines in both the chloride and 
perchlorate systems, which intersect at infinite dilution. The corresponding ∆ε values 
− (0.22 ± 0.05) kg·mol–1 and − (0.18 ± 0.06) kg·mol–1 for perchlorate and chloride 
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The following equilibrium constant is selected in this review consistent with 
the explicit consideration of water activity: 

0 1 2 3 4 5 6 7 8 9
-4.0

-3.5

-3.0

0

1

2

lo
g 10

 * β 4,
3 -

 2
0 

D
 - 

4l
og

10
 a

w

I
m



V Discussion of data selection for zirconium 114 

10 4,3
*log οb ((V.10), 298.15 K) = (0.4 ± 0.3). 

The corresponding Gibbs energy of formation is: 

f mGο∆ ( 8
3 4Zr (OH) + , 298.15 K) = − (2536.4 ± 27.7) kJ·mol–1 

which is considerably lower than the value of – 2504.3 given by the review of 
[92SLO/KRI]. By re-interpretation of the heat capacity measurements of [76VAS/LYT] 
a value of: 

f mH ο∆ ( 8
3 4Zr (OH) + , 298.15 K) = − (2970.8 ± 10.0) kJ·mol–1 

has been selected (see Appendix A). From these two values, the entropy can be 
determined as: 

mS ο ( 8
3 4Zr (OH) + , 298.15 K) = − (1191.9 ± 99.0) J·K–1·mol–1. 

This value is considerably lower than the value of – 548.9 J·K–1·mol–1, 
estimated from a simple charge/size relationship by [92SLO/KRI].  

V.3.1.2.2.2 3+
3 9Zr (OH)  

The species 3
3 9Zr (OH) +  has been introduced to increase the quality of the global fit of 

the hydrolysis data (see Appendix D). This species has not yet been identified or 
proposed in the experimental literature. For the reaction:  

 3Zr4+ + 9H2O(l) 3+
3 9Zr (OH) + 9H+ (V.11) 

a stability constant of: 

10 9,3
*log οb ((V.11), 298.15 K) = (12.19 ± 0.08) 

is selected by this review. The corresponding Gibbs energy of formation is: 

f mGο∆ ( 3
3 9Zr (OH) + , 298.15 K) = – (3789.4 ± 27.7) kJ·mol–1. 

Additional experiments are needed to confirm the existence of this species and its field 
of stability. 

V.3.1.2.3 Tetrameric species 

V.3.1.2.3.1 8+
4 8Zr (OH)  

Hydrolysis constants for 8
4 8Zr (OH) +  were first proposed by [53ZIE] and [56ZIE/CON]. 

Based on the data of [56ZIE/CON], a reference value of 10 8,4
*log οb ((V.12), 298.15 K) = 

6.0 for the reaction: 

 4+ 8+ +
2 4 84Zr + 8H O(l)  Zr (OH) + 8H  (V.12) 

was proposed in the review of [76BAE/MES]. Based on the overall fit of hydrolysis 
relevant original experimental data, the stability constant: 

10 8,4
*log οb ((V.12), 298.15 K) = (6.52 ± 0.65) 
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is selected. The constant proposed by [2001EKB/BRO] is many orders of magnitude 
lower than the conditional constants predicted for 1 m (Na, H)ClO4 solutions from this 
value. For the reasons given in Appendix A, the constants of [2001EKB/BRO] have not 
been used in this review.  

The corresponding Gibbs energy of formation is: 

f mGο∆ ( 8
4 8Zr (OH) + , 298.15 K) = − (4048.4 ± 37.1) kJ·mol–1. 

This value is considerably lower than the value of – 4010.2 kJ·mol–1 proposed 
by the review of [92SLO/KRI].  

V.3.1.2.3.2 +
4 15Zr (OH)  

The presence of 4 15Zr (OH)+  was first suggested by [99VEY]. Subsequently, however, 
the author determined that a better fit to her solubility and potentiometric data was 
achieved using the stoichiometry of 2 7Zr (OH)+ . This review accepts the initial 
suggestion of [99VEY] due to structural [64CLE] and solubility evidence (see 
Appendix D) of the formation of a unit charged tetramer. For Reaction (V.13):  

 4Zr4+ + 15H2O(l) +
4 15Zr (OH) + 15H+ (V.13) 

the overall fit of the relevant original experimental hydrolysis data leads to the 
determination of a stability constant of: 

10 15,4
*log οb ((V.13), 298.15 K) = (12.58 ± 0.24) 

which is selected in this review. 

The corresponding Gibbs energy of formation is: 

f mGο∆ ( 4 15Zr (OH)+ , 298.15 K) = – (5743.0 ± 37.0) kJ·mol–1. 

V.3.1.2.3.3 Zr4(OH)16(aq) 
To explain the transition from the predominance field of 4 15Zr (OH)+  to a zero charged 
hydrolysis species, coherent with observed pH-independent solubility of Zr(OH)4, the 
presence of Zr4(OH)16 was considered in the overall fit. For Reaction (V.14): 

 4Zr4+ + 16H2O(l)  Zr4(OH)16(aq) + 16H+ (V.14) 

the overall fit of the relevant original experimental hydrolysis data leads to the 
determination of a stability constant of: 

10 16,4
*log οb ((V.14), 298.15 K) = (8.39 ± 0.80) 

which is selected in this review. 

The corresponding Gibbs energy of formation is: 

f mGο∆ (Zr4(OH)16, aq, 298.15 K) = − (5956.2 ± 37.2) kJ·mol–1. 



V Discussion of data selection for zirconium 116 

A standard enthalpy of formation can be obtained from [98VAS/LYT]. The 
authors measured the heat of solution of ZrCl4 in solutions between pH 3 and 9, 
avoiding the precipitation of hydroxide phases. Final solution concentrations of Zr were 
between 10–4 and 10–3 m. The authors interpreted their results in terms of Zr(OH)4(aq) 
formation ( f mH ο∆ (Zr(OH)4, aq) = − (1676.54 ± 1.79) kJ·mol–1). This interpretation is 
inconsistent with the present review. Re-interpretation in terms of Zr4(OH)16 formation 
yields the selection: 

f mH ο∆ (Zr4(OH)16, aq, 298.15 K) = − (6706.16 ± 7.20) kJ·mol–1 

and 

f mS ο∆ (Zr4(OH)16, aq, 298.15 K) = − (2455.2 ± 23.0) J·K–1·mol–1. 

Using this value together with the entropies of α-Zr (Section V.1.1.2.1), H2, 
and H2O(l) (Chapter IV) leads to: 

mS ο (Zr4(OH)16, aq, 298.15 K) = (327.5 ± 127.1) J·K–1·mol–1. 

V.3.1.3 Mixed hydroxo/chloro complexes 
Mixed chloro/hydroxyl polymers exist in Cl−-rich solutions under certain circumstances. 
In 2.8 m HCl solutions, a trimer 3

3 6 3Zr (OH) Cl +  has been observed [62ANG/TYR]. 
Formation of mixed halide hydroxo-complexes may also explain the low 
electromigration rates and low halide activities in Zr containing solutions. Based on 
X-ray scattering data, the formation of a neutral Zr4(OH)8(H2O)16X8 (X = Cl, Br) has 
been proposed [60MUH/VAU].  

These complexes have not been included explicitly in the hydrolysis model, 
but if present as a significant fraction in the experiments in chloride solutions, their 
impact on solution chemistry is implicitly included in the Cl− interaction parameters.  

V.3.1.4 Summary of the hydrolysis model 
Using the general equation 

4+ 4 +
2Zr + H O  Zr (OH) + Hm q

m qm q q−  

the selected hydrolysis constants, reported in Table V-10, were obtained by the overall 
fit to the data from the best hydrolysis experiments described above and in Appendix D. 
The application of the model to the literature data is also described in Appendix D. 
Corresponding interaction coefficients from both experimental data and the overall fit 
are given in Appendix B and Appendix D.  
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Table V-10: Re-interpreted and reviewed data for the zirconium hydrolysis system 
according to the equilibria 4+ 4 +

2Zr + H O  Zr (OH) + Hm q
m qm q q−   

q:m Medium 10 ,
*log q mb  10 ,

*log q m
οb  f mGο∆  f mH ο∆   Reference 

1:1 2M ClO4 −(0.15 ± 0.06)    [57SOL] 

   0.30   [76BAE/MES] 

    – 761.2 − 800.00 [92SLO/KRI] 

   (0.32 ± 0.22) – (767.5 ± 9.3)  selected 

2:1 2M ClO4 − (0.70 ± 0.13)    [57SOL] 

   – 1.7   [76BAE/MES] 

    – 999.4 − 1064.2 [92SLO/KRI] 

   (0.98 ± 1.06) – (1008.4 ± 11.0)  selected 

3:1 2M ClO4 − (1.70 ± 0.22)    [57SOL] 

   – 5.1   [76BAE/MES] 

    − 1235.3 − 1340.6 [92SLO/KRI] 

4:1 2M ClO4 − (2.80 ± 0.27)    [57SOL] 

   – 9.7   [76BAE/MES] 

    – 1467.9 − 1628.9 [92SLO/KRI] 

   − (2.19 ± 1.70) –(1464.6 ± 13.4)  selected 

5:1   – 16.0   [76BAE/MES] 

    − 1652.3 −1884.2 [92SLO/KRI] 

6:1   − (29.0 ± 0.7) – (1785.8 ± 10.1)  selected 

4:3   – 0.6**   [76BAE/MES] 

    – 2504.3  − 2742.7 [92SLO/KRI] 

   (0.4 ± 0.3) – (2536.4 ± 27.7) − (2970.8 ± 10.0) selected 

5:3   3.7**   [76BAE/MES] 

    − 2765.9 − 3043.4 [92SLO/KRI] 

9:3   (12.19 ± 0.08) – (3789.4 ± 27.7)  selected 

8:4   6.0   [76BAE/MES] 

    – 4010.2  − 4426.4 [92SLO/KRI] 

   (6.52 ± 0.65) – (4048.4 ± 37.1)  selected 

15:4   (12.58 ± 0.24) – (5743.0 ± 37.0)  selected 

16:4   (8.39 ± 0.80) – (5956.2 ± 37.2) − (6706.16 ± 7.20) selected 

** The 10 5,3
*log οb  value reported by [76BAE/MES] is an alternative to the reported value for 10 4,3

*log οb  and 
both species should not be included in the same model. 
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Using this model, the following stability field distribution (Figure V-11) was 
obtained for 1 M NaClO4 as a function of total Zr concentration and pH. The diagram 
shows that polymeric species are dominant at total Zr concentrations > 10−5 M in the pH 
range between pH 0.5 and 8. 

Figure V-11: Stability fields of monomer and polymer hydrolysis species of Zr in 1 m 
NaClO4. Stability field boundaries between two solution species are defined here by 
equal Zr-concentrations bound to the two species. It is important to note that these 
boundaries are, in most cases, not equal to the boundaries at which both species have 
the same concentration.  

 

 

V.3.2 Crystalline and amorphous zirconium(IV) oxides and 
hydroxides  

The most stable solid oxide phase corresponds to the stoichiometry ZrO2. Oxygen 
deficient ZrO2–x or zirconium-oxygen alloys exist only under extremely reducing 
conditions. Reduction of zirconium dioxide by carbon at 1610 to 1680 K leads to the 
formation of ZrO1.95 [78KUT/ZHE]. Amorphous hydrous oxides and basic salts are 
known to precipitate from aqueous solution. 
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V.3.2.1 Zirconium(IV) dioxide 

V.3.2.1.1 Crystal structure 

As summarised in [76ALC/JAC], three polymorphs of crystalline ZrO2(cr) are known 
with monoclinic, tetragonal and cubic structures. At low temperature the 
monoclinic-prismatic structure (space group P21/c) is stable with cell dimensions of a = 
5.1477 × 10−10 m, b = 5.203 × 10−10 m, c = 5.3156 × 10–10 m, Z = 4, β = 99.38° and a 
theoretical density of 5.83 g·cm–3. Zirconium is heptacoordinated in this phase with a 
Zr−O distance between 2.02 and 2.27 × 10−10 m. This phase occurs as the natural 
mineral baddeleyite. In the tetragonal phase (space group P42/nmc) Zr is coordinated to 
four oxygen atoms at a distance of 2.10 × 10−10 m. The cubic phase (space group 
Fm3m) allows a cubic coordination of Zr with a Zr−O distance of 2.20 × 10−10 m. Under 
equilibrium conditions at 1 bar, the monoclinic-tetragonal transition temperature is 
(1447 ± 30) K, and that of the tetragonal-cubic transition is (2566 ± 8) K (see 
[76ALC/JAC] and references therein). More recent structural determinations have 
resulted in an increased precision of the structural parameters. The high temperature 
phases can be stabilised for low temperature use, for example by adding a few % of 
Y2O3. At higher temperatures, cubic ZrO2 transforms to the liquid, with the transition 
temperature being (2953 ± 15) K [99TOJ/ATA]. 

The thermal decomposition of low temperature amorphous gel-like precipitates 
formed in aqueous phases such as ZrO2·nH2O or Zr(OH)4 leads in many cases to the 
metastable formation of the tetragonal modification [91TOS] which can be transformed 
irreversibly to the monoclinic phase at high temperature. Reasons invoked for the 
stabilisation of the tetragonal phase at low temperature are the effect of particle size on 
the Gibbs energy of formation, the influence of impurities or pH or the similarity of the 
Zr−O distances in the precipitated gel and in the tetramer phase formed by olation from 
the gel. Strong structural similarities exist as well between the tetramer 8

4 8Zr (OH) +  in 
solution and the cubic phase [56CLE/VAU] and [60MUH/VAU].  

V.3.2.1.2 Thermodynamic values 

In the selection of the standard state enthalpy of formation of monoclinic ZrO2  

f mH ο∆ (ZrO2, monoclinic, 298.15 K) = – (1100.6 ± 1.3) kJ·mol–1 

the present review follows the arguments of Alcock et al. [76ALC/JAC] and of 
[92SLO/KRI], to base the selected enthalpy on two very similar literature values that are 
within their error limits, and both of which were obtained by oxygen bomb calorimetry: 
that of [64HUB/HEA], – (1100.8 ± 2.1) kJ·mol–1 and that of [67KOR/USH] 
− (1100.6 ± 0.7) kJ·mol–1, the latter value being used with a larger uncertainty interval 
of 1.7 kJ·mol–1 as referenced by [95ROB/HEM]. The error induced by presence of 
impurities was (0.1 ± 0.1) kJ·mol–1 only [67KOR/USH]. The selected enthalpy of 
formation is the weighted average of the two values discussed. It was shown in both 
references that the zirconium was very pure and that it was oxidized to pure monoclinic 
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ZrO2, thus demonstrating the reliability of both literature values. The uncertainty 
estimates in [64HUB/HEA] and [67KOR/USH] are standard deviations. They are 
corrected in the present review to 95% confidence values.  

The high temperature heat content was measured by [50COU/KIN] (397 to 
1841 K), whereas there are three sets of low temperature heat capacity data available for 
ZrO2(cr): those of [44KEL], [90NEV/FAN] and [99TOJ/ATA]. Kelley [44KEL] 
reported heat capacity measurement data of (presumably monoclinic) ZrO2 of 99.15% 
purity in the limited temperature range between 52.12 K and 298.16 K and the ,mpC  
values below 55.12 K were extrapolated using a combination of Debye and Einstein 
functions. In the work of [90NEV/FAN] ,mpC  values of 99.9% pure monoclinic 
polycrystalline ZrO2(cr) were measured in the temperature range between 2.75 and 
350 K, using a heat pulse method, however, the actual experimental data were not 
reported. The error of this method was reported to be lower than 1.5% for Al2O3. No 
error evaluation were given for the measured ,mpC  values of ZrO2, hence it is assumed 
that the error for Al2O3 is also valid for ZrO2. Measured ,mpC  values to temperatures as 
low as 13 K were reported by [99TOJ/ATA].  

The data, in the temperature range 50 to 301 K, has been re-interpreted in this 
review. The dependence of the heat capacity on temperature, as determined by least 
squares analysis, is given by 

 301K
,m 50K[ ]pCο (ZrO2, monoclinic, T ) = (− 17.82 + 5.611 × 10–4T 2   

 + 8841 / T 2 – 0.414 T ) (V.15) 

A comparison between the heat capacity values calculated using Eq.(V.15) and 
the experimental data is illustrated in Figure V-12. Nevitt et al. [90NEV/FAN] found 
that there was a good agreement between their data and the earlier work of [44KEL] 
below 150 K, but their data were systematically higher than those of [44KEL] above 
this temperature by about 1%. This discrepancy is within the 95% uncertainty 
determined in the present review in the least squares analysis of heat capacity data that 
led to Eq.(V.15). 

Chase et al. [85CHA/DAV] used the heat content data of [50COU/KIN] to 
determine the heat capacity of ZrO2(mono) above 298 K. They found that the heat 
capacity could be described by the equation 

 ,mpCο (ZrO2, monoclinic, T ) = (69.622 – 1.406 × 106 / T 2 + 7.531 × 10–3 T ) (V.16) 

which joins smoothly the low temperature data described by Eq.(V.15). Integration of 
this equation with respect to T gives the heat content and the values calculated in this 
manner are compared with the data of [50COU/KIN] in Figure V-12. 
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Figure V-12: Comparison of calculated and experimental values of (a) the heat capacity 
and (b) heat content of ZrO2(monoclinic). The data are from [44KEL] ( ), 
[99TOJ/ATA] ( ) and [50COU/KIN] ( ). The solid lines have been calculated in this 
review. Both the heat capacity data sets of [44KEL] and [99TOJ/ATA] as well as the 
calculated solid line for the heat capacity overlap. 
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 The recommended heat capacity at 298.15 K determined from the least squares 
regression is: 

,mpCο (ZrO2, monoclinic, 298.15 K) = (55.96 ± 0.79) J.K–1.mol–1. 

This value and its concomitant uncertainty has been determined from the weighted 
average of the two values derived using Eqs.(V.15) and (V.16). 

The standard entropy determined by [44KEL] was (50.33 ± 0.33) J·K–1·mol–1 
and by [61KEL/KIN] from the low-temperature heat capacity measurements of 
[44KEL] was (50.71 ± 0.33) J·K–1·mol–1, whereas [99TOJ/ATA] obtained a value of 
49.79 J·K–1·mol–1. These heat capacity data agree fairly well. Although the data of 
[99TOJ/ATA] appear to be more reliable, due to the extension of the measurement 
range to much lower temperatures, and to the larger density of data points, there is 
excellent agreement with the data of [44KEL]. However, these authors give no error 
analysis for the entropy value. To assess the uncertainty, a comparison of results in the 
commonly treated experimental data range between 50 and 298.15 K of the original 
published data of [44KEL] and [99TOJ/ATA] was made in the present review. The heat 
capacity Eq.(V.15) was used to derive an expression for the entropy change in the 
temperature range 50 to 298 K. The average heat capacity data from [44KEL] and 
[99TOJ/ATA] were then used to calculate the entropy change below 50 K. As such, the 
following entropy is selected: 

mS ο (ZrO2, monoclinic, 298.15 K) = (50.19 ± 0.62) J·K–1·mol–1. 

Using this value with the entropy mS ο (Zr, α, 298.15 K) = (39.08 ± 0.10)       
J·K–1·mol–1 and mS ο (O2, g, 298.15 K) = (205.152 ± 0.005) J·K–1·mol–1, the entropy of 
formation is obtained:  

f mS ο∆ (ZrO2, monoclinic, 298.15 K) = – (194.05 ± 0.63) J·K–1·mol–1 

and hence, the selected standard Gibbs energy of formation is:  

f mGο∆ (ZrO2, monoclinic, 298.15 K) = – (1042.7 ± 1.3) kJ·mol–1. 

This value is in good agreement with the literature values of – 1042.9 kJ·mol–1 
selected by [95ROB/HEM] and that of – 1042.8 kJ·mol–1 listed by [92SLO/KRI], 
[82WAG/EVA] and [82PAN]. 

Thermodynamic parameters to 1450 K, obtained from expressions derived 
from Eqs.(V.15) and (V.16), and the heat capacity of [44KEL] and [99TOJ/ATA] below 
50 K, are given in Table V-11. 
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Table V-11: Thermodynamic properties of solid monoclinic ZrO2 

T 
(K) 

,mpCο            
(J.K–1.mol–1) 

mS ο             
(J.K–1.mol–1) 

m m( ) (0 K)H T Hο ο−    
(J.mol–1) 

m m[ ( ) (0K)] /G T G Tο ο− −           
(J.K–1.mol–1) 

0 0.0 0.0 0 — 

50 5.0 1.8 62 0.6 

100 18.8 9.4 648 2.9 

150 32.0 19.6 1928 6.8 

200 42.7 30.3 3807 11.3 

250 50.7 40.8 6154 16.2 

273.15 53.5 45.4 7360 18.5 

298.15 56.0 50.2 8727 20.9 

300 56.1 50.5 8831 21.1 

350 60.8 59.6 11765 26.0 

400 63.8 67.9 14885 30.7 

450 66.1 75.6 18136 35.3 

500 67.8 82.6 21483 39.6 

600 70.2 95.2 28391 47.9 

700 72.0 106.2 35508 55.4 

800 73.5 115.9 42784 62.4 

900 74.7 124.6 50191 68.8 

1000 75.7 132.5 57713 74.8 

1100 76.7 139.8 65338 80.4 

1200 77.7 146.5 73059 85.6 

1300 78.6 152.8 80873 90.5 

1400 79.4 158.6 88775 95.2 

1450 79.9 161.4 92758 97.4 
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V.3.2.1.3 Solubility of ZrO2(monoclinic) 

Monoclinic ZrO2 occurs as the natural mineral, baddeleyite. It is the stable low 
temperature phase up to at least 1420 K [76ALC/JAC] and appears to be the solubility 
controlling phase in low temperature natural waters. The only study found in the 
literature on a well characterised crystalline phase of ZrO2 is that of 
[2001POU/CUR].The drawback of these data from well-controlled experiments (1 year 
equilibrium time, well characterised solid) is the large uncertainty associated with only 
few individual solubility measurements. The solubility of an amorphous oxy-hydroxide 
solid under the same experimental conditions was even lower at 10–5 M 3HCO−  whereas 
at 10–2 M 3HCO−  the oxy-hydroxide had the same solubility as the monoclinic phase 
indicating that from the point of view of solubility measurements no distinction between 
the behaviour of the two phases could be made, hence the solubility data of the 
amorphous phase were included into the assessment of the uncertainty of the solubility 
constant. This review selects, therefore, for the solubility reaction (V.4) the following 
equilibrium constant, obtained from the overal fit to the hydrolysis relevant data (see 
Appendix D): 

*
10 ,0log sK ο (ZrO2, (V.4), 298.15 K) = – (7.0 ± 1.6), 

corresponding to a value: 

r mGο∆ ((V.4), 298.15 K) = (40.0 ± 9.1) kJ·mol–1. 

The large uncertainty in the selected solubility constant covers even the 
solubility constant for those phases that can be broadly described as amorphous 
hydroxides, Zr(OH)4(am), for which a value 10log sK ο (Zr(OH)4, am) = − (5.55 ± 0.20) 
has been obtained from the data of [2004EKB/KAL] in the overall fit of hydrolysis 
relevant data (Appendix D). It should be noted, however, that the solubility constant for 
freshly precipitated amorphous Zr(OH)4 resulting from the overall fit to the data of 
[99VEY], [66BIL/BRA2] and [50LAR/GAM] is 10log sK ο (Zr(OH)4, am) = 
− (3.24 ± 0.10) and, as a consequence, the solid phase used by [2004EKB/KAL] must 
be much more similar to ZrO2 (mono) than the other precipitates. 

V.3.2.2 Amorphous oxide and hydroxide phases 

V.3.2.2.1 Structures 

The initial phases that precipitate from aqueous Zr solutions are often amorphous and 
gelatinous oxyhydroxide phases. Careful potentiometric titrations of Zr solutions in 
perchlorate solutions by [50LAR/GAM] lead to the appearance of a clearly identifiable 
coagulation point well before the theoretical value for Zr(OH)4(s) precipitation. This 
was interpreted [50LAR/GAM], [53ZIE] by the formation of a basic salt 
[Zr(OH)n]4−nXm of variable composition with the hydroxyl deficiency being 
compensated by the anions X in solution. The retention of anions in this structure 
diminishes with increasing pH due to the increasing fixation of OH ions. This reaction 
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is in part reversible since addition of potassium salts to suspensions of these precipitates 
displaces the OH groups and increases solution pH [35THO/OWE]. 

In the process of forming a solid phase, there is competition between the 
olation reaction (leading to hydroxo bridged Zr−OH−Zr bonds) and an oxolation 
reaction leading to Zr−O−Zr bonds [35THO/OWE], [64CLE]. The orientation of the 
reaction depends essentially on the pH, on the total Zr concentration in solution, on 
temperature and on the presence of anions such as chloride, acetate, sulphate and nitrate. 
High resolution electron microscopy of the solid hydrolysis products has shown that the 
fundamental building block of this set of phases are 8

4 8Zr (OH) +  units (as is common in 
other Zr salts), linked together by hydroxyl groups in two-dimensional sheet like films 
of 10 Å thickness [70FRY/HUT]. Jolivet et al. [94JOL/HEN] suggested that the initial 
stage of precipitation consists at pH 4 to 5 of the fast olation of neutralised tetramers 
Zr4(OH)16·8H2O to produce solid (Zr4(OH)16)n. At this stage, OH groups can be replaced 
by anions as described above. 

It has been observed by [70FRY/HUT] that monoclinic ZrO2 can slowly be 
formed directly by dehydration (oxolation) of the initially formed two-dimensionnal 
sheets, thus confirming the initial suggestions of [64CLE]. The latter author has shown 
that the anionic content of the initial precipitation products can be removed under reflux 
conditions to produce both cubic and monoclinic phases. Continuous reflux leads to the 
formation of a sol of crystalline colloids characterised by an increase in the amount of 
monoclinic phase and a decrease in the amount of cubic phase. Particle size corresponds 
to about 48 to 96 Zr atoms. Due to their large specific surface area, this product still 
contains a lot of water and hydroxide groups. This crystalline hydrous oxide can thus be 
formulated with the generic composition Zr2−x(OH)x·yH2O [64CLE]. Once oxolation is 
completed, the addition of potassium salts to suspensions of these phases no longer 
leads to an increase the pH indicating absence of exchangeable OH groups [64CLE]. 

V.3.2.2.2 Thermodynamic data 

Formation constants of the amorphous precipitates may be obtained directly from the 
solubility constants derived in the overall fit of hydrolysis relevant data (see Section 
V.3.1 and Appendix D). However, the solubility data reported by [50LAR/GAM], 
[66BIL/BRA2], [61KOV/BAG] and [99VEY] are based on poorly characterised solids 
prepared under contrasting conditions and do not have a clear and common 
thermodynamic application. The solubility data of [66BIL/BRA2] and [50LAR/GAM] 
where obtained by approaching equilibrium from strongly oversaturated solutions 
through addition of base, causing the precipitation of finely divided amorphous 
precipitates and identification of the pH of the onset of precipitation. Under such 
conditions the inclusion of anions in the precipitates is likely (see Section V.3.2.2.1). 
The solubility data of [61KOV/BAG] were obtained by an approach to equilibrium 
from undersaturation, in distilled water using a washed solid, prepared by precipitation 
in NaOH solution. This solid contains probably very small quantities of anions. The 
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solubility data of [99VEY] were obtained by approaching equilibrium from 
undersaturation in a (H, Na)NO3 solution containing a selected addition of ZrOCl2. This 
solid probably contains lesser qiantities of competing anions than do the solids used by 
[50LAR/GAM] and [66BIL/BRA2]. The similarity of the solubility data of [99VEY] 
for nitrate media to the data of [66BIL/BRA2] and [50LAR/GAM], both obtained in 
perchlorate media, indicates that the effect of anions may be of minor importance. The 
similar solubility obtained in three independent studies both from under- and 
oversaturated conditions indicates that equilibrium has been achieved.  

These equilibrium solids are denoted in the present review as “Zr(OH)4”, 
though this is more a name than a real stoichiometric phase. For Reaction (V.17): 

 Zr(OH)4(am, fresh) + 4H+    Zr4+ + 4H2O(l) (V.17) 

the following solubility constants were obtained from the global fit to the hydrolysis and 
oxide and hydroxide solubility data as described in Section V.3.1 and Appendix D, 
assuming the above stoichiometry  

 10 ,0
*log sK ο ((V.17), 298.15 K) = – (3.19 ± 0.04) [66BIL/BRA2], 

 10 ,0
*log sK ο ((V.17), 298.15 K) = – (3.29 ± 0.01) [99VEY], 

 10 ,0
*log sK ο ((V.17), 298.15 K) = – (4.23 ± 0.04) [61KOV/BAG]. 

The value from the data of [61KOV/BAG] is much lower indicating significant 
aging of the solubility-controlling phase. It may be concluded that the initial precipitate 
is characterised by the solubility constant obtained from the average of the values of 
[66BIL/BRA2] and [99VEY] as: 

10 ,0
*log sK ο (Zr(OH)4, am, fresh, 298.15 K) = − (3.24 ± 0.10). 

The solubility of amorphous phases provide useful information for users of the 
database when modelling the behaviour of complex systems. Therefore this solubility 
product is included in the table of selected thermodynamic quantities even if stricto 
sensu it is not a well defined thermodynamic quantity. 

The Gibbs energy of formation can be calculated from this value: 

f mGο∆ (Zr(OH)4, am, fresh, 298.15 K) = – (1495.6 ± 9.2) kJ·mol–1. 

A much higher value of f mGο∆ (Zr(OH)4, am, fresh, 298.15 K) = – 1439.8 
kJ·mol–1 was proposed by [92SLO/KRI] based on a value for f mH ο∆  within the limits of 
the uncertainty of the value proposed in the present review, but a much lower entropy 
estimate. A f mH ο∆  value can be calculated from the careful measurements by Turnbull 
[61TUR2] for the heat of reaction of: 

 ZrCl4(cr) + 4OH−  Zr(OH)4(s) + 4Cl− (V.18) 
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whereby a value of r mH ο∆ ((V.18), 298.15 K) = – (429.7 ± 2.0) kJ·mol–1 was obtained. 
Using the enthalpies of formation of OH– and Cl– from Chapter IV and the value 

f mH ο∆ (ZrCl4, cr, 298.15 K) = − (980.8 ± 0.9) kJ·mol–1 from Section V.4.2 gives: 

f mH ο∆ (Zr(OH)4, am, fresh, 298.15 K) = – (1662.2 ± 3.0) kJ·mol–1. 

This leads to: 

f mS ο∆ (Zr(OH)4, am, fresh, 298.15 K) = – (559.3 ± 17.7) J·K–1·mol–1. 

Using this value with the entropy mS ο (Zr, α, 298.15 K) = (39.08 ± 0.10) J·K−1·mol–1 and 
mS ο (O2, g, 298.15 K) = (205.152 ± 0.005) J·K–1·mol–1 and mS ο (H2, g, 298.15 K) = 

(130.680 ± 0.003) J·K–1·mol–1, the standard entropy is calculated:  

mS ο (Zr(OH)4, am, fresh , 298.15 K) = (151.4 ± 10.0) J·K–1·mol–1. 

These values are not selected by this review since they do not refer to a 
crystalline phase. However, they are consistent with the choice made for 

10 ,0
*log sK ο (V.17). 

Comparing this value with that of the monoclinic ZrO2(cr) and of two water 
molecules, it may be concluded that the entropy of dehydration is positive, most 
probably due to the liberation of two water molecules.  

It may also be concluded from the above quoted structural observations that the 
aging process of the initial amorphous Zr(OH)4 precipitate from aqueous solution is 
essentially a progressive dehydration/crystalllisation reaction. For the total dehydration 
to monoclinic ZrO2(cr) a standard state Gibbs energy of dehydration of – (21.4 ± 5.1) 
kJ·mol–1 is calculated. For the solid studied by [61KOV/BAG], a Gibbs energy of 
formation of – 1501.1 kJ·mol–1 is calculated, leading to an energy of dehydration to the 
monoclinic form of only – (15.8 ± 4.5) kJ·mol–1. For the solid Zr(OH)4(am, aged) 
studied by [2004EKB/KAL] a solubility constant of 10 ,0

*log sK ο (298.15 K) = 
− (5.55 ± 0.2), was calculated, leading to a Gibbs energy of formation of 
− (1508.6 ± 4.4) kJ·mol–1 and an energy of dehydration to the monoclinic form of 
− (8.2 ± 4.4) kJ·mol–1. This shows, that the solid studied by [2004EKB/KAL] is 
structurally close to monoclinic ZrO2(cr), even though the material studied was 
amorphous.  

V.3.3 Gaseous zirconium oxides 

V.3.3.1 ZrO(g) 
The ground state of ZrO(g) has been determined from the matrix isolation spectra of 
[65WEL/MCL] to be 1Σ+ [85CHA/DAV]. The molecular constants were obtained by 
[85CHA/DAV] from the data of [55UHL/AKE] and [65WEL/MCL]. From this data, the 
values determined by [85CHA/DAV] for the heat capacity and entropy at 298.15 K of 
ZrO(g) are: 



V Discussion of data selection for zirconium 128 

,mpCο (ZrO, g, 298.15 K) = (30.8 ± 1.0) J·mol–1·K–1 

mS ο (ZrO, g, 298.15 K) = (227.6 ± 8.4) J·mol–1·K–1 

where the uncertainty for the heat capacity has been estimated in the present review. 
These values are selected by this review. 

 Chupka et al. [57CHU/BER] measured the formation of ZrO(g) from 
ZrO2(monoclinic) and Zr(cr), in the temperature range 2124 to 2322 K, according to the 
reaction: 

 ZrO2(monoclinic) + Zr(cr)  2ZrO(g) (V.19) 

and from a third law analysis of their mass spectrometric data, a value of r mH ο∆ ((V.19), 
298.15 K) = (1213 ± 54) kJ·mol–1 was determined [85CHA/DAV]. From this value, and 
from the enthalpy of formation of ZrO2(monoclinic) selected in this review, the value of 
the enthalpy of formation at 298.15 K is calculated to be: 

f mH ο∆ (ZrO, g, 298.15 K) = (56 ± 27) kJ·mol–1 

This value is selected in this review. 

 From this latter value and the entropy of Zr(cr) determined in this review and 
that for O2(g) given in Chapter IV, leads to a value for the Gibbs free energy at 
298.15 K for ZrO(g) of: 

f mGο∆ (ZrO, g, 298.15 K) = (31 ± 27) kJ·mol–1 

This value is also selected by this review. 

V.3.3.2 ZrO2(g) 
Chase et al. [85CHA/DAV] determined values for the heat capacity and entropy of 
ZrO2(g) from the vibrational frequency and moment of inertia data of [55UHL/AKE] 
and [65LIN]. From this data, the values determined by [85CHA/DAV] for the heat 
capacity and entropy at 298.15 K of ZrO(g) are: 

,mpCο (ZrO2, g, 298.15 K) = (46.1 ± 1.0) J·mol–1·K–1 

mS ο (ZrO2, g, 298.15 K) = (273.7 ± 5.0) J·mol–1·K–1 

where both uncertainties have been estimated in the present review and have been 
selected. 

 Chupka et al. [57CHU/BER] measured the formation of ZrO2(g) from 
ZrO2(cr), in the temperature range 2331 to 2480 K, according to the reaction: 

 ZrO2(monoclinic)  ZrO2(g) (V.20) 

and from a third law analysis of their mass spectrometric data, a value of r mH ο∆ ((V.20), 
298.15 K) = (811 ± 47) kJ·mol–1 was determined [85CHA/DAV]. From this value, and 
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from the enthalpy of formation of ZrO2(cr) selected in this review, the enthalpy of 
formation at 298.15 K is: 

f mH ο∆ (ZrO2, g, 298.15 K) = − (290 ± 47) kJ·mol–1 

This value is selected in this review. 

 From this latter value and the entropy of Zr(cr) determined in this review and 
that for O2(g) given in Chapter IV, a value for the Gibbs free energy at 298.15 K for 
ZrO2(g) of: 

f mGο∆ (ZrO2, g, 298.15 K) = − (299 ± 47) kJ·mol–1 

has been determined. This value is also selected by this review. 

V.3.4 Zirconium hydride 
Many metals absorb considerable quantities of hydrogen gas and the ability of the 
Group IV metals to do so is well known due to the ease of formation, wide range of 
compositions and relative stability [58DOU/VIC]. Zirconium can absorb variable 
amounts of hydrogen even at room temperature. Zirconium hydride is particularly 
important in the nuclear industry since it is useful as a thermal neutron moderator 
providing a hydrogen density greater than liquid hydrogen itself [64TUR]. A 
compromise is needed between neutron moderating power, strength and thermal 
stability and this is best provided by compositions such as ZrH1.7 [64TUR]. 

V.3.4.1 Phases and crystal structure 
At ambient temperature, structural studies indicate the formation of two major 
zirconium hydride phases. The ε-phase has a wide range of homogeneity from about 
ZrH1.7 to ZrH2 whereas the δ-phase has a smaller range of homogeneity from ZrH1.4 to 
ZrH1.7. The α-phase has a small range of stability at low hydrogen content and the 
β-phase becomes stable at high temperature with the transition temperature between the 
α- and β-phases at (1135 ± 5) K [54GUL/AND]. The crystal structures of the 
compounds have been studied in detail by Gulbransen and Andrew [54GUL/AND] and 
are listed in Table V-12 together with their respective crystallographic data. 

Table V-12: Crystal structure parameters for zirconium hydride compounds 
[54GUL/AND]. 

Phase Structure Atom-% H Lattice Parameters (× 1010 m) 

   a c 

α hexagonal 0-5 3.229 5.141 

β cubic 20 4.669  

δ cubic 50 4.78 (0.01)  

ε tetragonal 66.7 4.97 (0.01) 4.48 (0.01) 
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V.3.4.2 Thermodynamic data 
Douglas and Victor [58DOU/VIC] studied the heat content (enthalpy) of five zirconium 
hydrides of varying composition (24 to 52 atomic weight percent: ZrH0.324 to ZrH1.071) 
using a Bunsen ice calorimeter. More recently, Yamanaka et al. [2001YAM/YAM] used 
differential scanning calorimetry to study the heat capacity of zirconium hydrides of a 
higher H/Zr ratio (ZrH1.45 to ZrH1.70). The temperature range of the former study was 
273 to 1173 K whereas the latter study examined the smaller temperature range of 300 
to 700 K. Three different forms of zirconium hydride were identified, the formation and 
predominance of which depends on both the H/Zr ratio and the temperature. 

 Douglas and Victor [58DOU/VIC] found that, at constant temperature, the heat 
content was a linear function of the hydrogen content of the hydride at temperatures 
below 823 K. Similarly, Yamanaka et al. [2001YAM/YAM] found that the heat 
capacity was also linearly dependent on the hydrogen content. To temperatures between 
773 and 823 K, [58DOU/VIC] indicated that the zirconium hydrides used in their 
experiments was a mixture of two phases. This mixture transformed to a third phase 
above about 823 K, however, a considerable lack of phase equilibrium was observed at 
temperatures from the transition temperature to 1173 K. Conversely, [2001YAM/YAM] 
found only a single phase in their experiments (δ-zirconium hydride) and that the heat 
capacity of the phase studied in their experiments could be described by: 

,mpC0 (ZrH, δ, T, CH) = (25.02 + 4.746 CH + (0.003103 + 0.02008 CH) T 
 − (194300 + 635800 CH) T 2) J·K–1·mol–1 (V.21) 

where CH is the stoichiometric H/Zr ratio. There is insufficient information on other 
Zr-hydride phases to give a similar description since as indicated by [58DOU/VIC] the 
stability range of α-ZrH is only small and that of β-ZrH occurs at high temperature 
where phase equilibrium is not established easily. 

From the data of [58DOU/VIC] for the mixed phase, [60KEL] found that the 
heat capacity of ZrH could be described by the equation: 

700 K
,m 298 K[ ]pC0 (ZrH, cr, T ) = (12.34 + 0.06 T ) J.K–1.mol–1 

from which the selected value of the heat capacity at 298.15 K is 

,mpC0 (ZrH, cr, 298.15 K) = (30.2 ± 0.1) J.K–1.mol–1 

where the uncertainty has been estimated in this review. The heat capacity of ε-ZrH2 has 
been studied extensively by Flotow and Osborne [62FLO/OSB] in the temperature 
range 5 to 350 K using adiabatic calorimetry. The value determined at 298.15 K by 
these authors is: 

,mpC0 (ZrH2, ε, 298.15 K) = (30.93 ± 0.06) J.K–1.mol–1 
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and is selected by this review. This value is in excellent agreement with the value 
determined using Eq.(V.21), namely 30.9 J·K–1·mol–1 although there is a phase change 
between δ- and ε-ZrH at about a stoichiometric ratio of 1.7 (H:Zr), the uppermost ratio 
studied by [2001YAM/YAM]. 

 Turnbull [64TUR] measured the heat of solution of five zirconium hydrides in 
3.83 mol kg–1 HF. From the heat of solution of ε-ZrH2, Turnbull determined a value for 
the enthalpy of formation of the phase ( f mH∆ 0 (ZrH2, ε, 298.15 K) = − (166.0 ± 2.3) 
kJ.mol–1). This value is in good agreement with the value determined earlier by 
Frederickson et al. [63FRE/NUT] ( f mH∆ 0 (ZrH2, ε, 298.15 K) = – (162.7 ± 1.3) 
kJ.mol−1) using bomb calorimetry. This review selects the average of the two values: 

f mH∆ 0 (ZrH2, ε, 298.15 K) = – (164.4 ± 1.7) kJ.mol–1 

where the uncertainty has been chosen to span the two values. 

 Enthalpy of formation values at 298.15 K for other zirconium hydride 
stoichiometries have been either measured, or calculated from earlier data at higher 
temperatures, by [64TUR] and are listed in Table V-13.  

Table V-13: Enthalpy of zirconium hydride compounds at 298.15 K for various 
stoichiometric ratios. 

H:Zr ratio – f mH∆ 0  (kJ.mol–1) Reference 

0.065 5.1 [62SEA/MES](a) 

0.324 23.0 [62SEA/MES](b) 

0.556 43.9 [62SEA/MES](b) 

0.700 56.5 [62SEA/MES](b) 

1.23 105.8 (2.9) [64TUR] 

1.38 113.3 [62SEA/MES](c) 

1.43 125.7 (2.9) [64TUR] 

1.50 125.0 [62SEA/MES](c) 

1.58 132.6 [62SEA/MES](c) 

1.70 145.1 (2.1) [64TUR] 

1.85 159.8 (2.1) [64TUR] 

a Calculated for 873 K from the data of [54GUL/AND] for α-ZrH and corrected to 298.15 K by [64TUR]. 
b Calculated for 873 K from the data of [56ELL/MCQ] for β-ZrH and corrected to 298.15 K by [64TUR]. 
c Calculated for 873 K from the data of [62LIB] for δ-ZrH and corrected to 298.15 K by [64TUR]. 
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The enthalpy data listed in the table are shown in Figure V-13 as a function of the H:Zr 
ratio (to a ratio of 1.70). The figure illustrates that the enthalpy increases linearly with 
increasing hydrogen content and can be described by: 

 f mH∆ 0 (ZrHx, cr, CH) = − 84.4CH (V.22) 

and must equal zero when CH is zero (i.e. Zr metal). On the basis of this equation, the 
selected enthalpy for ZrH is: 

f mH∆ 0 (ZrH, cr, 298.15 K) = – (84.4 ± 0.8) kJ.mol–1 

where the uncertainty has been determined in the present review. Equation (V.22) also 
indicates that the enthalpy is – (42.2 ± 0.4) kJ.mol–1 of H2 which is in good agreement 
with the value determined by [64TUR] (– (41.5 ± 1.0) kJ·mol–1 of H2). 

Figure V-13: Enthalpy of zirconium hydride of various stoichiometric compositions as a 
function of the H:Zr ratio (data as given in Table V-13). 

 

 

The entropy of ε-ZrH2 has also been determined by Flotow and Osborne 
[62FLO/OSB] in the temperature range 5 to 350 K. The value determined at 298.15 K 
by these authors is: 

mS 0 (ZrH2, ε, 298.15 K) = (35.2 ± 0.08) J.K–1.mol–1 

and is selected by this review. 
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The entropy of zirconium hydrides with a lower hydrogen content has been 
determined by Douglas [58DOU] from enthalpy data coupled with earlier high 
temperature equilibrium pressure data. The entropy was also found to be linearly 
dependent on the H:Zr ratio. The entropy calculated by [58DOU] for ZrH(cr) was 

mS 0 (ZrH, cr, 298.15 K) = (38.3 ± 0.1) J.K–1.mol–1 

where the uncertainty has been determined in this review. This value is selected in this 
review. 

The Gibbs energies of formation of ZrH and ε-ZrH2 are calculated from the 
selected enthalpies of formation and the entropies: 

f mG∆ 0 (ZrH, cr, 298.15 K) = − (64.7 ± 0.8) kJ.mol–1 

f mG∆ 0 (ZrH2, ε, 298.15 K) = − (124.3 ± 1.7) kJ.mol–1. 

V.3.4.3 ZrH(g) 
Chase et al. [85CHA/DAV] estimated the following data for the thermochemical 
properties of ZrH(g) from unpublished data. 

,mpC0 (ZrH, g, 298.15 K) = 29.7 J·mol–1·K–1 

mS 0 (ZrH, g, 298.15 K) = 216.2 J·mol–1·K–1 

f mH∆ 0 (ZrH, g, 298.15 K) = 516.3 kJ·mol–1 

f mG∆ 0 (ZrH, g, 298.15 K) = 483.0 kJ·mol–1 

These data are noted by this review but are not selected since they have not 
been verified by experimental measurements. The value for the Gibbs free energy has 
been estimated from the thermochemical and auxiliary data given in this review.

V.4 Group 17 (halogen) compounds and complexes 

V.4.1 Fluorine compounds and complexes  

V.4.1.1 Aqueous zirconium fluorides 
The complexation between fluoride and zirconium has been extensively studied by 
Norén and co-workers [63AHR/KAR], [67NOR], [69NOR2], [73NOR]. Otherwise only 
a small number of studies of the zirconium-fluoride equilibria have been undertaken 
[49CON/MCV], [62BUS], [66BUK/FLE], [69KRY/KOM5]. The zirconium-fluoride 
complexes have been found to be relatively stable, with evidence of the species ZrF3+ to 

2
6ZrF − . All of the studies have used either ammonium perchlorate, perchloric 

acid/sodium perchlorate or perchloric acid as the ionic medium. A single study also 
used nitric acid/sodium nitrate as the medium [69KRY/KOM5]. 
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Connick and McVey [49CON/MCV] utilised the solvent extraction technique 
to study the complexation between zirconium and fluoride. The potentiometric 
technique was used by [62BUS], [66BUK/FLE], [67NOR] and [73NOR] whereas an 
ion exchange technique was used by [63AHR/KAR] and [69KRY/KOM5]. No 
uncertainties were calculated within the studies of [49CON/MCV], [62BUS] or 
[69NOR2]. In the work of Krylov et al. [69KRY/KOM5] the ionic strength was 
maintained at 1 or 2 M using either HClO4 or HNO3 with the fluoride concentration 
varied from 0 to 0.000806 M. The latter authors interpreted their data in terms of the 
two species ZrF3+ and 2

2ZrF +  only. A recalculation of the data performed in the present 
review indicated, however, that the selected stability constants of [69KRY/KOM5] do 
not fully support the data in any of the four cases. The experimental data of 
[49CON/MCV], [62BUS], [69NOR2] and [69KRY/KOM5] were statistically re-
evaluated (see Appendix A entries) and the re-interpreted values, together with the 
originally reported values from the other studies are given in Table V-14. The re-
evaluation of [69NOR2] permitted the assignment of an additional stability constant for 

2
6ZrF − , not previously determined by the investigators. 

Table V-14: Experimental equilibrium data for the zirconium fluoride system. The data 
from [49CON/MCV], [62BUS], [63AHR/KAR], [69KRY/KOM5] and [69NOR2] have 
been recalculated in this review. In the cases where the accepted stability constant 
differs from that reported, it has been recalculated in the present review. The 
uncertainties given for the reported data are as given in the various references and are 
assumed to be 1σ (unless otherwise stated) whereas those for the accepted values 
represent 95% confidence limits. 

Method Ionic Medium t (°C) log10 *K Reference 

   Reported Accepted  

Zr4+ + HF  ZrF3+ + H+ 

dis 2 M HClO4 25 5.80 (5.81 ± 0.02) [49CON/MCV] 

pot 4 M (H,Na)ClO4 25 (5.970 ± 0.002) (5.970 ± 0.002) [73NOR] 

dis 4 M HClO4 20 (5.88 ± 0.02) (5.89 ± 0.02) [69NOR2] 

dis 4 M HClO4 20 (5.96 ± 0.04) (5.89 ± 0.04) [63AHR/KAR] 

cix 1 M HClO4 25 (5.32 ± 0.04) (5.40 ± 0.01) [69KRY/KOM5] 

cix 2 M HClO4 25 (5.81 ± 0.04) (5.8 ± 0.4) [69KRY/KOM5] 

ZrF3+ + HF  2
2ZrF + + H+ 

dis 2 M HClO4 25 4.32 (4.22 ± 0.11) [49CON/MCV] 

pot 4 M (H,Na)ClO4 25 (4.37 ± 0.03) (4.37 ± 0.03) [73NOR] 

pot 4 M HClO4 20 (4.41 ± 0.08) (4.41 ± 0.16) [67NOR] 

(Continued next page) 
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Table V-14: (continued) 

Method Ionic Medium t (°C) log10 *K Reference 

   Reported Accepted  

dis 4 M HClO4 20 (4.36 ± 0.06) (4.36 ± 0.06) [69NOR2] 

dis 4 M HClO4 20 4.54 (3.8 ± 0.3) [63AHR/KAR] 
2
2ZrF +  + HF  3ZrF+  + H+ 

dis 2 M HClO4 25 2.83 (3.1 ± 0.7) [49CON/MCV] 

pot 0.5 M NH4ClO4 25 2.70 (2.7 ± 0.1) [62BUS] 

pot 4 M HClO4 20 (3.00 ± 0.04) (3.00 ± 0.09) [67NOR] 

dis 4 M HClO4 20 (3.00 ± 0.09) (3.14 ± 0.05) [69NOR2] 

3ZrF+  + HF  ZrF4 + H+ 

pot 4 M HClO4 20 (2.28 ± 0.07) (2.28 ± 0.13) [67NOR] 

pot 1 M (H,Na)ClO4 25 2.8 (2.80 ± 0.07) [66BUK/FLE] 

pot 0.5 M NH4ClO4 25 1.83 (1.73 ± 0.07) [62BUS] 

dis 4 M HClO4 20 (2.26 ± 0.12) (2.11 ± 0.05) [69NOR2] 

ZrF4 + HF  5ZrF−  + H+ 

pot 4 M HClO4 20 (1.53 ± 0.08) (1.53 ± 0.15) [67NOR] 

pot 1 M (H,Na)ClO4 25 1.9 (1.90 ± 0.07) [66BUK/FLE] 

pot 0.5 M NH4ClO4 25 1.51 (1.51 ± 0.07) [62BUS] 

dis 4 M HClO4 20 (1.85 ± 0.31) (1.83 ± 0.04) [69NOR2] 

5ZrF−  + HF  2
6ZrF −  + H+ 

pot 4 M HClO4 20 (0.3 ± 0.2) (0.3 ± 0.4) [67NOR] 

pot 1 M (H,Na)ClO4 25 1.35 (1.35 ± 0.07) [66BUK/FLE] 

pot 0.5 M NH4ClO4 25 0.86 (0.85 ± 0.04) [62BUS] 

dis 4 M HClO4 20  (0.67 ± 0.01) [69NOR2] 

 The step-wise reactions of zirconium with hydrogen fluoride can be 
represented by Eq.(V.23): 

 5
1ZrF q

q
−
−  + HF  4ZrF q

q
−  + H+.  (V.23) 

For the formation of ZrF4 from 3ZrF+  (i.e. q = 4 in Eq.(V.23)), the value of D 
in the SIT formulation is zero and the molal and molar stability constants are equivalent. 
As such, it would be expected that only small differences would exist between the 
stability constants measured at different ionic strengths, resulting from the difference 
between ε(H+, 4ClO− ) and ε( 3 4ZrF ,ClO+ − ). The SIT formulation, using a weighted 
regression, has been applied to the constants listed in Table V-14 to determine the 
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stability constant at zero ionic strength, as shown in Figure V-14. The selected 
10

*log K ο  determined in this way is: 

10
*log K ο ((V.23), q = 4, 298.15 K) = (2.18 ± 0.12). 

Figure V-14: Extrapolation to I = 0 of experimental results for the formation of ZrF4 
using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [67NOR], [66BUK/FLE], [62BUS] and [69NOR2]. The dashed lines are 
back-propagated data using the 95% uncertainties in the stability constant and 
interaction coefficient to I = 5 mol·kg–1.  

 

 

The regression also gives ∆ε = − (0.06 ± 0.06) kg·mol–1, leading to a value for 
ε( 3 4ZrF ,ClO+ − ) of (0.20 ± 0.06) kg·mol–1 assuming that the interaction coefficients of 
neutrally charged complexes (HF and ZrF4) are equal to zero.  

The stability constant for the formation of 3ZrF+  from 2
2ZrF +  (i.e. q = 3 in 

Eq.(V.23)) was determined from the data tabulated in Table V-14 using a weighted 
(least squares) regression technique, as is shown in Figure V-15. There are few 
constants available (see Table V-14) at different ionic strengths for such calculations, 
and therefore, care has to be exercised in using the SIT formulation since, most likely, 
there are too few data to adequately determine the stability constant at zero ionic 
strength and the interaction coefficient simultaneously. To test for their veracity, 
therefore, the interaction coefficients determined using the SIT formulation will be 
compared with those of other similarly charged ions such as U4+, Np4+ and Pu4+. 
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Figure V-15: Extrapolation to I = 0 of experimental results for the formation of 3ZrF+  
using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [67NOR] (■), [49CON/MCV] (○), [62BUS] (▲) and [69NOR2] (▼). The 
data from the first three of these studies have been recalculated in this review (see 
Appendix A and Table V-14). The dashed lines are back-propagated data using the 95% 
uncertainties in the stability constant and interaction coefficient to I = 5 mol·kg–1. 

 

 

The selected 10
*log K ο  determined from the weighted least squares analysis is: 

10
*log K ο ((V.23), q = 3, 298.15 K) = (2.99 ± 0.22). 

The least squares analysis also gives ∆ε = − (0.13 ± 0.05) kg·mol–1, leading to a 
value for ε( 2

2 4ZrF ,ClO+ − ) of (0.47 ± 0.08) kg·mol–1.  

The stability constant for the formation of 2
2ZrF +  from ZrF3+ (q = 2 in 

Eq.(V.23)), was determined using a weighted (least squares) analysis technique (see 
Figure V-16). The selected 10

*log K ο  determined from the regression is: 

10
*log K ο ((V.23), q = 2, 298.15 K) = (5.29 ± 0.30). 
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Figure V-16: Extrapolation to I = 0 of experimental results for the formation of 2
2ZrF +  

using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [67NOR] (▼), [49CON/MCV] (■), [63AHR/KAR] ( ), [73NOR] (▲) and 
[69NOR2] (○). The data from the first three of these studies have been recalculated in 
this review (see Appendix A and Table V-14). The dashed lines are back-propagated 
data using the 95% uncertainties in the stability constant and interaction coefficient to 
I = 5 mol·kg–1. 

 

 

The least squares analysis also gives ∆ε = − (0.02 ± 0.06) kg·mol–1, leading to a 
value for ε(ZrF3+, 4ClO− ) of (0.63 ± 0.10) kg·mol–1.  

 For the formation of ZrF3+ from Zr4+ (i.e. q = 1 in Eq.(V.23)), the SIT 
formulation has been used to determine the stability constant at zero ionic strength using 
the data given in Table V-14, as is shown in Figure V-17. The selected value of 

10
*log K ο  determined from the weighted least squares analysis is: 

10
*log K ο ((V.23), q = 1, 298.15 K) = (6.94 ± 0.07). 

The least squares analysis also gives ∆ε = − (0.12 ± 0.01) kg·mol–1, leading to a 
value for ε(Zr4+, 4ClO− ) of (0.89 ± 0.10) kg·mol–1.  
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Figure V-17: Extrapolation to I = 0 of experimental results for the formation of ZrF3+ 
using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [69KRY/KOM5] ( ), [49CON/MCV] (■), [63AHR/KAR] (○), [73NOR] 
(▲) and [69NOR2] (▼). The data from the first three of these studies have been 
recalculated in this review (see Appendix A and Table V-14). The dashed lines are 
back-propagated data using the 95% uncertainties in the stability constant and 
interaction coefficient to I = 5 mol·kg–1. 

 

 

 The values of ε( 4ZrF q
q

− , 4ClO− ) for q = 1 to 3 determined in the present review 
are compared in Table V-15 with those determined in the earlier NEA reviews of 
uranium(IV), neptunium(IV) and plutonium(IV) fluoride complexes [92GRE/FUG], 
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leading to ε(Zr4+, 4ClO− ) = (0.86 ± 0.11) kg·mol–1. This value is in excellent agreement 
with the above value, obtained directly from the experimental data. Therefore, on the 
basis of the fact that the calculated values of the ion interaction coefficient for 
zirconium in this review are in agreement with similar values for other tetravalent 
metals, and that the coefficient for the interaction of the free zirconium ion with 
perchlorate is consistent with a value derived on theoretical grounds, the values 
calculated in this review appear to be quite reasonable. This is true even though the 
number of data used to calculate the values, in general, would be considered too few. 

Table V-15: Comparison of tetravalent zirconium, uranium, neptunium and plutonium-
fluoride interaction coefficients. Uranium data are from [92GRE/FUG], neptunium and 
plutonium from [2001LEM/FUG]. 

Cation 4
4ε(M ,ClO )+ −  

(kg·mol–1) 

3
4ε(MF ,ClO )+ −  

(kg·mol–1) 

2
2 4ε(MF ,ClO )+ −  

(kg·mol–1) 
3 4ε(MF ,ClO )+ −  

(kg·mol–1) 

Zr (0.89 ± 0.10) (0.63 ± 0.10) (0.47 ± 0.08) (0.20 ± 0.06) 

U (0.76 ± 0.06) (0.48 ± 0.08) (0.3 ± 0.1) (0.1 ± 0.1) 

Np (0.84 ± 0.06) (0.58 ± 0.07) (0.38 ± 0.17) — 

Pu (0.82 ± 0.06) (0.56 ± 0.11) (0.36 ± 0.17) — 

The stability constant for the formation of 5ZrF−  from ZrF4 (i.e. q = 5 in 
Eq.(V.23)) was determined from the data tabulated in Table V-14, as is shown in Figure 
V-18. The selected 10

*log K ο  determined from the weighted least squares analysis is: 

10
*log K ο ((V.23), q = 5, 298.15 K) = (1.31 ± 0.12). 

The least squares analysis also gives ∆ε = (0.00 ± 0.02) kg·mol–1, leading to a 
value for ε(Na+, 5ZrF− ) of − (0.14 ± 0.03) kg·mol–1.  
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Figure V-18: Extrapolation to I = 0 of experimental results for the formation of 5ZrF−  
using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [62BUS] (▼), [69NOR2] (○), [67NOR] (■) and [66BUK/FLE] (▲). The 
data from the first two of these studies have been recalculated in this review (see 
Appendix A and Table V-14). The dashed lines are back-propagated data using the 95% 
uncertainties in the stability constant and interaction coefficient to I = 5 mol·kg–1. 

 

 

The stability constant for the formation of 2
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analysis is: 
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value for ε(Na+, 2

6ZrF − ) of − (0.15 ± 0.06) kg·mol–1. 
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Figure V-19: Extrapolation to I = 0 of experimental results for the formation of 2
6ZrF −  

using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [62BUS] (▼), [69NOR2] (○), [67NOR] (■) and [66BUK/FLE] (▲). The 
data from the first two of these studies have been recalculated in this review (see 
Appendix A and Table V-14). The dashed lines are back-propagated data using the 95% 
uncertainties in the stability constant and interaction coefficient to I = 5 mol·kg–1.  

 

 

 The overall stability constants for the following reaction can be calculated 
from the step-wise constants given above and the selected auxiliary association constant 
for hydrogen fluoride ( 10log K ο  = (3.18 ± 0.02); see Chapter IV) 

 Zr4+ + qF−  4ZrF q
q

− .  (V.24) 

The stability constants and their associated uncertainties are listed in Table V-16. 

Table V-16: Selected stability constants for zirconium-fluoride complexes as defined by 
Reaction (V.24). 

q 1 2 3 4 5 6 

10log q
οb  (10.12 ± 0.07) (18.55 ± 0.31) (24.72 ± 0.38) (30.11 ± 0.40) (34.60 ± 0.42) (38.11 ± 0.43) 
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There are two studies of the enthalpies of the reaction of zirconium with 
hydrogen fluoride, that is, reactions of the type given by equation (V.23) 
[76VAS/KOZ], [90AHR/HEF]. Ahrland et al. [90AHR/HEF] studied Reactions  
((V.23); q = 1 to 4) in 4.0 M HClO4, using the calorimetric technique, whereas 
[76VAS/KOZ] studied the same reactions ((V.23), q  = 3 to 6) by measuring the heat of 
solution of crystalline ZrCl4 in aqueous HF solutions to obtain the enthalpy of the 
reactions. The stability constant data used by [90AHR/HEF] was from the earlier data of 
Norén [67NOR] ( 3ZrF+  and ZrF4) [73NOR] (ZrF3+ and 2

2ZrF + ), with the earlier data 
being corrected from 20 to 25ºC. This review selects the r mH∆  values of 
[90AHR/HEF], and additionally, assumes that the dependence of the values on ionic 
strength is negligible (i.e. r mH ο∆ ((V.23), I = 0) = r mH∆ ((V.23), 4 M HClO4)) 

r mH ο∆ ((V.23), q = 1, 298.15 K) = − (17.5 ± 0.7) kJ·mol–1 

r mH ο∆ ((V.23), q = 2, 298.15 K) = − (16.8 ± 1.0) kJ·mol–1 

r mH ο∆ ((V.23), q = 3, 298.15 K) = − (11.2 ± 1.7) kJ·mol–1 

r mH ο∆ ((V.23), q = 4, 298.15 K) = − (22.0 ± 2.7) kJ·mol–1. 

The uncertainties have been increased in the present review from those 
reported by [90AHR/HEF] to account for (a) an increase from 1σ uncertainties to the 
95% level and (b) the stability constants used in the calculation of the enthalpies of 
reaction differing marginally from those selected in the present review (when corrected 
to 4 M HClO4).  

 The results of [76VAS/KOZ] are rejected by this review since the proposed 
enthalpy values are inconsistent with the measured heat of solution data; that is, use of 
the reported enthalpy data of [76VAS/KOZ] does not reproduce their heat of solution 
data. These authors reported about half of their full data set and a recalculation of this 
data in the present review led to considerably different enthalpy of reaction values (see 
Appendix A) that support values of the enthalpy of Reaction (V.23) for q = 3 and 4. 
These latter values are, however, substantially different from enthalpy data for other 
tetravalent ions (e.g. Hf4+, U4+ and Th4+) whereas the enthalpy data determined by 
[90AHR/HEF] are in good agreement with this other data. 

 The Gibbs energy of formation for the complexes (4 )ZrF q
q

−  in Reaction (V.24) 
is determined from the stability constant data listed in Table V-16 and the Gibbs energy 
of formation for Zr4+ and F- (Section V.2.1 and Chapter IV, respectively). 

f mGο∆ ( 3ZrF + , 298.15 K) = − (867.8 ± 9.3) kJ.mol–1 

f mGο∆ ( 2
2ZrF + , 298.15 K) = − (1197.4 ± 9.5) kJ.mol–1 

f mGο∆ ( 3ZrF+ , 298.15 K) = − (1514.2 ± 9.7) kJ.mol–1 

f mGο∆ ( 4ZrF , aq, 298.15 K) = − (1826.5 ± 9.9) kJ.mol–1 
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f mGο∆ ( 5ZrF− , 298.15 K) = − (2133.5 ± 10.1) kJ.mol–1 

f mGο∆ ( 2
6ZrF − , 298.15 K) = − (2435.1 ± 10.4) kJ.mol–1. 

The values for the enthalpy of formation of the complexes in Reaction (V.24) 
are calculated in a similar fashion from the enthalpy data determined for Reaction 
(V.23) and the relevant enthalpies in Section V.2.1.2 and Chapter IV. 

f mH ο∆ ( 3ZrF + , 298.15 K) = − (961.4 ± 5.1) kJ.mol–1 

f mH ο∆ ( 2
2ZrF + , 298.15 K) = − (1296.0 ± 5.3) kJ.mol–1 

f mH ο∆ ( 3ZrF+ , 298.15 K) = − (1625.8 ± 5.6) kJ.mol–1 

f mH ο∆ ( 4ZrF , aq, , 298.15 K) = − (1971.9 ± 6.2) kJ.mol–1. 

 Using the selected thermochemical data for Reaction (V.24) and the data for 
the entropy of Zr(cr), H2(g) and F2(g), the entropies of the zirconium fluoride complexes 
are calculated via f mS ο∆ : 

mS ο ( 3ZrF + , 298.15 K) = − (369 ± 35) J.K–1.mol–1 

mS ο ( 2
2ZrF + , 298.15 K) = − (219 ± 36) J.K–1.mol–1 

mS ο ( 3ZrF+ , 298.15 K) = − (96 ± 36) J.K–1.mol–1 

mS ο ( 4ZrF , aq, , 298.15 K) = − (43 ± 37) J.K–1.mol–1. 

V.4.1.2 Solid zirconium fluorides 

V.4.1.2.1 ZrF4(cr) 

Zirconium tetrafluoride (β-ZrF4) has a monoclinic crystal structure at room temperature 
[81MOR]. Additionally, α-ZrF4, which has a tetragonal crystal structure, and modified 
γ-ZrF4 (unidentified structure) have also been reported [97VIS/COR]. These latter two 
forms transform irreversibly to the monoclinic structure at temperatures in excess of 673 
K [97VIS/COR]. The melting point is (1205 ± 2) K [62MCD/SIN]. 

The heat capacity of β-ZrF4 has been measured by Westrum [65WES] from 
6.65 to 302.20 K. High temperature enthalpy increments have been measured by 
McDonald et al. [62MCD/SIN], Smith et al. [62SMI/MIL] and Fontana and Winand 
[72FON/WIN]. The low temperature heat capacity data are accepted by this review as 
are the high temperature enthalpy increment data of McDonald et al. [62MCD/SIN], 
since these latter data have the closest agreement with the low temperature data. In 
accord with van der Vis et al. [97VIS/COR], the data of [62SMI/MIL] and 
[72FON/WIN] are rejected since they are in much poorer agreement with the low 
temperature data, most probably because the ZrF4 in the latter studies was in a different 
crystallographic state [97VIS/COR].  
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The data, in the temperature range 50 to 1036 K, has been re-interpreted in this 
review. The dependence of the heat capacity on temperature, as determined by least 
squares analysis, is given by Eq.(V.25): 

 1036 K
,m 20 K[ ]pCο (ZrF4, cr, T ) = (144.10 – 13834 / T + 372100 / T 2  

 + 0.003161 T ) J·K–1·mol–1. (V.25) 

The enthalpy data of [62MCD/SIN] above 1036 K has not been used in the 
present review since as indicated by the authors the higher temperature data is effected 
by melting of the solid ZrF4 as well as the enthalpy change associated with the heat of 
vaporisation. McDonald et al. [62MCD/SIN] attempted to correct for these effects but 
the data has not been used since there is additional uncertainty in using the corrected 
data. 

The heat capacity values calculated using this equation join smoothly the heat 
capacity data of [65WES] at temperatures below 50 K. A comparison between the heat 
capacity values calculated using Eq.(V.25) and the experimental data (heat capacity and 
reduced enthalpy increments) are illustrated in Figure V-20. 

 The selected heat capacity at 298.15 K determined from the least squares 
regression is: 

,mpC0 (ZrF4, β, 298.15 K) = (102.8 ± 2.9) J·K–1·mol–1. 

This value is in excellent agreement with that proposed by [97VIS/COR] when 
the uncertainties associated with the two values are considered. 

The heat capacity equation (V.25) was used to derive an expression for the 
entropy change in the temperature range 50 to 1100 K. The heat capacity data of 
[62MCD/SIN] were then used to calculate the entropy change below 50 K. The values 
were then combined to derive a value for the standard entropy at 298.15 K of: 

mS ο (ZrF4, β, 298.15 K) = (105.3 ± 2.9) J·K–1·mol–1. 

This value is in excellent agreement with that proposed by [97VIS/COR], 
although the error estimation in this review is significantly larger. This larger error 
results from the fact that the low temperature heat capacity data of [65WES] do not join 
smoothly the high temperature enthalpy measurements of [62MCD/SIN] and the error 
estimated in this review represents a 95% uncertainty interval. 

The enthalpy of formation of β-ZrF4 has been measured by Greenberg et al. 
[61GRE/SET]. The enthalpy of formation measured in the study and its associated 
uncertainty are selected by this review, 

f mH ο∆ (ZrF4, β, 298.15 K) = − (1911.3 ± 1.0) kJ·mol–1. 
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Figure V-20: Comparison of calculated and experimental values of (a) the heat capacity 
and (b) the enthalpy of β-ZrF4(cr) between 50 and 1036 K. The experimental data for 
the heat capacity from 50 to 302 K are taken from [65WES] and for the enthalpy from 
284 to 1036 K from [62MCD/SIN]. 
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The standard entropy value was combined with the standard entropy of 
zirconium metal selected in this review (Section V.1.1), the selected auxiliary data for 
the standard entropy of F2(g) (Chapter IV) and the selected enthalpy of formation of 
β-ZrF4 to give a selected Gibbs energy change at 298.15 K of: 

f mGο∆ (ZrF4, β, 298.15 K) = – (1810.1 ± 1.3) kJ·mol–1. 

Greenberg et al. [61GRE/SET] calculated a value for the Gibbs energy change 
of − (1810.0 ± 1.0) kJ·mol–1 in excellent agreement with the value selected in this 
review. 

Calculated thermodynamic parameters to 1100 K, obtained from expressions 
derived from Eq.(V.25), and the heat capacity data of [65WES] at temperatures below 
50 K, are given in Table V-17. 

Solid β-ZrF4 starts to melt between 1114 and 1165 K and, as indicated above, 
melting is complete at (1205 ± 2) K [62MCD/SIN]. In their high temperature study of 
the thermodynamics of zirconium tetrafluoride, McDonald et al. [62MCD/SIN] also 
measured the heat of fusion, pertaining to Reaction (V.26): 

 ZrF4(β)  ZrF4(l). (V.26) 

The value they obtained is: 

fus mH ο∆ ((V.26), 298.15 K) = − (64.22 ± 0.42) kJ·mol–1 

and is selected by this review, and yields a formation enthalpy of ZrF4(l): 

f mH ο∆ (ZrF4, l, 298.15 K) = − (1975.5 ± 1.1) kJ·mol–1. 
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Table V-17: Thermodynamic properties of solid β-ZrF4. 

T 
(K) 

,mpCο  
(J.K–1.mol–1) 

mS ο  
(J.K–1.mol–1) 

m m( ) (0 K)H T Hο ο−  
(J.mol–1) 

m m[ ( ) (0K)] /G T H Tο ο− −   
    (J.K–1.mol–1) 

0 0 0 0  

25 2.3 0.7 14 0.1 

50 16.4 5.2 190 1.4 

75 26.0 12.8 669 3.9 

100 43.3 22.7 1539 7.3 

125 57.6 34.0 2808 11.5 

150 68.9 45.5 4395 16.2 

175 77.8 56.8 6232 21.2 

200 84.9 67.7 8268 26.3 

225 90.7 78.0 10465 31.5 

250 95.5 87.8 12794 36.7 

273.15 99.3 96.5 15050 41.4 

275 99.6 97.1 15234 41.7 

298.15 102.8 105.3 17577 46.4 

300 103.1 106.0 17768 46.7 

325 106.1 114.3 20383 51.6 

350 108.7 122.3 23069 56.4 

400 113.1 137.1 28619 65.6 

450 116.6 150.6 34365 74.3 

500 119.5 163.1 40270 82.5 

600 124.0 185.3 52455 97.8 

700 127.3 204.6 65027 111.8 

800 129.9 221.8 77893 124.5 

900 132.0 237.3 90993 136.1 

1000 133.8 251.3 104287 147.0 

1100 135.3 264.1 117744 157.0 
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V.4.1.2.2 ZrF3(cr), ZrF2(cr) and ZrF(cr) 

The crystal structure of ZrF3(cr) is cubic [64EHR/PLO] and that of ZrF2(cr) is 
orthorhombic [64MCT/TUR], [84BAS/CHA] and both compounds are stable at 
298.15 K. The composition of the difluoride has been reported only to extend to lower 
fluorine contents whereas the range in composition of the trifluoride is unknown. The 
monofluoride, ZrF(cr), has never been identified [97VIS/COR] and, as such, will not be 
considered further. 

The heat capacities and entropies of the lower zirconium fluorides were 
estimated by van der Vis et al. [97VIS/COR] using the equation: 

m m 4 m(ZrF , cr, ) = [  (ZrF , cr, ) + (4 ) (Zr, cr, )]nX T n X T n X Tο ο ο−¼  

where mX ο  is either ,mpCο  or mS ο , and n is 2 or 3. The values for the heat capacity and 
entropy calculated in this way, using the values for β-ZrF4(cr) and Zr(cr) calculated in 
this review, are: ,mpCο (ZrF2, cr, 298.15 K) = (63.2 ± 1.0) J·K–1·mol–1, ,mpCο (ZrF3, cr, 
298.15 K) = (81.9 ± 1.3) J·K–1·mol–1 and mS ο (ZrF2, cr, 298.15 K) = (72.0 ± 1.9) 
J·K−1·mol–1, mS ο (ZrF3, cr, 298.15 K) = (88.3 ± 2.3) J·K–1·mol–1. 

These values are in good agreement with the values estimated by 
[97VIS/COR]. The equation used to calculate the entropies and heat capacities, 
however, implies that ,mpCο∆  and mS ο  equal zero. The appropriateness of this equality is 
unclear and an equation of the form of Eq.(V.39) may be more appropriate, but there is 
insufficient data to calculate δ in Eq.(V.39) for the zirconium fluorides. The above 
values are noted by this review but are not selected values. 

The enthalpies of formation of ZrF2(cr) and ZrF3(cr) have not been determined 
experimentally. The values at 298 K have been estimated by van der Vis et al. 
[97VIS/COR] from the following reactions: 

ZrF2(cr)  ½ZrF4(cr) + ½Zr(cr) 

ZrF3(cr)  ¾ZrF4(cr) + ¼Zr(cr) 

assuming that r mGο∆  ≥ 0. This assumption leads to upper limits for the Gibbs energy 
and enthalpy of formation values for ZrF2(cr) and ZrF3(cr) of: f mGο∆ (ZrF2, cr, 
298.15 K) ≤ – 905 kJ·mol–1, f mGο∆ (ZrF3, cr, 298.15 K) ≤ – 1358 kJ·mol–1, and 

f mH∆ 0 (ZrF2, cr, 298.15 K) ≤ – 956 kJ·mol–1, f mH∆ 0 (ZrF3, cr, 298.15 K) ≤ – 1433 
kJ·mol–1. 

These values are noted by this review but are not selected values. 

V.4.1.3 Gaseous zirconium fluorides 
The enthalpy of sublimation of solid zirconium tetrafluoride to gaseous ZrF4, as 
represented by Reaction (V.27): 

 ZrF4(β)  ZrF4(g) (V.27) 
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has been measured most recently by Konings and Hildenbrand [94KON/HIL] using the 
torsion-effusion technique. They found that the vapour pressure above ZrF4(cr), in the 
temperature range 697 to 856 K, could be represented by the equation: 

10log p  = 10.284 – 11974 T –1. 

A third law analysis of the vapour pressure data resulted in an enthalpy of 
sublimation of (240.00 ± 0.05) kJ·mol–1. Konings and Hildenbrand [94KON/HIL] also 
recalculated the data from earlier studies, that employed a variety of measurement 
techniques, using a third law analysis. They found that, in general, there was good 
agreement between their value and those derived from the earlier studies. There was 
only poor agreement with the value of Galkin et al. [63GAL/TUM], and consequently, 
it has been rejected by this review. The third law values derived by [94KON/HIL] are 
reproduced in Table V-18. 

Table V-18: Third law enthalpy of sublimation data for ZrF4(cr) at 298.15 K, as derived 
by [94KON/HIL] from cited vapour pressure studies. 

T range (K) Method o

sub mH∆  Reference 

913 − 1178 Not specified (240.8 ± 1.0) [48LAU] 

890 − 1154 Transpiration (241.81 ± 0.58) [54SEN/SNY] 

983 − 1081 Static (239.81 ± 0.17) [58CAN/NEW] 

713 − 873 Not specified (232.3 ± 1.2) [63GAL/TUM] 

681 − 913 Mass spectrometry (242.6 ± 1.7) [63AKI/BEL] 

983 − 1177 Boiling-temperature (241.11 ± 0.11) [64FIS/PET] 

769 Mass spectrometry 243.0 [65SID/AKI] 

697 − 856 Torsion-effusion (240.00 ± 0.05) [94KON/HIL] 

The weighted average of the data given in Table V-18 (except for the value 
from [63GAL/TUM]) is selected for the enthalpy of sublimation of ZrF4(cr): 

sub mH∆ 0 ((V.27), 298.15 K) = (240.18 ± 0.04) kJ·mol–1 

where an uncertainty of 5 kJ·mol–1 has been assigned by this review to the value from 
[65SID/AKI] derived from a single measurement. This derived enthalpy of sublimation 
is then combined with the enthalpy of formation of ZrF4(cr) to give the selected 
enthalpy of formation of ZrF4(g): 

f mH∆ 0 (ZrF4, g, 298.15 K) = – (1671.1 ± 1.0) kJ·mol–1. 

This value is in excellent agreement with the value determined by 
[94KON/HIL] − (1671.2 ± 1.0) kJ·mol–1 and, more recently, by [97VIS/COR] 
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− (1671.3 ± 1.4) kJ·mol–1. The small differences in the selected values arrive from 
minor differences in the values of auxiliary data or in the derivation of the enthalpy of 
sublimation. 

The heat of reaction in the formation of ZrF3(g) from Ca(g) and ZrF4(g) was 
examined by Murad and Hildenbrand [66MUR/HIL], between 1665 and 1747 K, using 
Knudsen cell mass spectrometry taking ionising energies of less than 20 eV only. The 
reaction studied was: 

 Ca(g) + ZrF4(g)  ZrF3(g) + CaF(g) (V.28) 

Ion intensities were measured for daughter ions of each of the gases in 
Reaction (V.28) from which an equilibrium constant for the reaction, at each 
temperature investigated, was derived. From the equilibrium constants, a third law heat 
of reaction was calculated: 

r mH∆ 0 ((V.28), 298.15 K) = (123.0 ± 8.1) kJ·mol–1 

where the uncertainty represents the 95% confidence interval. This latter value can then 
be combined with the selected enthalpies of formation for ZrF4(g) (see above), and TDB 
auxiliary data, to give an enthalpy of formation for ZrF3(g) of – (1094 ± 10) kJ·mol–1. 
Potter and Inami [70POT/INA] also investigated Reaction (V.28) using the same 
technique. They obtained a value for r mH∆ 0 ((V.28), 298.15 K) = (117.2 ± 4.2) kJ·mol–1 
from a third law analysis, in good agreement with the value obtained by [66MUR/HIL]. 
This value leads to an enthalpy of formation of − (1100 ± 13) kJ·mol–1 using the 
selected data listed above. 

Potter and Inami [70POT/INA] also studied the reactions: 

 Ca(g) + ZrF3(g)  ZrF2(g) + CaF(g) (V.29) 

 2Ca(g) + ZrF3(g)  ZrF(g) + 2CaF(g) (V.30) 

and also used Knudsen cell mass spectrometry. Equilibrium constants, calculated from 
ion intensities, were again used to calculate third law heats of reaction, namely: 

r mH∆ 0 ((V.29), 298.15 K) = (123.4 ± 13) kJ·mol–1 

r mH∆ 0 ((V.30), 298.15 K) = (264.0 ± 16) kJ·mol–1. 

These latter values can then be combined with the selected enthalpies of 
formation for ZrF3(g), Ca(g) and CaF(g) to give enthalpies of formation for ZrF2(g) and 
ZrF(g) of – (494 ± 18) kJ·mol–1 and (100 ± 23) kJ·mol–1, respectively. 

Barkovskii et al. [88BAR/GOR], [91BAR/TSI] studied the equilibrium 
between the various gaseous zirconium fluorides according to the following reactions: 

 ZrF2(g) + ZrF4(g)  2ZrF3(g) (V.31) 

 ZrF(g) + ZrF3(g)  2ZrF2(g) (V.32) 
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 Zr(g) + ZrF2(g)  2ZrF(g) (V.33) 

using mass spectrometry. Third law analysis of the data from [88BAR/GOR] and 
[91BAR/TSI] led to the enthalpy of reactions values listed in Table V-19. Utilising the 
enthalpy of formation for ZrF4(g) (see above) and Zr(g) (Section V.1.3: (609.8 ± 1.4) 
kJ·mol–1) leads to the enthalpy of formation values for the lower zirconium fluorides: 
ZrF(g), ZrF2(g) and ZrF3 (g) that are also given in Table V-19.  

Table V-19: Enthalpy of Reactions (V.31), (V.32) and (V.33) as well as the derived 
enthalpies of formation of ZrF(g), ZrF2(g) and ZrF3(g). 

 [88BAR/GOR] [91BAR/TSI], 

r mH∆ 0 ((V.31), 298.15 K) (kJ·mol–1)    (1.6 ± 2.0) – (6.5 ± 2.1) 

r mH∆ 0 ((V.32), 298.15 K) (kJ·mol–1)    (47.0 ± 1.8)    (48.5 ± 1.6) 

r mH∆ 0 ((V.33), 298.15 K) (kJ·mol–1)    (13.1 ± 1.8)    (11.1 ± 1.7) 

f mH∆ 0 (ZrF, g, 298.15 K) (kJ·mol–1)    (73.3 ± 1.3)    (70.5 ± 1.5) 

f mH∆ 0 (ZrF2, g, 298.15 K) (kJ·mol–1) – (476.3 ± 1.2) – (479.9 ± 1.1) 

f mH∆ 0 (ZrF3, g, 298.15 K) (kJ·mol–1) – (1072.9 ± 1.6) – (1048.7 ± 1.7) 

The selected enthalpy of formation for the lower zirconium fluorides are the 
weighted average of the three or four determinations for each compound: 

f mH ο∆ (ZrF3, g, 298.15 K) = – (1075.9 ± 1.2) kJ·mol–1 

f mH ο∆ (ZrF2, g, 298.15 K) = – (478.3 ± 0.8) kJ·mol–1 

f mH ο∆ (ZrF, g, 298.15 K) = (72.1 ± 1.0) kJ·mol–1. 

Heat capacity and entropy values, at 298.15 K, for the gaseous zirconium 
fluorides were calculated by van der Vis et al. [97VIS/COR] from geometric structure 
and molecular parameters. The tetrafluoride has Td geometry whereas Drake and 
Rosenblatt [79DRA/ROS] predicted that the trifluoride would have a pyramidal 
structure. Hauge and Margrave [73HAU/MAR] estimated the vibrational frequencies 
for the difluoride and predicted the structure of the compound would be bent. The 
following heat capacity and entropy values for the gaseous zirconium fluorides have 
been calculated by [97VIS/COR]: 

,mpC0 (ZrF, g, 298.15 K) = (32.8 ± 1.0) J·K–1·mol–1 

,mpC0 (ZrF2, g, 298.15 K) = (49.4 ± 2.0) J·K–1·mol–1 

,mpC0 (ZrF3, g, 298.15 K) = (68.4 ± 2.0) J·K–1·mol–1 

,mpC0 (ZrF4, g, 298.15 K) = (87.44 ± 0.50) J·K–1·mol–1, 



V.4  Group 17 (halogen) compounds and complexes 

 

153

mS 0 (ZrF, g, 298.15 K) = (243.6 ± 2.0) J·K–1·mol–1 

mS 0 (ZrF2, g, 298.15 K) = (290.4 ± 4.0) J·K–1·mol–1 

mS 0 (ZrF3, g, 298.15 K) = (309.1 ± 4.0) J·K–1·mol–1 

mS 0 (ZrF4, g, 298.15 K) = (322.1 ± 1.0) J·K–1·mol–1, 

where the uncertainties have been assigned by this review. The values derived by 
[97VIS/COR] are selected here. 

The Gibbs energy of formations are then calculated from the selected 
enthalpies of formation and entropies, utilising the entropy values for Zr(cr) and F2(g) 
(see Section V.1.1.2.1 and Chapter IV): 

f mG∆ 0 (ZrF, g, 298.15 K) = (41.3 ± 1.2) kJ·mol–1 

f mG∆ 0 (ZrF2, g, 298.15 K) = – (492.8 ± 1.4) kJ·mol–1 

f mG∆ 0 (ZrF3, g, 298.15 K) = – (1065.7 ± 1.7) kJ·mol–1 

f mG∆ 0 (ZrF4, g, 298.15 K) = – (1634.6 ± 1.0) kJ·mol–1. 

V.4.2 Chlorine compounds and complexes 

V.4.2.1 Aqueous zirconium chlorides 
There have only been a few studies of the complexation of zirconium by the chloride 
ion [49CON/MCV], [56LEV/FRE], [62MAR/RYA], [70PRA/HAV], [76TRI/SCH] and 
the complexation has been found to be weak. All of the studies have used a mixture of 
perchloric and hydrochloric acids as the ionic medium, but of differing ionic strengths. 

 Connick and McVey [49CON/MCV] measured the extraction of zirconium 
into benzene as Zr(TTA)4, in the presence of chloride. Only two measurements were 
taken and were used to indicate the formation of ZrCl3+. However, due to the 
inadequacy of the number of data points used to derive the stability constant of the 
species, it has not been included in this review. Levitt and Freund [56LEV/FRE] studied 
the solvent extraction of zirconium with tributyl phosphate (TBP) in the presence of 
chloride (6.54 M HClO4; 25°C). They did not determine the stability of the zirconium 
chloride complexes formed but their data were subsequently used by [57SOL] as the 
basis for a determination of the stability constants for four complexes 4ZrCl q

q
− , q = 1 to 

4. In the present review, a new evaluation of the results of [56LEV/FRE] indicates that 
stability constants for more than two complexes,complexes, ZrCl3+ and 2+

2ZrCl , cannot 
be determined from these results (see Appendix A). Marov and Ryabchikov 
[62MAR/RYA] studied the complexation of zirconium with chloride using the ion 
exchange technique. They maintained the ionic strength at either 2 or 4 M using HClO4 
but the temperature used in the study was not given; thus, ambient temperature has been 
assumed (i.e. 18 to 30°C). Marov and Ryabchikov [62MAR/RYA] interpreted their data 
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with four constants, for 4ZrCl q
q

− , q = 1 to 4, in 2 M HClO4 and with three for 4ZrCl q
q

− , 
q = 1 to 3, in 4 M HClO4. However, a re-interpretation in the present review indicated 
that the number of species that could be supported by the data was not consistent with 
that given by [62MAR/RYA] in either medium. The least squares analysis performed in 
this review indicated the presence of only ZrCl3+ and 2

2ZrCl +  in 2 M HClO4 and ZrCl3+ 
to ZrCl4 in 4 M HClO4. Prášilová and Havliček [70PRA/HAV] determined the stability 
constants of zirconium chloride complexes by an ion exchange method using dinonyl 
naphthalene sulfonic acid in heptane as the liquid ion exchanger. The experiments were 
conducted in 2 M HClO4 and at 20°C. Their data were consistent with the formation of 
ZrCl3+, 2+

2ZrCl  and 3ZrCl+ . Tribalat and Schriver [76TRI/SCH] studied the 
complexation of zirconium by chloride using solvent extraction with 
β-isopropyltropolone. They maintained the ionic strength at 4 M using HClO4 but the 
temperature used in the study was not given; thus, ambient (or room) temperature has 
been assumed (18 to 30ºC). Their results indicated that the reciprocal of the distribution 
coefficient was linear with respect to the chloride concentration. Thus, they interpreted 
their data using only ZrOHCl2+, since they believed that the reaction occurring in 
solution involved ZrOH3+ rather than Zr4+. The stability constants recalculated in this 
review, using a statistical (least squares) regression technique, for each of the above 
mentioned studies are listed in Table V-20. 

 The reaction of zirconium with chloride can be represented by the equation: 

 Zr4+ + qCl−  4ZrCl q
q

−  (V.34) 

For ZrCl3+, the SIT was used to determine the stability constant at zero ionic 
strength, using the data given in Table V-20, as is shown in Figure V-21. The 10log οb  
determined from the least squares analysis is: 

10log οb ((V.34), q = 1, 298.15 K) = (1.59 ± 0.06);  

with ∆ε(V.34) = − (0.14 ± 0.02) kg·mol–1. 

These values compare favourably with those determined recently by 
[2002HUM/BER] in the NAGRA/PSI thermochemical database update. The difference 
in the value of 10log οb  between the present review and that of [2002HUM/BER] arises 
from the re-evaluation of the original data performed in this review. The value of ∆ε 
was used in conjunction with the interaction coefficient derived for ε(Zr4+, 4ClO− ) in this 
review (0.89 ± 0.10) kg·mol–1, and that for ε(H+, Cl−) given in Appendix B to give a 
value for ε(ZrCl3+, 4ClO− ) of (0.87 ± 0.10) kg·mol–1. This latter value is consistent with 
values calculated for the interaction coefficients of other tetravalent monochloride 
complexes [92GRE/FUG], [2001LEM/FUG]. 
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Table V-20: Experimental equilibrium data for the zirconium-chloride system as 
recalculated in this review(a). 

Method Ionic Medium t (°C) log10 *K Reference 

   Reported Recalculated  

Zr4+ + Cl–  ZrCl3+ 

dis 2 M H(Cl,ClO4) 25    (0.3)  [49CON/MCV] 

dis 6.54 M H(Cl,ClO4) 25     (0.75 ± 0.08) [56LEV/FRE] 

cix 2 M H(Cl,ClO4) r.t. − (0.02 ± 0.02)    (0.03 ± 0.08) [62MAR/RYA] 

cix 4 M H(Cl,ClO4) r.t.    (0.04 ± 0.04)    (0.05 ± 0.15) [62MAR/RYA] 

dis 2 M H(Cl,ClO4) 20    0.08    (0.04 ± 0.02) [70PRA/HAV] 

Zr4+ + 2Cl–  2
2ZrCl +  

dis 6.54 M H(Cl,ClO4) 25     (1.08 ± 0.10) [56LEV/FRE] 

cix 2 M H(Cl,ClO4) r.t. − (0.92 ± 0.18) − (0.31 ± 0.18) [62MAR/RYA] 

cix 4 M H(Cl,ClO4) r.t. − (0.68 ± 0.10) − (0.64 ± 0.38) [62MAR/RYA] 

dis 2 M H(Cl,ClO4) 20 − (0.53) − (0.46 ± 0.10) [70PRA/HAV] 

Zr4+ + 3Cl– 3ZrCl+  

cix 4 M H(Cl,ClO4) r.t. − (1.30 ± 0.09) − (1.21 ± 0.41) [62MAR/RYA] 

dis 2 M H(Cl,ClO4) 20 − 1.0 − (1.0 ± 0.2) [70PRA/HAV] 

Zr4+ + 4Cl–  ZrCl4 

cix 4 M H(Cl,ClO4) r.t.  − (1.51 ± 0.27) [62MAR/RYA] 

ZrOH3+ + Cl–  ZrOHCl2+ 

dis 4 M (H,Na)(Cl,ClO4) r.t. − (0.52 ± 0.14)  [76TRI/SCH] 

a Other reported stability constants from the various studies are given in the relevant entries in 
Appendix A. 

r. t.:  ambient (or room) temperature 
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Figure V-21: Extrapolation to I = 0 of experimental data for the formation of ZrCl3+ 
using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [56LEV/FRE] (●), [62MAR/RYA] ( ) and [70PRA/HAV] (■). All the data 
from the studies have been recalculated in this review. The dashed lines are back 
propagated data using the 95% uncertainties in the stability constant and interaction 
coefficient to I = 0 mol·kg–1. 

 

 

 Tribalat and Schriver [76TRI/SCH] reported a stability constant, in 4 M 
HClO4, for Reaction (V.35): 

 ZrOH3+ + Cl−  ZrOHCl2+ (V.35) 

as given in Table V-20. However, on the basis of the stability constant (0.28) 
determined by Norén [73NOR] in 4 M 4ClO− , the interpretation of [76TRI/SCH] is 
unlikely. Under the experimental conditions used, ZrOH3+ would account for less than 
7% of the total zirconium in solution. Furthermore, it would be expected that Zr4+ would 
react more strongly with β-isopropyltropolone, the carrier used in the experiments, than 
would ZrOH3+. However, a recalculation of the data of [76TRI/SCH] with the 
assumption that the data represents Reaction (V.34) rather than (V.35) leads to a 
stability constant that is inconsistent with those of other studies (see Table V-20). The 
inconsistency is most likely due to the formation of aqueous complexes between 
zirconium and β-isopropyltropolone. The presence of such complexes would lead to a 
smaller apparent stability constant for ZrCl3+ (see discussion in Appendix A). As such, 
the data of [76TRI/SCH] has not been used in the present review. 
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 Using the data given in Table V-20, the SIT was used to determine a stability 
constant for 2+

2ZrCl at zero ionic strength. The stability constants, converted to molal 
units, for this species have been plotted against the ionic strength in Figure V-22. Least 
squares analysis gives a 10log οb  value of: 

10log οb ((V.34), q = 2, 298.15 K) = (2.17 ± 0.24). 

Figure V-22: Extrapolation to I = 0 of experimental data for the formation of 2+
2ZrCl  

using the specific ion interaction theory. The data refer to perchlorate media and are 
taken from [56LEV/FRE] (●), [62MAR/RYA] ( ) and [70PRA/HAV] (■). All the data 
from the studies have been recalculated in this review. The dashed lines are back 
propagated data using the 95% uncertainties in the stability constant and interaction 
coefficient to I = 0 mol·kg–1. 

 

The analysis also gives a value for ∆ε of – (0.29 ± 0.04) kg·mol–1. The value 
determined for the 10log οb  of 2+

2ZrCl  in this review is similar to that given by 
Hummel et al. [2002HUM/BER] (see Figure 3 in that work: the value given in the text 
of [2002HUM/BER] is inconsistent with the figure). The value of ∆ε was used in 
conjunction with the interaction coefficient derived for ε(Zr4+, 4ClO− ) in this review 
(0.89 ± 0.10) kg·mol–1, and that for ε(H+, Cl−) given in Appendix B to give a value for 
ε( 2

2ZrCl + , 4ClO− ) of (0.84 ± 0.11) kg·mol–1. 

 There is insufficient data to determine a stability constant at zero ionic strength 
for either +

3ZrCl  or ZrCl4. 
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 The Gibbs energy of formation for these aqueous zirconium chloride 
complexes are determined from the stability constant data given for q = 1 and 2 at zero 
ionic strength and the Gibbs energy of formation for Zr4+ and Cl− (Section V.2.1 and 
Chapter IV, respectively): 

f mGο∆ (ZrCl3+, 298.15 K) = − (668.8 ± 9.2) kJ.mol–1 

f mGο∆ ( 2
2ZrCl + , 298.15 K) = − (803.3 ± 9.3) kJ.mol–1. 

V.4.2.2 Solid zirconium chlorides 

V.4.2.2.1 ZrCl4(cr) 

The crystal structure of ZrCl4(cr) is reported to be monoclinic at room temperature 
[69KRE], [70KRE], transforming to a cubic structure at a temperature of 538 K 
[30HAN], [79KUZ/TRO]. However, Coughlin and King [50COU/KIN], who measured 
the enthalpy change of ZrCl4(cr) across this temperature, did not observe a thermal 
effect of this phase transition, and therefore, the enthalpy change of the transition must 
be quite small. As such, ZrCl4(cr) will be treated as a single phase [97VIS/COR]. The 
melting point is (710 ± 1) K [97VIS/COR]. 

The heat capacity of ZrCl4(cr) was measured by Efimov and co-workers 
[87PRO/BER], [89EFI/PRO] from 8.46 to 315.70 K and by Todd [50TOD] from 52.6 to 
296.7 K whereas Coughlin and King [50COU/KIN] measured the enthalpy change from 
335.9 to 566.8 K. The heat capacity measurements are consistent up to about 80 K, but 
deviate above this temperature increasing to a difference of 2.6% at 298 K 
[97VIS/COR]. From the interpretation that [50COU/KIN] made of their measurements, 
it would appear that they are more consistent with the heat capacity data of [50TOD], as 
indicated in the recent review of [97VIS/COR]. However, closer examination of the 
data indicates that the measured values are more consistent with the heat capacity data 
of Efimov and co-workers. 

The data, in the temperature range 50 to 567 K, have been re-interpreted in this 
review to give thermodynamic values that are the most consistent with the measured 
data in this temperature range. The dependence of the heat capacity on temperature, as 
determined by least squares analysis, is given by Eq.(V.36): 

 567 K
,m 50 K[ ]pC0 (ZrCl4, cr, T ) = (149.55 – 0.01475 T – 8857.6 T –1  

 + 185283 T –2) J·K–1·mol–1. (V.36) 

The heat capacity values calculated using this equation join smoothly the heat 
capacity data of Efimov and co-workers [87PRO/BER], [89EFI/PRO] at temperatures 
below 50 K. A comparison between the heat capacity values calculated using Eq.(V.36) 
and the experimental data are illustrated in Figure V-23. Similarly, enthalpy change 
values derived from Eq.(V.36) and the appropriate integration are compared with the 
data of [50COU/KIN] in Figure V-24.  
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Figure V-23: Comparison of calculated and experimental values of the heat capacity of 
ZrCl4(cr) between 50 and 316 K. The data are from [50TOD] (■) and [89EFI/PRO] (∆). 
The solid line has been calculated in this review. 

 

Figure V-24: Comparison of calculated and experimental values of the enthalpy change 
of ZrCl4(cr) between 336 and 557 K. The data are from [50COU/KIN] and the solid line 
has been calculated in this review. 
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The selected value of the heat capacity at 298.15 K determined from the least 
squares regression is: 

,mpC0 (ZrCl4, cr, 298.15 K) = (117.5 ± 1.6) J·K–1·mol–1. 

 The selected value is in good agreement with the value recommended by 
[85CHA/DAV], 119.788 J·K–1·mol–1, which was based solely on the results of 
[50TOD]. As can be seen from the data presented in Figure V-23, the data of [50TOD] 
are more positive than those calculated in this review (solid line). 

The heat capacity equation (V.36) was used to derive an expression for the 
entropy change in the temperature range 50 to 600 K. The heat capacity data of Efimov 
et al. [89EFI/PRO] were then used to calculate the entropy change below 50 K. The 
values were then combined to derive a value for the standard entropy at 298.15 K of: 

mS 0 (ZrCl4, cr, 298.15 K) = (181.2 ± 2.6) J·K–1·mol–1. 

 The selected value is in excellent agreement with the entropy values selected 
by [76ALC/JAC] (182 ± 2.5), [85CHA/DAV] (181.42 ± 0.7) and [97VIS/COR] 
(182.0 ± 0.5). 

The enthalpy of formation of ZrCl4(cr) has been measured in a number of 
studies [28BEC], [52SIE/SIE], [57GRO/HAY], [65GAL/GED], [68GAL/GED], 
[89EFI/PRO]; the values are given in Table V-21.  

Table V-21: Values for the enthalpy of formation of ZrCl4(cr) at 298.15 K. 

f mH∆ 0  (kJ·mol–1) Reference 

       – 1138 [28BEC] 

– (970.3 ± 2.1) [52SIE/SIE] 

– (982.0 ± 1.7) [57GRO/HAY] 

– (980.5 ± 8.8) [65GAL/GED] 

– (979.8 ± 1.2) [68GAL/GED] 

– (981.0 ± 2.0) [89EFI/PRO] 

The measurements of Beck [28BEC] and Efimov et al. [89EFI/PRO] were 
determined using solution calorimetry whereas the other studies used chlorine 
combustion calorimetry. The value obtained by [28BEC] from the enthalpy of 
hydrolysis of ZrCl4(cr) is too low because of an inappropriate identification of the 
hydrolysis complexes produced in the reaction. The value of Siemonsen and Siemonsen 
[52SIE/SIE] is considered too high due to incomplete chlorination of the zirconium 
samples [97VIS/COR]. The earlier measurement of Gal’chenko et al. [65GAL/GED] 
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had a large uncertainty due to a correction for an impurity. This review selects the 
weighted average of the remaining three values, namely: 

f mH∆ 0 (ZrCl4, cr, 298.15 K) = – (980.8 ± 0.9) kJ·mol–1. 

 The selected value is in excellent agreement with the enthalpy of formation 
values selected by [76ALC/JAC] − (980.7 ± 1.2), [85CHA/DAV] − (981.59 ± 1.7) and 
[97VIS/COR] − (981.0 ± 2.0). 

The standard entropy value was combined with the standard entropy of 
zirconium metal selected in this review (Section V.1.1), the selected auxiliary data for 
the standard entropy of Cl2(g) (Chapter IV) and the selected enthalpy of formation of 
ZrCl4(cr) to give a selected Gibbs energy change at 298.15 K of: 

f mG∆ 0 (ZrCl4, cr, 298.15 K) = – (890.2 ± 1.2) kJ·mol–1. 

From their measurements, Efimov et al. [89EFI/PRO] calculated a value for 
the Gibbs energy change of – (889.9 ± 1.0) kJ·mol–1 in good agreement with the value 
selected in this review. 

Thermodynamic parameters to 600 K, obtained from expressions derived from 
Eq.(V.36), and the heat capacity data of Efimov et al. [89EFI/PRO] at temperatures 
below 50 K, are given in Table V-22.  

The data presented in Table V-22 is somewhat different than earlier 
recommended data [76ALC/JAC], [85CHA/DAV], which were based solely on the data 
of Todd [50TOD] below 297 K. As is evident from the data presented in Figure V-23, 
above about 125 K the heat capacity data of [50TOD] is systematically more positive 
than that of Efimov and coworkers [87PRO/BER], [89EFI/PRO]. This discrepancy 
explains the differences between the thermochemical values presented in the present 
review from those listed in the earlier reviews [76ALC/JAC], [85CHA/DAV]. 

 

 

 

 

 

 

 

 

 

 



V Discussion of data selection for zirconium 162 

 

Table V-22: Thermodynamic properties of solid ZrCl4. 

T 
(K) 

o

, mp
C  

(J·K–1·mol–1) 

o

mS  
(J·K–1·mol–1) 

m m( ) (0 K)H T H−  
(J·mol–1) 

m m[ ( ) (0K)] /G T H T− −  
(J·K–1·mol–1) 

0 0.0 0.0 0 — 

25 17.2 8.3 145 2.5 

50 45.8 29.3 937 10.6 

75 63.3 51.1 2314 20.2 

100 78.0 71.4 4108 30.3 

125 88.7 90.1 6218 40.3 

150 96.5 107.0 8556 49.9 

175 102.4 122.3 11064 59.1 

200 106.9 136.3 13701 67.8 

225 110.5 149.1 16439 76.0 

250 113.4 160.9 19258 83.9 

273.15 115.6 171.0 21925 90.8 

275 115.7 171.8 22141 91.3 

298.15 117.5 181.2 24858 97.9 

300 117.7 182.0 25077 98.4 

325 119.3 191.4 28057 105.1 

350 120.6 200.3 31074 111.6 

375 121.7 208.7 34121 117.7 

400 122.7 216.6 37194 123.6 

425 123.5 224.0 40289 129.2 

450 124.1 231.1 43402 134.7 

475 124.7 237.8 46531 139.9 

500 125.2 244.3 49674 144.9 

525 125.6 250.4 52827 149.8 

550 125.9 256.2 55989 154.4 

575 126.2 261.8 59160 158.9 

600 126.5 267.2 62336 163.3 
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V.4.2.2.2 ZrCl3(cr) 

The crystal structure of ZrCl3(cr), the composition of which has been found to vary in 
the range ZrCl2.94 to ZrCl3.03 [78DAA/COR], is hexagonal. The lattice parameters of the 
phase have been measured by Daake and Corbett [78DAA/COR] and depend on the 
stoichiometrical coefficient of chlorine in the solid; both lattice parameters, a and c, 
decrease slightly as the amount of chlorine in the solid increases (in ZrCl3.02: a = 
(6.3842 ± 0.0004) Å; c = (6.1341 ± 0.0005) Å). 

The low temperature heat capacity of ZrCl3(cr) has been measured by Efimov 
and co-workers [86BER/PAU], [87EFI/PRO] from 7 to 312 K using adiabatic 
calorimetry. The data, in the temperature range 50 to 312 K, has been re-interpreted to 
determine the coefficients of the temperature dependence of the heat capacity as these 
were not given by Efimov and co-workers. The dependence, as determined by least 
squares analysis, is given by Eq.(V.37): 

 312K
,m 7K[ ]pC0 (ZrCl3, cr, T ) = (132.57 – 0.04084 T – 8833.7 T –1  

 + 194576 T –2) J·K–1·mol–1. (V.37) 

The heat capacity values calculated using this equation join smoothly the heat 
capacity data of [86BER/PAU] and [87EFI/PRO] at temperatures below 50 K. 

The selected heat capacity at 298.15 K determined from the least squares 
regression is: 

,mpC0 (ZrCl3, cr, 298.15 K) = (92.95 ± 0.62) J·K–1·mol–1. 

Both the selected value and its uncertainty differ from those calculated by 
Efimov and co-workers. In the work of Efimov et al. [87EFI/PRO], the heat capacity 
was determined by a spline fit to the data rather than an expression similar to              
Eq.(V.37). The other thermodynamic functions were then calculated using the 
coefficients of the spline fit. The heat capacity at 298.15 K with its associated 
uncertainty, however, does overlap the heat capacity value calculated by Efimov et al. 
[87EFI/PRO] (92.871 ± 0.089) J·K–1·mol–1. 

The heat capacity equation (V.37) was used to derive an expression for the 
entropy change in the temperature range 50 to 315 K. The heat capacity data of Efimov 
and co-workers [86BER/PAU], [87EFI/PRO] were then used to calculate the entropy 
change below 50 K. The values were then combined to derive a value for the standard 
entropy at 298.15 K of: 

mS 0 (ZrCl3, cr, 298.15 K) = (137.72 ± 0.94) J·K–1·mol–1. 

This selected value is in good agreement with the value calculated by Efimov 
et al. [87EFI/PRO], (137.50 ± 0.28) J·K–1·mol–1. The value selected in this review is 
also within the uncertainty interval of the value recommended by [85CHA/DAV] 
(145.812 ± 12.6), however, the substantially reduced uncertainty for the value selected 
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in this review is a result of the value being based on direct measurement rather than an 
empirical method. 

The enthalpy of formation of ZrCl3(cr) has been measured by Efimov et al. 
[87EFI/PRO] using solution calorimetry of ZrCl3(cr) in 3 M HCl. Both the measured 
enthalpy of reaction and the enthalpy of vaporisation of water that was present in the 
hydrogen evolved in the reaction were dependent on the amount of substance used in 
the experiments. Thus, the enthalpy of reaction should be modified, using least squares 
analysis, for the amount of substance used [97VIS/COR] rather than using the mean 
value – (319.2 ± 2.6) kJ·mol–1. The value calculated from the least squares analysis, 
with an uncertainty of 95%, is – (317.9 ± 2.0) kJ·mol–1. This was then combined with 
the enthalpy of formation of ZrCl4(cr) (Section V.4.2.2.1) and the partial enthalpy of 
formation of HCl in the solution to give an enthalpy of formation for ZrCl3(cr) of 
− (759.3 ± 3.1) kJ·mol–1. 

Troyanov et al. [74TRO/MAR] studied the disproportionation of solid ZrCl3 at 
780 K, according to Reaction (V.38): 

 2ZrCl3(cr)  ZrCl4(g) + ZrCl2(cr) (V.38) 

using differential thermal analysis and thermogravimetry. A recalculation of their data 
using the selected enthalpies of formation for ZrCl4(g) and ZrCl2(cr) from this review 
leads to a value for the enthalpy of formation of ZrCl3(cr) at 298.15 K of 
− (773.3 ± 13.0) kJ·mol–1. The selected value for the enthalpy of formation of ZrCl3(cr) 
is the weighted average of the above two values: 

f mH∆ 0 (ZrCl3, cr, 298.15 K) = − (760.1 ± 3.0) kJ·mol–1. 

This value is in good agreement with the value calculated by van der Vis et al. 
[97VIS/COR] – (759.4 ± 3.0) kJ·mol–1, from the earlier work of Efimov et al. 
[87EFI/PRO], in their recent review of the thermochemistry of the zirconium halides. 

The standard entropy value was combined with the standard entropy of 
zirconium metal selected in this review (Section V.1.1), the selected auxiliary data for 
the standard entropy of Cl2(g) (Chapter IV) and the selected enthalpy of formation of 
ZrCl3(cr) to give the selected Gibbs energy change, at 298.15 K, of: 

f mG∆ 0 (ZrCl3, cr, 298.15 K) = − (689.7 ± 3.0) kJ·mol–1. 

From their measurements, Efimov et al. [87EFI/PRO] calculated a value for 
the Gibbs energy change of – (685.0 ± 1.5) kJ·mol–1, which is in good agreement with 
the value selected in this review. 

Thermodynamic parameters to 325 K, obtained from expressions derived from 
Eq.(V.38), and the heat capacity data of [87EFI/PRO] at temperatures below 50 K, are 
given in Table V-23. 
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Table V-23: Thermodynamic properties of solid ZrCl3. 

T 
(K) 

,mpCο  
(J·K–1·mol–1) 

mS ο  
(J·K–1·mol–1) 

m m( ) (0 K)H T H−  
(J·mol–1) 

m m[ ( ) (0 K)] /G T H T− −  
(J·K–1·mol–1) 

0 0.0 0.0 0 — 

25 12.1 5.9 103 1.8 

50 31.68 20.37 647 7.4 

75 46.31 35.83 1664 13.6 

100 59.60 51.07 3047 20.6 

125 69.24 65.46 4715 27.7 

150 76.20 78.74 6588 34.8 

175 81.29 90.89 8611 41.7 

200 85.09 102.00 10743 48.3 

225 87.96 112.20 12959 54.6 

250 90.13 121.58 15237 60.6 

273.15 91.68 129.63 17389 66.0 

275 91.79 130.25 17563 66.4 

298.15 92.95 137.72 19749 71.5 

300 93.03 138.30 19925 71.9 

325 93.95 145.78 22313 77.1 

 

V.4.2.2.3 ZrCl2(cr) 

The crystal structure of ZrCl2(cr) is rhombohedral [73TRO/TSI], [79CIS/COR]. The 
composition of the phase has been found to vary between ZrCl1.5 and ZrCl2 
[79CIS/COR]. The cell structure consists of homoatomic layers sequenced Cl–Zr–Cl 
with trigonal prismatic coordination of the zirconium by chlorine [79CIS/COR]. The 
lattice parameters of ZrCl2(cr) have been measured by [79CIS/COR], with a = 
(6.748 ± 0.001) Å; α = (29.025 ± 0.003)º.  

Heat capacity data for the ZrCl2(cr) phase has not been obtained. However, van 
der Vis et al. [97VIS/COR] estimated the heat capacity of the phase using Eq.(V.39): 

 ,mpC0 (ZrCln, cr, T ) = 
1
4

[(n − δ) ,mpC0 (ZrCl4, cr, T )  
 + (4 − n + δ) ,mpC0 (ZrCl, cr, T )] J·K–1·mol–1. (V.39) 

They used the experimental heat capacities of Zr(cr), ZrCl(cr) and ZrCl3(cr) to 
determine the value of δ. The value of δ was found to remain constant for ZrCl (0.096) 
within the temperature range 200 to 300 K, whereas for ZrCl3 the value increased from 
0.10 at 200 K to 0.16 at 300 K. Using linear interpolation, they calculated for ZrCl2(cr) 
a value of δ of 0.128. On the basis of the heat capacity determined for ZrCl4(cr) in this 
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review and the δ value calculated by [97VIS/COR], the heat capacity estimated for 
ZrCl2(cr) is: 

,mpC0 (ZrCl2, cr, 298.15 K) = (68.8 ± 1.6) J·K–1·mol–1 

where the uncertainty in the value has been estimated in this review. 

Equation (V.39) was used to obtain heat capacity values at various 
temperatures. Least squares analysis was then used to obtain an expression for the heat 
capacity as a function of temperature. From this expression, a similar expression was 
obtained for the standard entropy as a function of temperature. The latter expression was 
used to estimate a value for the standard entropy at 298.15 K: 

mS 0 (ZrCl2, cr, 298.15 K) = (105.7 ± 2.6) J·K–1·mol–1. 

 The heat capacity and entropy values are not dissimilar from those 
recommended by [85CHA/DAV], 72.592 and (110.039 ± 12.6) J·K–1·mol–1, 
respectively, using a methodology similar to that outlined above, where the latter 
compound used in Eq.(V.39) was Zr(cr) rather than ZrCl(cr), and δ was set equal to 
zero. 

Troyanov et al. [74TRO/MAR] studied the disproportionation of solid ZrCl2 at 
920 K, according to Reaction (V.40): 

 2ZrCl2(cr)  ZrCl4(g) + 2ZrCl(cr) (V.40) 

using differential thermal analysis and thermogravimetry. A recalculation of their data 
using the selected enthalpies of formation for ZrCl4(g) and ZrCl(cr) from this review 
leads to a value of the enthalpy of formation of ZrCl2(cr) at 298.15 K of: 

f mH∆ 0 (ZrCl2, cr, 298.15 K) = – (542.8 ± 13) kJ·mol–1 

that is selected by this review. 

The selected value is considerably more negative than the value 
− (431.95 ± 41.8) proposed by Chase et al. [85CHA/DAV] in the JANAF 
thermochemical tables. The value proposed by [85CHA/DAV] was calculated from a 
value for the enthalpy of formation for ZrCl2(g) which is considerably more negative 
than that recommended in this review and a heat of sublimation estimated from an 
average of the heats of formation of TiCl2, VCl2, CrCl2, MnCl2, FeCl2, CoCl2 and NiCl2. 
On the basis of the values recommended in this review, the heat of sublimation for 
ZrCl2(cr) is calculated to be (94.9 ± 15.9) kJ·mol–1 a value considerably more positive 
than that estimated by [85CHA/DAV], indicating that the heat of sublimation of the 
listed metal dichlorides are not good analogues for that of zirconium dichloride. 

The value determined in the present review is in good agreement with the one 
proposed by [97VIS/COR] − (531 ± 15) kJ·mol–1, estimated from an interpolation of the 
ZrCln series. 
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The standard entropy value was combined with the standard entropy of 
zirconium metal selected in this review (Section V.1.1), the selected auxiliary data for 
the standard entropy of Cl2(g) (Chapter IV) and the selected enthalpy of formation of 
ZrCl2(cr) to give a selected Gibbs energy change, at 298.15 K, of: 

f mG∆ 0 (ZrCl2, cr, 298.15 K) = – (496 ± 13) kJ·mol–1. 

V.4.2.2.4 ZrCl(cr) 

The crystal structure of ZrCl(cr) is trigonal [76ADO/COR], [77DAA/COR]. The cell 
structure contains tightly bound double metal sheets between close packed halide layers, 
with a layering sequence of Cl–Zr–Zr–Cl. The lattice parameters of ZrCl(cr) have been 
measured by Corbett and co-workers [76ADO/COR], [77DAA/COR], with a = 
(3.4233 ± 0.0009) Å; c = (26.692 ± 0.006) Å. The composition of the phase has been 
found to vary between ZrCl0.98 and ZrCl1.09 [76ADO/COR], [77DAA/COR], 
[89EFI/PRO]. 

The low temperature heat capacity of ZrCl0.98(cr) has been measured by 
Efimov et al. [89EFI/PRO] between 9.8 and 316 K using adiabatic calorimetry. The 
coefficients of the temperature dependence of the heat capacity were not given by the 
authors and, as such, the data have been re-interpreted in this review, in the temperature 
range 50 to 320 K. The dependence, as determined by least squares analysis, is given 
by: 

 320 K
,m 50 K[ ]pC0 (ZrCl0.98, cr, T ) = (72.12 – 5287.5 T –1 + 114324 T –2  

 – 0.03174 T ) J·K–1·mol–1. (V.41) 

The heat capacity values calculated using this equation join smoothly the heat 
capacity data of [89EFI/PRO] at temperatures below 50 K. 

The heat capacity of ZrCl(cr), at a given temperature, can be calculated from 
the data for ZrCl0.98(cr) by adopting the approximation: 

,mpCο (ZrCl, cr, T ) = ,m 0.98(ZrCl , cr, )
0.98

pC Tο

 

and therefore, the selected value for the heat capacity of ZrCl(cr) at 298.15 K using the 
above equality and the temperature dependence of the heat capacity of ZrCl0.98(cr), as 
described by Eq.(V.41), is: 

,mpC0 (ZrCl, cr, 298.15 K) = (47.16 ± 0.59) J·K–1·mol–1. 

This value is in good agreement with that proposed by Efimov et al. 
[89EFI/PRO] ((47.26 ± 0.10) J·K–1·mol–1). However, it is not entirely clear how the 
authors interpreted their data but, most likely, in accord with their previous study of 
ZrCl3(cr) they used a cubic spline to smooth the measured data. 

The heat capacity equation (V.41) was used to derive an expression for the 
entropy change in the temperature range 50 to 316 K. The heat capacity data of 
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[89EFI/PRO] were then used to calculate the entropy change below 50 K. The values 
were then combined to derive a value for the standard entropy of ZrCl0.98(cr) at 
298.15 K. As for the heat capacity, this value was then divided by 0.98 to give the 
selected value for the standard entropy of ZrCl(cr) at 298.15 K: 

mS 0 (ZrCl, cr, 298.15 K) = (61.00 ± 0.97) J·K–1·mol–1. 

This value is in good agreement with the value calculated by [89EFI/PRO] 
(60.94 ± 0.12) J·K–1·mol–1 and selected by [97VIS/COR], although the latter had a larger 
uncertainty (0.50). 

The enthalpy of formation of ZrCl1.09(cr) has been measured by [89EFI/PRO] 
using solution calorimetry of ZrCl1.09(cr) in 1.0 M HF + 2.9 M HCl. The enthalpy of 
formation of ZrCl1.09(cr) derived by [89EFI/PRO] was − (330.5 ± 2.4) kJ·mol–1. As for 
the heat capacity, this value was then divided by the stoichiometric coefficient of 
chlorine in the phase (1.09) [89EFI/PRO] to obtain an estimated value for the enthalpy 
of formation of ZrCl(cr), at 298.15 K, of – (303.3 ± 3.4) kJ·mol–1. Tsirel’nikov et al. 
[73TSI/KHO] and Makarov et al. [85MAK/GAN] measured the vapour pressure of 
gaseous ZrCl4 over solid ZrCl using effusion mass spectrometry. A second law 
evaluation of their data was performed by van der Vis et al. [97VIS/COR] who obtained 

f mH∆ 0 values, for ZrCl(cr) at 298.15 K, of – (283.8 ± 3.1) and − (290.0 ± 6.8) kJ·mol–1, 
respectively. Funaki and Uchimura [65FUN/UCH] used a static technique to study the 
vapour pressure of the same reaction. A third law analysis of their data [97VIS/COR] 
yielded a value for the enthalpy of formation of − (289.6 ± 6.4) kJ·mol–1. Troyanov et 
al. [74TRO/MAR] also studied the same reaction using differential thermal analysis and 
thermogravimetry. Their work has been re-evaluated in the present review and leads to a 
value for f mH∆ 0 of ZrCl(cr) of – (283.1 ± 6.3) kJ·mol–1. The selected value is the 
weighted average of the above values: 

f mH∆ 0 (ZrCl, cr, 298.15 K) = – (291.2 ± 2.0) kJ·mol–1. 

 The selected value is in good agreement with that recommended by 
[97VIS/COR], namely − (300 ± 10) kJ·mol–1. 

The standard entropy value was combined with the standard entropy of 
zirconium metal selected in this review (Section V.1.1), the selected auxiliary data for 
the standard entropy of Cl2(g) (Chapter IV) and the selected enthalpy of formation of 
ZrCl(cr) to give a selected Gibbs energy change, at 298.15 K, of: 

f mG∆ 0 (ZrCl, cr, 298.15 K) = – (264.5 ± 2.0) kJ·mol–1. 

This value is more positive than that given by [89EFI/PRO] − (276.5 ± 3.4) kJ·mol–1. 

Thermodynamic parameters to 325 K, obtained from expressions derived from 
Eq.(V.41), and the heat capacity data of [89EFI/PRO] at temperatures below 50 K, are 
given in Table V-24. 
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Table V-24: Thermodynamic properties of solid ZrCl(cr). 

T 
(K) 

,mpCο  
(J·K–1·mol–1) 

mS ο  
(J·K–1·mol–1) 

m m( ) (0 K)H T H−  
(J·mol–1) 

m m[ ( ) (0K)] /G T H T− −  
(J·K–1·mol–1) 

0 0.0 0.0 0 — 

25 2.2 1 17 0.3 

50 10.73 4.8 169 1.4 

75 19.97 10.8 588 3.0 

100 28.07 17.7 1233 5.4 

125 33.85 24.6 2050 8.2 

150 37.95 31.2 2989 11.3 

175 40.91 37.3 4016 14.3 

200 43.06 42.9 5106 17.3 

225 44.63 48.0 6242 20.3 

250 45.78 52.8 7412 23.2 

273.15 46.56 56.9 8518 25.7 

275 46.61 57.2 8607 25.9 

298.15 47.16 61.0 9728 28.4 

300 47.19 61.3 9819 28.6 

325 47.57 65.1 11043 31.1 

 

V.4.2.3 Gaseous zirconium chlorides 
Studies of the enthalpy of sublimation of both solid and liquid zirconium tetrachloride 
to gaseous ZrCl4 have been reviewed by van der Vis et al. [97VIS/COR]. Their third 
law evaluations of data from the studies of the sublimation reaction: 

 ZrCl4(cr)  ZrCl4(g) (V.42) 

are summarised in Table V-25. The weighted average of the values is selected in this 
review for the enthalpy of sublimation: 

sub mH∆ 0 ((V.42), 298.15 K) = (109.30 ± 0.04) kJ·mol–1. 

This value is in good agreement with the value selected by van der Vis et al. 
[97VIS/COR] (110.0 ± 1.0) kJ·mol–1. 

This value can then be combined with the selected enthalpy of formation for 
ZrCl4(cr) to derive the selected enthalpy of formation of ZrCl4(g): 

f mH∆ 0 (ZrCl4, g, 298.15 K) = – (871.5 ± 0.9) kJ·mol–1. 
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Table V-25: Third law enthalpy of sublimation data for ZrCl4(cr) at 298.15 K, as 
derived by [97VIS/COR] from vapour pressure measurements of solid and liquid ZrCl4, 
given in the cited studies. 

T range (K) Method sub mH∆ 0  Reference 

4 4ZrCl (cr) ZrCl (g)  

535 − 607 Static (109.7 ± 0.2) [33RAH/FIS] 

510 − 610 Static 110.3 [49ROG/WIL] 

507 − 627 Static (110.0 ± 0.1) [58PAL/RYO] 

551 − 689 Static (109.7 ± 0.2) [58PAL/RYO] 

513 − 603 Static (109.6 ± 0.1) [65FUN/UCH] 

707 − 709 Static (109.1 ± 0.1) [65NIS/STO] 

625 − 708 Static (109.4 ± 0.2) [66DEN/SAF] 

376 − 493 Transpiration (110.3 ± 0.4) [68SAF/SHE] 

373 − 448 Kinetic (111.3 ± 0.4) [73KHO/TSI] 

561 − 642 Static 110.2 [74KIM/SPI] 

383 − 654 Static 109.2 [78RAY/BHA] 

405 − 500 Transpiration (108.3 ± 0.3) [94TAN/BOS] 

4 4ZrCl (cr) ZrCl (l)  

728 − 793 Static 108.4 [58BRO] 

714 − 741 Static (108.2 ± 0.1) [58PAL/RYO] 

711 − 773 Static (108.9 ± 0.2) [65NIS/STO] 

710 − 775 Static (108.9 ± 0.8) [67DEN/SAF] 

 The heat of reaction in the formation of ZrCl3(g), ZrCl2(g) and ZrCl(g) from a 
number of pathways have been examined by Potter [70POT] using Knudsen cell mass 
spectrometry. For the formation of ZrCl3(g), the reactions studied were: 

 Ca(g) + ZrCl4(g)  ZrCl3(g) + CaCl(g) (V.43) 

 CaCl(g) + ZrCl4(g)  ZrCl3(g) + CaCl2(g) (V.44) 

 Ba(g) + 2ZrCl4(g)  2ZrCl3(g) + BaCl2(g). (V.45) 

Ion intensities were measured for daughter ions of each of the gases in the 
reactions, from which the equilibrium constants, at each temperature investigated, were 
derived. From the equilibrium constants, third law heat of reactions were calculated. 
The third law heat of reaction derived for Reaction (V.43) was of low accuracy 
[70POT] and, as such, was not used in the derivation of the heat of formation of 
ZrCl3(g). Data from Reactions (V.44) and (V.45) were then combined with the selected 
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enthalpies of formation for ZrCl4(g) (see above), Ca(g) and CaCl(g) (Chapter IV), and 
CaCl2(g) (Chapter VI) to give the selected enthalpy of formation for ZrCl3(g): 

f mH∆ 0 (ZrCl3, g, 298.15 K) = − (520.1 ± 9.1) kJ·mol–1. 

For the formation of ZrCl2(g), Potter studied the reaction: 

 2ZrCl3(g)  ZrCl2(g) + ZrCl4(g) (V.46) 

from 1593 to 2102 K. For this reaction, he obtained a heat of reaction of (23.4 ± 7.9) 
kJ·mol–1 selected in this review. Using the selected values for the enthalpies of 
formation of ZrCl3(g) and ZrCl4(g) leads to the selected o

f mH∆  value for ZrCl2(g) 

f mH∆ 0 (ZrCl2, g, 298.15 K) = − (145.4 ± 19.8) kJ·mol–1. 

For the formation of ZrCl(g), the reactions studied were: 

 BCl(g) + Zr(g)  ZrCl(g) + B(g) (V.47) 

 2ZrCl2(g)  ZrCl(g) + ZrCl3(g). (V.48) 

The third law heat of reaction obtained for Reactions (V.47) and (V.48) by 
[70POT] were (37 ± 25) and – (51.5 ± 7.9) kJ·mol–1, respectively. These values were 
then combined with the selected enthalpies of formation for ZrCl3(g) and ZrCl2(g) (see 
above), B(g) (Chapter IV) and BCl(g) (176.7 ± 13) kJ·mol–1 (Chapter VI) to give the 
selected enthalpy of formation for ZrCl(g), determined from the weighted average of the 
values obtained from Reaction (V.47) and (V.48): 

f mH∆ 0 (ZrCl, g, 298.15 K) = (231.8 ± 23.6) kJ·mol–1. 

Geometric structure and molecular parameter data were used by [97VIS/COR] 
to determine the heat capacity and entropy of the gaseous zirconium chlorides at 
298.15 K. The predicted structure of the tetrachloride is tetrahedral, that of the 
trichloride is planar and the dichloride is linear. From the measured and estimated data, 
[97VIS/COR] calculated the following heat capacity and entropy values for the gaseous 
zirconium chlorides: 

,mpC0 (ZrCl, g, 298.15 K) = (35.7 ± 1.5) J·K–1·mol–1 

,mpC0 (ZrCl2, g, 298.15 K) = (58.3 ± 2.5) J·K–1·mol–1 

,mpC0 (ZrCl3, g, 298.15 K) = (76.1 ± 2.5) J·K–1·mol–1 

,mpC0 (ZrCl4, g, 298.15 K) = (98.2 ± 1.0) J·K–1·mol–1, 

mS 0 (ZrCl, g, 298.15 K) = (256.0 ± 3.0) J·K–1·mol–1 

mS 0 (ZrCl2, g, 298.15 K) = (292.1 ± 5.0) J·K–1·mol–1 

mS 0 (ZrCl3, g, 298.15 K) = (341.6 ± 5.0) J·K–1·mol–1 

mS 0 (ZrCl4, g, 298.15 K) = (367.6 ± 1.0) J·K–1·mol–1, 
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where the uncertainties have been assigned by this review. The values derived by 
[97VIS/COR] are selected here. 

The Gibbs energies of formation are then calculated from the selected 
enthalpies of formation and entropies, utilising the entropy values for Zr(cr) and Cl2(g) 
(see Section V.1.1.2.1 and Chapter IV): 

f mG∆ 0 (ZrCl, g, 298.15 K) = (200.4 ± 23.6) kJ·mol–1 

f mG∆ 0 (ZrCl2, g, 298.15 K) = − (154.3 ± 19.9) kJ·mol–1 

f mG∆ 0 (ZrCl3, g, 298.15 K) = − (510.6 ± 9.2) kJ·mol–1 

f mG∆ 0 (ZrCl4, g, 298.15 K) = − (836.4 ± 0.9) kJ·mol–1. 

V.4.3 Bromine and iodine compounds and complexes 

V.4.3.1 Aqueous zirconium bromides and iodides 
There have been no reported measurements of either aqueous zirconium bromide or 
iodide complexes. However, on the basis of the stability of the complexes of zirconium 
with the chloride ion it is expected that the zirconium(IV) ion would form very weak 
complexes with either bromide or iodide. 

V.4.3.2 Solid zirconium bromides 

V.4.3.2.1 ZrBr4(cr) 

X-ray diffraction [69KRE], [70KRE] and nuclear quadrupole spectroscopy 
[74CAR/SMI], [79KUZ/TRO] have indicated that ZrBr4(cr) is monoclinic although a 
cubic structure has also been reported [62BER/LAP]. Zirconium tetrabromide melts at 
(723 ± 1) K [33RAH/FIS], [62NIS]. 

The enthalpy of reaction of ZrBr4(cr) with both water and aqueous sodium 
hydroxide has been measured by Turnbull [61TUR2]. Comparison of the enthalpy data 
with additional measurements of the enthalpy of reaction of ZrCl4(cr) with the same 
reagents provided two independent means by which the enthalpy of formation of 
ZrBr4(cr) could be calculated. To determine this latter value at 298.15 K, the heats of 
solution measured by [61TUR2] have been combined with the f mH∆ 0  value given for 
ZrCl4(cr) in this review and the selected auxiliary data for Br–, OH– and H2O(l) given in 
Chapter IV. The selected enthalpy of formation of ZrBr4(cr) is: 

f mH∆ 0 (ZrBr4, cr, 298.15 K) = – (759.5 ± 3.3) kJ·mol–1. 

This value is in good agreement with the with the values obtained by 
[76ALC/JAC], [85CHA/DAV] and [97VIS/COR] by analyzing the same experimental 
data. 
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There have been no experimental determinations reported on the heat capacity 
or enthalpy increments of ZrBr4. Values for the heat capacity and the entropy of 
ZrBr4(cr) have been estimated by [76ALC/JAC], [85CHA/DAV] and [97VIS/COR]. 
The latter two reviews estimated their values such that reasonable trends were obtained 
when compared with equivalent values of ZrCl4(cr) and ZrI4(cr) as well as being 
consistent with sublimation data. The value for the heat capacity quoted by 
[76ALC/JAC] was that estimated earlier by [35KEL]. The values for the heat capacity 
thus obtained viz. 125.5, 124.8 and 122.6 J·K–1·mol–1, respectively, are in good 
agreement. The entropy values presented by [85CHA/DAV] (224.7 ± 4.2) and 
[97VIS/COR] (224.44 ± 2.0) J·K–1·mol–1 are in excellent agreement. The Gibbs free 
energy of formation can be estimated from these values: f mG∆ 0 (ZrBr4, cr, 298.15 K) = 
− (724.0 ± 3.6) kJ·mol–1. These latter values are noted by this review but are not 
selected. 

V.4.3.2.2 ZrBr3(cr), ZrBr2(cr) and ZrBr(cr) 

The crystal structure of ZrBr3(cr) is hexagonal [78DAA/COR] and ZrBr2(cr) is 
rhombohedral [77MAR/TRO]. The monobromide has been reported by [77DAA/COR] 
to have a trigonal crystal structure. All of the lower zirconium bromides are isostructural 
with their chloride analogues. The range in composition of the monobromide was found 
to be ZrBr(1.00 ± 0.01) [77DAA/COR] and the tribromide between ZrBr(2.87 ± 0.02) and 
ZrBr(3.23 ± 0.02) [78DAA/COR]. The range in composition of the dibromide is unknown. 
The lattice parameters of the tribromide have been measured by [78DAA/COR] and in 
ZrBr3(cr) the lattice parameters, a and c, were found to be (6.7472 ± 0.0006) and 
(6.3135 ± 0.0006) Å, respectively. The lattice parameters were found to decrease as the 
amount of bromine in the compound increased [78DAA/COR]. Similarly, for the 
monobromide, the lattice parameters, a and c, were found to be (3.5031 ± 0.0003) and 
(28.071 ± 0.003) Å, respectively [77DAA/COR]. 

Marek et al. [79MAR/TRO] measured the pressure of gaseous ZrBr4(g) over 
solid ZrBr using the tensimetric technique. They found that the relationship between the 
pressure and reaction temperature could be described by Eq.(V.49): 

 10log  p  = 8.87 − 5910 T −1. (V.49) 

The pressure data described the vaporisation of ZrBr(cr) according to the 
following reaction: 

 4ZrBr(cr)  ZrBr4(g) + 3Zr(cr) (V.50) 

From the pressure data of [79MAR/TRO], van der Vis et al. [97VIS/COR] 
used a third law evaluation to derive a value for the f mH∆ 0  of ZrBr(cr), namely 
− (222.3 ± 3.9) kJ·mol–1. Troyanov et al. [74TRO/MAR] measured the enthalpy change 
of ZrBr4(g) over ZrBr(cr) using differential thermal analysis and thermogravimetry. For 
Reaction (V.50), they obtained an enthalpy of disproportionation, at 1100 K, of 144.3 
kJ·mol–1 which results in a f mH∆ 0  for ZrBr(cr), at 298.15 K, of – (202.9 ± 8.4) kJ·mol–1. 
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The selected value is the weighted average of the two values from Marek and co-
workers [74TRO/MAR], [79MAR/TRO], namely: 

f mH∆ 0 (ZrBr, cr, 298.15 K) = – (218.9 ± 3.5) kJ·mol–1. 

Troyanov et al. [74TRO/MAR] also measured the enthalpy of 
disproportionation of both ZrBr2(cr) and ZrBr3(cr) using the same techniques. For the 
reactions, 

 3ZrBr2(cr)  ZrBr4(g) + 2ZrBr(cr) (V.51) 

 2ZrBr3(cr)  ZrBr4(g) + ZrBr2(cr) (V.52) 

they measured r mH∆ ((V.51), 900 K) and r mH∆ ((V.52), 870 K) values of 97.9 and 
139.7 kJ·mol–1, respectively. These lead to the following selected values for the 
enthalpies of formation at 298.15 K: 

f mH∆ 0 (ZrBr2, cr, 298.15 K) = – (399.2 ± 13.0) kJ·mol–1 

f mH∆ 0 (ZrBr3, cr, 298.15 K) = – (599.8 ± 13.0) kJ·mol–1. 

The selected values for the enthalpy of formation for the lower zirconium 
bromide compounds are in good agreement with those selected by [97VIS/COR]. The 
selected values are also consistent with those given by [85CHA/DAV], however, the 
latter values have considerably higher uncertainty intervals due to the estimation 
procedure used in attaining the values. 

There have been no experimental determinations reported on the heat capacity 
or enthalpy increments of ZrBr, ZrBr2 or ZrBr3. Values for these parameters and the 
corresponding entropies have been estimated by [97VIS/COR] such that reasonable 
trends are obtained when compared with the equivalent values of zirconium chloride 
and iodide values. The values for the heat capacities and entropies, at 298 K, estimated 
by [97VIS/COR] are, ,mpC0 (ZrBr, cr, 298.15 K) = (50 ± 3) J·K–1·mol–1, ,mpC0 (ZrBr2, cr, 
298.15 K) = (74 ± 2) J·K–1·mol–1, ,mpC0 (ZrBr3, cr, 298.15 K) = (98 ± 2) J·K–1·mol–1, and 

mS 0 (ZrBr, cr, 298.15 K) = (72 ± 5) J·K–1·mol–1, mS 0 (ZrBr2, cr, 298.15 K) = (120 ± 4) 
J·K–1·mol–1, mS 0 (ZrBr3, cr, 298.15 K) = (169 ± 3) J·K–1·mol–1 from which the Gibbs 
energies of formation can be estimated, f mG∆ 0 (ZrBr, cr, 298.15 K) = − (206.0 ± 3.8) 
kJ·mol–1, f mG∆ 0 (ZrBr2, cr, 298.15 K) = − (378 ± 13) kJ·mol–1 and f mG∆ 0 (ZrBr3, cr, 
298.15 K) = − (570 ± 13) kJ·mol–1. These latter values are noted by this review but are 
not selected. 

V.4.3.3 Solid zirconium iodides 

V.4.3.3.1 ZrI4(cr) 

There are three phases of ZrI4(cr), orthorhombic (α), monoclinic (β) and triclinic (γ) 
[79KRE/HEN], [86TRO]. Troyanov [86TRO] indicated that the structural differences 
between the three phases were small and, as a result, all three phases are expected to 
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have similar thermodynamic properties [97VIS/COR] and allow the solid to be treated 
as a single phase. Zirconium tetraiodide melts at (772 ± 1) K [33RAH/FIS], [62NIS]. 

Turnbull [61TUR2] measured the enthalpy of reaction of ZrI4(cr) with both 
water and aqueous sodium hydroxide. Comparison of the enthalpy data with additional 
measurements of the enthalpy of reaction of ZrCl4(cr) with the same reagents provided 
two independent means by which the enthalpy of formation of ZrI4(cr) could be 
calculated. The heats of solution measured by [61TUR2] have been combined with the 

f mH∆ 0  value given for ZrCl4(cr) in this review and the selected auxiliary data for I–, 
OH– and H2O(l) given in Chapter IV to calculate the enthalpy of formation for ZrI4(cr). 
The selected enthalpy of formation is: 

f mH∆ 0 (ZrI4, cr, 298.15 K) = − (488.9 ± 3.7) kJ·mol–1. 

This value is in good agreement with the value selected by van der Vis et al. 
[97VIS/COR]. 

Cubicciotti et al. [78CUB/LAU] studied the sublimation reaction: 

 ZrI4(cr)  ZrI4(g) (V.53) 

using a torsion effusion-gravimetric technique. Their vapour pressure data were 
combined with the data of Rahlfs and Fischer [33RAH/FIS] and analysed using a Sigma 
treatment to derive enthalpy and entropy values, at 298.15 K, of the sublimation 
reaction. The data from [78CUB/LAU] were, however, inconsistent with the data of 
Sale and Shelton [65SAL/SHE], Gerlach et al. [67GER/KRU] and Baev and Shelton 
[73BAE/SHE] and these latter data have therefore been disregarded in this review. The 
data from [67GER/KRU] were obtained from an unproven method of unknown 
reliability whereas the data of [65SAL/SHE] and [73BAE/SHE] had significantly 
poorer accuracy than the data from [78CUB/LAU]. The values determined by 
[78CUB/LAU] from the combined data set, as selected by this review, are: 

sub mH∆ 0 ((V.53), 298.15 K) = (133.4 ± 0.3) kJ·mol–1 

sub mS∆ 0 ((V.53), 298.15 K) = (196.2 ± 0.7) J·K–1·mol–1. 

resulting in the following enthalpy of formation value for ZrI4(g): 

 f mH∆ 0 (ZrI4, g, 298.15 K) = – (355.5 ± 3.7) kJ·mol–1. 

The entropy of ZrI4(g) was estimated by [97VIS/COR] (see Section V.4.3.5) to 
be (440.46 ± 0.50) J·K–1·mol–1. Combining this value with the entropy of the 
sublimation reaction, leads to a selected entropy for ZrI4(cr) of: 

mS 0 (ZrI4, cr, 298.15 K) = (244.4 ± 0.9) J·K–1·mol–1. 

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

f mG∆ 0 (ZrI4, cr, 298.15 K) = – (480.9 ± 3.7) kJ·mol–1. 
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The heat capacity of ZrI4(cr) was determined by [78CUB/LAU] from high 
temperature enthalpy measurements. Their data lead to the following expression 
describing the temperature dependence of the heat capacity between 298.15 and 772 K: 

 772 K
,m 298.15K[ ]pCο (ZrI4, cr, T ) = (132.82  + 0.01547 T − 294552 T −2) J·K–1·mol–1. (V.54) 

From this expression, the selected value at 298.15 K is obtained: 

,mpC0 (ZrI4, cr, 298.15 K) = (125.1 ± 0.5) J·K–1·mol–1. 

This value is in excellent agreement with that selected by [97VIS/COR] in 
their recent review. 

V.4.3.3.2 ZrI3(cr), ZrI2(cr) and ZrI(cr) 

Zirconium triiodide has a hexagonal crystal structure [78DAA/COR] whereas that of 
ZrI2(cr) is rhombohedral [79CUB/LAU]. The crystal structure of the monoiodide has 
not been reported. The composition of the monoiodide has been found to vary between 
ZrI(1.05 ± 0.1) and ZrI(1.3 ± 0.1) [79CUB/LAU], the diiodide between ZrI(1.9 ± 0.1) and 
ZrI(2.1 ± 0.1) and the triiodide between ZrI(2.83 ± 0.05) and ZrI(3.43 ± 0.05) [78DAA/COR]. The 
lattice parameters of the latter phase have been measured by Daake and Corbett 
[78DAA/COR] and in ZrI3(cr) the lattice parameters, a and c, were found to be 
(7.2850 ± 0.0006) Å and (6.6587 ± 0.0009) Å, respectively. Small reductions in the 
lattice parameters were observed as the amount of iodine in the compound increased 
[78DAA/COR]. 

The heat capacities and entropies of the lower zirconium iodides at 298.15 K 
were estimated by Lamoreaux and Cubicciotti [81LAM/CUB] using an expression of 
the form of Eq.(V.39). The values for the heat capacity and entropy calculated in this 
way, using the values for ZrI4(cr) and Zr(cr) calculated and selected in this review, are: 

,mpC0 (ZrI, cr, 298.15 K) = (50.8 ± 0.1) J·K–1·mol–1 

,mpC0 (ZrI2, cr, 298.15 K) = (75.5 ± 0.2) J·K–1·mol–1 

,mpC0 (ZrI3, cr, 298.15 K) = (100.3 ± 0.2) J·K–1·mol–1, 

mS 0 (ZrI, cr, 298.15 K) = (90.5 ± 0.3) J·K–1·mol–1 

mS 0 (ZrI2, cr, 298.15 K) = (141.8 ± 0.3) J·K–1·mol–1 

mS 0 (ZrI3, cr, 298.15 K) = (193.1 ± 0.4) J·K–1·mol–1. 

The heat capacity values are in reasonable agreement with the values estimated 
by [97VIS/COR] whereas the entropy values are considerably larger. The entropy 
values for ZrI2(cr) and ZrI3(cr) are, however, somewhat lower than those estimated by 
[85CHA/DAV]. 

Lamoreaux and Cubicciotti [81LAM/CUB] studied ZrI4(g) in equilibrium with 
the solids of the zirconium-iodine system. They used literature data of ZrI4(g) pressures 
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at 700 K [78CUB/LAU], [79CUB/LAU] to calculate the activities of ZrI4(cr) and Zr(cr). 
These latter values were then used in conjunction with estimated heat capacities and 
free energy functions to calculate activities of I(g) and I2(g) in addition to enthalpies of 
formation, f mH∆ 0 , for ZrI(cr), ZrI2(cr) and ZrI3(cr) of – (142.3 ± 10), – (277.8 ± 10) and 
– (391.6 ± 15) kJ·mol–1, respectively. Cubicciotti and Lau [81CUB/LAU] measured the 
pressure of gaseous ZrI4(g) over solid ZrI1.05 using the torsion-effusion method. They 
found that the logarithm of the pressure was proportional to the inverse of temperature, 
and represented the reaction: 

 3.8ZrI1.05(cr)  ZrI4(g) + 2.8Zr(cr). (V.55) 

For Reaction (V.55), [81CUB/LAU] determined an enthalpy of vaporisation of 
(252.7 ± 2.1) kJ·mol–1. Combining this value with the selected enthalpy of formation for 
ZrI4(g) and dividing by the stoichiometrical coefficient of iodine in the reactant (1.05) 
(see Section V.4.2.2.4) leads to a f mH∆ 0  value for ZrI(cr) of – (152.6 ± 1.2) kJ·mol–1. 

The selected values at 298.15 K in this review are: 

f mH∆ 0 (ZrI, cr, 298.15 K) = – (152.4 ± 1.2) kJ·mol–1 

f mH∆ 0 (ZrI2, cr, 298.15 K) = – (277.8 ± 10) kJ·mol–1 

f mH∆ 0 (ZrI3, cr, 298.15 K) = – (391.6 ± 15) kJ·mol–1 

where the value for ZrI(cr) is the weighted average of those from [81CUB/LAU] and 
[81LAM/CUB]. The selected enthalpy of formation value for ZrI(cr) is almost identical 
to that listed by [97VIS/COR], and their values for ZrI2(cr) and ZrI3(cr) are accounted 
for by the uncertainty intervals assigned for the enthalpy of formation data selected in 
this review. 

The Gibbs energies of formation are then calculated from the selected 
enthalpies of formation and entropies: 

f mG∆ 0 (ZrI, cr, 298.15 K) = – (150.4 ± 1.2) kJ·mol–1 

f mG∆ 0 (ZrI2, cr, 298.15 K) = – (273.8 ± 10) kJ·mol–1 

f mG∆ 0 (ZrI3, cr, 298.15 K) = – (385.6 ± 15) kJ·mol–1. 

V.4.3.4 Gaseous zirconium bromides 
The sublimation of solid zirconium tetrabromide to gaseous ZrBr4, as represented by 
Eq.(V.56): 

 ZrBr4(cr)  ZrBr4(g) (V.56) 

has been the subject of a number of studies [33RAH/FIS], [62SCH/SKO], 
[65BER/TSI], [70NOR/SHE], where the enthalpy of sublimation has been determined. 
The studies used either static or kinetic experimental techniques and third law analysis 
of the data [97VIS/COR] indicated that the agreement, for the enthalpy of sublimation, 
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between the studies was good. The average of the studies has been selected by this 
review and the uncertainty has been chosen to cover the range in the values of the 
individual studies: 

sub mH∆ 0 ((V.56), 298.15 K) = (116.0 ± 1.8) kJ·mol–1. 

This value can then be combined with the selected enthalpy of formation for 
ZrBr4(cr) to derive the selected enthalpy of formation of ZrBr4(g): 

f mH∆ 0 (ZrBr4, g, 298.15 K) = – (643.5 ± 3.8) kJ·mol–1. 

 The enthalpy of sublimation is in very good agreement with that recommended 
by [85CHA/DAV] as is the enthalpy of formation of ZrBr4(g) with those values selected 
by both [85CHA/DAV] and [97VIS/COR]. 

There have been no studies of the enthalpies of formation of the lower gaseous 
zirconium bromides. Values for these parameters have been estimated by [97VIS/COR] 
from the bond energies of the other zirconium halides. The values estimated by 
[97VIS/COR] are, f mH∆ 0 (ZrBr, g, 298.15 K) = (366 ± 25) kJ·mol–1, f mH∆ 0 (ZrBr2, g, 
298.15 K) = – (23 ± 25) kJ·mol–1 and f mH∆ 0 (ZrBr3, g, 298.15 K) = − (345 ± 25)   
kJ·mol–1. These values are noted by this review but are not selected. 

Heat capacity and entropy of the gaseous zirconium bromides at 298.15 K 
were determined by [97VIS/COR] from geometric structure and molecular parameter 
data. The tetrabromide has Td geometry, whereas Drake and Rosenblatt [79DRA/ROS] 
predicted that the tribromide would have planar geometry and the dibromide would be 
linear. The following heat capacity and entropy values were calculated by 
[97VIS/COR], for the gaseous zirconium bromides, from the measured and estimated 
data: 

,mpC0 (ZrBr, g, 298.15 K) = (36.7 ± 1.5) J·K–1·mol–1 

,mpC0 (ZrBr2, g, 298.15 K) = (60.4 ± 2.5) J·K–1·mol–1 

,mpC0 (ZrBr3, g, 298.15 K) = (79.4 ± 2.5) J·K–1·mol–1 

,mpC0 (ZrBr4, g, 298.15 K) = (102.7 ± 1.0) J·K–1·mol–1, 

mS 0 (ZrBr, g, 298.15 K) = (268.2 ± 3.0) J·K–1·mol–1 

mS 0 (ZrBr2, g, 298.15 K) = (318.9 ± 5.0) J·K–1·mol–1 

mS 0 (ZrBr3, g, 298.15 K) = (379.3 ± 5.0) J·K–1·mol–1 

mS 0 (ZrBr4, g, 298.15 K) = (414.5 ± 1.0) J·K–1·mol–1 

where the uncertainties have been assigned by this review. The values derived by 
[97VIS/COR], in good agreement with the previous assessment by [85CHA/DAV], are 
selected here. 
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The Gibbs energies of formation are then calculated from the selected 
enthalpies of formation and entropies, utilising the entropy values for Zr(cr) and Br2(l) 
(see Section V.1.1.2.1 and Chapter IV),  

f mG∆ 0 (ZrBr, g, 298.15 K) = (320 ± 25) kJ·mol–1, 

f mG∆ 0 (ZrBr2, g, 298.15 K) = – (61 ± 25) kJ·mol–1,  

f mG∆ 0 (ZrBr3, g, 298.15 K) = − (378 ± 25) kJ·mol–1, 

f mG∆ 0 (ZrBr4, g, 298.15 K) = – (664.7 ± 3.8) kJ·mol–1. 

The values for the lower gaseous zirconium bromides, ZrBr(g) to ZrBr3(g) are 
noted by this review but not selected due to the lack of experimental data for the 
enthalpies of formation. The Gibbs energy of formation for ZrBr4(g) is selected by this 
review. 

V.4.3.5 Gaseous zirconium iodides 
The enthalpy of sublimation of solid zirconium tetraiodide to gaseous ZrI4 was given in 
Section V.4.3.3.1, as was the enthalpy of formation for ZrI4(cr). These values are 
therefore used to determine the selected enthalpy of formation of ZrI4(g): 

f mH∆ 0 (ZrI4, g, 298.15 K) = − (355.5 ± 3.7) kJ·mol–1. 

This value is in excellent agreement with the value selected by [97VIS/COR] 
− (356.2 ± 4.1) kJ·mol–1 whereas [78CUB/LAU] calculated a value of – (355.2 ± 6.7) 
kJ·mol–1. Both [97VIS/COR] and the present review essentially used the same measured 
data as [78CUB/LAU], the differences in the selected enthalpy values arising from the 
auxiliary data used in the calculation of the enthalpy of formation of ZrI4(cr). 

Kleinschmidt et al. [78KLE/CUB] studied the thermodynamics of the gaseous 
zirconium iodides at elevated temperatures using Knudsen cell mass spectrometry. The 
formation of ZrI3(g) over the range 1100 to 1400 K was studied using two independent 
reaction mechanisms: 

 ¼Zr(cr) + ¾ZrI4(g)  ZrI3(g) (V.57) 

 ZrI4(g)  ZrI3(g) + I(g) (V.58) 

Both second and third law values of the enthalpy of reaction were determined 
using two different detection techniques, electrometer analogue and ion counting for 
Reaction (V.57) whereas only the former was used for Reaction (V.58). For Reaction 
(V.57), the third law reaction data were significantly more consistent than the second 
law values and, as such, were selected by [78KLE/CUB]. The values selected for the 
enthalpy of reaction were (136.4 ± 4.6) and (332.6 ± 4.6) kJ·mol–1 for Reactions (V.57) 
and (V.58), respectively. The enthalpy of formation calculated from the two reactions, 
utilising the enthalpy of formation of ZrI4(g) and the selected auxiliary enthalpy of 
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formation data for I(g), are therefore, – (130.2 ± 5.6) and – (129.7 ± 5.9) kJ·mol–1, 
respectively. The weighted average of these two values is selected in this review: 

f mH∆ 0 (ZrI3, g, 298.15 K) = − (130.0 ± 4.1) kJ·mol–1. 

The value given by [97VIS/COR] viz. − (128.4 ± 5.0) kJ·mol–1 is in good 
agreement with the selected value in the present review. 

The enthalpy of formation of ZrI2(g), over the temperature range 1300 to 
1500 K, was determined by studying the reaction: 

 2ZrI3(g)  ZrI2(g) + ZrI4(g). (V.59) 

For the reaction, both second and third law values of the enthalpy of reaction 
were determined using ion counting. The third law value was selected since the low ZrI2 
signals resulted in second law derivations which were not meaningful [78KLE/CUB]. 
The enthalpy of reaction from the third law treatment was found to be (39.3 ± 15.0) 
kJ·mol–1. On the basis of the selected enthalpy of formation values for ZrI3(g) and 
ZrI4(g), the selected f mH∆ 0  value for ZrI2(g) is: 

f mH∆ 0 (ZrI2, g, 298.15 K) = (135 ± 16) kJ·mol–1. 

 The value given by [97VIS/COR] viz. (134.1 ± 8.5) kJ·mol–1 is in good 
agreement with the selected value in the present review. 

Gaseous ZrI was only formed at relatively high temperatures [78KLE/CUB], in 
the range 2200 to 2400 K, and the enthalpy of reaction was determined for the following 
equilibrium: 

 ZrI(g)  Zr(g) + I(g). (V.60) 

Both a second and third law estimation of the enthalpy of reaction was 
determined. Again, the third law value was selected by [78KLE/CUB] as the most 
reliable, giving an enthalpy of reaction for (V.60) of (303.8 ± 10) kJ·mol–1. Using the 
selected values of Zr(g) and I(g) (see Section V.1.3 and Chapter IV) the selected f mH∆ 0  
value for ZrI(g) is: 

f mH∆ 0 (ZrI, g, 298.15 K) = (403 ± 11) kJ·mol–1. 

 The value given by [97VIS/COR] viz. (408.2 ± 6.3) kJ·mol–1 is in good 
agreement with the selected value in the present review. 

Geometric structure and molecular parameter data were used by [97VIS/COR] 
to determine the heat capacity and entropy of the gaseous zirconium iodides at 
298.15 K. The predicted structures of the various iodides are the same as the bromides, 
that is Td symmetry (tetraiodide), planar (triiodide) and linear (diiodide). From the 
measured data, van der Vis et al. [97VIS/COR] calculated the following heat capacity 
and entropy values for the gaseous zirconium iodides: 
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,mpC0 (ZrI, g, 298.15 K) = (37.2 ± 1.5) J·K–1·mol–1 

,mpC0 (ZrI2, g, 298.15 K) = (61.4 ± 2.5) J·K–1·mol–1 

,mpC0 (ZrI3, g, 298.15 K) = (80.9 ± 2.5) J·K–1·mol–1 

,mpC0 (ZrI4, g, 298.15 K) = (104.59 ± 0.25) J·K–1·mol–1, 

mS 0 (ZrI, g, 298.15 K) = (277.2 ± 3.0) J·K–1·mol–1 

mS 0 (ZrI2, g, 298.15 K) = (347.2 ± 5.0) J·K–1·mol–1 

mS 0 (ZrI3, g, 298.15 K) = (400.7 ± 5.0) J·K–1·mol–1 

mS 0 (ZrI4, g, 298.15 K) = (440.6 ± 1.1) J·K–1·mol–1 

where the uncertainties have been assigned by this review. The values derived by 
[97VIS/COR] are selected here. 

The Gibbs energies of formation are then calculated from the selected 
enthalpies of formation and entropies, utilising the entropy values for Zr(cr) and I2(cr) 
(see Section V.1.1.2.1 and Chapter IV): 

f mG∆ 0 (ZrI, g, 298.15 K) = (349.3 ± 11.0) kJ·mol–1 

f mG∆ 0 (ZrI2, g, 298.15 K) = (77.8 ± 16.0) kJ·mol–1 

f mG∆ 0 (ZrI3, g, 298.15 K) = − (185.9 ± 4.4) kJ·mol–1 

f mG∆ 0 (ZrI4, g, 298.15 K) = − (406.0 ± 3.7) kJ·mol–1. 

V.5 Group 16 (chalcogen) compounds and complexes

V.5.1 Sulphur compounds and complexes 

V.5.1.1 Zirconium sulphides 
A large number of zirconium sulphide compounds have been identified that range in 
composition from approximately Zr3S2 to ZrS3. The crystal structures of the compounds 
were studied in detail by Hahn et al. [57HAH/HAR] and are listed in Table V-26 
together with their respective crystallographic data. 

From the measured heat contents of NbS2(cr), TaS2(cr) and HfS2(cr), Volovik 
et al. [86VOL/KOV] estimated the high temperature heat content of ZrS2(cr) from 298 
to 1600 K. Using the estimated values, they found that the variation in the heat content 
with temperature could be described by the equation: 

m m( ) (273.15 K) =H T H− (− 20493 + 59.657 T − 64.941 × 10–4 T 2  
 + 6.347 × 105 T –1) kJ·mol–1. 
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Differentiating this equation with respect to the temperature, [86VOL/KOV] 
obtained an expression for the heat capacity of ZrS2(cr): 

1600 K
,m 298.15K[ ]pC 0 (ZrS2, cr, T ) = (59.567 − 6.347 × 105 T –2 + 0.12988 T ) J·K–1·mol–1 

from which the selected value of: 

,mpC0 (ZrS2, cr, 298.15 K) = (56.4 ± 2.0) J.K–1.mol–1 

is calculated. The uncertainty has been estimated in this review. 

Table V-26: Stoichiometries and crystal structure parameters for zirconium sulphide 
compounds [57HAH/HAR] 

Compound Structure Lattice Parameters (× 1010 m) 

  a b c 

Zr3S2 hexagonal 3.429  3.428 

Zr4S3 tetragonal 3.542  8.05 

ZrS tetragonal 3.55  6.31 

ZrS cubic 5.240   

Zr3S4 cubic 10.23   

ZrS2 hexagonal 3.68  5.85 

ZrS3 
a monoclinic 5.16 3.65 18.3 

a β = 98.1°. 

Mills [74MIL] has reviewed and selected thermochemical data for solid metal 
sulphides, selenides and tellurides and estimated an entropy value for ZrS2(cr) of: 

mS 0 (ZrS2, cr, 298.15 K) = (78.2 ± 2.0) J.K–1.mol–1 

which was the same value as found experimentally for TiS2(cr). This choice seems 
justified when considering the similarity between the entropy of TiO2(cr) (Chapter IV) 
and the value selected in this review for ZrO2(cr) (Section V.3.2.1.2). The uncertainty 
has been assigned in the present review. Volovik et al. [86VOL/KOV] used the entropy 
for ZrS2(cr), estimated by Mills [74MIL], to determine entropy values in the 
temperature range 298.15 to 1600 K. 

Bloom [47BLO] measured the enthalpy of formation of ZrS2(cr) using three 
separate techniques. The selected value is the average of the third law evaluations of 
these data: 

f mH ο∆ (ZrS2, cr, 298.15 K) = – (573.2 ± 12) kJ.mol–1. 
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The uncertainty covers the range in the three values. Larson and Schlechten 
[64LAR/SCH] studied the thermochemistry of the zirconium-sulphur system in the 
region ZrS1.49 to ZrS2. From their data, Mills [74MIL] determined a value for r mG∆  of 
− 493.9 kJ.mol–1 for the reaction: 

Zr(cr) + S2(g)  ZrS2(cr) 

at 1100 K. Using the reduced Gibbs energy values given by [86VOL/KOV] for ZrS2(cr) 
and by [74MIL] for S2(g), and that determined from the data given for Zr(cr) in this 
review (Section V.1.1.2.2), a third law estimate of the enthalpy of formation of ZrS2(cr) 
at 298.15 K is – 573.0 kJ.mol–1, in excellent agreement with the value selected in this 
review. 

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

f mGο∆ (ZrS2, cr, 298.15 K) = – (565.7 ± 12) kJ.mol–1. 

From the data of [64LAR/SCH], Mills [74MIL] determined a r mG∆  value of 
− 449.6 kJ.mol–1 for the reaction: 

Zr(cr) + ¾S2  ZrS1.5(cr) 

at 1100 K. At this temperature, ZrS1.5(cr) has the crystal structure of the Zr3S4(cr) 
compound [74MIL]. The third law estimate of the enthalpy of formation of ZrS1.5(cr) at 
298.15 K is − 510.4 kJ.mol–1 (this calculation makes use of the reduced Gibbs energy 
values given by Mills for ZrS1.5(cr) and S2(g), and that determined from the data given 
for Zr(cr) in this review (Section V.1.1.2.2)). Rasneur and Marion [75RAS/MAR] 
measured the equilibrium between ZrS1.5(cr) and ZrS1.965(cr) (this latter compound 
having the ZrS2(cr) structure) between 1073 and 1473 K. The equilibrium was followed 
by measuring the pressure of S2(g) above the two sulphides. The temperature 
dependence of the equilibrium pressure could be described by Eq.(V.61): 

 10log p  = − 18700/T + 8.8. (V.61) 

Using the same reduced Gibbs energy data, the third law estimate of the 
enthalpy of ZrS1.5(cr) at 298.15 K from this data is – 508.3 kJ.mol–1. This value is in 
very good agreement with the value determined from the data of [64LAR/SCH], 
particularly given the increased uncertainty associated with thermochemical data 
obtained by measuring the vapour pressure of S2(g). Gaseous sulphur consists of a 
number of polymeric forms and the composition of the gas phase depends markedly on 
both the temperature and the total pressure [74MIL]. However, at 1100 K and for the 
gas pressures measured by [75RAS/MAR], S2(g) is the dominant sulphur species 
[74MIL]. Therefore, given the good agreement between the two values, the selected 
value is the average of the two enthalpies of formation, with the uncertainty interval 
covering the range of the values: 
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f mH ο∆ (ZrS1.5, cr, 298.15 K) = − (509.4 ± 1.1) kJ.mol–1. 

Mills [74MIL] estimated an entropy for ZrS1.5(cr) of: 

mS ο (ZrS1.5, cr, 298.15 K) = − (62.7 ± 12.5) J.K–1.mol–1 

and the Gibbs energy of formation has been calculated from the selected enthalpy of 
formation and the entropy. 

f mGο∆ (ZrS1.5, cr, 298.15 K) = − (464.7 ± 3.9) kJ.mol–1. 

The thermochemistry of Zr3S2(cr) was studied by de la Tijera and Elliot 
[71TIJ/ELL] over the temperature range 1075 to 1325 K. For the reaction, 

1.5Zr(cr) + ½WS2(cr)  ½Zr3S2(cr) + ½W(s) 

they found a r mG∆  value of – 15.2 kJ.mol–1 at 1100 K. From this value, and using the 
third law, an estimate of the enthalpy of formation of Zr3S2(cr) at 298.15 K has been 
determined from the reduced Gibbs energy value estimated for Zr3S2(cr) (using similar 
data given by [74MIL] for ZrS1.5(cr) and ZrS3(cr) and [86VOL/KOV] for ZrS2(cr)), for 
S2(g) given by [74MIL], for W(s) given by [95ROB/HEM]; in the calculation, use was 
made of the enthalpy of formation for WS2(cr) at 298.15 K from [95ROB/HEM] also) 
and that determined from the data given for Zr(cr) in this review (Section V.1.1.2.2), 

f mH ο∆ (Zr3S2, cr, 298.15 K) = − (369.6 ± 10.0) kJ.mol–1, where the uncertainty has been 
assigned in this review. This value is noted by this review, but is not selected. 

Mills [74MIL] estimated entropy values for each solid zirconium sulphide 
compound by assigning the same value as for the stoichiometrically equivalent titanium 
sulphide compound. Although Mills did not estimate an entropy for Ti3S2(cr), the data 
determined in that review for other titanium sulphide compounds can be used to 
estimate an entropy for Ti3S2(cr), and then following Mills, this review assigns the same 
entropy to Zr3S2(cr). The value is: 

mS ο (Zr3S2, cr, 298.15 K) = − (155.3 ± 5.0) J.K–1.mol–1 

where the uncertainty has been assigned in this review. The Gibbs energy of formation 
can be calculated from the selected enthalpy of formation and the entropy, f mGο∆ (Zr3S2, 
cr, 298.15 K) = − (361.8 ± 10.0) kJ.mol–1. This value is not selected in this review. 

Rasneur and Marion [76RAS/MAR] studied experimentally the equilibrium 
between ZrS3(cr) and ZrS1.965(cr) from 873 to 973 K, and measured the pressure of S2(g) 
above the two sulphides. The temperature dependence of the equilibrium pressure could 
be described by the equation: 

10log p (S2, g, T ) = − 25600 / T + 25.5. 

The enthalpy of formation of ZrS3(cr) at 298.15 K was determined from this 
expression using the third law and was found to be – 619.7 kJ.mol–1 (in the calculation, 
the reduced Gibbs energy value at 923 K estimated by [86VOL/KOV] for ZrS2(cr) was 
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used for ZrS1.965(cr), the S2(g) value was from [74MIL], and the value for Zr(cr) as 
determined in this review (Section V.1.1.2.2)). Strotzer et al. [39STR/BIL] studied 
experimentally the equilibrium between ZrS3(cr) and ZrS2(cr) from 1056 to 1147 K, and 
measured the pressure of S2(g) above the two sulphides. From their data and using the 
third law, [74MIL] determined the enthalpy of formation of ZrS3(cr) at 298.15 K to be 
− 610.6 kJ·mol–1. The value selected for the entropy in this review is the average of the 
two values: 

f mH∆ 0 (ZrS3, cr, 298.15 K) = − (615.2 ± 4.6) kJ.mol–1 

with the uncertainty spanning the two values. 

Mills [74MIL] estimate of the entropy of ZrS3(cr) at 298.15 K is: 

mS 0 (ZrS3, cr, 298.15 K) = (90.7 ± 5.0) J.K–1.mol–1. 

The uncertainty has been assigned in this review. The Gibbs energy of 
formation has been calculated from the selected enthalpy of formation and the entropy: 

f mG∆ 0 (ZrS3, cr, 298.15 K) = − (601.9 ± 4.8) kJ.mol–1. 

The thermochemical properties of zirconium sulphide compounds selected in 
this review are listed in Table V-27. 

Table V-27: Selected thermochemical properties of solid zirconium sulphide 
compounds at 298.15 K. The Gibbs energy of formation data are calculated from the 
selected enthalpies of formation and entropies. 

Compound f mGο∆  (kJ.mol–1) f mH ο∆  (kJ.mol–1) mS ο  (J.K–1.mol–1) ,mpCο  (J.K–1.mol–1) 

ZrS1.5 (Zr3S4) – (502.1 ± 3.9) – (509.4 ± 1.1) (62.7 ± 12.5)  

ZrS2 – (565.7 ± 12) – (573.2 ± 12) (78.2 ± 2.0) (56.4 ± 2.0) 

ZrS3 – (601.9 ± 4.8) – (615.2 ± 4.6) (90.7 ± 5.0)  

 

V.5.1.2 Zirconium sulphites 

V.5.1.2.1 Aqueous zirconium sulphites 

Popov [84POP] studied the complexation of zirconium(IV) by the sulphite ion and 
postulated the formation of the species 3 3Zr(OH) SO−  in the pH range 0.54 to 1.44. The 
formation of this species was premised on the belief that +

3Zr(OH)  was the dominant 
species in the pH range studied. It is likely that in this pH range, and for the Zr 
concentration used in the experiments (0.085 – 1.801 × 10–5 M), that +

3Zr(OH)  is not the 
only major Zr hydrolysis species. Further, it is also likely that a mixture of polynuclear 
and mononuclear species form (see discussion in Appendix D). As such, this review 
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does not agree with the conclusions of [84POP] and does not recommend any 
thermochemical data for aqueous zirconium sulphite complexes. 

V.5.1.2.2 Solid zirconium sulphites 

Erdös [62ERD] used a correlation method to predict a value of f m 3 2(Zr(SO ) ,H ο∆ cr, 
298.15 K) = – (2001 ± 13) kJ.mol–1. With another method, Erdös [62ERD2] obtained 

r mH ο∆ (V.62) = (326.9 ± 6.5) kJ.mol–1 for the reaction: 

 Zr(SO3)2(cr)  ZrO2(cr) + 2SO2(g) (V.62) 

From this value, and using the enthalpy of formation of SO2(g) (Chapter IV) 
and ZrO2(monoclinic) (Section V.3.2.1.2), leads to a value of – (2021 ± 6.5) kJ.mol–1 for 

f mH ο∆ (Zr(SO3)2, cr, 298.15 K). The selected value of: 

f mH ο∆ (Zr(SO3)2, cr, 298.15 K) = − (2011 ± 10) kJ.mol–1 

is the rounded average of the two estimates. 

Erdös [62ERD2] also estimated a value of (418.3 ± 2.7) J.K–1.mol–1 for the 
entropy of Reaction (V.62). Using this value, and the entropies of the elements 
comprising Zr(SO3)2(cr), leads to the selected value: 

mS ο (Zr(SO3)2, cr, 298.15 K) = (127.9 ± 2.7) J.K–1.mol–1. 

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

f mGο∆ (Zr(SO3)2, cr, 298.15 K) = − (1835 ± 10) kJ.mol–1. 

There has been no determination of the heat capacity of Zr(SO3)2(cr). 

V.5.1.3 Zirconium sulphates 

V.5.1.3.1 Aqueous zirconium sulphates 

The complexation of zirconium(IV) by the sulphate ion has been the subject of six 
studies [49CON/MCV], [62RYA/ERM], [63AHR/KAR], [63YAT/RAI], [69NOR2], 
[70PRA/HAV]. The majority of the studies of the zirconium-sulphate system have used 
a mixture of perchloric and sulphuric acids as the ionic medium, but of differing ionic 
strengths, and used either a solvent extraction or a cation exchange technique for the 
determination of stability constants. A kinetic technique was used by [63YAT/RAI] to 
determine the first stability constant, however, there are a number of factors which 
preclude the use of the results of this study in the present review (see Appendix A). 

All of the experimental studies on the formation of Zr sulphate complexes have 
been re-interpreted in the present review (using a statistical (least squares) regression 
technique) since in the majority of cases either the model or the selected stability 
constants assigned by the authors are not supported by the data (see Appendix A) or no 
uncertainties were assigned in the original work. 
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A summary of the available data, as reported in the original papers, together 
with the stability constants re-interpreted in the present review, is shown in Table V-28, 
which contains compiled experimental data for equilibria of the type: 

 Zr4+ + 4HSOq −   4 2
4Zr(SO ) q

q
−  + qH+. (V.63) 

Table V-28: Experimental equilibrium data for the zirconium(IV)-sulphate system. All 
the reported data are in perchloric acid media.(a) 

Method I 
(mol L−1) 

t  
(°C) 

10
*log β  

(reported) 
10

*log β  
(re-interpreted) 

Reference 

4 2
4 4Zr HSO ZrSO H+ − + ++ +  

dis 2 25 (2.66 ± 0.13) (2.68 ± 0.02) [49CON/MCV] 

cix 4 20 (2.85 ± 0.04) (2.90 ± 0.03) [63AHR/KAR] 

cix 2.33  (2.56 ± 0.01) (2.40 ± 0.10) [62RYA/ERM] 

dis 4 20 (2.81 ± 0.05) (2.72 ± 0.05) [69NOR2] 

dis 2 (20 ± 1) 2.63 (2.57 ± 0.07) [70PRA/HAV] 

( )4
4 4 2

Zr 2HSO Zr SO 2H+ − ++ +  

dis 2 25 (4.39 ± 0.03) (4.39 ± 0.06) [49CON/MCV] 

cix 4 (20 ± 2) (4.70 ± 0.04) (4.71 ± 0.12) [63AHR/KAR] 

cix 2.33  (3.34 ± 0.03) (3.9 ± 0.2) [62RYA/ERM] 

cix 4 20 (4.75 ± 0.06) (4.66 ± 0.02) [69NOR2] 

dis 2 (20 ± 1) 4.51 (4.64 ± 0.14) [70PRA/HAV] 

( )24
4 4 3

Zr 3HSO Zr SO 3H−+ − ++ +  

dis 2 25 (4.4  ± 0.9) NC [49CON/MCV] 

cix 2.33  (5.61 ± 0.13) (5.47 ± 0.10) [62RYA/ERM] 

cix 4 20 ~ 5.11 (5.19 ± 0.10) [69NOR2] 

dis 2 (20 ± 1) 5.51 (5.4 ± 0.7) [70PRA/HAV] 

a  Uncertainties for the re-interpreted stability constants are given at the 95% confidence level whereas the 
reported data are given as reported and are often 1σ. The re-interpreted stability constants given at 20ºC 
for the formation of 2

4Zr(SO ) +  and 4 2Zr(SO )  have also been corrected to 25ºC using the enthalpy data 
of [84MEL/KLE] (see below) and assuming the difference in enthalpy at various ionic strengths is 
within the uncertainty of the enthalpies determined by [84MEL/KLE]. 

NC Re-evaluation of the data in this review indicates that the formation of the species is not consistent with 
the data. 
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Experimental data are available only at three different ionic strengths (2, 2.33 
and 4 M perchloric acid solutions). As for zirconium complexes with other ligands, the 
limited number of available experimental data makes the extrapolation to infinite 
dilution relatively uncertain. 

 For 2
4ZrSO + , the SIT was used to determine the stability constant at zero ionic 

strength, using the data given in Table V-28, as is shown in Figure V-25. Weighted least 
squares analysis determined: 

10
*log οβ ((V.63), q = 1, 298.15 K) = (5.06 ± 0.08),  

with ∆ε = − (0.19 ± 0.02) kg·mol–1. 

Figure V-25: Extrapolation to I = 0 of experimental data for the formation of 2
4ZrSO +  

using the specific ion interaction theory. The data refer to perchloric acid media and are 
taken from [62RYA/ERM] (■), [49CON/MCV] (○), [70PRA/HAV] (▲), [69NOR] (▼) 
and [63AHR/KAR] ( ). All the data have been recalculated in this review. The dashed 
lines are back-propagated data using the 95% uncertainties in the stability constant and 
interaction coefficient to I = 5 mol·kg–1. 

 

 

 Both the stability constant and interaction coefficient appear relatively 
consistent with the values of (4.87 ± 0.15) and – (0.19 ± 0.06) kg.mol–1 found for 

2
4NpSO +  [2001LEM/FUG]. The ∆ε value was used in conjunction with the interaction 

coefficient derived for ε(Zr4+, 4ClO− ) in this review (0.89 ± 0.10) kg·mol–1, that for 
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ε(H+, 4ClO− ) given in Appendix B and ε(H+, 4HSO− ) as determined in the present review, 
− (0.17 ± 0.05), to give a value for ε( 2

4ZrSO + , 4ClO− ) of (0.39 ± 0.13) kg·mol–1. This 
latter value is less than the analogous value calculated for the interaction coefficient of 

2
4NpSO +  with the perchlorate ion [2001LEM/FUG] due to the more negative value of 

ε(H+, 4HSO− ) determined in this review. The interaction coefficient is, however, 
consistent with other divalent cationic complexes with the perchlorate ion (see 
Appendix B). 

Using the data given in Table V-28, the SIT was used to determine a stability 
constant for Zr(SO4)2 at zero ionic strength. The stability constants (as log10 β + 16D), 
converted to molal units, for this species have been plotted against the ionic strength in 
Figure V-26. Weighted least squares analysis gives: 

10
*log οβ ((V.63), q = 2, 298.15 K) = (7.58 ± 0.20). 

Figure V-26: Extrapolation to I = 0 of experimental data for the formation of Zr(SO4)2 
using the specific ion interaction theory. The data refer to perchloric acid media and are 
taken from [62RYA/ERM] (■), [49CON/MCV] (○), [70PRA/HAV] (▲), [69NOR] (▼) 
and [63AHR/KAR] ( ). All the data have been recalculated in this review. The dashed 
lines are back-propagated data using the 95% uncertainties in the stability constant and 
interaction coefficient to I = 5 mol·kg–1. 
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interaction between Zr(SO4)2 and the perchlorate ion is zero; the value obtained is 
− (0.17 ± 0.05) kg.mol–1. This value is more negative than the value estimated by 
[2001LEM/FUG], who used the value determined for ε(Na+, 4HSO− ); the value 
determined in the present review is, however, still consistent with other univalent 
charged anions (see Appendix B). 

The stability constant of this species is consistent with that found by Lemire et 
al. [2001LEM/FUG] for Np(SO4)2. 

The data given in Table V-28 were also used with the SIT to determine a 
stability constant for 2

4 3Zr(SO ) −  at zero ionic strength. The stability constants, converted 
to molal units, for this species have been plotted against the ionic strength in Figure V-
27. Weighted least squares analysis gives: 

10
*log οβ ((V.63), q = 3, 298.15 K) = (8.4 ± 0.5). 

Figure V-27: Extrapolation to I = 0 of experimental data for the formation of 2
4 3Zr(SO ) −  

using the specific ion interaction theory. The data refer to perchloric acid media and are 
taken from [62RYA/ERM] (■), [70PRA/HAV] (▲) and [69NOR2] (▼). The data from 
the all of these studies have been recalculated in this review. The dashed lines are back-
propagated data using the 95% uncertainties in the stability constant and interaction 
coefficient to I = 5 mol·kg–1. 
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 The value determined from the regression for ∆ε is (0.02 ± 0.12) kg.mol–1. This 
value can then be used to determine ε(H+, 2

4 3Zr(SO ) − ); the value obtained is 
− (0.05 ± 0.22) kg.mol–1. The value is consistent with other divalent charged anions (see 
Appendix B). 

The overall stability constants for Reaction (V.64) can be calculated from the 
stability constants given above and the selected auxiliary protonation constant for 
sulphate ( 10log K ο  = (1.98 ± 0.05); see Chapter IV): 

 Zr4+ + 2
4SOq −   4 2

4Zr(SO ) q
q

− . (V.64) 

The selected stability constants 10log q
οb  for Reaction (V.64), and their 

associated uncertainties, are:  

10 1log οb ((V.64), q = 1) = (7.04 ± 0.09), 

10 2log οb ((V.64), q = 2) = (11.54 ± 0.21), 

10 3log οb ((V.64), q = 3) = (14.3 ± 0.5). 

From these latter stability constants, and the Gibbs energies of formation of the 
sulphate ion (Chapter IV) and Zr4+ (Section V.2.1.1), the Gibbs energy of formation 
values of 2

4ZrSO + , Zr(SO4)2(aq) and 2
4 3Zr(SO ) −  are: 

f mGο∆ ( 2
4ZrSO + , 298.15 K) = − (1312.7 ± 9.3) kJ.mol–1 

f mGο∆ (Zr(SO4)2, aq, 298.15 K) = − (2082.4 ± 9.3) kJ.mol–1 

f mGο∆ ( 2
4 3Zr(SO ) − , 298.15 K) = − (2842.1 ± 9.7) kJ.mol–1. 

 Mel’nikova et al. [84MEL/KLE] studied the enthalpies of the complexation of 
zirconium by sulphate in 2 M HClO4. For Reaction (V.63) and q = 1, they found that 

r mH ο∆ ((V.63), q = 1, 298.15 K) = (13 ± 0.5) kJ.mol−1 and for Reaction (V.65): 

 2
4ZrSO +  + 2

4HSO −   Zr(SO4)2(aq) + H+ (V.65) 

they found that r mH ο∆ ((V.65), 298.15 K) = (8 ± 1) kJ.mol–1. These values are selected 
with uncertainties assigned by this review. Assuming that the enthalpy of reaction at 
zero ionic strength is within the uncertainty interval of the value determined in 2 M 
HClO4, the same value for both reactions has been assigned to the enthalpy of reaction 
at zero ionic strength as found in 2 M HClO4. Using these values and the relevant 
enthalpies of formation (Chapter IV, Section V.2.1.2) leads to the following enthalpy of 
formation values for 2

4ZrSO +  and Zr(SO4)2: 

f mH ο∆ ( 2
4ZrSO + , 298.15 K) = − (1480.9 ± 5.1) kJ.mol–1 

f mH ο∆ (Zr(SO4)2, aq, 298.15 K) = − (2359.8 ± 5.2) kJ.mol–1. 
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For the two complexes, the entropies have been calculated from the respective 
enthalpies, the Gibbs energies of formation and the entropies of the elements 
comprising the complexes (Chapter IV, Section V.1.1.2.1): 

mS ο ( 2
4ZrSO + , 298.15 K) = − (213 ± 35) J.K–1.mol–1 

mS ο (Zr(SO4)2, aq, 298.15 K) = − (6.6 ± 35) J.K–1.mol–1. 

V.5.1.3.2 Solid zirconium sulphates 

Smith et al. [62SMI/MIL] used a Bunsen ice calorimeter to measure the high 
temperature heat content of Zr(SO4)2(cr) from 273.15 to 1050 K. They found that the 
heat content could be described by the equation: 

Hm(T ) − Hm(273.15 K) = (− 128600 + 322.85 T − 48.89 × 10–3 T 2  
 + 120.44 × 105 T –1) kJ·mol–1. 

Differentiation of this equation yields an expression for the heat capacity of 
Zr(SO4)2(cr) over the same temperature range: 

1050 K
,m 273.15K[ ]pC 0 (Zr(SO4)2, cr, T ) = (322.85 − 0.09778 T − 1.204 × 107 T –2) J·K–1·mol–1, 

however, this expression leads to a maximum in the heat capacity at 626.8 K, a 
behaviour that is not accepted by the present review. Re-interpretation of the heat 
capacity data of [62SMI/MIL] in the present review gave the following expression for 
the heat content: 

Hm(T ) – Hm(273.15 K) = (− 81408 + 235.05 T + 4.435 × 106/ T ) kJ·mol–1 

which upon differentiation gives 

,mpCο (Zr(SO4)2, cr, T ) = (235.05 − 4.435 × 106/ T 2) J·K–1·mol–1. 

 The selected heat capacity at 298.15 K that has been determined from this 
latter equation is: 

,mpCο (Zr(SO4)2, cr, 298.15 K) = (185.1 ± 10.0) J·K–1·mol–1 

where the uncertainty has been calculated in the present review. 

 Stern and Weise [66STE/WEI] estimated the entropy of Zr(SO4)2(cr) to be: 

mS 0 (Zr(SO4)2, cr, 298.15 K) = (133.1 ± 2.0) J.K–1.mol–1 

where the uncertainty has been assigned in this review. 

 Solubility studies at different temperature of hydrated solid zirconium 
sulphates show the solids to be extremely soluble in water [07HAU], [41FAL] and 
[51DAN/EIC]. 

Frolova et al. [84FRO/MEL] used a vacuum adiabatic calorimetry technique to 
measure the low temperature (5.7 to 313.6 K) specific heat of Zr(SO4)2

.4H2O(cr). They 
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noted an anomaly in the specific heat curve between 245 and 277 K which was due to 
the presence of free water in the experimental samples. The data was corrected for this 
impurity as well as the presence of Hf in the samples. The heat capacity and entropy 
determined by [84FRO/MEL] are selected by this review: 

,mpC0 (Zr(SO4)2
.4H2O, cr, 298.15 K) = (321.3 ± 0.3) J.K–1.mol–1 

mS 0 (Zr(SO4)2
.4H2O, cr, 298.15 K) = (306.8 ± 0.6) J.K–1.mol–1. 

Mel’nikova et al. [83MEL/EFI] determined the enthalpy of formation of both 
Zr(SO4)2(cr) and Zr(SO4)2

.4H2O(cr) using an isoperibol calorimetric technique, 
measuring the enthalpy of solution in aqueous hydrochloric acid. These authors 
followed a number of reactions to determine the enthalpy of reaction between 
Zr(SO4)2(cr) and KCl(cr) to produce ZrCl4(cr) and K2SO4(cr). The enthalpy of 
formation for Zr(SO4)2(cr) obtained by [83MEL/EFI] has been modified in this review 
by using the enthalpy selected for ZrCl4(cr) (Section V.4.2.2.1). As such, the selected 
enthalpy of formation is: 

f mH ο∆ (Zr(SO4)2, cr, 298.15 K) = – (2245.2 ± 2.1) kJ.mol–1. 

The phase measured by [83MEL/EFI] contained an excess of 0.03 mol of SO3 
and the enthalpy has not been corrected for this impurity. Mel’nikova et al. 
[83MEL/EFI] also determined the enthalpy of reaction between Zr(SO4)2(cr) and 
Zr(SO4)2

.4H2O(cr). From the data obtained, the selected enthalpy of formation of 
Zr(SO4)2

.4H2O(cr) is: 

f mH ο∆ (Zr(SO4)2
.4H2O, cr, 298.15 K) = – (3470.9 ± 2.6) kJ.mol–1. 

The Gibbs energy of formation of Zr(SO4)2(cr) and Zr(SO4)2
.4H2O(cr) have 

been calculated from the selected enthalpies of formation and the entropies of the two 
compounds: 

f mGο∆ (Zr(SO4)2, cr, 298.15 K) = − (2009.5 ± 2.2) J.K–1.mol–1 

f mGο∆ (Zr(SO4)2
.4H2O, cr, 298.15 K) = − (3008.8 ± 2.6) J.K–1.mol–1. 

V.5.2 Selenium compounds  

V.5.2.1 Zirconium selenide compounds 
A large number of zirconium selenide compounds have been identified that range in 
composition from approximately ZrSe to ZrSe3. However, no experimental 
thermodynamic data are available. Mills [74MIL] estimated data for ZrSe2(cr) and 
ZrSe3(cr) by analogy with the isostructural zirconium sulphide compounds. The 
cautious use of the values determined by Mills is suggested. 
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V.5.2.2 Zirconium selenite compounds 
The only zirconium selenite compound for which reliable chemical thermodynamic data 
are available is Zr(SeO3)2(cr). Nesterenko et al. [73NES/PIN] investigated the 
dissociation of zirconium selenite via the reaction: 

 Zr(SeO3)2(cr)  ZrO2(cr) + 2SeO2(g) (V.66) 

using a static method employing a membrane null manometer in the temperature range 
763 to 813 K. The authors determined the enthalpy of Reaction (V.66) at 298.15 K to be 
(54.8 ± 20.9) kJ.mol–1. Subsequently, the same authors [73PIN/NES] determined the 
enthalpy of Reaction (V.66) (except where SeO2(g) is replaced by SeO2(cr)) using a 
calorimetric technique, measuring the enthalpy of solution in aqueous hydrofluoric acid. 
The value obtained using the calorimetric technique was (58.1 ± 3.4) kJ.mol–1. This 
latter value is preferred over the value estimated from the high temperature 
measurements. Using this latter value and the enthalpy of formation data for SeO2(cr) 
(Chapter IV) and ZrO2(cr) (Section V.3.2.1.2), the selected enthalpy of formation of 
Zr(SeO3)2(cr) is: 

f mH ο∆ (Zr(SeO3)2, cr, 298.15 K) = – (1609.6 ± 2.7) kJ.mol–1. 

Nesterenko et al. [73NES/PIN] also determined the entropy for Zr(SeO3)2(cr) 
from their high temperature measurements. The value of the entropy determined was 
(184.0 ± 33.5) J.K–1.mol–1. More recently, the standard entropies of metal selenites have 
been reviewed by Pashinkin and Gospodinov [94PAS/GOS]. These authors were able to 
demonstrate that discrepancies between thermodynamic data reported in the literature 
for metal selenites were largely due to differences in selected auxiliary thermodynamic 
data. Using a consistent set of thermodynamic data, they recalculated the entropies of a 
number of metal selenite solids and for zirconium selenite calculated an entropy of 

mS 0 (Zr(SeO3)2, cr, 298.15 K) = (196.5 ± 33.5) J.K–1.mol–1. 

V.5.3 Tellurium compounds  

V.5.3.1 Zirconium telluride compounds 
A large number of zirconium - telluride compounds have been identified that range in 
composition from approximately Zr5Te4 to ZrTe3. Mills [74MIL] estimated data for 
ZrTe2(cr) and ZrTe3(cr) by analogy with the isostructural zirconium sulphide 
compounds. More recently, Johnson et al. [85JOH/MUR] and de Boer and Cordfunke 
[98BOE/COR] have measured the thermochemical properties of Zr5Te4(cr), 
ZrTe1.843(cr) and ZrTe2(cr). This data is listed in Table V-29 and is selected by this 
review. For the thermochemical data for ZrTe3(cr), the cautious use of the values 
determined by Mills is recommended. 
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Table V-29: Selected thermochemical properties of solid zirconium telluride 
compounds at 298.15 K. The Gibbs energy of formation data are calculated from the 
selected enthalpies of formation and entropies. 

Compound f mGο∆ (kJ.mol–1) f mH ο∆ (kJ.mol–1) mS 0 (J.K–1.mol–1) ,mpC0 (J.K–1.mol–1) 

Zr5Te4(cr) – (810 ± 44) – (829 ± 44) (330 ± 0.4) (222 ± 0.3) 

ZrTe1.843(cr) – (291 ± 7) – (295 ± 7) (117.48 ± 0.12) (70.59 ± 0.28) 

ZrTe2(cr) – (290 ± 7) – (294 ± 7) (124.23 ± 0.10)  

 

V.5.3.2 Zirconium tellurite compounds 
The only zirconium tellurite compound for which reliable chemical thermodynamic data 
are available is ZrTe3O8(cr). Samant et al. [94SAM/BHA] measured the vapour 
pressure of TeO2(g) above a mixture of ZrTe3O8(cr) and ZrO2(cr) and estimated an 
enthalpy of formation for ZrTe3O8(cr) at 298.15 K of – (2153.0 ± 18.3) kJ.mol–1 
whereas Mallika and Sreedham [94MAL/SRE] measured the emf of a galvanic reaction 
in a cell containing ZrTe3O8(cr). The latter authors converted their data into a vapour 
pressure equation that is somewhat more positive than that of [94SAM/BHA]. 
Subsequently, the former authors [95BHA/SAM] determined the enthalpy of formation 
of the compound using an isoperibol calorimetric technique, measuring the enthalpy of 
solution in aqueous hydrofluoric acid. This value, which is more consistent with the 
high temperature data of [94MAL/SRE] and is obtained by direct measurement, is 
preferred over the values estimated from high temperature measurements and, as such, 
is selected: 

f mH ο∆ (ZrTe3O8, cr, 298.15 K) = − (2119.2 ± 9.6) kJ.mol–1. 

No experimental data were found to determine other thermodynamic properties 
of this compound. 

V.6 Group 15 compounds and complexes

V.6.1 Zirconium nitrogen compounds and complexes 

V.6.1.1 Zirconium nitrides 

V.6.1.1.1 Solid zirconium nitride, ZrN(cr) 

Nitrogen is soluble in zirconium at high temperatures. A solid solution has been 
established between the two elements and zirconium nitride has a relatively wide region 
of homogeneity. Zirconium nitride has both metallic and covalent bonds, the latter 
being partially polarised with the total degree of bond ionisation increasing as the 
nitrogen content of the compound also increases [70GAL/KUL]. A more detailed 
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analysis of the electronic structure and physical properties of the early transition metal 
mononitrides, including ZrN has been given by Stampfl et al. [2001STA/MAN]. 

The heat capacity of ZrN(cr) was measured by Todd [50TOD] from 53.1 to 
296.7 K whereas Coughlin and King [50COU/KIN] measured the enthalpy change from 
371.0 to 1672 K. The two sets of data join relatively smoothly. The data, in the 
temperature range 50 to 567 K, has been re-interpreted in this review to give 
thermodynamic values that are the most consistent with the measured data in this 
temperature range. The dependence of the heat capacity on temperature, as determined 
by least squares analysis, is given by: 

 567 K
,m 50 K[ ]pC0 (ZrN, cr, T ) = (56.73 – 0.00174 T – 5539 T –1  

 + 1.49 × 105 T –2) J·K–1·mol–1. (V.67) 

For the entropy below 50 K, Todd [50TOD] employed the empirical Debye 
and Einstein functions below 50 K to extrapolate a value for the entropy 
(1.73 J.K−1.mol–1). 

The selected heat capacity at 298.15 K determined from the least squares 
regression is: 

,mpC0 (ZrN, cr, 298.15 K) = (39.7 ± 1.4) J.K–1.mol–1. 

The heat capacity equation (V.67) was used to derive an expression for the 
entropy change in the temperature range 50 to 1670 K. The entropy value estimated by 
Todd [50TOD] was used for the entropy change below 50 K. The values were then 
combined to derive a value for the standard entropy at 298.15 K of: 

mS 0 (ZrN, cr, 298.15 K) = (38.8 ± 4.6) J.K–1.mol–1. 

This selected value is very similar to the entropy of elemental Zr (see Section 
V.1.1.2.1), as also is the case for both Ti and Hf [61KEL/KIN]. 

The enthalpy of formation of ZrN(cr) has been determined from the measured 
heat changes associated with the reaction: 

 ZrN(cr) + O2(g)  ZrO2(cr) + ½N2(g). (V.68) 

This reaction was studied by Neumann et al. [34NEU/KRO], Mah and Gellert 
[56MAH/GEL] and Gal’braikh et al. [70GAL/KUL] who measured enthalpies of 
reaction of – (736.4 ± 3.3), – (729.1 ± 1.3) and – (731.8 ± 9.2) kJ.mol–1, respectively. 
Using the weighted average of these three values, the selected reaction value is: 

r mH ο∆ ((V.68), 298.15 K) = – (730.1 ± 1.2) kJ·mol–1. 

Combination of this enthalpy of reaction with the selected enthalpy of 
formation of ZrO2(cr) (Section V.3.2.1.2), leads to an enthalpy of formation for ZrN(cr) 
of: 

f mH∆ 0 (ZrN, cr, 298.15 K) = – (370.5 ± 1.4) kJ.mol–1 
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and is selected by this review. This value is in good agreement with those selected by 
Alcock et al. [76ALC/JAC] in their review of the thermodynamics of zirconium (i.e. 
− (368.2 ± 2.5) kJ.mol–1) and by [85CHA/DAV], (i.e. − (365.3 ± 8.4) kJmol−1). 

The standard entropy value for ZrN(cr) was combined with the standard 
entropy of zirconium metal selected in this review (Section V.1.1.2.1), the selected 
auxiliary data for the standard entropy of N2(g) (Chapter IV) and the selected enthalpy 
of formation of ZrN(cr) to give a selected Gibbs energy change at 298.15 K of: 

f mG∆ 0 (ZrN, cr, 298.15 K) = – (341.8 ± 2.0) kJ.mol–1. 

This value is also in very good agreement with the value selected by Alcock et 
al. [76ALC/JAC], namely – (339.4 ± 4.2) kJ.mol–1. 

V.6.1.1.2 ZrN(g) 

Chase et al. [85CHA/DAV] estimated the following data for the thermochemical 
properties of ZrN(g) from unpublished data. 

,mpC0 (ZrN, g, 298.15 K) = 31.7 J·mol–1·K–1 

mS 0 (ZrN, g, 298.15 K) = 233.5 J·mol–1·K–1 

f mH∆ 0 (ZrN, g, 298.15 K) = 713.4 kJ·mol–1 

f mG∆ 0 (ZrN, g, 298.15 K) = 540.9 kJ·mol–1 

These data are noted by this review but are not selected since they have not 
been verified by experimental measurements. The value for the Gibbs free energy has 
been estimated from the thermochemical and auxiliary data given in this review. 

V.6.1.2 Zirconium nitrates 

V.6.1.2.1 Aqueous zirconium nitrates 

Though experimental data on the aqueous Zr(IV) nitrate complexes are sparse 
[49CON/MCV], [57SOL], [58PAR/SER], [62MAR/RYA], [70PRA/HAV], the 
formation constants for these complexes appear to be relatively weak. All the studies of 
the zirconium - nitrate system have used a mixture of perchloric and nitric acids, 
ranging from perchlorate-dominated to nitrate-dominated, as the ionic medium, but of 
differing ionic strengths. 

Most of the experimental studies that have contributed information about the 
formation of Zr-nitrate complexes also yielded information concerning Zr-chloride 
complexes as discussed in Section V.4.2. All of the studies have been re-interpreted in 
the present review, using a statistical (least squares) regression technique, since in the 
majority of cases either the model or the selected stability constants assigned by the 
authors are not fully supported by the data (see Appendix A) or no uncertainties were 
assigned in the original work. A summary of the available data, as reported in the 
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original papers, together with the stability constants re-interpreted in the present review, 
is shown in Table V-30, which contains compiled experimental data for equilibria of the 
type: 

 Zr4+ + 3NOq −   4
3Zr(NO ) q

q
− . (V.69) 

Table V-30: Experimental equilibrium data for the zirconium(IV) - nitrate system. All 
the reported data are in mixed nitrate/perchlorate media. 

Method Ionic Strength 
(mol dm-3) 

t (°C) log10 β  
(reported) 

log10 β 
(re-interpreted) 

Reference 

4+ 3
3 3Zr NO ZrNO− ++  

dis 2 25    0.3 NA [49CON/MCV] 

dis 4 (20 ± 2)    (0.34 ± 0.02) NA [57SOL] 

cix 2 r. t. − (0.04 ± 0.07)    (0.05 ± 0.08) [62MAR/RYA2] 

cix 4 r. t. − (0.06 ± 0.10) − (0.09 ± 0.05)  [62MAR/RYA2] 

dis 2 (20 ± 1) − 0.05 − (0.101 ± 0.007) [70PRA/HAV] 

( )24+
3 3 2

Zr 2NO Zr NO +−+  

aix, cix 2 r. t. − (0.22 ± 0.20) NA [58PAR/SER] 

dis 4 (20 ± 2)    (0.11 ± 0.03) NA [57SOL] 

cix 2 r. t. − (0.34 ± 0.02) − (0.36 ± 0.20) [62MAR/RYA2] 

cix 4 r. t. − (0.85 ± 0.50) NA [62MAR/RYA2] 

dis 2 (20 ± 1) − 0.46 − (0.54 ± 0.04) [70PRA/HAV] 

( )4
3 3 3

Zr 3NO Zr NO ++ −+  

dis 4 (20 ± 2) − (0.26 ± 0.05) NA [57SOL] 

dis 2 (20 ± 1) ND − (1.5 ± 0.2) [70PRA/HAV] 

( )4+
3 4

Zr + 4NO Zr NO (aq)−  

dis 4 (20 ± 2) − (0.82 ± 0.03) NA [57SOL] 

NA  not accepted 
ND  not determined in original study  
r. t.  room temperature 

Experimental data are available only at two different ionic strengths (2 and 
4 M perchlorate/nitrate solutions). The limited number of available experimental data 
makes the extrapolation to infinite dilution relatively uncertain for the first association 
constant and impossible, based on experimental data alone, for the higher order 
complexes. 
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 For 3
3ZrNO + , the SIT was used to determine the stability constant at zero ionic 

strength, using the data given in Table V-30, as is shown in Figure V-28. In the absence 
of reported experimental temperatures for some experiments and the availability of 
enthalpies of reaction, all experimental stability constants are assumed to apply to the 
standard state (298.15 K). The 10log οb  determined from the least squares analysis is: 

10log οb ((V.69), q = 1, 298.15 K) = (1.59 ± 0.08),  

with ∆ε = − (0.08 ± 0.04) kg·mol–1. The value of ∆ε was used in conjunction with the 
interaction coefficient derived for ε(Zr4+, 4ClO− ) in this review (0.89 ± 0.10) kg·mol–1 
and that for ε(H+, 3NO− ) given in Appendix C to give a value for ε( 3

3 4ZrNO ,ClO+ − ) of 
(0.88 ± 0.11) kg·mol–1. This latter value is similar to the value calculated for the 
interaction coefficients of ZrCl3+ with the perchlorate ion (see Section V.4.2.1). 

Figure V-28: Extrapolation to I = 0 of experimental data for the formation of ZrNO3
3+ 

using the specific ion interaction theory. The data refer to measurements made in mixed 
perchlorate/nitrate media and are taken from [62MAR/RYA] (▲) and [70PRA/HAV] 
(■). The dashed lines are back-propagated data using the 95% uncertainties in the 
stability constant and interaction coefficient to I = 5 mol·kg–1. Data from [57SOL] are 
not included in this figure, since they are not accepted in the present review, as 
indicated in Table V-30. All the data from the studies have been recalculated in this 
review.  
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 The data listed in Table V-30 suggest the formation of higher nitrate 
complexes with, at least, q = 2 and 3 and possibly q = 4. Stability constant data has been 
confirmed for 2

3 2Zr(NO ) +  under a single set of experimental conditions only (2 M 
HClO4) whereas only one stability constant can be confirmed for 3 3Zr(NO )+ . The 
neutral species Zr(NO3)4 has been postulated but a re-evaluation of the data does not 
support its formation. The stability constant for 2

3 2Zr(NO ) +  at zero ionic strength has, in 
this review, been estimated using an interaction coefficient for the species with the 
perchlorate ion that has been equated to the value determined for 2

2ZrCl +  with the same 
ion (see Section V.4.2.1) i.e. ε( 2

3 2Zr(NO ) + , 4ClO− ) = (0.84 ± 0.11) kg·mol–1. The choice 
of this value seems justified given the similarity between the interaction coefficients 
determined for ε(ZrCl3+, 4ClO− ) and ε( 3+

3ZrNO , 4ClO− ). From the selected interaction 
coefficient as outlined above and the average value for the stability constant of 

2
3 2Zr(NO ) +  given in Table V-30 for the single set of experimental conditions the 

10log οb  determined for the complex is: 

10log οb ((V.66), q = 2, 298.15 K) = (2.64 ± 0.17) 

where the uncertainty used for the single experimental condition covers the range in 
stability constants listed in Table V-30. It is unrealistic to reliably extrapolate the 
formation constants of the higher nitrate complexes, 3 3Zr(NO )+  and Zr(NO3)4, to I = 0 
for these complexation reactions and, as such, stability constants are not recommended. 

 The Gibbs energy of formation for the 3
3ZrNO +  and 2

3 2Zr(NO ) +  complexes are 
determined from the stability constant at zero ionic strength and the Gibbs energy of 
formation for Zr4+ and 3NO−  (Section V.2.1 and Chapter IV, respectively): 

f mGο∆ ( 3ZrNO+ , 298.15 K) = − (648.4 ± 9.2) kJ.mol−1, 

f mGο∆ ( 2
3 2Zr(NO ) + , 298.15 K) = − (765.2 ± 9.3) kJ·mol–1. 

V.6.1.2.2 Solid zirconium nitrates 

Various hydrous zirconium nitrate and zirconyl nitrate solids have been reported, 
though reliable thermodynamic values do not appear to be available for any of them. 
Blumenthal [58BLU] described zirconium nitrate (Zr(NO3)4

.5H2O) as a colorless, 
hygroscopic, crystalline solid which gives off nitric acid in dry air. Thermal 
decomposition of this phase has been reported to occur in several steps between 140 and 
400°C, finally yielding zirconium dioxide at the high end of the temperature range 
[24RUF/MOC]. Because of the instability of zirconium nitrate under most conditions, 
there are relatively few data on its properties. Zirconyl nitrate (ZrO(NO3)2

.2H2O) or 
Zr(OH)2(NO3)2

.4H2O) is the phase most commonly obtained from reactions involving 
aqueous solutions containing zirconium and nitrate ions [18CHA/NIC], 
[65MCW/LUN]. As indicated in Section V.2.2, these compounds consist of infinite 
chains bonded by double hydroxide bridges. Solubility studies involving a series of 
hydrated zirconium nitrate solids [41FAL] show these solids to be extremely soluble in 
water. 
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V.6.2 Phosphorus compounds and complexes 

V.6.2.1 Zirconium phosphides 

V.6.2.1.1 Solid zirconium phosphides 

A large number of zirconium phosphides have been identified that range in composition 
from approximately Zr3P to ZrP2. These compounds have found uses in the 
semiconductor industry. The compounds that have been identified are listed in Table V-
31 together with their respective crystallographic data. 

Table V-31: Stoichiometries and crystal structure parameters for zirconium phosphide 
compounds 

Compound Structure Lattice Parameters (× 1010 m) Reference 

  a b c  

α-ZrP cubic 5.242   [63IRA/GIN] 

  5.27   [54SCH] 

β-ZrP hexagonal 3.684  12.554 [63IRA/GIN] 

  3.677  12.52 [54SCH] 

Zr14P9 orthorhombic 16.715(2) 24.572(2) 3.6742(3) [81TER/NOL] 

Zr7P4 
a monoclinic 15.8111(10) 3.6049(3) 14.7357(12) [84WIL] 

  15.814(1) 3.6053(3) 14.738(1) [89AHL/RUN] 

Zr3P tetragonal 10.799  5.355 [90AHL/AND] 

Zr2P orthorhombic 29.5099(8) 19.0634(7) 3.6076(1) [89AHL/RUN2] 

ZrP2 orthorhombic 6.505(2) 3.5169(4) 8.757(1) [94HUB/DEI] 

a β = 104.831(5)° [84WIL] and 104.843(8)° [89AHL/RUN]. 

There are two forms of ZrP, the transformation between the forms occurring at 
approximately 1700 K [63IRA/GIN]. Vapour pressure measurements have also been 
performed on α-ZrP [64GIN2], however, no molecular species containing both 
zirconium and phosphorus were observed. Thus, the compound vaporises incongruently 
by decomposition into phosphorus and a condensed phase of lower phosphorus content 
[64GIN2]. The vapour pressure measurements were therefore reported in terms of moles 
of P2 released and α-ZrP was studied over the temperature range 1770 to 2120 K. The 
enthalpy of the vaporisation was found to be: 

vap mH∆ 0 (ZrP, α, 1770 − 2120 K) = (113.8 ± 2.7) kJ.mol–1. 

The error is increased by a factor of two from that reported by [64GIN2] to 
give the 95% uncertainty. 
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No other thermodynamic data have been reported for zirconium phosphide 
compounds. 

V.6.2.2 Zirconium phosphates 

V.6.2.2.1 Aqueous zirconium phosphates 

No thermodynamic data relevant to the formation of aqueous zirconium phosphate 
species was found. 

V.6.2.2.2 Solid zirconium phosphates 

The enthalpy of formation of hydrated zirconium phosphate [zirconium bis(hydrogen 
phosphate) monohydrate], Zr(HPO4)2

.H2O(cr), has been studied by a number of workers 
[75FIL/CHE], [79ALL/MAS], [95KAR/CHE], [98KAR/CHE]. The data in the studies 
were obtained using adiabatic calorimetry following a number of different reaction 
schemes. The enthalpy of formation for Zr(HPO4)2

.H2O(cr) determined in the studies 
are presented in Table V-32; the selected value is: 

 f mH∆ 0 (Zr(HPO4)2
.H2O, cr, 298.15 K) = – (3466.1 ± 6.1) kJ.mol–1 

which is the weighted average of the data presented in Table V-32. 

Table V-32: Values for the enthalpy of formation of Zr(HPO4)2
.H2O(cr) at 298.15 K. 

The data have been corrected in this review using the selected enthalpies for zirconium 
compounds/complexes and auxiliary data (Chapter IV). The uncertainties have been 
calculated as 95% confidence limits. 

f mH ο∆  (kJ.mol-1) Reference 

− 3308.45 [75FIL/CHE](a) 

− (3464.6 ± 13.1) [79ALL/MAS] 

− (3466.0 ± 10.1) [95KAR/CHE] 

− (3466.9 ± 9.4) [98KAR/CHE] 

− (3466.1 ± 6.1) Weighted mean 

 a  The value from [75FIL/CHE] is rejected (see below and Appendix A). 

The solubility of zirconium phosphate, ZrO(H2PO4)2, has been studied by von 
Hevesy and Kimura [25HEV/KIM] in hydrochloric acid solutions. The zirconyl ion 
does not exist in aqueous solution nor in the solid state (see Section V.2.2) and, as such, 
the above solid is most likely Zr(HPO4)2

.H2O(cr). The solid was found by these authors 
to give a saturated solution (as Zr(HPO4)2

.H2O(cr)) of 0.00012 M in 6.01 M HCl and 
0.00023 M in 10 M HCl. The dissolution of the solid can be described by Reaction 
(V.70): 
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 Zr(HPO4)2·H2O(cr) + 4H+  Zr4+ + 2H3PO4(aq) + H2O(l). (V.70) 

Using the measured data and taking into account chloride complexation, the 
logarithm of the solubility constant for Reaction (V.70) is − (16.4 ± 0.7) in 6.01 M HCl 
and − (18.5 ± 1.3) in 10 M HCl. Correction of these data to zero ionic strength using the 
ion interaction coefficients between Zr4+ and H+ with Cl– (Appendix B) leads to the 
following solubility constant at zero ionic strength: 

10
*log K ο ((V.70), 298.15 K) = – (22.8 ± 3.1). 

The uncertainty has been calculated by the propagation of the appropriate 
uncertainties determined in this review. Use of the selected 10

*log K ο  and the Gibbs 
energy of formation for Zr4+ (Section V.2.1.1) and H3PO4(aq), H2O(l) and H+ (Chapter 
IV) gives a Gibbs energy of formation for Zr(HPO4)2

.H2O(cr) of: 

f mG∆ 0 (Zr(HPO4)2
.H2O, cr, 298.15 K) = – (3195 ± 20) kJ.mol–1. 

This value is considerably more negative than the value determined by 
Filippova and Chemodanov [75FIL/CHE] (– 3010.7 kJ.mol–1). The value selected for 
the enthalpy of formation is also more negative than the corresponding value 
determined by [75FIL/CHE] (– 3308.45 kJ.mol–1). The magnitude of the discrepancies 
suggests that the work of [75FIL/CHE] is subject to a systematic error, however, there 
is insufficient information given to ascertain where the error arises. Therefore the data 
of [75FIL/CHE] is not accepted. 

From the selected Gibbs energy and enthalpy of formation values and the 
entropy of the constituent elements in their standard states (Zr, O2, H2 and P: Chapter IV 
and Section V.1.1.2.1), the selected entropy of Zr(HPO4)2

.H2O(cr) is: 

 mS 0 (Zr(HPO4)2
.H2O, cr, 298.15 K) = (395 ± 68) J.K–1.mol–1. 

Allulli et al. [79ALL/MAS] and Karyakin et al. [95KAR/CHE], 
[98KAR/CHE] also studied the enthalpy of formation of unhydrated zirconium 
phosphate, α-Zr(HPO4)2 using adiabatic calorimetry. The enthalpy of formation was 
again determined from a number of reaction schemes and there is good agreement 
between the data. The various values reported are listed in Table V-33. 

Again, the value reported by Filippova and Chemodanov [75FIL/CHE] is more 
positive than those listed in Table V-33 by a similar amount as found for 
Zr(HPO4)2

.H2O(cr) and is also rejected by this review. The selected enthalpy of 
formation for α-Zr(HPO4)2 is: 

f mH∆ 0 (Zr(HPO4)2, α, 298.15 K) = – (3166.2 ± 6.0) kJ.mol–1 

and is the weighted average of the data presented in Table V-33. 
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Table V-33: Values for the enthalpy of formation of α-Zr(HPO4)2 at 298.15 K. The data 
have been corrected in this review using the selected enthalpies for zirconium 
compounds/complexes and auxiliary data (Chapter IV). The uncertainties have been 
calculated as 95% confidence limits. 

 

a The value from [75FIL/CHE] is rejected (see below and Appendix A). 

Karyakin et al. [98KAR/CHE] also determined the enthalpy of formation of 
β-Zr(HPO4)2. Both α- and β-Zr(HPO4)2 are monoclinic and differ only in their lattice 
parameters. The value determined by [98KAR/CHE] is: 

f mH∆ 0 (Zr(HPO4)2, β, 298.15 K) = – (3159.1 ± 6.0) kJ.mol–1 

and is accepted by this review. The enthalpy of transition between α-Zr(HPO4)2 and 
β-Zr(HPO4)2(cr) had been previously measured by [77CHE/KOR] and found to be 
(7.15 ± 0.04) kJ·mol–1. This latter value is also accepted by this review. In addition, 
[79ALL/MAS] determined an enthalpy of formation for Zr(HPO4)2

.2H2O(cr). This 
value and its associated uncertainty have been recalculated in the present review, using 
enthalpies of formation for zirconium compounds/complexes selected in this review and 
the relevant auxiliary data given in Chapter IV. The uncertainty has also been 
determined at the 95% confidence level. The value so obtained is: 

f mH∆ 0 (Zr(HPO4)2
.2H2O, cr, 298.15 K) = − (3742.1 ± 13.3) kJ.mol–1 

and is selected by this review. 

The enthalpy of dehydration of Zr(HPO4)2
.H2O for the reactions: 

 Zr(HPO4)2·H2O(cr)   α-Zr(HPO4)2 + H2O(l) (V.71) 

 Zr(HPO4)2·H2O(cr)   α-Zr(HPO4)2 + H2O(g) (V.72) 

can be determined from the enthalpies of formation of Zr(HPO4)2
.H2O(cr) and 

α-Zr(HPO4)2 as well as either liquid water or water vapour. From the enthalpy data 
selected above, the enthalpy of dehydration for Reactions (V.71) and (V.72) are 
respectively 

dehyd mH∆ 0 ((V.71), 298.15 K) = (14.4 ± 2.3) kJ.mol–1 

dehyd mH∆ 0 ((V.72), 298.15 K) = (58.4 ± 2.3) kJ.mol–1. 

f mH∆ 0  (kJ.mol–1) Reference 

− 2992.85 [75FIL/CHE](a) 

− (3168.8 ± 13.2) [79ALL/MAS] 

− (3165.0 ± 10.0) [95KAR/CHE] 

− (3166.0 ± 9.1) [98KAR/CHE] 

− (3166.2 ± 6.0) Weighted mean 
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As expected, these values are in good agreement with those calculated from the 
data listed in [79ALL/MAS], [95KAR/CHE] and [98KAR/CHE]. 

Chernorukov and Zhuk [77CHE/ZHU] studied Reaction (V.72), in the 
temperature range 95 to 140°C, by measuring the partial pressure of water vapour over 
the solid phases using a tensimetric method. They found that the relationship between 
the pressure and reaction temperature could be described by Eq.(V.73): 

 10log p  = 8.10 – 3532/T (V.73) 

from which they determined a value for the enthalpy of dehydration of 67.8 kJ.mol–1. 
Such data can also be used to determine the entropy of dehydration, from which the 
entropy of formation of Zr(HPO4)2(cr) can be calculated. The data determined from 
Eq.(V.73) were refitted to the equation: 

10 r m r m r ,m

r ,m

1log ( (298.15K) (298.15 K) ( 298.15)
ln(10) R

ln( / 298.15)).

p

p

p H T S T C
T

T C T

= − ∆ − ∆ + − ∆

+ ∆

0 0

 

The calculated enthalpy of Reaction (V.72) determined by [77CHE/ZHU] 
differs considerably from that recommended in this review. However, their vapour 
pressure measurements impose a correlation between the values of r mH ο∆  and r mS ο∆  
[92GRE/FUG]. As such, the enthalpy of Reaction (V.72) was fixed at the value selected 
in this review and the above equation was used to determine both r p,mC∆  and r mS ο∆ . 
The values determined for these parameters were r p,mC∆  = − 13.8 and r mS ο∆  = 
(124 ± 28) J.K–1.mol–1. From the latter value and the selected Gibbs free energies of 
Zr(HPO4)2

.H2O(cr) and H2O(g) (Chapter IV), the Gibbs free energy of α-Zr(HPO4)2 is 

f mG∆ 0 (Zr(HPO4)2, α, 298.15 K) = − (2987 ± 23) kJ.mol–1. 

From the selected Gibbs energy and enthalpy of formation values and the 
entropy of the constituent elements in their standard states (Zr, O2, H2 and P: Chapter IV 
and Section V.1.1.2.1), the selected entropy of Zr(HPO4)2

.H2O(cr) is: 

mS 0 (Zr(HPO4)2, α, 298.15 K) = (472 ± 80) J.K–1.mol–1. 

V.6.2.2.3 Solid zirconium diphosphates 

The specific heat of ZrP2O7(cr) was measured by Warhus et al. [88WAR/MAI] using 
both adiabatic and differential scanning calorimetry between 1.2 and 800 K. The authors 
found that the specific heat could be described by the following equation: 

 ,mpC0 (ZrP2O7, cr, T ) = (257.3 – 1780 / T ½ + 215000 / T 2  
 – 0.0227 T + 6.69 × 10–5 T 2) J·K–1·mol–1. (V.74) 

On the basis of this equation, the selected heat capacity at 298.15 K is 
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,mpC0 (ZrP2O7, cr, 298.15 K) = (150.7 ± 1.5) J.K–1.mol–1 

where the uncertainty has been determined in the present review. The heat capacity 
equation (V.74) was used by Warhus et al. [88WAR/MAI] to derive an expression for 
the entropy change over the temperature range studied, from which the entropy at 
298.15 K was determined: 

mS 0 (ZrP2O7, cr, 298.15 K) = (188.8 ± 2.0) J.K–1.mol–1. 

The only reported values of the Gibbs energy and enthalpy of formation of 
ZrP2O7(cr) is that given by Filippova and Chemodanova [75FIL/CHE]. Due to the 
likelihood of systematic errors in this work, the data determined by these authors are 
rejected by this review. 

V.6.2.2.4 Solid zirconium triphosphates 

Sodium zirconium triphosphate, NaZr2P3O12, is one of the end members of the 
NASICON solid solution system (Na1+xZr2SixP3–xO12(s) (0 ≤ x ≤ 3)). The 
thermochemical data determined for this species by Maier et al. [86MAI/WAR], 
between 1.5 and 810 K using a combination of adiabatic and differential scanning 
calorimetry, are discussed in Section V.7.2.5. The selected thermochemical data are: 

,mpC0 (NaZr2P3O12, cr, 298.15 K) = (310 ± 10) J.K–1.mol–1 

mS 0 (NaZr2P3O12, cr, 298.15 K) = (370 ± 10) J.K–1.mol–1 

f mH∆ 0 (NaZr2P3O12, cr, 298.15 K) = – (4889 ± 20) kJ.mol–1 

f mG∆ 0 (NaZr2P3O12, cr, 298.15 K) = – (4557 ± 20) kJ.mol–1. 

V.6.3 Arsenic compounds and complexes 

V.6.3.1 Zirconium arsenides 

V.6.3.1.1 Solid zirconium arsenides 

The zirconium arsenides have a similar stoichiometric range as the zirconium 
phosphides. Each of the compounds has also the same structure as its zirconium 
phosphide analogue. The compounds that have been identified are listed in Table V-34 
together with their respective crystallographic data. 
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Table V-34: Stoichiometries and crystal structure parameters for zirconium arsenide 
compounds 

Compound Structure Lattice Parameters (× 1010 m) Reference 

  a b c  

α-ZrAs cubic 5.4335(6)   [84WIL] 

Zr14As9 orthorhombic 17.0987(10) 28.2588(16) 3.7661(3) [84WIL] 

Zr7As4 
a monoclinic 16.2020(7) 3.6778(3) 15.0394(8) [84WIL] 

a β = 104.656(4) [84WIL]. 

V.6.3.2 Zirconium arsenates 

V.6.3.2.1 Aqueous zirconium arsenates 

No thermodynamic data relevant to the formation of aqueous zirconium arsenate species 
was found. 

V.6.3.2.2 Solid zirconium arsenates 

Karyakin et al. [98KAR/CHE] studied the enthalpy of formation of unhydrated two 
forms of zirconium arsenate, α-Zr(HAsO4)2 and β-Zr(HAsO4)2 as well as hydrated 
zirconium arsenate, Zr(HAsO4)2

.H2O(cr), using adiabatic calorimetry. The enthalpy data 
obtained by these workers are: 

f mH∆ 0 (Zr(HAsO4)2
.H2O, cr, 298.15 K) = – (2659.3 ± 13.1) kJ.mol–1 

f mH∆ 0 (Zr(HAsO4)2, α, 298.15 K) = – (2364.7 ± 12.1) kJ.mol–1 

f mH∆ 0 (Zr(HAsO4)2, β, 298.15 K) = – (2360.9 ± 12.0) kJ.mol–1. 

These values are selected by this review. The uncertainties for β-Zr(HAsO4)2 
and the hydrated solid are the unweighted average from the determinations of the 
enthalpy following four separate reaction schemes; the uncertainty covers the range in 
the 95% interval of the four separate determinations. 

Chernorukov and Zhuk [77CHE/ZHU] studied the reaction 

 Zr(HAsO4)2
.H2O(cr)  Zr(HAsO4)2(cr) + H2O(g) (V.75) 

in the temperature range 90 to 110°C, by measuring the partial pressure of water vapour 
over the solid phases using a tensimetric method. They found that the relationship 
between the pressure and reaction temperature could be described by Eq.(V.76): 

 10log p  = 6.79 – 3028 / T (V.76) 

from which they determined a value for the enthalpy of dehydration of 57.8 kJ.mol–1. 
This value is in very good agreement with the value determined in this review on the 
basis of the enthalpies selected above for Zr(HAsO4)2

.H2O(cr) and Zr(HAsO4)2(cr) as 



V Discussion of data selection for zirconium 208 

well as that for H2O(g) (Chapter IV) ((56.6 ± 17.8) kJ.mol–1) and lies well within the 
uncertainty range of the selected value from the present review. Since there are no 
available Gibbs energy of formation or entropy data for Zr(HAsO4)2

.H2O(cr) there is no 
value in further evaluation of the vapour pressure measurements. 

There are no other reported thermochemical data for zirconium arsenate 
compounds. 

V.7 Group 14 compounds and complexes

V.7.1 Carbon compounds and complexes 

V.7.1.1 Zirconium carbides 

V.7.1.1.1 Solid zirconium carbide, ZrC(cr) 

Zirconium carbide is a hard, high melting compound. Carbon forms a solid solution 
with either α- or β-Zr whereby a small fraction of interstitial sites are filled with carbon 
atoms [95FER]. At much higher contents of carbon, in non stoichiometrical ZrCx, where 
a considerable amount of the interstitial sites are filled, the compound is considered to 
be derived from a face centred cubic, metastable form of zirconium [95FER]. 

 The enthalpy of formation of ZrCx has been determined from the measured 
heat of combustion associated with Reaction (V.77): 

 ZrCx(cr) + (1+x)O2  ZrO2(cr) + xCO2(g). (V.77) 

 This reaction was studied in detail by Baker et al. [69BAK/STO] using a range 
of Zr:C stoichiometries (0.63 ≤  x ≤  0.98). The results found for the enthalpy of 
formation of ZrCx are listed in Table V-35. 

Table V-35: Enthalpy of formation of ZrCx(cr) at 298.15 K 

C:Zr ratio Enthalpy (kJ·mol−1) Reference 

0.63 − (146.0 ± 9.0) [69BAK/STO] 

0.77 − (172.7 ± 4.9) [69BAK/STO] 

0.84 − (184.0 ± 4.9) [69BAK/STO] 

0.98 − (204.1 ± 4.9) [69BAK/STO] 

0.70 − (168 ± 15) [64MAH]a 

0.95 − (197 ± 15) [64MAH]a 

0.99 − (201 ± 15) [64MAH]a 

0.92 − (181.9 ± 7.4) [78MAS/NEG] 

a Enthalpy and uncertainty values recalculated in the present review (see Appendix A). 
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 Reaction (V.77) has also been studied by Mah and Boyle [55MAH/BOY], Mah 
[64MAH], and Maslov et al. [78MAS/NEG]. The early work of [55MAH/BOY] is 
unreliable since they used an impure sample of zirconium carbide of uncertain 
composition. Thus, there was considerable uncertainty in the correction of the enthalpy 
value due to the presence of impurities in the sample. Subsequently, Mah [64MAH] 
reinvestigated the combustion of zirconium carbide using three samples of defined 
composition. In this work, two of the samples were believed to be ZrC(cr) containing 
impurities rather than ZrCx(cr), where the value of x is derived from the composition of 
the samples used. The third sample was stated to have the composition, ZrC0.71(cr). The 
work of [64MAH] has been recalculated in the present review (see Appendix A) where 
the composition of the samples is based on the measured composition, enthalpy data for 
ZrO2(cr) and ZrN(cr) are derived in this review (Sections V.3.2.1.2 and V.6.1.1) and 
correction for oxygen in the samples was based on the formula for O2 correction derived 
by [69BAK/STO]. The enthalpy values so derived are also included in Table V-35, as is 
the value found by [78MAS/NEG]. The values of [69BAK/STO] are preferred by this 
review because of a more reliable correction for the impurities in their samples. From 
their data, [69BAK/STO] derived the following equation to describe the change in the 
enthalpy as a function of the Zr:C ratio (x): 

 f mH∆ 0 (ZrCx, cr, 298.15 K, x) = − (30.9 ± 5.4) + (351.7 ± 13.8) x  
 − (113.8 ± 8.4) x 2 kJ·mol–1. 

From this equation, they determined an enthalpy of formation for ZrC(cr) of: 

f mH∆ 0 (ZrC, cr, 298.15 K) = − (207.0 ± 2.5) kJ·mol–1 

and this value is selected by this review. The recommended value is identical to that 
selected by Fernández Guillermet [95FER] in his review of the thermodynamics of 
zirconium carbide compounds. 

 The heat capacity of ZrCx(cr) was measured by Westrum and Feick 
[63WES/FEI2] from 5.6 to 345 K. These authors analysed the results considering that 
the sample they studied contained 96.5% ZrC(cr) (by weight) and 2.4% excess Zr(cr) in 
addition to the presence of N, B and Ti as impurities. However, as the authors 
suggested, the sample is most likely a solid solution of ZrC(cr) with some of the carbon 
sites vacant and others substituted with N and B whereas some of the Zr sites are 
occupied by Ti. Fernández Guillermet [95FER] therefore determined the overall 
composition of the sample studied by [63WES/FEI2] to be ZrC0.96(cr) and this 
composition is accepted by this review. Heat capacity and concomitant 
thermodynamical data for ZrC(cr) have been estimated in this review from the data of 
[63WES/FEI2] by assuming that the relevant thermochemical quantity for ZrC(cr) is 
equal to the value determined for ZrC0.96(cr). Enthalpy data derived for ZrC(cr) from the 
work of [63WES/FEI2] above 50 K were then combined with the high temperature data 
of a number of authors [60MEZ/TIL], [60NEE/PEA], [67BOL/GUS], [67KAN/FOM], 
[68TUR/FES] to determine the dependence of the thermochemical properties with 
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respect to temperature. The temperature dependence of the heat capacity, as determined 
by least squares analysis, is given by: 

 345K
,m 5.6 K[ ]pC0 (ZrC, cr, T ) = (36.06 – 17.95 × 105 / T 2 + 0.0108 T ) J·K–1·mol–1. (V.78) 

 The selected heat capacity at 298.15 K derived from Eq.(V.78) is: 

,mpC0 (ZrC, cr, 298.15 K) = (37.28 ± 0.75) J·K–1·mol–1. 

The selected value is in good agreement with the value selected by 
[85CHA/DAV] (37.90 J·K–1·mol–1). 

 The heat capacity equation (V.78) was used to derive an expression for the 
entropy change in the temperature range (50 to 2550) K. The corrected entropy value 
estimated in the present review from the data of [63WES/FEI2] was used for the 
entropy change below 50 K. The values were then combined to derive the selected value 
for the standard entropy at 298.15 K: 

mS 0 (ZrC, cr, 298.15 K) = (33.0 ± 2.2) J·K–1·mol–1. 

The selected value is in excellent agreement with the value selected by 
[85CHA/DAV] (33.3 J·K–1·mol–1) and later verified by [95FER]. This indicates that the 
equivalence assigned in the present review between the thermochemical quantities of 
ZrC0.96(cr) and ZrC(cr) (below 500 K) is justified. 

 The standard entropy value for ZrC(cr) was combined with the standard 
entropy of zirconium metal recommended in this review (Section V.1.1.2.1), the 
selected auxiliary data for the standard entropy of C(cr) (Chapter IV) and the selected 
enthalpy of formation of ZrC(cr) to give the selected Gibbs energy at 298.15 K: 

f mG∆ 0 (ZrC, cr, 298.15 K) = − (203.5 ± 2.6) kJ·mol–1. 

 This value is somewhat less negative than that found by [95FER], namely 
− 216.4 kJ·mol–1. The entropy found in the present review is less than that of Zr(cr) and, 
as such, it would be expected that the entropy change in the formation of ZrC(cr) from 
its constituent elements would be negative. As a result, the magnitude of the Gibbs 
energy of formation should be less than that of the enthalpy of formation. 

V.7.1.2 Zirconium carbonates 

V.7.1.2.1 Aqueous zirconium carbonates 

Complex formation of zirconium(IV) with carbonate ions has been the subject of few 
investigations. There are only six studies concerning the nature of Zr-carbonate 
complexes and the quantitative determination of the stability of these complexes 
([72DER], [80MAL/CHU], [82KAR/CHU], [87JOA/BIG], [99VEY] and 
[2001POU/CUR]). Other references [69FAU/DER], [74DER/FAU], [99VEY/RIM], 
[2000VEY/DUP], [2000VEY/DUP2] do not yield additional data as these are secondary 
publications deriving from the same material treated extensively in the PhD theses of 
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Dervin [72DER] and Veyland [99VEY]. The two latter references together with 
[80MAL/CHU], [82KAR/CHU] include most of the usable data and, therefore, have 
been reviewed in great detail. 

 Cryoscopy, conductometry, dialysis and various spectroscopic methods (NMR, 
infrared and Raman spectroscopy, electrospray mass spectrometry) were used to 
identify the binding mechanisms and stoichiometry of the complexes in the 
Zr-carbonate system. Potentiometry, solubility, ion exchange and solvent extraction 
were used to determine the stability constants of these complexes. The majority of these 
studies were carried out in K2CO3/KHCO3 and KOH/K2CO3 solutions, but other 
electrolytes were used as well. The comparison of constants measured under different 
conditions and their extrapolation to zero ionic strength is therefore difficult. Table V-
36 gives an overview of the physicochemical conditions applying to the reviewed 
experiments. 

Table V-36: Overview of physicochemical conditions for the reviewed experiments on 
Zr(IV)-carbonate complexation 

Medium [Zr]tot (M) [CO3]tot (M) [CO3]/[Zr] T (oC) pH I (M) Method References 

NH4NO3 0.003-0.04 0.1-0.4 9-31 20    8.1-9.2 1 sol [72DER] 

KOH  
+KHCO3 

0.01-0.1 0.2-0.4 4-20 < 0 9-10 ~2* cry [69FAU/DER],  
[72DER],  
[74DER/FAU] 

KOH  
+KHCO3 

0.005-0.02 0.2  10-40 ~20  6-10 0.4* pot [69FAU/DER],  
[72DER],  
[74DER/FAU] 

K2CO3 0-0.001 0.001 1-∞ ~20 7-10.5* 0.002* con [72DER],  
[74DER/FAU] 

K2CO3 0.001  0.2-0.6 200-600 20-25 10-11.5* 0.6-1.6* ix [72DER], 
[74DER/FAU] 

Na2CO3  
+Zr(SO4)2 

0.02-0.4  0.2 4-10 20 2-10  0.4-2.5* pot [80MAL/CHU] 

Na2CO3  
+Zr(SO4)2 

0.2-0.33 0.4-2.0 2-10 20 7.5-10  IR(a) [80MAL/CHU] 

KCl  
+Na2CO3  
+ZrOCl2

 

0.011-0.056 0.2 4-18 20-25 1-11 ~0.5-1 pot [82KAR/CHU] 

Na2CO3 

+ZrOCl2 
10–5-0.03 2×10−5-0.06 2 20-25 7-9.2 ~10−4-0.2 pot [82KAR/CHU] 

(Continued next page) 
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Table V-36: (continued) 

Medium [Zr]tot (M) [CO3]tot (M) [CO3]/[Zr] T (oC) pH I (M) Method Reference 

KCl  
+Na2CO3 
+ZrOCl2

 

0.013-0.1 ~0.03-0.5 2-5 20-25 8.9-10.7  IR(a) [82KAR/CHU] 

guan2CO3
(b) 0.001 0.4-1.0 400-1000 20 9.8-10.3 1-2.5 dis [87JOA/BIG] 

K2CO3  
+ KHCO3 
+ KNO3 

0.01 0.6 60 ~20 2-10 0.5-2 pot [99VEY] 

K2CO3  
+ KHCO3  
+ KNO3 

0.01-0.1 0.06-0.6 6 ~20 8-11* 1-2 NMR [99VEY] 

K2CO3  
+ KHCO3 
Na2CO3  
+NaHCO3 

0.07 0.43 6 70 ~10* 0.9 EMS(c) [99VEY] 

K2CO3  

+KHCO3 
0.01-0.1 0.07-0.7 7 ~20 9-10 0.01-1.7 dia(d) [99VEY] 

NaHCO3 10–9-10–5 2×10−5-0.5 > 10000 25 9 0.005-0.5 sol [2001POU/CUR] 

*  calculated;     
a  IR=infrared spectroscopy 
b  guan = guanidinium ion;     
c  EMS = electrospray mass spectrometry;    
d  dialysis,       

 One of the major difficulties in evaluating Zr complexation constants is the 
unavoidable coexistence with hydroxo species over all pH regions of interest. 
Therefore, any determination of stability constants for complex formation with ligands 
other than OH– critically depends on the quality and precision of the stability constants 
assigned to the hydrolysis. This is particularly true in the carbonate system where OH– 
and 2

3CO −  concentrations will co-vary with pH. In the course of the review, it became 
evident that all Zr-carbonate constant determinations found in the literature relied on a 
hydrolysis model that differs from that selected in this review. Consequently, all 
constant determinations had to be re-evaluated. Due to the limited information provided 
by most references (missing raw data, insufficient declaration of experimental 
conditions), or because of the inherent unsuitability of the data, a meaningful re-
interpretation was possible only in a few cases (mainly for potentiometric titrations). 
Table V-37 is a compilation of the Zr-carbonate complexation constants reported in the 
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literature, compared (where possible) with the re-interpreted constants obtained in this 
review. 

Table V-37: Compilation of all experimental equilibrium constants found in the 
literature for aqueous Zr(IV)-carbonate species. 

Method Ionic strength 
(mol dm-3) 

t 
(oC) 

log10 K 
(reported) 

log10 K 
(re-interpreted) 

Reference 

2
2Zr(OH) −  + 2

32CO −  + 32HCO−   4
3 4Zr(CO ) −  + 2H2O 

sol  1 (20 ± 0.5) (18.7 ± 0.6) (a)  [72DER] 

dis 1 ~ 20     20.6 (b)  [72DER] 

Zr4+ + 2
34CO −   4

3 4Zr(CO ) −  

sol  1 (20 ± 0.5)     38.6 (a) (40.1 ± 0.2) (d) [72DER] 

dis 1 ~ 20     40.4 (b)  [72DER] 

pot 2 ~ 20 (38.8 ± 0.1)  [99VEY] 

sol 0 25 ~ 42 (c) (42.9 ± 1.0) (d) [2001POU/CUR] 

Zr4+ + 2
35CO −   6

3 5Zr(CO ) −  

sol 0 25 ~ 43 (c)  [2001POU/CUR] 
2
2Zr(OH) −  + 2

34CO −   4
3 4Zr(CO ) −  + 2OH– 

dis 1 20 (39.95 ± 0.05)  [87JOA/BIG] 

dis 2.5 20 (39.83 ± 0.05)  [87JOA/BIG] 
2

3 3Zr(CO ) −  + 2
3CO −   4

3 4Zr(CO ) −  

pot 1 20 10.9  [80MAL/CHU] 

Zr(OH)2CO3(aq) + 2
3CO −   2

2 3 2Zr(OH) (CO ) −  

pot 5 × 10-5 − 0.16 20 − 25 11.3 − 12.5  [82KAR/CHU] 

a calculated from [72DER] (solubility data) 
b two constant formulations from the same data 
c two constant formulations from the same data 
d re-interpretation based on the selected hydrolysis model 

 From the study of the literature, it clearly emerged that a considerable number 
of Zr-carbonate species exist (including polynuclear complexes and ternary carbonato-
hydroxo species). The domain of existence of the various species apparently depends on 
absolute Zr and carbonate concentrations, CO3/Zr total concentration ratios and pH. 
Nevertheless, there is convincing evidence that 4

3 4Zr(CO ) −  is the limiting complex 
when carbonate concentrations are in large excess of zirconium concentrations (i.e. 
CO3/Zr ratios above ca. 10). Although the results and the re-interpretations obtained in 
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this review are not unequivocal (in the sense that the same set of data could be 
explained invoking alternative sets of Zr-carbonate species), several independent 
experiments and lines of reasoning are consistent with Zr-tetracarbonate as the limiting 
complex.  

 For instance, the conductometric data of [72DER] revealed discontinuities at 
CO3/Zr ratios of 3.5 and 2, suggesting the stepwise formation of 4

3 4Zr(CO ) − , 2
3 3Zr(CO ) −  

and Zr(CO3)2(aq) with the progressive addition of Zr. From cryoscopic measurements, 
the same author (see also [69FAU/DER]) derived carbonate ligand numbers of 3 and 4. 
Ion exchange experiments carried out in the presence of large excess of dissolved 
carbonate also pointed to a tetracarbonate complex. According to calculations, 
performed with the hydrolysis model selected in this review, titration data of [72DER] 
are best explained assuming 4

3 4Zr(CO ) −  as the dominant complex. Finally, the 
Zr-hydroxide solubility measurements of [72DER] in the presence of carbonate are best 
reproduced assuming the same complex also. These data were provided by independent 
investigations. For instance, the pH and p[ 2

3CO − ] dependencies of the Zr distribution 
coefficient in the solvent extraction experiments of [87JOA/BIG], (CO3/Zr > 400) 
indicate unequivocally a complex stoichiometry with four carbonate ligands. The 
potentiometric titration data described in [80MAL/CHU] and [82KAR/CHU] can be 
best reproduced assuming either a strong 4

3 4Zr(CO ) −  complex (at CO3/Zr ratios above 
~ 9) or a mixture of the latter complex with 2

3 3Zr(CO ) −  or 3
3 3ZrOH(CO ) −  (at lower 

CO3/Zr ratios). This picture is confirmed by infrared spectroscopy data provided by the 
same authors. A particularly important finding was the appearance of an absorption 
peak characteristic of free carbonate ions as soon as the CO3/Zr ratio exceeded four. 
This implies either that 4

3 4Zr(CO ) −  is the limiting complex, or that higher complexes, 
e.g. 6

3 5Zr(CO ) −  will be substantially weaker than the tetracarbonate, leaving part of the 
carbonate uncomplexed. This finding is also consistent with structural data on 
crystalline Zr solids, where Zr is mostly coordinated by eight oxygens (provided by four 
bidentate carbonates in the case of the aqueous species 4

3 4Zr(CO ) − ). Similar infrared 
spectroscopy analyses carried out on less concentrated solutions and at lower CO3/Zr 
ratios (2 to 5), indicated formation of a Zr complex with two carbonate ligands. In this 
case, this review argues that the lower carbonate concentrations and competition with 
hydroxyl ions (these solutions had higher pH) destabilized the tetracarbonate in favour 
of ternary hydroxo-carbonate species with a lower number of carbonate ligands.  

 The work of Veyland [99VEY] essentially confirmed the above picture, at the 
same time revealing further details. For instance, her data show that polynuclear 
hydroxo-carbonate species are formed under specific conditions. This finding emerges 
from NMR data and dialysis experiments conducted at a fixed total CO3/Zr ratio of 6 
but variable absolute concentrations, with pH values ranging from 8 to 11. As the initial 
concentrated solutions ([Zr] = 0.1 M, [CO3] = 0.6 M) were diluted, or the proportion of 

2
3CO − / 3HCO−  (and thus pH) increased, the NMR spectra indicated a progressive 

reduction of the carbonate ligand number from about four to one. The dialysis 
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experiments, carried out under similar conditions, indicated the formation of large 
complexes that cannot diffuse through a semi-permeable membrane as the solution was 
diluted (at fixed pH) or when the pH was increased (at fixed Zr and total carbonate 
concentrations). The combination of these results can only be explained assuming the 
formation of polynuclear complexes with increasing number of hydroxo ligands as the 
pH increases or the solution is diluted. The limited amount of available data and the 
complexity of the solutions do not allow the identification of such polynuclear species.  

 To conclude, a major finding of this review is the identification of 4
3 4Zr(CO ) −  

as the dominant species when carbonate concentrations exceed the Zr concentration. 
Considering that this is the most common situation to be expected in natural 
environments, it would be desirable to derive a selected stability constant for the 
formation of this complex. A corollary to this major finding is that formation of 
Zr-carbonate complexes most probably occurs via stepwise addition of bidentate 
carbonate groups, though it is not clear to which extent such complexes are binary (only 

2
3CO −  ligands) or ternary ( 2

3CO −  and OH– ligands). On the basis of the present 
evaluation (see comments on [72DER], [80MAL/CHU], [82KAR/CHU] and [99VEY] 
in Appendix A), besides 4

3 4Zr(CO ) −  the species Zr(CO3)2(aq), 2
3 3Zr(CO ) −  and 

3
3 3ZrOH(CO ) −  were identified as the most probable carbonate complexes in the studied 

systems.  

 From most of the data mentioned above, it was not possible to derive reliable 
thermodynamic constants. A unique exception were the solubility measurements carried 
out by Dervin [72DER] on amorphous Zr(OH)4 in NH4NO3 (I = 1 M), from which the 
following conditional constant for the formation of Zr(CO3)4

4- could be derived:  

 Zr4+ + 2
34CO −   4

3 4Zr(CO ) −  (V.79) 

10 4log β ((V.79), 293.15 K) = (40.1 ± 0.2). 

 The result is based on 13 experimental points in the pH range 8.1 to 9.2 (see 
Appendix A, discussion of reference [72DER]). The conclusion that the 4

3 4Zr(CO ) −  is 
the predominant complex formed in aqueous solution is supported by the experimental 
data of [72DER]. A single complex, with an alternative stoichiometry does not 
reproduce the data as well as the single 4

3 4Zr(CO ) −  complex, however, these alternatives 
and the presence of multiple complexes are not precluded.  

 Since solubility data were available only at a single ionic strength, it was not 
possible to apply the usual linear SIT extrapolation procedure. However, considering 
the good precision of the conditional constant, this constant was extrapolated to zero 
ionic strength using available interaction coefficients, taken from [97GRE/PLY2] and 
estimating unknown coefficients based on the analogy with homovalent ion pairs: 

 ε( 4NH+ , 4
3 4Zr(CO ) − ) ≅ ε(Na+, 4

3 4U(CO ) − ) = − (0.09 ± 0.20) kg·mol–1 

 ε(Zr4+, 3NO− ) ≅ ε(Th4+, 3NO− ) = (0.33 ± 0.35) kg·mol–1 (see Appendix B) 



V Discussion of data selection for zirconium 216 

 ε( 4NH+ , 2
3CO − ) ≅ ε(K+, 2

3CO − ) = (0.02 ± 0.10) kg·mol–1. 

 Note that higher uncertainties have been assigned to the estimated values 
compared to the uncertainties of the original interaction coefficients, from which they 
have been derived. The uncertainty ranges of the estimated interaction coefficients were 
set to encompass the entire range of ε-values defined by all homovalent ion pairs listed 
in [97GRE/PLY2]. For instance, the uncertainty range assigned to ε(Na+, 2

3CO − ) 
corresponds to the span of ε values defined by all (+ 1, − 2) ion pairs. Using the SIT 
coefficients listed above, the resulting thermodynamic constant at infinite dilution and 
20ºC is: 

10 4log οβ ((V.79), 293.15 K) = (42.9 ± 1.0). 

 It should be noted that the high overall uncertainty of ± 1.0 log10 K units arises 
from the high uncertainties assigned to the estimated interaction coefficients. A more 
precise estimate of uncertainty could not be made due to the unconventional medium 
used as the background electrolyte (NH4NO3). 

 The stability constant also needs to be extrapolated to the reference 
temperature, which requires a small correction of 5 K (i.e. from 293.15 to 298.15 K). 
Due to the lack of formation enthalpy data for 4

3 4Zr(CO ) − , it was not possible to apply 
the van’t Hoff equation. The selected value is taken to be equal to the value determined 
at 20ºC: 

10 4log οβ ((V.79), 298.15 K) ≅ 10 4log οβ ((V.79), 293.15 K) = (42.9 ± 1.0) 

 The uncertainty in the temperature extrapolation is taken to be included in the 
overall uncertainties associated with the extrapolation to zero ionic strength. 

 This selection yields: 

f mG∆ 0 ( 4
3 4Zr(CO ) − , 298.15 K) = − (2885 ± 11) kJ·mol–1. 

Unfortunately, the available data are not sufficient for the determination of 
formation constants for other Zr-carbonate complexes. Although 4

3 4Zr(CO ) −  appears to 
be the dominant carbonate complex in the studied systems ([Zr]tot ~ 10–3 M to 1 M, pH 
in the neutral-mildly alkaline region, CO3 in excess) our model calculations and 
spectroscopic evidence [99VEY] do not leave doubts that other binary and ternary 
Zr-(hydroxo)-carbonate complexes exist. Moreover, the dialysis experiments of 
[99VEY] demonstrate the formation of polynuclear species when a 0.1 M ZrOCl2 
solution is diluted. In conclusion, the user should be aware that the selected formation 
constant for 4

3 4Zr(CO ) −  may not be sufficient to describe the complexity of 
Zr-carbonate complexation particularly in dilute systems. 

V.7.1.2.2 Solid zirconium carbonates  

A single publication reporting thermodynamic data for Zr carbonate solids was found. 
Aja et al. [95AJA/WOO] studied the dissolution of natural weloganite 
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(Sr3Na2Zr(CO3)6 
.3H2O) and determined the conditional constant log10 Ks,4((V.80), 

323.15 K) = − (29.96 ± 0.14) for the reaction: 

Sr3Na2Zr(CO3)6
.3H2O(cr) + H2O + 2H+  3Sr2+ + 2Na+ + 36HCO−  + Zr(OH)4(aq). 

 (V.80) 

 For a number of reasons, this result cannot be verified:  

(a) The experiments were carried out in KCl, but the concentration of the 
background electrolyte was not given. 

(b) Only Zr concentrations and pH are given in [95AJA/WOO] (Table 4), whereas 
other data required to define a conditional solubility product (Sr2+, Na+ 
concentrations) are given only as activities. Since solution composition, ionic 
strength and the equations used by [95AJA/WOO] for the calculation of 
activity coefficients are not specified in the paper, this review is not in a 
position to retrieve the analytical concentrations. 

(c) strontianite precipitated during the dissolution experiments, but equilibrium Sr 
concentrations were not reached after 150 days. (see aSr2+ curve in Fig. 4 of 
[95AJA/WOO]).  

 For the reasons listed above, this constant was rejected without re-
interpretation. 

 A further publication [61MIK/GRI] reports on the formation of Zr alkali 
carbonates precipitated between pH 4 and 9 by mixing Na2CO3 or K2CO3 solutions with 
ZrOCl2 solutions at CO3/Zr ratios between 0.5 and 1.1. These precipitates were non-
stoichiometric, chloride-bearing and had CO3/Zr ratios in the range 0.4 to 1.8. The 
Na/CO3 ratios were in the range 0.15 to 0.34. The authors did not provide any further 
characterisation of these solids nor quantitative data suitable for the determination of 
thermodynamic quantities. 

V.7.2 Silicon compounds and complexes 

V.7.2.1 Zirconium silicate (zircon) 
The thermochemistry of zirconium silicate (ZrSiO4(s)) has been investigated by Kelley 
[41KEL], Coughlin and King [50COU/KIN] and Victor and Douglas [61VIC/DOU]. 
The measurements of [41KEL] were performed at low temperature (52.7 to 295.2 K) 
whereas those of [50COU/KIN] and [61VIC/DOU] were carried out at elevated 
temperatures (384.9 to 1823 and 273.2 to 1173.2 K, respectively). The studies of 
[41KEL] and [50COU/KIN] utilised the same material in their experiments. This 
material contained Fe2O3 (0.4%) and excess SiO2 (1.3%) and the thermochemical data 
obtained by these authors were corrected for the impurities. However, their data do not 
join smoothly, as illustrated in Figure V-29. The reduced enthalpy data of Coughlin and 
King [50COU/KIN] have a much smaller slope in the vicinity of ambient temperature 



V Discussion of data selection for zirconium 218 

than those of Kelley [41KEL]. Conversely, the high temperature data of Victor and 
Douglas [61VIC/DOU] do join smoothly the lower temperature data of [41KEL] (see 
Figure V-29). As such, this data was preferred and was used, together with the data of 
[41KEL], for the determination of the thermochemical properties of ZrSiO4(s). 

Figure V-29: Comparison of calculated and experimental values of the reduced enthalpy 
increment of ZrSiO4(cr) between 50 and 1823 K. The data are taken from [41KEL] (○), 
[50COU/KIN] (▲) and [61VIC/DOU] (■). Only the data of [41KEL] and 
[61VIC/DOU] were used for derivation of the calculated data (line). 

 

 

The data, in the temperature range 53 to 1173 K, has been re-interpreted in this 
review. The temperature dependence of the heat capacity, as determined by least 
squares analysis, is given by: 

 1173K
,m 53K[ ]pCο (ZrSiO4, cr, T ) = (– 352.55 + 82.55 ln (T )  

 + 105087 T –2 – 0.0697 T ) J·K–1·mol–1. (V.81) 

A comparison between the heat capacity values calculated using Eq.(V.81) and 
the experimental data (heat capacity and reduced enthalpy increments) is illustrated in 
Figure V-29. 

 The selected heat capacity at 298.15 K determined from the least squares 
regression is: 
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,mpC0 (ZrSiO4, cr, 298.15 K) = (98.2 ± 0.6) J·K–1·mol–1. 

This value is in very good agreement with that selected by Robie and 
Hemingway [95ROB/HEM] (98.64 J·K–1·mol–1) in their compilation of the 
thermodynamic properties of minerals and related substances. 

The heat capacity equation (V.81) was used to derive an expression for the 
entropy change in the temperature range 53 to 1173 K. Below 50 K, Kelley [41KEL] 
extrapolated a value for the entropy change of 2.34 J·K–1·mol–1 from the function sum 
(using Debye and Einstein terms) derived between 51 and 298 K; the Einstein terms, 
however, only contribute a negligible amount to the value. The values obtained below 
and above 50 K were then combined to derive a value for the standard entropy at 
298.15 K: 

mS ο (ZrSiO4, cr, 298.15 K) = (84.2 ± 1.0) J·K–1·mol–1. 

This selected value is in excellent agreement with that determined by [41KEL] 
(84.1 J·K−1·mol–1) and the value selected by [95ROB/HEM] (84.0 J·K–1·mol–1). 

 The enthalpy of formation of ZrSiO4(s) from its constituent oxides has been 
determined at 977 K by Ellison and Navrotsky [92ELL/NAV] using high temperature 
solution calorimetry. They determined an enthalpy of reaction at this temperature of 
− (27.9 ± 1.9) kJ·mol–1. A value for the enthalpy of reaction at 298.15 K was then 
determined from this value and the heat capacities of ZrSiO4(s), ZrO2(s) and SiO2(s) 
which, in turn, was used to calculate the enthalpy of formation. The enthalpy of 
formation determined in the study and its associated uncertainty are selected by this 
review: 

f mH ο∆ (ZrSiO4, cr, 298.15 K) = – (2034.2 ± 3.1) kJ·mol–1. 

The standard entropy value was combined with the standard entropy of 
zirconium metal selected in this review (Section V.1.1.2.1), the selected auxiliary data 
for the standard entropy of O2(g) and Si(s) (Chapter IV) and the selected enthalpy of 
formation of ZrSiO4(s) to give a selected Gibbs energy change at 298.15 K of: 

f mGο∆ (ZrSiO4, cr, 298.15 K) = – (1919.7 ± 3.1) kJ·mol–1. 

Ellison and Navrotsky [92ELL/NAV] calculated a value for the Gibbs energy 
change of – 1919.8 kJ·mol–1 in excellent agreement with the value selected in this 
review. 

Calculated thermodynamic properties from 298.15 to 1200 K, obtained from 
expressions derived from Eq.(V.81) are given in Table V-38. 
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Table V-38: Thermodynamic properties of solid ZrSiO4. 

T 
(K) 

,mpCο  
(J·K–1·mol–1) 

mS ο  
(J·K–1·mol–1) 

m m( ) (298.15 K)H T H ο−  
(J·mol–1) 

m m[ ( ) (298 K)]/G T H Tο− −  
(J·K–1·mol–1) 

298.15 98.2 84.2 0 84.2 

300 98.6 84.8 189 84.2 

325 103.2 92.9 2799 84.3 

350 107.5 100.7 5521 84.9 

400 114.8 115.5 11259 87.4 

450 120.9 129.4 17332 90.9 

500 126.0 142.4 23684 95.1 

600 134.0 166.2 37056 104.4 

700 139.7 187.3 51103 114.3 

800 143.7 206.2 65630 124.2 

900 146.4 223.3 80491 133.8 

1000 148.1 238.8 95571 143.2 

1100 149.0 253.0 110779 152.3 

1200 149.2 265.9 126039 160.9 

 

V.7.2.2 Calcium-zirconium silicate compounds 
In the CaO - SiO2 - ZrO2 system, Shibanov and Chuklantsev [69SHI/CHU], 
[71SHI/CHU], [78SHI/CHU] have identified two ternary compounds, Ca3ZrSi2O9(s) 
and Ca2ZrSi3O12(s). These authors measured both the enthalpy of formation and the heat 
capacity of the two compounds, from which they determined the entropy. The Gibbs 
energy of formation has been estimated from their data and the relevant entropy values 
given in Chapter IV and Section V.1.1.2.1 (Zr(s)). The values derived were: 

,mpCο (Ca3ZrSi2O9, cr, 298.15 K) = (238.1 ± 1.5) J·K–1·mol–1 

mS ο (Ca3ZrSi2O9, cr, 298.15 K) = (253.6 ± 3.0) J·K–1·mol–1 

f mH ο∆ (Ca3ZrSi2O9, cr, 298.15 K) = – (5029 ± 10) kJ·mol–1 

f mGο∆ (Ca3ZrSi2O9, cr, 298.15 K) = – (4769 ± 10) kJ·mol–1, 

,mpCο (Ca2ZrSi3O12, cr, 298.15 K) = (252.5 ± 2.5) J·K–1·mol–1 

mS ο (Ca2ZrSi3O12, cr, 298.15 K) = (297.6 ± 5.0) J·K–1·mol–1 

f mH ο∆ (Ca2ZrSi3O12, cr, 298.15 K) = – (6283 ± 15) kJ·mol–1 

f mGο∆ (Ca2ZrSi3O12, cr, 298.15 K) = – (5951 ± 15) kJ·mol–1. 
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The uncertainties of these selected values have been estimated in this review. 

 A number of calcium zirconium silicate minerals have also been identified. 
These include Ca3ZrSi2O11(s) (baghdadite), CaZrSi3O9

.3H2O(s) (calciohilairite), 
CaZrSi6O15

.3H2O(s) (armstrongite) and CaZrSi3O9
.2H2O(s) (calcium catapleiite). 

Thermodynamic data are not available for these compounds. 

V.7.2.3 Strontium zirconium silicate compounds 
In the SrO - SiO2 - ZrO2 system, two ternary compounds have been identified, 
SrZrSi2O7(s) and Sr6ZrSi5O18(s) [93HUN/COR]. Both compounds were prepared from 
SrCO3, tetraethyl orthosilicate and ZrO2 by Huntelaar et al. [93HUN/COR] and their 
enthalpies of formation were determined using an isoperibol calorimeter. The enthalpies 
determined for the two compounds were: 

f mH ο∆ (SrZrSi2O7, cr, 298.15 K) = – (3640.8 ± 4.2) kJ·mol–1 

f mH ο∆ (Sr6ZrSi5O18, cr, 298.15 K) = – (9867.9 ± 8.6) kJ·mol–1. 

and are selected by this review. The latter value is in good agreement with the enthalpy 
for Sr6ZrSi5O18(s) determined by Shibanov et al. [78SHI/CHU] using an isothermal 
platinum calorimeter – (9906 kJ·mol–1). In determining the former values, it was 
necessary for [93HUN/COR] to also measure the enthalpy of amorphous zirconium 
oxide, with a stoichiometry of ZrO2

.0.192H2O, obtaining a value of 
f mH ο∆ (ZrO2

.0.192H2O, cr, 298.15 K) = – (1110.8 ± 2.0) kJ·mol–1. 

 Subsequently, Huntelaar et al. [95HUN/COR] measured the heat capacity and 
related thermochemical properties of SrZrSi2O7(s). The heat capacity was measured 
between 10 and 320 K using adiabatic calorimetry whereas enthalpy increments relative 
to 298.15 K were determined between 400 and 850 K using drop calorimetry. After 
correction for a zirconia impurity and estimation of the heat capacity below 13 K using 
the function AT 3 (where A is 0.000251 J·mol–1), the heat capacity and entropy at 
298.15 K were found to be 

,mpCο (SrZrSi2O7, cr, 298.15 K) = (187.81 ± 0.38) J·K–1·mol–1 

mS ο (SrZrSi2O7, cr, 298.15 K) = (190.33 ± 0.48) J·K–1·mol–1. 

and these values are also selected by this review. From these values, the Gibbs energy 
of formation is determined to be: 

f mGο∆ (SrZrSi2O7, cr, 298.15 K) = – (3444.0 ± 4.2) kJ·mol–1 

where the value and uncertainty have been calculated in this review from the data 
derived by [93HUN/COR] for the enthalpy and [95HUN/COR] for the entropy and the 
entropies of Zr(s), Si(s), Sr(s) and O2(g) given in Chapter IV and Section V.1.1.2.1. 
Heat capacity and entropy data have not been reported for Sr6ZrSi5O18(s). 
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V.7.2.4 Barium zirconium silicate compounds 
The minerals bazirite (BaZrSi3O9(s)) and komkovite (BaZrSi3O9

.3H2O(s)) occur 
naturally. No thermodynamic data is available for these compounds. 

V.7.2.5 Sodium zirconium silicate compounds 
In the Na2O-SiO2-ZrO2 system, three ternary compounds have been extensively studied, 
Na2ZrSiO5(s), Na2ZrSi2O7(s) and Na4Zr2Si3O12(s). The last of these compounds is one 
of the end members of the NASICON solid solution series (see below). The heat 
capacity of Na2ZrSiO5(s) has been measured by Shibanov and Chukhlantsev 
[74SHI/CHU] in the temperature range 55 to 300 K using adiabatic calorimetry. From 
their measurements, they determined the heat capacity and entropy at 298.15 K: 

,mpCο (Na2ZrSiO5, cr, 298.15 K) = (172.4 ± 2.0) J·K–1·mol–1 

mS ο (Na2ZrSiO5, cr, 298.15 K) = (182.0 ± 1.0) J·K–1·mol–1. 

The values determined by [74SHI/CHU] are selected by this review but the 
uncertainties have been increased since the experimental data are unavailable. 

 Previously, Chukhlantsev and Shibanov [68CHU/SHI] had measured the 
enthalpy of solution of Na2ZrSiO5(s) in hydrochloric acid using an isothermal 
calorimeter. From the measured enthalpy and those of the reactions involving the other 
compounds in the solubilisation reaction, [68CHU/SHI] calculated the heat of formation 
of Na2ZrSiO5(s). The value they determined is: 

f mH∆ 0 (Na2ZrSiO5, cr, 298.15 K) = – (2670 ± 20) kJ·mol–1 

where the uncertainty has been estimated in this review. From the enthalpy and entropy 
values for Na2ZrSiO5(s) and the entropies of Zr(s) (Section V.1.1.2.1), Na(s), Si(s) and 
O2(g) (Chapter IV), the Gibbs energy of formation of the compound is: 

f mGο∆ (Na2ZrSiO5, cr, 298.15 K) = – (2524 ± 20) kJ·mol–1 

 Warhus et al. [88WAR/MAI] measured the specific heat of Na2ZrSi2O7(s) 
from 100 to 800 K using adiabatic and differential scanning calorimetry. Values 
calculated by [88WAR/MAI] for the thermochemical properties are as given below: 

,mpCο (Na2ZrSi2O7, cr, 298.15 K) = (211 ± 5) J·K–1·mol–1 

mS ο (Na2ZrSi2O7, cr, 298.15 K) = (248 ± 2) J·K–1·mol–1 

f mH ο∆ (Na2ZrSi2O7, cr, 298.15 K) = – (3606 ± 10) kJ·mol–1 

f mGο∆ (Na2ZrSi2O7, cr, 298.15 K) = – (3412 ± 10) kJ·mol–1 

The values are selected by this review; the uncertainties have been estimated in 
this review for the heat capacity, enthalpy and Gibbs energy. The value for the enthalpy 
is in reasonable agreement with the value determined by [74SHI/CHU] (– 3622.9 
kJ·mol–1) by isothermal calorimetry; the value of [88WAR/MAI] is preferred in this 
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review due to the more detailed experimental description of how the values were 
obtained. 

 The enthalpy and entropy of Na4Zr2Si3O12(s) was also measured by 
[88WAR/MAI] from following the reaction 

 3Na2ZrSi2O7 + ZrO2 + Na2CO3  2Na4Zr2Si3O12 + CO2 (V.82) 

using a galvanic formation cell in the temperature range 900 to 1300 K. The 
thermochemical properties of ZrO2(s), Na2CO3(s) and CO2(g) were obtained from the 
literature whereas the thermochemical properties of Na2ZrSi2O7(s) were measured in the 
study. The data obtained by [88WAR/MAI] are selected: 

,mpCο (Na4Zr2Si3O12, cr, 298.15 K) = (365 ± 5) J·K–1·mol–1 

mS ο (Na4Zr2Si3O12, cr, 298.15 K) = (427 ± 5) J·K–1·mol–1 

f mH ο∆ (Na4Zr2Si3O12, cr, 298.15 K) = – (6285 ± 20) kJ·mol–1. 

The uncertainties have been estimated in this review. Shibanov and 
Chukhlantsev [74SHI/CHU] obtained an enthalpy of – 6356.8 kJ·mol–1 for this 
compound; again, the data of [88WAR/MAI] is preferred. From the enthalpy and 
entropy values and the entropies of Zr(s) (Section V.1.1.2.1), Na(s), Si(s) and O2(g) 
(Chapter IV), the Gibbs energy of formation of the compound is: 

f mGο∆ (Na4Zr2Si3O12, cr, 298.15 K) = – (5944 ± 20) kJ·mol–1. 

 A number of sodium zirconium silicate minerals have also been identified. 
These include Na2ZrSi2O7(s) (parakeldyshite), Na2ZrSi3O9

.2H2O(s) (gaidonnayite), 
Na2ZrSi3O9

.3H2O(s) (hilairite), Na4ZrSi6O16
.2H2O(s) (terskite), Na2ZrSi6O15

.3H2O(s) 
(elpidite), Na2ZrSi4O11(s) (vlasovite) and Na2ZrSi3O9

.2H2O(s) (catapleiite). 
Thermodynamic data for parakeldyshite is presented above whereas no data is available 
for gaidonnayite, hilairite or terskite. Aja et al. [95AJA/WOO], [97AJA/WOO] have 
measured the solubility of vlasovite, catapleiite and elpidite at 50°C from which they 
derived values for the Gibbs energy of formation for the compounds. The values they 
obtained are selected: 

f mGο∆ (Na2ZrSi6O15
.3H2O, cr, 323.15 K) = − (7391 ± 30) kJ·mol–1 

f mGο∆ (Na2ZrSi4O11, cr, 323.15 K) = − (5181 ± 20) kJ·mol–1 

f mGο∆ (Na2ZrSi3O9
.2H2O, cr, 323.15 K) = − (4654 ± 20) kJ·mol–1. 

The uncertainties have been increased from those reported by [97AJA/WOO] 
to be more representative of the uncertainty in the experimental procedure rather than 
the numerical technique used to derive the Gibbs energy values. These data appear 
reasonable when compared with the data for Na2ZrSiO5(s) derived by Chukhlantsev and 
Shibanov [68CHU/SHI], [74SHI/CHU] and Na2ZrSi2O7(s) derived by Warhus et al. 
[88WAR/MAI]. If the formula of these compounds is written generically as 
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Na2ZrO3(SiO2)n, it would be reasonable to expect that the Gibbs energy of the 
compounds would be related to the stoichiometric value of the polymeric SiO2 unit, n. 
Further, differences in the Gibbs energy as a result of differences in temperature would 
be relatively small compared to the overall magnitude of the Gibbs energy. Comparison 
of the data of these compounds, without waters of hydration, indicates excellent 
correlation between the Gibbs energy and the value of n. Further, those compounds with 
water molecules of hydration are found to be more negative than those without the 
hydrated water, as would be expected. 

 The NASICON solid solution system (Na1+xZr2SixP3–xO12(s) (0 ≤ x ≤ 3)) is 
intrinsically stable at temperatures above 600 K. Further, it has outstanding transport 
properties and has high technological importance for the Na-S cell [88WAR/MAI] 
because of its conductive properties and the fact that it is relatively inexpensive. The 
end members of the solid solution series are NaZr2P3O12(s) and Na4Zr2Si3O12(s). 
NASICON solids with x = 0, 0.5, 2, 2.5 and 3 were prepared by Warhus et al. 
[88WAR/MAI] following either a sol-gel process for P-rich solids (i.e. x ≤ 1.8) or a dry 
oxidic process for Si-rich solids (x ≥ 1.5). The enthalpies and entropies of Reactions 
(V.83) to (V.86) were determined using a galvanic cell in the temperature range 900 to 
1300 K from which the standard enthalpies were determined. The reactions studied 
were: 

 3ZrP2O7 + ZrO2 + Na2CO3  2NaZr2P3O12 + CO2 (V.83) 

 5ZrP2O7 + ZrO2 + 2ZrSiO4 + 3Na2CO3  4Na1.5Zr2Si0.5P2.5O12 + CO2 (V.84) 

 ZrP2O7 + 3ZrSiO4 + SiO2 + 3Na2CO3  2Na3Zr2Si2PO12 + 3CO2 (V.85) 

 ZrP2O7 + 7ZrSiO4 + 3SiO2 + 7Na2CO3  4Na3.5Zr2Si2.5P0.5O12 + 7CO2 (V.86) 

in addition to Reaction (V.82). The thermochemical properties for these compounds are 
listed in Table V-39 (the uncertainties have been estimated in this review). The heat 
capacities and entropies of the compounds had been previously measured by Maier et 
al. [86MAI/WAR] between 1.5 and 810 K using a combination of adiabatic and 
differential scanning calorimetry. 

Table V-39: Thermochemical properties of NASICON solids. 

x ,mpCο  (J·K–1·mol–1) mS ο  (J·K–1·mol–1) f mH ο∆  (kJ·mol–1) f mGο∆  (kJ·mol–1) 

0 (310 ± 10) (370 ± 10) – (4889 ± 20) – (4565 ± 20) 

0.5 (319 ± 10) (376 ± 10) – (5115 ± 20) – (4788 ± 20) 

2 (351 ± 10) (404 ± 10) – (5813 ± 20) – (5482 ± 20) 

2.5 (359 ± 10) (422 ± 10) – (6044 ± 20) – (5714 ± 20) 
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V.7.2.6 Potassium zirconium silicate compounds 
The minerals wadeite (K2ZrSi3O9(s)), khibinskite (K2ZrSi2O7(s)) and dalyite 
(K2ZrSi6O15(s)) occur naturally. No thermodynamic data is available for these 
compounds. 

V.7.2.7 Cesium zirconium silicate compounds 
Shibanov et al. [78SHI/CHU] measured the standard enthalpy of formation of 
Cs2ZrSi2O7(s) in a 10% HCl solution using an isothermal platinum calorimeter. The 
enthalpy of the solution was found to be – (218.8 ± 1.3) kJ·mol–1. From this value, the 
authors calculated the standard enthalpy of formation to be: 

f mH ο∆ (Cs2ZrSi2O7, cr, 298.15 K) = – (3587 ± 10) kJ·mol–1. 

This value is selected with the uncertainty estimated by this review. The 
enthalpy is similar in magnitude to the isostructural sodium compound (see Section 
V.7.2.5). 
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Chapter VI 

Discussion of new auxiliary data 
selection 
Equation Section 5 
 
 
 
 
 
 
 
 
 

VI.1. Group 13 auxiliary data 
All data for BCl(g) are taken from the assessment by Glushko et al. [81GLU/GUR], 
which are based on early CODATA compatible data. 

 

VI.2. Group 2(alkaline earth) auxiliary data 
All data for CaCl2(g) are taken from the assessment by Glushko et al. [81GLU/GUR], 
which are based on early CODATA compatible data. 
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Appendix A 

Discussion of selected references 
 

 

This appendix comprises discussions relating to a number of key publications which 
contain experimental information cited in this review. These discussions are fundamen-
tal in explaining the accuracy of the data concerned and the interpretation of the ex-
periments, but they are too lengthy or are related to too many different sections to be 
included in the main text. The notation used in this appendix is consistent with that used 
in the present book, and not necessarily consistent with that used in the publication un-
der discussion.  

[05RUE] 
The author studied the temporal evolution of a ¼N solution of zirconoxychloride. The 
electrical conductivity increased during 7 days continuously to up to 30%. After cook-
ing the solution, the conductivity increased further, to a final value about double the 
initial one. After heating, the reactivity of solutions of zirconoxychloride changed. Pre-
cipitation after Na2SO4 addition was observed only in heated solutions. The changes 
were explained based on the formation of a colloidal hydroxide, the presence of which 
was identified by dialysis techniques. Potential polymer formation as a precursor of 
colloid formation has not been discussed in this paper. 

The dissolution of zirconoxychloride in water was observed to lead to an acidi-
fication of the solution which prevents the formation of large quantities of the hydrox-
ide. If this solution is evaporated three times to dryness, a very fine precipitate is ob-
served which cannot be filtered, but can be isolated by centrifugation in the presence of 
HCl, which probably has dissolved the finest colloidal particulates. The residual solid 
was called metazirconic chloride with a composition 5.1 to 5.4% Cl, 86.2 to 87.6% 
ZrO2, and metazirconic acid after removal of the residual chloride with NH4OH. The 
phase with the composition 3ZrO2⋅2H2O dissolves with difficulty in HCl, but more eas-
ily in H2SO4, presumably due to the formation of sulphate complexes. Solutions of this 
phase are generally of a colloidal milky nature. By direct precipitation from a solution 
of zirconoxychloride with NH4Cl, a phase with the composition ZrO2⋅H2O called “nor-
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mal zirconhydroxide”, is formed. For the “normal zirconhydroxide” an exothermic 
transformation reaction ( r mH ο∆ < – 5.1 kJ·mol–1) was observed upon heating. This trans-
formation was not associated with a loss of water, and additionally, it was not observed 
for the so-called metazirconic acid.  

Larsen and Gamhill [50LAR/GAM] proposed another explanation for the for-
mation of “basic chloride containing salts”. It could be assumed that extensively hydro-
lysed species, already present as precipitates, react further with water to form either 
neutral metal hydroxides or hydrous oxides.  

[07HAU] 
Hauser studied the solubility of Zr(SO4)2·4H2O with differing concentrations of added 
sulphuric acid, as shown in Figure A-1. Solid phases were analysed and showed change 
in the solid phase composition with the concentration of sulphuric acid. Experiments 
were carried out at 37.5°C. 

Figure A-1: Solubility data for Zr(SO4)2·4H2O with differing concentrations of added 
sulphuric acid. 
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[21ADO/PAU] 
The authors performed a mass balance study on the dissolution of 0.002 to 0.12 M zir-
conoxychloride. Hydrogen ion concentrations were measured with a standard hydrogen 
electrode, Cl concentrations with a calomel electrode. The solutions became acid with 
hydrogen ion concentrations between 10–3 and 10–1 M. A high degree of hydrolysis of 
35 to 49% of the dissolved salt was deduced from the observed evolution in hydrogen 
ion concentration values. Comparison of H+ and Cl– concentrations in solution showed 
CH/CCl ratios both higher and lower than unity. Using electroneutrality constraints and 
considering that beside H+ and Cl– only Zr species are present, a ratio higher than one 
was interpreted as proof for the dominance of negative zirconate and Zr-chloride spe-
cies, whereas a ratio < 1 indicates cationic species. Both at highest (> 0.09 M) and low-
est (< 0.015 M) dissolved zirconoxychloride concentrations, cationic species were 
found to be dominant, anionic species at about 0.06 M. This interpretation is the only 
alternative if the given Cl– and H+ concentrations are correct. However, a discussion of 
errors is not given. The electrodes used allow very exact concentration values, but this 
requires good calibration procedures. These were not documented. The hydrogen elec-
trode responds to activities and not concentrations. Even if calibrated for concentration 
at one particular ionic strength, this calibration is invalid for other ionic strengths. The 
authors did not use the constant ionic media approach, hence a correct calibration in the 
whole hydrogen ion concentration range may be questionable. With respect to chloride 
complexation, a fraction between 15 and 80% of the total Cl content of ZrOCl2·8H2O 
was found bound in chloride complexes. Freezing point depression measurements indi-
cated strong complex formation. 

These data put certain constraints on hydrolysis and chloride complexation 
schemes. The observed pH evolution could not be explained by the present review with 
only Zr4+, ZrOH3+, 8

4 8Zr (OH) +  species, but require either the precipitation of a solid 
(which might not have been observed due to the colloidal nature of the solid) or lower 
charged monomeric or polymeric hydrolysis species. Due to the high Zr concentrations 
employed in the experiments, only polymeric species are considered likely by this re-
view. The hydrolysis scheme proposed by this review can reproduce the observed final 
H+ concentrations resulting from the dissolution of ZrOCl2⋅8H2O within 0.1 

+
10log [H ] -units, indicating that only +

4 15Zr (OH)  and 3+
3 9Zr (OH)  act as dominant spe-

cies. 

[25HEV/KIM] 
These authors measured the solubility of zirconium phosphate in hydrochloric acid solu-
tions. Analysis of the compound used in the experiments was found to have the compo-
sition ZrH4P2O9, which the authors believed to be ZrO(H2PO4)2, although they did ac-
knowledge that the formula Zr(HPO4)2·H2O was equally possible. They believed that 
the former compound formed when the zirconyl ion, ZrO2+, reacts with the phosphate 
ion. However, [56CLE/VAU] provided clear evidence for the absence of the zirconyl 
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ion in solution (see Section V.2.2) and, as such, the correct formula for the orthophos-
phate is the latter of the two given above. 

 The solubility was measured in 6.01 and 10.00 M HCl and was found to be 
0.00012 and 0.0023 M, respectively. The reaction can be described by: 

 Zr(HPO4)2·H2O(cr) + 4H+  Zr4+ + 2H3PO4 + H2O(l) (A.1) 

As indicated in Reaction (A.1), one mole of Zr(HPO4)2·H2O releases one mole 
of zirconium, however, the released zirconium will react with the high concentration of 
chloride present in the solution. The Zr4+ concentration was calculated from the solubil-
ity data listed above and the chloride complexation data selected in this review (see Sec-
tion V.4.2.1) after correction of the relevant concentrations to the molal scale. The free 
zirconium concentrations were 1.1 × 10–6 and 2.5 × 10–8 mol·kg–1 in 6.86 and 12.68 
mol·kg–1 HCl, respectively. From these values, the logarithm of the solubility constant 
for Reaction (A.1) is − (16.4 ± 0.7) and − (18.5 ± 1.3), respectively. From these two 
values, and the interaction coefficients given for ε(Zr4+,Cl–) in Appendix D and 
ε(H+,Cl−) in Appendix B, the solubility constant at zero ionic strength was determined 
to be − (21.0 ± 0.7) and − (24.7 ± 1.3), respectively. The selected value is the average of 
these two values with the uncertainty covering the full range of the uncertainties in the 
individual values i.e. 10 s,0log K  = − (22.8 ± 3.1). The very high uncertainty in this value 
is not unexpected given the high medium concentrations used in the experiments. The 
applicability of the SIT equations may be questionable in these highly concentrated me-
dia. 

[36JAN/JAH] 
The authors described the hydrolysis of dissolved zirconium and zirconyl salts as an 
isopolybase characterised by an increase of polymerisation with increasing pH, by slow 
aggregation rates of polymeric species, by the coexistence of species of different de-
grees of hydrolysis and polymerisation, by the effect of the initial Zr concentration on 
the dominant solution species and by influence of the nature of the anion (nitrate vs. 
perchlorate) on the hydrolysis process. The authors evaluation of their results assumes 
that the zirconyl ion predominates in aqueous solution, a hypothesis that is invalid 
[62SOL/TSV].  

To obtain data on the nature of dissolved solution species and particularly on 
the presence of polymeric hydrolysis products, the authors performed diffusion tests as 
a function of the degree of hydrolysis. Perchlorate and nitrate media were tested. Initial 
Zr-concentrations were 0.1 m. The degree of hydrolysis was varied by adding either 
base or acid to an aqueous solution of zirconyl salts. Addition of 1 mol NaOH per mol 
of zirconyl salt (ZrO(ClO4)2⋅6H2O or ZrO(NO3)2⋅2H2O) led invariably to a precipitation 
of zirconium dioxide hydrates. The reported results are consistent with those of 
[50LAR/GAM] even though Zr concentrations were 10 to 100 times lower in the latter 
study. The pH was not reported by [36JAN/JAH] but comparison to the potentiometric 
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titration data of [50LAR/GAM] indicates that the pH corresponding to a ratio of 1 mol 
NaOH per mol of zirconyl salt has a value of about 2. The experimental results are quite 
different in the different ionic media. In perchlorate solutions, the diffusivity of dis-
solved Zr species did not vary between a HClO4 / ZrO(ClO4)2⋅6H2O ratio of 12 and 
NaOH / ZrO(ClO4)2⋅6H2O of 0.5. The average molecular weight of dissolved Zr species 
was estimated to be about 1100. The authors suggested the formation of a trimeric spe-
cies but this estimate is rather unreliable as it depends on hypotheses concerning the 
quantity of perchlorate ions bound to the species. The data could also be consistent with 
a tetramer. At a higher NaOH concentration (approaching a value of the NaOH / 
ZrO(ClO4)2⋅6H2O ratio of 0.9) the molecular weight of the polymeric species was about 
1.5 times higher, indicating potential formation of hexameric species. Different observa-
tions were made in nitrate media. Here, the diffusivity began to decrease (the polymer 
size began to rise to about 8 units) with acid additions less than given by a HNO3 / 
ZrO(NO3)2⋅2H2O ratio of 2. Polymer size was observed to increase with time as well as 
with addition of base.  

The authors explained the difference in nitrate and perchlorate media by the 
different complexing effects. In nitrate, as in sulphate and chloride media, complex ani-
ons are formed as indicated by the formation of zirconium-chloro-, nitrato- and sul-
phato-acids. Quoted examples include the zirconylsulphuric acid H2[ZrO⋅(SO4)2] as 
identified by [05RUE], the zirconyl-hydrochloric acids H2[ZrO⋅Cl4] and 
H2[ZrO⋅(OH)2Cl2] as identified by [21ADO/PAU] and the zirconylnitric acid 
H2[ZrO⋅(NO3)2] proposed by [07ROS/FRA]. Such compounds were used together with 
compounds such as ZrOCl2⋅6H2O or ZrO(NO3)2⋅2H2O to explain the variable anion 
contents of precipitates in acid media. In contrast, only ZrO(ClO4)2⋅6H2O is formed in 
perchloric acid.  

[41FAL] 
Falinski studied the solubility of hydrated zirconium sulphates and nitrates with differ-
ing concentrations of added sulphuric or nitric acid (see Figure A-2 and Figure A-3 
respectively). Solid phases were analysed and show change in the solid phase 
composition with the concentration of added acid. Experiments were carried out at 25°C 
and 40°C.  
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Figure A-2: Solubility data for Zr(SO4)2·4H2O with differing concentrations of added 
sulphuric acid at room temperature. 

 

Figure A-3: Solubility of zirconium nitrate compounds with differing concentrations of 
nitric acid at room temperature.  
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[44KEL] 
The heat capacity of monoclinic ZrO2 was measured over the temperature range 50 to 
298 K. The purity of the sample used was 99.14%. The principal impurities were found 
to be Si, Ti and Ca with several other elements forming minor impurities. The data ob-
tained were corrected for the impurities by assuming that they were present as oxides 
and that the heat capacities were additive. 

The entropy at 298 K was determined from the graphical integration of the heat 
capacity data. The entropy below 50 K was obtained by extrapolation using Debye and 
Einstein functions, which were found to adequately represent the measured heat capac-
ity data. The calculated entropy was (50.33 ± 0.33) J·K–1·mol–1; it is assumed that the 
error is 1σ. From this value and an earlier value for the enthalpy of formation, [44KEL] 
determined a Gibbs energy of formation of − 1021.7 kJ·mol–1. This latter value is con-
siderably lower than the value recommended in this review. 

It is recommended to accept the experimental heat capacity data from the 
study. The data has been re-evaluated in the present review. 

[49CON/MCV] 
A study of the complexation of zirconium by hydroxide, sulphate, fluoride, chloride and 
nitrate using the solvent extraction technique. Experimental work was conducted at 
(25.00 ± 0.05)°C and in 2.00 M HClO4. Benzene was used as the organic phase and 
thenoyltrifluoroacetone (TTA) as the extractant. Most experiments were performed with 
trace concentrations of Zr, imposed by using carrier-free 95Zr combined with careful 
purification from its decay product 95Nb. Some control experiments were performed 
with inactive Zr at higher Zr concentrations of 3 × 10–4 to 10–5 M. A few experiments 
performed in 2 m HClO4 contained 0.1 M Zr. 

Extraction of TTA 
Initial experiments were conducted to determine the extraction behaviour of TTA. The 
concentration of TTA ranged from 0.00506 to 0.02839 M. Distribution coefficients 
were determined by measuring the Zr concentration both in the aqueous and in the or-
ganic phase. Concentration errors were considered to be about 0.7% for the radioactive 
tracer, and 3% for inactive Zr. To establish rapid distribution equilibria, reaction vessels 
were shaken vigorously. A plot of the distribution coefficient against the logarithm of 
the TTA activity gave a slope of four (when corrected for the niobium concentration) 
indicating that micro-concentrations of zirconium in the presence of TTA are extracted 
as Zr(TTA)4. Experiments with macro concentrations of Zr also showed the same de-
pendency although these experiments were affected by the presence of an unknown 
impurity. Due to the low dielectric constant of benzene, Zr can only be extracted as a 
neutral species. Extraction of Zr as Zr(ClO4)TTA3 was proposed by [74SOL], but this 
reaction appears to be insignificant in the present case. The presence of the unknown 
impurity was considered by the authors in each of the experiments conducted with inor-
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ganic ligands. The correction for each ligand seems to be different and inconsistent i.e. 
for sulphate complexation the uncertainty in K1 is higher than in K2 whereas for fluoride 
they are the same. It is not entirely clear what overall affect the impurity would have on 
the stability constants and, as such, in the re-interpretation undertaken in the present 
review the overall effect of the impurity on the complexation of sulphate and fluoride is 
believed to be minimal since the stability constants derived are consistent with all other 
studies of these complexation reactions. 

Zirconium hydrolysis 
The experiments indicated that in 2 M HClO4 the most likely zirconium species are Zr4+ 
and ZrOH3+. The few experiments performed in 2 m HClO4 containing 0.1 M Zr 
showed the presence of polymers as evidenced by the persistence of the tyndall effect 
for many months. Any complexing of species in the aqueous phase is quantitatively 
reflected in a decrease of the extraction coefficient D. From the slope ln / [H ]d D d + , in 
principal, it is possible to determine the degree of hydrolysis of monomer aqueous spe-
cies and corresponding stability constants using the equation: 

ln / [H ]d D d +  = − 4 + f1 + 2f2 + 3f3 

where the fn values denote the fraction of the total Zr(aq) which is present as the hy-
droxo complex 4Zr(OH) q

q
− . A comparison of the extraction coefficients obtained by 

using trace concentrations of Zr with the corresponding coefficients for Zr in macro-
concentrations showed about 40% higher extraction in the case of macro concentrations 
of Zr. This effect was interpreted as resulting from the presence of impurities which can 
complex and thus stabilise Zr in the aquous phase, reducing significantly the extraction 
coefficients of trace amounts of Zr whereas having only a negligible effect on the ex-
traction of macro amounts. This led to the situation that only experiments with macro 
amounts of Zr could be used to study the hydrolysis behaviour of Zr. From the results of 
the hydrolysis experiments of macro amounts the authors concluded that there were 
about equal amounts of Zr4+ and ZrOH3+ present in 2 M HClO4. Later studies by 
[51CON/REA] confirmed that Zr would remain in the monomeric state even at macro 
concentrations. 

From the statement of equal amounts of Zr4+ and ZrOH3+ we estimated a value 
for *

10 1log β  = − (0.3 ± 0.3) (2σ) on the molarity scale, which on the molality scale is 
*

10 1log β  = − (0.34 ± 0.3). The error is estimated assuming that a larger deviation than a 
factor of 2 would be in conflict with the statement that there were about equal amounts 
of Zr4+ and ZrOH3+ present in 2 M HClO4. This review uses the estimated value for the 
purpose of orientation only, attributing to the derived quantitative value only a low 
weight. In the work of [51CON/REA], in the absence of impurities, the present observa-
tions of low degrees of hydrolysis were confirmed indicating an even steeper slope 

ln / [H ]d D d +  between – 3.7 and – 4. This would indicate that the *
10 1log β  value de-

rived here may be considered as a lower value. 
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Sulphate complexation 
The dependence of zirconium extraction as Zr(TTA)4 in the presence of sulphate was 
examined from 0 to 0.2726 M sulphate, at a total acidity of 2 M. The results, in relation 
to the following reaction: 

Zr4+ + 4HSOq −   4 2
4Zr(SO ) q

q
−  + qH+ 

were interpreted in terms of the three species Zr(SO4)2+, Zr(SO4)2 and 2
4 3Zr(SO ) − . The 

step-wise stability constants for these species were 460, 53 and 1; uncertainties in *
1K  

was estimated by the authors to be ± 30%, in *
2K  to be ± 8% and in *

3K  to be as high 
as a factor of two. The overall stability constants ( *

10log β ), for the above reaction, 
were therefore (2.66 ± 0.13), (4.39 ± 0.03) and (4.4 ± 0.9), respectively. The value of 
the extraction coefficient at zero sulphate concentration (D0) was found to be 7.79 × 107. 
A recalculation of the data given in the paper to determine the uncertainties, indicated 
that the existence of the third species ( 2

4 3Zr(SO ) − ) could not be justified. The model of 
best fit, as shown in Figure A-4, gave *

1 / [H ]+β  = (237 ± 11) and * 2
2 / [H ]+β  = 

(6191 ± 798). This leads to the following values for 10 1log ∗b and 10 2log ∗b , namely 
(2.68 ± 0.02) and (4.39 ± 0.06), respectively. It is recommended to include the recalcu-
lated values in the review. 

Figure A-4: D versus sulphate concentration. 
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Fluoride complexation 
The dependence of zirconium extraction as Zr(TTA)4 in the presence of fluoride was 
examined from 0 to 0.00792 M fluoride, at a total acidity of 2 M. The results, in relation 
to the following reaction 

Zr4+ + qHF  4ZrF q
q

−  + qH+ 

were interpreted in terms of the three species ZrF3+, 2
2ZrF +  and 3ZrF+ . The step-wise 

stability constants for these species were 6.3 × 105, 2.10 × 104 and 670; the uncertainties 
in *

1K  and *
2K  were estimated to be ± 10% and in *

3K  to be ± 30%, although it is not 
clear how the uncertainties (presumably at the 1σ level) were estimated. The step-wise 
stability constants ( *

10log K ), for the above reaction, were therefore (5.80 ± 0.04), 
(4.32 ± 0.04) and (2.83 ± 0.13), respectively using the uncertainties reported for each 
complex by the authors. A recalculation of the data given in the paper using least 
squares regression analysis to determine the uncertainties, indicated that the existence of 
the third species ( 3ZrF+ ) was relatively uncertain. The model of best fit, as shown in 
Figure A-5, gave *

10 1log K  = (5.81 ± 0.02), *
10 2log K  = (4.22 ± 0.11) and *

10 3log K  = 
(3.1 ± 0.7) when the same D0 value is used as was found for the sulphate system sul-
phate system i.e. (7.79 ± 0.33) × 107; the regression undertaken used a fixed value of 
D0, however, a change of the value to the extent of the uncertainty range indicated only 
small differences in the stability constants. If the value of D0 is calculated in the nu-
merical analysis, the following constants are obtained: *

10 1log K  = (5.51 ± 0.04), 
*

10 2log K  = (4.44 ± 0.04) and *
10 3log K  = (2.7 ± 0.4). The value of D0 obtained was 

(4.80 ± 0.01) × 107; this value is significantly different from that determined in the sul-
phate system and is considered unacceptable. In addition, using the latter value of D0 
leads to stability constants for 1

∗b  and 3
∗b  that are inconsistent with the constants 

found for these species in other studies. This is most relevant for 1
∗b  since the value of 

3
∗b  in both cases is uncertain. In addition, the D0 value (i.e. in the absence of the com-
plexing ligand) should be a constant, and therefore, it is believed that the value deter-
mined in the sulphate system should also be applicable in the fluoride system (a value 
was not determined in the fluoride experiment). In contrast, when the higher value is 
used for D0, sensible values are obtained for both species. It should also be noted that 
the values obtained within the regression for D0 and 1

∗b  are highly correlated. There-
fore, it is recommended to include the recalculated values in the review where the ex-
perimentally determined value of D0 has been used. 
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Figure A-5: D versus fluoride concentration. 

 

 

Chloride and nitrate complexation 
The dependence of zirconium extraction as Zr(TTA)4 in the presence of chloride and 
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3ZrNO . A statistical re-evaluation of 
the reported data indicate that the stability constants ( 1β ) for these species are 
(2.1 ± 0.2) and (1.97 ± 0.14), respectively, or 10 1log β (ZrCl3+) = (0.32 ± 0.04) and 

10 1log β ( 3
3ZrNO + ) = (0.29 ± 0.03); the uncertainties have been calculated considering 

the differences in, and uncertainty of, the data given by the authors and then changed to 
95% confidence levels. It is not recommended to include these data in the review for the 
following reasons (a) the inadequacy in the number of experimental data points; (b) the 
authors believed that the presence of an unknown impurity may have effected the stabil-
ity constants by as much as 30%; and (c) on the basis of other reported data it is likely 
that not only ZrCl3+ or 3

3ZrNO +  form in the experimental conditions studied. 
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respectively. Over the temperature range studied, both zirconium metal and ZrO2 were 
found to change state. The transition was found to occur at 1135 K for Zr and 1478 K 
for ZrO2. Thermodynamic data were obtained for both states of both phases. The heat 
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ture and that at 25ºC. From these data, entropy increments and heat capacity data were 
calculated for each of the phases. The calculated heat capacity values at 25ºC are 
(25.87 ± 0.05) (α-Zr), (30.40 ± 0.09) (β-Zr), (56.0 ± 0.1) (α-ZrO2), (74.4 ± 0.1) 
(β-ZrO2), (40.4 ± 0.2) (ZrN), (98.5 ± 0.7) (ZrSiO4) and (119.8 ± 0.4) (ZrCl4)              
J·K–1·mol–1. It is recommended to consider these data in the review. 

[50LAR/GAM] 
Potentiometric titration experiments of Zr chloride, nitrate, sulphate and perchlorate 
solutions were conducted at (25.00 ± 0.05)°C until the onset of precipitation. Initial so-
lutions (0.038, 0.019, 0.0095 and 0.0047 M in Zr) contained < 0.4% Hf and had an ex-
cess of 2 M of the acid of the anion studied. Titrations were performed with carbonate 
free 0.101 N NaOH. Glass electrodes where calibrated regularly but no correction for 
differences between liquid junction potential of reference and measured solutions was 
performed. The pH convention used was not reported and it is assumed that a NBS type 
convention was used. The pH at the onset of precipitation and coagulation of an unchar-
acterised and presumably amorphous solid were determined optically. The pH of 
coagulation was the pH at which the precipitate coagulated and the supernatant solution 
was clear. Reproducibility of these characteristic pH values was within 0.05 to 0.07 pH 
units. 

Precipitation in nitrate, chloride and perchlorate solutions started at about pH 2 
with coagulation points at about pH 6, just before a ratio of 2 OH additions per unit of 
ZrOX2 was reached. No re-dissolution of the precipitate was observed up to pH 12. 
Plotting the pH of the onset of precipitation against the logarithm of the corresponding 
Zr concentration, solubility curves were obtained which closely resemble the later data 
of [66BIL/BRA2]. The slope of the curve was – 0.6, interpreted as resulting from 

0.6
3.4Zr(OH) +  or a multiple of this stoichiometry. An alternative and perhaps more likely 

interpretation could involve the formation of more than one hydrolysis product in the 
precipitating solution. For comparison with literature data [38LAT], the authors also 
assumed the presence of 2

2Zr(OH) +  and calculated a corresponding solubility product of 
3 × 10–26. This value, however, is not useful for the purposes of this review, because the 
relevant solution species is not confirmed by the experimental data.  

[50SCH/LAR] 
This is a study of the separation of zirconium and hafnium using a hydrochloric acid 
solution with benzene containing trifluoroacetylacetone (TTA). The study varied the 
concentration of both the metal and hydrochloric acid concentrations. Qualitative esti-
mates of the stability constants of both zirconium and hafnium were given. For the hy-
drochloric acid data, a plot of 1/D, where D is the extraction coefficient, against the 
chloride concentration gave a linear fit (see Figure A-6) indicated that only ZrCl3+ is 
present in solution (in the chloride concentrations used). 



A. Discussion of selected references 

 

243 

Figure A-6: A plot of 1/D against the chloride concentration. 

 

 

From the slope and intercept, an estimate of β1 can be determined, namely 
(11.4 ± 3.8). However, the ionic strength of the solutions varied significantly during the 
experiment and, as such, the constant cannot be recommended. 

Variations of the metal ion concentration (at a fixed hydrochloric acid 
concentration (0.2 M)) were used to indicate the formation of polynuclear zirconium 
hydrolysis species. There was insufficient data to allow an estimation of stability 
constants. 

[50TOD] 
The heat capacity of solid Zr, ZrN and ZrCl4 were measured from 53 to 297 K, from 
which heat capacity values at 25ºC were calculated by extrapolation. The calculated 
values at 25ºC are: (25.9 ± 0.3), (40.4 ± 0.7) and (119.8 ± 1.2) J·mol–1·K–1, respectively. 
From these values, entropy values were calculated to be (38.8 ± 0.3), (38.9 ± 0.2) and 
(186.1 ± 2.1) J·mol–1·K–1, respectively. The entropy values in the range 0 to 51 K were 
extrapolated using empirical Debye and Einstein functions. These latter values were 
then used in conjunction with literature values of – 343.8 and – 961.9 kJ·mol–1 for the 
enthalpy of formation for ZrN and ZrCl4, respectively, and 191.4 and 222.9 J·mol–1·K–1 
for the entropy of nitrogen and chlorine, to derive f mGο∆  values for ZrN and ZrCl4 of 
− 315.3 and – 872.8 kJ·mol–1. It is recommended to consider these data in the review. 
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[51CON/REA] 
Using liquid/liquid phase separation by thenoyltrifluoracetone, TTA, in benzene, the 
authors studied the speciation of Zr in the concentration range 10–5 to 0.1 M in 2 M per-
chloric acid solution as well as in 1 M HClO4/1 M LiClO4 solutions. TTA is known to 
selectively extract free tetravalent ions such as Zr or the tetravalent actinide ions. Poly-
mer formation by Zr in the aqueous phase is reflected quantitatively as a decrease in the 
distribution coefficient. The experiments were conducted very carefully: spectroscopic 
determination of species in the benzene phase, correction for TTA loss of the benzene 
phase, consideration for complexation of Zr by TTA in the aqueous phase, re-
crystallisation of starting solids, consideration of impurities in the test, assurance that 
equilibrium has been reached and discussion of errors related to the variation of proton 
activity in the aqueous phase due to the extraction reaction.  

The degree of polymerisation was inferred from the variation of the distribu-
tion coefficient with total Zr concentration in the aqueous phase, assuming that 
Zr(TTA)4 is the only complex in the benzene phase. From the limiting distribution coef-
ficients at low Zr concentrations in the absence of polymerisation the degree of hydroly-
sis of the monomer was inferred.  

Only two acidities were studied, hence the uncertainty is rather high. However, 
it appears that the hydrogen ion dependency of the extraction coefficient at low Zr con-
centrations lies between 3.7 and 4, indicating for 2 M HClO4 that mainly Zr4+ is present 
at low concentrations. 

The degree of polymerisation is inferred from the slope for the decrease in the 
distribution coefficient with increasing Zr concentrations. This procedure has large er-
rors at high Zr concentrations because the acidity of the solution varies. This leads to 
degrees of polymerisation of as much as 300 which appear to be unrealistic. Uncertain-
ties in individual values do not allow an accurate determination of the slopes, but the 
degree of polymerisation appears to be higher than two. The degree of polymerisation 
seems to increase with increasing concentration of Zr. This interpretation was later 
abandoned by one of the authors [56ZIE/CON]. The authors in [56ZIE/CON] showed 
that only a small number of polymeric species exist in 2 M HClO4, and an infinite series 
of augmenting degrees of polymerisation is rather unlikely. It appears to the present 
review that the slope for the decrease in the distribution coefficient with increasing Zr 
concentrations at high Zr concentration is strongly influenced by surface site saturation, 
since there are only 0.006 M of TTA sites but 0.229 M Zr. The 2 M perchloric acid data 
are shown in Figure A-7, where the total zirconium concentration is plotted against the 
concentration of zirconium in the organic phase. It is clear from the figure that at the 
elevated zirconium concentrations the TTA carrier is fully loaded. The maximum zirco-
nium concentration (0.229 M) used in the experiments in 2 M perchloric acid was 30 
times higher than the concentration of TTA. 
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Figure A-7: Total zirconium concentration plotted against the concentration of zirco-
nium in the organic phase. 

 

 

Also, the variation of acidity will have a strong effect on the measured slopes. 
If it is true that a species like 8+

4 8Zr (OH)  is dominant, it would mean that its concentra-
tion would vary by almost a factor of 10 for a pH variation of 0.1 units. Hence, this re-
view concludes on the basis of these experiments that there are no polymeric Zr species 
with more than four Zr atoms. 
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This article provides solubility data for Zr(SO4)2·4H2O with differing concentrations of 
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out at 39.7°C and 72°C. 
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Figure A-8: Solubility data of solid zirconium sulphates with differing concentrations of 
added sulphuric acid. 

 

 

[51SKI] 
This is one of the most detailed studies of the thermodynamic and structural properties 
of elemental zirconium. The experimental work in the study was conducted in four 
parts, including the determination of: the heat capacity of zirconium from 14 to 300 K; 
the heat content from 1100 to 1800 K; the vapour pressure from 1951 to 2056 K; and 
the crystal structure from 300 to 1600 K. The results of the work were published in 
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the zirconium but represented a maximum correction of 0.3% in the heat capacities. The 
samples could not be analysed for oxygen but, on the basis that the content of N was 
low, the author surmised that the oxygen content would also be low. Fifty measure-
ments were taken from 14.4 to 298.2 K. The heat capacities obtained from the meas-
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urements were compared with the earlier values determined by Todd [50TOD]. The 
heat capacities were believed to be higher than those from the work of Todd at low 
temperatures and lower at high temperatures, with the crossover point at approximately 
130 K. Skinner stated that these differences were consistent with the presence of oxygen 
and nitrogen in the zirconium samples used by Todd. However, a close comparison of 
the two sets of data indicates that up to approximately 160 K, there is reasonable 
agreement, whereas above this temperature the heat capacities determined by Skinner 
are lower than those found by Todd. However, the heat capacities determined by Burk, 
Estermann and Friedberg [58BUR/EST], in a later study, were consistent with the data 
of Todd [50TOD]. The sample of zirconium used by [58BUR/EST] was purer than both 
the samples used by Skinner and Todd and, as such, the argument by Skinner in relation 
to the purity of his sample compared to that used by Todd does not seem justified. Skin-
ner indicated that the amount of zirconium used was insufficient to fill the calorimeter 
used, which was a departure from the experimental technique used in previous work 
with the same calorimeter. It was believed that not filling the calorimeter would lead to 
heat capacities of lower precision, but potentially, the accuracy of the measurements 
may also have been affected. 

The heat content was measured using a drop calorimeter using a cylindrical 
specimen with a height of 2.5 cm and a diameter of 1.9 cm. The measurements were 
undertaken from 1100 to 1800 K since the optical pyrometer used in the experimental 
apparatus could not be used below 1100 K. This meant that only two measurements of 
α-Zr could be made. The remaining measurements were made on β-Zr. The measured 
heat content values are in reasonable agreement with those made by other workers for 
both phases, as well as the heat capacity measurements of Cezairliyan and Righini 
[74CEZ/RIG2]. The heat content data for the two phases lead to an enthalpy of transi-
tion of 4360 J·mol–1 which is also in reasonable agreement with other data. The maxi-
mum uncertainty was estimated for the temperature dependent thermodynamic func-
tions calculated in the work, however, the combination of the heat capacity data, for 
α-Zr, with the heat content data results in inappropriate thermodynamic data when using 
the functions for this phase, particularly around room temperature. 

The vapour pressure above solid zirconium was measured using the vacuum 
evaporation technique. The data were acquired over a relatively small range of tempera-
ture (1951 to 2056 K). Skinner interpreted the data using the equation 

10log (atm)p  = 7.4222 − 31845 T −1 − 0.000104 T. 

Over the small range of temperature investigated, the validity of the third term 
in this expression is questionable. Analysis of the data in the present review indicated 
that the data could be adequately described by the following equation 

10log (atm)p  = 6.399 − 30160 T −1 
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which leads to a third law sublimation enthalpy of (609.9 ± 1.5) kJ·mol–1. This value is 
in good agreement with subsequent determinations made by a number of authors 
[65TRU/GOL], [68KOC/ANA], [72ACK/RAU]. 

The crystal structure measurements were carried out using high temperature 
X-ray diffraction. Reference measurements were also obtained at 25°C, from which the 
lattice parameters, a = (3.233 ± 0.001) × 10–10 m and c = (5.1475 ± 0.0015) × 10–10 m, 
axial ratio, a/c = (0.6281 ± 0.0004), unit cell volume, (46.595 ± 0.037) × 10–30 m3 and 
density, (6.501 ± 0.005) g·cm–3 were determined. High temperature measurements were 
taken from 950 to 1164 K for α-zirconium, however, there was a reasonable amount of 
scatter in the data obtained at these temperatures. Crystal structure measurements were 
also taken for β-zirconium. For this phase, reference measurements were taken at 
1252 K leading to a lattice parameter of a = (3.6162 ± 0.0020) × 10–10 m, a unit cell 
volume of (47.285 ± 0.080) × 10–30 m3 and a density of (6.406 ± 0.011) g·cm–3. 

[52LIS/DON] 
The authors studied the solution chemistry of Zr in nitric, perchloric, hydrochloric and 
sulphuric acid by a combination of experimental techniques including self-diffusion 
measurement, ion-exchange, electromigration and pH measurement. 

The self-diffusion coefficient was measured in a capillary using traces of 95Zr 
in 0.04 M Zr solutions and was found to increase by a factor of two to three with in-
creasing acid concentration from 0.02 to 6 M HNO3. It was assumed that the diffusion 
coefficient is about inversely proportional to the square of the molecular weight of the 
dissolved Zr species indicating that the weight of the Zr species decreases by about a 
factor of six with increasing acid concentration.  

The diffusion coefficient was also measured by studying the rate of Zr-uptake 
by an ion exchange resin. In solutions of [HNO3] > 3 M, the authors found evidence for 
monomer formation while at lower acidity polymeric aggregates with substantially 
lower diffusion coefficients were observed. 

Using anion and cation exchange resins as well as electromigration studies, it 
was attempted to identify the cationic charges and the quantity of anions in the presence 
of ligands such as sulphate, nitrate, chloride and even perchlorate seems to have an ef-
fect. The data were evaluated only in qualitative terms, giving rough stability ranges of 
supposed species as a function of acid concentration and ligand. In solutions with 
NO3/Zr ratios > 6 monomer anionic species of the type 2

3 6Zr(NO ) −  were invoked. 
Mixed hydroxo-nitrate complexes were invoked at lower NO3/Zr ratios, either as 
monomers or as polymers. The total number of different species invoked in the nitrate 
system is 16. The methods employed are too insensitive to allow such distinction. How-
ever, the general trend from colloidal and precipitated species at low acidities to higher 
polymers in the range up to 3 N HNO3 and the progressive formation of monomers with 
higher acidities appears to be valid. Electromigration tests in perchlorate solutions seem 
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to reveal the presence of anionic Zr species, much stronger than in the respective chlo-
ride system. This review considers this highly unlikely, based on the known weak com-
plexing character of perchlorate. There is large doubt in the validity of the observations 
made by the author. No weight is given to these observations. 

[53KRA/JOH] 
Using equilibrium ultra-centrifugation, the authors attempted to resolve the question as 
to whether only low molecular weight polymers and monomers or a continued series of 
higher polymers in mutual equilibrium as proposed by [47GRA/SIL] exists in Zr con-
taining acidic solutions. No details of the experiments or of computational methods 
were given. It appears that more details as well as additional results are given in 
[56JOH/KRA] (see discussion under this reference). The results indicate the absence of 
continuous polymerisation. 

[53ZIE] 
This thesis describes very carefully performed experimental work on the hydrolytic po-
lymerisation of zirconium in 1 M and 2 M perchlorate solutions at (25.00 ± 0.05)°C. 
Total Zr concentrations in solution were between 10–5 and 0.3 M. Large care was taken 
to obtain high purity Zr stock solutions. The hydrolysis behaviour of Zr has been stud-
ied with the method first employed by [51CON/REA] using 99.9% purity TTA as the 
organic chelating agent. The neutral complex formed, Zr(TTA)4, is extracted in 
benzene. The accuracy of the method has been improved by [53ZIE] by studying the 
equilibrium Zr4+ + TTA−  Zr(TTA)3+ while maintaining the two phase ben-
zene/aqueous system. Experiments where limited to 4 days to avoid TTA decomposi-
tion. The complex Zr(TTA)3+ and free TTA can easily be studied in the aqueous phase 
by spectroscopic methods, the free TTA concentrations in the organic phase was then 
calculated from known distribution coefficients with 2.8% uncertainty. Monomer-
polymer transition was observed to start in 1 M HClO4/1 M LiClO4 at total Zr concen-
trations as low as 10–4 M. In 2 M HClO4 the transition occurred at about 5 times higher 
Zr concentrations. The results where interpreted by the simultaneous formation of a 
trimer 8

3 4Zr (OH) +  and a tetramer 8
4 8Zr (OH) +  species. The principal results of this study 

have been presented in the open literature as well under [56ZIE/CON] and are discussed 
for the present review at this reference entry in Appendix A. This is particularly true for 
the formation constants of the abovementioned trimer and tetramer hydrolysis species. 
Monomer hydrolysis is only discussed in [53ZIE]. Comparing the complexation coeffi-
cients of Zr at low total Zr concentrations, the free Zr4+ ion was found to be dominant in 
solution. A maximal value for the stability constant 1,1

*b  of 0.1 has been determined. 
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[54LAR/WAN] 
The authors used ion exchange equilibria with the sulphonic acid type cation exchanger 
amberlite IR-120 to study the nature of Zr species in the concentration range 2.5 × 10–5 
to 0.01 M in 0.5 to 2 M HClO4 solutions with the ionic strength fixed at 2 M by Na-
ClO4. According to the authors, the data in 2 M HClO4 in the high Zr concentration 
range are influenced by saturation of the amberlite phase with Zr. A comparison of the 
distribution coefficients as a function of total Zr concentration with those of other au-
thors also obtained in 2 M HClO4 is given in Figure A-9. In all cases, a decrease of the 
distribution ratio with an increase in dissolved Zr concentration was encountered. How-
ever, in the work of [54LAR/WAN], this decrease occurs at a much lower Zr concentra-
tion of 10−4 m when compared to the 10–3 m in the case of [56ZIE/CON] or 
[51CON/REA]. With the exception of potential influences of kinetic effects, it is 
unlikely that polymerisation occurs earlier in the work of [54LAR/WAN] than in those 
of other authors. If one follows the authors’ arguments that the high Zr concentration 
data are influenced by saturation of the ion exchanger sites, one can determine the 
maximum distribution coefficients for any solution concentration. With decreasing con-
centration, this maximum value increases proportionally. This is indicated by a straight 
line with a slope m = – 1 through the high concentration data, showing the maximum 
distribution coefficient as a function of dissolved Zr concentration. It is interesting to 
note that the decrease in experimental distribution coefficients closely follows this line. 
The influence of saturation becomes apparent even if the solution concentrations are a 
factor of three lower than the saturation concentration on the exchanger, or if little more 
than 30% of the sites of the exchanger are occupied. This is of course common to many 
saturation effects. It can be explained by the reducing probability for dissolved Zr to 
find free sites etc. Reduced probability is analogous to reduced distribution coefficients.  

 The work of [54LAR/WAN] was also evaluated critically by [62NAB]. Their 
results were judged non-convincing, since hydrogen ions compete with Zr ions for ex-
change sites, and furthermore, large zirconium poly-ions cannot penetrate to the internal 
active sites of the ion exchange resin. 

We can conclude from these data, that the work of [54LAR/WAN] in 2 M 
HClO4 is not in conflict with the data of the other authors, but it adds nothing to clarify 
Zr speciation. What is true for 2 M HClO4 is also true for lower electrolyte concentra-
tions. In 0.5 or 1 M HClO4, 60 or 90% of the sites appear to be saturated in the high 
concentration range, and only less than 20% of the data are obtained in a concentration 
range below the 30% site saturation limit. The data are therefore not used to obtain 
thermodynamic constants for the present review. 
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Figure A-9: Comparison of experimental distribution coefficients of Zr in 2 M HClO4 
solutions measured by [54LAR/WAN] with the data of other authors. 
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In the temperature range 1 to 26°C, an increase in polymerisation was observed 
with increasing temperature. It was not clear whether this was an effect on equilibrium 
hydrolysis or on the kinetics of aggregation. The kinetics of polymerisation was studied 
in solution of dissolved zirconylchloride (0.05 to 0.25 M) in 2 M LiCl in the absence of 
additional acid. Such solutions have a pH corresponding to the release of one proton per 
atom of dissolved Zr [99VEY]. The degree of polymerisation in 0.05 M Zr solutions 
increased with aging or heating to values of about 20 to 40 (corresponding to a value of 
about 10 for un-aged solutions) but remained about constant for two months. This does 
not imply that polymerisation has reached an equilibrium state. A 0.25 M Zr solution 
heated to 100°C and then diluted with 2 M LiCl to 0.05 M Zr showed both precipitation 
and much larger polymers in the supernatant solution.  

[56LEV/FRE] 
This is a study of the extraction of zirconium from hydrochloric acid solutions by tribu-
tyl phosphate (TBP). The variation of the extraction coefficient with increasing chloride 
concentration at constant acidity and ionic strength was investigated. The experiments 
were conducted at 25°C. Results from the study provided evidence that the species ex-
tracted into the organic phase was ZrCl4(TBP)2. Thermochemical data was not deter-
mined in the study, however, the data where the extraction coefficient was varied with 
increasing chloride concentration at constant acidity and ionic strength (6.54 M 
H(Cl,ClO4)) was evaluated by Solovkin [57SOL]. A re-evaluation of the data has been 
performed in this review using the same method as used by Solovkin. 

The data are consistent with a single species (ZrCl3+) up to a chloride concen-
tration of 0.3397 M, as shown in Figure A-10. The slope of the line of best fit (equiva-
lent to β1) is (5.68 ± 0.46). This yields a 10 1log β  value of (0.75 ± 0.08). 

Utilising the data from 0.3397 to 0.5336 M, indicates a second species 
( 2+

2ZrCl ), as is shown in Figure A-11. The intercept of the line of best fit (equivalent to 
2β2 – β1

2) is – (7.98 ± 1.31). Using the previously determined value for β1, and its un-
certainty, leads to a value for β2 of (12.1 ± 1.5). This yields a 10 2log b  value of 
(1.08 ± 0.05). Contrary to [57SOL], it is concluded in this review that the data do not 
support the formation of any additional species. The recalculated values of 10 1log b  and 

10 2log b  are used in the SIT determination of 10 1log οb  and 10 2log οb . 
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Figure A-10: The variation of the extraction coefficient with chloride concentration in-
creasing up to 0.3397 M at constant acidity and ionic strength. 

 

Figure A-11: The variation of the extraction coefficient with increasing chloride con-
centration (0.3397 to 0.5336 M) at constant acidity and ionic strength. 
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[56ZIE/CON] 
This paper is a repetition of a study of Zr polymerisation of [51CON/REA] in the Zr 
concentration range 10–5 to 10–1 M in 2 M HClO4 as well as in 1 M HClO4/1 M LiClO4. 
The authors used a more accurate version of the experimental approach of 
[51CON/REA]. The approach combines the study of an extraction equilibrium between 
the aqueous phase and a benzene phase containing TTA with a one phase test, with 
Zr-TTA complexes dissolved in the aqueous phase. The concentration of the Zr-TTA 
complex was followed spectroscopically in the aqueous phase. The temperature was 
controlled at (25.0 ± 0.1)°C. In contrast to the tetra-TTA-complexes analysed by 
[51CON/REA] in the benzene phase, the aqueous data were interpreted by assuming the 
formation of a mono-TTA complexes of Zr in the aqueous phase, as suggested by the 
work of [51MCV]. As in [51CON/REA], polynuclear complex formation was inferred 
from the decrease in the distribution coefficient for Zr between the TTA complex and 
the total non-complexed Zr concentration in solution. The concentration of Zr in the 
aqueous phase but not complexed by TTA was not measured directly, but was calcu-
lated by difference between the initial Zr concentration and the concentration of the 
Zr-TTA complex. The loss of Zr by sorption on container walls or by impurities would 
have been interpreted as formation of polynuclear complexes. A correction for impurity 
effects was considered by assuming a constant impurity concentration.  

The results were interpreted by the simultaneous formation of the trimer and 
tetramer 8+

3 4Zr (OH)  and 8+
4 8Zr (OH) , with an average stability constant at the two acidi-

ties of 10 4,3
*log b  = (5.39 ± 0.08) and 10 8,4

*log b  = (8.24 ± 0.07) (errors given by the 
authors were only for individual values at the two acidities, in case of 10 4,3

*log b  the 
average value is within the error margin, whereas for 10 8,4

*log b  the average is outside 
this error and the resulting error had to be increased. A more detailed error evaluation is 
done below).  

 To evaluate possible systematic and parameter errors, the experimental data of 
the authors were refitted, using the geochemical code PHREEQC with the reported 
complex formation constants for TTA. Three models were tested holding the stability 
constants (other than 4,3

*b  and 8,4
*b ) constant (values from the overall fit model): a 

model using the two complexes proposed by [56ZIE/CON] but allowing for a refit of 
stability constants, a second model using only the 4,3 complex and a last model using 
only the 8,4 complex. The results for 2 M HClO4 are given in Figure A-12.  

All three models fit the experimental data equally well. The consequence, 
however, is a change in the equilibrium constant. The best fit for the first model yielded 

10 4,3
*log b  = (5.39 ± 0.04) and 10 8,4

*log b  = (8.18 ± 0.03), whereas in the second model 
10 4,3

*log b = (5.51 ± 0.04) and in the third model 10 8,4
*log b  = (8.90 ± 0.04). To distin-

guish between the models, the experimental data were included into the overall fit 
(Appendix G) of the hydrolysis constants. This overall fit indicates that the 
concentration of 8+

4 8Zr (OH)  is negligible under the pH and concentration conditions of 
these experiments and therefore the present review accepts the second model. It is thus 
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and therefore the present review accepts the second model. It is thus recommended to 
use the experimental data of [56ZIE/CON] in the context of an interpretation by the 
second model with  

10 4,3
*log b  = (5.51 ± 0.04). 

Figure A-12: Comparison of experimental distribution coefficients of Zr between TTA 
and non-complexed aqueous species determined by [56ZIE/CON] with different model 
interpretations (see text). 
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amount of hydrogen in the sample due to the differing temperatures at which the peak in 
the heat capacity occurs. The author demonstrated that, if the sample contained 2.75% 
hydrogen (300 ppm), the maximum in the heat capacity shifted from approximately 
240°C (28.5 ppm H) to approximately 440°C. Although the explanation of the results 
may be correct, the variation between the different runs precludes the use of the data in 
the present review. 

The author also measured the temperature of transformation between α- and 
β-zirconium and the enthalpy of the transformation. The values obtained, namely 
(870 ± 2)°C and (4155 ± 105) J·mol–1, respectively, are in good agreement with similar 
results from other studies. The presence of hydrogen in the samples, however, questions 
the validity of the measured values. 

[57SOL] 
This is a study of the complexation of zirconium by hydroxide, chloride and nitrate us-
ing the solvent extraction technique. The experimental work was carried out at 
(20 ± 2)ºC. 

Nitrate complexation 
The complexation of nitrate was studied from 0 to 4.007 M nitrate in a total of 4 M 
ionic strength (using HClO4 to maintain ionic strength). Extraction data, at variable TBP 
concentration, were found to be consistent with the reaction 

Zr4+ + 34NO−  + TBP  Zr(NO3)4·TBP 

and, with variable nitrate concentration the data in Table A-1 were derived (using only 
the data with a nitrate concentration less than 2.5 M); it is assumed that the uncertainties 
given by [57SOL], as given in Table A-1 are 1σ. 

Table A-1: Constants for nitrate complexes. 

Species 10log nb  
3+

3ZrNO     (0.34 ± 0.01) 
2+

3 2Zr(NO )     (0.11 ± 0.02) 
+

3 3Zr(NO )  – (0.26 ± 0.02) 

 Zr(NO3)4 – (0.82 ± 0.01) 

However, re-examination of the data indicates that the original analysis did not 
consider a number of factors which question the validity of the derived stability con-
stants. As indicated above, the author considered extraction of Zr into the organic phase 
by the formation of Zr(NO3)4·TBP. It is also recognised that nitric acid can also be ex-
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tracted into the organic phase by formation of HNO3·TBP and this was not accounted 
for by the authors. Thus, the concentration of nitrate in the aqueous phase may have 
been less than that in the original solutions. For these reasons, the data of [57SOL] are 
not accepted in this review.  

Chloride and hydroxide complexation 
Solovkin re-evaluated the earlier work of Levitt and Freund [56LEV/FRE] for chloride 
complexation and Connick and McVey [49CON/MCV] for hydroxide complexation. 
For a description of the original data see the discussion of these two papers.  

[57STA/RAT] 
This is a study of the form of zirconium in aqueous solution using the adsorp-
tion/desorption, ultrafiltration, electrophoretic and centrifugation techniques. Zirconium 
in the form of 95Zr was used at a concentration of 10–11 m. The data indicated that below 
pH 4.2, zirconium was adsorbed to negatively charged filters as positive ions, while 
above pH 4.2, adsorption occurred in the form of negatively charged colloids. Either 
0.1 M HNO3 or Ce(NO3)3 were able to desorb the zirconium at low pH but not at the 
higher pH (> 4.2). 

A solubility constant ( 10log SK ) was determined from the data at pH 4.2, being 
approximately – 52. However, the true concentration of zirconium in solution was not 
measured nor was the zirconium speciation. As such, the solubility constant measured 
cannot be accepted in this review. 

[58BUR/EST] 
In this study, the heat capacities of Ti, Zr, and Hf were measured using a vacuum calo-
rimeter. The zirconium sample was placed in a copper capsule that was fitted with an 
external heater winding and a re-entrant thermometer as well as a small amount of he-
lium gas to ensure heat transfer. The temperature was measured with a calibrated plati-
num resistance thermometer and measurements were taken from 20 to 200 K. The pu-
rity of the Zr was 99.5%, the major impurity being Na. 

The authors stated that the measured values of the heat capacity were accurate 
to within ± 1% below 100 K while the higher temperature data were accurate to about 
± 5%. The smoothed data were then used to calculate corresponding values of Cv and 
the contribution of the lattice vibrational component to Cv by substracting from the for-
mer value the electronic contribution. The electronic contribution was determined on 
the basis of previous measurements from the same laboratory at liquid helium tempera-
tures [52EST/FRI]. The heat capacity data are in good agreement with the data obtained 
by Todd [50TOD] on a less pure sample of the metal. 
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[58DOU/VIC] 
This work measured the heat content of zirconium and five separate compositions of 
zirconium hydride using a precise Bunsen ice calorimeter. The hydrogen content in the 
hydride samples ranged from 24 to 52% atomic percent hydrogen. The purity of the 
zirconium sample was 99.91%, with the hydride sample purities being somewhat less. 
Impurities in the samples were analysed qualitatively by spectrography, with the ther-
mal values being subsequently corrected for the impurities. For the metal sample, up to 
ten replicate heat content measurements were made at a given temperature, with outly-
ing values (one value only) being excluded from the subsequent data analysis. Gener-
ally, fewer replicate measurements were recorded for the hydride samples. However, 
there was very good reproducibility between the replicate measurements. The transition 
temperature (between α- and β-Zr) of the metal was a focus of the study and the en-
thalpy of transition was found to be 3740 J·mol–1. The heat content data for the hydrides 
were combined with the metal data to demonstrate that the change in the heat content 
varied linearly with respect to a change in the hydrogen content of the sample. Heat 
content data for the hydride samples indicate a phase change above a temperature of 
between 540 and 600°C depending on the hydrogen content of the sample. 

[58PAR/SER] 
The paper describes both hydrolysis in HClO4/NaClO4 and nitrate complexation reac-
tions in HNO3 containing solutions. The acidity was varied whereas the ionic strength 
was kept constant at 2 M. Polynuclear complex formation was avoided by keeping total 
Zr concentrations as low as 10–11 M. Between 1.2 and 2 M HClO4 the distribution coef-
ficient on a cation exchange resin was independent of H+ concentration. The author in-
terpreted this data to indicate that Zr4+ is the dominant species under the experimental 
condition, however, any dominant cationic species whose concentration does not 
change would give the same result. The dominant species needs to be inferred from the 
results of others. The presence of only Zr4+ is inconsistent with the proposed overall 
hydrolysis model (Appendix D). The distribution coefficient decreases at higher pH, 
interpreted by the authors as resulting from hydrolysis in solution. This is of course only 
valid if the hydrolysed species adsorbs significantly less on the exchanger than the free 
ion. No hydrolysis constant was determined from the experimental data. An alternative 
interpretation would be that surface properties of the exchanger change with pH. This 
hypothesis was not tested by the authors. Following the argument of the authors of 
mononuclear hydrolysis constant formation, a quantification of a hydrolysis constant is 
attempted in this review. The equation f = Kex /(1 + 1

*b / H+) was used for the fit, where 
Kex is the exchange constant for Zr4+ and f the fraction of total Zr sorbed on the ex-
changer. The results are shown in Figure A-13, indicating a rather good fit when assum-
ing ZrOH3+ as the dominant solution complex with a hydrolysis constant 10 1

*log b = 
− (0.58 ± 0.11) (2σ). The deviation of the experimental value from the calculated curve 
at 10log [H ]+−  ~ 2 might be explained by sorption of ZrOH3+ on the exchanger using an 
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exchange constant about a factor of 10 lower than that of Zr4+. These results indicate 
that only one new hydrolysis species may form under the given experimental conditions 
and that additional monomeric or polymeric species are not necessary to interpret the 
results. Calculations using constants derived from the overall hydrolysis scheme pro-
posed in this review (Appendix D), however, suggest that ZrOH3+ is only a minor spe-
cies in 1 to 2 M perchlorate media (see Figure V-11). The application of the overall 
model to this data set, with Zr4+, 2

2Zr(OH) +  and Zr(OH)4(aq) as the dominant species, 
fits the data of [58PAR/SER] somewhat less well than the single 3ZrOH +  model, par-
ticularly for the one data point at 10log [H ]+−  > 1. The corresponding curve is included 
in Figure A-13. With the exception of this one point, the data of [58PAR/SER] are con-
sistent with the proposed overall model. The deviation at 10log [H ]+−  > 1 may be ex-
plained by partial sorption of hydrolysis products on the ion exchange resin. 

Figure A-13: Fraction of dissolved Zr removed onto a cation exchange resin as a func-
tion of acid concentration. 

 

 

 In the presence of nitrate, [58PAR/SER] interpreted their data in terms of the 
single species 2

3 2Zr(NO ) + , with a stability constant of 10 2log β = − (0.22 ± 0.10), where 
the uncertainty is assumed to be 1σ. The equation used by [58PAR/SER] is only correct 
if a single species is present in solution. However, on the basis of other reported data for 
the nitrate concentration range used in this study (0 to 2 M), it would be expected that 
more than one nitrate species would form. Re-interpretation of the results of 
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[58PAR/SER] using least squares regression did not give either an acceptable set of 
species or stability constants. As such, the data of [58PAR/SER] are not accepted by 
this review. 

[60SHE/PEV2] 
This is a study of the solubility of zirconium and hafnium hydroxide in 1 to 18.4 M so-
dium hydroxide. The experiments were conducted at 25ºC. Solutions in contact with the 
hydroxides were equilibrated for a period of between 8 h and 45 days. For experiments 
up to 9 M, equilibrium was established in a period of 8 to 12 h, longer periods were 
required for the more concentrated experiments. The solid and liquid phases were sepa-
rated by centrifugation followed by filtration. The solubilities measured for zirconium 
hydroxide are illustrated in Figure A-14. 

Figure A-14: The solubility of zirconium hydroxide in solutions of NaOH. 

 

 

As can be seen from Figure A-14, at concentrations of NaOH below 9.5 M the 
slope of the plot of 10log (solubility)  against ( )10log [OH ]−  gives a slope of 0.8. This 
would be consistent with the formation of two monomers of the form 4Zr(OH)q

q
− , with 

q = 4 and 5 (5 predominates over this experimental pH range). Above 10 m NaOH, the 
slope changes to 1.5 ―consistent with the formation of q = 5 and 6 monomers. Inter-
preting the solubility data of [60SHE/PEV2] for up to 9.5 M NaOH, with the reaction 

Zr(OH)4(s) + OH−  5Zr(OH)−  
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and using a solubility constant ,0sK  for Zr(OH)4(s), [76BAE/MES] obtained a stability 
constant 10 5,1

*log b  = − 16. However, the data are inconsistent in their slope with the 
recent data of [2004EKB/KAL] who observed in the same pH range a slope of 2. The 
data of [2004EKB/KAL] allowed the determination of a stability constant for 

2
6Zr(OH) − . Recent solubility studies [2001POU/CUR] suggest that the earlier experi-

ments of [60SHE/PEV2] suffered from carbon dioxide contamination, and thus, an in-
crease in solubility due to complexation by carbonate. As such, no formation constant is 
proposed in the present review. 

[61KOV/BAG] 
This is a study of the solubility of zirconium hydroxide using the colourimetric and po-
tentiometric techniques. Experimental work in the study was conducted at 19°C. Freshly 
precipitated zirconium hydroxide was washed in distilled water prior to use in the solu-
bility tests. The solid was separated from the saturated solution by centrifugation and 
filtering, after equilibrium between the solid and solution had been attained (24 h). The 
pH of the solution was determined potentiometrically and the concentration of zirco-
nium was determined colourimetrically using the organic reagent “Stilbazo”. The stabil-
ity constant of the zirconium-stilbazo complex was determined as was the molar extinc-
tion coefficient. An inverse relationship was found between the zirconium concentration 
and pH at the point of precipitation/dissolution, the change due to differences in ionic 
strength. The relationship was used to determine the solubility product of zirconium 
hydroxide, namely – 53.96 ( 10log spK ). However, a plot of 10log [Zr]  against +

10log [H ]  
at the point of precipitation leads to a slope of 3.5 (see Figure A-15). 

This slope suggests that when precipitation occurs both Zr4+ and ZrOH3+ are 
present in solution.  

 As noted by [76BAE/MES], the presumption of Zr4+ as the dominant species in 
the studied pH range is incoherent with the reported data of [73NOR] with 10 1

*log b = 
− 0.55 for 4 M perchlorate media, yielding ZrOH3+ as the dominant species.  

The data were included in the overall fit of hydrolysis relevant data (see Ap-
pendix D). SIT-based activity coefficient correction were applied to each data point. In 
this context, it turns out that solution concentrations are not at all controlled by mono-
meric species, but by the trimeric species 3+

3 9Zr (OH) . The fit results in a solubility con-
stant *

10 s,0log K ο  = − (4.23 ± 0.06) (2σ). The overall fit also showed that nitrate com-
plexes were negligible in the entire range of the experimental data. 
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Figure A-15: Plot of 10log [Zr]  against +
10log [H ]  at the point of precipitation. 

 

 

[61PES/MEL] 
This is a study of the complexation of zirconium by hydroxide using the solvent extrac-
tion technique. Experimental work in the study was conducted at 25°C and in 1.00 M 
(Na, H)ClO4. Benzene was used as the organic phase and benzoylacetone as the extrac-
tant. The necessary complexation constants were determined in the course of the work 
as a function of pH and the concentration of free benzoylacetonate ions. The used 
chemicals were carfully recrystallised and carbonates were removed from the NaOH 
used. The purity of solvents was checked by refractometry. The concentration of Zr was 
about 10−6 M, to avoid polymer formation. Experiments at different total Zr concentra-
tions show indeed the absence of polymer formation. The separation of 95Zr from 95Nb 
was carried out by extracting 95Zr with manganese dioxide. No data are given as to 
whether the pH was measured or whether the pH was inferred from the concentration of 
acid in the HClO4/NaClO4 mixtures used, thus using the rational pH scale with γH+ = 1. 
For the review it assumed that the latter is done. Hydroxide ion concentrations were 
inferred from 10log [H ]+  assuming an incorrect and constant value of Kw(1 M 
Na,HClO4, 298.15 K) = 10–14. 

Using a Kw value of 10−14, the stability constants reported in the paper in terms 
of βq values are for the reaction 4 (4 )Zr OH Zr(OH) q

qq+ − −+  (see Table A-2). Values 
of *

10 ,1log qβ (1 M Na,HClO4, 298.15 K) for q = 1 to 4 were recalculated using a correct 
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value of Kw(1 M Na,HClO4, 298.15 K) and these corrected values are also given in 
Table A-2.  

Table A-2: Stability constants for zirconium hydrolysis species. 

 Species (βq ± 1σ) ( 10
*log qb ± 2σ) 

 ZrOH3+ (2.0 ± 0.2) × 10−14    (0.32 ± 0.09) 
2+

2Zr(OH)  (1.83 ± 0.02) × 10−28    (0.26 ± 0.01) 
+

3Zr(OH)  (8.30 ± 0.01) × 10−41 – (0.080 ± 0.001) 

 Zr(OH)4 (1.95 ± 0.005) × 10−55 – (0.710 ± 0.002) 

The formation constants are determined from the equation: 

 q = corg / caq 

where 

 caq = [Zr4+](1 + Σiβi [OH–]i) 

However, the benzoylacetone will also react with Zr in the aqueous phase un-
der the experimental conditions and the equation for caq should be 

 caq = [Zr4+](1 + Σiβi [OH–]i + Σjβj [HA]j / [H+]j) 

where HA is benzoylacetone and the βj is for the reaction:  

 4 4 +Zr HA ZrA Hj
jj j+ −+ + . 

Since these latter reactions have been neglected in the analysis of the solvent 
extraction data, it is most probable that the hydrolysis constants have been overesti-
mated. For example, employing the numerical technique used in the paper, the limit as 
[OH–] approaches zero for the first function G1[OH–] is correctly written as: 

lim [OH–]→0 G1[OH–] = β1 + K1[HA] / KdKw 

where β1 is the first monomeric hydrolysis constant, K1 is the first stability constant 
between zirconium and benzoylacetone (as given in the paper), [HA] is the aqueous 
concentration of benzoylacetone, Kd is the dissociation constant of benzoylacetone (as 
given in the paper) and Kw is the dissociation constant of water. Recalculating the data 
using only the data where [HA]org is 0.05 M (i.e. a constant) and a more modern value 
of Kw, consistent with the SIT approach (i.e. 10 wlog K  = − 13.85) leads to a value of 
− 0.4 for 10 ,1log qb (1 M Na,HClO4, 298.15 K). The resultant error on this constant, is 
however, 1.1. As the errors only increase as the analysis continues, the result indicates 
that the errors are too large for the constants to be meaningful. As a result, these data 
cannot be accepted. 
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[61TUR2] 
Based on the known heats of formation for NaOH(aq), NaCl(aq), NaBr(aq), NaI(aq), 
and ZrCl4(cr), the author studied the heats of formation of ZrBr4(cr), ZrI4(cr). He used 
two independent methods: the dissolution of the Zr-halides in excess NaOH solutions 
and dissolution in H2O. Molar ratios of Zr-halide to the aqueous medium were always 
1/1500. Corrections of the measured heats of reactions for Hf contents of 1.7% in Zr 
phases were determined but were found to be within the error of the method. The solid 
Zr halide samples were prepared by halogenation of metals (X = Br, I) or carbides (X = 
Cl). The Zr/X ratio in these phases was not analysed for X = (Br, I), but literature data 
were invoked to show that the ratio is ¼. For the iodide, the Zr content in the solid was 
analysed to be within 0.05% of the theoretical value of ¼.  

In Reaction (A.2), precipitation of hydrous ZrO2 was dominant, leading to the 
reaction  

 ZrX4 + 4NaOH(aq)  ZrO2 + 4NaX(aq) + 2H2O.  (A.2) 

Using the reported f mH ο∆ value for ZrCl4(cr), – (982.0 ± 1.7) kJ·mol–1, the 
measured heats of Reaction (A.2) for X = Cl of 429.7 kJ·mol–1 allowed the determina-
tion of: 

f mH ο∆ (ZrO2, hydrous) = – (1089.1 ± 2.5) kJ·mol–1, 

which was found to be only slightly different from the value – (1094.1 ± 0.8) kJ·mol–1 
for monoclinic ZrO2, reported in the literature. It is not clear how the uncertainties in the 
study were calculated. It was concluded that the water in hydrous ZrO2 is only loosely 
bound. The results for the halides were: 

f mH ο∆ (ZrBr4, cr, 298.15 K) = – (761.5 ± 2.9) kJ·mol–1 

f mH ο∆ (ZrI4, cr, 298.15 K) = – (483.7 ± 3.3) kJ·mol–1 

In Reaction (A.2), no precipitation is involved, the authors try to explain their 
data with the formation of the hydroxospecies ZrOOH+: 

 ZrX4 + 2H2O → ZrOOH+ + 4X– + 3H+  (A.3) 

From the reported molar ratio Zr-halide/water we can calculate a molality of 
0.037 m in Zr. Based on the present evaluation of the available hydrolysis and polym-
erisation data it cannot be accepted that monomeric species are formed, but polymeric 
species or colloids have to be considered to be dominant. The reported f mH ο∆  for 
ZrOOH+ of – 1132.6 kJ·mol–1 is therefore not retained in the review. In contrast, by 
comparison of the measured heats of Reaction (A.3) both for X = Cl (with known val-
ues for f mH ο∆ (ZrCl4, cr, 298.15 K)) with those for X = (Br, I), the unknown data for 

f mH ο∆ (ZrX4, cr, 298.15 K) can be determined reliably even if the stoichiometry of the 
dissolved or colloidal hydrolysed species is not known. The results for Reaction (A.3) 
are: 
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f mH ο∆ (ZrBr4, cr, 298.15 K) = – (757.3 ± 2.1) kJ·mol–1 

f mH ο∆ (ZrI4, cr, 298.15 K) as – (486.6 ± 3.3) kJ·mol–1 

indicating close agreement between the independent methods used.  

[62ANG/TYR] 
Using turbidity measurements, the authors tried to assess the degree of polymerisation 
of dissolved Zr in the concentration range 0.02 to 0.1 M in 2.8 M HCl and in 0.75 M 
HCl. In the more acid solution they found a trimeric species, in 0.75 M HCl a hexamer. 
The sensitivity of light scattering for very small species is rather low, but the authors 
performed an error evaluation indicating that the data may be used as a good estimate of 
the species stoichiometry. The authors found good agreement with the work of 
[56JOH/KRA] showing 2 to 2.6 Zr atoms in 3 M HCl solution and 4 to 5.4 Zr atoms in 
polymers formed in 1 M HCl solutions.  

[62BUS] 
This is a study of the complexation of zirconium by fluoride employing the potenti-
ometric technique, using a Fe3+/Fe2+ electrode. Experiments were conducted at 
(25.0 ± 0.2)ºC and in 0.5 M NH4ClO4. Results were analysed using least squares mini-
misation. The stability constants estimated are given in the table, according to the reac-
tion 

5
1ZrF q

q
−
−  + HF  4ZrF q

q
−  + H+. 

 The complexation and dissociation data for Fe3+ and H+, respectively, were 
taken from the earlier work of [49DOD/ROL]. The data for the complexation with Fe3+ 
are consistent with other literature data and the stability constants, when corrected for 
ionic strength, are consistent with the auxiliary data listed in Chapter II of this review 
for HF but not for 2HF− . However, the latter species is unimportant in both the experi-
mental solutions of [49DOD/ROL] and [62BUS] and, as such, will have negligible ef-
fect on the stability constants found for zirconium-fluoride complexes in the latter work. 

 No uncertainties were given by the author; as such, the stability constants were 
recalculated using the same technique. The recalculated stability constants are reasona-
bly consistent with those determined by the author, namely, *

4K  = (54 ± 9), *
5K  = 

(32 ± 5) and *
6K  = (7.1 ± 0.7). This leads to the following values of *

10log qK : 
(1.73 ± 0.07), (1.51 ± 0.07) and (0.85 ± 0.04), for q = 1, 2 and 3 respectively. It is rec-
ommended to accept these values in the review. A value of 500 was determined by the 
author for *

3K , giving a value of 2.70 for *
10 3log K . 
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[62MAR/RYA2] 
This is a study of the complexation of zirconium with chloride, nitrate and oxalate using 
the ion exchange technique. The temperature used in the study was not given; thus, am-
bient temperature is assumed (i.e. 18 to 30ºC). The cation exchange resin used was 
KU-2, in its hydrogen form and with a grain size from 0.25 to 0.5 mm and a moisture 
content of 17.42%. The ionic strength was maintained at 2 or 4 M with HClO4. Results 
were analysed graphically using the Fronæus extrapolation technique [53FRO]. Stabil-
ity constant data, for the two ionic strengths, for both chloride and nitrate are given in 
Table A-3. 

A recalculation of the ion exchange data using least squares regression, how-
ever, indicates that the derived stability constants are not fully consistent with the data. 
The recalculation indicated that the data were generally consistent with fewer complex 
species than presumed by the original authors for the 2M H(Cl–, 4ClO− ) and all 3NO−  
experiments and more were needed in the 4M (Cl–, 4ClO− ) experiments. The recalculated 
constants, however, agree fairly well with the reported constants (see Table A-3). 

Table A-3: Stability constants for zirconium chloride and nitrate complexes. The uncer-
tainties are 1σ. 

Species *
nb  experimetal *

nb  recalculated 

 2 M HClO4 4 M HClO4 2 M HClO4 4 M HClO4 

 ZrCl3+ (0.95 ± 0.05) (1.1 ± 0.1) (1.07 ± 0.20) (1.12 ± 0.21) 
2+

2ZrCl  (0.12 ± 0.05) (0.21 ± 0.05) (0.44 ± 0.20) (0.23 ± 0.23) 
+

3ZrCl  (0.07 ± 0.01) (0.05 ± 0.01) — (0.06 ± 0.07) 

 ZrCl4 (0.080 ± 0.005) — — (0.03 ± 0.02) 
3+

3ZrNO  (0.92 ± 0.07) (0.9 ± 0.1) (1.12 ± 4.89) (0.81 ± 0.09) 
2+

3 2Zr(NO )  (0.55 ± 0.08) (0.14 ± 0.08) (0.44 ± 0.21) — 

 

[62NAB] 
The author determined the degree of polymerisation of Zr (concentration range 5 × 10–5 
to 10–2 M) in 0.1 to 4 N perchloric acid using the equilibria and kinetics of adsorption to 
the cation exchange resin KU-1. This is a bifunctional, strongly acid resin with −SO3H 
and −OH functional groups. Care was taken to assure fast access of Zr to all internal 
surfaces of the exchange resin. Equilibrium Zr concentrations were measured colorimet-
rically and the concentration of Zr on the resin was determined by difference to the ini-
tial solution, assuming absence of sorption on the container wall. 
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The results show that in 4 N HClO4 there is only monomeric Zr up to concen-
trations of 0.01 M Zr. The degree of polymerisation increases with decreasing acid con-
centration. Polymerised solution species became dominant in 2 N HClO4 at 0.0025 M 
Zr concentration, in 1 N HClO4 at 0.001 M Zr, and in 0.14 M HClO4 at 0.0001 M Zr. In 
1 N HClO4, a degree of polymerisation of four was reached with 0.01 M Zr solutions 
after about one hour, which remained stable for one month. In contrast, an increase in 
the degree of polymerisation with time was observed with an acid concentration less 
than 1 N. In 0.14 N HClO4 the average degree of polymerisation of a 0.01 M Zr solution 
increased from seven after 95 m to 13 after one month.  

[62RYA/ERM] 
A study by means of ion exchange yields thermodynamic data for zirconium sulphate 
complexes. The study confirmed the finding of [49CON/MCV] that no hydrolysis and 
polymerisation occur at 10log [Zr]  < – 4 in 2 M HClO4. 

The Kd values were analysed by means of both the Fronaeus and Schubert 
methods 

4[HSO ] 0 1 ,
4

1

[HSO ]
lim lim→

−

ϕ = = −

do

d
f i

K
K

K l  

where l is a term allowing for absorption of the complex by the resin (see Figure A-16).  

The 10 1log b , 10 2log b  and 10 3log b  values are quoted as (2.55 ± 0.01), 
(3.34 ± 0.03) and (5.61 ± 0.11) for an ionic strength of 2.33 m. No temperature informa-
tion is given, but it is assumed that the work was carried out at either room temperature 
or 25ºC.  

A recalculation of the experimental data obtained in this study was carried out 
in the present review since the graphical technique used by the authors may bias the 
uncertainties and the stability constants of the higher complexes. The recalculation was 
undertaken using a non-linear regression technique with the uncertainties obtained cor-
rected to the 95% uncertainty level. The stability constants with their respective uncer-
tainties are: *

10 1log β  = (2.40 ± 0.10); *
10 2log β  = (3.9 ± 0.2) and *

10 3log β  = 
(5.47 ± 0.10). These values are accepted by this review. 
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Figure A-16: Dependence of 1/Kd on [H2SO4]. 

 

 

[62SAK/COR] 
The paper describes spectroscopic data on various solution species of dissolved Zr, us-
ing ZrOCl2·8H2O as the starting material dissolved at 20ºC in the concentration range 
0.001 to 0.25 M either in pure water, in KSCN, Na2SO4 or H2SO4 solutions. In the case 
of pure water, the solution became acid, but the pH is not reported. Spectra show 
maxima between 200 and 220 nm, increasing with concentration as well as with time. 
The authors explain this by slow kinetics of dissolution, but in the wavelength range it 
is equally possible that the increase in optical density results from colloid formation (the 
base line increases equally).  

It is quoted in the literature [47BER] that the acidity of the solution equals that 
of the molality of the dissolved Zr. Hence, pH values might be between 1.5 and 3.0. 
This behaviour was explained by the reaction: 

ZrOCl2 + H2O  ZrOOH+ + H+ + 2Cl−. 

Considering that the zirconyl ion does not exist in solution, ZrOOH+ might be 
replaced in this equation by 3Zr(OH)+ . However, this reaction is in disagreement with 
the observations of [62NAB] showing increased polymer formation in the same Zr con-
centration range at acidities > 0.5 N. Acid formation during dissolution of zirconylchlo-
ride could also be explained by polymer formation.  
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The dissolution in KSCN solutions shows the appearance of a new peak with a 
maximum at 256 nm. The highest absorbance was achieved with Zr / SCN ratios of 
unity. This was interpreted in terms of formation of 1:1 complexes. Assuming ZrOOH+ 
as the dominant solution species, the stoichiometry was deduced as ZrOOHSCN·2H2O. 
By variation of the Zr/SCN ratio, a dissociation constant of 0.07 was calculated from 
the spectroscopic data. However, the hydrolysis scheme used in this publication (only 
ZrOOH+ is considered, polynuclear species are ignored even in 0.05 M Zr solutions) is 
incoherent with other literature data (i.e. absence of dissolved zirconyl species, presence 
of polynuclear species). Furthermore, the mixing of ZrOCl2·8H2O with KSCN in vari-
ous ratios will quite likely change the pH from quite acidic to quite alkaline values. The 
pH was not measured. Hence, the observed variations in optical density may equally 
result from other species, even from variations in dominant hydrolytic species. The 
spectroscopic data are also not coherent with the spectroscopic data of [75TRI/SCH], 
that show a peak at 270 nm for the monothiocyanato complex of Zr(IV) whereas the 
present authors observe minimal absorbance at this wavelength. Neither the proposed 
stoichiometry, nor the corresponding dissociation constant are recommended by this 
review.  

The same criticisms (i.e. absence of pH measurement, hydrolysis scheme) ap-
ply to dissolution experiments in Na2SO4 and H2SO4 using various SO4/Zr ratios. The 
proposed formation of 4

4 3ZrO(SO ) −  in Na2SO4 solutions and of 4
4 4Zr(SO ) −  and 

4
2 3 4 3Zr O (SO ) −  in H2SO4 solutions therefore cannot be considered as confirmed. 

[63AHR/KAR] 
This is a study of the complexation of zirconium with fluoride and sulphate using the 
ion exchange technique. The temperature used in the study was 20ºC and a constant 
ionic strength was maintained at 4 M using HClO4. The ion exchanger used in the study 
was Dowex 50W-X8 (Amberlite IR-120 was also tested). The loading capacity of both 
resins was studied for their suitability of use. The Dowex column was found to be mon-
ofunctional over a wide range of metal concentrations whereas the Amberlite resin was 
found to have no monofunctional region. Monofunctionality is an essential requirement 
of the resin for analysis of complex formation. 

Results were analysed graphically using the Fronæus extrapolation technique 
[53FRO] and a detailed description of the technique was provided. The stability con-
stants determined in the study are given in the Table A-4 for the reactions: 

Zr4+ + nHAz+1  4 zZrA n
n

+  + nH+ 

where A is either F– and 2
4SO −  and z is the charge on these ions. 
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Table A-4: Stability constants for zirconium fluoride and sulphate complexes. 

Species 10log nb  

 ZrF3+ (5.96 ± 0.04) 
2+

2ZrF  10.5 
2+

4ZrSO  (2.85 ± 0.04) 

 Zr(SO4)2 (4.70 ± 0.04) 

An uncertainty was not given by the authors for the second fluoride constant, 
however, the graphical technique used by the authors may bias the uncertainties and the 
stability constants of the higher complexes. As such, the experimental data were re-
interpreted in the present review. The recalculation was undertaken using a non-linear 
regression technique with the uncertainties obtained corrected to the 95% uncertainty 
level. The constants determined for the fluoride species ZrF3+ and 2

2ZrF +  were 
(5.89 ± 0.04) and (3.8 ± 0.3), respectively. In addition to the least squares analysis un-
dertaken in the present review, the constants for the sulphate complexes were also cor-
rected from 20 to 25ºC using the enthalpy data of [84MEL/KLE]. The difference in the 
constants (logarithm) is 0.04 and 0.06 units for 2

4ZrSO +  and Zr(SO4)2, respectively. The 
stability constants so obtained, together with their respective uncertainties, were: 

*
10 1log β  = (2.85 ± 0.04) and *

10 2log β  = (4.71 ± 0.12). The re-interpreted values de-
termined in this review are accepted. 

[63KNE/BET] 
The heat capacity of zirconium was measured from 1.2 to 4.5 K. To samples thermally 
isolated from a helium bath, a known electrical energy input was applied and the tem-
perature rise of the sample was measured. The heat rise in the experiment was corrected 
for the heat capacity of the measuring device. Typically, the correction for the measur-
ing device was about 5% of the heat capacity of a 1 mole metal specimen. Four separate 
samples of zirconium were studied, of which two were studied in duplicate. Approxi-
mately 35 measurements were recorded for each of the six samples. The data were fitted 
to the function 

,mpCο / T = γe + β T 2 

from which values for the parameters γe and β were determined. The value of β, in turn, 
was used to calculate the value of the Debye temperature. The six values derived for γe 
and the Debye temperature were within the calculated uncertainties of the measure-
ments. The values have been accepted by this review. 
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[63SAK/COR] 
No thermodynamic data are presented. However, the authors confirm the existence of 
mixed oxy-sulphate complexes such as [ZrO(SO4)3]4– and [Zr2O3(SO4)3]4–, as well as 
the 1:4 complex ion [Zr(SO4)4]4–. 

Samples of ZrOCl2·8H2O (leading to zirconium concentrations of 1 mM) were 
acidified with varying amounts of H2SO4 and Na2SO4 (from 0.1 to 7 M) and the differ-
ence in the UV-absorption spectra were detailed at 2200, 2350, 2500, 2600 and 2700 Å: 

Zr(SO4)2 + 4H2O  Zr(SO4)2·4H2O  H2ZrO(SO4)2·3H2O  [ZrO(SO4)2·3H2O]2−       
+ 2H+. 

[63YAT/RAI] 
This study used a kinetic technique to determine the first zirconium-sulphate stability 
constant, by measuring the oxidation of iodide by hydrogen peroxide, the rate of which 
is dependent on the free zirconium concentration. There are a number of factors which 
preclude the use of the results of this study in the present review. These factors include: 
(a) the authors postulated that the species formed was ZrOSO4 (there is substantial evi-
dence that the zirconyl ion does not exist in aqueous solution (see Section V.2.2)). 
However, it is likely that this assumption would not affect the results obtained and the 
Zr4+ ion could be substituted for the ZrO2+ ion in the calculations performed by 
[63YAT/RAI]; (b) although the authors considered the formation of hydrolysed species, 
they used stability constants which are significantly different from those recommended 
in this review. In addition, they did not consider the formation of polynuclear hydrolysis 
species which might be expected to predominate for a large proportion of the experi-
mental conditions studied (see Appendix D); (c) the ionic strength was varied from 
0.087 to 0.365 M HCl, yet the stability constant remained constant; and (d) insufficient 
data was provided to allow a re-interpretation of the data. 

[64CLE] 
The paper gives a review of the structural aspects of Zr chemistry, considering 
Zr-halides, Zr-hexahalozirconates, complexes of Zr-tetrahalides with organic ligands, 
Zr-sulphates and a significant part of this review addresses the aqueous Zr-chemistry. A 
comparison of various oxygen containing solid Zr-compounds led to the following gen-
eralisations: oxo-groups were not observed, as evidenced by the absence of absorbances 
in the infrared spectra in the region 900 to 1100 cm–1. In ZrO2, ZrSiO4 and in zirconates, 
the oxygen atoms shared by 2 to 4 metal ions, and two Zr atoms are tied together via 
oxyanion bridges, except in presence of hydroxyl ions where hydroxyl (-ol) bridges are 
present. Metal coordination is between six and eight.  

In the vigorous reaction of Zr tetrachlorides, bromides and iodides with water, 
crystalline zirconyl halides are formed with the tetramer 8+

2 2 4[Zr(OH) 4H O]⋅  as the main 
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structural unit. Chloride ions are bound by electrostatic forces. In concentrated aqueous 
solution of zirconyl halides a rather similar unit was observed: [Zr4(OH)8(H2O)16]X8. By 
invoking results from electromigration studies ([62NAB]) a suite of species transforma-
tions was suggested for acid concentrations above 2 M HCl. The quantity of cationic 
tetramers is suggested to become progressively neutralised with increasing acid concen-
tration up to 7 to 8 M HCl until a neutral tetramer is formed, even at higher acid concen-
tration, the concentration of cations is augmented due to the formation of monomer hy-
droxo and chloro species. In 15 M HCl, anionic species are formed until finally 2

6ZrCl −  
is formed at the highest acidities.  

For lower acidity, < 0.5 M HCl, the available literature data are evaluated to al-
low the conclusion that the degree of polymerisation increases with time and tempera-
ture, until finally hydrous zirconia, a gelatinous amorphous phase, precipitates with an-
ion contents varying with pH. It is shown that for this process the tetramers do not need 
to be dissociated. In hydrous zirconia sols, Zr atoms are connected by hydroxyl bonds, 
which can be replaced by halogen ions. Refluxing leads to the oxolation of these bonds, 
to acidification by release of anions and to crystallisation of cubic and monoclinic crys-
tallites and to the formation of colloidal sols. Initial crystallites contain about 12 to 24 
unit cells (48 to 96 monomer units). The crystallites still contain large quantities of wa-
ter and hydroxyl ions, which are supposed to be located at the surface of the ZrO2 
crystallites.  

If this model is correct, the tetramer would be the only polymer which would 
have to be included in a thermodynamic model. Higher polymers formed at lower acid-
ity are considered to be intermediate species on the path of the precipitation reaction.  

[64HUB/HEA] 
These authors studied the heats of formation of zirconium diboride and dioxide at 
298.15 K using an oxygen bomb calorimetric technique. The formation of zirconium 
dioxide was studied by combustion of the metal in oxygen. The purity of the zirconium 
metal used was 99.967%, with the contaminants being C, H and O. The completeness of 
the combustion varied from 99.30 to 99.95%. Examination of the product formed using 
X-ray diffraction indicated monoclinic zirconium dioxide. 

 The measured heat of combustion was (12.04 ± 0.02) kJ·g–1; the error given is 
1σ. This value was then corrected for the impurities in the sample assuming they occur 
as the carbide, dihydride and dioxide, respectively. The latter, but unchanged, value of 
(12.04 ± 0.02) kJ·g–1 leads directly to a heat of formation of – (1100.8 ± 4.1) kJ·mol–1 
where the uncertainty has been increased to the 95% level; an uncertainty of only 0.03% 
was introduced by the correction for impurities. This value is accepted by this review. 
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[64MAH] 
Mah studied the enthalpy of formation of zirconium and hafnium carbides using com-
bustion calorimetry. This author had previously studied [55MAH/BOY] the enthalpy of 
formation of zirconium and niobium carbides using the same technique. In the former 
study, Mah and Boyle [55MAH/BOY] had used an impure sample of uncertain compo-
sition. Mah was able to source much purer and well characterized samples of zirconium 
carbide and, as such, restudied the enthalpy of formation of this compound using the 
same technique. 

 Mah realised that a major factor leading to uncertainty in combustion calo-
rimetry was related to correction for sample impurities. However, another important 
factor leading to uncertainty in these measurements is the stoichiometry of the sample 
used. Mah measured three differing samples assuming that the first two were samples 
with the composition ZrC(cr) that contained various impurities in known quantities. The 
final sample was assigned the composition ZrC0.71(cr), but also contained known quanti-
ties of impurities. Mah corrected for impurities assuming the presence of both zirco-
nium nitride and oxide, with the remaining impurities assumed to be in their elemental 
form. 

 The stoichiometry assigned to the samples does not appear to account for the 
actual compostion of the samples, as has previously been suggested by [69BAK/STO]. 
The stoichiometry of the samples used by Mah has been redetermined in the present 
review using the composition data given by Mah. The stoichiometries assigned were: 
Sample A: ZrC0.95; Sample B: ZrC0.99; and Sample C: ZrC0.70. These stoichiometries 
were determined based on the Zr and C content as well as other elements that may re-
place either element in the carbide structure, such as nitrogen, oxygen and boron. These 
impurities were then corrected by assuming the presence of ZrN(cr), ZrO2(cr) and 
ZrB(cr), with other impurities present in their elemental form. The latter corrections 
(impurities in their elemental form) only result in a small correction that is within the 
uncertainty of the measurement. The correction for ZrO2(cr) was made in the manner as 
described by Baker, Storms and Holley [69BAK/STO], i.e. 20.1 J·g–1 per 0.1% oxygen 
content. Additionally, Mah used enthalpy data for the formation of ZrO2(cr) from Hum-
phrey [54HUM]. The value determined by [54HUM] is not consistent with the value 
selected in the present review (see Section V.3.2.1.2). 

 The calculations performed in this review led to the following combustion en-
thalpies for the zirconium carbide stoichiometries studied by Mah: ZrC0.95(cr): 
− 1275.7 kJ·mol–1; ZrC0.99(cr): − 1292.6 kJ·mol–1; and ZrC0.70(cr): − 1207.8 kJ·mol–1. 
These data, in turn, when used with the data selected in this review for ZrO2(cr) led to 
enthalpy of formation values of − 197.6, − 201.2 and − 167.7 kJ·mol–1 for ZrC0.95(cr), 
ZrC0.99(cr) and ZrC0.70(cr) respectively. The uncertainty assigned to each of these values 
is 15 kJ·mol–1 as a result of doubt concerning the correction for impurities in the sam-
ples used by Mah. 
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[66BIL/BRA] 
This is a study of the solubility of an uncharacterised zirconium solid, presumably 
Zr(OH)4(am), using the tyndallometric technique. The study was carried out at 20ºC and 
the precipitation experiments were conducted in 50% seawater (salinity = 18.29‰). 
Results from the study indicated that at low pH (< 3.5), the solution species was diva-
lent and, above pH 4, the solubility was invariant indicating the presence of the neutral 
species, Zr(OH)4. In this region, the solubility was found to be 2.5 × 10–5 mol·L–1; from 
this the authors estimated 10 ,4log sK  to be equal to − 4.6. 

At best, the tyndallometric method could only be used to estimate an upper 
limit of the solubility. Kovalenko and Bagdasarov [61KOV/BAG], for example, found a 
solubility more than 100 times less than reported here (see Section V.3.2.2.2). Some of 
this effect might be the result of complexing due to seawater anions. Due to the com-
plexity of the experimental seawater solution, this solubility cannot be interpreted using 
simple SIT models and therefore is not accepted by this review.  

[66BIL/BRA2] 
The authors measured the solubility of freshly precipitated, but uncharacterised and 
presumably amorphous Zr(OH)4 using the tyndallometric (light scattering) method. Us-
ing various starting concentrations of dissolved Zr, the pH was varied until colloid for-
mation was observed. The resulting pH was plotted against the corresponding initial 
solution concentration of Zr. It was estimated that about 10–5 m of colloids would be 
detectable. This would result in a small error in the final Zr concentrations if initial val-
ues were > 10–4 m, but larger uncertainties would have been encountered at higher pH. 
A light scattering method is only able to detect particles larger than about 0.1 µm. Parti-
cle size is not only a function of crystal growth, but also of coagulation phenomena. 
Due to surface charge variation, these processes depend also on pH. The apparent solu-
bility curve may not only be influenced by hydrolysis in solution (as assumed by the 
authors) but by surface charge phenomena. 

The apparent solubility curves agree with the turbidity derived solubility data 
of [50LAR/GAM] but lie significantly above the single point radiometrical solubility 
measurements of [57STA/RAT], the photocolourimetrically measured solubility data of 
[61KOV/BAG] ( 10 ,0log sK = − 53.96), and the estimated solubility using the solubility 
product given by [52LAT].  

The experimental data were interpreted by using mononuclear hydrolysis con-
stants only. The total Zr concentration could not be used as a variable to distinguish 
between mononuclear or polynuclear hydrolysis products because the concentration was 
fixed by the solubility of Zr(OH)4(s). The stability constants listed in Table A-5 were 
obtained. These constants were converted, with error propagation, to hydrolysis con-
stants, *

10 ,1log qβ , as given in Table A-6. 
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Table A-5: Summary of stability constants for hydrolysis obtained by [66BIL/BRA2]. 
Uncertainties where given are 3σ. 

Reaction 10log K  

 20 oC (1 M NaClO4) 20oC "Dilute" 40oC "Dilute" 

Zr(OH)4(s) + 4H+  Zr4+ + 4H2O    ≈ 3.8     ≈ 4.6 (<5.0)  (5.05 ± 0.18) 

Zr(OH)4(s) + 2H+  2
2Zr(OH) + + 2H2O           - (1.83 ± 0.13) (2.01 ± 0.02) 

Zr(OH)4(s) + H+  3Zr(OH)+  + H2O (0.20 ± 0.04) (0.27 ± 0.03) (0.06 ± 0.05) 

Zr(OH)4(s)  Zr(OH)4(aq)    − (4.36 ± 0.05)    − (3.90 ± 0.07)    − (3.91 ± 0.07) 

 

Table A-6: Hydrolysis constants derived from the work of [66BIL/BRA2]. Uncertain-
ties where given are 3σ. 

 20 oC (1 M NaClO4) 20oC "Dilute" 40oC "Dilute" 
*

10 2log β  − − 2.77 − (3.04 ± 0.12)  
*

10 3log β  − 3.6  − 4.33 − (4.99 ± 0.12)  
*

10 4log β  − 8.16  − 8.5 − (8.96 ± 0.13)  

If either a mono- or a polynuclear hydrolysis species is dominant, the solubility 
is  

 + 4
4 2Zr(OH) (s) (4 )H Zr (OH) (4 )H Oq p

q pq q p q p−+ − + −  (A.4) 

 4
10 tot 10 10log (Zr ) log ( ) log (Zr (OH) )q p

q pq −= +  (A.5) 
   10 10 10 Wlog ( ) log (1) (4 ) (log pH)q K q p a= + − − ⋅ + . 

Thus, the solubility decreases with a slope – (4q – p) with pH. For the domi-
nant species in acid ranges such as 8

3 4Zr (OH) +  or 8
4 8Zr (OH) +  the slope is – 8, much 

steeper than the experimentally observed slope between − 1 and − 2 observed experi-
mentally. This does not preclude the existence of lower charged polynuclear species in 
the pH range 1.5 to 6.  

If we follow the authors in their interpretation, 3Zr(OH)+  would be the domi-
nant solution species for a large range in pH. Hence, resulting values for 10 ,3log sK  
would have the smallest uncertainties. In contrast, Zr4+ will be of negligible concentra-
tion only at pH 1.5 (10% in 1 m NaClO4, 20% in dilute media, see Figure A-17). The 
reported ([66BIL/BRA2] report logarithmic values of equilibrium constants but fail to 
state this in their Table 2) values for ,0sK  therefore are not reliable, except as upper 
limits. The values for ,4sK  (Table A-5) are also considered unreliable, due to the detec-
tion limit of the tyndallometric method. 
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Figure A-17: Predominance ranges of solution species proposed by [66BIL/BRA2] to 
explain apparent solubility curves of freshly precipitated Zr(OH)4, left: in dilute aqueous 
media, right: in 1 m NaClO4. 

 

 

The interpretation of observed solubility data by mononuclear species is in 
conflict with other solubility data. This can be shown by comparing the results of 
[66BIL/BRA2] with those of [61KOV/BAG]. Both publications invoked the dominance 
of mononuclear species in the pH range 1.5 to 2. However, [61KOV/BAG] found 
agreement with Zr4+ as the dominant solution species (decrease of 10log  solubility with 
4⋅pH), while [66BIL/BRA2] with ZrOH3

+ as the dominant species. This discrepancy 
requires an explanation. Experimental solutions were rather similar and cannot explain 
the variation in speciation. The main difference is the solubility of the solids studied. 
The solubility controlled solution concentrations of [61KOV/BAG], in this pH range, 
were about 1000 times lower than those of [66BIL/BRA2]. Hence, if polynuclear spe-
cies are present, they are much more likely to occur in the test of [66BIL/BRA2]. In-
deed, the formation of polynuclear species could explain the variation in speculation 
with increasing solution concentrations of Zr. This explanation has also been suggested 
by [76BAE/MES].  

 Another problem is the correction of liquid junction in 1 m NaClO4. As a result 
of the uncertainties in the attainment of a true equilibrium with a well defined phase and 
in the assumptions leading to the stoichiometric identification of the dissolved species, 
the reported thermodynamic data cannot be used in this review.  

[66POS/ZAI]  
The authors prepared and characterised a generic series of zirconium carbonato 

compounds with CO3:Zr ratios ranging from 1 to 4, by adding zirconylchloride solu-
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tions to solutions of different carbonate salts. The prepared compounds are given in 
Table A-7.  

Table A-7: Zirconium carbonato compounds 

Zr:CO3 ratio Compounds 

2:2 (CN3H6)2[ZrOZr(OH)4(CO3)2]⋅2H2O 

 K2[ZrOZr(OH)4(CO3)2]⋅6H2O 

2:3 (CN3H6)3[ZrOZr(OH)3(CO3)3]⋅2H2O 

2:4 Na4[ZrOZr(OH)2(CO3)4]⋅8H2O 

 Ba2[ZrOZr(OH)2(CO3)4]⋅9H2O 

2:5 K4[ZrOZr(CO3)5]⋅7H2O 

2:6 (NH4)6[ZrOZr(CO3)6]⋅4H2O 

 (CN3H6)6[ZrOZr(CO3)6] 

 (CN3H6)6[ZrOZr(CO3)6]⋅2H2O 

 [Cr{CO(NH2)2}6]2[ZrOZr(CO3)6]⋅6H2O 

 (NH4)3[Co(NH3)6][ZrOZr(CO3)6]⋅9H2O 

2:7 [Cr{CO(NH2)2}6]2[Zr(CO3)Zr(CO3)6]⋅13H2O 

1:4 K4[Zr(CO3)4]⋅2H2O 

 (CN3H6)4[Zr(CO3)4]⋅H2O 

 [Co(NH3)6]4[Zr(CO3)4]3⋅11H2O 

A characteristic of these compounds is that they are able to exchange outer-
sphere cations in aqueous solution, while the anionic fraction remains unchanged. The 
key determining factor for compound stoichiometry is the carbonate concentration. If 
there is an excess of carbonate, tetracarbonato compounds of Zr are formed, decarbona-
tation occurs at lower carbonate concentrations. It was suggested for the tetra-carbonato 
compound that four bidentate bound carbonate groups saturate the inner-sphere coordi-
nation shell of Zr. If there is not sufficient carbonate available, water molecules may 
enter the coordination sphere. In this case two Zr atoms could become bound by oxygen 
bridges and it was suggested that carbonate groups are bound monodentate to the Zr 
atom. Later works of [69CLE] and [68GOR/KUZ] have shown that the carbonate 
groups continue to remain bound in bidentate mode and the binding of the two Zr atoms 
occurs via di-µ-hydroxo bridges.  

The hydration water molecules of most compounds are lost upon heating at 
temperatures less than 100°C.  
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Many of the compounds are soluble in water. Aqueous solutions of these com-
pounds have pH values between 8.3 and 9.8. There was no effect on dilution on pH in-
dicating the absence of hydrolysis. This is consistent with the present review showing 
that the tetracarbonato complex of Zr is the dominant solution species in these solutions.  

[66SOL/IVA] 
This is a study of the complexation of zirconium by hydroxide using the solvent extrac-
tion technique. Experimental work in the study was conducted at 25°C and in 1.00 M 
(Li, H)ClO4 or (Na, H)ClO4. Benzene was used as the organic phase and thenoyl-
trifluoroacetone (TTA) as the extractant. The separation of 95Zr from 95Nb was carried 
out by extracting 95Zr with TTA or by the sorption of 95Nb on glass wool. Stability con-
stants under standard state conditions and conditional constants qb  are given according 
to the equation: 

Zr4+ + qOH− 4Zr(OH) q
q

− . 

Reported conditional constants (Table A-8) are in the form: 

4
OH

[Zr(OH) ]

[Zr ]
q

q qa+
=β . 

Table A-8: Reported stability constants for zirconium hydrolysis species. The reported 
errors are 1σ. 

Species βq 

 ZrOH3+ (3.6 ± 0.3) × 1014 
2+

2Zr(OH)  (5.7 ± 0.5) × 1028 
+

3Zr(OH)  (4.9 ± 0.8) × 1042 

 Zr(OH)4 3.3 × 1056 

These data were converted to the molality scale (Table A-9) in the form: 
* /q q w HK += ⋅β β γ  

by using the values for wK  and H +γ  given by the authors, considering error propaga-
tion. 
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Table A-9: Stability constants for zirconium hydrolysis species. Uncertainties are given 
as 95% confidence intervals. 

Species 
10

log
q

b  

ZrOH3+ (0.62 ± 0.07) 
2+

2Zr(OH)  (1.05 ± 0.08) 
+

3Zr(OH)  (0.81 ± 0.14) 

Zr(OH)4 0.77 

The results indicate that the hydrolysis of Zr4+ in 1 M HClO4 is very strong. 
These consequences are inconsistent with the literature showing the absence of hydroly-
sis under these conditions [53ZIE]. 

The formation constants were determined from the equation 

α = corg / caq 

where 

caq = [Zr4+](1 + Σiβi [OH–]i) 

However, the TTA will also react with Zr under the experimental conditions 
and the equation for caq should be 

caq = [Zr4+](1 + Σiβi [OH–]i + Σjβj [HA]j / [H+]j) 

where HA is TTA and the βj is for the reaction 

Zr4+ + jHA 4ZrA j
j
− + jH+ 

Since these latter reactions have been neglected in the analysis of the solvent 
extraction data, it is most probable that the hydrolysis constants have been overesti-
mated. As a result, these data cannot be accepted. 

[67KHA/POS] 
The authors studied the generic series of deuterated and non-deuterated solid carbonato-
compounds synthesised by [66POS/ZAI]. It was shown that the carbonate ion is bound 
non-ionically to the Zr atoms. The authors clearly showed absence of zirconyl groups. 
Instead, hydroxo groups are observed. It could not be distinguished whether the carbon-
ate groups were bound bidentate to Zr or whether two Zr atoms are bound by carbonate 
bridges. Later work of [69CLE] and [68GOR/KUZ] have shown that di-hydroxo and 
not carbonate bridges exist. Hence, carbonate ions are always bound bidentate to Zr.  

The authors also studied aqueous solutions of (NH4)6[ZrOZr(CO3)6]⋅4H2O, 
K6[ZrOZr(CO3)6]⋅4.5H2O, Rb6[ZrOZr(CO3)6]⋅4H2O and K4[ZrOZr(CO3)5]⋅7H2O. The 
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infrared spectra were similar for the solid and the aqueous phase indicating similar car-
bonate binding to Zr in the two phases. However, the adsorption band of the hydroxy 
group in the region of ~ 1000 cm–1 was absent for the complex in the aqueous solution. 
Considering the later identification ([69CLE], [68GOR/KUZ]) of the hydroxo group as 
belonging to the bridging group, we conclude in this review that the binary complex 
may not remain stable in aqueous solution. This supports experimental observations 
showing that only monomeric aqueous Zr tetracarbonato complexes are formed under a 
wide range of experimental conditions [72DER].  

[67KOR/USH] 
These authors determined the heats of formation of zirconium dioxide at 298.15 K using 
an oxygen bomb calorimetric technique. The formation of zirconium dioxide was stud-
ied by combustion of the metal in oxygen. The purity of the zirconium metal used was 
99.93%, with the main contaminants being C, Hf and Ca.  

 The measured heat of combustion was (12.034 ± 0.005) kJ·g–1; the error given 
is 1σ. This value was then corrected for the impurities in the sample and the percentage 
of combustion. The latter value of (12.036 ± 0.008) kJ·g–1 was subsequently converted 
to constant pressure at 298.15 K, corrected to standard fugacity of oxygen and led to a 
heat of formation of − (1100.6 ± 1.3) kJ·mol–1 where the uncertainty has been increased 
to the 95% level. This value is accepted by this review. 

[67NOR] 
This is a study of the complexation of zirconium by fluoride employing the potenti-
ometric technique, using a Fe3+/Fe2+ electrode. Experiments were conducted at 20ºC and 
in 4 M HClO4. Results were analysed graphically using the Fronæus extrapolation tech-
nique [53FRO]. The fluoride concentration was varied from 0 to 0.455 M and conclu-
sive evidence was given that only mononuclear species were present in the experimental 
solutions. Stability constants, *

qK , for the equilibria, 
5

1ZrF q
q

−
−  + HF  4ZrF q

q
−  + H+ 

where 2 ≤ q ≤ 6, were determined. It was concluded that, at the lowest fluoride concen-
tration used, the average ligand number was too high for the first stability constant to be 
reliably estimated. Values calculated for the constants are given in the Table A-10. 

It was shown that the calculated stability constants described the data very sat-
isfactorily (using 9 × 105 for 1

*K ). The calculated constants give rise to the following 
values: 10 2

*log K = (4.41 ± 0.08); 10 3
*log K = (3.00 ± 0.04); 10 4

*log K = (2.28 ± 0.07); 
10 5

*log K = (1.53 ± 0.08); and 10 6
*log K = (0.3 ± 0.2) where the uncertainties are pre-

sumably at the 1σ level. It is recommended to include these values in the review but to 
increase the uncertainties at the 95% confidence limits. 
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Table A-10: Stability constants for zirconium fluoride complexes. 

Species *
nK  

2+

2ZrF + (2.6 ± 0.5) × 104 
+

3ZrF  (1.0 ± 0.1) × 103 

 ZrF4 (1.9 ± 0.3) × 102 

5ZrF−  (0.34 ± 0.06) × 102 
2

6ZrF −  (2 ± 1) 

 

[67SOL/TSV] 
This is a study of the complexation of zirconium by hydroxide using the solvent extrac-
tion technique. Experimental work in the study was conducted at 25°C and in 1.96 M 
(Li, H)ClO4. Benzene was used as the organic phase and thenoyltrifluoroacetone (TTA) 
as the extractant. The hydrolysis data was analysed using the previously determined 
stability constants determined by Solovkin and Ivantsov [66SOL/IVA] using the same 
technique. The study therefore suffers from the same deficiencies as before and as such 
cannot be recommended. 

[68GOR/KUZ] 
Using X-ray diffraction, the authors studied the crystal structure of 
K6[Zr2(OH)2(CO3)6]⋅6H2O which had been synthesised by [66POS/ZAI]. The latter au-
thors ascribed the formula K6[ZrOZr(CO3)6]⋅7H2O to this compound. No Zr=O bond 
was found. The compound has an insular structure consisting of dimeric anions 
[Zr2(OH)2(CO3)6]6–, K+ cations and water molecules. The two Zr atoms are bound to-
gether by two hydroxyl bridges. Eight O atoms surround each Zr atom: two from the 
hydroxyl bridges and 6 from 3 bidentate bound carbonate groups. The shortest Zr−O 
distances (0.207 and 0.213 nm) were found with the two hydroxyl bridges, indicating 
strong covalent character. 

[69CLE] 
The author studied the compound synthesised by [66POS/ZAI]. The crystals are mono-
clinic, P21/n. Similarly as already documented by [68GOR/KUZ] for the corresponding 
potassium compound, it was found that the crystal consists of discrete dimeric units in 
which the two Zr atoms are bound by two hydroxo bridges and carbonate ions were 
found bound bidentate to the Zr-atom. The Zr atoms are coordinated eight fold to oxy-
gen in a distorted dodecahedron configuration. The dinuclear anion has the same struc-
ture both in the ammonium and in the potassium salt.  
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[69FAU/DER] 
In this study, the authors tried to determine the stoichiometry of Zr-carbonate com-
plexes using a combination of cryoscopic measurements and potentiometric titrations. 
Both methods point to the formation of 4

3 4Zr(CO ) −  in high ionic strength KNO3 solu-
tions with 0.4 M total carbonate and up to 0.1 M ZrOCl2. Our recalculations confirmed 
this interpretation: although alternative species could be invoked to explain the cryos-
copic and potentiometric data, only 4

3 4Zr(CO ) −  is consistent with both sets of results. 

Cryoscopy 
The decrease of the melting point in the KNO3-ice eutectic, upon addition of ZrOCl2(cr) 
in a 0.2 M KOH + 0.4 M KHCO3 solution, was investigated. For the final solution in 
equilibrium with KNO3(cr) our speciation calculations yielded the following composi-
tion: [K+] = 1.6 M, [ 3NO− ] = 1.0 M, [ 3HCO− ] + [ 2

3CO − ] = 0.4 M + varying amounts of 
ZrOCl2. The experiments were conducted at pH 9 − 10 and total Zr concentrations vary-
ing between 0.02 and 0.1 M. Although all solutions were oversaturated with respect to 
amorphous Zr-hydroxide, precipitation was observed only at the highest Zr concentra-
tions ([Zr] ~ 0.1 M). All solutions with lower Zr concentrations remained apparently 
stable. The pH remained fairly stable at ~ 9.8 up to the addition of 4 mL of ZrOCl2 solu-
tion, then it decreased abruptly (Fig.1 in the paper) as the buffering capacity of carbon-
ate was exceeded due to the hydrolysis reaction ZrOCl2 + 3 H2O  Zr(OH)4 (aq, s) + 
2H+ + 2Cl–. 

For the evaluation of the cryoscopic data, [69FAU/DER] used a classical ap-
proach, after which the decrease in melting temperature with respect to the reference 
solvent (pure water equilibrated with KNO3(cr)) is proportional to the total concentra-
tion of “solute particles” added in excess to the species present in the reference solvent. 
The measured decrease of the freezing point temperature can then be related to the fol-
lowing equation: 

 exp 0 02C o Zr Zrt m k n m k m k∆ = − +  (A.6) 

where expt∆ [K] is the measured temperature decrease of the Zr-bearing solution with 
respect to the reference solvent (the pure KNO3-H2O system without carbonate and Zr 
salt), ,C Zrm m [mol kgw–1] are the total molalities of carbonate and Zr, respectively, 

0k [K mol–1 kgw] is the cryoscopic constant and n[–] is a factor related to the 
stoichiometry of the unknown Zr-carbonate complex. The first term in this equation 
describes the contribution of carbonate species to the freezing point depression, the sec-
ond term the contribution of the postulated Zr-carbonate complex, and the third the ef-
fect of chloride ions introduced as ZrOCl2.  

A premise in this model is the formation of a strong Zr carbonate complex, i.e. 
it is implicitly assumed that Zr is bound quantitatively to the complex. In this case n, the 
unknown in Equation 1, is related to q, the 2

3CO − /Zr ratio of the complex, by n = q – 1 
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since the initial introduction of Zr leads to the addition of one particle and subsequent 
2
3CO −  complexation leads to a decrease in the total number of dissolved particles by q. 

The cryoscopic constant was determined by measuring the difference in melt-
ing temperature between reference solvent and a series of carbonate-bearing (but 
ZrOCl2-free) solutions, so that the second and third terms of Eq.(A.6) vanish and 0k  
follows directly from the measurements of exp and Ct m∆ . The term 02 Zr Clm k t= ∆ was 
determined directly from the freezing temperatures of solutions containing the reference 
solvent with 0.2 M K2CO3 + 0.2 M KHCO3 and various amounts of 2 M KCl. The final 
equation is: 

 0 exp

0

Cl

Zr

t t t
n

m k
∆ − ∆ + ∆

=   (A.7) 

The numerator of Eq.(A.7) corresponds to the sum [(∆ t0)corr – ∆ t]exp – (∆ t0 – 
∆t)Cl given in [69FAU/DER]. The apparent incongruence between our formulation and 
the original one results from different choices for the reference solvent: in Eq.(A.7), 
∆ tCl is the net decrease in freezing temperature (expressed as positive number) with 
respect to the carbonate-bearing solution, while ∆ t0 stays for freezing temperature varia-
tions with respect to the carbonate-free KNO3-H2O solution. Hence, ∆ tCl in Eq.(A.7) 
corresponds to the term – (∆ t0 – ∆ t)Cl in the equation of [69FAU/DER]. 

From their cryoscopic data [69FAU/DER] derived n = (2.9 ± 0.2), suggesting 
the formation of a Zr complex with four carbonate ligands. Note that an analogous set 
of cryoscopic data obtained under the same conditions is reported in [72DER], probably 
a repetition of the work documented in [69FAU/DER]. This work confirms the preced-
ing result, yielding n = (3.0 ± 0.1). 

From these results, the authors conclude that either 4
3 4Zr(CO ) −  or the ternary 

complex 6
2 3 4Zr(OH) (CO ) −  is formed in these solutions. However, our evaluation 

showed that other complexes would also be consistent with n = 3, e.g. 5
3 4Zr(OH)(CO ) −  

or polynuclear species with the generic formula 4 2
3Zr (OH) (CO ) m k y

m y k
− −  obeying to the 

condition n = (k – 1) / m = 3.  

Potentiometry 
[69FAU/DER] carried out acid titrations of solutions with composition similar to that of 
the solutions used in the cryoscopic study, both in the absence and in the presence of 
ZrOCl2. From the offset of the titration curves with respect to a reference curve result-
ing from titrating the KHCO3/KOH solution without addition of Zr (Fig. 2, op.cit.) the 
authors concluded that 4

3 4Zr(CO ) −  must be the dominating complex and excluded the 
presence of 6

2 3 4Zr(OH) (CO ) − .  

In order to test this conclusion, we modelled two of the five titrations carried 
out by [69FAU/DER], namely those corresponding to curves (a) and (e) in their Fig. 2. 
Curve (a) is the reference titration (KHCO3/KOH solution without Zr); curve (e) is the 
titration of the same solution with addition of 2 mL of 1 M ZrOCl2. Our model calcula-
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tions were performed with the GEMS-PSI code [2004KUL/BER] [2005CUR/KUL] 
applying the extended Debye-Hückel approximation.  

The reference curve (a) was modelled assuming that the solution is not in equi-
librium with atmospheric CO2, see Figure A-18. The agreement between model calcula-
tions and experimental data (extracted with the help of a digitizing program from Fig. 2 
in [69FAU/DER]) is reasonably good considering that deviations between measure-
ments and predictions do not exceed 0.2 pH-units. If gas exchange is allowed, consider-
able CO2(g) degassing is predicted, resulting in large deviations from the experimental 
titration curve (higher pH values). We conclude that the titrations were carried out tak-
ing some precaution to avoid CO2-degassing. [69FAU/DER] do not mention this explic-
itly but on p. 14 of her thesis, [72DER] states that the titrations were conducted in a cell 
essentially closed to the atmosphere. 

Figure A-18: Models of two titrations by [69FAU/DER] 

 

 

The model curve for titration (e) (continuous line) was calculated assuming 
that no Zr-carbonate complex forms. Here, significant discrepancies appear (up to 0.5 
pH-units), particularly after the equivalence point.  

Alternative model calculations for curve (e) are presented in Figure A-19.  
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Figure A-19: Modelled titration curves against experimental titration data (curve (e) in 
Fig. 2 of [69FAU/DER]) for the system 20 mL KHCO3/KOH 1 M + 10 mL KOH 1 M + 
2 mL ZrOCl2 1M (diluted with pure water to 100 mL), assuming formation of different 
Zr-carbonate complexes. The assumed formation constants ( 10 ,1log q

οβ ) are given in pa-
rentheses in the legend. 
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The continuous line represents the calculation for the case when no Zr-
carbonate complex is formed. For all other curves, it is assumed that the Zr speciation is 
dominated by a single specific Zr-carbonate complex. The assumed formation constants 
have been adjusted to match the measured initial pH as closely as possible and thus rep-
resent best fits for the specific complex. In addition to 4

3 4Zr(CO ) −  and 
6

2 3 4Zr(OH) (CO ) − , proposed by [69FAU/DER] based on their cryoscopy work, we also 
considered Zr(CO3)2(aq), 2

3 3Zr(CO ) − , 3
3 3Zr(OH)(CO ) − , 2

2 3 2Zr(OH) (CO ) −  and 
6

3 5Zr(CO ) −  as possible complexes. The results of the model calculations indicate that 
the best candidate is indeed 4

3 4Zr(CO ) −  as argued by [69FAU/DER], although it is nec-
essary to assume a larger formation constant ( 10 4log οβ  = 45.5) than the selected value of 
(42.9 ± 1.0). Selecting 10 4log οβ  = (42.9 ± 1.0) (not shown) produces curves intermedi-
ate between that obtained with 10 4log οβ  = 45.5 and that obtained neglecting Zr-
carbonate complexation. Note however that the same curve obtained with 4

3 4Zr(CO ) −  
can be obtained assuming formation of any binary complex with the same Zr/CO3 ratio, 
e.g. 8

2 3 8Zr (CO ) − .A reasonable fit is obtained also assuming formation of a strong 
3

3 3Zr(OH)(CO ) −  complex, whereas it is not possible to reproduce the titration curve 
satisfactorily with any other of the assumed complexes. Particularly 6

2 3 4Zr(OH) (CO ) −  
and 6

3 5Zr(CO ) −  must be ruled out as dominant complexes because they would signifi-
cantly reduce the pH in the alkaline region of the titration. It is also not possible to ex-
plain the titration curve by a mixture (except 4

3 3Zr(OH)(CO ) −  with 4
3 4Zr(CO ) − ).  

In order to understand the titration curves, formation reactions for a variety of 
complexes are listed in Table A-11. If the reactions are quantitative (assumption of 
strong complexes), then the amounts of acid (base) produced (consumed) are almost 
equal to the total dissolved Zr concentration, mZr, multiplied by the stoichiometric coef-
ficient associated to the acid (base) in the reaction. According to our reaction formula-
tions, H+ is the only acid and 2

3CO −  the only base involved, yielding the amounts of 
acid produced (+) or consumed (–) (relative to the total Zr concentrations) as indicated 
in Table A-11. 

Table A-11 Formation reactions for hypothetical Zr-CO3 complexes and corresponding 
acidity production, assuming that all of the Zr is bound to the specified complex. 

Reaction Acid production 

(1)  ZrOCl2(s) + 3 H2O  Zr(OH)4(aq) + 2 H+ + 2 Cl- ∆mH+ = 2 mZr 

(2)  ZrOCl2(s) + 2 H+ + 2
34CO −   4

3 4Zr(CO ) −  + H2O + 2Cl– ∆mH+ = 2 mZr 

(3)  ZrOCl2(s) + 2 H+ + 2
33CO −   2

3 3Zr(CO ) (aq)−  + H2O + 2Cl– ∆mH+ = 1 mZr 

(4)  ZrOCl2(s) + H2O + 2
34CO −   6

2 3 4Zr(OH) (CO ) −  + 2Cl– ∆mH+ = 4 mZr 

(5)  ZrOCl2(s) + 2 H+ + 2
35CO − -  6

3 5Zr(CO ) −  + H2O + 2Cl– ∆mH+ = 3 mZr 
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According to the calculated acidity of the various reactions, one expects – as a 
given titration progresses – the pH to decrease in the order of reaction (3) > (1) ~ (2) > 
(5) > (4). This pH sequence is indeed reproduced by the model curves between 2 and 
about 6 mL HNO3 addition. At the start and towards the end of the titration, however, 
this sequence does not hold due to different buffering capacities of the various systems. 
The Zr carbonate complexes consume carbonate ions in proportion to the CO3/Zr 
stoichiometric ratio of the complex. Thus, formation of the 6

3 5Zr(CO ) −  consumes more 
free carbonate than, say, 2

3 3Zr(CO ) − (aq), translating in a steeper titration curve. Clearly, 
the buffering capacity is maximised when no Zr-carbonate complex forms, thus explain-
ing the small average slope of the corresponding curve (continuous line) in Figure A-19 
and the crossing point at 6 mL HNO3. 

In conclusion, in agreement with the interpretation given by [69FAU/DER], 
the most probable complex formed is 4

3 4Zr(CO ) − . Even though the potentiometric data 
would also allow polynuclear species with generic formula 4

3 4Zr (CO ) m
m m

−  with m > 1, 
the cryoscopic data would not be consistent with this interpretation. For the cryoscopic 
data, a 4

3 4Zr (CO ) m
m m

−  complex would obey the constraint n = (k − 1) / m predicted only 
if m = 1 i.e. for a mononuclear complex. Hence, the only complex consistent with both 
cryoscopic and potentiometric data is 4

3 4Zr(CO ) − . 

[69KRY/KOM5] 
This is a study of the complexation of zirconium by fluoride using the cation exchanger, 
KY-2. The ionic strength was maintained at either 1 or 2 M using either HClO4 or 
HNO3 and the temperature was 25ºC. Results were analysed graphically using the 
Fronæus extrapolation technique [53FRO]. The fluoride concentration was varied from 
0 to a maximum of 8.056 × 10–4 M. Stability constants, *

nb , for the equilibria, 

 Zr4+ + nHF 4ZrF n
n

− + nH+ 

with n equal to 1 or 2. Values calculated for the constants are given in the Table A-12. 

Table A-12: Stability constants for zirconium fluoride complexes. 

Medium *β1 
(reported) 

log10 *β1 
(reported) 

log10 *β1 
(re-interpreted)

*β2 
(reported) 

log10 *β2 
(reported) 

log10 *β2 
(re-interpreted) 

1 M HClO4 (2.1 ± 0.2) × 105 (5.32 ± 0.04) (5.4 ± 0.2) (1.3 ± 0.1) × 109 (9.11 ± 0.04) (10.4 ± 0.2) 

2 M HClO4 (6.4 ± 0.6) × 105 (5.81 ± 0.04) (5.7 ± 0.2) (2.4 ± 0.2) × 109 (9.38 ± 0.03) (9.6 ± 0.4) 

1 M HNO3 (2.6 ± 0.2) × 105 (5.41 ± 0.03) (5.4 ± 0.1) (4.5 ± 0.5) × 109 (9.65 ± 0.05) (9.6 ± 0.2) 

2 M HNO3 (6.2 ± 0.6) × 105 (5.79 ± 0.03) (5.6 ± 0.4) (3.4 ± 0.4) × 109 (9.53 ± 0.05) (9.9 ± 0.2) 
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 A recalculation of the work, using non-linear least squares analysis, however, 
reveals that the selected stability constants do not fully support the data in any of the 
four cases. The results obtained in the present review for each of the four datasets are 
also given in Table A-12. The uncertainties determined in the present review, as pre-
sented in Table A-12 are given at the 95% certainty level, whereas those from the origi-
nal work are presumed to be 1σ. The relatively high uncertainty associated with this 
data, as determined in the re-interpretation carried out in the present review, means that 
a low weight will be assigned to the data. However, the stability constants determined in 
the present work are, in general, within the uncertainty intervals (when both are given at 
the 95% confidence level) of the values determined by the authors. 

[69NAZ/MAN] 
The authors followed the formation of hydroxo-complexes of Zr in the pH range 1.2 to 
1.8 at 25°C and constant ionic strength between 0.1 and 1 M in either NaClO4 or KNO3 
media. They studied the absorption of a Zr complex with two competing coloured 
ligands (3,4-dihydroxyazobenzene-4’-sulphonic acid DHABS in perchlorate solutions 
and 9-o-hydroxyphenyl-2,3,7-trihydroxy-6-fluorone (salicylfluorone) in nitrate solu-
tions, using UV-visible spectrophotometry. The pH was measured by means of a glass 
electrode. Solution concentrations of Zr were about 10–5 M. In the complex formation 
reactions it is assumed that the central ion is 2

2Zr(OH) + . This hypothesis is based on the 
observation [68NAZ/MAN] that in the pH range studied, 3,4-dihydroxyazo-compounds 
form complexes with a Zr:L ratio of 1:2. With salicylfuorone a sparingly soluble ZrL2 
complex is formed. Complex formation and solubility reactions are formulated with 

2
2Zr(OH) +  as the aqueous hydrolysis species, but since these reactions are coupled with 

the formation reactions of all other monomer hydrolysis species of Zr, this hypothesis 
implies a non-validated assumption, only with respect to the dominance of monomer 
hydrolysis species but does not imply an assumption on the dominant monomer hy-
drolysis species in aqueous solution. From the observed decrease of complex formation 
with increasing pH the authors derived the stability constants ,1qβ  and the stepwise con-
stants K as a function of ionic strength and extrapolated these data to zero ionic 
strength. Stability constants ,1qβ  were derived from the experimental data using an in-
correct Kw value of 10–14 . The authors gave no error analysis. These constants are based 
on the measured pH values rather than on the molalities of hydrogen ions. In order to 
obtain stability constants in agreement with the standards of the present review the 
original ,1qβ  values were first converted to the associated original *

,1qβ  values (see 
Table A-13) using the Kw values of the authors and then the constants were transformed 
on the base of hydrogen ion molalities using the equation *

,1qβ (correct) = *
,1qβ (re-

ported)/γ (H+). The results are included in Table A-13.  
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Table A-13: Reported (converted from ,1qβ  to *
,1qβ with reported Kw = 10–14) and cor-

rected stability constants *
,1qβ  

 I = 0.1 I = 0.2 I = 0.5 I = 1 

 ClO4 NO3 ClO4 NO3 ClO4 NO3 ClO4 NO3 

Reported stability constants ,1qβ  

 ZrOH3+ 1.19 1.24 1.28 1.36 1.38 1.47 1.96 2.07 
2+

2Zr(OH)  0.67 0.68 0.78 0.82 0.91 0.90 1.65 1.75 
+

3Zr(OH)  0.24 0.27 0.30 0.34 0.37 0.38 0.86 0.76 

 Zr(OH)4 0.04 0.04 0.05 0.06 0.07 0.07 0.22 0.14 

Corrected stability constants *
,1qβ  

 ZrOH3+ 1.48 1.62 1.65 2.03 1.76 2.38 2.27 3.89 
2+

2Zr(OH)  1.04 1.16 1.31 1.82 1.47 2.36 2.21 6.17 
+

3Zr(OH)  0.46 0.60 0.64 1.13 0.76 1.61 1.33 5.03 

 Zr(OH)4 0.09 0.13 0.15 0.29 0.19 0.48 0.39 1.78 

However, for each set of four constants only nine data points are available in a 
very narrow pH range. It is hard to believe that all species are present in sufficient quan-
tity to be clearly distinguished. The method chosen for the derivation of the stability 
constants is very susceptible to accumulation of errors: initially the first hydrolysis con-
stant is developed, then, by successive fits the other constants. For the first hydrolysis 
constant one could obtain by SIT extrapolation a value for * ο

10 1,1log β  = (0.85 ± 0.02) 
based on data from perchlorate and nitrate media and ∆ε = − 0.79 or – 1.00 kg·mol–1

 

assuming perchlorate or nitrate media, respectively. However, even these constants are 
not very reliable because, based on data of other authors, it is rather unlikely that at pH 
1.2 sufficient uncomplexed Zr4+ exists. In fact with a “measured” constant ,1

*
qb  of 

about 1 to 2 in the ionic strength range 0.1 to 1 M, less than 10% of total Zr would exist 
as Zr4+, even at the lowest pH studied (pH = 1.2). According to the hydrolysis scheme, 
developed in this review, 3

3 9Zr (OH) +  is a dominant solution species in the investigated 
pH range for Zr concentrations of 10−5 M, hence the hypothesis of dominant monomeric 
species is inconsistent with the present approach. No weight is given to the reported 
constants. 

[69NOR2] 
This is a study of the complexation of zirconium by fluoride and sulphate by observing 
the distribution of zirconium between aqueous and organic solutions containing either 
fluoride or sulphate. The organic solution used was xylene containing 
thenoyltrifluoroacetone (TTA). The ionic strength was maintained at 4 M using HClO4 
and experiments were conducted at 20ºC. Results were analysed graphically using the 
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Fronæus extrapolation technique [53FRO]. Five stability constants were determined for 
fluoride and three for sulphate, according to the reaction 

5
1ZrA n

n
−
−  + HA  4ZrA n

n
−  + H+ 

where A is fluoride or sulphate. The constants determined for the two systems are given 
in Table A-14. The study was very carefully undertaken and the stability constant val-
ues are in very good agreement with the earlier study by Norén [67NOR] that used a 
different method. The calculated constants give rise to the following values: fluo-
ride: 10 1

*log K : (5.88 ± 0.02); 10 2
*log K : (4.36 ± 0.06); 10 3

*log K : (3.00 ± 0.09); 
10 4

*log K : (2.3 ± 0.1); and 10 5
*log K : (1.9 ± 0.3); sulphate: 10 1

*log K : (2.78 ± 0.07) 
and 10 2

*log K : (2.0 ± 0.1). 

Table A-14: Stability constants for zirconium fluoride and sulphate complexes. 

Fluoride species *Kq log10 *Kq 

ZrF3+ (7.6 ± 0.4) × 105 (5.88 ± 0.02) 

ZrF2
2+ (2.3 ± 0.3) × 104 (4.36 ± 0.06) 

ZrF3
+ (1.0 ± 0.2) × 103 (3.00 ± 0.09) 

ZrF4 (1.8 ± 0.5) × 102 (2.26 ± 0.12) 

ZrF5
- (0.7 ± 0.5) × 102 (1.85 ± 0.31) 

Sulphate species *βq log10 *βq 

ZrSO4
2+ (6.4 ± 0.8) × 102 (2.81 ± 0.05) 

Zr(SO4)2 (5.6 ± 0.8) × 104 (4.75 ± 0.06) 

Zr(SO4)3
2- ~ 1.3 × 105 ~ 5.11 

A recalculation of the data, using the method of non-linear least squares analy-
sis, in the present review indicated that the data supported the formation of a sixth fluo-
ride species, 2

6ZrF − , and that regression analysis could be used to derive an uncertainty 
for the third sulphate species, 2

4 3Zr(SO ) − . The stability constant values derived in the 
present review were for equilibria of the form 

Zr4+ + nHA  4ZrA n
n

−  + nH+ 

and have the following values − fluoride: 10 1
*log b : (5.87 ± 0.04), 10 2

*log b : 
(10.25 ± 0.26), 10 3

*log b : (13.39 ± 0.23), 10 4
*log b : (15.48 ± 0.66), 10 5

*log b : 
(17.33 ± 0.03), and 10 6

*log b : (17.96 ± 0.54); sulphate: 10 1
*log b : (2.68 ± 0.05), 

10 2
*log b : (4.60 ± 0.02), and 10 3

*log b : (5.19 ± 0.10); the uncertainties are given as 
95% confidence intervals. 
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[70PRA/HAV] 
The stability constants of complexes of zirconium with NTA, EDTA, 1,2-diamine-
cyclohexanetetraacetic acid, chloride, nitrate and sulphate were determined by an ion 
exchange method using dinonyl naphthalene sulphonic acid in heptane as the liquid ion 
exchanger. The experiments were conducted in 2 M HClO4 and at (20 ± 1)ºC. In the 
chloride and nitrate experiments, the concentration of Cl– or 3NO−  was varied to 1.8 M 
and, as such, a mixed perchlorate-chloride or perchlorate-nitrate medium was used in 
these experiments, that changed from being perchlorate dominant to being either chlo-
ride or nitrate dominant. 

Sulphate complexation 
The concentration of sulphate was varied between 0 and 0.1725 M. The data were ana-
lysed using stepwise algorithms that progressively give *

1β  to *
qβ . For sulphate, the 

analysis gave rise to stability constant data for the three species 2
4ZrSO + , Zr(SO4)2 and 

2
4 3Zr(SO ) − . The constants determined were 4.3 × 102, 3.2 × 104 and 3.2 × 105 (giving 

*
10log b  values of 2.63, 4.51 and 5.51, respectively); uncertainties were not determined. 

The distribution coefficient in the absence of sulphate was determined to be 8.26. Re-
calculation of the data indicated that the existence of the third species, 2

4 3Zr(SO ) − , was 
relatively uncertain, however, this latter species was required to improve the fit at high 
sulphate concentrations. The model of best fit, as shown in Figure A-20, gives the fol-
lowing stability constants: *

10 1log b  = (2.53 ± 0.07), *
10 2log b  = (4.58 ± 0.14) and 

*
10 3log b  = (5.4 ± 0.7).  

It is recommended that the recalculated values be included in the review; to ac-
count for the difference in the stability constants between 20 and 25ºC, for 2

4ZrSO +  and 
Zr(SO4)2, the stability constants (logarithm) have been increased by 0.04 and 0.06 log 
units, respectively, using the enthalpy data determined by [84MEL/KLE] for these spe-
cies. In the absence of enthalpy data, the change in the constant for 2

4 3Zr(SO ) −  is be-
lieved to lie well within the very large uncertainty estimated for this species. 
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Figure A-20: The model of best fit for sulphate complexation. The symbols represent 
the experimental data of [70PRA/HAV] and the solid line the statistical fit to the data 
performed in the present review. 

 

 

Chloride complexation 
The concentration of chloride was varied between 0 and 1.8 M. The graphical analysis 
by the authors found that the stability constants, βq, for three Zr-Cl species, ZrCl3+, 

2
2ZrCl +  and 3ZrCl+ , that are given as 1.20, 0.29 and 0.10, respectively, without assigned 

uncertainties. The experimental results were re-interpreted (see Figure A-21) by the 
method of non-linear least squares for the purpose of more precisely determining the 
stability constants and their uncertainties (95%) and found: β1 = (1.09 ± 0.04), β2 = 
(0.35 ± 0.08) and β3 = (0.10 ± 0.04).  

The re-interpreted results for log10 β1 = (0.04 ± 0.02), log10 β2 = − (0.46 ± 0.10) 
and log10 β3 = − (1.0 ± 0.2), are accepted by this review and are assumed, within the 
level of uncertainty, to apply to 25ºC. 
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Figure A-21: The model of best fit for chloride complexation. The symbols represent 
the experimental data of [70PRA/HAV] and the solid line the statistical fit to the data 
performed in the present review. 

 

 

Nitrate complexation 
The concentration of nitrate was varied between 0 and 1.8 M. For nitrate, the analysis 
gave rise to stability constant data for the two species 3

3ZrNO +  and 2
3 2Zr(NO ) + . The 

constants determined were 0.90 and 0.35; uncertainties were not determined. The distri-
bution coefficient in the absence of nitrate was determined to be 8.36. Recalculation of 
the data (see Figure A-22), using non-linear least squares analysis, indicated that the 
calculated stability constants could not be fully justified. The model of best fit, as 
shown in Figure A-22, gives the following stability constants: β1 = (0.792 ± 0.013), β2 = 
(0.284 ± 0.028) and β3 = (0.031 ± 0.013) (that is, the data support the third complex), 
giving 10log b  values of − (0.101 ± 0.007), − (0.54 ± 0.04) and – (1.5 ± 0.2), respec-
tively, where the uncertainties are reported at the 95% level.  

It is recommended that the recalculated values be included in the review; the 
magnitude of the uncertainty values are such that they would account for the correction 
of the data to 25ºC. Overall, there was little difference between the stability constants 
calculated by the authors and those determined in the present review. 
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Figure A-22: The model of best fit for nitrate complexation. The symbols represent the 
experimental data of [70PRA/HAV] and the solid line the statistical fit to the data per-
formed in the present review. 

 

 

[72BON] 
In this study, the thermal properties of a number of metals were determined in their liq-
uid state using levitation calorimetry. Liquid zirconium was studied from 2233 to 
3048 K, with a reference temperature of 2128 K (the melting point of zirconium). The 
change in the enthalpy increment over this temperature range was found to be linear 
indicating that the heat capacity was constant and equal to (40.7 ± 0.7) J·K–1·mol–1. 
From the measurements, the heat of fusion was found to be (14.7 ± 0.3) kJ·mol–1. These 
values are accepted by this review. 

[72DER] 
This reference is an extensive monographic Ph.D. thesis on the formation of aqueous 
carbonate complexes and carbonate solids with tetravalent metals (Ce(IV), Th(IV), 
Hf(IV) and Zr(IV)). It includes detailed cryoscopic, conductometric, potentiometric and 
ion exchange data as well as solubility measurements of the metal hydroxides in the 
presence of carbonate and a solvent extraction study. The combined information from 
the various methods and the large amount of supplied data made it possible to identify 

4
3 4Zr(CO ) −  as the main complex formed and to derive a conditional formation constant, 

which was then extrapolated to zero ionic strength with the help of approximated SIT 
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interaction coefficients. This is the only selected constant derived for the Zr-CO3 sys-
tem. 

The cryoscopic and potentiometric Zr investigations documented and discussed 
in [72DER] are similar to those described in [69FAU/DER]. Hence, this discussion will 
focus on the conductometric and ion exchange results, which are not covered in 
[69FAU/DER]. However, we noticed that the cryoscopic (and potentiometric?) data 
reported in [72DER] are not identical to those given in [69FAU/DER] (cf. “Tableau 2-
7” and “Tableau” in the respective references). We concluded that the work documented 
in the Ph.D. thesis [72DER] was probably a repetition of that described in the earlier 
publication [69FAU/DER] and thus the cryoscopic and potentiometric data from the 
two publications are treated as independent.  

Cryoscopy 
This thesis includes cryoscopic measurements performed under the same conditions as 
in [69FAU/DER], as well as additional measurements in a solution with half the total 
carbonate concentration. Table A-15 gives the (calculated) compositions of the solu-
tions used in the two sets of cryoscopic measurements described in [72DER]. 

Table A-15: Calculated solution compositions in equilibrium with KNO3(s) at 0ºC, 
close to the eutectic KNO3-ice. A solubility of 1.3 M at 0ºC was assumed [79WEA], 
which leads to Ksp = 1.7 M 2. 

total elemental 
concentrations / M 

first set: 20 mL KHCO3 1 M + 10 mL 
KOH 1 M + 1 to 5 mL ZrOCl2 1 M 
diluted with H2O to 50 mL 

second set: 10 mL KHCO3 1 M + 5 mL 
KOH 1 M + 0.5 to 2.5 mL ZrOCl2 1 M 
diluted with H2O to 50 mL 

[K+] 1.63 1.46 

[ 3NO− ] 1.03 1.16 

[ 3HCO− ] + [ 2
3CO − ] 0.4 0.2 

[ZrOCl2] 0.02 − 0.10 0.01 − 0.05 

The results of the first set of measurements point to the formation of a complex 
with four ligands, e.g. 4

3 4Zr(CO ) − , as in [69FAU/DER]. In contrast, the second set 
yields evidence for a Zr complex with three carbonate ligands. [72DER] proposed 

2
3 3Zr(CO ) − , 3

3 3Zr(OH)(CO ) −  and 4
2 3 3Zr(OH )(CO ) −  as possible complexes for the more 

diluted system. 

Potentiometry 
Because the specified experimental conditions correspond exactly to those described in 
[69FAU/DER] (20 mL KHCO3 1 M + 10 mL KOH 1 M + 1 to 5 mL ZrOCl2 1 M di-
luted with H2O to 100 mL) it is not clear whether the data given in [72DER] are the 
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same as those reported in [69FAU/DER] or whether they represent a repetition of the 
earlier potentiometric experiments. In any case, all titrations (including those described 
in [69FAU/DER]) were conducted in a medium corresponding to the second set of the 
cryoscopic measurements listed in [72DER] (0.2 M total carbonate instead of 0.4 M). 
Because the titration curves reported in [72DER] (Fig. 2.27) closely resemble those 
reported in [69FAU/DER] we did not made a separate evaluation: the reader is referred 
to the comments of latter reference.  

Conductometry 
Conductometric titrations have been carried out in more dilute solutions compared to 
the cryoscopic and potentiometric investigations. According to [72DER], conductomet-
ric titrations were carried out in 10–3 M K2CO3 solutions by adding up to 1 mL ZrOCl2 
0.05 M, in order to identify the stoichiometry of Zr-CO3 complexes.  

The conductometric method relies on the appearance of sharp discontinuities in 
the specific conductivity curve of the titrated solution (see [61VOG], chapter XVII). 
Such discontinuities are generated when the formation reaction of a given complex is 
complete (i.e. stoichiometric), so that further addition of the metal leads to the forma-
tion of a different species. The method works only if a second species forms that causes 
a change in the slope of the conductivity curve. In our case, the formation of Zr-CO3 
complexes is expected to cause a considerable reduction of the conductivity due to the 
withdrawal of carbonate species and the low electrophoretic mobility (large mass) of the 
Zr-CO3 complexes. As soon as the Zr/CO3 ratio in the titrated solution exceeds the 
stoichiometric ratio of the Zr-carbonate species with the lowest number of carbonate 
ligands, any further addition of the ZrOCl2 solution will (according to the hydrolysis 
model selected in this review) lead to formation of uncharged hydroxo species 
(Zr(OH)4(aq) or Zr4(OH)16(aq) in the pH region of interest) and consequently to a dis-
continuity in the conductivity curve. After this discontinuity, the slope should further 
decrease (with a smaller slope) due to formation of bicarbonate (charge – 1) from car-
bonate ion (charge – 2). Finally, when the protonation of the carbonate ions is complete, 
a change from negative to positive slope is expected due to the excess of chloride ions 
added from the titrant. 

The results, shown in Fig. 2-28 of [72DER], confirm the qualitative picture 
outlined above, since a sharp change from negative to positive slope is observed in the 
conductivity curve as the Zr/CO3 ratio reaches the value of ~ 1/2. A second, less evident 
change in slope is visible at lower Zr/CO3 ratios. [72DER] asserts that this discontinuity 
occurs at a CO3/M atomic ratio of 4, thus indicating the formation of 4

3 4Zr(CO ) −  and 
4

3 4Hf (CO ) −  complexes. Our graphic analysis of the plot confirmed this finding for Hf, 
but not for Zr. Through graphic interpolation we determined the intersection of the two 
segments of the conductivity curve to be located at CO3/Zr ~ 3.5, which would rather 
suggest a mixture of 4

3 4Zr(CO ) −  and 2
3 3Zr(CO ) − . Thus, we do not agree completely 

with the author’s conclusion. In addition, the results of the conductometric titration can 
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be qualitatively explained also assuming ternary Zr-hydroxo-carbonato complexes with 
three or four carbonate ligands. 

A further problem is the pH titration curve associated to the conductometric ti-
tration (also shown in Fig. 2-28 of [72DER]). According to the indications given by 
[72DER], the titrated solution was 10–3 M K2CO3 isolated from contact with air. For this 
solution we calculated pH ~ 10.5, about one unit above the pH measured at the starting 
point of the titration. At the end-point, we calculate a pH of ~ 4.5, which is much lower 
than the measured value (pH ~ 6). The experimental results can be (partially) explained 
assuming that the titrated solution is 2 × 10–3 M K2CO3 and that some acid was intro-
duced to set the starting point at pH ~ 9.6. Because we are not in a position to resolve 
these inconsistencies, we did not attempt to model the conductometric results. 

Ion exchange 
[72DER] investigated ion exchange equilibria between a synthetic resin (DOWEX 1-x8, 
50 to 100 mesh) saturated with carbonate ions and a 10–3 M ZrOCl2 – 0.2 to 0.6 M 
K2CO3 solution. The method allows determination of the charge z – of a given anionic 
complex, provided that no other complex is formed in significant concentrations. The 
following generic exchange equilibrium was assumed, for a ligand number n > 2: 

32Zr(CO )z
n

− + z= 2
3CO −   32=Zr(CO )z

n
−  + z 2

3CO −  

The exchange equilibrium can be expressed by an empirical distribution ratio 
Rd = [=Zr]/[Zr] where [=Zr] is the total Zr concentration bound to the resin (mol/g) and 
[Zr] the total Zr concentration in the aqueous phase (M) at equilibrium. The law of mass 
action yields: 

2 2 2
23 3 3

2 2 2
3 3 3

[ Zr(CO ) ] [CO ] [CO ]
[ CO ] [Zr(CO ) ] [ CO ]

z z z
n

eq dz z z
n

K R
− − −

− − −

=
= ≅

= =
. 

Since the carbonate ion concentration bound to the resin, [= 2
3CO − ], is very 

large, it is not significantly affected by the equilibration reaction and can be considered 
as constant. Under these conditions, the logarithm of the distribution ratio is propor-
tional to the logarithm of the free ligand concentration: 

2
10 10 3log cons log [CO ]

2d
zR −= − . 

The charge of the complex can be thus determined from the slope of a 10log dR  
vs. 2

10 3log [CO ]−  plot. 

In spite of some experimental complications (e.g. long equilibration times), 
and problems in the Zr analyses, [72DER] was able to determine a slope very close to 
− 2, indicative of a charge z = − 4. Our graphical analysis of Fig. 2-29 yielded a slope of 
− 2.1. Thus, the ion exchange data are consistent with the formation of 4

3 4Zr(CO ) −  and 
confirm the results obtained through the other methods. 
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Solubility measurements 
Chapter 3 in [72DER] includes a solubility study of Zr hydroxide in the presence of 
varying concentrations of carbonate, conducted at a constant ionic strength of 1 M in 
NH4NO3. The determinations of the hydroxide solubility product in the absence of car-
bonate and of the carbonic acid dissociation constants in the same medium, needed for 
the evaluation of the Zr-CO3 data, are also reported in the same chapter. 

Because of the incorrectness of the hydrolysis model used in [72DER], we 
were forced to re-evaluate these solubility data in terms of the hydrolysis model defined 
and accepted in this review. In contrast, the (precise) determination of the conditional 
carbonic acid dissociation constants in 1 M NH4NO3 could be taken without modifica-
tion and were applied in our re-evaluation. The following constants were determined by 
[72DER]: 

 H2CO3(aq) = H+ + 3HCO−  3

2 3

H HCO 7
1

H CO (aq)

(6.46 0.80) 10M
a m

K
m

+ −
−= = ± ×  

 3HCO−  = H+ + 2
3CO −  

2
3

3

H CO 10
2

HCO

(2.63 0.06) 10M
a m

K
m

+ −

−

−= = ± × . 

The hydroxide used for the solubility measurements was synthesised through 
precipitation with ammonia from a ZrOCl2 solution. The washed precipitate was then 
added to 0.03 to 0.1 M ZrOCl2 + NH4NO3 solutions and digested during 5 days at 20ºC 
(pH = 1.6 – 1.8). Through the reaction, the Zr concentration decreased, indicating 
equilibration from oversaturation.  

As shown in Figure A-23, these solubility measurements are close to the re-
sults of [66BIL/BRA2] and of other similar studies (see also Figure D-2 in this review). 
Hence, they are reasonably consistent with the hydrolysis model selected in this review 
for aqueous species and *

10 ,0log sK ο ((V.17), 298.15 K) = − (3.24 ± 0.10) for Zr(OH)4(am, 
fresh). The latter constant, though not selected in the present review, is a calculated av-
erage corresponding to the apparent maximum solubility for fresh amorphous 
Zr(OH)4(s) (see Section V.3.2.2.2) and is used here for the re-evaluation of the solubil-
ity data in the presence of carbonate. 
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Figure A-23: Solubility of Zr(OH)4(am). Comparison of the data of [72DER] and 
[66BIL/BRA2] with model prediction for 1 M NH4NO3 using the hydrolysis constants 
for aqueous species selected in this review, *

10 ,0log sK ο (Zr(OH)4(am, fresh), 298.15 K) = 
− (3.24 ± 0.10), and ε( 3

3 9Zr (OH) + , 3NO− ) = (0.5 ± 0.3) (estimated from the average in-
teraction parameter for trivalent cations (Table B-4, Appendix B). In order to obtain an 
optimal fit of the data, ε( 3

3 9Zr (OH) + , 3NO− ) = 1.0 is required. 

 

 

The basic experimental data and the results of our recalculations are presented 
in Table A-16. The data have been interpreted in terms of the generic formation reaction 

 Zr4+ + 2
3COn −   4 2

3Zr(CO ) n
n

−  (A.8) 

where n = 4. The following system of equations was solved to obtain values for 
10log nβ ((A.8), 293.15 K): 

 
( )

3
2
3
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3
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Table A-16: Solubility data of [72DER] for Zr(OH)4(s) in the presence of carbonate and 
results of calculations based on the hydrolysis model selected in this review. The mola-
lities of 2

3CO − , Zr[CO3]n and Zr4+ were calculated using Eqs. (A.9), (A.10) and (A.11), 
respectively. 

Experimental data Calculated 

m(CO3)tot pH m(Zr,tot) m( 2
3CO − )  m(Zr(CO3)n) m(Zr4+) log10 β4 

0.10 8.12 3.20 × 10–3 2.89 × 10–3 3.20 × 10–3 3.40 × 10–33 40.1 

0.12 8.22 6.20 × 10–3 3.95 × 10–3 6.20 × 10–3 1.35 × 10–33 40.3 

0.16 8.35 9.80 × 10–3 6.67 × 10–3 9.80 × 10–3 4.09 × 10–34 40.1 

0.20 8.5 1.54 × 10–2 1.06 × 10–2 1.54 × 10–2 1.03 × 10–34 40.1 

0.22 8.66 1.34 × 10–2 1.78 × 10–2 1.34 × 10–2 2.35 × 10–35 39.8 

0.24 8.71 1.75 × 10–2 2.02 × 10–2 1.75 × 10–2 1.49 × 10–35 39.9 

0.26 8.76 2.36 × 10–2 2.17 × 10–2 2.36 × 10–2 9.37 × 10–36 40.1 

0.28 8.84 3.07 × 10–2 2.42 × 10–2 3.07 × 10–2 4.48 × 10–36 40.3 

0.30 8.88 3.27 × 10–2 2.81 × 10–2 3.27 × 10–2 3.10 × 10–36 40.2 

0.32 8.91 3.40 × 10–2 3.24 × 10–2 3.40 × 10–2 2.35 × 10–36 40.1 

0.34 9.08 3.60 × 10–2 4.70 × 10–2 3.60 × 10–2 4.92 × 10–37 40.2 

0.36 9.14 3.80 × 10–2 5.54 × 10–2 3.80 × 10–2 2.83E × 10–37 40.2 

0.38 9.21 4.15 × 10–2 6.39 × 10–2 4.15 × 10–2 1.49 × 10–37 40.2 

     average (40.1 ± 0.2) 

This model relies on the approximation (stated in Eq.(A.10)) that the total dis-
solved Zr is given by the sum of the postulated Zr-carbonate complex and 
Zr4(OH)16(aq) (the only significant hydroxo complex), all other species being negligi-
ble. This approximation is good in the pH and Zr concentration range of Dervin’s solu-
bility experiments and greatly simplifies the mathematical treatment. 

Our calculations yield a well-defined constant, 10 4log β  = (40.1 ± 0.2), over 
the pH range 8.1 to 9.2. We repeated the calculations with different values of n and al-
ways obtained a poorer standard deviation: 10 1log β  = (34.7 ± 1.2), 10 2log β  = 
(36.4 ± 0.8), 10 3log β  = (38.2 ± 0.4), 10 5log β  = (42.2 ± 0.4) 

Thus, the best statistical precision is obtained assuming n = 4, supporting the 
correctness of the interpretion of the data in terms of the tetracarbonate complex. The 

10 4log β  constant was extrapolated to zero ionic strength using the following interaction 
coefficients, taken from [97GRE/PLY2] (approximated values) or Table B-4, Appendix 
B in this review (ε(Zr4+, 3NO− )): 
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 ε( 4
3 4Zr(CO ) − , NH4

+) ≅ ε( 4
3 4U(CO ) − , Na+) = − (0.09 ± 0.20); 

 ε(Zr4+, 3NO− ) = (0.33 ± 0.35); 

 ε( 2
3CO − , NH4

+) ≅ ε( 2
3CO − , K+) = (0.02 ± 0.10). 

The uncertainties assigned to these coefficients reflect the variations observed 
over equally charged ion pairs (Table B5, Appendix B). With the help of the above SIT 
parameters, we calculated 10 4log οβ ((A.8), 293.15 K) = (42.9 ± 1.0). The uncertainty 
was determined applying the propagation error formulae described in Appendix C to 
Eqs. (A.9) to (A.11) taking into account the relevant uncertainties for the constants and 
interaction coefficients involved. Relative uncertainties of ± 10% were assigned to the 
analytical carbonate and Zr concentrations and of ± 0.05 pH-units to the pH measure-
ment. Considering the independent evidence for the formation of the Zr tetracarbonate 
complex and given the good quality of the experimental data, this value was accepted in 
the present review (see Section V.7.1.2).  

Solvent extraction  
[72DER] tried to evaluate the Zr-CO3 complexation independently through solvent ex-
traction measurements. The experiments were conducted in 1:1 organic phase/aqueous 
phase mixtures (25 mL each), shaken for 48 h at 25ºC. The organic phase was hexane 
with 0.1 M benzoylacetone (BZA) and 0.74 M tributylphosphate (TBP) as complexing 
agents for the extraction of Zr from the aqueous phase. The aqueous phase was 1 M 
NaCl with initially 0.002 M of Zr. Two series of measurements were carried out: the 
first in the absence of carbonate at pH ~ 1 − 2, and the second at pH 9.4 − 9.7 with vary-
ing amounts of carbonate (0.1 to 0.36 M).  

The first series served to determine the reference distribution coefficient, D0, of 
Zr between the organic and aqueous phases in the absence of carbonate, whereas the 
second series recorded the effect of Zr-CO3 complexation on the distribution between 
the two phases. For reasons that are not entirely clear, [72DER] was forced to carry out 
the first series of measurements at a much lower pH than the second one, leading to a 
complicated modelling procedure. Because BZA is an acid, D0 increases with pH (this 
effect is due to the increased dissociation HBZA  H+ + BZA-, which leads to an in-
creased concentration of the complexing ligand BZA-). Therefore, this D0 dependence 
had to be first evaluated at pH ~ 1 − 2 and then extrapolated up to pH ~ 9.5. Since the 
linearity of the pH-D0 relation seems to get lost as the pH approaches 2, we think that a 
linear extrapolation of D0 to pH 9.5 is not permissible. Figure 3-2 in [72DER] suggests 
that the linear extrapolation would strongly overpredict D0 at high pH, yielding a too 
high formation constant for any complex with generic formula 4 2

3Zr(CO ) n
n

− . 

This procedure becomes even more questionable considering that the interpre-
tation relied on the premise that Zr(OH2)2+ was the dominating hydroxo species in the 
pH range considered. This allowed Dervin to assume that the pH dependence of D0 
would be related exclusively to the deprotonation of BZA. In the light of present knowl-
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edge, however, one knows that there is a change from positively charged to uncharged 
hydroxo species (Zr4(OH)16 or Zr(OH)4(aq)) as the pH increases from ~ 1 to ~ 9.5 (see 
hydrolysis chapter). As uncharged species are soluble in organic solvents, this change in 
speciation would tend to increase D0 as pH rises (i.e. in the opposite direction of the 
trend indicated by the data at pH ~ 1 − 2). In conclusion, there are too many unknowns 
in the extrapolation of D0, as also admitted by the author, so that one does not expect to 
deduce a constant consistent with that obtained from the solubility measurements. 

[72TRI/SCH] 
The authors used spectrophotometric measurements at 270 nm and the method of com-
peting ligands to determine complexation constants for thiocyanate, chloride as well as 
the polymerisation reaction of dissolved Zr in 3.5 M HClO4 solution. Solution concen-
trations of Zr were 3.56 × 10−4 M. Under these conditions, monomeric Zr is the domi-
nant solution species. Free Zr and SCN do not show absorbtion at 270 nm, so that the 
concentration of the mono-thiocyano-complex could be determined directly from the 
observed optical density. A complexation constant β (3.5 M HClO4) = (11.5 ± 1) was 
determined for the reaction Zr(IV) + SCN  Zr(IV)SCN. No details on the nature of 
the monomeric Zr species was given. In a subsequent publication it was assumed to be 
ZrOH3+. The results were found to be incompatible with higher thiocyano-complexes, 
as proposed by [71LAU/FOU]. Using this value, the stability constants for mono-
chloro- complexation Zr(IV) + Cl−  Zr(IV)Cl was determined as 10log β (3.5 M 
HClO4) = (0.3 ± 0.05) and for the polymerisation reaction a degree of polymerization of 
three was determined. Four protons were liberated in the trimerisation reaction. The 
equilibrium constant was given in the form: 

K(3.5 M HClO4) = [trimer] × [H+]3 / [monomer]3 = (1 ± 0.4) × 106. 

However, no original experimental data were presented for neither chloride 
complexation nor the polymerisation reaction. This was done for polymerisation in a 
subsequent publication by the same authors [75TRI/SCH]. 

[73NOR] 
This is a study of the complexation of zirconium by hydroxide using the potentiometric 
and solvent extraction techniques. The potentiometric experiments were conducted at 
25ºC and the solvent extraction experiments at 20ºC. All experiments were conducted 
using 4.0 M 4ClO− , with the proton concentration being varied at 0.5, 1.0 and 4.0 M. 

Potentiometric experiments 
The potentiometric experiments used the method of competing reactions with fluoride 
and changes in activity coefficients between the media used being determined using 
Th4+ which does not hydrolyse in the proton concentration range examined. The stabil-
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ity constants calculated in the study using the potentiometric technique are given in 
Table A-17. The stability constants refer to the following reactions: 

4 (4 ) +M HF MF Hq
qq q+ − ++ + ; 

4 3 +
2M H O MOH H+ ++ + . 

The stability constants determined for the thorium fluoride complexes in 4.0 M 
HClO4 were in good agreement with a previous study by Norén [69NOR] at 20ºC. The 
differences between the activity coefficients in 4.0 M HClO4 and those in 1.0 M HClO4 
+ 3.0 M NaClO4 and 0.5 M NaClO4 + 3.5 M NaClO4 were a factor of 1.18 and 1.28, 
respectively, in the Th experiments. These factors were used to correct the activity coef-
ficient differences in the zirconium and hafnium experiments. The fluoride stability 
constants of zirconium and hafnium were then determined using the same three media 
and the correction factors identified above. The resulting values of the constants indi-
cated a dependence on the proton concentration which was used to determine the first 
hydrolysis constant. The stability constant calculated for zirconium was (0.28 ± 0.05), 
giving a value for *

10 1log b  of − (0.55 ± 0.07). The stability constants determined for 
the fluoride constants of zirconium were in good agreement with those previously de-
termined by Norén [67NOR], [69NOR2] at 20ºC and in 4.0 M HClO4. Additionally, as 
expected, only the first fluoride stability constant was dependent on the proton concen-
tration; the second constant was independent. The major deficiency in the determination 
of the hydrolysis stability constant is the assumption that the activity coefficients of 
zirconium or hafnium are the same as those of thorium. As a result of the smaller ionic 
radius of both zirconium and hafnium, it is expected that the change in the activity coef-
ficient factors for zirconium and hafnium would be slightly larger than those of thorium. 
Nevertheless, the stability constants determined in this work by the potentiometric tech-
nique should be considered in this review. 

Table A-17: Stability constants ( *
10log β ) for tetravalent hydroxide and ( *

10log β ) for 
fluoride complexes (uncertainties are given in parentheses for the zirconium species). 

Species Th4+ Zr4+ Hf4+ 

MF3+ 4.62    (5.97 ± 0.002)    5.51 
2

2MF +  2.81    (4.37 ± 0.03)    4.01 

MOH3+ — – (0.55 ± 0.07) – 1.10 

Solvent extraction experiments 
The experimental determination of the first hydrolysis constant of zirconium using the 
solvent extraction technique was subject to very large uncertainties due to data scatter. 
The author suggests that chemical impurities may have contributed to the data scatter. 
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Additionally, systematic errors associated with TTA complexing in aqueous solution 
may have contributed to the overestimation of this first hydrolysis constant. The value 
of 0.3 for 10 1

*log b  determined by solvent extraction is therefore not considered reliable 
for the purposes of this review. 

[74DER/FAU] 
The results and discussion in this paper recapitulate those reported in [72DER]. For a 
discussion of these results, see the Appendix A entry for the latter reference.  

[74SOL] 
The author presented the thermodynamic systematics for the extraction equilibria of 
tetravalent elements from nitric acid solutions both by tri-n-butyl-phosphate (TBP) in 
kerosine and by theonyltrifluoracetone TTA in benzene.  

Using TBP, Zr4+, ZrOH3+ and 2+
2Zr(OH)  are extracted by a common 

mechanism described by the general equation: 
(4 )Zr(OH) i
i

− + + (4–i) 3NO−  + 2TBP  Zr(OH)i(NO3)(4–i)⋅2TBP. 

With TTA, only Zr4+ is extracted by a combination of the following reactions: 

Zr4+ + 4HTTA  Zr(TTA)4 + 4H+ 

Zr4+ + 3NO−  + 3HTTA  Zr(NO3)(TTA)3 + 3H+ 

Zr4+ + 4ClO−  + 3HTTA  Zr(ClO4)(TTA)3 + 3H+. 

Methods are described to obtain non-ideal descriptions both for the organic and 
the aqueous phase. No original data are presented.  

[74TRI/SCH] 
The authors studied the dominant monomeric species in 0.5 to 4 M HClO4 solutions. 
The total Zr concentration was not reported but since the authors have used radioactive 
95Zr, it can be safely assumed that the Zr concentration was sufficiently low to allow 
investigations of monomer behaviour. This is confirmed by the statement of the authors 
that the Zr concentrations were always much lower than the concentration of 
β-isopropyltropolone, which was always smaller than 4 × 10−4 M. The acid dependency 
of liquid/liquid phase distribution ratios of Zr was used to deduce the stoichiometry of 
the monomeric species. Two independent extraction equilibria were tested to account 
for uncertainties in the chemistry of the exchange equilibria: (a) extraction from 3 M 
(Na, H)ClO4 solutions of perchlorates of Zr by methylisobutylketone and (b) extraction 
of β-isopropyltropolonates of Zr in chloroform.  
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In case (a), the logarithm of the distribution coefficient was found to increase 
with a slope of one (no error reported) with the logarithm of the concentration of H+, 
whereas it increased with a slope of (4.0 ± 0.4) with the concentration of perchlorate. 
The data were explained by the reaction 

ZrOH3+ + H+ + 44ClO−  Æ Zr(ClO4)4(org) + H2O. 

The original data were not reported, and therefore, the uncertainties concerning 
the validity of this monomeric stoichiometry for the whole range 0.5 to 4 M HClO4 can-
not be evaluated.  

In case (b), at a constant ionic strength of 4 M in (Na,H)ClO4 solutions, the 
logarithm of the distribution coefficient was found to decrease with a slope of 
− (3.00 ± 0.15) with increasing acid concentration and was found to increase with a 
slope of 4 with β-isopropyltropolone concentration. The results were explained by the 
reaction 

ZrOH3+ + 4Trop.H Æ Zr(Trop)4 + 3H+ + H2O. 

For case (b) original data are reported. Complexation of Zr in aqueous phase 
by β-isopropyltropolone cannot be excluded. Due to the missing documentation on 
method (a), the confirmation of the stoichiometry by two independent extraction meth-
ods is considered only as indication for the presence of ZrOH3+ as the dominant solution 
species and, as such, the presence of Zr4+ at the high acidities used cannot be completely 
ruled out.  

The data may be used to estimate the first hydrolysis constant as: 

10 1
*log b  > 0.6 

assuming that at the highest acidities (4 M HClO4) a maximum quantity of 50% of dis-
solved Zr is present in the non-hydrolysed form. This is in disagreement with the obser-
vations of [73NOR], showing non-hydrolysed Zr to be the dominant monomeric solu-
tion species in 4 M HClO4. 

[75CHE/CHI] 
Using radiochemically purified 95Zr in the concentration range in Zr of 10–10 to 10–5 M 
in 0.5 to 2 M H2SO4, first and second mono-hydrolysis constants were determined by 
paper chromatography. The stoichiometry of the hydrolysis species was determined by 
the slope in the distribution of species as a function of pH. The publication provides no 
data to assess the uncertainty of the determinations. The authors did not use a constant 
media approach, indicating that the slope of distribution ratio versus pH is also a func-
tion of the variation in activity coefficient. The constants 10 1

*log b  = – 1.977 and 
10 2

*log b  = – 4.48 were determined. [61KOV/BAG] demonstrate that these stability 
constants should vary by one order of magnitude due to the variation of ionic strength. 
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There was no effect of Zr concentration on the results, indicating the absence of polynu-
clear species at these low Zr concentrations.  

The authors did not discuss the potential formation of sulphate species. 

Based on the selections made in this review for the stability constants for sul-
phate complexes, data from this paper cannot be considered due the predominance of 
sulphate complexes, the hydrolysis constants from this paper are considered unreliable 
due to the predominance of sulphate complexes in these experimental solutions. 

[75FIL/CHE] 
This paper gives thermochemical data for zirconium orthophosphate, its monohydrate 
and tetrahydrate and zirconium pyrophosphate and its dihydrate. The experimental and 
auxiliary data used to determine the enthalpy of formation of the various compounds 
was not presented by the authors. The data obtained in the study are given in Table A-
18 and are compared, where possible, with the same data selected in the present review; 
no uncertainties were given by [75FIL/CHE]. 

Table A-18: Thermochemical data determined by [75FIL/CHE] for zirconium ortho-
phosphate and pyrophosphate and their hydrates and a comparison with the data se-
lected in the present review. 

Compound f mGο∆ (kJ·mol–1) f mH ο∆  (kJ·mol–1) mS ο (J·K–1·mol–1) 

 [75FIL/CHE] This review [75FIL/CHE] This review [75FIL/CHE] This review 

α-Zr(HPO4)2 − 2755.7 −(2987±23) − 2992.85 −(3166.2±6.0) 218.4 (470 ± 81) 

Zr(HPO4)2·H2O − 3010.7 −(3194±20) − 3308.45 −(3466.1±6.1) 257.3 (393 ± 70) 

Zr(HPO4)2·4H2O − 4177.7    NVR − 4259.65    NVR 336.9 NVR 

ZrP2O7 − 2469.5    NVR − 2645.25    NVR 190.5 (188.8 ± 2.0) 

ZrP2O7·2H2O − 2967.6    NVR − 3264.85    NVR 268.9 NVR 

NVR:  No value recommended in this review. 

It is clear from the data presented in Table A-18 that the Gibbs energy and en-
thalpy of formation given by [75FIL/CHE] are significantly more positive than the same 
values selected in the present review. As the auxiliary data used by [75FIL/CHE] has 
not been given, nor has the original experimental data, the values determined by these 
authors are rejected by this review. 
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[75TRI/SCH] 
The authors studied the formation constants of polymer hydrolysis species in acid 3.5 M 
perchlorate solutions by UV-spectroscopy. The temperature is not reported, thus it is 
assumed that the authors did not control the temperature leading to temperatures in the 
ambient range. With the exception of temperature control, the experimental work ap-
pears to be quite carefully done. Temperature uncertainties will of course enhance the 
error in the given K value. The study is based on equilibria with monomeric 
ZrOHSCN2+ species. A conditional equilibrium constant K of 11.5 for the reaction  

ZrOH3+ + SCN–   ZrOHSCN2+ 

was determined in a previous study by the authors [72TRI/SCH] for solutions at a con-
stant ionic strength of 3.5 M (ClO4), the stoichiometry of the monomeric species being 
given in [74TRI/SCH]. In the equilibrium calculations, the formation of HSCN has been 
considered for the same ionic strength. Using the given equilibrium constants and the 
mass balance Zrtot = ZrOH3+ + ZrOHSCN2+ + Zr(polymer), the concentrations of 
ZrOH3+ and of the polymer were calculated as a function of perchloric acid concentra-
tion (0.5 to 3.5 M at a constant total perchlorate concentration of 3.5 M). By the varia-
tion of the total Zr concentrations between 5 × 10–5 and 2 × 10–3 M, the transition from 
monomer to polymer predominance range was followed.  

The results show an increase in polymer concentration proportional to the third 
power of the ZrOH3+ concentration, thus indicating trimer formation, and an involve-
ment of the fourth power in protons in the polymerisation reaction, indicating a compo-
sition of 5

3 n 7 nZr O (OH) +
− . For the equilibrium: 

3ZrOH3+ + 4H2O  5
3 7Zr (OH) +  + 4H+ 

the authors gave an equilibrium constant  

K (3.5 M ClO4, (18 − 30)°C) = (4 ± 1) × 105. 

The authors have also shown that the addition of pure water to a monomeric 
solution of 0.04 M Zr in 4 M HClO4 leads to the irreversible formation of polymeric 
species.  

To confirm the hypothesis of [75TRI/SCH] of trimer formation, or to see 
whether the data could be explained alternatively by tetramer formation a new fit based 
on digitised data from the paper was performed. The results are given in Figure A-24 
and Figure A-25. The formation of polymeric from monomeric solution species of Zr 
can be described by the general equation:  

m 4Zr(OH) a
a

−  + (q−am)H2O  4Zr (OH) m q
m q

−  + (q-am)H+. 
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Figure A-24: Molar concentration of total polymeric Zr as a function of monomeric Zr 
in 3.5 M (NaClO4/HClO4) and acid concentrations from 0.5 to 3.5 M. Digitised data 
from [75TRI/SCH].  

 

Figure A-25: Total monomeric Zr as a function of acid strength for constant polymeric 
concentrations. Digitised data from [75TRI/SCH]. 
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The stoichiometric coefficient p can be obtained directly from the slopes of the 
curves in Figure A-24 for constant acid concentrations. The slopes of the relationship, 
derived by least squares analysis are given in Table A-19. 

Table A-19: Slopes of the lines in Figure A-24 

[H+] (M) Slope b 

0.5 (2.94 ± 0.20) 

1.0 (2.91 ± 0.14) 

1.5 (2.87 ± 0.10) 

2.0 (2.95 ± 0.36) 

3.5 (3.25 ± 0.20) 

 The slope is always three, within the indicated errors of the method, hence 
trimer formation (m = 3) is confirmed and tetramer formation can be excluded. The 
stoichiometric factor, (q−am), can be obtained from the relationship between polymer 
concentration and acidity (Figure A-25):  

m × log10 [ 4Zr(OH) a
a

− ] = const + (q−am)log10 [H+] 

where (q−am) = b·m and b is the slope of the curves given in Figure A-25. The slopes b 
are given in Table A-20. 

Table A-20: Slopes b from Figure A-25 

[Zr] (M) Slope b 

0.007 (1.28 ± 0.04) 

0.0002 (1.26 ± 0.12) 

0.0007 (1.32 ± 0.05) 

They can be considered in the range of the indicated error to be 1.33, hence 
(q−am) = 4. This confirms the evaluation by [75TRI/SCH].  

Concerning the given interpretation, a correction is necessary for the hydroly-
sis scheme. Based on the evaluation of the 10 1

*log b  constant performed in this review, 
the only monomeric species present in all the experiments of [75TRI/SCH] is Zr4+: the 
factor a is close to zero. Based on the hydrolysis scheme of this review, in all solutions 
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Zr4+ is the dominant solution species. This would lead to 8
3 4Zr (OH) +  as the principal 

trimeric stoichiometry according to the reaction  

 3Zr4+ + 4H2O  8
3 4Zr (OH) +  + 4H+ 

instead of 5
3 7Zr (OH) +  as proposed by the authors for the hypothesis “a” = 1. To allow a 

re-interpretation of the experimental data for the present evaluation within the context 
of the new hydrolysis model, the digitised data were converted from the molarity to the 
molality scale. Stability constants 10 4,3

*log b  were obtained from this figure using the 
equation 

10 4,3
*log b  = 4log10 +H

m  – 4log10 aw + ( 8
3 4

10 Zr (OH)
log (3 )m +×   – 10 Zr(monomer)3 log m× ) 

 – log10 3 – log10 α 

Using a new fit of the curves, keeping the slope fixed at 3 the values 
(log10 ([ 8

3 4Zr (OH) + ]⋅3) – 3⋅log10 [Zr(monomer)]) were determined. Only the monomeric 
species Zr4+ and ZrOH3+ were considered. The species 2

2Zr(OH) +  does not play a role at 
the acid pH of the present test. The factor α = [Zr4+] / [Zr(monomer)] is calculated from 
the hydrolysis model for the ionic strength of the tests to correct for hydrolysis effects 
on monomer concentrations. Water activities for 4.2 m perchlorate medium (HClO4) 
were taken from [72HAM/WU]. From the five curves an average value 

10 4,3
*log b (4.2 m ClO4) = (6.19 ± 0.28 (2σ)) 

was obtained. 

[76BAE/MES] 
The work of the authors is a review of hydrolysis data and includes activity coefficient 
corrections, which are not directly compatible with the NEA standard. The dependency 
of stability constants of aqueous species and solid phases (β replaced by K) on ionic 
strength is given by [76BAE/MES] as: 

0.5
m

10 , 10 , m0.5
m

* *log log
1q m q m
a I b I

I
ο ⋅

+ + ⋅
+

b = b . 

To allow comparison of stability constants and ionic strength correction for the 
present evaluation, the data were transformed to SIT format by a fitting procedure. 

Using these data, stability constants ,
*

q mb  were calculated for 0.1, 1 and 3 m 
ClO4 and were introduced into a SIT plot. The data seldom give straight lines as ex-
pected from SIT. To obtain SIT parameters, the data were fitted by straight lines result-
ing in new values for 10 ,

*log q m
οb  as well as for ∆ε. The results of these calculations are 

shown in Table A-21. 

 The new values for 10 ,
*log q m

οb  as well as for ∆ε allow the use of the 
[76BAE/MES] data in the context of SIT calculations, but the calculated standard state 
stability constants substantially differ in some cases from the data of [76BAE/MES], 
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and individual 10 ,
*log q m

οb  values may differ by as much as 0.5 units, as indicated in the 
table.  

Table A-21: Stability constants obtained by the authors review and recalculated con-
stants using SIT. 

 10 ,
*log q m

οb  [76BAE/MES] 10 ,
*log q m

οb  recalculated ∆ε (kg·mol−1) 

3Zr(OH) +  0.30 0.35 − 0.18 
2
2Zr(OH) +  − 1.77 − 1.39 − 0.64 

3Zr(OH)+  − 5.1 − 4.78 − 0.36 

 Zr(OH)4 − 9.7 − 9.37 − 0.31 

5Zr(OH)−  − 16 − 15.66 − 0.07 
8

3 4Zr (OH) +  − 0.6 − 0.38 − 0.49 
8

4 8Zr (OH) +  − 6.0 − 6.1 − 0.2 

The authors based their choice of the neutral Zr(OH)4(aq) complex on the work 
of [66BIL/BRA2]. The present review considers the work of [66BIL/BRA2] as unreli-
able due to the presence of polymeric species.  

As a consequence this review suggests that the entire hydrolysis scheme of 
[76BAE/MES] is in question and all the original data on which it is based have been re-
evaluated in the present work.  

[76TRI/SCH] 
This paper follows on from the early work by these authors (see discussion of 
[74TRI/SCH] in this Appendix). In this and the earlier work, the authors used the sol-
vent extraction technique with β-isopropyltropolone to study the complexation of Zr. In 
this work, they studied the complex formation of zirconium with chloride, thiocyanate, 
sulphate, oxalate and phosphate. On the basis of their earlier work, they proposed that 
reactions of the type 

ZrOH3+ + L–  ZrOHL2+ 

ZrOH3+ + HL  ZrL + H2O 

occurred in their experimental solutions, where they used an ionic medium of either 3.5 
or 4 M. 

In their study of the complexation of zirconium by chloride, the ionic strength 
was 4 M (HClO4, HCl). Under these experimental conditions, the findings of the present 
review indicate that the dominant zirconium species would be Zr4+ rather than ZrOH3+ 
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and, as such, the solvent extraction data should be re-interpreted with respect to the fol-
lowing reaction: 

Zr4+ + Cl–  ZrCl3+. 

The stability constant (log10 β1) determined from this re-interpretation is 
− (0.52 ± 0.07); where the uncertainty is assumed to be 1σ (i.e. this is the same constant 
determined by the authors for their proposed reaction). This value is significantly lower 
than other published stability constants for the formation of ZrCl3+ (see Section V.4.2.1) 
and suggests a systematic error in the work of [76TRI/SCH]. In their work, the authors 
determined the stability constant by a plot of 1/D (where D is the distribution coefficient 
against the chloride concentration. The intercept of the linear regression was equal to 
1/D0 (i.e. the distribution coefficient in the absence of chloride) and the slope β1/D0. The 
intercept of the linear regression was found to be 0.23, indicating a value of D0 of 4.35. 
This value indicates that, in the absence of chloride, approximately 19% of zirconium 
remains in the aqueous phase and suggests the presence of aqueous zirconium 
β-isopropyltropolone complexes. If this were the case, as is suggested by the data, this 
would lead to a reduced stability constant for ZrCl3+, since the change in the distribution 
coefficient (expressed as D0/D) would be equal to 

D0/D = 1 + β1[Cl–] + *βn[Trop]n 

where *βn is the stability constant for the reaction of zirconium with 
β-isopropyltropolone (Trop). The stability constants of zirconium with 
β-isopropyltropolone are not known and therefore it is not possible to correct the stabil-
ity constant for ZrCl3+. As such, the data determined by [76TRI/SCH] for the complexa-
tion of zirconium by chloride is not accepted by this review. Similarly, the data pro-
posed by [76TRI/SCH] for the complexation of zirconium by other inorganic ions are 
also rejected. 

[76VAS/KOZ] 
This is a study of the thermodynamics of the complexation of zirconium with fluoride 
using the calorimetric technique and measurement of the heat of solution of crystalline 
ZrCl4 in aqueous HF solutions. All experiments were conducted at a temperature of 
25ºC and in negligible ionic strength. Before and after each experiment, the calorimetric 
system was calibrated electrically. The initial concentrations of HF were varied from 
5.015 to 102.2 mM. The formation of ZrOH3+ was considered and found to be less than 
0.01% of the total zirconium concentration. The enthalpy change of the reaction 

Zr4+ + qF−  4ZrF q
q

−  

were determined from the heat of solution, where q = 3 to 6. The enthalpy values are 
given in Table A-22, as are the entropy change and Gibbs energy values (the values 
given for these parameters in the original work have the wrong sign). 
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Table A-22: Enthalpy, entropy changes and r mGο∆  for zirconium fluoride complexes. 

Species r mH ο−∆ (kJ·mol–1) mS ο (J·mol–1·K–1) r mGο∆ (kJ·mol–1) 

3ZrF+  6 − 132 − (33.3 ± 0.4) 

ZrF4 − (6.1 ± 0.8) − (155 ± 4) − (40.2 ± 0.3) 

5ZrF−  − (1.8 ± 0.7) − (161 ± 4) − (46.2 ± 0.4) 
2

6ZrF −  − (5.6 ± 0.3) − (190 ± 3) − (50.9 ± 0.7) 

The enthalpy change determined for 3ZrF+  was only approximate since there 
was only a small number of experimental points where the fraction of the species was 
appreciable. These data will not be considered in this review for the following reasons: 

(a) the stability constants for the zirconium fluoride constants used by the authors 
are inconsistent with those selected in the present review (see Table V-15), 
particularly for the species for which enthalpies of reaction were determined by 
[76VAS/KOZ]; 

(b) the stability constant used for the dissociation of HF is also inconsistent with 
the auxiliary data used in this review (see Table IV-2); 

(c) given that a high ionic strength was not employed within the study it is most 
likely that the ionic strength, and therefore activity coefficients, varied consid-
erably throughout the experiments;  

(d) a recalculation of the data is not possible in the present review since not all of 
the data are reported in the original data either in tabular or graphical form. In-
deed, there appears to be inconsistencies in the data reported in the two forms 
that could not be resolved in the present review. 

[76VAS/LYT] 
The authors determined the enthalpy of formation of Zr4+ ions at 25°C from the calori-
metrically measured enthalpy of dissolution of pure ZrCl4(cr) and ZrBr4(cr) in HClO4, 
HNO3 and HCl. Impurity levels (Hf, etc.) in the starting solid were 0.24 wt-%. Both the 
quantities of dissolved solid as well as the molality of the acids had a significant effect 
on the dissolution enthalpy. Acid concentrations were always above 3 M, thus hydroly-
sis of Zr is expected to have only a minor effect on the results, but polymerisation may 
have a strong influence in high Zr containing solutions. The conditional enthalpies of 
dissolution at infinite dilution of Zr in concentrated acids were extrapolated by a rela-
tion following the square root in Zr concentration (effect of polymer formation is con-
sidered absent at low Zr concentrations), and subsequently, extrapolation to zero ionic 
strength gave a value for the standard enthalpy for dissolution. The latter extrapolation 
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was performed by an activity coefficient correction method different to that used in the 
present review.  

The first extrapolation by a square root of concentration in Zr seems to be in-
correct, because the ionic strength in these solutions is not affected by the concentration 
of Zr but by that of the background electrolyte. At constant ionic strength, the dissolu-
tion enthalpy should be independent of the Zr concentration. The observed concentra-
tion dependency may indicate a change in solution speciation, hence polymer formation 
may have occurred. The inclusion of the data of the authors in the overall assessment of 
Zr hydrolysis requires a re-interpretation of their experimental data in terms of mono-
mer/polymer transition. Polymer formation in similar solutions was analysed by 
[75TRI/SCH]. A re-interpretation was found to be important in similar solutions 
[75TRI/SCH] (see Appendix A entry) according to the reaction: 

3Zr4+ + 4H2O  8
3 4Zr (OH) +  + 4H+ 

is the dominant polymerisation reaction in these highly acidic solutions. A quantifica-
tion of polymerisation reactions was attempted by re-interpretation of the observed heat 
capacity data as resulting from a sum of the dissolution enthalpy of the free Zr4+ ion and 
of 8

3 4Zr (OH) + . The data for enthalpies at constant ionic strength were fitted to the fol-
lowing equation: 

4+

4+ 4+
tot

sol sol polym sol Zr
tot tot

[Zr ] [Zr ] [Zr ](exp)
3[Zr ] [Zr ]

H H H−
∆ = ∆ ⋅ + ∆  

where concentrations of the free Zr4+ were determined from the total dissolved Zr con-
centration and an equilibrium constant 4,3

*b  for polymer formation. Fitting parameters 
were sol polymH∆ , 4+sol Zr

H∆ , as well as 4,3
*b , where sol polymH∆  is confined by the en-

thalpy data at high Zr concentrations and 4+sol Zr
H∆ at very low Zr concentrations and 

where the 4,3
*b  describes the transition between these extrema. An example for the dis-

solution of ZrCl4 in 3.2 m HCl is given in Figure A-26. The proposed model describes 
the experimental data reasonably well in all other cases in chloride and perchloride me-
dia.  
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Figure A-26: Example for the fit of heat capacity data as a function of Zr concentration 
in 3.2 m HCl in an attempt to identify monomeric and polymeric contributions. 

 

 

As a result of a re-interpretation of the digitised data from all solutions one ob-
tains sol polymH∆ , 4+sol Zr

H∆ , as well as 4,3
*b  is obtained as a function of the ionic strength 

in chloride and in perchlorate media. The results for 10 4,3
*log b  are given in Table A-23. 

Table A-23: 10 4,3
*log b  as a function of m for HClO4 and HCl media 

m HClO4 10 4,3
*log b  m HCl 10 4,3

*log b  

3.47 6.20 3.19 5.68 

4.87 6.23 4.36 5.93 

6.41 6.10 5.54 6.00 

8.13 6.39 6.85 6.27 

The application of SIT allows the determination of the appropriate values un-
der reference conditions at zero ionic strength, e.g.: 

 10 4;3
*log b  – 20D – 4⋅log10 aW = 10 4,3

*log οb  – ∆ε·m  (A.12) 
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Water activity data for HCl and HClO4 were derived from osmotic coefficients 
reported in [72HAM/WU]. The SIT plots for HCl and HClO4 media are shown in     
Figure V-10. 

 Included in the diagram are the re-interpreted values obtained from the data of 
[56ZIE/CON] for 2 M and of [75TRI/SCH] for 4 M perchlorate media. The data follow 
a straight line with: 

10 4,3
*log οb  = (0.4 ± 1.0) 

and ∆ε = – (0.20 ± 0.07) kg·mol−1 for HCl and ∆ε = – (0.25 ± 0.16) kg·mol−1 for HClO4.  

The agreement between the data derived for [56ZIE/CON], [75TRI/SCH] and 
[76VAS/LYT] is very good. The value of 10 4,3

*log οb  = − 0.6 given by [76BAE/MES] is 
within the uncertainty limits of the value determined in this review.  

Interaction parameters and thermodynamic constants were also determined 
from the concentration dependency of sol H∆ . The following equation was used 
[97ALL/BAN] for the concentration dependency of the heat of solution at trace concen-
tration of Zr in a solution with a large excess of a 1:1 electrolyte: 

2
2

sol m 1 sol m

( )3 R ε
4 1 1.5

L m
L

m

A z I
H rL H T m

I
⋅ ∆

∆ − = ∆ + − ∆
+ ⋅

ο  

where r denotes the formal number of water molecules appearing in the dissolution re-
actions, L1 denotes the relative partial molal enthalpy of water, and AL is the Debye-
Hückel parameter for the enthalpy (1.989 kJ·kg1/2·mol–3/2). For the dissolution reaction 
via monomer formation: 

ZrCl4(s) → Zr4+ + 4Cl– 

the hydration sphere water is not formally accounted for, hence r = 0 and ∆(Z 2) = 20 
and for dissolution by polymer formation with  

3ZrCl4(s) + 4H2O → 8
3 4Zr (OH) +  + 12Cl– + 4H+ 

the relative partial enthalpy of water has to be accounted for with r = – 4 and ∆(z 2) = 
80. By defining 

2

1

( )3
4 1 1.5

L m

m

A z I
Y rL

I
⋅ ∆

= +
+ ⋅

 

one may plot:  
2

sol m sol m R LH Y H T mο∆ − = ∆ + ∆ε . 

The results are given in Figure A-27, leading to: 

sol mH ο∆  = − (296 ± 5) kJ·mol–1 
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as average value for HCl and HClO4 for monomer formation and in Figure A-28 for the 
polymer formation as: 

sol mH ο∆  = – (835 ± 20) kJ·mol–1 

in HCl and  

sol mH ο∆  = – (890 ± 10) kJ·mol–1 

in HClO4 solutions. It could be possible that the polymers in HCl and in HClO4 solu-
tions are not the same. It has been observed [60MUH/VAU] that outer-sphere chloride 
complexes of polynuclear hydrolysis species can be formed. 

Using the standard enthalpy of formation for ZrCl4(s) determined in this review 
(Section V.4.2.2.1) and of Cl− (Chapter IV), a value of the standard enthalpy of forma-
tion of the Zr4+ ion is obtained: 

f mH ο∆ (Zr4+, 298.15 K) = – (608.4 ± 5) kJ⋅mol–1 

and in perchlorate, for the 8
3 4Zr (OH) +  a value of  

f mH ο∆ ( 8
3 4Zr (OH) + , 298.15 K) = – (2970.8 ± 10) kJ⋅mol–1. 

Figure A-27: SIT-plot for the concentration dependency of the enthalpy of dissolution 
of ZrCl4 by monomer formation in HClO4 or HCl.  
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Figure A-28: SIT-plot for the concentration dependency of the enthalpy of dissolution 
of ZrCl4 by polymer formation in HClO4 or HCl. 

 

 

[77CHE/KOR] 
This paper measures the lattice parameters of anhydrous zirconium hydrogen phosphate 
occurring in the enantiotropic transformation of the compound i.e. between 
α-Zr(HPO4)2 and β-Zr(HPO4)2, using X-ray diffractometry. The study found that both 
forms were monoclinic, with differing lattice parameters, and where there is a slight 
increase in density during the transition from α-Zr(HPO4)2 to β-Zr(HPO4)2. 

 In addition, the authors measured the enthalpy of the phase transformation be-
tween α-Zr(HPO4)2 and β-Zr(HPO4)2 using adiabatic calorimetry. The authors deter-
mined that ∆transHm = (7.15 ± 0.04) kJ·mol–1. This value is accepted by this review. 

[77CHE/ZHU] 
These authors studied the enthalpy of dehydration of zirconium phosphate and arsenate, 
in the temperature range 95 to 140°C and 90 to 110°C, respectively, by measuring the 
partial pressure of water vapour over the solid phases using a tensimetric method. The 
reaction studied was: 

Zr(HXO4)2·H2O(cr)  Zr(HXO4)2(cr) + H2O(g) 

where X is either P or As.  
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For the two reactions, they found that the relationship between the pressure and 
reaction temperature could be described by equations: 

 log10 p = 8.10 – 3532 / T     (P) 

 log10 p = 6.79 – 3028 / T     (As) 

from which they determined values of 67.8 and 57.7 kJ.mol–1 for the enthalpy of dehy-
dration of the phosphate and arsenate compound, respectively; no uncertainties were 
reported by the authors. The arsenate data are in very good agreement with the value 
selected in this review whereas the phosphate data are outside the uncertainty interval of 
the value selected in the present review (see Section V.6.2.2.2). Even though the phos-
phate data do not agree with the enthalpy of dehydration selected in the present review, 
the vapour pressure measurements impose a correlation between the values of r mH ο∆  
and r mS ο∆ . As such, the data can be used to determine the entropy of dehydration, from 
which the entropy of formation of Zr(HPO4)2(cr) can be calculated. However, given the 
differences between the enthalpy of dehydration determined by the authors and that 
selected in the present review, the data of [77CHE/ZHU] were refitted to the equation 

o o
10 r m r m r p,m

r p,m

1log ( (298.15 K) (298.15 K) ( 298.15)
ln(10)

ln( / 298.15))

p H T S T C
RT

T C T

= − ∆ − ∆ + − ∆

+ ∆
 

where the value for r mH ο∆  was fixed at the value determined in the present review. The 
vapour pressure measurements were then used to determine the entropy and heat capac-
ity change in the dehydration reaction using a non-linear least squares regression tech-
nique. The values determined were r p,mC∆  = − 13.8 and r mS ο∆  = (124 ± 28) J.K–1.mol–1. 
The equivalent values for the arsenate dehydration reaction are r p,mC∆  = 0.1 and 

r mS ο∆  = (130 ± 28) J.K–1.mol–1. It is recommended to use these data in this review. 

[78CUB/LAU] 
The enthalpy of sublimation of ZrI4(s) from 298 to 703 K was measured using a copper-
block, drop calorimeter. The sublimation reaction was also studied using a torsion effu-
sion-gravimetric technique that allowed the molecular weight of effusing gas and its 
pressure in the cell to be measured simultaneously. The vapour pressure data were com-
bined with literature data measured at higher temperatures by Rahlfs and Fischer 
[33RAH/FIS] and analysed using the following Sigma treatment 

298H ο∆ /T − 298S ο∆  = − R ln peq − 1/T [ 298 298( ) ( )T TH H T S Sο ο ο ο− − − ]gas 
 + 1/T [ 298 298( ) ( )T TH H T S Sο ο ο ο− − − ]solid kJ·mol–1  

to derive the enthalpy and entropy values, at 25°C, of the sublimation. The measured 
data of the gas were used in these calculations together with data for solid obtained from 
the JANAF tables [85CHA/DAV]. The values calculated were (133.2 ± 0.3) kJ·mol–1 
and (197 ± 8) J·K–1·mol–1 for the enthalpy and entropy of sublimation, respectively. Us-
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ing a f mH ο∆  value of – (488 ± 6) kJ·mol–1 for ZrI4(s) from Turnbull [61TUR2] (as cal-
culated in the JANAF tables [85CHA/DAV]), the f mH ο∆  derived for ZrI4(g) was 
− (355 ± 8) kJ·mol–1. A value of (446.2 ± 0.1) J·mol–1·K–1 was used for S ο  of ZrI4(g) 
from the JANAF tables [85CHA/DAV] to calculate a mS ο  value for ZrI4(s), at 25°C, of 
(250.1 ± 0.8) J·K–1·mol–1. It is recommended to include this data in the review. 

[78KLE/CUB] 
The gaseous zirconium iodides, ZrI4(g), ZrI3(g), ZrI2(g) and ZrI(g), produced by the 
reaction of HI(g) with Zr(s), between 1100 and 1500 K (ZrI2-ZrI4) and 2200 to 2400 K 
(ZrI), were identified and characterised thermochemically by Knudsen cell mass spec-
trometry. The formation of ZrI3(g) was characterised by studying the following two 
reactions: 

¼Zr(s) + ¾ZrI4(g)  ZrI3(g) 

ZrI4(g)  ZrI3(g) + I(g). 

Two independent experimental techniques (electrometry or pulse counting) 
were used to measure the enthalpy change of the first reaction and only electrometry for 
the second reaction, leading to averaged enthalpy of reaction values of (134 ± 10) 
kJ·mol–1 and (333 ± 8) kJ·mol–1, respectively. Using these values, and literature values 
for f mH ο∆  of Zr(s), I(g) and ZrI4(g), a value of – (130 ± 8) kJ·mol–1 was calculated for 
the enthalpy of formation of ZrI3(g). 

The formation of ZrI2(g) was characterised by studying the reaction 

ZrI4(g) + ZrI2(g)  2ZrI3(g). 

Pulse counting was used to measure the stability constant of the reaction from 
which the enthalpy change was calculated, namely (39 ± 15) kJ·mol–1. Using this value, 
and the f mH ο∆  values of ZrI3(g) and ZrI4(g), a value of (136 ± 17) kJ·mol–1 was calcu-
lated for the enthalpy of formation of ZrI2(g). 

The formation of ZrI(g) was characterised by studying the reaction 

ZrI(g)  Zr(g) + I(g). 

Pulse counting was used to measure the stability constant of the reaction from 
which the enthalpy change was calculated, namely (304 ± 10) kJ·mol–1. Using this 
value, and the f mH ο∆  values of Zr(g) and I(g), a value of (403 ± 12) kJ·mol–1 was calcu-
lated for the enthalpy of formation of ZrI(g). 

It is recommended to include the experimental values in the review. 
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[79ALE/BOR] 
Thermodynamic data are presented for mixed hydroxy-sulphate species in terms of in-
ner- and outer-sphere complexes.  

Experiments were carried out using spectrophotometry of zirconium com-
plexes with catalytic reduction of hydrogen peroxide by potassium iodide. 

The 10log b  for the reactions +
3 4Zr(OH) HSO−+   [Zr(OH)2SO4] + H2O (in-

ner sphere), +
3 4Zr(OH) HSO−+   [Zr(OH)3HSO4] and +

3 4Zr(OH) 2HSO−+   
[Zr(OH)3(HSO4)2]− (both outer sphere) are quoted as (4.96 ± 0.04), (4.65 ± 0.13) and 
(8.89 ± 0.09). 

These results should be compared to those presented by Paramonova and Ser-
geev [58PAR/SER], in that they are the same results except that the error for the 1,3,1 
outer sphere complex is slightly greater. 

[79ALL/MAS] 
The enthalpies of formation of Zr(HPO4)2·2H2O, α-Zr(HPO4)2 and amorphous and crys-
talline Zr(HPO4)2·H2O have been determined by studying the respective enthalpies of 
solution using heat flow isothermal calorimetry. The degree of crystallinity of 
Zr(HPO4)2·H2O was also determined using the equation: 

 f (n) f (am) f (solution) f (am){ }/{ }H H H Hο ο ο οχ = ∆ − ∆ ∆ − ∆  

Samples were prepared by direct precipitation of zirconium fluoride with diso-
dium hydrogen phosphate at a variable rate of precipitation. 

The standard enthalpies of formation obtained for the various zirconium phos-
phate compounds studied were: 

 Zr(cr) + 2P(cr) + 2H2(g) + 4.5O2(g)  Zr(HPO4)2·H2O(cr) 
 f mH ο∆ (298.15 K) = – (3463.7 ± 4.1) kJ·mol–1 

 Zr(cr) + 2P(cr) + 2H2(g) + 4.5O2(g)  Zr(HPO4)2·H2O(am) 
 f mH ο∆ (298.15 K) = – (3435.8 ± 4.2) kJ·mol–1 

 Zr(cr) + 2P(cr) + 3H2(g) + 5O2(g)  Zr(HPO4)2·2H2O(cr) 
 f mH ο∆ (298.15 K) = – (3741.2 ± 4.1) kJ·mol–1 

 Zr(cr) + 2P(cr) + H2(g) + 4O2(g)  Zr(HPO4)2(cr) 
 f mH ο∆ (298.15 K) = – (3167.9 ± 4.1) kJ·mol–1 

and the degree of crystallinity, χ, determined from the enthalpies of formation of 
Zr(HPO4)2·H2O prepared by different methods are listed in Table A-24. 

Some of the enthalpy data used by [79ALL/MAS] is different from the data se-
lected in, or auxiliary data used by, this review. As such, the enthalpy of formation data 
determined by [79ALL/MAS] have been modified in this review. In addition, the errors 
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reported by the authors are 1σ and have been adjusted to 95% confidence intervals. The 
modified data are: 

 Zr(cr) + 2P(cr) + 2H2(g) + 4.5O2(g)  Zr(HPO4)2·H2O(cr) 
 f mH ο∆ (298.15 K) = − (3464.6 ± 13.1) kJ·mol–1 

 Zr(cr) + 2P(cr) + 2H2(g) + 4.5O2(g)  Zr(HPO4)2·H2O(am) 
 f mH ο∆ (298.15 K) = − (3436.7 ± 13.2) kJ·mol–1 

 Zr(cr) + 2P(cr) + 2H2(g) + 5O2(g)  Zr(HPO4)2·2H2O(cr) 
 f mH ο∆ (298.15 K) = − (3742.1 ± 13.3) kJ·mol–1 

 Zr(cr) + 2P(cr) + 2H2(g) + 4O2(g)  α-Zr(HPO4)2(cr) 
 f mH ο∆ (298.15 K) = − (3168.8 ± 13.2) kJ·mol–1 

these data will be used in the present review. The adequacy of the amorphous data, 
however, is discussed below. 

Table A-24: Enthalpy of formation with respect to degree of crystallinity. 

Compound Crystallinity, χ f mH ο∆ (298 K) (kJ·mol–1) 

Zr(HPO4)2.H2O(am) 0 – (3435.8 ± 4.2) 

Zr(HPO4)2.H2O 0.47 – (3448.8 ± 4.3) 

Zr(HPO4)2.H2O 0.58 – (3452.2 ± 4.2) 

Zr(HPO4)2.H2O 0.86 – (3459.9 ± 4.2) 

Zr(HPO4)2.H2O 0.94 – (3462.0 ± 4.2) 

Zr(HPO4)2.H2O 0.95 – (3462.2 ± 4.1) 

Zr(HPO4)2.H2O 1 – (3463.7 ± 4.1) 

The crystallinity of the Zr(HPO4)2·H2O phases listed in Table A-24 was esti-
mated from the equation listed above, that is, on the basis of the enthalpy of solution 
data determined in the study. No independent assessment of the crystallinity was under-
taken. Therefore, although it is likely that there are differences in crystallinity between 
the various phases prepared, because of the differing methods for preparing the phases, 
the actual crystallinity of the non-crystalline phases cannot be fully justified. The en-
thalpy of formation determined for Zr(HPO4)2·H2O(cr) is in very good agreement with 
the value calculated by Karyakin et al. [95KAR/CHE], [98KAR/CHE] using the same 
method of preparation. The latter authors independently confirmed the composition of 
their sample.  
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The range of uncertainty in the amorphous sample prepared by [79ALL/MAS] 
does not overlap that of the crystalline sample. As such, it is likely that this phase is 
substantially less crystalline, however, it cannot be guaranteed that the phase is com-
pletely amorphous. 

[80MAL/CHU] 
In this study, potentiometric titrations of soluble Zr(SO4)2-Na2CO3 mixtures were com-
bined with infrared absorption spectroscopy of the titrated solutions and of secondary 
precipitates formed in the course of the titrations. Qualitatively, the results are in good 
agreement with the findings of Veyland [99VEY], since both titration and spectroscopic 
data point to the formation of the 4

3 4Zr(CO ) −  for solutions with high CO3/Zr concentra-
tion ratios.  

The interpretation of the titration data given by the authors starts from the 
premise that 2

2Zr(OH) +  is the main hydrolysis species. Moreover, as in [99VEY], the 
implicit assumption is made that all Zr is bound to carbonate complexes, i.e. a very high 
formation constant is assumed a priori. Therefore, the stability constant (K4 = 8.0 × 
1010) derived by [80MAL/CHU] for the formation reaction 2

3 3Zr(CO ) −  + 2
3CO −  = 

4
3 4Zr(CO ) − , had to be rejected. We re-interpreted the potentiometric data on the base of 

full equilibrium calculations and using the Zr hydroxo, chloride and sulphate stability 
constants selected in this review (see below).  

Potentiometry 
The compositions of titrated solutions and titrants used, as inferred from the very con-
densed information given in the paper, are summarised in Table A-25. In all systems, 
carbonate was always in large excess of Zr. From the relative offset of the titration 
curves, the authors determined the number of basic ligands (the sum of OH- and 2

3CO −  
groups) to be close to 4, yielding the generic formula Zr(OH)x(CO3)y for the complex, 
with x + y = 4. Unfortunately, in the paper no details are given on these calculations, so 
that we were not able to reproduce them.  

According to the information given in the paper, occasionally an alkali hy-
droxo carbonate with formula Na[Zr(OH)3(CO3)] precipitated at pH > 7, whereas a hy-
drolysis product with formula Zr(OH)3.5(CO3)0.25. 2.5 H2O precipitated at pH < 4.4. 
From these results we conclude that the titrated solutions were homogeneous only in the 
pH interval 7 to 4.4. Forcedly, our re-interpretation cannot take into account these pre-
cipitation phenomena, as there are no thermodynamic data available for the reported 
solids. Our calculations thus effectively neglect the possible precipitation of such 
phases. For this reason, modelling was limited to the titrations in which the total Zr con-
centration was 0.1 M or less, whereas systems with higher Zr concentrations were not 
considered. 
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Table A-25: Inferred composition of titrated solutions and titrants used by 
[80MAL/CHU] 

Fig. Nr. titrant titrated solution curve Nr. pH0 CO3 / Zr 

  0.2 M Na2CO3 1 ~11 - 

1 1 M HCl 0.2 M Na2CO3 + 0.02 M Zr(SO4)2 2 ~10 10 

  0.2 M Na2CO3 + 0.05 M Zr(SO4)2 3 8.7 4 

  0.4 M Na2CO3 + 0.1 M Zr(SO4)2 1 7.3 4 

  0.5 M Na2CO3 + 0.1 M Zr(SO4)2 2 9.0 5 

2 1 M H2SO4 ? 1.8 M Na2CO3 + 0.18 M Zr(SO4)2 3 10.2 10 

  2.0 M Na2CO3 + 0.2 M Zr(SO4)2 4 10.2 10 

  2.0 M Na2CO3 + 0.4 M Zr(SO4)2 5 9.6 5 

Selected results of our model calculations are shown in Figure A-29. The spe-
ciations were computed with the GEMS-PSI code, applying the extended Debye-Hückel 
approximation for the calculation of individual activity coefficients and including the Zr 
formation constants selected in this review. Besides the hydroxo complexes, the follow-
ing selected Zr species were included in the speciation model: 4

3 4Zr(CO ) − , ZrCl3+, 
2
2ZrCl + , 3ZrCl+ , Zr(SO4)2+, Zr(SO4)2(aq) and 2

4 3Zr(SO ) − . Curve #1 reproduces the titra-
tion of a (Zr-free) 0.2 M Na2CO3 solution and served to calibrate the model. The authors 
do not indicate whether their experimental apparatus allowed for CO2 exchange with the 
atmosphere. We found, however, that the best fit to the data is obtained assuming that 
CO2 could degas (this is the curve shown in the figure). Assuming a closed system (no 
CO2 allowed to escape) led to significant discrepancies in the low pH region. Therefore, 
for all subsequent calculations we assumed a system open to CO2 exchange.  

At first sight, the predictions made assuming that only 4
3 4Zr(CO ) −  ( 10 4log οβ  = 

(42.9 ± 1.0)) forms during the titrations (curve #2 and curve #3, see Figure A-29) appear 
to be in reasonable agreement with the data. On the other hand, additional calculations 
have indicated that an even better agreement is obtained if Zr(CO3)2(aq) and 2

3 3Zr(CO ) −  
are included as additional Zr-carbonate species, in which case the initial pH0 value is 
reproduced more satisfactorily Figure A-30. 

In order to obtain more detailed information from the potentiometric data, we 
calculated the initial pH-values (i.e. before addition of any titrant) obtained assuming 
formation of specific complexes. The calculations were carried out for four titrations (2 
and 3 in Fig. 1, 1 and 2 in Fig. 2 of the paper) with the GEMS-PSI code, using the ex-
tended Debye-Hückel approximation. In each computation (see Table A-26) we as-
sumed the formation of a single complex with either two values of the stability constant. 
The first value was adjusted to achieve about 20% binding of the available Zr to the 
selected complex. The second value was selected sufficiently high to ensure that 
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~ 100% of the Zr is bound to the complex. In this way, we obtained the range of possi-
ble initial pH-values for each complex. From the comparison with the measured pH one 
can then infer whether the specific complex can or cannot be the dominant species. 

Figure A-29: Modelling of titration data from [80MAL/CHU]. Model curves #2 and #3 
were computed assuming 4

3 4Zr(CO ) −  as the only Zr-carbonate complex, with the se-
lected constant ( 10 4log οβ  = 42.9). 

 

 

 

 

 

 

 

 

 

 

 

0 2 4 6 8 10
0

2

4

6

8

10

12

pH

vol. HCl 1M (mL)

 #1 0.2 M Na
2
CO

3
 #2 0.2 M Na

2
CO

3
 + 0.02 M Zr(SO

4
)
2

 #3 0.2 M Na
2
CO

3
 + 0.05 M Zr(SO

4
)
2

 model predicted #1
 model predicted #2
 model predicted #3



A. Discussion of selected references 

 

326 

Figure A-30: Best-fit models of titration data from [80MAL/CHU]. Model curves #2 
and #3 were computed assuming a mixture of Zr(CO3)2(aq), 2

3 3Zr(CO ) −  and 4
3 4Zr(CO ) −  

with constants set to 10 2log οβ  = 36.9, 10 3log οβ  = 45.6, 10 4log οβ  = 47.3. 

 

Table A-26: Initial pH-values calculated for titration 3 plotted in Fig. 1 of the paper 
assuming various Zr-(OH)-CO3 complexes, compared to experimental values. The 
ranges define the pH-values calculated for a weak complex (left number in the range, 

10log οβ  adjusted to bind ~ 20% of the dissolved Zr) and a strong complex (right num-
ber, 100% Zr bound to the complex). 

Titration #1 (Fig. 1/2) #2 (Fig. 1/3) #3 (Fig. 2/1) #4 (Fig. 2/2) 
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3
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3 5Zr(CO ) −  9.5 − 11.0 4 – 7.1 7.2 − 5.3  8.5 – 8.6 
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Titration #1 The calculated pH-values are similar for all of the six complexes consid-
ered. In this case the diagnostic power of the calculations is limited by the low added Zr 
concentrations. Formation of Zr-CO3 complexes barely affects the buffering capacity of 
the system because the carbonate content greatly exceeds the Zr content. 

Titration #2 The calculated pH is at least 1.6 units below the measured value if only 
formation of 6

3 5Zr(CO ) −  is allowed. The same argumentation leads us to exclude also 
4

3 4Zr(CO ) − , 3
3 3Zr(OH)(CO ) −  and 2

2 3 2Zr(OH) (CO ) −  as the dominant complexes. In or-
der to explain the alkaline part of the titrations, it is thus necessary to assume significant 
contributions of complexes with a lower ligand number, i.e. Zr(CO3)2(aq) and 

2
3 3Zr(CO ) −  The two latter complexes consume less carbonate ions than those with a 

higher ligand number and are thus more basic. The formation of a strong 6
3 5Zr(CO ) −  

species, on the contrary, would exhaust the buffering capacity of the added sodium car-
bonate, which explains the low calculated pH.  

Titration #3 The results are not unequivocal. Also in this case, one can exclude 
6

3 5Zr(CO ) −  as dominant species, otherwise the pH would fall below 6. Also the low-
ligand complexes Zr(CO3)2(aq) and 2

3 3Zr(CO ) −  cannot be prevailing species as they 
would produce pH-values significantly above 7.3. The pH-values closest to the meas-
ured value are now those calculated when either 4

3 4Zr(CO ) − , 3
3 3ZrOH(CO ) − , 

2
2 3 2Zr(OH) (CO ) −  are dominant species or if no carbonate complex at all is formed. 

Nonetheless, a significant contribution by 6
3 5Zr(CO ) −  is required to reach the experi-

mental pH. 

Titration #4 The calculated pH’s are compatible with the presence of large concentra-
tions of all species considered but 6

3 5Zr(CO ) − . 

From the arguments above, we conclude that 6
3 5Zr(CO ) −  can be generally ruled 

out as dominant species, while any of the other carbonate complexes considered could 
have formed in significant concentrations in one or more of the titration experiments. A 
remarkable point is that the calculation made using the selected constant for 4

3 4Zr(CO ) −  
( 10 4log οβ  = 42.9) yielded for titration #4 a pH of 9.0, which coincides with the meas-
ured value. Thus, the results of titrations #3 and #4 are consistent with the presence of 
this complex, whereas titration #2 requires the prevalence of lower Zr-carbonato com-
plexes. 

In an effort to obtain an optimal fit of the data we made calculations assuming 
several combinations of complexes. The model curves plotted in Fig. A6 are best fits 
obtained assuming a mixture of Zr(CO3)2(aq), 2

3 3Zr(CO ) −  and 4
3 4Zr(CO ) −  with con-

stants set to 10 2log οβ  = 36.9, 10 3log οβ  = 45.6, 10 4log οβ  = 47.3. Note that we were not 
able to obtain a good fit using the selected value for 10 4log οβ  = 42.9. Unfortunately, we 
were not in a position to model the titrations shown in Fig. 2 of the paper, since the in-
formation provided in the paper concerning solution volumes and concentration of the 
titrant (H2SO4) was insufficient.  
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In summary, our re-evaluation of [80MAL/CHU] leads us to the following 
conclusions: (i) it is not possible to fit the titrations with a single Zr-carbonate species; 
mixtures of Zr-carbonate complexes are required; (ii) 6

3 5Zr(CO ) −  can be excluded as 
significant species in most of the titrated solutions; (iii) some, but not all of the mod-
elled titration curves are consistent with the formation of 4

3 4Zr(CO ) − . 

Infrared spectroscopy 
Infrared spectra were measured for reference solutions (0.66 M Na2SO4, 1 M H2SO4, 
1 M Zr(SO4)2, 0.8 M Na2CO3, 1 M NaHCO3) and Zr(SO4)2-Na2CO3 solutions with 
CO3/Zr ratios between 2 and 10 (pH 7 to 10). Comparison of the spectra indicates that 
Zr-sulphate complexes are entirely replaced by bidentate carbonate complexes when the 
Zr sulphate solutions are mixed with the sodium carbonate solutions, indicating the 
formation of strong Zr-carbonate complexes. The most important finding was the ap-
pearance of a characteristic absorption peak at ν = 1380 cm–1 for solutions with CO3/Zr 
ratios > 4. Because this peak is a fingerprint of free 2

3CO − , this result indicates that 
4

3 4Zr(CO ) −  is the limiting complex in the carbonate-rich solutions. [80MAL/CHU] also 
claim to see, for CO3/Zr ratios between 2 and 4, a progressive increase in the relative 
intensity of the peak at ~ 1570 cm–1, which is a fingerprint for bidentate bonded carbon-
ates. From this, they conclude that the number of carbonates bonded to Zr progressively 
increases to 4. This argument is not so strong, since this peak is largely masked by vi-
brations of water molecules, so that the mentioned intensity increase is hard to see on 
the spectra (see Fig. 3 in source reference). The above results are in qualitative agree-
ment with the modelling of the initial pH-values described in the previous section. 

The spectra relative to evaporated residues of solutions with CO3/Zr ratios 
ranging between 2 and 5 also indicate absorption peaks characteristic of CO3 bidentate 
bonds. This contribution appears to decrease with increasing CO3/Zr ratio, suggesting 
the formation of hydrolysed carbonate complexes. This finding is also in good agree-
ment with the results obtained by Veyland [99VEY]. 

[81LAM/CUB] 
Literature values of ZrI4(g) pressures in equilibrium with solids of the zirconium-iodine 
system were used to calculate Zr and ZrI4 activities as functions of composition at 
700 K. These activities, together with estimated heat capacities and Gibbs energy func-
tions, were used to derive values of the activity of iodine (I2(g) and I(g)) and the enthal-
pies of formation of stoichiometric ZrI3(s), ZrI2(s) and ZrI(s). The thermodynamic func-
tions were estimated according to the relationship: 

Q(ZrIn(s)) = Q(ZrI4(s)) − (1−¼n)[Q(ZrI4(s)) − Q(Zr(s))] 

where Q is ,mpCο , m ( )S Tο  or (298 K)οΦ . The uncertainty introduced by using this ex-
pression was estimated to be 4 J·mol–1·K–1 for ,mpC  and 8 J·mol–1·K–1 for mS ο  and 

(298 K)Φ . The activity of I2(g) and I(g) were determined from the reactions 
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ZrI4(s)  Zr(s) + 2I2(g) 

I2(g)  2I(g) 

The stability constants for these reactions are given by: 

K1 = a(Zr(s))a(I2(g))2 / a(ZrI4(s)) 

K2 = a(I(s))2 /a(I2(g)) 

where a(X) is the activity of species X. These expressions allow the estimation of the 
activities of I2(g) and I(g) from the previously estimated thermodynamic values. Gibbs 
energy changes were then estimated for the reaction: 

(1−¼n)Zr(s) + ¼nZrI4(s)  ZrIn(s) 

using the activities of Zr(s) and ZrI4(s), through the relationship: 
(1 ¼n) ¼n

r m 4)R ln( (Zr) ln( (ZrI ) )G T a aο −∆ = ⋅  

since the activity of pure ZrIn(s) is unity. These values were then used to estimate the 
enthalpy values ( f mH ο∆ ) for ZrI(s), ZrI2(s) and ZrI3(s), namely – (142 ± 10), 
− (278 ± 10) and – (391 ± 19) kJ·mol–1, respectively. If possible, these values should be 
compared with those determined directly from experimental measurements, however, at 
this point it is recommended to accept the data in the review. 

[82KAR/CHU] 
This investigation includes potentiometric titrations and infrared spectroscopy studies 
analogous to those documented in [80MAL/CHU], the main difference being the sim-
pler solution composition: ZrOCl2 was used instead of Zr(SO4)2 , thus avoiding the 
complication introduced by possible Zr-SO4 complexes. Two different sets of solution 
data were produced: a series of titrations analogous to those described in 
[80MAL/CHU] and a series of pH determinations for Na2CO3-ZrOCl2 solutions with 
variable Zr concentration at a fixed CO3 /Zr ratio of 2. 

The titrations were carried out at I = 1 M in KCl, t = 25ºC, in 0.2 M Na2CO3 
solutions and varying amounts of ZrOCl2 (concentrations of 0, 0.011, 0.022, 0.056 M 
were deduced from the legend of Fig. 2 in [80MAL/CHU]). Based on the titrations and 
the pH values measured at a constant Na2CO3/ZrOCl2 ratio of 2, the authors identified 

2
2 3 2Zr(OH) (CO ) −  as the main Zr-CO3 complex and derived the conditional constant 

10log K  ~11 – 11.5 for the stepwise reaction: Zr(OH)2CO3(aq) + 2
3CO −  = 

2
2 3 2Zr(OH) (CO ) − . For reasons analogous to those mentioned in the discussion of 

[80MAL/CHU] the interpretation and constant derived in the original work cannot be 
accepted. Based on the results given in the paper, a re-interpretation of the data was 
attempted (see below). 

Potentiometry 
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As for the re-interpretation of the titrations reported in [80MAL/CHU] the titration 
curve for pure Na2CO3 solution was used for calibration. Also in this case, a satisfactory 
agreement with the data (titration 1 in Fig. 2 of [82KAR/CHU]) was found only allow-
ing for CO2 degassing. Consequently, the titrations in the presence of Zr were also mod-
elled with allowance for CO2 degassing, assuming the selected formation constant for 

4
3 4Zr(CO ) −  ( 10 4log οβ  = (42.9 ± 1.0)) and the full hydrolysis model accepted in the pre-

sent review. These calculations produced the model curves shown in Figure A-31. 

In the high pH region, there is a fairly good agreement between experimental 
data and model calculations for titrations #2 and #3 ([Zr] = 0.011 M and 0.022 M, 
CO3/Zr = 18 and 9, respectively), whereas considerable discrepancies emerge for titra-
tion #4 ([Zr] = 0.056 M, CO3/Zr = 3.6), where pH-values are underpredicted by the 
model in the high pH region. The discrepancies in the low pH region observed for all 
titrations may be explained by incomplete CO2 degassing. 

As far as titration #4 is concerned, our calculations indicate that the curve can-
not be reproduced assuming only 4

3 4Zr(CO ) −  and suggest that other Zr carbonate com-
plexes are present at these lower CO3/Zr ratios.  

Figure A-31: Modelling of titrations reported by [82KAR/CHU], assuming 4
3 4Zr(CO ) −  

as unique Zr-CO3 species with the selected constant 10 4log οβ  = (42.9 ± 1.0).  
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pH determinations 
These experiments (see Tab. 2 in [82KAR/CHU]) are the only data (besides 
[2001POU/CUR]) for dilute solutions with low Zr concentrations and are thus of par-
ticular interest. Total Zr concentrations varied between 10–5 M and 3.16 × 10–2 M, with 
sodium carbonate concentrations always twice the Zr concentration. From these data, 
the authors derived the stepwise formation constant mentioned earlier, which was re-
jected. 

A re-interpretation of the results was attempted, by modelling pH and solution 
speciations with the help of the GEMS-PSI code [2004KUL/BER] [2005CUR/KUL], 
using the extended Debye-Hückel approximation. The hydrolysis model selected in this 
review was applied, assuming simultaneous formation of one or more carbonate species. 
The main results are shown in Figure A-32 and can be summarized as follows. 

Figure A-32: Modelling of pH as a function of added Zr concentration at fixed CO3/Zr = 
2 for the data given in [82KAR/CHU] (Tab. 2), assuming single Zr carbonate species. 
The assumed formation constants ( 10log οβ ) are given in the legend (numbers in square 
brackets). The curve obtained assuming formation of 4

3 4Zr(CO ) −  with the selected con-
stant ( 10 4log οβ  = (42.9 ± 1.0)) coincides with that calculated neglecting Zr-CO3 
complexation. 

 

 

Agreement with the experimental data at the lowest pH-values (corresponding 
to the lowest Zr concentrations) could be obtained only assuming a strong 

-6 -5 -4 -3 -2 -1 0
6

7

8

9

10

11

pH

added ZrClO
2
 (mM)

 exp. data
 no Zr-Co

3
 complex

 Zr(CO
3
)
3

2- [47.6]
 Zr(CO

3
)
5

6- [51]
 ZrOH(CO

3
)
3

3- [60]



A. Discussion of selected references 

 

332 

3
3 3ZrOH(CO ) −  complex. In order to explain the data at higher Zr concentrations other 

species, e.g. 2
3 3Zr(CO ) − , 4

3 4Zr(CO ) −  and 6
3 5Zr(CO ) −  had to be postulated (see Figure A-

32). The most important finding from our model calculations was that a basic species, 
with stoichiometry 2

3Zr(CO ) q
q

−  (q ≤ 3), is required in order to produce the observed 
increase in pH with respect to the curve without Zr carbonate complex formation. The 
constraint q ≤ 3 can be understood considering that in the pH range of interest the domi-
nant hydroxo species are the uncharged Zr(OH)4(aq) or Zr4(OH)16(aq). Only the forma-
tion of a binary Zr carbonate complex with less than four ligands releases hydroxyls, 
e.g. according to the reaction: 

Zr(OH)4(aq) + 33HCO−   2
3 3Zr(CO ) −  + 3H2O + OH–. 

In contrast, binary Zr-carbonate species with q > 3 and ternary complexes do 
not produce basicity and cannot be invoked as an explanation for the pH increase from 
~ 7 to ~ 9. This result indicates that a binary Zr-CO3 complex with a low ligand number 
is formed as more and more ZrOCl2 and carbonate are added. 

Another important finding regards the species 4
3 4Zr(CO ) − . If the selected con-

stant is applied ( 10 4log οβ  = (42.9 ± 1.0)) formation of this species is negligible at these 
low carbonate concentrations and a curve is produced that is indistinguishable from that 
obtained when no Zr-CO3 complexes are formed (see Figure A-32).  

Infrared spectroscopy 
These experiments are similar to those described in [80MAL/CHU], but the solutions 
were sulphate free, less concentrated ([Zr]tot = 0.013 to 0.1 M) and had lower total car-
bonate to zirconium concentration ratios (CO3/Zr ranging from 2 to 5). In contrast to the 
results reported by [80MAL/CHU], there is no evidence for the formation of a tetracar-
bonate complex. The absorption peak characteristic of the free carbonate ion appears 
already at CO3/Zr = 3 (pH = 9.6), suggesting that the limiting complex has two carbon-
ate ligands.  

The comparison with the Zr-carbonate solution spectra reported by 
[80MAL/CHU] suggests that the different results are related to the higher pH and dif-
ferent carbonate concentrations. Because the solutions analysed by [82KAR/CHU] were 
lower in carbonate and had higher pH, competition by the hydroxyls could have been 
important, leading to the destabilization of the binary tetracarbonate complex and to the 
formation of a ternary carbonate-hydroxo species with a lower number of carbonate 
ligands.  

We suspect formation of mixed hydroxo-carbonate species also in some of the 
solutions analysed by [80MAL/CHU]. The comparison of spectra number 9 and 10 in 
Fig. 3 of the latter reference, which refer to solutions with the same CO3/Zr ratio of 4 
but with different pH values (pH = 9.3 for spectrum 9 and pH = 10.0 for spectrum 10), 
reveal that the free carbonate absorption peak at 1378 cm–1 is visible only in the higher 
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pH solution. This suggests partial decomposition of 4
3 4Zr(CO ) −  to a ternary carbonate-

hydroxo species, thus releasing free carbonate ions. 

[84MEL/KLE] 
This paper is written in the Russian language, it appears to quote the values already pre-
sented by Connick et al. [49CON/MCV], except that experiments are performed at 
4.0 m ionic strength.  

This paper is not included in the present review. 

[86BER/PAU] 
The isobaric specific heat capacity ( pC ) of zirconium trichloride was measured in a 
vacuum adiabatic calorimeter, with periodic heat input. The specific heat was measured 
between 7 and 312 K. These measurements formed part of a subsequent more detailed 
study by Efimov et al. [87EFI/PRO], and therefore, will not be discussed further. 

[87BER/BOU] 
The authors studied solutions of zirconium oxychloride at various acidities in aqueous 
solutions, using Raman spectroscopy. The total dissolved Zr concentration varied be-
tween 0.04 and 2.5 M. Five different complexes A, B, C, D and E where observed for 
different degrees of hydrolysis. Among the complexes observed were at least two 
tetrameric species: B, 8

4 8 2 16(Zr (OH) (H O) )b +  and C, 4
4 8 4 2 12(Zr (OH) (OH) (H O) )b t +  

where the indices “b” and “t” denote bridging or terminal hydroxyl groups. In 7 N HCl, 
species A was observed, presumably being the monomer 4

2 6Zr(H O) + . Species B was 
observed to form for acidities lower than given by the ratio H+ / Zr(tot) = 5, species C 
was dominant for the ratio OH− / Zr(tot) = 0.35. These ratios do not represent true ratios 
of solution concentrations but the ratio of added NaOH or HCl to the concentration of 
Zr in solution. Also, the ratio OH− / Zr(tot) = 0.35 also characterises the acidity at which 
precipitation of a gel starts. Species C which was dominant initially in this region de-
composes easily with time, to form species B, D and E. The complex D formed only for 
a ratio OH− / Zr(tot) > 0.5. Species E was only observed in the most concentrated solu-
tions after de-convolution. A comparison of the bands observed between 350 and 600 
cm−1 showed that the complexes formed in chloride media were similar to those ob-
served in nitrate media. 

[87DAV/ZAB] 
This is a study of the complexation of zirconium by hydroxide using the ion exchange, 
spectrophotometric, dialysis and centrifugation techniques. Experimental work in the 
study was conducted in a range of media including 0.5 M (Na, H)ClO4, 1.0 M 
(Na, H)ClO4 and 0.5 M (Na, H)NO3. Stability constants were determined for ZrOH3+ 
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and 2
2Zr(OH) +  using the ion exchange technique and for ZrOH3+ using the spectropho-

tometric technique. These constants are most likely reported as stepwise constants and 
are reproduced in the following Table A-27 (both refer to 1.0 M (Na, H)ClO4). 

Table A-27: Reported stepwise stability constants ( 10log K ) for zirconium hydroxide 
complexes. Reported error values are transformed to 95% confidence values. 

10log K  ZrOH3+ 2

2Zr(OH) +  

Ion exchange (2.0 ± 1.0) × 1013 (3.5 ± 4) × 1012 

Spectrophotometry (1.1 ± 0.4) × 1013 — 

From these data, the stability constants 10 ,
*log n m

οb  were obtained (see Table A-
28), using both the 10log wK  value which most likely has been used by the authors to 
derive the data in the above table. This value has not been reported, but the data in fig-
ure 2 of the paper allow an estimation of 10log wK  = − (14.11 ± 0.06). 

The agreement for the first monomeric constant from the two techniques is 
good. The temperature of the experiments was not given, however, on the basis of the 
dissociation constant of pure water, the temperature at which the experiments were con-
ducted is estimated to be about 20°C. The formation of polymeric and colloidal species 
was investigated by spectrophotometry, dialysis and centrifugation, although no stabil-
ity constants or stoichiometries are reported for the polymers. Polynuclear species were 
also seen to occur at higher pH in the spectrophotometric experiment from which the 
first monomeric stability constant was estimated, thus precluding the determination of 
the higher monomeric stability constants. It is recommended that these constants are 
considered in this review. However, since the temperature of the experiments is only 
estimated, no temperature correction is proposed. Instead the error in the constants is 
increased. A f mH∆  value of 63 kJ·mol−1 for ZrOH3+ formation has been proposed by 
[2004EKB/KAL] but this value is not retained in this review since monomer species 
were probably not present in the experiments of these authors. As an alternative we 
have used for the purpose of uncertainty estimation due to temperature uncertainties the 
value for PuOH3+ of (36 ± 10) kJ·mol−1 [2001LEM/FUG]. This would lead to a differ-
ence ( 10 1,1

*log οb (25°C) − 10 1,1
*log οb (20°C)) = − 0.10. This uncertainty is included in the 

uncertainty of the average 10 1,1
*log οb  value of − (1.0 ± 0.32) recommended to be used 

for 25°C. For 10 1,2
*log οb , the temperature associated uncertainties are also expected to 

be included in the experimental uncertainties. It is recommended to use the value in 
Table A-28. 
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Table A-28: Stability constants 10 ,
*log n m

οb  for the hydrolysis of Zr calculated from the 
data of the authors 

10 ,
*log n mb ο  ZrOH3+ 2

2Zr(OH) +  

Ion exchange − (0.87 ± 0.19) − (2.49 ± 0.38) 

Spectrophotometry − (1.13 ± 0.07) — 

 

[87EFI/PRO] 
The enthalpies of reaction of both ZrCl3(s) and ZrCl4(s) with 3 M HCl solution, and at 
25°C, were measured using the calorimetric technique. From the resultant enthalpy 
changes of the reactions with HCl, the enthalpy change of the reaction: 

 ZrCl3(s) + HCl  ZrCl4(s) + ½H2(g) 

was found to be – (63 ± 3) kJ·mol–1. This leads to a f mH ο∆  value for ZrCl3(s) at 25ºC of 
– (754 ± 3) kJ·mol–1 using values of f mH ο∆  for ZrCl4(s) and HCl of – (980 ± 1) and 
− (163.27 ± 0.09) kJ·mol–1, respectively. Measured heat capacity data, between 7 and 
312 K, was smoothed and treated with a cubic spline fit, and used to estimate an entropy 
( mS ο ) for ZrCl3(s) of (137.5 ± 0.3) J·K−1·mol–1 (at 298 K). Using this value and mS ο  val-
ues for Zr(s) and Cl2(g) of (39.0 ± 0.3) and (222.97 ± 0.01) J·K−1·mol–1, respectively, 
gave rise to a value of – (235.9 ± 0.4) J·K−1·mol–1 for f mS ο∆ , at 298 K. In turn, a value 
for f mGο∆  of ZrCl3(s) of – (685 ± 2) kJ·mol–1 was determined. It is recommended to 
accept this data, however, it may need to be modified depending on values accepted for 
the f mH ο∆  of ZrCl4(s) and HCl and the mS ο  values for Zr(s) and Cl2(g) given as auxiliary 
data in this review. 

[87JOA/BIG] 
In this investigation, the formation constant of 4

3 4Zr(CO ) −  is determined by solvent 
extraction techniques. The method used is quite elaborate, but appears to be more reli-
able than that used by [72DER]. As in [72DER], [87JOA/BIG] selected a mixture of 
hexane (solvent), tributylphosphate (TBP) and benzoylacetone (BZA) as chelating or-
ganic acid, but relied on more precise analytical techniques (neutron activation), which 
resulted in much lower detection limits for metal concentrations. Unlike in [72DER], a 
comparative method was applied: the metal distribution between organic and aqueous 
phase was measured in the presence of the ligand of interest (carbonate) and separately 
in the presence of a second ligand (edta), for which the formation constant with the 
metal was determined independently. By combining the information from both sets of 
measurements and all the equilibria involved (in both aqueous and organic phase) it is 
in principle possible to extract the unknown Zr-CO3 formation constant. 
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[87JOA/BIG] present their evaluation procedure in detail and obtain the fol-
lowing final equation: 
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In the above equation, cD is the measured distribution ratio of Zr between or-
ganic and aqueous phase in presence of carbonate, y

eqK is the conditional constant for 
the exchange reaction  

2
2Zr(OH) +  + Y4–  ZrY(aq) + 2OH– 

(where Y4– stands for edta4–), c
eqK is the (unknown) formation constant for the reaction 

2
2Zr(OH) +  + 2

34CO −   4
3 4Zr(CO ) −  + 2OH– 

4Y −  is the free edta concentration, 2
3CO −  the free carbonate ion concentration and 

y cpH pH pH∆ ≡ − is the difference in pH measured in the aqueous phase from two 
comparative solvent extraction experiments (one with carbonate, the other with edta). 
Our calculations confirmed the formal correctness of the mathematical development, 
but it appears that [87JOA/BIG] forgot to introduce in Eq.(A.13) yD , the distribution 
coefficient measured in the presence of edta. Eq.(A.13) in [87JOA/BIG] should write: 
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In addition, since only conditional constants are involved, Eq.(A.13) should in-
clude Hp +∆ , (where H+  is the free proton concentration) instead of pH∆ . Consider-
ing the high ionic strength of the experiments (I = 1.0 and 2.5 m), this inaccuracy may 
be relevant.  

Solving for the main unknown and introducing free proton concentrations 
Eq.(A.14) can be rewritten as follows: 
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This equation implies functionalities that were successfully verified by 
[87JOA/BIG]. For example, in plots with 2

10 10 3log (log CO )cD f −=  and 
10 10log (log )cD f H +=  slopes of − 4 are expected if all other variables are fixed. The 

results, illustrated in Figs. 1 and 3 of [87JOA/BIG], provide convincing evidence that 
the dominant aqueous Zr-CO3 complex is 4

3 4Zr(CO ) − . 

From Eq.(A.15), [87JOA/BIG] deduced 10log c
eqK = (39.95 ± 0.05) (I = 1.0 m) 

and 10log c
eqK  = (39.83 ± 0.05) (I = 2.5 m). Combining these results with 

10log wK ο  = 
− 14.0 and *

10 2log οβ  = (0.98 ± 1.06), the formation constant for 2
2Zr(OH) +  selected in 
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the present review, one deduces *
10 4log οβ  ~ 68 as formation constant of 4

3 4Zr(CO ) −  
from the free aqueous Zr4+ ion. This constant is unreasonably high, as it is 28 orders of 
magnitude above the constant we selected based on the solubility measurements by 
[72DER] and must be therefore rejected. 

In spite of its formal correctness, the procedure adopted in [87JOA/BIG] to 
evaluate the constants cannot be accepted due to oversimplifications and the lack of 
recommended values for the complexation of Zr with edta4–. As discussed in 
[2005HUM/AND] the complexation of Zr with edta4– may involve, besides the 1:1 
complex Zr(edta)(aq) assumed by [87JOA/BIG] the formation of 4

2Zr(edta) −  and of the 
hydrolysed ternary species Zr(edta)(OH)– and 2

2(Zr(edta)(OH)) − . For none of these spe-
cies NEA recommended values exist. Therefore, it is presently not possible to 
re-interpret the data of [87JOA/BIG] in a reliable way. 

[87PRO/BER] 
The isobaric specific heat capacity ( ,mpC ) of zirconium tetrachloride was measured in a 
vacuum adiabatic calorimeter, with periodic heat input. The specific heat was measured 
between 8.45 and 315 K. These measurements formed part of a subsequent more de-
tailed study by Efimov et al. [89EFI/PRO], and therefore, will not be discussed further. 

[89EFI/PRO] 
The enthalpies of reaction of Zr(s), ZrCl1.09(s) and ZrCl4(s) with 1.0 M HF + 2.9 M HCl 
solution, and at 25ºC were measured using a calorimetric technique. Enthalpy meas-
urements were also carried out on HCl and H2O in the same medium and at the same 
temperature. On the basis of the measurements, r mH∆  values were determined for the 
following two reactions 

Zr(s) + 4HCl  ZrCl4(s) + 2H2(g) 

Zr(s) + 1.09HCl  ZrCl1.09(s) + 0.545H2(g) 

namely, – (328 ± 2) and – (153 ± 2) kJ·mol–1, respectively. In turn, f mH ο∆  values of 
− (981 ± 2) and – (331 ± 2) kJ·mol–1 were calculated for ZrCl4(s) and ZrCl1.09(s), respec-
tively, using a f mH ο∆  value for HCl of – (163.3 ± 0.1) kJ·mol–1. Furthermore, since 
ZrClx has a variable composition near x = 1, f mH ο∆  of ZrCl(s) was estimated from the 
value for ZrCl1.09(s) (i.e. f H ο∆ (ZrCl(s)) = f mH ο∆  (ZrCl1.09(s))/1.09) and was found to 
be – (303 ± 3) kJ·mol–1. Low temperature heat capacity measurements were undertaken 
on both ZrCl4(s) and ZrCl(s) (composition ZrCl0.98(s)), between 9 and 316 K. The heat 
capacity measured at 25°C for the two solids was (116.8 ± 0.2) and (47.3 ± 0.1) 
J·mol−1·K–1. From these measurements, entropy values ( S ο ) of (180.4 ± 0.4) and 
(60.9 ± 0.1) J·K–1·mol–1 were calculated for ZrCl4(s) and ZrCl(s), respectively. These 
values, in turn, can be used, together with the calculated f mH ο∆  values and the S ο  val-
ues of Zr(s) ((39.0 ± 0.3) J·K–1·mol–1) and Cl2(g) ((222.97 ± 0.01) J·K–1·mol–1), to de-
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termine f mGο∆  values for the two solids, namely – (890 ± 1) kJ·mol–1 (ZrCl4(s)) and 
− (277 ± 3) (ZrCl(s)) kJ·mol–1. 

Thermodynamic values were estimated for ZrCl2(s), since the authors failed to 
synthesise a pure enough sample of this solid. The enthalpy of formation for ZrCl2(s) 
was interpolated from the enthalpy of reaction data measured for ZrCl(s) and ZrCl4(s), 
as well as from that of ZrCl3(s) measured earlier by Efimov et al. [87EFI/PRO]. The 
value calculated was – (531 ± 5) kJ·mol–1. Heat capacity, entropy and the enthalpy in-
crement were graphically interpolated from corresponding values for ZrCl(s), ZrCl3(s) 
and ZrCl4(s). The mS ο  and ,mpCο  values estimated, at 25°C, were 100 and 75 J·mol–1·K–1, 
respectively, a f mGο∆  value of – (483 ± 5) kJ·mol–1 being determined from the mS ο  
value, using the f mH ο∆  value and mS ο  values of Zr(s) and Cl2(g). It is recommended to 
accept these values in the review, but may need to be modified on the basis of other data 
selected in the review. 

[90AHR/HEF] 
This is a study of the thermodynamics of the complexation of zirconium with fluoride 
using the calorimetric technique. All the experiments were conducted at 25ºC and in 4.0 
M HClO4. The heat equivalent of the calorimetric system was determined by electrical 
calibration and individual calibrations, at most, departed by 0.1% from the initial linear 
calibration. Heats of dilution were determined in separate experiments with only one of 
the reactants present. For zirconium, the initial concentrations of HF were varied from 
1.4 to 28.6 mM implying that the highest ligand number reached was 3.4. The formation 
of both mononuclear and polynuclear hydrolysis species were considered. The results 
showed that the total molar heat change all fell along the same curve, irrespective of the 
total zirconium concentration. This suggests that the formation of polynuclear hydroly-
sis species was small and, based on the first mononuclear hydrolysis constant deter-
mined by Norén [73NOR] (under the same experimental conditions), the formation of 
mononuclear hydrolysis species should also be small. Thus, the authors concluded that 
the heat changes observed referred to the formation of mononuclear zirconium fluoride 
complexes. Enthalpy changes were determined for the reaction 

 5
1MF q

q
−
−  + HF  4MF q

q
−  + H+ 

and are given in the Table A-29. Entropy changes are also given in the table on the basis 
of selected stability constants for each of the species. 

The data used by the authors for both the stability constants and enthalpies are 
within the uncertainty limits of the data determined in the present review or calculated 
from the auxiliary or Appendix B data. As such, it is recommended to accept the en-
thalpy change values. This review also assumes that the dependence of the enthalpies of 
reaction on ionic strength is negligible (i.e. r mH ο∆ (I = 0) = r mH∆ (4 M HClO4). The 
uncertainties are, however, increased by those determined by [90AHR/HEF] (assumed 
to be 1σ), when changed to 95% uncertainty levels, to account for this assumption.  
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Table A-29: Enthalpy and entropy changes and *
10log K  for zirconium fluoride com-

plexes. 

Species – r mH ο∆  (kJ·mol–1) r mS ο∆  (J·K−1·mol–1) 10

*log K  

ZrF3+ (17.5 ± 0.2) (55.1 ± 0.6) (5.94 ± 0.004) 
2

2ZrF +  (16.8 ± 0.3) (26 ± 1) (4.32 ± 0.008) 

3ZrF+  (11.2 ± 0.6) (19 ± 2) (3.01 ± 0.03) 

ZrF4 (22 ± 1) – (32 ± 4) (2.12 ± 0.03) 

 

[90NEV/FAN] 
This is a very thorough study of the heat capacity of monoclinic zirconium dioxide us-
ing the heat pulse method. However, the experimental data are not reported nor are the 
discrepancies between the measured data and temperature dependent heat capacity 
equations determined from the data. Additionally, uncertainty estimates are not re-
ported, although measurements performed by the authors on samples of Al2O3 and sap-
phire indicate that published heat capacity results can be reproduced to better than 1.5%. 
The same degree of uncertainty is assumed for the results for zirconium dioxide. 

 At 298.15 K, the heat capacity determined from the equations given by the 
authors is (56.5 ± 0.8) J·K–1·mol–1; the error has been determined using the 1.5% uncer-
tainty estimate described above. Although this heat capacity is higher than the heat ca-
pacity of [44KEL] and [99TOJ/ATA] it is within the uncertainty of the value selected in 
this review (i.e. (55.96 ± 0.79) J·K–1·mol–1) which is based on re-evaluation of the heat 
capacity data of the latter studies. The discrepancy in the heat capacity determined by 
the authors and that of [44KEL] attributed to the higher purity of the zirconia sample 
used by [44KEL]. However, this latter data are in excellent agreement with the data of 
[99TOJ/ATA] that used the purest zirconia sample of the three studies. Since the data 
fall within the range of uncertainty estimated in the present review, the data of 
[90NEV/FAN] are accepted but because the original data are not supplied it cannot be 
utilised in this review. 

[91ARS/MAL] 
The formation of zirconium hydroxide and oxide begin with the formation of gel-like 
precipitates. The formation of the gel was studied in the ZrOCl2-H2O-KCl system, 
where the amount of ZrOCl2 and KCl were systematically varied. The composition of 
the gel was found to be dependent on the initial starting concentrations of the starting 
materials but was also found to be periodic. That is, different starting concentrations 
could yield a similar gel composition. The observed behaviour was believed to be asso-
ciated with structural changes in the sandwich formation between tetrameric zirconium 
units that are present during the gel formation. No thermochemical data were reported. 
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[91EZH/ROD] 
Zirconium and yttrium hydroxides were precipitated from solutions of ZrOCl2 and YCl3 
using NH4OH. No precipitates were observed at n = 2 and below, where n is defined by 
the equation  

 n = NH4OH / Σ (Y3+ + 2 2+
2Zr(OH) ) 

At n = 2.25, a colloidal precipitate was obtained that was difficult to filter. Be-
tween n = 2.5 and 5.0, precipitates were formed that contained fractional amounts of 
chlorine in the structure. Only at n = 7.5, did a precipitate form that was devoid of chlo-
rine, having the formula YZr(OH)7. To form this latter precipitate, the pH needed to be 
at least 9.8. No thermochemical data were reported. 

[92GOV/MIK] 
Study of the solubility and solid phases encountered in the ZrO2-H3PO4-H2O system 
over the temperature range of 20 to 100oC. Techniques used include differential thermal 
calorimetry, thermogravimetric analysis, infrared spectroscopy and X-ray diffraction 
analysis. The paper discusses briefly the changes occurring in the solid phases over the 
temperature shift, but is poor in characterising the solution composition since the con-
centrations of the constituent ions were below the detectable concentrations. No chemi-
cal thermodynamics data are detailed in the paper. 

[93ABE/GLA] 
The authors studied the formation of tetrameric hydroxo-zirconium(IV) complexes in 
aqueous solutions by means of 17O and 1H NMR. Two different types of water mole-
cules could be distinguished, resulting in the general formula 
Zr4(OH)8(H2O)I

8(H2O)II
8]8+; one type of water molecules are slowly exchanging termi-

nal groups. A few months are necessary for complete exchange with bulk water. 

[95AJA/WOO] 
This is a critical review of zirconium complexation at 25°C for fluoride and hydroxide 
ions. A combination of solubility and solvent extraction experiments together with elec-
trostatic studies and modelling predictions was used.  

Of interest in this publication are the sulphate and hydroxide species reviewed 
calculated and detailed by Aja et al. The 10 1,1log b , 10 2,1log b  and 10 3,1log b  zirconium 
sulphate values are quoted as (0.43 ± 0.05), – (1.55 ± 0.08) and – (6.24 ± 0.11) respec-
tively.  

Constants for fluoride, chloride, sulphate and hydroxide ions have been esti-
mated at elevated temperatures of 250°C and at vapour pressures equal to the partial 
pressure of water using the Helgeson electrostatic approach.  
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Solubility measurements for Na2ZrSi4O11 (vlasovite) and Sr3Na2(CO3)6·3H2O 
(weloganite) were studied by a variety of analytical methods. 

However, the author did not allow for corrections to ionic strength and in fact 
suggests that the thermodynamic properties are independent of ionic strength. This 
statement is one of the key reasons why Veyland et al. ([98VEY/DUP], [99VEY]) 
strongly disagree with the findings of the work reported by Aja et al.  

This work is not considered in the assessment of Zr-sulphate complexes. 

[95EZH/ORL] 
Zirconium and yttrium hydroxides were precipitated with calcium hydroxyapatite from 
solutions of ZrOCl2, YCl3, CaCl2 and NH4H2PO4, using NH4OH. The composition of 
the precipitates varied according to the composition of the initial starting solutions. No 
thermochemical data were reported. 

[95KAR/CHE] 
This paper presents the standard enthalpy of formation data for zirconium orthophos-
phate and its monohydrate. The enthalpy data were determined by adiabatic calorimetry 
of the constituent steps in the formation reaction. The auxiliary data used for the en-
thalpy of reaction of the constituent steps is consistent with the data used in the present 
review, however, the uncertainties have been modified to be at the 95% confidence 
level. Enthalpy values calculated from the data presented by [95KAR/CHE] are: 

f mH ο∆ (Zr(HPO4)2·H2O) = − (3466.0 ± 10.1) kJ·mol–1 

f mH ο∆ (α-Zr(HPO4)2) = − (3165.0 ± 10.0) kJ·mol–1. 

In addition, [95KAR/CHE] determined an independent value for dehydration 
of the monohydrate, namely (15.1 ± 1.0) kJ·mol–1 which compares very satisfactorily 
with the value determined on the basis of the enthalpy of the anhydrate and monohy-
drate compounds i.e. (15.2 ± 1.7) kJ·mol–1. 
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[96STR/ROM] 
The article contains no numerical thermodynamic data, but rather suggestions of speci-
ation in solution under the conditions studied though observation of potentiometric data 
obtained for solutions of ZrOCl2, H3PO4 and varying degrees of their mixtures (4:1, 2:1, 
1:1, 1:2, 1:4) between pH 2 and 12. Zirconium concentrations studied were 1 mM, 
10 mM and 100 mM and titrated against potassium hydroxide at a concentration one 
order of magnitude greater than that of zirconium.  

In the 1 mM zirconium series, mononuclear species are proposed based on the 
observation that precipitates do not form regardless of the ratio of Zr4+ to 3

4PO − . In more 
concentrated solutions (10 mM and above), gel formation is observed and polynuclear 
species are proposed. Once this has been agreed upon, the article proposes that at the 
lower concentration range, the key species responsible for the potentiometric observa-
tions are Zr(OH)2HPO4 at low pH and either 3 4Zr(OH) HPO−  or 2 4Zr(OH) PO−  at higher 
pH values. This is defined by a sharp rise in the pH recorded at component ratios of 4:1, 
2:1 and 1:1 with two equivalents of potassium hydroxide added. At the higher concen-
trations, a pH step is observed again for the 4:1, 2:1 and 1:1 component ratios with po-
tassium hydroxide equivalents of 1.5, 2.5 and 3, respectively. In the highest Zr:PO4 ratio 
series, the authors suggests the formation of a 2:1 with additional two PO4.  

[98KAR/CHE] 
This paper presents standard enthalpy of formation data for a number of zirconium and 
hafnium bis-orthophosphate solid phases. Data were determined by adiabatic calo-
rimetry of the constituent steps in the formation reaction via four reaction schemes and 
the average was determined and quoted. 

For the standard reactions:  

Zr(s) + 2H2(g) + 2P(s) + 4.5O2(g)  Zr(HPO4)2·H2O(s) 
f mH ο∆ (298.15 K) (kJ·mol–1) = – (3468.6 ± 4.0), – (3469.0 ± 3.9), – (3464.0 ± 3.6),  

 − (3465.6 ± 3.2),  Average: – (3466.8 ± 4.0) kJ·mol–1 

Zr(s) + 2H2(g) + 2P(s) + 4.5O2(g)  α-Zr(HPO4)2 + H2O(s) 
f mH ο∆ (298.15 K) (kJ·mol–1) = – (3167.5 ± 3.8), – (3168.1 ± 3.7), – (3163.1 ± 3.5),  

 − (3164.6 ± 3.0), Average: – (3165.8 ± 3.8) kJ·mol–1 

Zr(s) + 2H2(g) + 2P(s) + 4.5O2(g)  β-Zr(HPO4)2 + H2O(s) 
f mH ο∆ (298.15 K) (kJ·mol–1) = – (3159 ± 4) kJ·mol–1 

Zr(s) + 2H2(g) + 2As(s) + 4.5O2(g)  Zr(HAsO4)2·H2O(s) 
f mH ο∆ (298.15 K) (kJ·mol–1) = – (2660.4 ± 6.2), – (2662.2 ± 4.1), – (2657.3 ± 3.9),  

 − (2658.7 ± 3.5),  Average: – (2659.7 ± 6.2) kJ·mol–1 

Zr(s) + 2H2(g) + 2As(s) + 4.5O2(g)  α-Zr(HAsO4)2 + H2O(s) 
f mH ο∆ (298.15 K) (kJ·mol–1) = – (2365 ± 7) kJ·mol–1 
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Zr(s) + 2H2(g) + 2As(s) + 4.5O2(g)  β-Zr(HAsO4)2 + H2O(s)  
f mH ο∆ (298.15 K) (kJ·mol–1) = – (2361.7 ± 5.8), – (2363.5 ± 3.6), – (2358.5 ± 3.3),  

 − (2359.9 ± 2.8),  Average: – (2360.9 ± 5.8) kJ·mol–1 

Errors were calculated by use of single standard deviations of mean values of 
multiple measurements. The uncertainties have been adjusted to 95% confidence inter-
vals and, where necessary, minor changes have been made to some of the enthalpy val-
ues used by [98KAR/CHE] such that they are in accord with the Zr and auxiliary data 
selected in this review. The four separate determinations on either Zr(HPO4)2·H2O or 
α-Zr(HPO4)2 cannot be considered independent, and therefore, the uncertainties on the 
average value has been chosen to span the full range of uncertainty in the individual 
values. The values so determined in the present review are: 

f mH ο∆ (Zr(HPO4)2·H2O) = − (3466.9 ± 9.4) kJ·mol–1 

f mH ο∆ (α-Zr(HPO4)2) = − (3166.1 ± 9.4) kJ·mol–1 

f mH ο∆ (β-Zr(HPO4)2) = − (3158.8 ± 9.1) kJ·mol–1 

f mH ο∆ (Zr(HAsO4)2·H2O) = − (2659.3 ± 13.1) kJ·mol–1 

f mH ο∆ (α-Zr(HAsO4)2) = − (2364.7 ± 12.1) kJ·mol–1 

f mH ο∆ (β-Zr(HAsO4)2) = − (2360.9 ± 12.0) kJ·mol–1 

The enthalpy values selected are in excellent agreement with those found by 
[98KAR/CHE] but, of course, the errors are considerably higher due to the adjustment 
to the 95% confidence level. 

[98VAS/LYT] 
The authors performed careful measurements of the heats of solutions of well character-
ised Zr and Hf halides (bromides and chlorides) in aqueous solutions of an initial pH of 
3, 6 or 9 (pH adjusted by high purity NaOH or HClO4) or in deionized water. Due to the 
dissolution of Zr and Hf halides, the final solution pH fell to a much narrower range 
between pH 2.5 and 3.5. Total Zr concentrations were varied between 10–4 and 10–3 m. 
The results were interpreted by the reaction  

 MX4(cr) + 4H2O(l)  M(OH)4(aq) + 4HX(aq) (A.16) 

The correctness of this interpretation was justified by the independence of the 
heats of solution of both initial and final pH and on total Zr concentrations. A value of 

f mH∆ ο (Zr(OH)4aq) = − (1676.54 ± 1.79) kJ·mol–1 was determined. However, for the pH 
and concentration range of Zr in this study, the present review considers the polynuclear 
species, Zr4(OH)16(aq), to be dominant in solution. The hydrolysis constant 10 4log οβ  = 
55.93 used to calculate the standard Gibbs energy values and standard entropies is not 
consistent with the value of (53.81 ± 1.7), which can be obtained from the present re-
view. 
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Re-interpreting the data of the authors in terms of Zr4(OH)16(aq) formation 
yields f mH ο∆ (Zr4(OH)16, aq, 298.15) = − (6706.16 ± 7.20) kJ·mol–1. 

[98VEY/DUP] 
The authors studied the hydrolysis of zirconium using the potentiometric technique, 
including the solution species and the solubility of Zr(OH)4(s). The study was con-
ducted at 25°C in KNO3, at ionic strengths of 0.2, 0.5, 1.0 and 2.0 M in the pH range 1.5 
to 3.5. The ionic strength dependence of the stability constants, and their values at zero 
ionic strength, was calculated using the specific ion interaction theory. 

Both the experimental work for the determination of the stability constants and 
the solubility product have been undertaken using extreme care, although significant 
changes in the ionic medium may have occurred at the lower ionic strengths used in the 
study. The interpretation of this data, however, is marred by some unjustified assump-
tions concerning the nature of the hydrolysis products and the stoichiometries of the 
dissolution and hydrolysis reactions. As a result, only the original data can be used for 
the determination of the stability of hydrolysis products. These data are discussed more 
fully in the entry for [99VEY]. 

[99TOJ/ATA] 
This study presented data for the heat capacity of pure monoclinic zirconium dioxide 
and yttria-stabilised zirconium dioxide. The data were determined using the adiabatic 
calorimetry technique between 13 and 300 K. The purity of the zirconium dioxide used 
was 99.983%. There are no uncertainties reported in the study although the standard 
deviation in data from the experimental technique is reported as ± 0.3% at 50 K and 
± 0.1% above 100 K. 

 The difference in the heat capacity determined in this study with the earlier 
work of [44KEL] was found to be negligible whereas the data from [90NEV/FAN] was 
found to be only slightly higher. This review agrees with this conclusion. The data from 
this study is accepted by this review and has been re-evaluated to determine the appro-
priate uncertainty in the heat capacity and associated thermochemical parameters. 

[99VEY] 
This thesis provides the data from which the [98VEY/DUP] report was derived as well 
as other results. The author studied hydroxide and carbonate complexation using a vari-
ety of modern techniques. One of the principal techniques used was a very careful po-
tentiometric titration. Another technique was solubility tests. The pH electrodes were 
careful calibrated using the γH+ = 1 convention.  

For the potentiometric titration, the starting acidic Zr solutions were prepared 
by dissolution of ZrOCl2⋅8H2O in about 0.04 N perchloric or nitric acid. The 
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metal/chloride ratio in the solid was not analysed, hence it cannot be excluded that a 
certain quantity of residual acid is contained in the initially dissolved solid. Three initial 
solutions were prepared a) a solution of 0.0398 m HNO3, b) and c) two solutions result-
ing from addition of b) 0.004 m or c) 0.008 m ZrOCl2 to solution a). The resulting pH 
was 1.402 for solution a), 1.368 for solution b) and 1.314 for solution c). It was ob-
served that the change in acidity of the solution corresponds to the release of one proton 
per Zr-atom. This behaviour was explained by the reaction  

 2+ + +
2 2 3 3Zr(OH) + 2H O(l) Zr(OH) + H O . (A.17) 

This interpretation is similar to that given in [62SAK/COR]. The assumption of 
the initial presence of 2+

2Zr(OH)  in the solid is not correct and is not necessary for the 
following interpretation. An equivalent reaction would be 

 + +
2 2 3 3 2ZrOCl 8H O Zr(OH) + H O + 2Cl +5H O(l)−⋅ . (A.18) 

The species +
3Zr(OH)  is considered by the author to be present in solution as 

the dominant solution species prior to titration. The hypothesis of +
3Zr(OH)  as dominant 

solution species at pH 1.3 to 1.4 and total Zr concentrations of 0.004 to 0.008 m is in 
agreement with the hypothesis of [66BIL/BRA2] and [76BAE/MES]. Chemical mass 
balance calculations were performed in this review with this equation, yielding for solu-
tion a) pH 1.400 instead of the measured 1.402, b) pH 1.360 instead of the measured 
1.368 and c) pH 1.322 instead of the measured 1.314. This agreement supports the as-
sumption of formation of a dominant hydrolysis species with one positive charge per Zr 
atom. However, many other reactions could explain the same data. An example is the 
simultaneous formation of ZrOH3+ and Zr(OH)4. Additionally, the hypothesis of mono-
mer formation is in disagreement with the observations of [62NAB] who showed in-
creased polymer formation in the same Zr concentration range even at acidities > 0.5 N. 
The observed acid formation during dissolution of zirconyl chloride could also be ex-
plained by polymer formation. The same agreement of calculations with measurement 
at a given total Zr concentration can be obtained when assuming presence of a dominant 
polymer hydrolysis species such as 4+

4 12Zr (OH)  instead of +
3Zr(OH) . Fitting by the au-

thor with polymers additional to +
3Zr(OH)  did not improve the agreement between ex-

periments and calculation, but the error in both cases (monomer vs. polymer) is too 
small to allow distinction between mono- and polymer formation.  

From titration of solutions b) and c), the author deduced the existence of the 
species +

2 7Zr (OH)  and Zr(OH)4 and their corresponding stability constants from the 
potentiometric equivalence points corresponding to the neutralisation of 1.5 and 2 pro-
tons per Zr atom. However, the stoichiometry of these species can only be deduced 
from these data if the speciation of Zr in the initial solution is known. Uncertainties in 
the speciation of the initial solution result in equivalent uncertainties in the 
stoichiometries of the observed hydrolysis reactions. For example, in case of tetramer 
formation, titration end point data could equally well be explained by formation of 

2+
4 14Zr (OH)  and Zr4(OH)16(aq).  
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Similar uncertainties are true for the effect of ionic strength on the stability 
constants, as described using SIT, and the corresponding interaction coefficients that are 
determined. A re-interpretation is necessary that considers polynuclear complex forma-
tion.  

The solubility of Zr(OH)4 was studied following the precipitation by alkaline 
(NH4OH) titration of zirconyl chloride solutions. The beginning of precipitation was 
studied visually. The precipitate was filtered and washed before again being put in con-
tact with a fresh solution of zirconyl chloride in the pH range 1 to 3.5 and at ionic 
strengths of 0.2, 0.5, 1 and 2 m. The ionic media was not reported, however, from the 
treatment of experimental data with SIT theory we can deduce that nitrate media was 
used as a background electrolyte. From the publication [98VEY/DUP] it becomes clear 
that the media was KNO3. The precipitate was not analysed and it may not be excluded 
that traces of Cl ions are still included in the solid.  

Establishment of solid/solution equilibria was followed as a function of time. 
Resulting equilibrium solutions were filtered through 0.45 µm filters, which might not 
have been sufficiently effective to retain small colloids. On the other hand, concentra-
tions of dissolved Zr in the equilibrium solutions were determined by complexometry, 
which would not detect colloidal Zr. The solubility data were interpreted by presence of 
the dominant solution species +

3Zr(OH)  and +
2 7Zr (OH)  with complexation constants 

determined from the potentiometric titrations, using solubility constants of Zr(OH)4 as 
the only fitting variable. However, as can be seen in Figures D-6 to D-9 the experimen-
tal data can be equally well fitted by presence of polymeric species, for example by the 
presence of the two tetramers 8+

4 8Zr (OH)  and +
4 15Zr (OH) . The results were not substan-

tially influenced by 3NO−  complexation. In most cases, the contribution of 3NO−  com-
plexes represented less than 1% of the total speciation. A maximum of 17% 3NO−  com-
plexes is predicted for the most acid medium in 2 M NaNO3. 

Chapter 4 of this reference is entirely devoted to carbonate complexation stud-
ies. As for the hydrolysis part, several techniques have been applied (potentiometry, 
NMR and Raman spectroscopy, dialysis, electrospray mass spectrometry), leading in 
general to mutually consistent results. Because the work was focussed on the determina-
tion of complex stoichiometry, no Zr-CO3 formation constant could be selected from 
these data. Moreover, due to the high Zr concentrations (0.01 to 1 M), little can be said 
about the nature of carbonate complexes in dilute Zr solutions. It must also be noted that 
―except for the titrations― the investigated pH range was quite limited (pH ~ 8 to 10) 
and that total carbonate concentrations were always largely in excess of Zr. 

4
3 4Zr(CO ) −  was found to be the prevailing species at high Zr concentrations 

and high 3HCO− / 2
3CO −  ratios. As soon as the solutions were diluted, or the proportion 

of 2
3CO −  (and hence pH) increased, the average number of carbonate groups bound to 

Zr decreased. On the base of this finding, which emerged consistently from the potenti-
ometric and spectroscopic measurements, Veyland formulated the hypothesis that this 
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phenomenon was due to the formation of polynuclear, mixed carbonate-hydroxo com-
plexes. This hypothesis was confirmed by dialysis experiments, showing that the Zr 
complexes become increasingly immobile with dilution or increasing 3HCO− / 2

3CO − . 

These results are a clear indication that Zr-carbonate complexation cannot be 
reduced to binary mononuclear species. Ternary polynuclear species must exist and 
become important particularly in dilute systems ([Zr] < 0.01 M), which are the most 
relevant in environmental systems.  

A formation constant for 4
3 4Zr(CO ) −  ( 10 4log οβ  = (38.8 ± 0.1)) was determined 

by Veyland from two titrations carried out with HNO3 and KOH (I = 2 M, with K2CO3 
or K2CO3/KHCO3 mixture). Because this constant was derived through a complicated 
and insufficiently documented fitting procedure, it had to be rejected. A 
re-interpretation was not possible, since the raw titration data were not reported in the 
original work. 

In the following sections, the experimental results are discussed in more detail and 
re-interpreted whenever possible.  

Potentiometry 
Protometric titrations were carried out with and without ZrOCl2 (up to 0.04 M) in 
K2CO3/KHCO3 mixtures (0.03 to 0.4 M of total carbonate) at ionic strengths of 0.5, 1.0, 
1.5, 2.0 M with KNO3 as background electrolyte. Unfortunately, [99VEY] only reports 
the results of titrations carried out at I = 2.0 M in graphical form (see Fig. 4-6 in source 
reference).  

According to [99VEY], the average number of carbonate groups bound to the 
Zr-carbonate complexes can be deduced from the initial pH (pH0, measured before any 
addition of HNO3 titrant). From the pH0 values derived for four different complexes and 
the implicit assumption that each single complex binds all of the available Zr, Veyland 
concluded that the most probable species are 4

3 4Zr(CO ) −  or 3
3 3Zr(OH)(CO ) − .  

Because the pH0 values determined by [99VEY] (pp. 128-130) are not exact 
(they rely on approximations) we recalculated them for six possible Zr-CO3 complexes, 
using the hydrolysis model selected in this review and computing the full equilibrium 
system with the GEMS-PSI code. For the calculations, Debye-Hückel’s approximation 
was used instead of SIT due to the lack of interaction coefficients for key species, par-
ticularly ion pairs involving the assumed Zr-CO3 complex. The resulting pH0 (Table A-
30) are limiting values (as those given by [99VEY]), since the assumed formation con-
stants were sufficiently high to ensure that Zr is quantitatively bound to the postulated 
complex. If weaker complexes were assumed, different pH0 values would be obtained. 
A second limiting value (pH0 = 8.79) is defined by the calculation in which no Zr-
carbonate species is allowed to form, i.e. when only hydroxo species are present. This 
pH0-limit is common to all the Zr-CO3 species considered and represents total destabili-
zation of the assumed complex. Thus, depending on the strength of the complex, the 
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effective pH0 for any of the species listed in Table A-30 may lie anywhere between 8.79 
and the indicated value for 100% Zr complexation. Considering that the effectively 
measured pH0 was ~ 9.3, our results indicate − consistent with Veyland’s conclusion − 

4
3 4Zr(CO ) −  and/or 3

3 3Zr(OH)(CO ) −  as the most probable Zr-carbonate complexes. 
However, complexes with a lower ligand number, e.g. 2

3 3Zr(CO ) − , Zr(CO3)2(aq) and 
Zr(CO3)2+, though less probable, cannot be excluded.  

Table A-30: Initial pH-values calculated at the start of the titration carried out by 
[99VEY] in the presence of ZrOCl2 (see Fig. 4-6 in source reference).  

 initial pH calculated by [99VEY] initial pH calculated by this review 

Zr(CO3)2 (aq) 9.27 10.10 
2

3 3Zr(CO ) −  - 9.91 
4

3 4Zr(CO ) −  9.66 9.55 
3

3 3Zr(OH)(CO ) −  9.36 9.21 
2

2 3 2Zr(OH) (CO ) −  9.18 9.02 

Zr(OH)3(CO3)- 9.06 8.89 

no Zr-CO3 complex - 8.79 
6

3 5Zr(CO ) −  - 6.44 

NMR study 
Veyland [99VEY] carried out NMR experiments with 13C and 17O in solutions similar 
to those used in the potentiometric titrations. In all cases, she operated with high Zr 
concentrations (~ 0.01 to 1 M) in the presence of excess carbonate (K2CO3/KHCO3 
mixtures) and variable 3HCO− / 2

3CO −  ratios. In some cases, the solutions were enriched 
in 13C in order to enhance the NMR absorption peaks.  

Reference solutions devoid of Zr were also studied in order to assign the 
chemical shifts unequivocally. Specifically, peaks at 161.0 and 168.6 ppm could be as-
signed to the free carbonate species H13

3CO−  and 13 2
3CO − , respectively. In the Zr-

bearing solutions, a second peak at 168.3 ppm appeared beside that assigned to the free 
carbonate species, indicating the appearance of a Zr-CO3 complex. Because this new 
peak is very close to 168.6 ppm (the peak assigned to free 2

3CO −  ions) Veyland con-
cludes that the only carbonate species involved in the complex is 2

3CO − , thus excluding 
bicarbonate ions as ligands. 

NMR relaxation experiments were also carried out. In this kind of experiments, 
the applied nuclear magnetization is first reversed, then successive spectra are recorded 
while the normal magnetization is restored. Through the quantitative analysis of these 
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relaxation spectra, Veyland could determine the average number (n) of carbonate 
ligands bound to Zr.  

Measurements carried out in solutions of different 3HCO− / 2
3CO −  ratios (at 

constant total carbonate) indicate a decrease of n from 4 to ~ 1 as the proportion of bi-
carbonate ions decreased and that of carbonate ions increased. From this observation, 
Veyland concludes that the presence of 3HCO−  favours the formation of 4

3 4Zr(CO ) − . In 
our opinion, this interpretation is not entirely correct, as it conflicts with law of mass 
action constraints. If the only complex involved were 4

3 4Zr(CO ) −  , n would necessarily 
increase with increasing 2

3CO −  concentration; however, exactly the opposite is ob-
served. Our interpretation is that the observed decrease of n is due to the appearance of 
new Zr complexes with lower CO3/Zr ratio. Since pH increases with the free 2

3CO −  
concentration, the formation of ternary hydroxo-carbonate complexes is suggested. This 
interpretation is indeed confirmed by the dialysis experiments of [99VEY] (see below). 

An additional series of measurements was carried out at a constant 
2
3CO − / 3HCO− /Zr ratio of 3/3/1 but with total Zr concentrations decreasing from 0.1 to 

0.01 M. A similar effect as for variations of the 3HCO− / 2
3CO −  ratios was observed, i.e. 

n decreased from ~ 3 to ~ 1 when the solution was diluted.  

As for the potentiometric study, the determined values of n must be taken with 
some care, since also in this case Veyland interpreted her results assuming that Zr com-
plexation by carbonate is quantitative. In this specific case, the values of n given by 
Veyland are lower limits: Because n was obtained through the comparison of the inten-
sities of characteristic peaks in the spectra, the assumption of 100% Zr complexation 
implies that n would be underpredicted if Zr is not complexed quantitatively. 

By analogy with the results from an analogous NMR study on the complexa-
tion of uranyl with carbonate [95BAN/GLA], Veyland et al. [99VEY/RIM] come to the 
conclusion that the chemical shift of the Zr-CO3 complex indicates bidentate binding 
and excludes that carbonate ligands could act as bridging ligands (M-O[CO]O-M con-
figuration). The characteristic Zr-CO3 absorption peak is close to that observed in the 
mentioned U-CO3 study, the latter being clearly separated from the peak assigned to 
bridging U-CO3 in 6

2 3 3 6(UO ) (CO ) − .  

Further relaxation experiments were carried out to deduce the kinetics and 
formation mechanisms leading of the main Zr-CO3 complex. These experiments con-
firmed the postulated 4

3 4Zr(CO ) −  stoichiometry, as the rate of complex formation was 
found to be almost exactly four times slower than the rate of dissociation. Further, they 
suggest for the formation of 4

3 4Zr(CO ) −  an associative mechanism, via a transition 
complex with stoichiometry 6

3 5Zr(CO ) − . 

Raman spectroscopy 
Raman spectroscopy was carried out on solutions of composition similar to those used 
for NMR spectroscopy and potentiometric titrations. The goal was to identify the nature 
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of the bonds involved in Zr-carbonate complexes. On the basis of earlier Raman studies, 
four distinct criteria related to the splitting, separation and polarization of characteristic 
frequencies had been identified, allowing to distinguish between free, monodentate 
bonded and bidentate (or bridging) carbonate species. Due to peculiarities of the inves-
tigated solutions, only one of these four criteria could be applied to distinguish between 
monodentate and bidentate (or bridging) carbonates, namely the inversion in the polari-
zation of the ν4’ and ν1’ frequencies arising from the splitting of ν3 (a fundamental fre-
quency of free carbonate ions). The results allow the exclusion of monodentate bonds 
and indicate bidentate (or bridging) bonds, consistently with the NMR results. 

Electrospray mass spectrometry (ESI-MS) 
This technique consists in analyzing the masses of positively charged gaseous particles 
extracted from a solution within a charged capillary (anode) by applying an electrostatic 
field. The cation-enriched solution at the tip of the capillary is ejected as microscopic 
drops in direction of a cathodic plate at the entrance of the mass spectrometer. During 
the trajectory to the cathode the drops are transformed into solvent-free cationic com-
plexes, which are then analysed by the mass spectrometer. The spectrum of “composite” 
masses is then decomposed in the possible single complexes. 

In her investigation, Veyland studied a 0.07 M Zr solution with 0.35 M 
KHCO3 (or NaHCO3) and 0.18 M K2CO3 (or Na2CO3) at 70ºC. From the analysis of the 
spectra, Veyland deduced the presence of 4

3 4Zr(CO ) −  and 2
3 3Zr(CO ) − . The species 

6
3 5Zr(CO ) −  was also found in low concentrations, supporting the proposed associative 

mechanism for the formation of 4
3 4Zr(CO ) − . 

The results obtained with this method should however be taken with great care 
considering that the extraction procedure could strongly disturb the equilibria in solu-
tion. 

Dialysis 
These experiments clearly demonstrated that dilution of a 0.1 M ZrOCl2 carbonate-
bearing solution to 0.01 M leads to considerable retention of Zr (from 0 to ~ 90%) in the 
primary compartment. This indicates formation of large complexes that cannot diffuse 
through the semi-permeable membrane. Since there is independent evidence that the 
average number of carbonate ligands decreases with dilution, the results of dialysis ex-
periments can only be explained by the formation of polynuclear Zr-OH-CO3 com-
plexes. Since all carbonate bonds are bidentate, the Zr nuclei must be bonded through 
hydroxo bridges. The same increase in Zr retention is observed when the 3HCO− / 2

3CO −  
ratio decreases. 

[99VEY/RIM] 
This report recapitulates the Raman spectroscopic and some of the 13C-NMR studies 
previously reported in [99VEY]. See the Appendix A entry for [99VEY] for a discus-
sion of this work. 
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[2000VEY/DUP]  
This report recapitulates the potentiometric, dialysis, and the 13C- and 17O-NMR studies 
previously reported in [99VEY]. See the Appendix A entry for [99VEY] for a discus-
sion of this work. 

[2000VEY/DUP2]  
This report recapitulates the electrospray mass spectrometric studies previously reported 
in [99VEY]. See the Appendix A entry for [99VEY] for a discussion of this work. 

[2001EKB/BRO] 
This is a study of the complexation of zirconium by hydroxide using the potentiometric 
technique. The experiments were conducted at 15, 25 and 35°C and in 1.0 M 
(H,Na)ClO4. The enthalpy and entropy of reaction was determined from the stability 
constants for each species at the three temperatures. The total Zr concentration in the 
experiments was between 0.003 and 0.03 M. The species considered at each tempera-
ture included ZrOH3+, 8

3 4Zr (OH) +  and 8
4 8Zr (OH) + . The stability constants for these 

species are given in Table A-31.  

Table A-31: Stability constants ( *
10log b ) for zirconium hydroxide complexes at differ-

ent temperatures.  

Species 15ºC 25ºC 35ºC 

ZrOH3+ – (1.16 ± 0.02) – (0.87 ± 0.05) – (0.42 ± 0.01) 
8+

3 4Zr (OH)  (0.17 ± 0.07) (0.62 ± 0.06) (0.95 ± 0.13) 
8+

4 8Zr (OH)  – (1.87 ± 0.10) – (1.34 ± 0.09) – (0.38 ± 0.09) 

Three titrations were conducted at each temperature and a complete uncertainty 
analysis was performed for the derived stability constants. The relationship between pH 
and proton concentration was ascertained across the complete pH range studied (0.8 to 
2.3) at each temperature using a titration in the absence of metal. Changes in ionic 
strength during a titration were found to be less than 2%, although changes from titra-
tion to titration under the same experimental conditions slightly exceeded this and po-
tentially should increase the estimated uncertainties. The enthalpy and entropy of reac-
tion were determined from the relationship between *

10log b  and the reciprocal of abso-
lute temperature. The linearity of the lines of best fit indicated that neither the enthalpy 
nor the entropy of reaction were temperature-dependent across the narrow temperature 
range investigated in the study. The enthalpy of reaction for the ZrOH3+, 8

3 4Zr (OH) +  
and 8

4 8Zr (OH) +  were found to be 63, 69 and 130 kJ·mol–1, respectively, whereas the 
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entropy of reaction were 200, 240 and 410 J·mol–1·K–1. The stability constants are not 
consistent with the present approach. As can be seen from Figure V-4, the stability con-
stant for 8+

4 8Zr (OH)  is many orders of magnitude lower than those accepted in the pre-
sent review. The presence of dominant monomer hydrolysis species is rather unlikely in 
the pH/Zr(tot) range studied (see Figure V-11). An attempt to fit the data with the pro-
posed constants failed. The potentiometric data of [2001EKB/BRO] have been made 
available to this review and are identical to those given in [2004EKB/KAL]. The data 
were included in the overall fit of hydrolysis relevant data. Dominant species were 

3+
3 9Zr (OH)  and 8+

4 8Zr (OH) . The reason for this discrepancy is probably a calculation 
error in solution stoichiometry. 

[2001POU/CUR] 
In this study, the solubilities of crystalline zirconia (monoclinic form, m-ZrO2 as well as 
Y-stabilized cubic form, c-ZrO2) and of a fresh hydroxide doped with 95Zr have been 
investigated at pH 9. All measurements were carried out from undersaturation starting 
from pure water, with or without addition of sodium bicarbonate (5 × 10–3, 0.05 and 0.5 
M NaHCO3). Equilibration times ranged from 1 day up to 250 days. Because the only 
electrolyte added was NaHCO3 in different concentrations, these solubility experiments 
do not comply with the usual requirement for a fixed ionic strength, which varied from 
almost zero to ~ 0.5 M. 

ICP-MS analyses indicate a constant low solubility (< 10–8 M of total Zr) for 
both cubic and monoclinic ZrO2 in water equilibrated with air (2 × 10–5 M of total car-
bonate) and in 5 × 10–3 M NaHCO3 solutions, whereas in the 0.05 and 0.5 M NaHCO3 
solutions an increase of Zr solubility by 2-3 orders of magnitude was observed. The 95Zr 
activity data for the fresh hydroxide yielded comparable equilibrium concentrations. 
The authors interpreted these results as evidence for the formation of a strong Zr car-
bonate complex and proposed either 4

3 4Zr(CO ) −  or 6
3 5Zr(CO ) −  as possible species. On 

the base of a fitting procedure [2001POU/CUR] estimated values for the corresponding 
formation constants ( 10 4log οβ  ~ 42 or 10 5log οβ  ~ 43). 

Because the hydrolysis model used in [2001POU/CUR] differs from that se-
lected in this review, the constant proposed by these authors for the tetracarbonate com-
plex ( 10 4log οβ  ~ 42) cannot be compared with 10 4log οβ  = (42.9 ± 1.0), the value rec-
ommended in this review on the base of the solubility data of [72DER]. Although the 
authors’ data are not sufficient, as admitted by the authors themselves, to define a reli-
able formation constant, they can at least be tested for consistency with our selected 
value.  

The results of this consistency test are shown in Figure A-33, where the se-
lected 10 4log οβ  (42.9) and hydrolysis data (including *

10log sK ο  = − 7.0) have been ap-
plied with the SIT model to reproduce the experimental data of [2001POU/CUR]. It is 
evident that the calculated model curve (continuous line) misses the data obtained in 
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0.05 M NaHCO3 ( 2
10 3 totlog [CO ]−  = − 2.3) since the predicted Zr concentrations are 2 to 

3 orders of magnitude below the measured concentrations, whereas it reproduces one of 
the two points measured in 0.5 M NaHCO3 ( 2

10 3 totlog [CO ]−  = − 1.5). In order to obtain a 
fit identical to that provided by [2001POU/CUR] (Fig. 1, op.cit.) 10 4log οβ  = 46.7 must 
be assumed (broken line in Figure A-33), which is three orders of magnitude larger than 
the selected constant and clearly outside the uncertainty of ± 0.8 log10 units. Our calcu-
lations show that the flattening of the solubility curve observed between 0.05 and 0.5 M 
NaHCO3 cannot be explained through ionic strength effects. At least a second Zr-CO3 
complex would be required to explain this trend. 

Thus, we have to conclude that the solubility data in carbonate-bearing solu-
tions of [2001POU/CUR] and [72DER] are not mutually consistent. Because the esti-
mated 10 4log οβ  = 42 constant of [2001POU/CUR] relies on data gathered at only two 
different carbonate concentrations, these data are judged insufficient to extract Zr car-
bonate formation constants and were therefore not considered for the derivation of 

10 4log οβ . 

Figure A-33: Comparison of experimental data by [2001POU/CUR] with model calcu-
lations based on the selected Zr carbonate formation and hydrolysis constants.  
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[2004EKB/KAL] 
The hydrolysis of zirconium(IV) in aqueous solution has been investigated at 15, 25 and 
(35 ± 0.1)ºC in 1.0 M (H,Na)ClO4 using potentiometry, solvent extraction and for 25°C 
also solubility tests. Careful potentiometric titrations were performed using pH elec-
trodes with very low drift allowing slow titrations to avoid precipitation or colloid for-
mation. A preliminary analysis of the data presented in this paper was given in 
[2001EKB/BRO] which differed significantly (in the magnitude of the constants for the 
polynuclear species) from the other constants given in Table V-I. In an attempt to gain a 
better understanding of the hydrolytic behaviour of zirconium, the potentiometric data 
were subsequently supplemented with solvent extraction and solubility data. In the light 
of the new data, the potentiometric data were re-interpreted. The best fit obtained for all 
three temperatures contained the species ZrOH3+, 2

2 6Zr (OH) +  and 8
4 8Zr (OH) + . The data 

obtained at 25°C were also integrated into the overall fit of hydrolysis relevant data pre-
sented in Appendix D.   

The solubility of “Zr(OH)4” was measured over a wide pH range (0 to 15). The 
ionic media was 1.0 M (H,Na)ClO4 except for the solutions at pH > 14. The solubility 
tests were done very carefully: carbon dioxide free glove box, use of carbonate free 
NaOH for tests under alkaline conditions, solid/liquid phase separation by centrifuga-
tion at 14000g, provision for avoiding errors due to Zr sorption at reaction vessel walls 
and sampling equipment. The exact hydroxide concentrations in the solutions were de-
termined at the end of each experiment by titration. XRD measurement has shown that 
the phase was amorphous prior to, and after, the solubility tests. The solid phase was a 
commercial hydrated production of uncertain stoichiometry and hydration. It was not 
fully characterised by the authors.  

The data show four regions of differing solubility/pH relations (see Figure A-
34): region (1) in very acid solution (pH < 0.3) where the logarithm of the solubility 
decreases with a slope of – 1.9 with pH, region (2) in acid solution (0.9 < pH < 2.0) 
(slope – 2.6), (3) a large pH range (2.9 < pH < 12.5) with pH independent solubility 
about one order of magnitude higher than that measured for monoclinic ZrO2 and of an 
amorphous Zr oxy–hydroxide by [2001POU/CUR] but several orders of magnitude 
lower than that of precipitated material of [99VEY] or [66BIL/BRA2] and a final region 
(4) in alkaline solution (pH > 13) where the log solubility increases with a slope of 1.9 
with pH. The results were interpreted by the authors as resulting in region (4) from the 
formation of zirconate ions 2

3ZrO −  in solution, in region (3) from Zr(OH)4(aq), in region 
(2) from a combination of Zr4+, ZrOH3+, 2

2Zr(OH) +  and 3Zr(OH)+  and in region (1) from 
kinetic constraints. A value of 10 ,1,0

*log sK = − (0.70 ± 0.21) has been determined from 
the data. The hypothesis of presence of the polynuclear species, 8

3 4Zr (OH) +  and 
8

4 8Zr (OH) +  would result in a slope of – 8 , which is inconsistent with the slopes ob-
served for region 1.  
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Figure A-34: Solubility of “Zr(OH)4” 

 

 

On the basis of the data in region (4), the presence of 5Zr(OH)−  proposed by 
[60SHE/PEV] must be discarded in favour of 2

6Zr(OH) −  or 2
3ZrO − , since the slope of 

the solubility curve as f(pH) is very close to + 2. The data of [60SHE/PEV] which de-
fine a slope close to + 1 (hence the assumption of 5Zr(OH)− ) may have been influenced 
by presence of carbonate which was carefully avoided in the study of [2004EKB/KAL]. 
The slope in the very alkaline region (last two data points) may also have been influ-
enced by changing activity coefficients in a non-constant ionic media. However, since 
the slope is constant, the resulting effect is considered to be of minor importance. There 
is no experimental basis to distinguish between the 2

6Zr(OH) −  and 2
3ZrO −  

stoichiometries.  

In the paper a value of 10 6
*log b  = – (32.56 ± 0.23) was assigned to the condi-

tional constant for the formation of the 2
3ZrO − . 

The solvent extraction study was performed between pH 1 and 11, using acetyl 
acetonate as complexing extractant and toluene as organic phase. The solvent extraction 
data cannot be evaluated quantitatively since insufficient experiment detail was re-
ported.  
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From the combined work of solubility, solvent extraction and potentiometric 
studies, the author derived a series of stability constants which are given in the follow-
ing Table A-32. 

These constants are not used in the present review, since the original data were 
included into the overall fit of hydrolysis relevant data (Appendix D). The overall fit is 
consistent with the presence of either 2

3ZrO −  or 2
6Zr(OH) −  , but is inconsistent with the 

presence of  2+
2 6Zr (OH) . 

Table A-32: Stability constants for zirconium(IV) hydrolysis at various ionic strength 
and temperature for the general reaction mZr4+ + qH2O  4Zr (OH) m q

m q
−  +qH+ 

temperature (°C) Ionic medium and strength Species (q,m) 10 ,
*log q mb  

15 1 M (Na,H)ClO4 (1,1) – (1.16 ± 0.02) 

 1 M (Na,H)ClO4 (4,1) – (7.8 ± 0.2) 

 1 M (Na,H)ClO4 (6,2) – (3.28 ± 0.09) 

 1 M (Na,H)ClO4 (8,4)    (3.76 ± 0.11) 

25 1 M (Na,H)ClO4 (1,1) – (0.87 ± 0.05) 

 0 (1,1)    (0.29 ± 0.06) 

 0 (2,1) – (0.3 ± 0.2) 

 1 M (Na,H)ClO4 (3,1) – (4.0 ± 0.3) 

 0 (3,1) – (1.9 ± 0.3) 

 1 M (Na,H)ClO4 (4,1) – (6.7 ± 0.3) 

 0 (4,1) – (3.9 ± 0.3) 

 1 M (Na,H)ClO4 (6,2) – (2.42 ± 0.13) 

 1 M (Na,H)ClO4 (4,3)    (4.1 ± 0.5) 

 1 M (Na,H)ClO4 (8,4)    (5.2 ± 0.2) 

35 1 M (Na,H)ClO4 (1,1) – (0.42 ± 0.01) 

 1 M (Na,H)ClO4 (4,1) – (4.9 ± 0.2) 

 1 M (Na,H)ClO4 (6,2) – (1.47 ± 0.09) 

 1 M (Na,H)ClO4 (8,4)    (6.89 ± 0.11) 

 

 

 

 

 



 

 357

Appendix B 
 

Ionic strength corrections1 

 

 

Thermodynamic data always refer to a selected standard state. The definition given by 
IUPAC [82LAF] is adopted in this review as outlined in Section II.3.1. According to 
this definition, the standard state for a solute B in a solution is a hypothetical solution, 
at the standard state pressure, in which mB = mο  = 1 mol·kg–1, and in which the activity 
coefficient γB 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 ob-
tained in the presence of an inert electrolyte of sufficiently high concentration, ensuring 
that activity factors are reasonably constant throughout the measurements. This appen-
dix describes and illustrates the method used in this review for the extrapolation of ex-
perimental equilibrium data to zero ionic strength. 

The activity factors of all the species participating in reactions in high ionic 
strength media must be estimated in order to reduce the thermodynamic data obtained 
from the experiment to the state I = 0. Two alternative methods can be used to describe 
the ionic medium dependence of equilibrium constants: 

• One method takes into account the individual characteristics of the ionic media 
by using a medium dependent expression for the activity coefficients of the 
species involved in the equilibrium reactions. The medium dependence is de-
scribed by virial or ion interaction coefficients as used in the Pitzer equations 
[73PIT] and in the specific ion interaction theory. 

                                                           
1 This Appendix contains essentially the text written by Grenthe and Wanner [2000GRE/WAN], earlier ver-
sions of which have been printed in the previous NEA-TDB reviews [92GRE/FUG], [95SIL/BID], 
[99RAR/RAN], [2001LEM/FUG], [2003GUI/FAN], [2005GAM/BUG], and [2005OLI/NOL]. The equations 
presented here are an essential part to the review procedure and are required to use the selected thermody-
namic values. The contents of Tables B.4 and B.5 have been revised. 
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• The other method uses an extended Debye-Hückel 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 in-
troducing ionic pairing between the medium ions and the species involved in 
the equilibrium reactions. Earlier, this approach has been used extensively in 
marine chemistry, cf. Refs. [79JOH/PYT], [79MIL], [79PYT], [79WHI2]. 

The activity factor estimates are thus based on the use of Debye-Hückel type 
equations. The “extended” Debye-Hückel equations are either in the form of specific 
ion interaction methods or the Davies equation [62DAV]. However, the Davies equa-
tion should in general not be used at ionic strengths larger than 0.1 mol·kg–1. The 
method preferred in the NEA Thermochemical Data Base review is a medium-
dependent expression for the activity coefficients, which is the specific ion interaction 
theory in the form of the Brønsted-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 [2000GRE/WAN]. 

The specific ion interaction methods are reliable for intercomparison of ex-
perimental data in a given concentration range. In many cases this includes data at 
rather low ionic strengths, I = 0.01 to 0.1 M, cf. Figure B-1, while in other cases, nota-
bly 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 pre-
cise in the former than in the latter cases. The extrapolation error is composed of two 
parts, one due to experimental errors, and the other due to model errors. The model 
errors seem to be rather small for many systems, less than 0.1 units in 10log K ο . For 
reactions involving ions of high charge, which may be extensively hydrolysed, one 
cannot perform experiments at low ionic strengths. Hence, it is impossible to estimate 
the extrapolation error. This is true for all methods used to estimate activity corrections. 
Systematic model errors of this type are not included in the uncertainties assigned to 
the selected data in this review. 

 It should be emphasised that the specific ion interaction model is approximate. 
Modifying it, for example by introducing the equations suggested by Ciavatta 
([90CIA], Eqs.(8–10), cf. Section B.1.4), would result in slightly different ion interac-
tion coefficients and equilibrium constants. Both methods provide an internally consis-
tent 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 

10log K ο , i.e., approximately 1 kJ·mol–1 in derived f mGο∆  values. 
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B.1 The specific ion interaction equations 

B.1.1 Background 
The Debye-Hückel term, which is the dominant term in the expression for the activity 
coefficients in dilute solution, accounts for electrostatic, non-specific long-range inter-
actions. At higher concentrations short range, non-electrostatic interactions have to be 
taken into account. This is usually done by adding ionic strength dependent terms to the 
Debye-Hückel expression. This method was first outlined by Brønsted [22BRO], 
[22BRO2], and elaborated by Scatchard [36SCA] and Guggenheim [66GUG]. The two 
basic assumptions in the specific ion interaction theory are described below. 

• Assumption 1: The activity coefficient  γj of an ion j of charge zj in the solu-
tion of ionic strength Im may be described by Eq.(B.1):  

2
10log  =  ε( , , )j j m k

k
z D j k I m− + ∑γ  (B.1) 

D is the Debye-Hückel term: 

 = 
1 + 

m

j m

A I
D

B a I
 (B.2) 

where Im is the molal ionic strength: 
21 = 

2m i i
i

I m z∑  

A and B are constants which are temperature and pressure dependent, and aj is an ion 

size parameter (“distance of closest approach”) for the hydrated ion j. The Debye-
Hückel limiting slope, A, has a value of (0.509 ± 0.001) kg½·mol−½ at 25°C and 1 bar, 
(cf. Section B.1.2). The term Baj in the denominator of the Debye-Hückel term has 
been assigned a value of Baj = 1.5 kg½·mol−½ at 25°C and 1 bar, as proposed by 
Scatchard [76SCA] and accepted by Ciavatta [80CIA]. This value has been found to 
minimise, for several species, the ionic strength dependence of ε(j, k, Im) between Im = 
0.5 m and Im = 3.5 m. It should be mentioned that some authors have proposed different 
values for Baj ranging from Baj = 1.0 [35GUG] to Baj = 1.6 [62VAS]. However, the 
parameter Baj is empirical and as such correlated to the value of ε(j, k, Im). Hence, this 
variety of values for Baj does not represent an uncertainty range, but rather indicates 
that several different sets of Baj and ε(j, k, Im) may describe equally well the experimen-
tal mean activity coefficients of a given electrolyte. The ion interaction coefficients at 
25°C listed in Table B-4, Table B-5 and Table B-6 have thus to be used with Baj = 1.5 
kg½·mol−½.  

 The summation in Eq.(B.1) extends over all ions k present in solution. Their 
molality is denoted mk, and the specific ion interaction parameters, ε(j, k, Im), in general 
depend only slightly on the ionic strength. The concentrations of the ions of the ionic 
medium are often very much larger than those of the reacting species. Hence, the ionic 
medium ions will make the main contribution to the value of 10log jγ  for the reacting 
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ions. This fact often makes it possible to simplify the summation ε( , , )m k
k

j k I m∑  so 
that only ion interaction coefficients between the participating ionic species and the 
ionic medium ions are included, as shown in Eqs. (B.4) to (B.8). 

• Assumption 2: The ion interaction coefficients ε(j, k, Im) are zero for ions of 
the same charge sign and for uncharged species. The rationale behind this is that ε, 
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 
also holds to a lesser extent for uncharged species. 

Equation (B.1) will allow fairly accurate estimates of the activity coefficients 
in mixtures of electrolytes if the ion interaction coefficients are known. Ion interaction 
coefficients for simple ions can be obtained from tabulated data of mean activity coef-
ficients of strong electrolytes or from the corresponding osmotic coefficients. Ion inter-
action coefficients for complexes can either be estimated from the charge and size of 
the ion or determined experimentally from the variation of the equilibrium constant 
with the ionic strength. 

Ion interaction coefficients are not strictly constant but may vary slightly with 
the ionic strength. The extent of this variation depends on the charge type and is small 
for 1:1, 1:2 and 2:1 electrolytes for molalities less than 3.5 m. The concentration de-
pendence of the ion interaction coefficients can thus often be neglected. This point was 
emphasised by Guggenheim [66GUG], who has presented a considerable amount of 
experimental material supporting this approach. The concentration dependence is larger 
for electrolytes of higher charge. To accurately reproduce their activity coefficient data, 
concentration dependent ion interaction coefficients have to be used, cf. Lewis et al. 
[61LEW/RAN], Baes and Mesmer [76BAE/MES], or Ciavatta [80CIA]. By using a 
more elaborate virial expansion, Pitzer and co-workers [73PIT], [73PIT/MAY], 
[74PIT/KIM], [74PIT/MAY], [75PIT], [76PIT/SIL], [78PIT/PET], [79PIT] have man-
aged to describe measured activity coefficients of a large number of electrolytes with 
high precision over a large concentration range. Pitzer’s model generally contains three 
parameters as compared to one in the specific ion interaction theory. The use of the 
theory requires the knowledge of all these parameters. The derivation of Pitzer coeffi-
cients for many complexes such as those of the actinides would require a very large 
amount of additional experimental work, since few data of this type are currently avail-
able. 

The way in which the activity coefficient corrections are performed in this re-
view according to the specific ion interaction theory is illustrated below for a general 
case of a complex formation reaction. Charges are omitted for brevity. 

+
2M + L + H O(l)  M L (OH)  + Hm q nm q n n  
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The formation constant of , ,
*M L (OH) ,  m q n q n mb , determined in an ionic me-

dium (1:1 salt NX) of the ionic strength Im , is related to the corresponding value at zero 
ionic strength, , ,

*
q n m
οb  by Eq.(B.3): 

2

+

10 , , 10 , , 10 M 10 L 10 H O

10 , , 10 H

* *log  = log  + log  +  log  +  log  

                       log    log   
q n m q n m

q n m

m q n a

n

ο γ γ

− γ − γ

b b
 (B.3) 

The subscript (q, n, m) denotes the complex ion M L (OH)m q n . If the concen-
trations of N and X are much greater than the concentrations of M, L, M L (OH)m q n  and 
H+, only the molalities mN and mX have to be taken into account for the calculation of 
the term ε( , , )m k

k
j k I m∑  in Eq.(B.1). For example, for the activity coefficient of the 

metal cation M, γM, Eq.(B.4) is obtained at 25°C and 1 bar. 

2
M

10 M X

0.509
log  =  + ε(M,X, )

1 + 1.5
m

m
m

z I
I m

I
−

γ  (B.4) 

Under these conditions, Im ≈  mX = mN  Substituting the log10γ j  values in 
Eq.(B.3) with the corresponding forms of Eq.(B.4) and rearranging leads to: 

2

2
10 , , 10 H O 10 , ,

* *log   z   log  = log  ε     

            
q n m q n m mD n a I− ∆ − − ∆οb b  (B.5) 

where, at 25°C and 1 bar: 
2 2 2 2

M L M L = (     )  +     z m z q z n n mz q z∆ − − − −  (B.6) 

0.509
 =  

1 + 1.5
m

m

I
D

I
 (B.7) 

∆ε = ε(q, n, m, N or X) + nε(H, X) − qε(N, L) − mε(M, X) (B.8) 

Here M L( )m z q z n− − , zM and zL are the charges of the complex 
M L (OH)m q n , the metal ion M and the ligand L, respectively. 

 Equilibria involving H2O(l) as a reactant or product require a correction for 
the activity of water, 

2H Oa . The activity of water in an electrolyte mixture can be calcu-
lated as: 

 
210 H Olog  = 

ln(10) 55.51
k

k
m

a
−

×

∑φ
 (B.9) 

where φ  is the osmotic coefficient of the mixture and the summation extends over all 
solute species k with molality mk present in the solution. In the presence of an ionic 
medium NX in dominant concentration, Eq.(B.9) can be simplified by neglecting the 
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contributions of all minor species, i.e., the reacting ions. Hence, for a 1:1 electrolyte of 
ionic strength Im ≈ mNX, Eq.(B.9) becomes: 

 
2

NX
10 H O

2
log  = 

ln(10) 55.51
m

a
−

×
φ

 (B.10) 

Alternatively, water activities can be taken from Table B-1. These have been 
calculated for the most common ionic media at various concentrations applying Pitzer’s 
ion interaction approach and the interaction parameters given in [91PIT]. Data in italics 
have been calculated for concentrations beyond the validity of the parameter set applied. 
These data are therefore extrapolations and should be used with care. 

Table B-1: Water activities 
2H Oa  for the most common ionic media at various concen-

trations applying Pitzer’s ion interaction approach and the interaction parameters given 
in [91PIT]. Data in italics have been calculated for concentrations beyond the validity of 
the parameter set applied. These data are therefore extrapolations and should be used 
with care. 

Water activities 
2H Oa  

c (m) HClO4 NaClO4 LiClO4 NH4ClO4 Ba(ClO4)2 HCl NaCl LiCl 

0.10 0.9966 0.9966 0.9966 0.9967 0.9953 0.9966 0.9966 0.9966 

0.25 0.9914 0.9917 0.9912 0.9920 0.9879 0.9914 0.9917 0.9915 

0.50 0.9821 0.9833 0.9817 0.9844 0.9740 0.9823 0.9833 0.9826 

0.75 0.9720 0.9747 0.9713 0.9769 0.9576 0.9726 0.9748 0.9731 

1.00 0.9609 0.9660 0.9602 0.9694 0.9387 0.9620 0.9661 0.9631 

1.50 0.9357 0.9476 0.9341 0.9542 0.8929 0.9386 0.9479 0.9412 

2.00 0.9056 0.9279 0.9037  0.8383 0.9115 0.9284 0.9167 

3.00 0.8285 0.8840 0.8280  0.7226 0.8459 0.8850 0.8589 

4.00 0.7260 0.8331 0.7309   0.7643 0.8352 0.7991 

5.00 0.5982 0.7744    0.6677 0.7782 0.7079 

6.00 0.4513 0.7075    0.5592  0.6169 

c (m) KCl NH4Cl MgCl2 CaCl2 NaBr HNO3 NaNO3 LiNO3 

0.10 0.9966 0.9966 0.9953 0.9954 0.9966 0.9966 0.9967 0.9966 

0.25 0.9918 0.9918 0.9880 0.9882 0.9916 0.9915 0.9919 0.9915 

0.50 0.9836 0.9836 0.9744 0.9753 0.9830 0.9827 0.9841 0.9827 

0.75 0.9754 0.9753 0.9585 0.9605 0.9742 0.9736 0.9764 0.9733 

1.00 0.9671 0.9669 0.9399 0.9436 0.9650 0.9641 0.9688 0.9635 

1.50 0.9500 0.9494 0.8939 0.9024 0.9455 0.9439 0.9536 0.9422 

2.00 0.9320 0.9311 0.8358 0.8507 0.9241 0.9221 0.9385 0.9188 

 (Continued on next page) 
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Table B-1: (continued) 

Water activities 
2H Oa  

c (m) HClO4 NaClO4 LiClO4 NH4ClO4 Ba(ClO4)2 HCl NaCl LiCl 

3.00 0.8933 0.8918 0.6866 0.7168 0.8753 0.8737 0.9079 0.8657 

4.00 0.8503 0.8491 0.5083 0.5511 0.8174 0.8196 0.8766 0.8052 

5.00  0.8037  0.3738 0.7499 0.7612 0.8446 0.7390 

6.00     0.6728 0.7006 0.8120 0.6696 

c (m) NH4NO3 Na2SO4 (NH4)2SO4 Na2CO3 K2CO3 NaSCN   

0.10 0.9967 0.9957 0.9958 0.9956 0.9955 0.9966   

0.25 0.9920 0.9900 0.9902 0.9896 0.9892 0.9915   

0.50 0.9843 0.9813 0.9814 0.9805 0.9789 0.9828   

0.75 0.9768 0.9732 0.9728 0.9720 0.9683 0.9736   

1.00 0.9694 0.9653 0.9640 0.9637 0.9570 0.9641   

1.50 0.9548 0.9491 0.9455 0.9467 0.9316 0.9438   

2.00 0.9403  0.9247 0.9283 0.9014 0.9215   

3.00 0.9115  0.8735  0.8235 0.8708   

4.00 0.8829  0.8050  0.7195 0.8115   

5.00 0.8545    0.5887 0.7436   

6.00 0.8266     0.6685   

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

−ν ν  of a concentration much larger than those of the 
reacting ions, the osmotic coefficient can be calculated according to Eq.(B.11) (cf. Eqs. 
(23-39), (23-40) and (A4-2) in [61LEW/RAN]). 

3

NX

ln(10) 11  = 1 2 ln(1 )
( ) 1

           ln(10) ε(N,X)

j m j m
m j j m

A z z
B a I B a I

I B a B a I

m

+ −

+ −

+ −

 
− + − + − 

+  
 

−  + 

φ

ν ν
ν ν

 (B.11) 

where  and + −ν ν  are the number of cations and anions in the salt formula 
(  = + + − −ν νz z ) and in this case: 

 NX
1 = ( )
2mI z z m+ − + −ν + ν  
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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 con-
centrations, it might be necessary to use Pitzer’s equation to calculate the activity of 
water. On the other hand, 

2H Oa  is nearly constant in most experimental studies of equi-
libria 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 wa-
ters is so low that the activity of H2O(l) can be set equal to unity. A correction may be 
necessary in the case of seawater, where a sufficiently good approximation for the os-
motic coefficient may be obtained by considering NaCl as the dominant electrolyte. 

In more complex solutions of high ionic strengths with more than one electro-
lyte at significant concentrations, e.g., (Na+, Mg2+, Ca2+) (Cl–, 2

4SO − ), Pitzer’s equation 
(cf. [2000GRE/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 combi-
nations which yield electroneutrality. Thus, while estimating medium effects on stan-
dard potentials, a combination of redox equilibria with +

2H ½ H (g)e−+  is neces-
sary (cf. Example B.3). 

B.1.2 Ionic strength corrections at temperatures other than 
298.15 K 

Values of the Debye-Hückel parameters A and B in Eqs.(B.2) and (B.11) are listed in 
Table B-2 for a few temperatures at a pressure of 1 bar below 100°C and at the steam 
saturated pressure for t ≥ 100°C. The values in Table B-2 may be calculated from the 
static dielectric constant and the density of water as a function of temperature and pres-
sure, and are also found for example in Refs. [74HEL/KIR], [79BRA/PIT], 
[81HEL/KIR], [84ANA/ATK], [90ARC/WAN]. 

The term Baj in the denominator of the Debye-Hückel term D, cf. Eq.(B.2), 
has been assigned in this review a value of 1.5 kg½·mol−½ 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: 

• The value of Baj is calculated at each temperature assuming that ion sizes are 
independent of temperature and using the values of B listed in Table B-2. 

• The value Baj is kept constant at 1.5 kg½·mol−½. Due to the variation of B with 
temperature, cf. Table B-2, this implies a temperature dependence for ion size 
parameters. Assuming that ion sizes are in reality constant, then it is seen that 
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this simplification introduces an error in D, which increases with temperature 
and ionic strength (this error is less than ± 0.01 at t ≤ 100°C and I < 6 m, and 
less than ± 0.006 at t ≤ 50°C and I ≤ 4 m). 

• The value of Baj is calculated at each temperature assuming a given tempera-
ture variation for aj  and using the values of B listed in Table B-2. For exam-
ple, in the aqueous ionic model of Helgeson and co-workers ([88TAN/HEL], 
[88SHO/HEL], [89SHO/HEL], [89SHO/HEL2]) ionic sizes follow the rela-
tion: ( ) = (298.15 K, 1 bar) + ( , )j j ja T a z g T p  [90OEL/HEL], where g(T, p) 
is a temperature and pressure function which is tabulated in [88TAN/HEL], 
[92SHO/OEL], and is approximately zero at temperatures below 175°C. 

Table B-2: Debye-Hückel constants as a function of temperature at a pressure of 1 bar 
below 100°C and at the steam saturated pressure for t  ≥ 100°C. The uncertainty in the A 
parameter is estimated in [2001LEM/FUG] 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. 

t(°C) P (bar) A ((kg·mol−1)½) B × 10–10 (kg½·mol−½·m−1) 

0 1.00 0.491 0.3246 

5 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 

The values of ε(j, k, Im), obtained with the methods described in Section B.1.3 
at temperatures other than 25°C will depend on the value adopted for Baj

.. As long as a 



B Ionic strength corrections 

 

366 

consistent approach is followed, values of ε(j, k, Im) absorb the choice of Baj , and for 
moderate temperature intervals (between 0 and 200°C) the choice Baj = 1.5 kg½·mol−½ 
.is the simplest one. 

The variation of ε(j, k, Im) with temperature is discussed by Lewis et al. 
[61LEW/RAN], Millero [79MIL], Helgeson et al. [81HEL/KIR], [90OEL/HEL], 
Giffaut et al. [93GIF/VIT2] and Grenthe and Plyasunov [97GRE/PLY]. The absolute 
values for the reported ion interaction parameters differ in these studies due to the fact 
that the Debye-Hückel term used by these authors is not exactly the same. Neverthe-
less, common to all these studies is the fact that values of ( ε / ) pT∂ ∂  are usually 
≤ 0.005 kg·mol–1·K–1 for temperatures below 200°C. Therefore, if values of ε(j, k, Im) 
obtained at 25°C are used in the temperature range 0 to 50°C to perform ionic strength 
corrections, the error in 10log /j mIγ  will be ≤ 0.13. It is clear that in order to reduce the 
uncertainties on solubility calculations at t ≠ 25°C, studies on the variation of ε(j, k, Im) 
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 ε(H+, Cl−) can be obtained from published values of 
±, HCl HCl  versus mγ : 

+

+

10 , HCl 10 10H Cl
+ +

Cl H
+

10 , HCl HCl

2 log   = log log

                      =  + ε(H ,Cl )   ε(Cl , H )

log     =  + ε(H ,Cl )

D m D m

D m

−

−

±

− −

−
±

+

− − +

−

γ γ γ

γ

 

By plotting 10 ,HCl(log )D± +γ  versus mHCl a straight line with the slope 
ε(H+, Cl−) is obtained. The degree of linearity should in itself indicate the range of va-
lidity of the specific ion interaction approach. Osmotic coefficient data can be treated in 
an analogous way. 

B.1.3.2 Estimations based on experimental values of equilibrium constants at 
different ionic strengths 

Example B.2: 

Equilibrium constants are given in Table B-3 for the reaction: 
2+ +
2 2UO  + Cl   UO Cl−  (B.12) 

The following formula is deduced from Eq.(B.5) for the extrapolation to I = 0: 

 10 1 10 1log  + 4  = log ο − ∆ε mD Ib b  (B.13) 
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The linear regression is done as described in Appendix C. The following re-
sults are obtained: 

10 1log  = (0.170 0.021)ο ±b  

∆ε(B.12) = 1(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 10 1log οb  and ∆ε 
and correcting back to I ≠ 0. 

Table B-3: The preparation of the experimental equilibrium constants for the extrapola-
tion 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. 

Ic Im 10 1log (exp)b (a) 
10 1,log mb (b) 

10 1,log 4+m Db  

0.100 0.101 − (0.17 ± 0.10) − 0.173 (0.265 ± 0.100) 

0.200 0.202 − (0.25 ± 0.10) − 0.254 (0.292 ± 0.100) 

0.254 0.258 − (0.35 ± 0.04) − 0.356 (0.230 ± 0.040) 

0.303 0.308 − (0.39 ± 0.04) − 0.398 (0.219 ± 0.040) 

0.403 0.412 − (0.41 ± 0.04) − 0.419 (0.246 ± 0.040) 

0.500 0.513 − (0.32 ± 0.10) − 0.331 (0.372 ± 0.100) 

0.552 0.569 − (0.42 ± 0.04) − 0.433 (0.288 ± 0.040) 

0.651 0.674 − (0.34 ± 0.04) − 0.355 (0.394 ± 0.040) 

0.852 0.886 − (0.42 ± 0.04) − 0.437 (0.358 ± 0.040) 

1.000 1.052 − (0.31 ± 0.10) − 0.332 (0.491 ± 0.100) 

1.000 1.052 − (0.277 ± 0.260) − 0.298 (0.524 ± 0.260) 

1.500 1.617 − (0.24 ± 0.10) − 0.273 (0.618 ± 0.100) 

2.000 2.212 − (0.15 ± 0.10) − 0.194 (0.743 ± 0.100) 

2.000 2.212 − (0.12 ± 0.10) − 0.164 (0.773 ± 0.100) 

2.500 2.815 − (0.06 ± 0.10) − 0.112 (0.860 ± 0.100) 

3.000 3.503 (0.04 ± 0.10) − 0.027 (0.973 ± 0.100) 

a Equilibrium constants for Reaction (B.12) with assigned uncertainties, corrected to 25°C where necessary. 
b Equilibrium constants corrected from molarity to molality units, as described in Section II.2. 
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Figure B-1: Plot of 
10 1log 4 D+b  versus Im  for Reaction (B.12), at 25°C and 1 bar. The 

straight line shows the result of the weighted linear regression, and the dotted lines rep-
resent the uncertainty range obtained by propagating the resulting uncertainties at I = 0 
back to I = 4 m. 

Example B.3: 

When using the specific ion interaction theory, the relationship between the redox po-
tential of the couple 2+ 4+

2PuO /Pu  in a medium of ionic strength Im and the correspond-
ing quantity at I = 0 should be calculated in the following way. The reaction in the gal-
vanic cell: 

Pt | H2(g, r) | H+(r) | 2+ 4+ +
2 2PuO , Pu , H , H O(l)  | Pt 

is: 

 2+ + + 4+
2 2 2PuO + H (g, r) + 4H 2 H (r)  Pu 2H O(l)− +  (B.14) 

where "r" is used to indicate that H2(g) and H+ are at the chemical conditions in the ref-
erence electrode compartment, i.e., standard conditions when the reference electrode is 
the SHE. However, H+, H2O(l) and the 2+ 4+

2PuO /Pu  are the conditions of the experimen-
tal measurements (i.e., non-standard conditions, usually high ionic strength to improve 
the accuracy of the measurement). 
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For Reaction (B.14): 

 
4+ +2

2+ + 22

2
H OPu H (r)

10 10 4
H (r)PuO H

log  = logο
 × ×
 
 × × 

a a a
K

a a f
. 

Since by definition of the SHE, +2H (r) H (r)
1 and  1f a= = , 

4+ 2+ + 22
10 10 10 10 10 10 H OPu PuO H

log  = log  + log log 4log + 2  logK K a− −ο γ γ γ , 

and 

4+
4

4+
10 4Pu ClO

log  = 16  + ε(Pu ,ClO )D m −
−−γ  

2+
2 4

2+
10 2 4PuO ClO

log  = 4  + ε(PuO ,ClO )D m −
−−γ  

+
4

+
10 4H ClO

log  =  + ε(H ,ClO )D m −
−−γ  

Hence, Eο′  

4

2

4+ 2+ +
10 10 4 2 4 4 ClO

10 H O

log = log 8  + (ε(Pu ,ClO ) ε(PuO ,ClO ) 4ε(H ,ClO ))

                2 log

K K D m

a

−
ο − − −− − −

+
(B.15) 

The relationship between the equilibrium constant and the redox potential is: 

ln  =  n FK E
RT

ο′  (B.16) 

ln  =  .n FK E
RT

ο ο  (B.17) 

Eο′  is the redox potential in a medium of ionic strength I, οE  is the corre-
sponding standard potential at I = 0, and n is the number of transferred electrons in the 
reaction considered. Combining Eqs. (B.15), (B.16) and (B.17) and rearranging them 
leads to Eq.(B.18): 

 
2 4

ο ο
10 H O ClO

ln(10) ln(10)(8 2log ) εRT RTE D a E m
n F n F

−
′    
− − = − ∆   

   
 (B.18) 

For n = 2 in the present example and T = 298.15 K, Eq.(B.18) becomes: 

2 4
10 H O ClO[mV] 236.6 59.16log  = [mV] 29.48 ε E D a E m −

ο ο′ − + − ∆  

where 
4+ 2+ +

4 2 4 4ε = (ε(Pu ,ClO ) ε(PuO ,ClO ) 4ε(H ,ClO ))− − −∆ − −  

The value of 
2H Oa  can be taken from experimental data or calculated from 

Eqs.(B.10) and (B.11).  
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In general, formal potentials are reported with reference to the standard hydro-
gen electrode, cf. Section II.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 is 
already at standard conditions. For example, experimental data are available on the for-
mal potentials for reactions: 

 2+ + 4+
2 2PuO  4H + 2   Pu  2H O(l)−+ +e  (B.19) 

and 

 2+ +
2 2PuO    PuO−+ e  (B.20). 

While Reaction (B.19) corresponds to (B.14), Reaction (B.20) is equivalent to: 

 2+ + +
2 2 2PuO  ½ H (g)  PuO  H+ +  (B.21) 

where the designator "(r)" has been omitted, since in these equations only the H+ in the 
reference compartment is relevant. 

 The cations in Reaction (B.14) represent aqueous species in the ionic media 
used during the experiments. 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).  

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 et al. [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 ε, 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 ∆ε in most cases, based on comparison with 
∆ε values of various reactions of the same charge type. 

 Ciavatta [90CIA] has proposed an alternative method to estimate values of ε 
for a first or second complex, ML or ML2, in an ionic media NX, according to the fol-
lowing relationships: 

 ε(ML, N or X)  ≈ ( )ε(M,X) ε(L,N) / 2+  (B.22) 

 2ε(ML , N or X)  ≈ ( )ε(M,X) 2ε(L,N) / 3+  (B.23) 
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 Ciavatta obtained [90CIA] an average deviation of ± 0.05 kg·mol–1 between ε 
estimates according to Eqs. (B.22) and (B.23) and the ε values at 25°C obtained from 
ionic strength dependency of equilibrium constants. 

B.2 Ion interaction coefficients versus equilibrium con-
stants 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 distinc-
tion 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 com-
plexes. It should be noted that the ion interaction coefficients evaluated and tabulated by 
Ciavatta [80CIA] were obtained from experimental mean activity coefficient data with-
out taking into account complex formation. However, it is known that many of the 
metal ions listed by Ciavatta form weak complexes with chloride and nitrate ion. This 
fact is reflected by ion interaction coefficients that are smaller than those for the non-
complexing perchlorate ion, cf Table B-4. In [2001LEM/FUG] chloride and nitrate 
complex formation was taken into account when these ions are part of the ionic medium 
and the value of the ion interaction coefficient +

4ε(M ,ClO )n −  was used as a substitute 
for +ε(M ,Cl )n − and +

3ε(M , NO )n − . 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 stabili-
zation of the complex ion 5

2 3 3UO (CO ) −  at high ionic strength, see for example Section 
V.7.1.2.1.d (p. 322) in the uranium review [92GRE/FUG]. 

B.3 Tables of ion interaction coefficients 
Table B-4, Table B-5 and Table B-6 contain the selected specific ion interaction coeffi-
cients used in this review, according to the specific ion interaction theory described. 
Table B-4 contains cation interaction coefficients with 4 3Cl ,  ClO  and NO− − − . Table B-5 
anion interaction coefficients with Li+, with Na+ or +

4NH and with K+. The coefficients 
have the units of kg·mol–1 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 II.1.8. 

 In some cases, the ionic interaction can be better described by assuming ion 
interaction 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 
Table B-4 and Table B-5 are ± 0.03 kg·mol–1 or greater. 
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1 2 10ε = ε  + ε log mI  (B.24) 

For these cases, and when the uncertainty can be improved with respect to the 
use of a constant value of ε, the values ε1 and ε2 given in Table B-6 should be used. 

It should be noted that ion interaction coefficients tabulated in Table B-4, 
Table B-5 and Table B-6 may also involve ion pairing effects, as described in Section 
B.2. In direct comparisons of ion interaction coefficients, or when estimates are made 
by analogy, this aspect must be taken into account. 

Table B-4: Ion interaction coefficients ε(j, k) (kg·mol–1) for cations j with k = Cl–, 4ClO−  
and 3NO− , taken from Ciavatta [80CIA], [88CIA] unless indicated otherwise. The un-
certainties represent the 95% confidence level. The ion interaction coefficients marked 
with † can be described more accurately with an ionic strength dependent function, 
listed in Table B-6. The coefficients +ε(M ,Cl )n −  and +

3ε(M , NO )n −  reported by 
Ciavatta [80CIA] were evaluated without taking chloride and nitrate complexation into 
account, as discussed in Section B. 2. 

j   k → 
↓ Cl−  4ClO−  3NO−  

+H  (0.12 ± 0.01) (0.14 ± 0.02) (0.07 ± 0.01) 
+
4NH  − (0.01 ± 0.01) − (0.08 ± 0.04)† − (0.06 ± 0.03)† 

+
2H gly  − (0.06 ± 0.02)   
+Tl   − (0.21 ± 0.06)†  

+
3ZnHCO  0.2(a)   

+CdCl   (0.25 ± 0.02)  
+CdI   (0.27 ± 0.02)  

+CdSCN   (0.31 ± 0.02)  
+HgCl   (0.19 ± 0.02)  

+Cu   (0.11 ± 0.01)  
+Ag   (0.00 ± 0.01) − (0.12 ± 0.05)† 

+NiOH  − (0.01 ± 0.07)(K) (0.14 ± 0.07)(L)  
+NiF   (0.34 ± 0.08)(M)  

+NiCl   (0.47 ± 0.06)(N)  
+
3NiNO   (0.44 ± 0.14)(O)  

+NiBr   (0.59 ± 0.10)(P)  
+NiHS   − (0.85 ± 0.39)(Q)  

 (Continued on next page) 
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Table B-4 (continued) 

 j   k → 
↓ Cl−  4ClO−  3NO−  

+NiSCN   (0.31 ± 0.04)(R)  

4 15Zr (OH)+   (0.09 ± 0.92)(X) – (0.02 ± 1.46) (X) 
+
3ZrF   (0.20 ± 0.06)(W)  

3YCO+   (0.17 ± 0.04)(b)  

2Am(OH)+  − (0.27 ± 0.20)(q) (0.17 ± 0.04)(c)  

2AmF+   (0.17 ± 0.04)(c)  

4AmSO+   (0.22 ± 0.08)(d)  

3AmCO+  (0.01 ± 0.05)(r) (0.17 ± 0.04)(c)  

2PuO+   (0.24 ± 0.05)(e)  

2PuO F+   (0.29 ± 0.11)(f)  

2PuO Cl+   (0.50 ± 0.09)(g)  

2NpO+  (0.09 ± 0.05) (0.25 ± 0.05)(h)  

2NpO OH+   − (0.06 ± 0.40)(i)  

2 3 5(NpO ) (OH)+    (0.45 ± 0.20)  

2NpO F+   (0.29 ± 0.12)(j)  

2NpO Cl+   (0.50 ± 0.14)(k)  

2 3NpO IO+   (0.33 ± 0.04)(l)  

3Np(SCN)+   (0.17 ± 0.04)(m)  

2UO+   (0.26 ± 0.03)(n)  

2UO OH+   − (0.06 ± 0.40)(n) (0.51 ± 1.4)(n) 

2 3 5(UO ) (OH)+  (0.81 ± 0.17)(n) (0.45 ± 0.15)(n) (0.41 ± 0.22)(n) 

3UF+  (0.1 ± 0.1)(o) (0.1 ± 0.1)(o)  

2UO F+  (0.04 ± 0.07)(p) (0.28 ± 0.04)  

2UO Cl+   (0.33 ± 0.04)(n)  

2 3UO ClO+   (0.33 ± 0.04)(o)  

2UO Br+   (0.24 ± 0.04)(o)  

2 3UO BrO+   (0.33 ± 0.04)(o)  

2 3UO IO+   (0.33 ± 0.04)(o)  

2 3UO N+   (0.3 ± 0.1)(o)  

2 3UO NO+   (0.33 ± 0.04)(o)  

2UO SCN+   (0.22 ± 0.04)(o)  
2+Pb   (0.15 ± 0.02) − (0.20 ± 0.12)† 

2+AlOH  0.09(s) 0.31(s)  
2

2 3 2Al CO (OH) +  0.26(s)   

 (Continued on next page) 



B Ionic strength corrections 

 

374 

Table B-4 (continued) 

j   k → 
↓ Cl−  4ClO−  3NO−  

2+Zn   (0.33 ± 0.03) (0.16 ± 0.02) 
2
3ZnCO +  (0.35 ± 0.05)(a)   

2+Cd    (0.09 ± 0.02) 
2+Hg   (0.34 ± 0.03) − (0.1 ± 0.1)† 

2+
2

Hg   (0.09 ± 0.02) − (0.2 ± 0.1)† 

2+Cu  (0.08 ± 0.01) (0.32 ± 0.02) (0.11 ± 0.01) 

2+Ni  (0.17 ± 0.02) (0.370 ± 0.032)(S) (0.182 ± 0.010)(T) 

2+Co  (0.16 ± 0.02) (0.34 ± 0.03) (0.14 ± 0.01) 

2FeOH +   0.38(b)  
2FeSCN +   0.45(b)  

2+Mn  (0.13 ± 0.01)   

2
2Zr(OH) +   (0.62 ± 0.39) (X)  

2
2ZrF +   (0.47 ± 0.08) (W)  

2
2ZrCl +   (0.84 ± 0.11) (W)  

2
3 2Zr(NO ) +   (0.84 ± 0.11) (W)  
2
3YHCO +   (0.39 ± 0.04)(b)  
2AmOH +  − (0.04 ± 0.07)(q) (0.39 ± 0.04)(c)  

2AmF +   (0.39 ± 0.04)(c)  
2AmCl +   (0.39 ± 0.04)(c)  

2
3AmN +   (0.39 ± 0.04)(c)  

2
2AmNO +   (0.39 ± 0.04)(c)  
2
3AmNO +   (0.39 ± 0.04)(c)  

2
2 4AmH PO +   (0.39 ± 0.04)(c)  

2AmSCN +   (0.39 ± 0.04)(c)  
2
2PuO +   (0.46 ± 0.05)(t)  
2
2PuF +   (0.36 ± 0.17)(j)  

2PuCl +   (0.39 ± 0.16)(u)  
2PuI +   (0.39 ± 0.04)(v)  

3PuSCN +   (0.39 ± 0.04)(B)  
2
2NpO +   (0.46 ± 0.05)(w)  

2
2 2 2(NpO ) (OH) +   (0.57 ± 0.10)  

2
2NpF +   (0.38 ± 0.17)(j)  

2
4NpSO +   (0.48 ± 0.11)  

2
2Np(SCN) +   (0.38 ± 0.20)(j)  

   (Continued on next page) 
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Table B-4 (continued) 

 j   k → 
↓ Cl−  4ClO−  3NO−  

2
2UO +  (0.21 ± 0.02)(x) (0.46 ± 0.03) (0.24 ± 0.03)(v) 

2
2 2 2(UO ) (OH) +  (0.69 ± 0.07)(n) (0.57 ± 0.07)(n) (0.49 ± 0.09)(n) 

2
2 3 4(UO ) (OH) +  (0.50 ± 0.18)(n) (0.89 ± 0.23)(n) (0.72 ± 1.0)(n) 

2
2UF +   (0.3 ± 0.1)(o)  

2
4USO +   (0.3 ± 0.1)(o)  

2
3 2U(NO ) +   (0.49 ± 0.14)(y)  

2Mg +  (0.19 ± 0.02) (0.33 ± 0.03) (0.17 ± 0.01) 
2Ca +  (0.14 ± 0.01) (0.27 ± 0.03) (0.02 ± 0.01) 
2Ba +  (0.07 ± 0.01) (0.15 ± 0.02) − (0.28 ± 0.03) 

3Al +  (0.33 ± 0.02)   
3

2Ni OH +   (0.59 ± 0.15)(U)  
3Fe +   (0.56 ± 0.03) (0.42 ± 0.08) 
3Cr +  (0.30 ± 0.03)  (0.27 ± 0.02) 

3ZrOH +   (0.57 ± 0.13) (X)  
3+

3 9Zr (OH)   (0.93 ± 0.35) (X)  
3ZrF +   (0.63 ± 0.10) (W)  

3ZrCl +   (0.87 ± 0.10) (W)  
3

3Zr(NO ) +   (0.88 ± 0.11) (W)  
3La +  (0.22 ± 0.02) (0.47 ± 0.03)  
3 3La Lu+ +→   0.47 → 0.52(b)  

3Am +  (0.23 ± 0.02)(G) (0.49 ± 0.03)(c)  
3Pu +   (0.49 ± 0.05)(z)  

3PuOH +   (0.50 ± 0.05)(i)  
3PuF +   (0.56 ± 0.11)(i)  

3PuCl +   (0.85 ± 0.09)(#)  
3PuBr +   (0.58 ± 0.16)(A)  

3Np +   (0.49 ± 0.05)(z)  
3NpOH +   (0.50 ± 0.05)(i)  

3NpF +   (0.58 ± 0.07)(C)  
3NpCl +   (0.81 ± 0.09)(D)  

3NpI +   (0.77 ± 0.26)(E)  
3NpSCN +   (0.76 ± 0.12)(j)  

3U +   (0.49 ± 0.05)(y)  
3UOH +   (0.48 ± 0.08)(y)  

      (Continued on next page) 
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Table B-4: (continued) 

 j   k → 
↓ Cl−  4ClO−  3NO−  

3UF +   (0.48 ± 0.08)(o)  
3UCl +   (0.50 ± 0.10)(k)  
3UBr +   (0.52 ± 0.10)(o)  

3UI +   (0.55 ± 0.10)(o)  
3
3UNO +   (0.62 ± 0.08)(y)  

3
2Be OH +   (0.50 ± 0.05)(F)  

3
3 3Be (OH) +  (0.30 ± 0.05)(F) (0.51 ± 0.05)(y) (0.29 ± 0.05)(F) 

4
3 3 4Al CO (OH) +  0.41(s)   

4
4 4Ni (OH) +   (1.08 ± 0.08)(V)  

4
2 2Fe (OH) +   0.82(b)  
4Zr +  (0.33 ± 0.09) (0.89 ± 0.10) (0.33 ± 0.35) 

4
2 3Y CO +   (0.80 ± 0.04)(b)  

4Pu +   (0.82 ± 0.07)(H)  
4Np +   (0.84 ± 0.06)(I)  

4U +   (0.76 ± 0.06)(J)(o)  
4Th +  (0.25 ± 0.03)  (0.11 ± 0.02) 

5
3 4Al (OH) +  0.66(s) 1.30(s)  

8
3 4Zr (OH) +  (0.33 ± 0.28) (X) (1.89 ± 0.31) (X) (2.28 ± 0.35) (X) 

8
4 8Zr (OH) +   (3.61 ± 1.02) (X)  

a Taken from Ferri et al. [85FER/GRE]. 
b Taken from Spahiu [83SPA]. 
c Estimated in [95SIL/BID]. 
d Evaluated in [95SIL/BID]. 
e Derived from 2

2 4 2 4 = (PuO ,ClO )  (PuO ,ClO )+ − + −∆ε ε − ε  = (0.22 ± 0.03) kg·mol−1 [95CAP/VIT]. In 
[92GRE/FUG], 2 4(PuO ,ClO )+ −ε = (0.17 ± 0.05) kg·mol−1 was tabulated based on [89ROB], 
[89RIG/ROB] and [90RIG]. Capdevila and Vitorge’s data [92CAP], [94CAP/VIT] and [95CAP/VIT] 
were unavailable at that time. 

f Estimated in [2001LEM/FUG] by analogy with ∆ε of the corresponding Np(IV) reaction. 
g From ∆ε evaluated by Giffaut [94GIF]. 
h As in [92GRE/FUG], derived from ∆ε = 2

2 4 2 4  (NpO ,ClO ) (NpO ,ClO )+ − + −ε − ε  = (0.21 ± 0.03) kg·mol−1 
[87RIG/VIT], [89RIG/ROB] and [90RIG]. 

i Estimated in [2001LEM/FUG]. 
j Estimated in [2001LEM/FUG] by analogy with ∆ε of the corresponding U(IV) reaction. 
k Estimated in [2001LEM/FUG] by analogy with ∆ε of the corresponding P(VI) reaction. 

l Estimated in [2001LEM/FUG] by assuming 2 3 4 2 3 4 (NpO IO ,ClO ) (UO IO ,ClO )+ − + −≈ε ε . 

m Estimated in [2001LEM/FUG] by assuming 3 4 2 4 (Np(SCN) ,ClO ) (AmF ,ClO )+ − + −≈ε ε . 
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n Evaluated in the uranium review [92GRE/FUG], using 2
2(UO ,X)+ε = (0.46 ± 0.03) kg·mol−1, where X = 

Cl−, 4ClO−  and 3NO− . 

o Estimated in the uranium review [92GRE/FUG]. 

p Taken from Riglet et al. [89RIG/ROB], where the following assumptions were made: 
3 3

4 4(Np ,ClO )  (Pu ,ClO )+ − + −ε ≈ ε = 0.49 kg·mol−1 as for other (M3+, 4ClO− ) interactions, and 
2 2 2
2 4 2 4 2 4  (NpO ,ClO ) (PuO ,ClO ) (UO ,ClO )+ − + − + −≈ ≈ε ε ε = 0.46 kg·mol−1. 

q Evaluated in [2003GUI/FAN] (cf. Section 12.3.1.1) from ∆ε (in NaCl solution) for the reactions 
3+ (3 ) +

2An + H O(l)  An(OH) + Hn
nn n− . 

r Evaluated in [2003GUI/FAN] (cf. Section 12.6.1.1.1) from ∆ε (in NaCl solution) for the reactions 
3+ 2 (3 )

3 3An + CO   An(CO ) n
nn − −  (based on 3(Am ,Cl )+ −ε  = (0.23 ± 0.02) kg·mol−1 and 

2
3(Na ,CO )+ −ε  = − (0.08 ± 0.03) kg·mol−1. 

s Taken from Hedlund [88HED]. 

t By analogy with 2+
2 4(UO ,ClO )−ε  as derived from isopiestic measurements in [92GRE/FUG]. The uncer-

tainty is increased because the value is estimated by analogy. 
u Estimated in [2001LEM/FUG] by analogy with ∆ε of the corresponding Am(III) reaction. 
v Estimated in [2001LEM/FUG] by assuming 2+

4(PuI ,ClO )−ε  ≈ 2+
4(AmSCN ,ClO )−ε  and +

4(I , NH )−ε  ≈ 
+(SCN , Na )−ε . 

w By analogy with 2+
2 4(UO ,ClO )−ε  as derived from isopiestic measurements noted in [92GRE/FUG]. The 

uncertainty is increased because the value is estimated by analogy. 
x These coefficients were not used in the NEA-TDB uranium review [92GRE/FUG] because they were 

evaluated by Ciavatta [80CIA] without taking chloride and nitrate complexation into account. Instead, 
Grenthe et al. used 2+

2(UO ,X)ε = (0.46 ± 0.03) kg·mol−1, for X = Cl−, 4ClO−  and 3NO− . 
y Evaluated in the uranium review [92GRE/FUG] using 4+(U ,X)ε = (0.76 ± 0.06) kg·mol−1. 
z Estimated by analogy with 3+

4(Ho ,ClO )−ε  [83SPA] as in previous books in this series [92GRE/FUG], 
[95SIL/BID]. The uncertainty is increased because the value is estimated by analogy. 

# Derived from the ∆ε evaluated in [2001LEM/FUG]. 
A Estimated in [2001LEM/FUG] by analogy with ∆ε of the corresponding U(IV) reaction, and by assum-

ing + +(Br ,H ) (Br , Na )− −ε ≈ ε . 
B Estimated in [2001LEM/FUG] by assuming 2+

4(PuSCN ,ClO )−ε  ≈ 2+
4(AmSCN ,ClO )−ε . 

C Evaluated in [2001LEM/FUG]. 
D Derived from the ∆ε  selected in [2001LEM/FUG]. 
E Estimated in [2001LEM/FUG] by analogy with ∆ε of the corresponding Np(IV) chloride reaction, and 

by assuming + +(I ,H ) (I , Na )− −ε ≈ ε . 
F Taken from Bruno [86BRU], where the following assumptions were made: 2

4(Be ,ClO )+ −ε = 0.30 
kg·mol−1 as for other 2 2

4(M ,ClO ); (Be ,Cl )+ − + −ε ε  = 0.17 kg·mol−1 as for other 2(M ,Cl )+ −ε  and 
2

3(Be , NO )+ −ε = 0.17 kg·mol−1 as for other 2
3(M , NO )+ −ε . 

G The ion interaction coefficient 3+(An ,Cl )−ε  for An = Am and Cm is assumed to equal to 3(Nd ,Cl )+ −ε  
which is calculated from trace activity coefficients of Nd3+ ion in 0 to 4 m NaCl. These trace activity co-
efficients are based on the ion interaction Pitzer parameters evaluated in [97KON/FAN] from osmotic 
coefficients in aqueous NdCl3-NaCl and NdCl3-CaCl2. 

H Derived from 4+ 3+
4 4∆  = (Pu ,ClO ) (Pu ,ClO )− −ε ε − ε = (0.33 ± 0.035) kg·mol−1 [95CAP/VIT]. Uncertainty 

estimated in [2001LEM/FUG] (see Appendix A). In the first book of this series [92GRE/FUG], 
3+

4(Pu ,ClO )−ε = (1.03 ± 0.05) kg·mol–1 was tabulated based on references [89ROB], [89RIG/ROB], 
[90RIG]. Capdevila and Vitorge’s data [92CAP], [94CAP/VIT] and [95CAP/VIT] were unavailable at 
that time. 
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I Derived from 4+ 3+
4 4∆  = (Np ,ClO )  (Np ,ClO )− −ε ε − ε = (0.35 ± 0.03) kg·mol−1 [89ROB], [89RIG/ROB], 

[90RIG]. 
J Using the measured value of 4+ 3+

4 4∆  = (U ,ClO )  (U ,ClO )− −ε ε − ε = (0.35 ± 0.06) kg·mol−1 p.89 [90RIG], 
where the uncertainty is recalculated in [2001LEM/FUG] from the data given in this thesis, and 

3+
4(U ,ClO )−ε = (0.49 ± 0.05) kg·mol−1 (see footnote (y)), a value for 4+

4(U ,ClO )−ε can be calculated in 
the same way as is done for 4+

4(Np ,ClO )−ε  and 4+
4(Pu ,ClO )−ε . This value, 4+

4(U ,ClO )−ε = (0.84 ± 0.06) 
kg·mol−1 is consistent with that tabulated 4+

4(U ,ClO )−ε = (0.76 ± 0.06) kg·mol–1, since the uncertainties 
overlap. The authors of [2001LEM/FUG] do not believe that a change in the previously selected value 
for 4+

4(U ,ClO )−ε  is justified at present. 
K Evaluated in [2005GAM/BUG] (cf. [2005GAM/BUG], Section V.3.1.1) from ∆ε in chloride media for 

the reaction Ni2+ + H2O  NiOH+ + H+.  
L Evaluated in [2005GAM/BUG] (cf. [2005GAM/BUG], Section V.3.1.1) from ∆ε in perchlorate media 

for the reaction Ni2+ + H2O  NiOH+ + H+.  
M Derived from +

4∆  = (NiF ,ClO )−ε ε 2+
4(Ni ,ClO )−− ε +(Na ,F )−− ε  = – (0.049 ± 0.060) kg·mol−1 in 

[2005GAM/BUG] (cf. Section V.4.2.3). 
N Evaluated in [2005GAM/BUG]. 
O Evaluated in [2005GAM/BUG]. See details in [2005GAM/BUG], Section V.6.1.2, specially sub-section 

V.6.1.2.1 for an alternative treatment of this system. 
P Evaluated in [2005GAM/BUG]. See details in [2005GAM/BUG], Section V.4.2.5, specially sub-section 

V.4.2.5.1 for an alternative treatment of this system. 
Q Evaluated in [2005GAM/BUG]. 
R Derived from ∆  = (NiSCN , Na )  (SCN , Na )− + − +ε ε − ε 2+

4(Ni ,ClO )−− ε  = – (0.109 ± 0.025) kg·mol−1 in 
[2005GAM/BUG] (cf. [2005GAM/BUG], Section V.7.1.3.1). 

S Derived from the ionic strength dependence of the osmotic and mean activity coefficient of Ni(ClO4)2 
solution in [2005GAM/BUG] (cf. [2005GAM/BUG], Section V.4.3). 

T Derived from the ionic strength dependence of the osmotic and mean activity coefficient of Ni(NO3)2 
solution in [2005GAM/BUG] (cf. [2005GAM/BUG], Section V.6.1.2.1). 

U Derived by assuming 3
2 4(Ni OH ,ClO )+ −ε  ≈ 3

2 4(Be OH ,ClO )+ −ε  in [2005GAM/BUG] (cf. 
[2005GAM/BUG], Section V.3.1.1.) 

V Derived from + 4
4 4 4 4∆  = 4 (H ,ClO )  (Ni OH ,ClO )− + −ε ⋅ ε − ε 2+

44 (Ni ,ClO )−− ⋅ ε  = (0.16 ± 0.05) kg·mol−1 in 
[2005GAM/BUG] (cf. [2005GAM/BUG], Section V.3.1.1.1). 

W Determined from SIT plot in this review. 

X Determined in this review from the overall fit of the hydrolysis data as described in Appendix D. 
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Table B-5: Ion interaction coefficients ε(j, k) (kg·mol–1) for anions j with k =Li+, Na+ 
and K+, taken from Ciavatta [80CIA], [88CIA] unless indicated otherwise. The uncer-
tainties represent the 95% confidence level. The ion interaction coefficients marked 
with † can be described more accurately with an ionic strength dependent function, 
listed in Table B-6.  

    j   k → 

   ↓ 

Li+ Na+ K+ 

OH−  − (0.02 ± 0.03)†    (0.04 ± 0.01)    (0.09 ± 0.01) 

F−      (0.02 ± 0.02)(a)    (0.03 ± 0.02) 

2HF−   − (0.11 ± 0.06)(a)  

Cl−     (0.10 ± 0.01)    (0.03 ± 0.01)    (0.00 ± 0.01) 

3ClO−   − (0.01 ± 0.02)  

4ClO−     (0.15 ± 0.01)    (0.01 ± 0.01)  

Br−     (0.13 ± 0.02)    (0.05 ± 0.01)    (0.01 ± 0.02) 

3BrO−   − (0.06 ± 0.02)  

I− (p)    (0.16 ± 0.01)    (0.08 ± 0.02)    (0.02 ± 0.01) 

3IO−   − (0.06 ± 0.02)(b)  

4HSO−   − (0.01 ± 0.02)  

4HSeO−   − (0.01 ± 0.02)(y)  

3N−      (0.0 ± 0.1)(b)  

2NO−     (0.06 ± 0.04)†    (0.00 ± 0.02) − (0.04 ± 0.02) 

3NO−     (0.08 ± 0.01) − (0.04 ± 0.03)† − (0.11 ± 0.04)† 

2 4H PO−   − (0.08 ± 0.04)† − (0.14 ± 0.04)† 

3HCO−      (0.00 ± 0.02)(d) − (0.06 ± 0.05)(i) 

CN−      (0.07 ± 0.03)(x)  

SCN−      (0.05 ± 0.01) − (0.01 ± 0.01) 

SeCN−      (0.05 ± 0.01)(z)  

HCOO−      (0.03 ± 0.01)  

3CH COO−     (0.05 ± 0.01)    (0.08 ± 0.01)    (0.09 ± 0.01) 

3SiO(OH)−   − (0.08 ± 0.03)(a)  

2 2 5Si O (OH)−   − (0.08 ± 0.04)(b)  

4B(OH)−   − (0.07 ± 0.05)†  

3Ni(SCN)−      (0.66 ± 0.13)(t)  

5ZrF−   − (0.14 ± 0.03) (A)  

(Continued on next page) 
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Table B-5 (continued) 

    j   k → 

   ↓ 

Li+ Na+ K+ 

4 2Am(SO )−   − (0.05 ± 0.05)(c)  

3 2Am(CO )−   − (0.14 ± 0.06)(r)  

2 3PuO CO−   − (0.18 ± 0.18)(o)  

2 2NpO (OH)−   − (0.01 ± 0.07)(q)  

2 3NpO CO−   − (0.18 ± 0.15)(f)  

2 2 3 3(NpO ) CO (OH)−      (0.00 ± 0.05)(k)  

2 3UO (OH)−   − (0.09 ± 0.05)(b)  

2 3UO F−   − (0.14 ± 0.05)(w)  

2 3 3UO (N )−      (0.0 ± 0.1)(b)  

2 2 3 3(UO ) CO (OH)−      (0.00 ± 0.05)(b)  
2
3SO −   − (0.08 ± 0.05)†  
2
4SO −  − (0.03 ± 0.04)† − (0.12 ± 0.06)† − (0.06 ± 0.02) 

2
4SeO −   − (0.12 ± 0.06)(#)  
2

2 3S O −   − (0.08 ± 0.05)†  
2
4HPO −   − (0.15 ± 0.06)† − (0.10 ± 0.06)† 

2
3CO −   − (0.08 ± 0.03)(d) (0.02 ± 0.01) 

2
2 2SiO (OH) −   − (0.10 ± 0.07)(a)  

2
2 3 4Si O (OH) −   − (0.15 ± 0.06)(b)  

2
4Ni(CN) −      (0.185 ± 0.081)(u)  

2
4CrO −   − (0.06 ± 0.04)† − (0.08 ± 0.04)† 

2
6Zr(OH) −   − (0.10 ± 0.10) (B)  

2
6ZrF −   − (0.15 ± 0.06) (A)  

2
2 4 2NpO (HPO ) −   − (0.1 ± 0.1)  

2
2 3 2NpO (CO ) −   − (0.02 ± 0.14)(k)  

2
2 4UO F −   − (0.30 ± 0.06)(w)  

2
2 4 2UO (SO ) −   − (0.12 ± 0.06)(b)  

2
2 3 4UO (N ) −   − (0.1 ± 0.1)(b)  

2
2 3 2UO (CO ) −   − (0.02 ± 0.09)(d)  

2
2 2 2 4 2(UO ) (OH) (SO ) −   − (0.14 ± 0.22)  

3
4PO −   − (0.25 ± 0.03)† − (0.09 ± 0.02) 

3
3 6 3Si O (OH) −   − (0.25 ± 0.03)(b)  

(Continued on next page) 
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Table B-5 (continued) 

    j   k → 

   ↓ 

Li+ Na+ K+ 

3
3 5 5Si O (OH) −   − (0.25 ± 0.03)(b)  

3
4 7 5Si O (OH) −   − (0.25 ± 0.03)(b)  

3
5Ni(CN) −      (0.25 ± 0.14)(v)  

3
3 3Am(CO ) −   − (0.23 ± 0.07)(r)  

3
3 3Np(CO ) −    − (0.15 ± 0.07)(n) 

3
2 3 2NpO (CO ) −   − (0.33 ± 0.17)(f)  

4
2 7P O −   − (0.26 ± 0.05) − (0.15 ± 0.05) 

4
6Fe(CN) −    − (0.17 ± 0.03) 

4
3 4Zr(CO ) −   − (0.09 ± 0.20) (C)  

4
2 3 3NpO (CO ) −   − (0.40 ± 0.19)(e) − (0.62 ± 0.42)(g)(h) 

4
2 3 2NpO (CO ) OH −   − (0.40 ± 0.19)(m)  

4
3 4U(CO ) −   − (0.09 ± 0.10)(b)(d)  

4
2 3 3UO (CO ) −   − (0.01 ± 0.11)(d)  

4
2 3 4 4 3(UO ) (OH) (SO ) −      (0.6 ± 0.6)  

5
2 3 3NpO (CO ) −   − (0.53 ± 0.19)(f) − (0.22 ± 0.03)(s) 

5
2 3 3UO (CO ) −   − (0.62 ± 0.15)(d)  

6
3 5Np(CO ) −    − (0.73 ± 0.68)(j) 

6
2 3 3 6(NpO ) (CO ) −   − (0.46 ± 0.73)(e)  

6
3 5U(CO ) −   − (0.30 ± 0.15)(d) − (0.70 ± 0.31)(i) 

6
2 3 3 6(UO ) (CO ) −      (0.37 ± 0.11)(d)  

6
2 2 2 3 6(UO ) NpO (CO ) −      (0.09 ± 0.71)(l)  

6
2 5 8 4 4(UO ) (OH) (SO ) −      (1.10 ± 0.5)  

7
2 4 7 4 4(UO ) (OH) (SO ) −      (2.80 ± 0.7)  

a Evaluated in the NEA-TDB uranium review [92GRE/FUG]. 
b Estimated in the NEA-TDB uranium review [92GRE/FUG]. 
c Estimated in the NEA-TDB americium review [95SIL/BID]. 
d These values differ from those reported in the NEA-TDB uranium review. See the discussion in 

[95GRE/PUI]. Values for 2
3CO −  and 3HCO− are based on [80CIA]. 

e Calculated in [2001LEM/FUG] (Section 12.1.2.1.2). 
f Calculated in [2001LEM/FUG] (Section 12.1.2.1.3). 
g Calculated in [2001LEM/FUG] (Section 12.1.2.2.1). 
h 4

2 3 3 4(NpO (CO ) , NH )− +ε = – (0.78 ± 0.25) kg·mol−1 is calculated in [2001LEM/FUG] (Section 
12.1.2.2.1). 

i Calculated in [2001LEM/FUG] from Pitzer coefficients [98RAI/FEL]. 
j Calculated in [2001LEM/FUG] (Section 12.1.2.1.4). 
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k Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.1.2).  
l Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.2.1). 
m Estimated in [2001LEM/FUG] by analogy with 4

32 3NpO (CO ) − . 
n Estimated by analogy in [2001LEM/FUG] (Section 12.1.2.1.5). 
o Estimated in [2001LEM/FUG] by analogy with 2 3(NpO CO , Na )− +ε . 
p 4(I , NH ) (SCN , Na )− + − +ε ≈ ε = (0.05 ± 0.01) kg·mol−1. 
q Estimated in [2001LEM/FUG] (Section 8.1.3). 
r Evaluated in [2003GUI/FAN], Section 12.6.1.1.1 from ∆εn (in NaCl solution) for the reactions 

3+ 2 (3 )
3 3An  CO   An(CO ) n

nn − −+  (based on 3+(Am ,Cl )−ε  = (0.23 ± 0.02) kg·mol−1 and 
2
3(Na , CO )+ −ε  = – (0.08 ± 0.03) kg·mol−1. 

s Evaluated in [2005GAM/BUG] (cf. Appendix A), discussion of [98ALM/NOV] from ∆ε for the reac-
tions 2 3KNpO CO (s) 2

3+ 2 CO −   5
3

+
2 3NpO (CO )  + K− (in K2CO3-KCl solution) and K3NpO2(CO3)2(s) 

+ 2
3CO −   5

2 3 3NpO (CO ) − + 3 K+ (in K2CO3 solution) (based on 2
3(K , CO )+ −ε = (0.02 ± 0.01) 

kg·mol−1). 
t Evaluated in [2005GAM/BUG] (cf. Section V.7.1.3.1) from ∆εn in perchlorate media for the reaction 

2+
3Ni  3SCN Ni(SCN)− −+ . 

u Evaluated in [2005GAM/BUG] (cf. Section V.7.1.2.1.1) from ∆εn in perchlorate media for the reaction 
2+ 2

4Ni  4 CN Ni(CN)− −+ . 
v Evaluated in [2005GAM/BUG] (cf. Section V.7.1.2.1.1) from ∆εn in perchlorate media for the reaction 

2+ 3
5Ni  5 CN Ni(CN)− −+ . 

w Evaluated in [2003GUI/FAN], (cf. Section 9.4.2.2.1.1). 
x As reported in [92BAN/BLI]. 
y Estimated in [2005OLI/NOL] by analogy with 4(Na , HSO )+ −ε . 
z Estimated in [2005OLI/NOL] by analogy with (Na ),SCN+ −ε . 
# Estimated in [2005OLI/NOL] by analogy with 2

4(Na ,SO )+ −ε . 
A Determined from SIT plot in this review. 
B Determined in this review by analogy to known interaction coefficients of doubly charged anionic spe-

cies with alkali ions (source: [2001LEM/FUG]). 
C This value, refering to the ion pair ( 4NH+ , 4

3 4Zr(CO ) − ), has been estimated in this review by analogy 
with the homovalent ion pair (Na+, 4

3 4U(CO ) − ) (see [97GRE/PLY2]).  
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Table B-6: Ion interaction coefficients ε1(j, k) (kg·mol–1) and ε2(j, k) (kg·mol–1) for 
cations j with k = Cl–, 4ClO−  and 3NO−  (first part), and for anions j with k = Li+, Na+ and 
K+ (second part), according to the relationship ε = ε1 + ε2 log10 Im. The data are taken 
from Ciavatta [80CIA], [88CIA]. The uncertainties represent the 95% confidence level.  

Cl−  4ClO−  3NO−  j k → 
↓ ε1 ε2 ε1 ε2 ε1 ε2 

+
4NH    − (0.088 ± 0.002) (0.095 ± 0.012)− (0.075 ± 0.001) (0.057 ± 0.004) 

+Tl    − (0.18 ± 0.02) (0.09 ± 0.02)   
+Ag      − (0.1432 ± 0.0002) (0.0971 ±0.0009
2+Pb      − (0.329 ± 0.007) (0.288 ± 0.018) 
2+Hg      − (0.145 ± 0.001) (0.194 ± 0.002) 
2+
2Hg      − (0.2300 ± 0.0004) (0.194 ± 0.002) 

+Li  +Na +K   j k → 
↓ ε1 ε2 ε1 ε2 ε1 ε2 

OH−  − (0.039 ± 0.002) (0.072 ± 0.006)    

2NO−  (0.02 ± 0.01) (0.11 ± 0.01)     

3NO−    − (0.049 ± 0.001) (0.044 ± 0.002)− (0.131 ± 0.002) (0.082 ± 0.006) 

2 4H PO−    −(0.109 ± 0.001) (0.095 ± 0.003)− (0.1473 ± 0.0008) (0.121 ± 0.004) 

4B(OH)−    − (0.092 ± 0.002) (0.103 ± 0.005)  
2
3SO −    − (0.125 ± 0.008) (0.106 ± 0.009)  
2
4SO −  − (0.068 ± 0.003) (0.093 ± 0.007) − (0.184 ± 0.002) (0.139 ± 0.006)  

2
2 3S O −    − (0.125 ± 0.008) (0.106 ± 0.009)  

2
4HPO −    − (0.19 ± 0.01) (0.11 ± 0.03) − (0.152 ± 0.007) (0.123 ± 0.016) 

2
4CrO −    − (0.090 ± 0.005)  (0.07 ± 0.01) − (0.123 ± 0.003)  (0.106 ± 0.007)  

3
4PO −    − (0.29 ± 0.02)  (0.10 ± 0.01)   
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Appendix C  
 

Assigned uncertainties 1 
 

 

This Appendix describes the origin of the uncertainty estimates that are given in the 
TDB Tables of selected data. The original text in [92GRE/FUG] has been                 
retained in [95SIL/BID], [99RAR/RAN], [2001LEM/FUG], [2003GUI/FAN], 
[2005GAM/BUG] and [2005OLI/NOL] except for some minor changes. Because of the 
importance of the uncertainty estimates an extension to the Appendix was added in 
[2003GUI/FAN]. The extension (essentially Section C.1) is included here with minor 
changes.  

C.1 The general problem 
The focus of this section is on the uncertainty estimates of equilibria in solution, where 
the key problem is analytical, i.e. the determination of the stoichiometric composition 
and equilibrium constants of complexes that are in rapid equilibrium with one another. 
We can formulate analysis of the experimental data in the following way: From N 
measurements, yi, of the variable y we would like to determine a set of n equilibrium 
constants kr, r = 1, 2,…, n, assuming that we know the functional relationship: 

y = f (k1, k2, …kr...kn; a1, a2,….) (C.1) 

where a1, a2 etc. are quantities that can be varied but whose values (a1i, a2i, etc.) are as-
sumed to be known accurately in each experiment from the sets of data (yi, a1i, a2i,…), 
i = 1, 2, …N. The functional relationship (C.1) is obtained from the chemical model 
proposed and in general several different models have to be tested before the "best" one 
is selected. Details of the procedures are given in Rossotti and Rossotti [61ROS/ROS]. 

                                                           
1 This Appendix contains essentially the text of the TDB-3 guideline, 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 with minor revisions. 
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When selecting the functional relationship (C.1) and determining the set of 
equilibrium constants that best describes the experiments one often uses a least-squares 
method. Within this method, the “best” description is the one that will minimise the 
residual sum of squares, U:  

 [ ]2
1 1 2 ( ... ;  ,  ...)i i n i i

i

U w y f k k a a= −∑  (C.2) 

where wi is the weight of each experimental measurement yi. 

The minimum of the function (C.2) is obtained by solving a set of normal 
equations: 

 0, 1,.....  
r

U r n
k

∂
= =

∂
 (C.3) 

A "true" minimum is only obtained if: 

• the functional relationship (C.1) is correct, i.e. if the chemical model is correct. 

• all errors are random errors in the variable y, in particular there are no system-
atic errors. 

• the random errors in y follow a Gaussian (normal) distribution. 

• the weight wi(yi, a1i, a2i,….) of an experimental determination is an exact meas-
ure of its inherent accuracy. 

To ascertain that the first condition is fulfilled requires chemical insight, such 
as information of coordination geometry, relative affinity between metal ions and vari-
ous donor atoms, etc. It is in particular important to test if the chemical equilibrium con-
stants of complexes that occur in small amounts are chemically reasonable. Too many 
experimentalists seem to look upon the least-squares refinement of experimental data 
more as an exercise in applied mathematics than as a chemical venture. One of the tasks 
in the review of the literature is to check this point. An erroneous chemical model is the 
most serious type of systematic error. 

The experimentalist usually selects the variable that he/she finds most appro-
priate to fulfil the second condition. If the estimated errors in a1i, a2i … are smaller than 
the error in yi the second condition is reasonably well fulfilled. The choice of error-
carrying variable is a matter of choice based on experience, but one must be aware that 
it has implications, especially in the estimated uncertainty. 

The presence of systematic errors is, potentially, the most important source of 
uncertainty. There is no possibility to handle systematic errors using statistics; statistical 
methods may indicate their presence, no more. Systematic errors in the chemical model 
have been mentioned. In addition, there may be systematic errors in the methods used. 
By comparing experimental data obtained with different experimental methods one can 
obtain an indication of the presence and magnitude of such errors. The systematic errors 
of this type are accounted for both in the review of the literature and when taking the 
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average of data obtained with different experimental methods. The electrode calibration, 
especially the conversion between measured pH and – log10 [H+] is an important source 
of systematic error.  

The assumption of a normal distribution of the random errors is a choice made 
in the absence of better alternatives. 

Finally, a comment on the weights used in least-squares refinements; this is 
important because it influences the uncertainty estimate of the equilibrium constants. 
The weights of individual experimental points can be obtained by repeating the experi-
ment several times and then calculating the average and standard deviation of these 
data. This procedure is rarely used, instead most experimentalists seem to use unit 
weight when making least-squares analysis of their data. However, in this case there is a 
weighting of the data by the number of experimental determinations in the parameter 
range where the different complexes are formed. To have comparable uncertainty esti-
mates for the different complexes one should therefore try to have the same number of 
experimental data points in the concentration ranges where these complexes are pre-
dominant, a procedure very rarely used. 

As indicated above the assignment of uncertainties to equilibrium constants is 
not a straightforward procedure and it is complicated further when there is lack of pri-
mary experimental data. The uncertainty estimates given for the individual equilibrium 
constants reported by the authors and for some cases re-estimated by this review are 
given in the tables of this and previous reviews. The procedure used to obtain these es-
timates is given in the original publications and in the Appendix A discussions. How-
ever, this uncertainty is still an estimate and to a large extent based on "expert judg-
ment". 

C.2 Uncertainty estimates in the selected thermodynamic 
data 

The uncertainty estimate in the selected thermodynamic data is based on the uncertainty 
of the individual equilibrium constants or other thermodynamic data, calculated as de-
scribed in the following sections. A weighted average of the individual log10 K values is 
calculated using the estimated uncertainty of the individual experimental values to as-
sign its weight. The uncertainty in this average is then calculated using the formulae 
given in the following text. This uncertainty depends on the number of experimental 
data – for N data with the same estimated uncertainty σ the uncertainty in the average is 

/ Nσ . The average and the associated uncertainty reported in the tables of selected 
data is reported with many more digits than justified only in order to allow the users to 
back-track the calculations. The reported uncertainty is much smaller than the estimated 
experimental uncertainty and the users of the tables should look at the discussion of the 
selected constants in order to get a better estimate of the uncertainty in an experimental 
determination using a specific method. 
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 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 discrep-
ancies occur between different source data. This appendix outlines the statistical proce-
dures which were used for fundamentally different problems and explains the philoso-
phy used in this review when statistics were inapplicable. These rules are followed con-
sistently throughout the series of reviews within the TDB Project. Four fundamentally 
different cases are considered:  

1. One source datum available  
2. Two or more independent source data available  
3. Several data available at different ionic strengths  
4. Data at non-standard conditions: Procedures for data correction 

and recalculation. 

C.3 One source datum 
The assignment of an uncertainty to a selected value that is based on only one experi-
mental 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] devia-
tion of the data points Xi to describe the standard deviation sX associated with the aver-
age X : 

2
X

1

1 =  ( )
1 =

−
− ∑

N

i
i

s X X
N

 (C.4) 

The standard deviation sX is thus calculated from the dispersion of the equally weighted 
data points Xi around the average X , and the probability is 95% that an Xi is within X  
± 1.96 sX, see Taylor [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.4) (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 un-
certainty σ. The latter reflects the reliability and reproducibility of an experimental 
value and also includes all kinds of systematic errors sj that may be involved. The 
uncertainty σ can be calculated with Eq.(C.5), assuming that the systematic errors are 
independent.  

2 2 =  + ( )X X j
j

s sσ ∑  (C.5) 
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The estimation of the systematic errors sj (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 σ has to correspond to the 95% confi-
dence level preferred in this review. It should be noted that for all the corrections and 
recalculations made (e.g., temperature or ionic strength corrections) the rules of the 
propagation of errors have to be followed, as outlined in Section C.6.2. 

More often, the determination of sX is not possible because either only one or 
two data points are available, or the authors did not report the individual values. The 
uncertainty σ in the resulting value can still be estimated using Eq.(C.5) assuming that 

2
Xs  is much smaller than 2( )∑ j

j
s , which is usually the case anyway.  

C.4 Two or more independent source data  
Frequently, two or more experimental data sources are available, reporting experimental 
determinations of the desired thermodynamic data. In general, the quality of these de-
terminations varies widely, and the data have to be weighted accordingly for the 
calculation of the mean. Instead of assigning weight factors, the individual source data 
Xi are provided with an uncertainty σi that also includes all systematic errors and 
represents the 95% confidence level, as described in Section C.3. The weighted mean 
X  and its uncertainty σX  are then calculated according to Eqs.(C.6) and (C.7). 

2
1

2
1

1
=

=

 
 σ ≡
 
 σ 

∑

∑

N
i

i i

N

i i

X

X  (C.6) 
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1
1
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σ =
 
 σ 

∑
X N

i i

 (C.7) 

Eqs.(C.6) and (C.7) may only be used if all the Xi  belong to the same parent 
distribution. If there are serious discrepancies among the Xi, one proceeds as described 
below under Section C.4.1. It can be seen from Eq.(C.7) that Xσ  is directly dependent 
on the absolute magnitude of the σi values, and not on the dispersion of the data points 
around the mean. This is reasonable because there are no discrepancies among the Xi, 
and because the σi values already represent the 95% confidence level. The selected un-
certainty σX  will therefore also represent the 95% confidence level.  

 In cases where all the uncertainties are equal σi = σ, Eqs.(C.6) and (C.7) reduce 
to Eqs.(C.8) and (C.9). 

 
1

1
=

= ∑
N

i
i

X X
N

 (C.8) 
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 σ
σ =X N

 (C.9) 

Example C.1: 

Five data sources report values for the thermodynamic quantity X. The reviewer has 
assigned uncertainties that represent the 95% confidence level as described in Section 
C.3. 

i Xi σι 

1 25.3 0.5 

2 26.1 0.4 

3 26.0 0.5 

4 24.85 0.25 

5 25.0 0.6 

According to Eqs.(C.6) and (C.7), the following result is obtained: 

X  = (25.3 ± 0.2). 

 The calculated uncertainty σX  = 0.2 appears relatively small but is statistically 
correct, for the values are assumed to follow a Gaussian distribution. As a consequence 
of Eq.(C.7), σX  will always come out smaller than the smallest σi. Assuming σ4 = 0.10 
instead of 0.25 would yield X  = (25.0 ± 0.1) and σ4 = 0.60 would result in 
X  = (25.6 ± 0.2). In fact, the values (Xi ± σi) in this example are at the limit of consis-

tency, that is, the range (X4 ± σ4) does not overlap with the ranges (X2 ± σ2) and 
(X3 ± σ3). There might be a better way to solve this problem. Three possible alternatives 
seem more reasonable: 

i. The uncertainties σi are reassigned because they appear too optimistic after fur-
ther consideration. Some assessments may have to be reconsidered and the un-
certainties reassigned. For example, multiplying all the σi by 2 would yield X  
= (25.3 ± 0.3). 

ii. If reconsideration of the previous assessments gives no evidence for reassign-
ing the Xi and σi (95% confidence level) values listed above, the statistical con-
clusion will be that all the Xi do not belong to the same parent distribution and 
cannot therefore be treated in the same group (c.f. item iii below for a non–
statistical explanation). The values for i =1, 4 and 5 might be considered as be-
longing to Group A and the values for i = 2 and 3 to Group B. The weighted 
average of the values in Group A is XA (i = 1, 4, 5) = (24.95 ± 0.21) and of 
those in Group B, XB (i = 2, 3) = (26.06 ± 0.31), the second digit after the 
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decimal point being carried over to avoid loss of information. The selected 
value is now determined as described below under “Discrepancies” (Section 
C.4.1), Case I. XA and XB are averaged (straight average, there is no reason for 
giving XA a larger weight than XB), and σX  is chosen in such a way that it cov-
ers the complete ranges of expectancy of XA and XB. 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 un-
certainty that covers the whole range of expectancy of the five values. The re-
sulting value is then X = (25.45 ± 1.05), which is rounded according to the 
rules in Section C.6.3 to X  = (25.4 ± 1.1). 

C.4.1 Discrepancies 
Two data are called discrepant if they differ significantly, i.e., their uncertainty ranges 
do not overlap. In this context, two cases of discrepancies are considered. Case I: Two 
significantly different source data are available. Case II: Several, mostly consistent 
source data are available, one of them being significantly different, i.e., an “outlier”.  

Case I. Two discrepant data: This is a particularly difficult case because the 
number of data points is obviously insufficient to allow the preference of one of the two 
values. If there is absolutely no way of discarding one of the two values and selecting 
the other, the only solution is to average the two source data in order to obtain the se-
lected value, because the underlying reason for the discrepancy must be unrecognised 
systematic errors. There is no point in calculating a weighted average, even if the two 
source data have been given different uncertainties, because there is obviously too little 
information to give even only limited preference to one of the values. The uncertainty 
σX  assigned to the selected mean X  has to cover the range of expectation of both 
source data X1, X2, as shown in Eq.(C.10),  

 maxσ = − + σiX X X  (C.10) 

where i =1, 2, and maxσ  is the larger of the two uncertainties σι, see Example C.1.ii and 
Example C.2. 

Example C.2: 

The following credible source data are given:  

X1 = (4.5 ± 0.3) 

X2 = (5.9 ± 0.5). 
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The uncertainties have been assigned by the reviewer. Both experimental 
methods are satisfactory, and there is no justification to discard one of the data. The 
selected value is then:  

X  = (5.2 ± 1.2). 

Figure C-1: Illustration for Example C.2 

 

 

 

Case II. Outliers: This problem can often be solved by either discarding the outlying 
data point, or by providing it with a large uncertainty to lower its weight. If, however, 
the outlying value is considered to be of high quality and there is no reason to discard 
all the other data, this case is treated in a way similar to Case I. Example C.3 illustrates 
the procedure.  

Example C.3: 

The following data points are available. The reviewer has assigned the uncertainties and 
sees no justification for any change. 

i Xi σi 

1 4.45 0.35 

2 5.9 0.5 

3 5.7 0.4 

4 6.0 0.6 

5 5.2 0.4 

There are two sets of data that, statistically, belong to different parent distribu-
tions, A and B. According to Eqs.(C.6) and (C.7), the following average values are 
found for the two groups: XA (i =1) = (4.45 ± 0.35) and XB (i = 2, 3, 4, 5) = 

 

4 4.5 5 5.5 6 6.5 

X1 X2 

X 

X 
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(5.62 ± 0.23). The selected value will be the straight average of XA and XB, analogous to 
Example C.1:  

X  = (5.0 ± 0.9). 

C.5 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. Equilib-
rium 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 stoichiomet-
ric sum of the ion interaction coefficients, ∆ε. The ion interaction coefficient of the tar-
get species can usually be extracted from ∆ε and is listed in the corresponding table of 
Appendix B. 

 The available source data may sometimes be sparse or may not cover a suffi-
cient range of ionic strengths to allow a proper linear regression. In this case, the correc-
tion to I = 0 should be carried out according to the procedure described in Section C.6.1. 

 If sufficient data are available at different ionic strengths and in the same inert 
salt medium, a weighted linear regression will be the appropriate way to obtain both the 
constant at I = 0, X ο , and ∆ε. The first step is the conversion of the ionic strength from 
the frequently used molar (mol·dm–3, M) to the molal (mol·kg–1, m) scale, as described 
in Section II.2. The second step is the assignment of an uncertainty σi, to each data point 
Xi at the molality mk,i, according to the rules described in Section C.3. A large number 
of commercial and public domain computer programs and routines exist for weighted 
linear regressions. The subroutine published by Bevington [69BEV] (pp.104–105) has 
been used for the calculations in the examples of this appendix. Eqs.(C.11) through 
(C.15) present the equations that are used for the calculation of the intercept X ο and the 
slope – ∆ε: 

2
, , ,

2 2 2 2
1 1 1 1
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k i k i k i ii

i i i ii i i i
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where 
22

, ,
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= = =

 
∆ = −  σ σ σ 

∑ ∑ ∑ . (C.15) 

In this way, the uncertainties σi are not only used for the weighting of the data 
in Eqs. (C.11) and (C.12), but also for the calculation of the uncertainties 

X οσ and ∆εσ  
in Eqs. (C.13) and (C.14). If the σi represents the 95% confidence level, 

X οσ and ∆εσ  
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 σi.  

Example C.4: 

Ten independent determinations of the equilibrium constant 10
*log b  for the reaction: 

 2+ + +
2 2UO  HF(aq)  UO F  H+ +  (C.16) 

are available in HClO4/NaClO4 media at different ionic strengths. Uncertainties that 
represent the 95% confidence level have been assigned by the reviewer. A weighted 
linear regression, ( 10

*log b + 2D) vs. mk, according to the formula 10
*log b (C.16) + 

2D = 10
*log οb (C.16) – ∆ε  mk, will yield the correct values for the intercept 

10
*log οb (C.16) and the slope ∆ε. In this case, mk corresponds to the molality of 4 ClO− . 

D is the Debye-Hückel term, cf. Appendix B. 

i 
4ClO ,

 
i

m −  10

*log b + 2D σi. 

1 0.05 1.88 0.10 

2 0.25 1.86 0.10 

3 0.51 1.73 0.10 

4 1.05 1.84 0.10 

5 2.21 1.88 0.10 

6 0.52 1.89 0.11 

7 1.09 1.93 0.11 

8 2.32 1.78 0.11 

9 2.21 2.03 0.10 

10 4.95 2.00 0.32 

The results of the linear regression are:  

intercept = (1.837 ± 0.054) = 10
*log οb (C.16) 

slope = (0.029 ± 0.036) = – ∆ε. 
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Calculation of the ion interaction coefficient +
2 4(UO F , ClO )ε − = ∆ε + 2+

2 4(UO , ClOε )− – 
+

4(H , ClO )ε − : from 2+
2 4(UO , ClO )ε −  = (0.46 ± 0.03) kg·mol–1, +

4(H , ClO )ε −  = 
(0.14 ± 0.02) kg·mol–1 (see Appendix B) and the slope of the linear regression, ∆ε = 
− (0.03 ± 0.04) kg·mol–1, it follows that +

2 4(UO F , ClO )ε −  = (0.29 ± 0.05) kg·mol–1. Note 
that the uncertainty (± 0.05) kg·mol–1 is obtained based on the rules of error propagation 
as described in Section C.6.2:  

2 2 2(0.04) (0.03) (0.02)σ = + +  

The resulting selected values are thus: 

10
*log οb (C.16) = (1.84 ± 0.05) 

+
2 4(UO F ,  ClO )ε −  = (0.29 ± 0.05) kg·mol–1. 

C.5.1 Discrepancies or insufficient number of data points  
Discrepancies are principally treated as described in Section C.4. Again, two cases can 
be defined. Case I: Only two data are available. Case II: An “outlier” cannot be dis-
carded. If only one data point is available, the procedure for correction to zero ionic 
strength outlined in Section C.6 should be followed.  

Case I. Too few molalities: If only two source data are available, there will be 
no straightforward way to decide whether or not these two data points belong to the 
same parent distribution unless either the slope of the straight line is known or the two 
data refer to the same ionic strength. Drawing a straight line right through the two data 
points is an inappropriate procedure because all the errors associated with the two 
source data would accumulate and may lead to highly erroneous values of 10log K ο  and 
∆ε. In this case, an ion interaction coefficient for the key species in the reaction in ques-
tion may be selected by analogy (charge is the most important parameter), and a straight 
line with the slope ∆ε 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 ex-
pectancy of the two values, analogous to Case I in Section C.4. It should be mentioned 
that the ranges of expectancy of the corrected values at I = 0 are given by their uncer-
tainties which are based on the uncertainties of the source data at I ≠ 0 and the uncer-
tainty in the slope of the straight line. The latter uncertainty is not an estimate but is 
calculated from the uncertainties in the ion interaction coefficients involved, according 
to the rules of error propagation outlined in Section C.6.2. The ion interaction coeffi-
cients 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 
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parent distribution. There is no general rule on how to solve this problem, and decisions 
are left to the judgment of the reviewer. For example, if eight data points follow a 
straight line reasonably well and two lie way out, it may be justified to discard the “out-
liers”. 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 par-
ticular case and on the judgment of the reviewer whether it is reasonable to increase the 
uncertainties of the data to reach consistency, or whether the slope ∆ε of the straight line 
should be estimated by analogy. 

Example C.5:  

Six reliable determinations of the equilibrium constant 10log b  of the reaction: 
2+
2UO  + SCN−   2UO SCN+  (C.17) 

are available in different electrolyte media: 

Ic = 0.1 M (KNO3):  10log b (C.17) = (1.19 ± 0.03) 

Ic = 0.33 M (KNO3):  10log b (C.17) = (0.90 ± 0.10) 

Ic = 1.0 M (NaClO4):  10log b (C.17) = (0.75 ± 0.03) 

Ic = 1.0 M (NaClO4):  10log b (C.17) = (0.76 ± 0.03) 

Ic = 1.0 M (NaClO4):  10log b (C.17) = (0.93 ± 0.03) 

Ic = 2.5 M (NaNO3):  10log b (C.17) = (0.72 ± 0.03). 

 The uncertainties are assumed to represent the 95% confidence level. From the 
values at Ic = 1 M, it can be seen that there is a lack of consistency in the data, and that a 
linear regression like in Example C.4 would not be appropriate. Instead, the use of ∆ε 
values from reactions of the same charge type is encouraged. Analogies with ∆ε are 
more reliable than analogies with single ε values due to canceling effects. For the same 
reason, the dependency of ∆ε on the type of electrolyte is often smaller than for single ε 
values. 

 A reaction of the same charge type as Reaction (C.17), and for which ∆ε is 
well known, is: 

2+
2UO  + Cl−   2UO Cl+ . (C.18). 

 The value of ∆ε(C.18) = – (0.25 ± 0.02) was obtained from a linear regression 
using 16 experimental data between Ic = 0.1 M and Ic = 3 M Na(Cl,ClO4) 
[92GRE/FUG]. It is thus assumed that: 

∆ε(C.17) = ∆ε(C.18) = – (0.25 ± 0.02). 

 The correction of 10log b (C.17) to Ic = 0 is done using the specific ion interac-
tion equation, cf. TDB-2, which uses molal units: 
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10log b  + 4D = 10log οb  – ∆ε Im. (C.19) 

 D is the Debye-Hückel term in molal units and Im the ionic strength converted 
to molal units by using the conversion factors listed in [76BAE/MES] (p.439). The fol-
lowing list gives the details of this calculation. The resulting uncertainties in 10log b  
are obtained based on the rules of error propagation as described in Section C.6.2. 

Table C-1: Details of the calculation of equilibrium constant corrected to I = 0, using 
(C.19).  

Im electrolyte 10log b  4D ∆ε Im. 10log οb  

0.101 KNO3 (1.19 ± 0.03) 0.438 – 0.025 (1.68 ± 0.03)(a) 

0.335 KNO3 (0.90 ± 0.10) 0.617 – 0.084 (1.65 ± 0.10)(a) 

1.050 NaClO4 (0.75 ± 0.03) 0.822 – 0.263 (1.31 ± 0.04) 

1.050 NaClO4 (0.76 ± 0.03) 0.822 – 0.263 (1.32 ± 0.04) 

1.050 NaClO4 (0.93 ± 0.03) 0.822 – 0.263 (1.49 ± 0.04) 

2.714 NaNO3 (0.72 ± 0.03) 0.968 – 0.679 (1.82 ± 0.13)(a) 

a These values were corrected for the formation of the nitrate complex +

2 3UO NO  by using 
+

10 2 3log (UO NO )K  = (0.30 ± 0.15) [92GRE/FUG].  

 As was expected, the resulting values 10log οb  are inconsistent and have there-
fore to be treated as described in Case I of Section C.4. That is, the selected value will 
be the unweighted average of 10log οb , and its uncertainty will cover the entire range of 
expectancy of the six values. A weighted average would only be justified if the six val-
ues of 10log οb  were consistent. The result is: 

10log οb  = (1.56 ± 0.39). 

C.6 Procedures for data handling  

C.6.1 Correction to zero ionic strength  
The correction of experimental data to zero ionic strength is necessary in all cases where 
a linear regression is impossible or appears inappropriate. The method used throughout 
the review 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 un-
certainty at the 95% confidence level: the experimental source value, 10log K  or 

10log b , and the stoichiometric sum of the ion interaction coefficients, ∆ε. The ion in-
teraction coefficients (see Tables B-4, B-5 and B-6 of Appendix B) required to calculate 
∆ε 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 ∆ε from 
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known reactions of the same charge type, rather than to estimate single ε 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 dm3 of solution (molar, M) and has to be converted to 
moles per kg H2O (molal, m), as the model requires. Conversion factors for the most 
common inert salts are given in Table II-5.  

Example C.6:  

For the equilibrium constant of the reaction: 

M3+ + 2H2O(l)  + +
2M(OH)  + 2H , (C.20) 

only one credible determination in 3 M NaClO4 solution is known, 10
*log b (C.20) = 

− 6.31, to which an uncertainty of ± 0.12 has been assigned. The ion interaction coeffi-
cients are as follows:  

3+
4(M , ClO )ε −  = (0.56 ± 0.03) kg·mol–1, 

2 4(M(OH) , ClO )ε + −  = (0.26 ± 0.11) kg·mol–1, 
+

4(H , ClO )ε −  = (0.14 ± 0.02) kg·mol–1. 

 The values of ε and ∆εσ  can be obtained readily (cf. Eq.(C.22)):  
+ + 3+
2 4 4 4(M(OH) , ClO ) (H , ClO ) (M , ClO )ε = ε + 2ε ε 0.02− − −∆ − = −  kg·mol–1, 

2 2 2 = (0.11) (2 0.02) (0.03)  0.12∆εσ + × + =  kg·mol–1. 

 The two variables are thus:  

10
*log b (C.20) = – (6.31 ± 0.12), 

∆ε = – (0.02 ± 0.12) kg·mol–1. 

 According to the specific ion interaction model the following equation is used 
to correct for ionic strength for the reaction considered here:  

10
*log b (C.20) + 6D = 10

*log οb (C.20) – 
4ClO

εm −∆ . 

D is the Debye-Hückel term: 

0.509
(1 1.5 )

m

m

I
D

I
=

+
. 

 The ionic strength Im and the molality 
4ClO

m −  (
4ClOmI m −≈ ) have to be ex-

pressed in molal units, 3 M NaClO4 corresponding to 3.5 m NaClO4 (see Section II.2), 
giving D = 0.25. This results in: 

10
*log οb (C.20) = – 4.88. 
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 The uncertainty in 10
*log οb  is calculated from the uncertainties in 10

*log b  
and ∆ε (cf. Eq.(C.22)): 

* * -
10 10 4

2 2 2 2
log log ClO

 = + ( )  (0.12) (3.5 0.12) = 0.44.mο ∆εσ σ σ = + ×b b  

 The selected, rounded value is: 

10
*log οb (C.20) = – (4.9 ± 0.4). 

C.6.2 Propagation of errors 
Whenever data are converted or recalculated, or other algebraic manipulations are per-
formed 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.21), supposing that X is a function of Y1, Y2,…,YN . 

 
2

2

1
i

N

X Y
i i

X
Y=

 ∂
σ = σ ∂ 

∑  (C.21) 

Equation (C.21) can be used only if the variables Y1, Y2,…,YN 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.21) can thus almost universally be used in this review. Eqs.(C.22) through (C.26) 
present explicit formulas for a number of frequently encountered algebraic expressions, 
where c, c1, c2 are constants. 

X = c1Y1 ± c2Y2 :  1 2

2 2 2
1 2( ) ( )X Y Yc cσ = σ + σ  (C.22) 

X = ± cY1Y2 and X = 1

2

cY
Y

±  :  1 2

2 22

1 2

Y YX

X Y Y
   σ σ σ

= +             
 (C.23) 

X = 2
1

cc Y ±  : 2
X Yc

X Y
σ σ

=  (C.24) 

X = 2
1

c Yc e±  : 2
X

Yc
X

σ
= σ  (C.25) 

X = 1 2ln( )c c Y±  : 1
Y

X c
Y
σ

σ =  (C.26) 

Example C.7: 

A few simple calculations illustrate how these formulas are used. The values have not 
been rounded.  
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 Eq.(C.22): r mG∆ = 2·[– (277.4 ± 4.9)] kJ·mol–1 – [– (467.3 ± 6.2)] kJ·mol–1  

 = – (87.5 ± 11.6) kJ·mol–1. 

 Eq.(C.23): (0.038 0.002) (8.09 0.96)
(0.0047 0.0005)

K ±
= = ±

±
 

 Eq.(C.24): K = 4·(3.75 ± 0.12)3 = (210.9 ± 20.3) 

 Eq.(C.25): 
r m

;
G

RTK e
ο−∆

ο =  r mGο∆  = – (2.7 ± 0.3) kJ·mol–1 

 R = 8.3145 J·K–1·mol–1 

 T = 298.15 K 

K ο  = (2.97 ± 0.36). 

Note that powers of 10 have to be reduced to powers of e, i.e., the variable has 
to be multiplied by ln(10), e.g.,  

10 10log (ln(10) log )
10log (2.45 0.10);  10 (282 65).K KK K e ⋅= ± = = = ±  

 Eq.(C.26): r m ln ;G RT Kο ο∆ = −  K ο = (8.2 ± 1.2) × 106 

 R = 8.3145 J·K–1·mol–1 

 T = 298.15 K 

r mGο∆ = – (39.46 ± 0.36) kJ·mol–1 

ln K ο = (15.92 ± 0.15) 

10log ln / ln(10) (6.91 0.06).K Kο ο= = ±  

 Again, it can be seen that the uncertainty in 10log K ο  cannot be the same as in 
ln K ο . The constant conversion factor of ln(10) = 2.303 is also to be applied to the un-
certainty. 

C.6.3 Rounding  
The standard rules to be used for rounding are:  

1. When the digit following the last digit to be retained is less than 5, the last digit 
retained is kept unchanged.  

2. When the digit following the last digit to be retained is greater than 5, the last 
digit retained is increased by 1.  

3. When the digit following the last digit to be retained is 5 and  
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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 in-
creased 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 multiplica-
tion 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 rea-
son, several additional digits are carried in all calculations until the final selected set of 
data is developed, and only then are data rounded.  

C.6.4 Significant digits  
The uncertainty of a value basically defines the number of significant digits a value 
should be given.  

 Example: (3.478 ± 0.008) 
 (3.48 ± 0.01) 
 (2.8 ± 0.4) 
 (10 ± 1) 
 (105 ± 20). 

In the case of auxiliary data or values that are used for later calculations, it is 
often not convenient to round to the last significant digit. In the value (4.85 ± 0.26), for 
example, the “5” is close to being significant and should be carried along a recalculation 
path in order to avoid loss of information. In particular cases, where the rounding to 
significant digits could lead to slight internal inconsistencies, digits with no significant 
meaning in absolute terms are nevertheless retained. The uncertainty of a selected value 
always contains the same number of digits after the decimal point as the value itself.  
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Appendix D 

Hydrolysis model 
 

 

D.1 Background for the derivation of the hydrolysis model
The hydrolysis constants reported in the literature are highly contradictory as can be 
seen from Table V-9, reproduced here as Table D-1. For a given ionic strength, dis-
agreement in 2,1b  and 3,1b  amounts to four orders of magnitude, five orders of magni-
tude for 4,1b  and ten orders of magnitude difference for 8,4b  (in the latter case for a 
change in ionic strength of between 1 and 2 m only). 

Table D-1: Experimental equilibrium data for the zirconium hydrolysis system accord-
ing to the equilibria 4+ 4 +

2Zr + H O  Zr (OH) + Hm q
m qm q q−  

q:m Method t 
(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  
 

10 ,
*log q mb  

re-interpreted 
Reference 

1:1 dis 25 2 M HClO4   − (0.34 ± 0.3) [49CON/MCV] 

 dis 25 2 M (Li,H)ClO4 < – 1.0   [53ZIE] 

 ex r. t. 2 M ClO4   (0.58 ± 0.11) [58PAR/SER] 

 dis 25 1 M (Na,H)ClO4  (14.30 ± 0.09) (0.32 ± 0.05) [61PES/MEL] 

 dis 25 1 M (Li,H)ClO4  (14.55 ± 0.07) (0.62 ± 0.07) [66SOL/IVA] 

 sp 25 0.1 M ClO4    0.08   [69NAZ/MAN] 

 sp 25 0.3 M ClO4    0.11   [69NAZ/MAN] 

 sp 25 0.5 M ClO4    0.14   [69NAZ/MAN] 

 sp 25 1 M ClO4    0.29   [69NAZ/MAN] 

 sp 25 0.1 M NO3    0.09   [69NAZ/MAN] 

 sp 25 0.3 M NO3    0.13   [69NAZ/MAN] 

 sp 25 0.5 M NO3    0.17   [69NAZ/MAN] 

(Continued on next page) 
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Table D-1: (continued) 

q:m Method t  
(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  
 

10 ,
*log q mb  

re-interpreted 
Reference 

 sp 25 1 M NO3    0.32   [69NAZ/MAN] 

 pot 25 4 M HclO4 – (0.55 ± 0.07)   [73NOR] 

 dis 20 4 M HclO4    (0.3 ± 0.4)   [73NOR] 

 p. c. r. t. 0.5-2 M H2SO4 – 1.977    [75CHE/CHI] 

 ix 20 1 M HclO4 – (0.87 ± 0.19)   [87DAV/ZAB] 

 sp 20 1 M HclO4 − (1.13 ±  0.07)   [87DAV/ZAB] 

 pot 15 1 M HclO4 – (1.16 ± 0.4)   [2001EKB/BRO] 

 pot 25 1 M HclO4 – (0.87 ± 0.10)   [2001EKB/BRO] 

 pot 35 1 M HclO4 – (0.42 ± 0.02)   [2001EKB/BRO] 

        

2:1 dis 25 1 M (Na,H)ClO4  (28.26 ± 0.01) (0.26 ± 0.01) [61PES/MEL] 

 turbid 20 Dilute solution – 2.77   [66BIL/BRA2] 

 turbid 40 Dilute solution − (3.04 ± 0.124)   [66BIL/BRA2] 

 dis 25 1 M (Li,H)ClO4  (28.76 ± 0.07) (1.05 ± 0.08) [66SOL/IVA] 

 sp 25 0.1 M ClO4 – 0.17   [69NAZ/MAN] 

 sp 25 0.3 M ClO4 – 0.11   [69NAZ/MAN] 

 sp 25 0.5 M ClO4 – 0.04   [69NAZ/MAN] 

 sp 25 1 M ClO4    0.22   [69NAZ/MAN] 

 sp 25 0.1 M NO3 − 0.17   [69NAZ/MAN] 

 sp 25 0.3 M NO3 − 0.09   [69NAZ/MAN] 

 sp 25 0.5 M NO3 − 0.05   [69NAZ/MAN] 

 sp 25 1 M NO3    0.24   [69NAZ/MAN] 

 p. c. r. t. 0.5-2 M H2SO4 – 4.48   [75CHE/CHI] 

        

 sp 20 1 M HclO4 – (2.49 ± 0.38)   [87DAV/ZAB] 

        

3:1 dis 25 1 M (Na,H)ClO4  (41.92 ± 0.00) − (0.08 ± 0.0) [61PES/MEL] 

 turbid 20 Dilute solution – 4.33   [66BIL/BRA2] 

 turbid 40 Dilute solution – (4.99 ± 0.12)   [66BIL/BRA2] 

 turbid 20 1 M NaClO4 – 3.60   [66BIL/BRA2] 

 dis 25 1 M (Li,H)ClO4  (42.69 ± 0.14) (0.81 ± 0.14) [66SOL/IVA] 

 sp 25 0.1 M ClO4 – 062   [69NAZ/MAN] 

(Continued on next page) 
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Table D-1: (continued) 

q:m Method t  
(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  
 

10 ,
*log q mb  

re-interpreted 
Reference 

 sp 25 0.3 M ClO4 – 0.53   [69NAZ/MAN] 

 sp 25 0.5 M ClO4  – 0.43   [69NAZ/MAN] 

 sp 25 1 M ClO4  – 0.06   [69NAZ/MAN] 

 sp 25 0.1 M NO3 – 0.57   [69NAZ/MAN] 

 sp 25 0.3 M NO3 – 0.47   [69NAZ/MAN] 

 sp 25 0.5 M NO3  – 0.42   [69NAZ/MAN] 

 sp 25 1 M NO3 – 0.12   [69NAZ/MAN] 

 pot 25 0.2 M KNO3 – (2.02 ± 0.02)   [99VEY] 

 pot 25 0.5 M KNO3 – (2.18 ± 0.02)   [99VEY] 

 pot 25 1.0 M KNO3 – (2.27 ± 0.02)   [99VEY] 

 pot 25 1.0 M NaClO4 – (2.29 ± 0.10)   [99VEY] 

 pot 25 2.0 M KNO3 – (1.77 ± 0.06)   [99VEY] 

 pot 25 0 M (extrapolated) – (0.52 ± 0.01)   [99VEY] 

        

4:1 dis 25 1 M (Na,H)ClO4  55.39 – 0.71 [61PES/MEL] 

 turbid 20 1 M NaClO4 – 8.16   [66BIL/BRA2] 

 turbid 20 Dil. – 8.5   [66BIL/BRA2] 

 turbid 40 Dil. – (8.96 ± 0.13)   [66BIL/BRA2 

 dis 25 1 M (Li,H)ClO4  56.51 0.77 [66SOL/IVA] 

 sp 25 0.1 M ClO4 – 1.43   [69NAZ/MAN] 

 sp 25 0.3 M ClO4  – 1.26   [69NAZ/MAN] 

 sp 25 0.5 M ClO4  – 1.14   [69NAZ/MAN] 

 sp 25 1 M ClO4  – 0.66   [69NAZ/MAN] 

 sp 25 0.1 M NO3 – 1.36   [69NAZ/MAN] 

 sp 25 0.3 M NO3 – 1.23   [69NAZ/MAN] 

 sp 25 1 M NO3 – 0.83   [69NAZ/MAN] 

 sp 25 0.5 M NO3 − 1.15   [69NAZ/MAN] 

 pot 25 0.2 M KNO3 – (6.09 ± 0.06)   [99VEY] 

 pot 25 0.5 M KNO3 – (6.65 ± 0.34)   [99VEY] 

 pot 25 1.0 M KNO3 – (6.71 ± 0.08)   [99VEY] 

 pot 25 1.0 M NaClO4 – (6.51 ± 0.18)   [99VEY] 

 pot 25 2.0 M KNO3 – (6.87 ± 0.60)   [99VEY] 

(Continued on next page) 
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Table D-1: (continued) 

q:m Method t  
(°C)

Medium 10 ,
*log q mb  

reported 
10 ,log q m

οb  
 

10 ,
*log q mb  

re-interpreted 
Reference 

 pot 25 0 M (extrapolated) – (4.52 ± 0.07)   [99VEY] 

7:2 pot 25 0.2 M KNO3 – (5.26 ± 0.04)   [99VEY] 

 pot 25 0.5 M KNO3 – (5.39 ± 0.04)   [99VEY] 

 pot 25 1.0 M KNO3 – (5.48 ± 0.04)   [99VEY] 

 pot 25 1.0 M NaClO4 – (5.56 ± 0.11)   [99VEY] 

 pot 25 2.0 M KNO3 – (4.35 ± 0.05)   [99VEY] 

 pot 25 0. M (extrapolated) – (2.27 ± 0.07)   [99VEY] 

        

4:3 dis 25 2 M (Na,H)ClO4    (5.39 ± 0.08)  (5.51 ± 0.04) [56ZIE/CON] 

 dis 25 3.5 M (H,Na)ClO4   (6.19 ± 0.28) [75TRI/SCH] 

 pot 15 1 M HClO4    (0.17 ± 0.14)   [2001EKB/BRO] 

 pot 25 1 M HClO4    (0.62 ± 0.12)   [2001EKB/BRO] 

 pot 35 1 M HClO4    (0.95 ± 0.26)   [2001EKB/BRO] 

        

5:3 dis 25 4 M (Li,H)ClO4    6.60   [53ZIE] 

        

7:3 dis 25 4 M (H,Na)ClO4 See Appendix A   [75TRI/SCH] 

        

8:4 dis 25 4 M (Li,H)ClO4 9.15   [53ZIE] 

 dis 25 2 M (Na,H)ClO4 (8.24 ± 0.07)   [56ZIE/CON] 

 pot 15 1 M HClO4 – (1.87 ± 0.20)   [2001EKB/BRO] 

 pot 25 1 M HClO4 – (1.34 ± 0.18)   [2001EKB/BRO] 

 pot 35 1 M HClO4 – (0.38 ± 0.18)   [2001EKB/BRO] 

turbid = turbidity 
r. t. = room temperature 
p. c. = paper chromatography 

Direct analysis of the published results (see Sections V.3.1.1.1 and V.3.1.2.2, 
Figures V-7 and V-10 and Appendix A) has enabled the derivation of acceptable values 
only for 10 1,1

*log b  and 10 4,3
*log b . The difficulty in the assignment of the remaining 

stability constants in the Zr-H2O system is related to conflicting hypotheses concerning 
the stoichiometries and stability fields of the hydrolysis products as well as differences 
in experimental protocols. For the derivation of values of these remaining stability con-
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stants, a consistent model with common hypotheses is needed together with the reinter-
pretation of the original experimental data. The elements of such a model are detailed in 
the present Appendix.  

The starting point for this re-interpretation is the clear evidence for the forma-
tion and stability of polynuclear hydrolysis complexes even in extremely acid solutions. 
Figure D-1, depicting data from [56JOH/KRA], [56ZIE/CON], [62NAB] and 
[75TRI/SCH], shows the best available evidence for the predominance fields of mono-
meric and polymeric hydrolysis species as a function of total Zr concentration and solu-
tion acidity in non-complexing perchlorate media. There is a general trend of polymeric 
dominance and higher molecular weight polymers with increasing Zr concentration and 
decreasing acidity although the boundary of the transition between monomeric and 
polymeric predominance is fuzzy due to the inclusion of results from experiments at 
different ionic strengths and experimental protocols. These data place constraints on the 
types of hydrolysis products that may have been present in previously reported experi-
ments and therefore the interpretation of the thermodynamic results from these experi-
ments. 

The main conclusion from Figure D-1 is that polynuclear complexes are ex-
tremely stable. Even at pH ~ 0.5, polynuclear complexes become dominant for Zr con-
centrations ~ 10–4 m. The observed increase of polymerisation with increasing pH is 
followed by a region where negatively charged monomer species most likely become 
dominant. Based on structural investigations of highly concentrated Zr solutions, and of 
solid phases obtained from these solutions, tetrameric species are the dominant stable 
polynuclear solution species over a wide pH range [64CLE]. Higher degrees of polym-
erisation are sometimes observed, but experimental evidence seems to indicate that 
these species are metastable as the degree of polymerisation increases with time. Thus, 
it may be considered that the formation of highly polymerised species reflects the for-
mation of reactive intermediates at the onset of precipitation. Hence, these unstable 
polynuclear complexes do not need to be included in the aqueous phase hydrolysis 
model, but they would have to be taken care of in a solid phase model that would en-
compass, nucleation and growth kinetics. The creation of such a model, however, is 
outside of the scope of the present review. The maximum degree of polymerisation con-
sidered in the current model is four.  

Based on the observations depicted in Figure D-1, this review concludes that 
many of the hypotheses and models concerning zirconium hydrolysis in the literature 
are erroneous and the results of these models can be discarded. However, the experi-
mental data from these papers can nonetheless be included into the overall re-evaluation 
procedure that we have undertaken in this review. This is the case, for example, of the 
two more recent models (contained in [99VEY] and [2001EKB/BRO]) involving 
monomer/polymer transitions (in 1 M perchlorate media) at relatively high total Zr con-
centrations (0.01 to 0.002 M Zr in the pH range 1.5 to 3.5 for [99VEY] and 0.003 to 
0.03 M in the pH range 0.4 to 2 for [2001EKB/BRO]). All potentiometric data of these 
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authors fall in a pH range where the tetrameric or higher polymers would be dominant. 
Only data for 1 M perchlorate media were considered. Data of [2001EKB/BRO] were 
available in electronic form (250 data), those of [99VEY] (180 data) were obtained by 
digitising the data from published figures. Both, the observed pH and the average 
charge n per Zr atom were considered in the re-evaluation.  

Figure D-1: Predominance fields of monomer and polymer solution species of Zr in 
perchlorate medium, as observed by a review of literature data obtained at various fixed 
(fixed values are indicated in the denotation in the figure caption) or variable ionic 
strength: M denotes a monomer, P a polymer, the number following the P denotes the 
nuclearity (for example P1.5 denotes what could most likely be interpreted as an equi-
molar mixture of a monomer and a dimer).  

 

 

Another important set of information is solubility data for solids falling in the 
broad category described as ZrO2(cr) and/or Zr(OH)4. The available data, taken from 
[50LAR/GAM], [57STA/RAT], [60SHE/PEV2], [61KOV/BAG], [66BIL/BRA2], 
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[87ADA/DEN], [99VEY], [2001POU/CUR] and [2004EKB/KAL], are included in 
Figure D-2. Only in two cases, [2001POU/CUR] and [2004EKB/KAL], are the solid 
phases well characterised. In the remaining cases, the presence of amorphous phases 
was invoked, but these phases lack a clear thermodynamic definition. 

Figure D-2: Solubility of ZrO2(cr) and Zr(OH)4 from various sources at 25°C (except 
data at 20°C from [66BIL/BRA2]). 

 

 

From the solubility data given in Figure D-2, the existence of two groups or 
clusters can be concluded: one with a solubility of about 10–4 m, the other of 10–7 to 
10−10 m at neutral pH. Particularly for the highly soluble, poorly characterized and likely 
amorphous phases, the results from various authors are highly consistent. In the pH 
range 1 to 2, however, the slopes [ ]Zr / pH∆ ∆  for the two groups are quite different: 
they are about 3 to 4 for the group with sparingly soluble phases and they are about 1 
for the group of more soluble phases. Different slopes at a given pH would either be 
caused by differences in the stoichiometry of the controlling solid phases (however, the 
stoichiometries ZrO2(cr) and Zr(OH)4 (would impose the same slope) or by presence of 
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polynuclear species of different stoichiometry and charge than the monomer. Consider-
ing the conclusions from Figure D-1 concerning the predominance of polynuclear spe-
cies for Zr concentrations above 10–4 m one would conclude that the results of 
[50LAR/GAM], [66BIL/BRA2] and [99VEY], are controlled by formation of polymers. 
The interpretive models of [66BIL/BRA2] and [99VEY] presume the dominance of 
monomeric species in conflict with the evidence and are not used in this review. It is 
important to note that the hydrolysis model proposed in the review of [76BAE/MES] in 
the pH range 1 to 6 is essentially based on the interpretation of the data of 
[66BIL/BRA2] with monomeric species, hence also the constants derived by 
[76BAE/MES] for Zr(OH)4(aq), +

3Zr(OH) , 2+
2Zr(OH)  are ignored. The new re-

evaluation must provide a model simultaneously consistent with both the evidence from 
solubility and solution studies. From the slopes of the solubility data of the more soluble 
phases, one can conclude for the dominant polynuclear species a charge of 1 to 0 in the 
pH range 2 to 6. Considering tetramer formation as the most likely, the presence of 
Zr4(OH)16 and +

4 15Zr (OH)  can be concluded. 

The solubility data of [66BIL/BRA2] in perchlorate media and deionised wa-
ter, of [61KOV/BAG] in deionised water, of [99VEY] in nitrate media of various ionic 
strength and of [2004EKB/KAL] in perchlorate media were all included in an overall 
re-evaluation of the Zr hydrolysis model, including both monomeric and polymeric spe-
cies, ignoring the fact that the solubility data of [66BIL/BRA2] were obtained at 20 
rather than at 25°C.  

A final series of data to be considered in an overall fit of hydrolysis data are 
ion exchange [51CON/REA] and solvent extraction data [53ZIE], [56ZIE/CON] and 
[75TRI/SCH]. Data from [54LAR/WAN] has not been used for the reasons given in the 
corresponding Appendix A entry. Similarly, the re-evaluated extraction data from 
[74SOL] have not been included. 

D.2 Procedure details 
In practice, during the mathematical implementation of the model, the available, criti-
cally reviewed, experimental data sets were considered sequentially. 

In the first step, the hydrolysis constant for 8+
3 4Zr (OH)  formation was obtained 

by re-interpretation of a series of data (solvent extraction data of [75TRI/SCH] and heat 
capacity data of [76VAS/LYT]). The data of [75TRI/SCH] were re-evaluated (see Ap-
pendix A) in terms of 8+

3 4Zr (OH)  formation. The authors of [75TRI/SCH] assumed 
ZrOH3+ to be the dominant monomeric hydrolysis species in 4 m HClO4. In contrast, the 
first hydrolysis constant, 1,1

*b  (see Section V.3.1.1.1) clearly indicates that Zr4+ is the 
dominant species in the experimental solutions. The observed increase in polymer con-
centration, proportional to the third power of the monomeric Zr concentration, therefore, 
indicates trimer formation not with the composition 5+

3 7Zr (OH)  (as invoked by 
[75TRI/SCH]) but of 8+

3 4Zr (OH)  according to the reaction: 
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4+ 8+ +
2 3 43Zr + 4H O(l)  Zr (OH) + 4H  (D.1) 

The recommended stability constant 10 4,3
*log b  obtained by re-interpretation of 

the original experimental data of [75TRI/SCH] is: 

10 4,3
*log b (4.2 m (Na,H)ClO4) = (6.19 ± 0.28). 

Data from an earlier paper [72TRI/SCH] has not been considered for the rea-
sons given in the corresponding entry in Appendix A. 

Another set of data to constrain the stability constant 10 4,3
*log οb  are the heat 

capacity measurements by [76VAS/LYT] of solutions with rather similar composition 
to those studied by [75TRI/SCH] (see Appendix A for the details in the data evalua-
tion). A reinterpretation of their data considering the polymerisation reaction was pur-
sued by interpreting the heat capacity data as resulting from the enthalpies of the disso-
lution reaction to form both Zr4+ and the trimer, 8+

3 4Zr (OH) . The data for enthalpies at 
constant ionic strength were fitted to the following equation: 

4+ 4+
4+tot

sol m sol m sol m
tot tot

[Zr ] [Zr ] [Zr ](exp) (polym) (Zr )
[Zr ] 3 [Zr ]

H H H−
∆ = ∆ ⋅ + ∆

⋅
 

where concentrations of the free Zr4+ were determined from the total dissolved Zr con-
centration and an equilibrium constant 4,3

*b  for polymer formation. There are sufficient 
data for 4,3

*b  to permit the extrapolation to I = 0 using the SIT approach and the as-
signment of SIT interaction parameters for both Cl− and 4ClO−  media (see Section 
V.3.1.2.2 and Figure V-10). 

In the second step, with the hydrolysis constants and the specific interaction pa-
rameter for ZrOH3+ and for 8+

3 4Zr (OH)  fixed to the values optimised as detailed above, 
the equilibrium constants and interaction parameter for all other species in the overall 
hydrolysis model were obtained by a global fit of the potentiometric, solubility, solvent 
extraction and ion exchange data mentioned above. The fit was extended to the determi-
nation of equilibrium constants for heterogeneous reactions: ion exchange constants, 
solubility constants and liquid/liquid distribution coefficients. The fit was based on a 
preselection of the stoichiometries of dominant species which included invariably the 
species Zr(OH)4(aq), 8+

4 8Zr (OH) , +
4 15Zr (OH)  and Zr4(OH)16(aq) and various other 

mono-, di-, tri- and tetravalent species to improve the fit. The potential formation of 
chloride complexes of Zr4+ was considered for chloride containing solutions, using the 
stability constants determined in Section V-4. If all fitted results were found insensitive 
to the equilibrium constants of a given species, the respective species was removed from 
the list of species. 

D.3 Algorithm 
Each of the N available data sets, Di, where i = 1, … , N, consists of ni experimental 
data pairs (xik, yik) with k = 1, … , ni. For fitting purposes, the raw experimental quanti-
ties yik are transformed into derived quantities, zik, by means of S equations that express 
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the chemical constraints to the model, zik = fs(xik, yik; p), and which introduce the de-
pendence on the vector of m model parameters: p = (p1, …,  pm).  

The object function of the fitting procedure, L, is constructed as follows. For 
each data set i, the following statistic (σi = mean square deviation × 1.96) is computed: 

 exp 21.96 ( ( ) ( ))
1

in
calc

i ik ik
ki

z z
n

σ = φ − φ
−

∑  (D.2) 

and the sum of these over all existing data sets results in: 

 
N

i
i

L = σ∑  (D.3) 

The transformation functions, ( ),zφ  logarithmic in most cases, allow the com-
bined fitting of data arising from different experimental techniques. Table D-2 summa-
rises the experimental techniques used in the experiments used to develop the overall 
hydrolysis model, the raw and derived experimental data reported from these experi-
ments and the transformations made on these data for the purposes of developing the 
overall model, assessing the value of stability constants in the model and the assignment 
of uncertainties to these constants.  

Table D-2: Summary of experimental and derived quantities used in the hydrolysis 
model for Zr4+. 

Experimental  
technique 

Raw experimental data,  
(xik, yik) 

Derived experimental  
data, zik 

Transformed statistical  
data, ( )ikzφ  

Solubility pH, [Zr] [Zr] log10 [Zr] 

Solvent extraction pH, Extraction coefficients (E)  E log10 E 

Ionic exchange pH, Distribution coefficients (D) D log10 D 

Potentiometry pH, titrant addition n* 

pH 
n 
pH 

n* = average charge per Zr atom 

The object function is minimised with respect to p using a generalised gradient 
algorithm, yielding an optimised vector of parameters, pop. The uncertainty in the values 
of the optimal parameters has been determined from: 

 
1/ 2

2( ) ( )
N

op op
r i r

i
p p

−
− σ = σ 

 
∑ , r = 1,..., m (D.4) 
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where 

 
2

2 2

2

( )( ) ( )
1 ( ( ))

i

op opr
i r in

ik
ki

pp
z

n

∆
σ = σ

∆φ∑
 r = 1,..., m (D.5) 

represents the contribution from data set i to the value of ( )op
i rpσ  at the minimum, ,op

iσ  
weighted by the ratio of the increment in the parameter that introduces a nominal incre-
ment in the transformed experimental quantities of such a data set. The term ( )ikz∆φ  is 
given by: 

( )ikz∆φ = ,,( )  ( )r r

ik ik

cal p pcal opz z +∆∆φ − ∆φ . 

It is clear that, if pr represents, for example, an SIT interaction coefficient for a given 
species and that species is not constrained by the data in set i, large increments rp∆ will 
be needed to produce a nominal increment in the transformed calculated experimental 
quantities ( )ikz∆φ  and that data set will contribute largely to the overall uncertainty of 
the parameter. Conversely, parameters that are well constrained by several data sets, 
will receive small contributions ( )op

i rpσ  from each of those datasets resulting in a small 
overall uncertainty.  

D.4 Results 
The set of species with the lowest overall objective function was considered as the best 
fit and the results are used in the present hydrolysis model. Sections V.2.1.2, V.3.1 and 
V.3.2.1.3 detail, respectively, the results obtained from the best fit for the following 
model paremeters: o 4+

f m (Zr ,298.15K)H∆ , complex formation equilibria and solubility 
of ZrO2 (mono).  

D.4.1 SIT Interaction coefficients 
In the overall fit, the constants 10 1,1log β  and 10 4,3log β  and associated ∆ε values in per-
chlorate media were fixed whereas in reality uncertainties are assigned to these values. 
To take these uncertainties into account, sensitivity analyses were performed within the 
95% confidence limit uncertainty of these constants (given in Sections V.3.1.1.3 and 
V.3.1.2.2). The effect of the variation of these constants on the value of the overall un-
certainty of the fit was always less than 0.5%. This indicates that the datasets used to 
obtain these constants are largely independent from those used to determine the other 
constants in the overall fit. Also fixed in the overall fit were the ∆ε values involving the 
neutral species Zr(OH)4(aq) and Zr4(OH)16(aq) given that for neutral species SIT theory 
assumes ε = 0, hence, ∆ε and the corresponding uncertainty are directly obtained from 
the ε values of the Zr4+ ion. 

Table D-3 summarises the ∆ε values for the complex formation equilibria cor-
responding to the general equation: 

4+ 4 +
2Zr + H O  Zr (OH) + Hm q

m qm q q−  
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obtained from the best overall fit.  

Given the presence in the model of neutral species, that should bear no interac-
tions according to the SIT formulation, two approaches were followed for assigning 
values to the ∆ε for the formation of Zr(OH)4 and Zr4OH16. 

Table D-3: ∆ε values of hydrolysis reactions. 

∆ε (kg·mol−1) 
Species 

4ClO−  3NO−  Cl- 

ZrOH3+ – (0.18 ± 0.08) (0.00 ± 4000)  

Zr(OH)4 – (0.32 ± 0.24) – (0.05 ± 0.35)  
2+

2Zr(OH)  (0.01 ± 0.37) (0.00 ± 500)  

8+

3 4Zr (OH)  – (0.22 ± 0.03) – (0.20 ± 2000) – (0.18 ± 0.06) 

3+

3 9Zr (OH)  – (0.48 ± 0.06) (5.00 ± 36)  

8+

4 8Zr (OH)  (1.17 ± 0.92) (1.50 ± 4000)  

+

4 15Zr (OH)  – (1.37 ± 0.77) – (0.29 ± 0.39)  

4 16Zr (OH)  – (1.28 ± 0.97) – (0.20 ± 1.41)  

Only the value of one Zr4+ interaction coefficient, ε(Zr4+, 4ClO− ), can be deter-
mined experimentally; this value is constrained by the data for the Zr-fluoride com-
plexes to be ε(Zr4+, 4ClO− ) = (0.89 ± 0.1) kg·mol–1 (Section V.4.1.1). The values of the 
ε(Zr4+, Cl–) and ε(Zr4+, 3NO− ) must be estimated by other methods, but these methods 
can be tested against the one experimental result for ε(Zr4+, 4ClO− ). Two approaches 
were attempted. In the first approach, the values of the interaction parameters were es-
timated empirically from their correlation with the ratio of ionic charge to the square 
root of the ionic radius. Interaction parameters were taken from the tabulation in 
[2001LEM/FUG] and ionic radii were taken from the tabulation of [76SHA]. For each 
anion ( 4ClO− , Cl–, and 3NO− ), the data and lines of best fit to the equation: 

 ½ε( , ) /cationcation anion A m z r= + ⋅  

are given in Figure D-3, Figure D-4 and Figure D-5. The parameters of the best fit line 
are given, together with the values of ε(Zr4+ , anion) are given in Table D-4 based on the 
ionic radius of Zr4+ equal to 0.84 Å [76SHA]. The value determined from the above 
equation for ε(Zr4+, 4ClO− ) is (0.83 ± 0.10) kg·mol–1 and is statistically indistinguishable 
from the experimental value given above, suggesting the predicted values of ε(Zr4+, Cl–) 
and ε(Zr4+, 3NO− ) are also reasonable. Uncertainties for these latter parameters are gen-
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erally larger than for ε(Zr4+, 4ClO− ) due to the experimental difficulties of discerning 
between ionic strength and complexation effects in these binary systems. 

Table D-4: Parameters to predict interaction coefficients of simple cations and predicted 
values for Zr4+. 

 A m ε(Zr4+,anion) (kg·mol−1) 

4ClO−  − (0.22 ± 0.05) (0.24 ± 0.02) (0.83 ± 0.10) 

Cl− − (0.06 ± 0.05) (0.09 ± 0.018) (0.33 ± 0.09) 

3NO−  − (0.23 ± 0.17) (0.13 ± 0.07) (0.34 ± 0.35) 

 

Figure D-3: Empirical relations between interaction coefficients of simple cations, 
charge z and ionic radius r in perchlorate media. 
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Figure D-4: Empirical relations between interaction coefficients of simple cations, 
charge z and ionic radius r in chloride media. 

 

Figure D-5: Empirical relations between interaction coefficients of simple cations, 
charge z and ionic radius r in nitrate media. 
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In the second approach, individual ε values of Zr4+ in the three different ionic 
media were fitted directly within the overall fit of hydrolysis relevant data. In this ap-
proach, the slope ∆ε of neutral species is considered as being constrained by the ex-
perimental data and from the ∆ε values and values for ε(Zr4+, anion) are calculated. The 
results of this approach are given in Table D-5. The value of ε(Zr4+, 4ClO− ) = 
(0.88 ± 0.30) kg·mol–1 is similar to that derived from the correlation method (Table D-4) 
and the value determined experimentally from F– complexation (Section V.4.1.1). All of 
the results derived by the second methodology have much higher uncertainties than the 
values determined by the correlation method. 

Table D-5: ε values of Zr4+ obtained from the overall fit of hydrolysis data. 

ε (kg·mol−1) 4ClO−  3NO−  

Zr4+ (0.88 ± 0.30)  − (0.10 ± 20) 

To derive individual ε values for the different hydrolysis species, the following 
choice was made on the ε value of Zr4+. For perchlorate media, the mean value of the 
experimentally determined value was used as constrained by hydrolysis and chloride 
complexation data. The data used are given in Table D-6. This value is also within the 
uncertainty range of the predicted value (Table B-2). For nitrate and chloride media, the 
empirically predicted values rather than the highly uncertain experimental values, were 
used. 

Table D-6: Selected ε values for Zr4+ in different ionic media. 

ε (kg·mol−1) 4ClO−  3NO−  Cl− 

Zr4+ (0.89 ± 0.10) (0.34 ± 0.35) (0.33 ± 0.09) 

With the data from Table D-6, it is possible to derive the individual ε values 
for the hydrolysis species of Zr listed in Table D-7. The ε values corresponding to the 
neutral species are zero in line with the hypotheses of SIT theory. 

 

 



D Hydrolysis model 

 

418 

 

Table D-7: ε values of hydrolysis species 

 ε 

Species 4ClO−  3NO−  Cl– 

Zr(OH)3+ (0.57 ± 0.13) (a) (0.26 ± 4000) (b)  

Zr(OH)4 (0.00 ± 0.00) (0.00 ± 0.00) (0.00 ± 0.00) 
2+

2Zr(OH)  (0.62 ± 0.39) (b) (0.16 ± 500) (b)  

8+

3 4Zr (OH)  (1.89 ± 0.31) (c) (2.28 ± 0.35) (b) (0.33 ± 0.28) (c) 

3+

3 9Zr (OH)  (0.93 ± 0.35) (b) (5.36 ± 36) (b)  

8+

4 8Zr (OH)  (3.61 ± 1.02) (b) (2.26 ± 4000) (b)  

+

4 15Zr (OH)  (0.09 ± 0.92) (b) – (0.02 ± 1.46) (b)  

Zr4OH16 (0.00 ± 0.00) (0.00 ± 0.00) (0.00 ± 0.00) 
2

6Zr(OH) −  − (0.10 ± 0.10) (d)   

a determined from SIT plot in Figure V-7 
b determined in overall fit  
c determined from SIT plot in Figure V-10 
d determined from analogy to known interaction coefficients of doubly charged anionic species with alkali 

ions (source: [2001LEM/FUG]). 
 

D.5 Application of the model to the literature data 

D.5.1 Solubility data of [99VEY] in nitrate media 
The solubility calculations were performed assuming for the solid phase a stoichiometry 
corresponding to a hydroxide. The fitted solubility constant of an uncharacterized and 
presumably amorphous form of Zr(OH)4(s) at infinite dilution based on data from four 
different ionic media (0.2, 0.5, 1 and 2 M NaNO3) was 10 ,0

*log sK ο  = − (3.29 ± 0.01). 
Figure D-6 to Figure D-9 show comparisons with calculated results of the original ex-
perimental data from [99VEY] in, respectively 0.2, 0.5, 1, and 2 M NaNO3. The domi-
nant solution species in this pH range was calculated to be +

4 15Zr (OH)  always. 
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Figure D-6: Comparison of original experimental data of [99VEY] in 0.2 M NaNO3 
with calculated results. 

 

Figure D-7: Comparison of original experimental data of [99VEY] in 0.5 M NaNO3 
with calculated results. 
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Figure D-8: Comparison of original experimental data of [99VEY] in 1 M NaNO3 with 
calculated results.  

 

Figure D-9: Comparison of original experimental data of [99VEY] in 2 M NaNO3 with 
calculated results. 
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D.5.2 Solubility data of [61KOV/BAG] in very dilute solutions 
The solubility calculations were performed assuming for the solid phase a stoichiometry 
corresponding to a hydroxide. The fitted solubility constant was 10 ,0

*log sK ο = 
− (4.23 ± 0.04) (Section V.3.2.2.2). Figure D-10 shows a comparison of the original 
experimental data of [61KOV/BAG] in very dilute solutions with calculated results. The 
dominant solution species in this pH range is calculated to be Zr(OH)4 and 3+

3 9Zr (OH)  
with an important contribution from +

4 15Zr (OH)  for the data on the alkaline side. 

Figure D-10: Comparison of the original experimental data of [61KOV/BAG] in very 
dilute solutions with results calculated from the overall model of Zr hydrolysis. 

 

 

D.5.3 Solubility data of [66BIL/BRA2] in dilute and perchlorate 
media 

The solubility calculations were performed assuming for the solid phase a stoichiometry 
corresponding to a hydroxide. The fitted solubility constant for a freshly precipitated 
and presumably amorphous Zr(OH)4 solid in dilute media and 1 M perchlorate media 
was 10 ,0

*log sK ο  = − (3.19 ± 0.04) (Section V.3.2.2.2). Figure D-11 compares the origi-
nal experimental data of [66BIL/BRA2] in 1 M perchlorate media with the calculations 
from the overall model. Dominant solution species are 3+

3 9Zr (OH) , Zr(OH)4, +
4 15Zr (OH)  

and Zr4(OH)16. The corresponding values for deionised water are given in Figure D-12. 
The dominant solution species are similar to those found in perchlorate media. 
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Figure D-11: Comparison of the original experimental data of [66BIL/BRA2] in 1 M 
perchlorate media with the calculations from the overall hydrolysis model.  

 

Figure D-12: Comparison of the original experimental data of [66BIL/BRA2] for deion-
ised water with the calculations from the overall hydrolysis model. 
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D.5.4 Potentiometric data of [99VEY] in perchlorate media 
Figure D-13 shows the calculated and experimental evolution of the pH during the 
potentiometric titration of 0.002, 0.004 and 0.008 m Zr in 1 m perchlorate solution. The 
relatively large error is due to the fact that titration volumes had to be deduced in the fit.  

Figure D-13: Comparison of the calculated and experimental evolution of the pH during 
the potentiometric titration of 0.002, 0.004 and 0.008 m Zr in 1 m perchlorate solution. 
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D.5.5 Potentiometric data of [2001EKB/BRO], [2004EKB/KAL] in 
perchlorate media 

Figure D-14 shows the calculated and experimental evolution of the pH during the 
potentiometric titration of 0.003, 0.007 and 0.028 m Zr in 1.05 m perchlorate solution. 
The uncertainty of individual measurement  is smaller than the symbol size in the 
figure.  

Figure D-14: Comparison of the calculated and experimental evolution of the pH during 
the potentiometric titration of 0.003, 0.007 and 0.028 m Zr in 1 m chloride solution. 
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D.5.6 Solvent extraction data of [53ZIE] 
The deviation between model and experiment increases for 1 M HClO4 / 1 M LiClO4 at 
very low Zr concentration. This is probably due to an experimental artefact, the pres-
ence of impurities, as was discussed by the authors. The dominant solution species are 
Zr4+ at low total Zr concentration in the aqueous phase, and 8+

3 4Zr (OH)  at high concen-
trations. 

Figure D-15: Comparison of the calculated and experimental values of extraction coef-
ficient, E. 
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D.5.7 Ion exchange data of [51CON/REA] 
Dominant solution species are at low concentrations, Zr4+, and at high concentrations, 

3+
3 9Zr (OH)  and 8+

3 4Zr (OH) .  

Figure D-16: Comparison of the calculated and experimental values of extraction coef-
ficient, E. 
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D.5.8 Solubility data of [2004EKB/KAL] 
The solubility calculations were performed assuming for the solid phase a stoichiometry 
corresponding to a hydroxide. The fitted solubility constant was 10 ,0

*log sK ο  = 
− (5.55 ± 0.20) (Section V.3.2.2.2). Figure D-17 shows a comparison of the original 
solubility data of [2004EKB/KAL] in 1 m perchlorate solutions with calculated results. 
The dominant solution species in the acid to neutral pH range were calculated to be 
Zr(OH)4 and 3+

3 9Zr (OH) , and in the alkaline range it is 2
6Zr(OH) − . 

Figure D-17: Comparison of the original solubility data of [2004EKB/KAL] in 1 m per-
chlorate solutions with calculated results.  
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