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Preface 
 

 

This is the seventh volume of the series “Chemical Thermodynamics” edited by the 
OECD Nuclear Energy Agency (NEA). It is the first volume that deals primarily with a 
non-metal, selenium. It contains an evaluation of experimental thermodynamic data of 
binary inorganic selenium compounds in the solid and gaseous state and in aqueous 
solution. Thus organic selenium compounds and metal complexes with selenium-
containing organic ligands are not included. Ternary systems are also excluded except 
when the proton is one of the components. The book is based on publications found in a 
broad electronic search of the literature in the spring of 1999. Since then information 
has been retrieved occasionally of missing data on specific species and a restricted 
general search was made this autumn for the period 1999 – 2004. It is thus hoped that 
the relevant information available up to the end of year 2003 has been included in the 
review. 

At the NEA Data Bank the responsibility for the overall co-ordination of the 
Project was placed with Eric Östhols (from its initiation in 1998 to February 2000), with 
Stina Lundberg (from March 2000 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 thermodynamic database and editing the book to its 
present final form, with assistance from Myriam Illemassène, Jane Perrone, Katy Ben 
Said and Cristina Domènech-Ortí. 

The first meetings of the review team took place in October 1998 and March 
1999 at which the scope of the review and its delimitations were set up. The areas for 
review were also allotted to the members. Additional meetings were held in May 2001 
and March 2002. The discussions were mainly centred around problems with the strict 
application of the TDB Guidelines to the review and the bringing together and 
presentation of the material in the book. The active participation and constructive ideas 
of Kastriot Spahiu, Chairman of the NEA-TDB Executive Group, and the Project co-
ordinators in solving our problems have been most valuable. 

After having accepted to partake in the evaluation of solution data, I suddenly 
found myself assigned as chairman of the project. In that position I recruited the other 
initial members of the team Bengt Noläng and Lars-Olof Öhman. After the search of the 
literature had been done it became evident that a substantial part of the information 
originated from work carried out in the former Soviet Union and it was not available in 
translations. This problem was overcome by the addition of Eugeniy Osadchii to the 



Preface 

 

iv 

team. Erik Rosén joined the group at a later date when it became obvious to the initial 
members of the team that the volume of information was too large to be handled only 
by them. 

The team as a whole is responsible for the final result but various parts of the 
review have been the main responsibility of the individual members. Thus Bengt 
Noläng has focused on the thermodynamic properties of the element and solid selenides. 
He also made the statistical-mechanical calculations on spectroscopic data for gaseous 
molecules. I would like here to acknowledge his painstaking efforts to penetrate the 
literature on elemental selenium in the gaseous phase. Lars-Olof Öhman and Erik Rosén 
have evaluated the material on hydrogen selenide and the aqueous chemistry of the 
selenides. They also took on the main responsibility for compounds formed with the 
non-metals in Groups 14 to 17 of the Periodic Table except oxygen. Evgeniy Osadchii 
collected the “Russian papers” and made a preliminary evaluation of their contents. The 
essential parts of the papers that contained thermodynamic data were translated into 
English and sent to Sweden. His knowledge also of Belorussian and Ukrainian was 
indispensable in this context. The short communications published in Zhur. Fiz. Khim., 
which often contained the final results only, meant that he had to spend time in the 
archives to extract the primary data that were necessary for the assessment of the 
papers. The compilation of selenium minerals is also his work. I am mainly responsible 
for the assessment of the selenium oxides and their aqueous chemistry, the metal 
selenites and selenates both in aqueous solution and as solids. 

Various arrangements of the presentation of the material in Chapter V have 
been considered. A sub-division according to type of compound such as selenide, 
selenite etc. would lead to the best overview of a particular type of species. This 
arrangement was tried but abandoned and the system used in previous reviews was 
adhered to, i.e. the compounds and complexes formed by selenium with a certain 
element are presented together. 

Selenium forms compounds with most elements of the Periodic Table. 
NEA-TDB selected data for a number of these elements are not available for use as 
auxiliary data in the evaluation of formation data and entropies of their selenium 
compounds from reaction data. It would not have been a realistic task for the selenium 
project to assess all non-selected auxiliary data needed according to the NEA-TDB 
Guidelines. Instead the information required was obtained from compilations of 
thermochemical data such as “The NBS tables of chemical thermodynamic properties” 
and “JANAF thermochemical tables” supplemented by “Critical reviews of …” 
published in chemical journals. The review of the literature on selenium and its 
compounds has thus resulted in two thermochemical data sets. One set of data is in 
accord with the NEA-TDB Guidelines and compatible with the requirements for 
addition to the NEA-TDB Data Bank. The other set, obtained with non-TDB auxiliary 
data, does not fulfil the requirements of the Data Bank. These facts created a problem in 
the presentation of the results of the selenium project, which was solved by the 
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inclusion of an Appendix E at a suggestion by Federico Mompean. This appendix 
presents the same type of information as the ordinary Chapter III (selected data) and 
Chapter IV (selected auxiliary data). The experimental sources of the entries in 
Table E-1 in Appendix E have been reviewed according to the NEA-TDB Guidelines 
but the formation data and entropies could not be fully evaluated using the set of 
auxiliary data currently accepted by the NEA-TDB Project. 

The thermodynamic information available for a large number of the 
compounds and systems originates from one experimental source only. The assessment 
of the accuracy and extrapolation of the data to standard conditions are then virtually 
impossible to make in an indisputable way. The compilers are fully aware that the 
uncertainties of the results obtained in these cases are highly subjective although this 
may not be mentioned in the context. A number of the quantities derived in Chapter V 
would probably have been given a low weight or even rejected if a richer crop of 
experimental data had been available. Such entries in Chapter V, often subjected to 
recalculations of the original data, should be regarded as an effort by the team to present 
a reasonably complete account, within the restrictions of the project, of the present 
knowledge of the chemical thermodynamics of selenium and its compounds. Thereby 
areas where further work is needed will be highlighted. It is hoped that this approach 
will not distract those readers who would prefer a more stringent selection and 
validation of the material at hand. 

 

Uppsala, Sweden, November 2004     Åke Olin, 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 third one published within the scope of NEA-TDB 
Phase II and contains a database for inorganic species and compounds of selenium. 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 
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ANSTO, Australia 
ONDRAF/NIRAS, Belgium 
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POSIVA, Finland 
ANDRA, France 
IPSN (now IRSN), France 
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JNC, Japan 
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SKB, Sweden 
SKI, Sweden  
HSK, Switzerland 
PSI, Switzerland 
BNFL, UK  
Nirex, UK 
DoE, USA 
 

 



 

 

xi

Editor’s note 
 

 

 

 

This is the seventh 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 
selenium. 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 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 pro-
tection of the environment. In order to assess, for example, the safety of a waste deposit, 
it is essential to be able to predict the eventual dispersion of its hazardous components 
in the environment (geosphere, biosphere). For hazardous materials stored in the ground 
or in geological formations, the most probable transport medium is the aqueous phase. 
An important factor is therefore the quantitative prediction of the reactions that are 
likely to occur between hazardous waste dissolved or suspended in ground water, and 
the surrounding rock material, in order to estimate the quantities of waste that can be 
transported in the aqueous phase. It is thus essential to know the relative stabilities of 
the compounds and complexes that may form under the relevant conditions. This infor-
mation 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 of hazardous waste components. 

 In the field of radioactive waste management, the hazardous material consists 
to a large extent of actinides and fission and activation products from nuclear reactors 
(such is the case of the fission product 79Se). The scientific literature on thermodynamic 
data, mainly on equilibrium constants and redox potentials in aqueous solution, has 
been contradictory in a number of cases. A critical and comprehensive review of the 
available literature is necessary in order to establish a reliable thermochemical database 
that fulfils the requirements of a proper modelling of the behaviour of the actinide and 
fission and activation products in the environment. 

The Radioactive Waste Management Committee (RWMC) of the OECD Nu-
clear Energy Agency recognised the need for an internationally acknowledged, high-
quality thermochemical data base for the application in the safety assessment of radioac-
tive waste disposal, and undertook the development of the NEA Thermochemical Data 
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Base (TDB) project [85MUL], [88WAN], [91WAN]. The RWMC assigned a high pri-
ority to the critical review of relevant chemical thermodynamic data of compounds and 
complexes for this area containing the actinides uranium, neptunium, plutonium and 
americium, as well as the fission product technetium. In 1998, Phase II of the TDB Pro-
ject (TDB-II) was started to provide for the further needs of the radioactive waste man-
agement programs by updating the existing database and applying the TDB review 
methodology to other elements (occurring in waste as fission or activation products) and 
to simple organic complexes. In TDB-II the overall objectives are set by a Management 
Board, integrated by representatives of 17 organisations from the field of radioactive 
waste management. These participating organisations, together with the NEA, provide 
financial support for TDB-II. The TDB-II Management Board is assisted in technical 
matters by a group of experts in chemical thermodynamics (the Executive Group). The 
NEA acts in this phase as Project Co-ordinator ensuring the implementation of the Pro-
ject Guidelines and liaising with the Review Teams. After the books on chemical ther-
modynamics of uranium [92GRE/FUG], americium [95SIL/BID], technetium 
[99RAR/RAN], neptunium and plutonium, [2001LEM/FUG], the Update Review on U, 
Np, Pu, Am and Tc [2003GUI/FAN], and nickel [2005GAM/BUG], the present report 
on the fission product selenium is the seventh volume in the series. Two additional vol-
umes are in preparation as this book goes to press dealing with the inorganic species and 
compounds of zirconium and with compounds and complexes formed by the organic 
ligands oxalate, citrate, EDTA and iso-saccharinic acid with U, Np, Pu, Am, Tc, Zr, Ni 
and Se. 

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 de-
scribing 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 selenium relevant to the safety assessment 
of radioactive waste repositories in the geosphere. This includes the release of waste 
components from the repository into the geosphere (i.e., its interaction with the waste 
container and the other near-field materials) and their migration through the geological 
formations and the various compartments of the biosphere. As ground waters and pore 
waters are the transport media for the waste components, the knowledge of the thermo-
dynamics of the corresponding elements in waters of various compositions is of funda-
mental importance. 
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 The present review therefore puts much weight on the assessment of the low-
temperature thermodynamics of selenium in aqueous solution and makes independent 
analyses of the available literature in this area. The standard method used for the analy-
sis of ionic interactions between components dissolved in water (see Appendix B) al-
lows the general and consistent use of the selected data for modelling purposes, regard-
less 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. 

 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 
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 selenium. A list of selenium containing minerals is presented in Appendix D, 
but no thermodynamic data are available for the minerals. It is, however, 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 circum-
stances sorption of aqueous ions at mineral water interfaces may be a more important 
factor in determining migration of selenium than dissolution and precipitation phenom-
ena. 

 This book contains a summary and a critical review of the thermodynamic data 
on compounds and complexes containing selenium in its various oxidation states as 
reported in the available chemical literature up to the end of 2003. A comparatively 
large number of primary references are discussed separately 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 environmental or geological conditions. Thus the review 
tries to present an as complete account as possible of the thermodynamic quantities of 
all binary inorganic selenium species for which such data are available. Data for ternary 
species with O, H (selenites, selenates, etc.) and the halogens (oxyhalides and mixed 
halides) are included as well as some sulphur analogues such as selenocyanates. Other 
ternary or higher species and systems are in general not considered in the review. 

 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. Neither are the thermodynamic properties of vitreous forms of the com-
pounds considered in the review. 

 Although the focus of this review is on selenium, it is necessary to use data on 
a number of other species during the evaluation process that lead to the recommended 
data. These so-called auxiliary data are taken both from the publication of CODATA 
Key Values [89COX/WAG] and from the evaluation of additional auxiliary data in the 
volume on uranium [92GRE/FUG] and the succeeding volumes noted in Section I.1, 
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and their use is recommended by this review. Selenium forms compounds with most of 
the elements of the Periodic Table. The sources of auxiliary data mentioned do not con-
tain all data that were needed, particularly for the recalculation of calorimetric work 
carried out in the former Soviet Union. Additional auxiliary data were often obtained 
from “The NBS tables of chemical thermodynamic properties” [82WAG/EVA]. These 
data appear, together with their estimated uncertainties, in Appendix E; the recalcula-
tions are presented in Appendix A and Chapter V. They permit a re-evaluation with new 
ancillary 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 operational in conjunction with the 
NEA-TDB data base system, cf. Section II.6. In order to maintain consistency in the 
application of the values selected by this review, it is essential to use these auxiliary 
data.

I.3 Review procedure and results 
The objective of the present review is to present an assessment of the sources of pub-
lished thermodynamic data in order to decide on the most reliable values that can be 
recommended. Experimental measurements, as well as 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. Re-evaluation of literature values might be also 
necessary to correct for known systematic errors (for example, if the junction potentials 
are neglected in the original publication) or to make 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 re-
sult is consistent with selected data for basic reactions, such as vapour pressure - tem-
perature relationships and the protonation constants of the various selenium anions. The 
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 re-
sult this scale has been kept and no recalculation to the molal scale (m) performed. Ex-
trapolation to I = 0 by SIT thus involves this recalculation, although it is not explicitly 
mentioned. All pressures are expressed with the bar as unit and the necessary transfor-
mation has been made by the review. In some instances, this rule was not followed for 
various reasons. The pressure unit is then explicitly mentioned. 

 In order to ensure that consistent procedures are used for the evaluation of pri-
mary 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 
[2000OST/WAN], [2000GRE/WAN], [99WAN/OST], [2000WAN/OST], [99WAN]. 
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Some of these procedures are also outlined in this volume, cf. Chapter II, Appendix B, 
and Appendix C. 

 Once the critical review process 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 assessments made by the primary reviewers, 
to verify assumptions, results and conclusions, and to check whether the relevant litera-
ture 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 review. 

 The thermodynamic data compiled in the present review (see Chapters III and 
IV and Appendix E) refer to the reference temperature of 298.15 K and to standard con-
ditions, cf. Section II.3. For the modelling of real systems it is, in general, necessary to 
recalculate the standard thermodynamic data to non-standard state conditions. For aque-
ous species a procedure for the calculation of the activity factors is thus required. This 
review uses the approximate specific ion interaction method (SIT) for the extrapolation 
of experimental data to the standard state in the data evaluation process, and in some 
cases this requires the re-evaluation of original experimental values (solubilities, 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. However, 
some solubility data for highly soluble selenates were evaluated in the original papers 
by the Pitzer approach. No attempt was made to re-evaluate these data by the SIT 
method. 

 As discussed in Appendix C, there is no unique way to assign uncertainties. 
The assignments made in this review of the uncertainties representing the 95% confi-
dence level are to a large extent based on the subjective choice by the reviewers, sup-
ported by their scientific and technical experience in the corresponding area. The ther-
modynamic data for a considerable number of the selenium compounds or species are 
based on a single source only. In addition, the experimental material might be sparse or 
details of the experiments and methods described in little detail. The reviewers have 
therefore found it difficult to apply, in a consistent way, the standards set by the NEA 
guidelines in the assessment of the thermodynamic quantities of a considerable number 
of selenium compounds or systems. In order to provide an as complete picture as possi-
ble of what is known about the thermochemistry of selenium, the review has approached 
the task as follows. A result is accepted (after recalculation) if there is no obvious rea-
son to reject it and the accepted quantity is presented in Chapter V. Accepted results that 
can be confidently extrapolated to standard conditions are then used to derive the ther-
modynamic parameters in the Tables of Chapter III and Appendix E. The confidence 
limits assigned are thought to be valid if data from several independent sources or 
methods are available. Confidence intervals are also assigned to values for which only 
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one accepted datum is available. These intervals are often based on little statistical in-
formation and therefore highly subjective. The background material in Chapter V and/or 
Appendix A should therefore be consulted. Papers that have been found faulty have 
been rejected and the reasons are given in Appendix A. 

 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 data sets presented in this review (Chapters III and IV 
and Appendix E) may not be “complete” with respect to all the conceivable systems and 
conditions; there are gaps in the information. The gaps 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 research priorities.  
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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 for-
mulation 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 4 2 2 4 3UO   + 3PO   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 0). 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

. 

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



II Standards, Conventions, and contents of the Tables 

 

26 

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]. 

O2 gaseous  Al crystalline, cubic 
H2 gaseous Zn crystalline, hexagonal 
He gaseous Cd crystalline, hexagonal 
Ne gaseous Hg liquid 
Ar gaseous Cu crystalline, cubic 
Kr gaseous Ag crystalline, cubic 
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 

 * This review 
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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 
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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 review, only ,m ( )p TCο , i.e., 
the thermal functions of the heat capacities of individual species, are considered and 
stored in the data base. They refer to the relation: 

 2 1 2 1/ 2
,m ( )  =  pC T a b T c T d T e T i 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 selenium data are presented in Chapter III and Appendix E. Unless otherwise indi-
cated, they refer to standard conditions (cf. Section II.3) and 298.15K (25°C) and are 
provided with an uncertainty which should correspond to the 95% confidence level (see 
Appendix C). Thermodynamic parameters (formation data and entropies) that could be 
evaluated from reaction data with selected TDB auxiliary data in Chapter IV are de-
noted as selected and presented in Chapter III. When use of non-TDB auxiliary data had 
to be resorted to in the evaluation, the result is denoted as adopted and presented in Ap-
pendix E. The difference in the status between a selected and an adopted value thus de-
pends entirely on the background of the auxiliary data used in the assessment. 

Chapter III contains a table of selected thermodynamic data for individual 
compounds and complexes of selenium (Table III-1), a table of selected reaction data 
(Table III-2) for reactions concerning selenium species and a table containing selected 
thermal functions of the heat capacities of individual species of selenium (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 selenium, 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 Val-
ues [89COX/WAG]. The selection of the remaining auxiliary data is discussed in 
[92GRE/FUG], and other preceding volumes of this series. As just mentioned, Appen-
dix E contains a table, Table E-1, of the adopted thermodynamic data for individual 
selenium compounds calculated with auxiliary data not contained in Chapter IV. The 
non-TDB auxiliary data, usually from [82WAG/EVA], are presented in Table E-2 and 
the evaluations are discussed in Chapter V and Appendix A. 

All the selected data presented in Table III-1, Table III-2, Table IV-1 and Ta-
ble IV-2 are internally consistent. This consistency is maintained by the internal consis-
tency verification and recalculation software developed at the NEA Data Bank in con-
junction with the NEA-TDB data base system, cf. Section II.6. Therefore, when using 
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the selected data for selenium 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 
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 
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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: 

 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 

III Selected selenium data 
 

 

This chapter presents the chemical thermodynamic data set for selenium species which 
has been selected in this review. Table III-1 contains the recommended thermodynamic 
data of the selenium species, Table III-2 the recommended thermodynamic data of 
chemical equilibrium reactions by which the selenium compounds and complexes are 
formed, and Table III-3 the temperature coefficients of the heat capacity data of Table 
III-1where available (see Appendix E for additional selenium data, cf. Section II.7). 

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 selenium 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 selenium 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 
Table III-2. 

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

 ,mpCο (T ) = a + b × T + c × T 2 + d × T –1 + e × T –2. 

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. 

A further set of formation data for selenium species and is available in Table 
E-1, Appendix E. Although the experimental sources leading to these selections have 
been critically reviewed according to the NEA-TDB Guidelines, the corresponding val-
ues for some of their formation thermodynamic properties cannot be fully evaluated 
using the set of auxiliary data currently accepted by the NEA-TDB Project. Table E-2 in 
Appendix E details the auxiliary data (other than NEA-TDB Auxiliary Data) that have 
been used in the evaluation of the formation values listed in Table E-1. 

Table III-1: Selected thermodynamic data for selenium 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 ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
Se(cr) (= trigonal)        0.000        0.000       42.090

± 0.330
       25.090 

± 0.300 
 (c) 

Se(mono)        1.281
± 0.184

 (a)        2.140
± 0.100

       44.970
± 0.400

       25.090 
± 0.800 

 (c) 

Se(l)         (c) 

Se(g)      195.927
± 1.524

 (a)      236.070
± 1.521

 (b)      176.729
± 0.006

       20.819 
± 0.001 

 (c) 

Se2–      128.600
± 3.000

 (b)       

Se2(g)       92.442
± 3.009

 (a)      141.100
± 3.000

      247.380
± 0.400

       41.710 
± 0.200 

 (c) 

Se2
2–      112.670

± 6.294
 (b)       

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
Se3(g)      123.549

± 10.439
 (a)      178.000

± 10.000
      308.900

± 10.000
   

Se3
2–      100.590

± 9.198
 (b)       

Se4(g)      111.647
± 13.406

 (a)      163.000
± 12.000

      340.600
± 20.000

   

Se4
2–       97.580

± 12.149
 (b)       

Se5(g)       88.393
± 5.256

 (a)      144.400
± 4.300

      398.300
± 10.000

   

Se6(g)       83.638
± 4.866

 (a)      136.100
± 3.800

      428.500
± 10.000

   

Se7(g)       92.845
± 4.891

 (a)      150.200
± 4.500

      487.000
± 6.000

   

Se8(g)      100.307
± 3.580

 (a)      156.800
± 3.000

      526.200
± 6.000

   

SeO(g)       30.855
± 6.218

 (a)       57.400
± 6.210

      233.700
± 1.000

       32.520 
± 0.250 

 (c) 

SeO2(cr)     − 171.797
± 0.620

 (a)     − 225.390
± 0.600

       67.490
± 0.400

       58.230 
± 0.180 

 (c) 

SeO2(g)     − 115.166
± 2.600

 (a)     − 110.590
± 2.571

 (b)      262.590
± 1.250

       43.360 
± 0.150 

 (c) 

SeO3(cr)      − 86.154
± 2.222

 (a)     − 163.100
± 2.200

       91.740
± 1.000

       77.240 
± 0.790 

 (c) 

SeO3
2–     − 362.392

± 1.756
 (b)     − 507.160

± 1.130
       − 5.055

± 7.011
 (a)   

SeO4
2–     − 439.485

± 1.431
 (b)     − 603.500

± 3.500
 (b)       32.965

± 12.687
 (b)   

Se2O5(cr)       − 414.590
± 2.577

 (b)     

HSe –       43.471
± 2.024

 (b)       

H2Se(g)       15.217
± 2.003

 (a)       29.000
± 2.000

      219.000
± 0.100

       34.700 
± 0.100 

 (c) 

H2Se(aq)       21.495
± 2.003

 (b)       14.300
± 2.022

 (b)      148.637
± 1.029

 (b)   

HSeO3
 –     − 410.112

± 1.166
 (b)     − 512.330

± 1.010
      137.656

± 5.184
 (a)   

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
HSeO4

 –     − 449.474
± 1.312

 (b)     − 582.700
± 4.700

 (d)      136.232
± 16.370

 (a)   

H2SeO3(cr)       − 524.720
± 0.650

 (b)     

H2SeO3(aq)     − 425.181
± 0.849

 (b)     − 505.320
± 0.650

      211.710
± 3.601

 (a)   

H2SeO4(cr)       − 530.500
± 1.880

     

SeF2(g)          271.280
± 0.050

       47.660 
± 0.040 

 (c) 

SeF4(l)     − 775.070
± 24.067

 (a)     − 851.000
± 24.000

      193.000
± 6.000

 (d)   

SeF4(g)     − 765.549
± 24.047

 (b)     − 806.000
± 24.047

 (b)      312.000
± 0.100

        82.030 
± 0.090 

 (c) 

SeF6(g)    − 1017.445
± 0.438

 (a)    − 1118.000
± 0.400

      313.200
± 0.500

      110.440 
± 0.050 

 (c) 

SeOF2(l)     − 526.563
± 16.003

 (a)     − 575.000
± 16.000

      185.000
± 1.000

 (d)   

SeOF2(g)     − 515.418
± 16.032

 (b)     − 530.700
± 16.031

 (b)      296.200
± 0.100

        63.330 
± 0.050 

 (c) 

Se2F2(g)          331.120
± 0.100

       72.230 
± 0.040 

 (c) 

SeF5Cl(g)          341.000
± 0.200

      116.300 
± 0.100 

 (c) 

SeCl2(g)      − 25.947
± 4.473

 (b)      − 17.000
± 4.472

 (b)      295.180
± 0.060

        53.570 
± 0.030 

 (c) 

SeCl4(cr)      − 85.902
± 3.114

 (a)     − 179.000
± 2.000

      176.000
± 8.000

 (d)   

Se2Cl2(l)      − 45.846
± 4.273

 (a)      − 82.000
± 4.000

      186.000
± 5.000

 (b)   

Se2Cl2(g)      − 34.935
± 10.002

 (a)      − 21.000
± 10.000

      354.000
± 0.200

       77.600 
± 0.100 

 (c) 

SeOCl2(l)     − 132.107
± 2.089

 (a)     − 180.600
± 2.000

      205.100
± 2.000

 (d)   

SeOCl2(g)     − 114.223
± 2.502

 (b)     − 128.000
± 2.500

 (b)      321.540
± 0.100

        70.200 
± 0.050 

 (c) 

SeBr2(g)       − 4.583
± 20.226

 (a)       32.000
± 20.224

 (b)      317.000
± 1.000

       55.420 
± 0.500 

 (c) 

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
SeBr4(cr)        − 70.000

±5.000
     

Se2Br2(l)        − 31.000
±3.000

     

Se2Br2(g)          377.400
± 0.200

       79.500 
± 0.100 

 (c) 

SeOBr2(cr)       − 140.000
±5.000

     

SeS(g)       92.356
± 6.871

 (a)      143.327
± 6.869

 (b)      245.100
± 0.500

        35.800 
± 0.100 

 (c) 

TeSe(g)          257.900
± 0.500

       37.800 
± 0.100 

 (c) 

Se4N4(cr)        679.000
± 35.000

     

α-P4Se3          239.600
± 1.200

      166.200 
± 1.000 

 

As2Se3(cr)          206.000
± 3.000

      121.400 
± 3.000 

 (c) 

As4Se3(cr)            172.500 
± 4.000 

 (c) 

As4Se4(cr)            196.600 
± 4.000 

 (c) 

SbSe(g)      134.874
± 20.020

 (a)      177.000
± 20.000

      228.900
± 3.000

   

Sb2Se3(cr)     − 127.415
± 3.723

 (a)     − 128.700
± 3.600

      213.000
± 3.000

      124.900 
± 1.500 

 (c) 

BiSe(cr) − 46.807
± 5.720

 − 46.100
± 5.700

      101.200
± 1.500

       55.500 
± 0.900 

 

BiSe(g)          263.900
± 6.000

       36.460 
± 0.500 

 (c) 

Bi2Se3(cr)     − 146.618
± 10.065

 (a)     − 145.500
± 10.000

      243.500
± 3.600

      132.600 
± 2.100 

 (c) 

CSe(g)      309.848
± 9.202

 (a)      362.000
± 9.200

      222.750
± 0.500

       30.580 
± 0.200 

 (c) 

CSe2(cr)         (c) 

CSe2(l)      196.020
± 8.820

 (a)      219.300
± 7.600

      168.000
± 15.000

       88.530 
± 0.900 

 (c) 

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
CSe2(g)      203.937

± 7.611
 (a)      255.600

± 7.603
 (b)      263.200

± 1.000
       49.900 

± 0.100 
 (c) 

SeCN –      136.051
± 3.800

 (b)       

SiSe(g)       98.119
± 10.501

 (a)      150.200
± 10.500

      235.580
± 0.200

       33.620 
± 0.100 

 (c) 

SiSe2(cr)       − 177.600
± 3.200

     

GeSe(cr)      − 52.226
± 1.473

 (a)      − 50.300
± 1.449

 (b)       79.640
± 0.800

       49.880 
± 0.500 

 (c) 

GeSe(g)       70.450
± 1.770

 (a)      122.400
± 1.761

 (b)      247.420
± 0.500

       35.250 
± 0.200 

 (c) 

GeSe2(cr)      − 93.239
± 12.007

 (a)      − 93.200
± 12.000

      115.400
± 1.200

       71.700 
± 0.700 

 

GeSe2(g)        124.800
± 21.633

 (b)     

α-SnSe       − 109.500
± 15.000

         51.910 
± 2.000 

 (c) 

SnSe(g)       61.861
± 15.693

 (a)      110.200
± 15.689

 (b)      255.400
± 1.000

       35.930 
± 0.500 

 (c) 

SnSe2(cr)       − 114.900
± 10.000

         76.700 
± 0.500 

 (c) 

SnSe2(g)         78.000
± 16.100

     

PbSe(cr)      − 97.936
± 7.694

 (a)      − 98.500
± 7.600

      105.000
± 4.000

       50.610 
± 1.000 

 (c) 

PbSe(g)       82.866
± 8.689

 (a)      129.500
± 8.683

 (b)      263.300
± 1.000

       36.360 
± 0.500 

 (c) 

PbSeO3(cr)     − 457.981
± 5.985

 (b)     − 532.080
± 1.800

      166.087
± 20.968

 (a)   

PbSeO4(cr)     − 503.108
± 2.060

 (b)     − 607.300
± 4.326

 (b)      167.734
± 16.027

 (b)   

BSe2(g)      131.400
± 20.871

 (a)      187.100
± 20.000

      276.900
± 20.000

   

AlSe(g)      206.569
± 35.000

 (a)      258.000
± 35.000

      242.890
± 0.500

       34.750 
± 0.200 

 (c) 

Al2Se3(cr)       − 532.000
± 40.000

     

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
GaSe(cr)       − 145.000

± 10.000
       70.400

± 0.700
       48.600 

± 0.900 
 

Ga2Se3(cr)       − 384.000
± 40.000

     

InSe(cr)           83.890
± 0.900

       49.750 
± 1.060 

 (c) 

α-In2Se3         − 318.000
± 20.000

       203.100
± 2.000

      124.100 
± 4.100 

 (c) 

β-In2Se3         (c) 

α-TlSe          103.000
± 1.300

       50.100 
± 0.800 

 

Tl2Se(cr)          174.800
± 3.000

       82.200 
± 2.500 

 

Tl2SeO4(cr)     − 526.546
± 1.772

 (b)       

TlSeCN(aq)       93.662
± 4.156

 (b)       

α-ZnSe     − 172.488
± 4.013

 (a)     − 176.000
± 4.000

       71.940
± 1.000

       47.740 
± 1.500 

 (c) 

ZnSe(g)        239.300
± 20.000

     

α-ZnSeO3       − 636.800
± 11.300

     

β-ZnSeO3       − 652.700
± 10.900

     

ZnSeO4(cr)       − 664.730
± 5.600

     

ZnSeO4(aq)     − 599.017
± 1.493

 (b)     − 752.290
± 5.319

 (b)      − 20.053
± 18.507

 (b)   

ZnSeO4·H2O(cr)       − 983.070
± 5.600

     

ZnSeO4·6H2O(cr)    − 2018.309
± 1.524

 (b)    − 2458.540
± 5.610

      417.016
± 19.502

 (a)   

ZnSe2O5(cr)       − 888.300
± 25.000

     

Zn(HSeO3)2·2H2O(cr)      − 1775.300
± 25.000

     

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
ZnSeCN+      − 18.058

± 3.824
 (b)       

Zn(SeCN)2(aq)      115.311
± 7.630

 (b)       

α-CdSe     − 140.897
± 1.918

 (a)     − 143.100
± 1.900

       86.500
± 0.800

       49.430 
± 0.480 

 (c) 

CdSeO3(cr)     − 493.432
± 6.467

 (a)     − 576.800
± 2.500

      122.000
± 20.000

   

CdSeO4(cr)       − 634.100
± 5.630

     

CdSeO4(aq)     − 530.175
± 1.652

 (b)     − 671.120
± 5.349

 (b)       31.463
± 18.561

 (b)   

CdSeO4·H2O(cr)       − 943.050
± 5.620

     

CdSe2O5(cr)       − 828.000
± 17.000

     

Cd3H2(SeO3)4(cr)      − 2306.000
± 45.000

     

CdSeCN+       45.533
± 3.889

 (b)       

Cd(SeCN)2(cr)      161.834
± 8.153

 (b)       

Cd(SeCN)2(aq)      175.305
± 7.668

 (b)       

Cd(SeCN)3
 –      308.674

± 11.488
 (b)       

Cd(SeCN)4
2–      440.216

± 15.232
 (b)       

α-HgSe      − 51.200
± 4.000

      − 57.011
± 4.100

 (a)       98.500
± 3.000

       54.400 
± 0.700 

 (c) 

HgSe2
2–       65.334

± 5.641
 (b)       

HgSeO3(cr)     − 290.195
± 5.980

 (b)     − 373.600
± 5.000

      151.732
± 26.108

 (a)   

Hg(SeO3)2
2–     − 644.882

± 6.291
 (b)       

Hg2SeO3(cr)     − 295.587
± 5.998

 (b)     

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC  

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
Hg3H2(SeO3)4(cr)      − 1652.800

± 32.500
     

Hg(SeCN)2(aq)      309.481
± 9.510

 (b)       

Hg(SeCN)3
 –      419.846

± 12.754
 (b)       

Hg(SeCN)4
2–      541.627

± 15.470
 (b)       

α-CuSe      − 36.835
± 0.563

 (a)      − 39.500
± 0.500

       66.300
± 0.800

       50.300 
± 0.600 

 

β-CuSe      − 34.910
± 0.563

 (a)      − 36.800
± 0.500

       68.900
± 0.800

   

CuSe(g)        320.800
± 15.000

     

α-Cu2Se        − 59.300
± 0.500

     

CuSe2(cr)        − 41.200
± 5.900

     

Cu3Se2(cr)        − 96.800
± 7.100

     

CuSeO3(cr)       − 386.900
± 1.520

     

CuSeO3·2H2O(cr)       − 998.600
± 1.510

     

CuSeO4(cr)       − 480.330
± 2.810

     

CuSeO4·5H2O(cr)    − 1574.100
± 2.420

 (b)    − 1973.330
± 2.830

      312.800
± 12.494

 (a)   

AgSe(g)        309.000
± 6.000

     

α-Ag2Se      − 46.900
± 1.300

      − 40.129
± 1.318

 (a)      149.900
± 0.500

       81.150 
± 0.900 

 

Ag2SeO3(cr)     − 298.400
± 2.440

 (b)     − 363.440
± 1.020

      216.773
± 8.885

 (a)   

Ag2SeO4(cr)     − 330.150
± 3.200

 (b)     − 422.510
± 2.120

      227.717
± 12.885

 (a)   

AgSeCN(cr)      133.247
± 4.783

 (b)       
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Table III-1: (continued) 

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
Ag(SeCN)3

2–      406.193
± 11.529

 (b)       

Ni0.88Se(cr)      − 69.628
± 1.621

 (a)      − 69.800
± 1.600

       67.800
± 0.800

       48.260 
± 0.500 

 

NiSe2(cr)     − 112.355
± 7.017

 (a)     − 115.500
± 7.000

      103.500
± 1.500

       74.500 
± 1.000 

 (c) 

Ni3Se2(cr)       − 179.500
± 6.000

     

NiSeO3·2H2O(cr)     − 915.553
± 6.022

 (b)    − 1109.330
± 2.830

      196.268
± 22.320

 (a)   

NiSeO4(aq)     − 500.499
± 1.650

 (b)       

NiSeO4·6H2O(cr)    − 1915.983
± 1.664

 (b)       

NiSeCN+       80.175
± 3.893

 (b)       

Ni(SeCN)2(aq)      213.544
± 7.681

 (b)       

Co0.84Se(cr)      − 56.300
± 6.500

 (a)      − 55.400
± 6.000

    

CoSe2(cr)       − 105.500
± 15.000

       97.200
± 2.000

       75.600 
± 1.000 

 

Co9Se8(cr)       − 617.600
± 40.000

     

δ-Fe0.875Se         (c) 

FeSe2(cr)       − 108.700
± 15.000

       86.800
± 1.000

       72.900 
± 1.000 

 (c) 

β-Fe1.04Se        − 69.600
± 4.000

       72.100
± 0.800

       57.100 
± 0.700 

 (c) 

γ-Fe3Se4       − 235.000
± 30.000

      279.800
± 3.000

      220.100 
± 2.000 

 

α-Fe7Se8       − 463.500
± 20.000

      613.800
± 5.000

      442.100 
± 4.000 

 

Pd4Se(cr)          200.100
± 3.000

      137.000 
± 2.000 

 

RuSe2(cr)           80.800
± 0.800

       69.870 
± 1.000 

 (c) 

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
α-MnSe          90.800

± 3.000
       51.040 

± 0.300 
 

α-Cr2Se3          187.700
± 1.500

      120.800 
± 0.900 

 

γ-Cr2Se3         178.000
± 6.000

      122.900 
± 0.900 

 

MoSe2(cr)           89.100
± 0.500

       70.584 
± 0.500 

 (c) 

WSe2(cr)            72.600 
± 1.000 

 (c) 

NbSe2(cr)          103.500
± 0.600

       73.520 
± 0.300 

 (c) 

EuSe(cr)            51.000 
± 3.000 

 (c) 

Sm2Se3(cr)          221.200
± 3.000

      128.200 
± 1.500 

 (c) 

Nd2Se3(cr)          224.100
± 2.500

      130.200 
± 2.000 

 

Nd3Se4(cr)     359.600
± 5.800

 187.060 
± 1.470 

 

Pr3Se4(cr)     371.000
± 6.000

 183.760 
± 1.450 

 

LaSe(cr)             49.200 
± 1.000 

 

La2Se3(cr)          202.200
± 1.800

      125.600 
± 1.000 

 (c) 

PuSe(cr)           92.100
± 1.800

       59.700 
± 1.200 

 

USe(cr)     − 273.255
± 18.006

 (a)     − 272.000
± 18.000

       96.500
± 1.500

       54.800 
± 0.300 

 

β-USe2          133.800
± 1.500

       79.160 
± 0.300 

 

U3Se4(cr)      − 1023.000
± 92.000

     

UO2SeO3(cr)      − 1522.200
± 1.100

     

UO2SeO4(cr)      − 1539.300
± 3.300

     

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
UO2SeO4(aq)    − 1407.676

± 2.672
 (b)       

MgSeO3(cr)       − 900.300
± 2.500

     

MgSeO3·6H2O(cr) − 2273.830
± 2.600

 (b) − 2707.210
± 1.300

 328.460
± 9.756

 (a)   

MgSeO4(aq)     − 907.418
± 2.266

 (b)       

MgSeO4(cr)       − 971.320
± 2.620

     

MgSeO4·H2O(cr)      − 1298.240
± 2.580

     

MgSeO4·4H2O(cr)      − 2192.670
± 2.650

     

MgSeO4·6H2O(cr)    − 2324.200
± 2.000

 (b)    − 2781.400
± 2.400

      351.144
± 10.484

 (a)   

CaSe(cr)       − 414.400
± 35.000

     

CaSeO3·H2O(cr)    − 1188.870
± 2.495

 (b)       

CaSeO4(cr)      − 1112.140
± 2.580

     

CaSeO4(aq)    − 1003.707
± 1.865

 (b)       

CaSeO4·2H2O(cr)    − 1481.900
± 2.300

 (b)    − 1709.000
± 2.600

      198.799
± 11.654

 (a)   

SrSe(cr)       − 406.000
± 35.000

     

SrSeO3(cr)     − 962.200
± 3.400

 (b)    − 1051.900
± 2.700

      104.663
± 14.567

 (a)   

BaSeO3(cr)     − 957.200
± 3.400

 (b)    − 1036.700
± 2.900

      145.594
± 15.016

 (a)   

BaSeO4(cr)    − 1040.294
± 3.007

 (b)    − 1144.000
± 5.000

      166.983
± 19.590

 (a)   

NH4HSe(cr)      − 24.162
± 5.344

 (b)     − 132.040
± 4.046

 (b)      102.770
± 11.702

 (b)   

(NH4)2SeO4(cr)     − 593.100
± 1.600

 (b)     − 878.450
± 3.500

      209.654
± 12.912

 (a)   
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Table III-1: (continued) 

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC    

  (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1)   
Li2Se(cr)       − 434.100

± 15.000
     

Li2Se2O5(cr)      − 1310.870
± 4.700

     

Li2SeO3(cr)      − 1031.810
± 2.460

     

Li2SeO3·H2O(cr)      − 1328.600
± 2.430

     

Li2SeO4(cr)      − 1127.690
± 5.600

     

Li2SeO4·H2O(cr)    − 1252.400
± 1.500

 (b)    − 1420.000
± 5.600

      181.757
± 19.452

 (a)   

LiHSeO3(cr)       − 817.850
± 1.840

     

LiH3(SeO3)2(cr)      − 1371.700
± 3.700

     

Na2Se(cr)       − 337.700
± 10.000

     

Na2SeO3(cr)     − 868.679
± 0.967

 (a)     − 959.620
± 0.950

      147.400
± 0.300

      126.100 
± 0.300 

 

Na2SeO3·5H2O(cr)      − 2404.670
± 1.000

     

Na2SeO4(cr)      − 1076.500
± 3.500

     

Na2SeO4·10H2O(cr)    − 3338.700
± 1.600

 (b)    − 4013.600
± 3.600

      623.928
± 13.224

 (a)   

Na2Se2O5(cr)      − 1219.640
± 4.710

     

Na2Se2O7(cr)      − 1322.000
± 5.000

     

NaHSeO3(cr)       − 760.100
± 2.500

     

NaHSeO3·3H2O(cr)      − 1642.550
± 2.500

     

NaHSeO4(cr)       − 822.230
± 5.590

     

NaH3(SeO3)2(cr)      − 1316.640
± 4.710

     

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

 Compound ο
f mG∆ ο

f mH∆ ο
mS ο

,mpC  

 (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
K2Se(cr)       − 398.700

± 10.000
     

K2SeO3(cr)       − 981.090
± 2.360

     

K2SeO4(cr)     − 999.300
± 1.500

 (b)    − 1112.497
± 1.537

 (a)      202.090
± 1.000

      142.640 
± 1.000 

 

K2Se2O5(cr)      − 1250.050
± 4.720

     

KHSeO3(cr)       − 773.490
± 1.840

     

KH3(SeO3)2(cr)      − 1329.080
± 4.710

     

Rb2Se(cr)             74.700 
± 2.000 

 

Rb2SeO3(cr)       − 973.170
± 2.400

     

Rb2SeO4(cr)    − 1005.100
± 1.500

 (b)    − 1116.500
± 2.200

      232.317
± 8.957

 (a)   

Cs2Se(cr)             76.000 
± 2.000 

 

Cs2SeO3·H2O(cr)      − 1311.830
± 2.550

     

Cs2SeO4(cr)    − 1018.800
± 1.800

 (b)    − 1138.700
± 3.500

      220.707
± 13.229

 (a)   

a Value calculated internally using the equation 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 selenium compounds 
and complexes. All ionic species listed in this table are aqueous species. Unless noted 
otherwise, all data refer to the reference temperature of 298.15 K and to the standard 
state, i.e., a pressure of 0.1 MPa and, for aqueous species, infinite dilution (I = 0). The 
uncertainties listed below each value represent total uncertainties and correspond in 
principle to the statistically defined 95% confidence interval. Values obtained from 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  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  Se(g)  0.5Se2(g)    Se(g) 

           165.520
± 0.250

   

  Se2– Se(cr) + 2 e –    Se2– 

        − 22.530
± 0.526

      128.600
± 3.000

     

  Se2
2–  2Se2–    Se2

2– + 2 e – 

         25.320
± 0.333

     − 144.530
± 1.900

     

  Se3
2–  3Se2–    Se3

2– + 4 e – 

         49.966
± 0.333

     − 285.210
± 1.900

     

  Se4
2–  4Se2–    Se4

2– + 6 e – 

        73.023
± 0.333

     − 416.820
± 1.900

     

  SeO2(g) SeO2(cr)    SeO2(g) 

           114.800
± 2.500

   

  SeO3
2– HSeO3

 –    H+ + SeO3
2– 

         − 8.360
± 0.230

       47.719
± 1.313

     

  SeO4
2– HSeO4

 –    H+ + SeO4
2– 

         − 1.750
± 0.100

        9.989
± 0.571

      − 20.800
± 3.200

     − 103.267 
± 10.902 

 (a) 

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

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  Se2O5(cr) SeO2(cr) + SeO3(cr)    Se2O5(cr) 

             − 26.100
± 1.200

   

  HSe – H2Se(aq)    H+ + HSe – 

          − 3.850
± 0.050

       21.976
± 0.285

     

  H2Se(aq) H2Se(g)    H2Se(aq) 

          − 1.100
± 0.010

        6.279
± 0.057

      − 14.700
± 0.300

      − 70.363 
± 1.024 

 (a) 

  HSeO3
 – H2SeO3(aq)    H+ + HSeO3

 – 

          − 2.640
± 0.140

       15.069
± 0.799

     

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

 – + 2 e – 

         − 37.289
± 0.175

 (c)      212.847
± 1.000

     

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

             − 13.500
± 0.180

   

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

         − 50.147
± 0.147

      286.240
± 0.840

     

  SeF4(g) SeF4(l)    SeF4(g) 

          − 1.668
± 0.409

        9.520
± 2.335

       45.000
± 1.500

      119.000 
± 6.000 

 

  SeOF2(g) SeOF2(l)    SeOF2(g) 

          − 1.953
± 0.183

       11.146
± 1.044

       44.300
± 1.000

      111.200 
± 1.000 

 

  SeCl2(g) SeCl4(cr)    Cl2(g) + SeCl2(g) 

         − 10.517
± 0.816

       60.033
± 4.657

      162.000
± 4.000

      342.000 
± 8.000 

 

  Se2Cl2(l) Se(cr) + SeCl2(g)    Se2Cl2(l) 

           3.150
± 0.437

 (c)      − 17.979
± 2.494

 (a)      − 63.000
± 2.000

     − 151.000 
± 5.000 

 

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

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  SeOCl2(g) SeOCl2(l)    SeOCl2(g) 

          − 3.135
± 0.283

       17.895
± 1.614

       52.600
± 1.500

      116.400 
± 2.000 

 

  SeBr2(g) Se2Br2(l)    Se(cr) + SeBr2(g) 

              63.000
± 20.000

   

  SeS(g)  0.5S2(g) + 0.5Se2(g)    SeS(g) 

          − 1.104
± 1.174

 (c)        6.300
± 6.700

        8.476
± 6.702

 (a)        7.300 
± 0.500 

 

  TeSe(g)  0.5Se2(g) + 0.5Te2(g)    TeSe(g) 

          − 0.140
± 0.543

 (c)        0.800
± 3.100

        2.200
± 3.000

        4.700 
± 1.000 

 

  CSe2(g) CSe2(l)    CSe2(g) 

              36.300
± 0.200

   

  SeCN – HCN(aq) + Se(mono)    H+ + SeCN – 

          − 3.574
± 0.497

       20.400
± 2.838

     

  GeSe(cr) GeF4(g) + SeF6(g)   5F2(g) + GeSe(cr) 

            2257.900
± 1.300

   

  GeSe(g) GeSe(cr)    GeSe(g) 

             172.700
± 1.000

   

  GeSe2(g) GeSe2(cr)    GeSe2(g) 

             218.000
± 18.000

   

  SnSe(g) α-SnSe    SnSe(g) 

             219.700
± 4.600

   

  PbSe(g) PbSe(cr)    PbSe(g) 

             228.000
± 4.200

   

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

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  PbSeO3(cr) Pb2+ + SeO3

2–    PbSeO3(cr) 

          12.500
± 1.000

      − 71.351
± 5.708

     

  PbSeO4(cr) Pb2+ + SeO4
2–    PbSeO4(cr) 

           6.900
± 0.250

      − 39.385
± 1.427

       − 4.720
± 2.530

      116.269 
± 9.742 

 (a) 

  Ga2(SeO3)3·6H2O(cr)  2Ga3+ + 6H2O(l) + 3SeO3
2–    Ga2(SeO3)3·6H2O(cr) 

          37.000
± 2.000

     − 211.198
± 11.416

     

  In2(SeO3)3·6H2O(cr)  6H2O(l) + 2In3+ + 3SeO3
2–    In2(SeO3)3·6H2O(cr) 

          39.000
± 2.000

     − 222.614
± 11.416

     

  Tl2SeO4(cr) SeO4
2– + 2Tl+    Tl2SeO4(cr) 

           3.900
± 0.150

      − 22.261
± 0.856

      − 43.000
± 5.000

      − 69.558 
± 17.014 

 (a) 

  TlSeCN(aq) SeCN – + Tl+    TlSeCN(aq) 

           1.750
± 0.290

       − 9.989
± 1.655

     

  ZnSeO4(aq) SeO4
2– + Zn2+    ZnSeO4(aq) 

           2.160
± 0.060

      − 12.329
± 0.342

        4.600
± 4.000

       56.781 
± 13.465 

 (a) 

  ZnSeO4·6H2O(cr)  6H2O(l) + SeO4
2– + Zn2+    ZnSeO4·6H2O(cr) 

           1.538
± 0.068

       − 8.779
± 0.388

     

  ZnSeCN+ SeCN – + Zn2+    ZnSeCN+ 

           1.210
± 0.060

       − 6.907
± 0.342

       − 5.950
± 0.340

        3.209 
± 1.619 

 (a) 

  Zn(SeCN)2(aq)  2SeCN – + Zn2+    Zn(SeCN)2(aq) 

           1.680
± 0.110

       − 9.590
± 0.628

       − 6.350
± 1.200

       10.865 
± 4.542 

 (a) 

  CdSeO4(aq) Cd2+ + SeO4
2–    CdSeO4(aq) 

           2.270
± 0.060

      − 2.957
± 0.342

        8.300
± 4.000

       71.297 
± 13.465 

 (a) 

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

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  CdSeCN+ Cd2+ + SeCN –    CdSeCN+ 

           2.240
± 0.060

      − 12.786
± 0.342

      − 10.050
± 0.200

        9.177 
± 1.330 

 (a) 

  Cd(SeCN)3
 – Cd2+ + 3SeCN –    Cd(SeCN)3

 – 

           3.810
± 0.210

      − 21.748
± 1.199

       − 3.350
± 14.000

       61.706 
± 47.128 

 (a) 

  Cd(SeCN)4
2– Cd2+ + 4SeCN –    Cd(SeCN)4

2– 

           4.600
± 0.110

      − 26.257
± 0.628

      − 40.000
± 14.000

      − 46.094 
± 47.003 

 (a) 

  Cd(SeCN)2(cr) Cd2+ + 2SeCN –    Cd(SeCN)2(cr) 

           5.700
± 0.500

      − 32.536
± 2.854

     

  Cd(SeCN)2(aq) Cd2+ + 2SeCN –    Cd(SeCN)2(aq) 

           3.340
± 0.120

      − 19.065
± 0.685

      − 26.350
± 2.000

      − 24.434 
± 7.091 

 (a) 

  HgSe2
2– HSe – + α-HgSe    H+ + HgSe2

2– 

         − 12.800
± 0.600

       73.063
± 3.425

     

  HgSeO3(cr) Hg2+ + SeO3
2–    HgSeO3(cr) 

          16.200
± 1.000

      − 92.470
± 5.708

     

  Hg(SeO3)2
2– HgSeO3(cr) + SeO3

2–    Hg(SeO3)2
2– 

          − 1.350
± 0.150

        7.706
± 0.856

     

  Hg2SeO3(cr) Hg2
2+ + SeO3

2–    Hg2SeO3(cr) 

          15.200
± 1.000

      − 86.762
± 5.708

     

  Hg(SeCN)2(aq) Hg2+ + 2SeCN –    Hg(SeCN)2(aq) 

          22.300
± 1.000

     − 127.289
± 5.708

     

  Hg(SeCN)3
 – Hg2+ + 3SeCN –    Hg(SeCN)3

 – 

          26.800
± 1.000

     − 152.976
± 5.708
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Table III-2: (continued) 

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  Hg(SeCN)4

2– Hg2+ + 4SeCN –    Hg(SeCN)4
2– 

          29.300
± 0.500

     − 167.246
± 2.854

     − 193.000
± 3.000

      − 86.381 
± 13.888 

 (a) 

  CuSeO4·5H2O(cr) Cu2+ + 5H2O(l) + SeO4
2–    CuSeO4·5H2O(cr) 

           2.440
± 0.200

      − 13.928
± 1.142

     

  Ag2SeO3(cr)  2Ag+ + SeO3
2–    Ag2SeO3(cr) 

          15.800
± 0.300

      − 90.187
± 1.712

     

  Ag2SeO4(cr)  2Ag+ + SeO4
2–    Ag2SeO4(cr) 

           7.860
± 0.500

      − 44.865
± 2.854

     

  AgSeCN(cr) Ag+ + SeCN –    AgSeCN(cr) 

          13.998
± 0.508

 (c)      − 79.900
± 2.900

     − 108.100
± 1.700

      − 94.583 
± 11.275 

 (a) 

  Ag(SeCN)3
2– Ag+ + 3SeCN –    Ag(SeCN)3

2– 

          13.850
± 0.300

      − 79.056
± 1.712

     

  NiSeO3·2H2O(cr)  2H2O(l) + Ni2+ + SeO3
2–    NiSeO3·2H2O(cr) 

           5.800
± 1.000

      − 33.107
± 5.708

     

  NiSeO4(aq) Ni2+ + SeO4
2–    NiSeO4(aq) 

           2.670
± 0.050

      − 15.240
± 0.285

     

  NiSeO4·6H2O(cr)  6H2O(l) + Ni2+ + SeO4
2–    NiSeO4·6H2O(cr) 

           1.381
± 0.045

       − 7.883
± 0.257

     

  NiSeCN+ Ni2+ + SeCN –    NiSeCN+ 

           1.770
± 0.060

      − 10.103
± 0.342

      − 12.800
± 0.400

       − 9.045 
± 1.766 

 (a) 

  Ni(SeCN)2(aq) Ni2+ + 2SeCN –    Ni(SeCN)2(aq) 

           2.240
± 0.140

      − 12.786
± 0.799

      − 25.000
± 4.000

      − 40.966 
± 13.681 

 (a) 
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Table III-2: (continued) 

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  CoSeO3·2H2O(cr) Co2+ + 2H2O(l) + SeO3

2–    CoSeO3·2H2O(cr) 

           7.900
± 0.400

      − 45.094
± 2.283

     

  CoSeO4(aq) Co2+ + SeO4
2–    CoSeO4(aq) 

           2.700
± 0.050

      − 15.412
± 0.285

     

  CoSeO4·6H2O(cr) Co2+ + 6H2O(l) + SeO4
2–    CoSeO4·6H2O(cr) 

           1.759
± 0.043

      − 10.040
± 0.245

     

  CoSeCN+ Co2+ + SeCN –    CoSeCN+ 

           1.500
± 0.300

       − 8.562
± 1.712

       − 6.000
± 4.000

        8.593 
± 14.594 

 (a) 

  FeSeO3
+ Fe3+ + SeO3

2–    FeSeO3
+ 

          11.150
± 0.110

      − 63.645
± 0.628

     

  Fe2(SeO3)3·6H2O(cr)  2Fe3+ + 6H2O(l) + 3SeO3
2–    Fe2(SeO3)3·6H2O(cr) 

          41.580
± 0.110

     − 237.340
± 0.628

     

  MnSeO3·2H2O(cr)  2H2O(l) + Mn2+ + SeO3
2–    MnSeO3·2H2O(cr) 

           7.600
± 1.000

      − 43.381
± 5.708

     

  MnSeO4(aq) Mn2+ + SeO4
2–    MnSeO4(aq) 

           2.430
± 0.050

      − 13.871
± 0.285

     

  UO2SeO4(aq) SeO4
2– + UO2

2+    UO2SeO4(aq) 

           2.740
± 0.250

      − 15.640
± 1.427

     

  Th(SeO3)2(cr) Th(SeO3)2. H2O(cr)    H2O(g) + Th(SeO3)2(cr) 

          − 6.499
± 0.560

       37.094
± 3.195

       94.100
± 2.900

      191.200 
± 4.500 

 

  MgSeO3·6H2O(cr)  6H2O(l) + Mg2+ + SeO3
2–    MgSeO3·6H2O(cr) 

           5.820
± 0.250

      − 33.221
± 1.427
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Table III-2: (continued) 

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  MgSeO4(aq) Mg2+ + SeO4

2–    MgSeO4(aq) 

           2.200
± 0.200

      − 12.558
± 1.142

     

  MgSeO4·6H2O(cr)  6H2O(l) + Mg2+ + SeO4
2–    MgSeO4·6H2O(cr) 

           1.133
± 0.044

       − 6.467
± 0.251

     

  CaSeO3·H2O(cr) Ca2+ + H2O(l) + SeO3
2–    CaSeO3·H2O(cr) 

           6.400
± 0.250

      − 36.531
± 1.427

     

  CaSeO4(aq) Ca2+ + SeO4
2–    CaSeO4(aq) 

           2.000
± 0.100

      − 11.416
± 0.571

     

  CaSeO4·2H2O(cr) Ca2+ + 2H2O(l) + SeO4
2–    CaSeO4·2H2O(cr) 

           2.680
± 0.250

      − 15.298
± 1.427

     

  SrSeO3(cr) SeO3
2– + Sr2+    SrSeO3(cr) 

           6.300
± 0.500

      − 35.961
± 2.854

     

  BaSeO3(cr) Ba2+ + SeO3
2–    BaSeO3(cr) 

           6.500
± 0.250

      − 37.102
± 1.427

     

  BaSeO4(cr) Ba2+ + SeO4
2–    BaSeO4(cr) 

           7.560
± 0.100

      − 43.153
± 0.571

     

  NH4HSe(cr) H2Se(g) + NH3(g)    NH4HSe(cr) 

           4.024
± 0.866

 (c)      − 22.972
± 4.942

 (a)     − 115.100
± 3.500

     − 309.000 
± 11.700 

 

  (NH4)2SeO4(cr)  2NH4
+ + SeO4

2–    (NH4)2SeO4(cr) 

          − 0.911
± 0.065

        5.200
± 0.371

     

  Li2SeO4·H2O(cr) H2O(l) + 2Li+ + SeO4
2–    Li2SeO4·H2O(cr) 

          − 1.762
± 0.065

       10.058
± 0.371
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Table III-2: (continued) 

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  LiH3(SeO3)2(cr) H2O(l) + 3LiHSeO3(cr)    Li2SeO3. H2O(cr) + LiH3(SeO3)2(cr) 

          − 0.163
± 0.018

 (c)        0.930
± 0.100

     

  LiHSeO3(cr) LiH3(SeO3)2(cr)    H2SeO3(cr) + LiHSeO3(cr) 

          − 2.689
± 0.158

 (c)       15.350
± 0.900

     

  Na2SeO4·10H2O(cr)  10H2O(l) + 2Na+ + SeO4
2–    Na2SeO4·10H2O(cr) 

           0.681
± 0.087

       − 3.887
± 0.497

     

  NaHSeO3(cr) NaH3(SeO3)2(cr)    H2SeO3(cr) + NaHSeO3(cr) 

          − 3.162
± 0.193

 (c)       18.050
± 1.100

     

  NaH3(SeO3)2(cr)  3NaHSeO3(cr)    Na2SeO3(cr) + NaH3(SeO3)2(cr) 

          − 1.109
± 0.070

 (c)        6.330
± 0.400

     

  NaH7(SeO3)4(cr)  2H2SeO3(cr) + NaH3(SeO3)2(cr)    NaH7(SeO3)4(cr) 

           1.086
± 0.070

 (c)       − 6.200
± 0.400

     

  K2SeO3(cr)  3KHSeO3(cr)    K2SeO3(cr) + KH3(SeO3)2(cr) 

          − 1.093
± 0.070

 (c)        6.240
± 0.400

     

  K2SeO4(cr)  2K+ + SeO4
2–    K2SeO4(cr) 

          − 0.904
± 0.065

        5.160
± 0.371

     

  Rb2SeO3(cr)  3RbHSeO3(cr)    Rb2SeO3(cr) + RbH3(SeO3)2(cr) 

          − 1.498
± 0.088

        8.550
± 0.500

     

  Cs2SeO3·H2O(cr)  3CsHSeO3(cr) + H2O(l)    Cs2SeO3·H2O(cr) + CsH3(SeO3)2(cr) 

          − 2.533
± 0.158

 (c)       14.460
± 0.900

     

  Cs2SeO4(cr)  2Cs+ + SeO4
2–    Cs2SeO4(cr) 

          − 0.636
± 0.065

        3.630
± 0.371

     

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

  Species  Reaction  
     ο

10log K   ο
r mG∆   ο

r mH∆   ο
r mS∆    

         (kJ·mol–1)   (kJ·mol–1)   (J·K–1·mol–1)   
  CsHSeO3(cr) CsH3(SeO3)2(cr)    CsHSeO3(cr) + H2SeO3(cr) 

          − 3.372
± 0.210

 (c)       19.250
± 1.200

     

  CsH3(SeO3)2(cr) CsH5(SeO3)3(cr)    CsH3(SeO3)2(cr) + H2SeO3(cr) 

          − 1.349
± 0.088

        7.700
± 0.500

     

(a) Value calculated internally using the equation 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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Table III-3: Selected temperature coefficients for heat capacities marked with (c) in 
Table III-1 according to the form 2 1 2

,m ( )pC T a bT cT dT eTο − −= + + + + . The functions 
are valid between the temperatures Tmin and Tmax (in K). The notation E±nm indicates the 
power of 10. Units for ,mpCο  are J·K–1·mol–1. 

Compound  a    b   c   d   e  Tmax   Tmin 

Se(cr) 
(= trigonal) 

2.48014E+01 1.28590E−03 9.92730E–06 − 8.71300E+04  298  500

Se(mono) 2.56980E+01 − 2.16540E−03 1.36408E–05 − 1.04720E+05  298  413

Se(l) 5.24080E+01 − 4.97660E−02 3.26080E–05   303 1000

Se(g) 1.15228E+01 1.68482E−02 − 6.47162E–06 1.66200E+03 − 6.42570E+04  298 1100

Se(g) 1.11256E+01 3.11880E−03 − 2.58660E−07 1.92957E+04 − 9.80328E+06 1100 5000

Se2(g) 1.93485E+01 1.24903E−02 − 2.07010E–06 1.09846E+04 − 1.60249E+06  298 1300

Se2(g) 5.81884E+01 − 4.10150E−03 4.78900E−07 − 2.82796E+04 1.297335E+07 1300 3000

SeO(g) 4.20600E+01 − 2.75700E−03 1.20100E–06 − 4.11300E+03 4.41300E+05  300 2000

SeO2(cr) 6.95000E+01 3.89000E−03  − 1.10500E+06  290  305

SeO2(g) 6.66380E+01 − 2.70100E−03 − 8.88400E+03 6.44900E+05  300 1500

SeO3(cr) 1.76400E+01 2.00000E−01    300  390

H2Se(g) 2.32030E+01 3.23156E−02 − 8.89220E–06 3.05500E+02 1.46472E+05  298 1500

SeF2(g) 6.50600E+01 − 3.94790E−03 8.19000E–07 − 5.20470E+03 1.02790E+05  298 2000

SeF4(g) 1.22798E+02 − 8.48620E−03 1.76310E–06 − 1.11220E+04 − 9.65900E+04  298 2000

SeF6(g) 1.96298E+02 − 2.58210E−02 6.44800E–06 − 2.57220E+04 6.70400E+05  298 1500

SeOF2(g) 9.67972E+01 − 7.47720E−03 1.49940E–06 − 1.11580E+04 5.38060E+05  298 2000

Se2F2(g) 8.82590E+01 − 2.98520E−03 6.25000E–07 − 3.79710E+03 − 2.18640E+05  298 2000

SeF5Cl(g) 1.41600E+02 2.23830E−02 − 8.25000E–06 − 2.78740E+06  298 1400

SeCl2(g) 5.94678E+01 − 7.54700E–04 1.60400E–07 − 9.12300E+02 − 2.33210E+05  298 2000

Se2Cl2(g) 8.19200E+01 2.29300E–03 − 1.19500E–06 − 4.34600E+05  298 1000

SeOCl2(g) 9.10154E+01 − 4.26780E–03 8.49300E–07 − 6.51540E+03 1.98530E+05  298 2000

SeBr2(g) 5.81200E+01 4.43500E–05  − 2.41000E+05  298 2000

Se2Br2(g) 8.28500E+01 3.59900E–04 − 9.80000E–08 − 3.11200E+05  298 1000

SeS(g) 3.20010E+01 4.90020E–03 − 5.35000E–07 1.86320E+03 − 3.45960E+05  298 2000

TeSe(g) 1.19809E+02 − 7.49930E–02 2.42400E–05 − 2.95990E+04 3.33040E+06  298  950

TeSe(g) − 1.4324E+01 2.48440E−02 − 3.82760E−06 5.14240E+04 − 1.53300E+07 950 2000

As2Se3(cr) 1.21230E+02 − 3.81700E–02 1.30021E–04  273  634

As4Se3(cr) 5.15536E+01 2.30751E–01 − 2.88980E–05 2.43452E+04 − 2.39391E+06  130  440

As4Se4(cr) 6.98425E+03 − 1.14877E+01 7.27981E–03 − 1.75572E+06 1.67046E+08  300  540

(Continued next page) 
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Table III-3: (continued) 

Compound  a    b   c   d   e  Tmax   Tmin 

Sb2Se3(cr) 1.21700E+02 1.07300E–02    298  885 

BiSe(g) 3.73251E+01 4.16100E–04 − 4.68000E–08 − 8.77670E+04  298 1500 

Bi2Se3(cr) 1.26950E+02 1.89400E–02    298  985 

CSe(g) 4.42955E+01 − 3.42560E–03 6.91000E–07 − 6.01840E+03 6.60504E+05  298 2000 

CSe2(cr) 5.17100E+01 5.62300E–02  − 3.10000E–04   78  229 

CSe2(l) 6.87000E+01 6.65000E–02    230  328 

CSe2(g) 7.00729E+01 − 3.39950E–03 5.68700E–07 − 8.13830E+03 7.22560E+05  298 2000 

SiSe(g) 3.59540E+01 2.00500E–03 − 7.42700E–06 − 2.56238E+05  298 1500 

GeSe(cr) 4.67770E+01 1.50990E–02 − 3.16000E–08 − 1.23100E+05  298  940 

GeSe(g) 3.78410E+01 1.34000E–04 − 3.08000E–08 − 3.77200E+02 − 1.21800E+05  298 3000 

α-SnSe 5.26200E+01 7.28000E–03 − 1.32900E–06 − 2.45690E+05  298  796 

SnSe(g) 3.76190E+01 2.10400E–04 − 1.51000E–08 − 1.78700E+02 − 1.02881E+05  298 3000 

SnSe2(cr) 7.53900E+01 1.15000E–02  − 1.92000E+05  230  570 

PbSe(cr) 4.69600E+01 1.22600E–02    298 1349 

PbSe(g) 3.73380E+01 4.34300E–04 − 2.69000E–08 − 9.80680E+04  298 2000 

AlSe(g) 3.80600E+01 3.18300E–04 − 6.33300E+02 − 1.14300E+05  298 2000 

InSe(cr) 4.64960E+01 7.28100E–03  9.63140E+04  298  913 

α-In2Se3 1.09190E+02 5.00000E–02    298  471 

β-In2Se3 1.13420E+02 3.59900E–02    471  700 

α-ZnSe 5.31550E+01 2.65170E–03 1.07890E–06 − 5.59680E+05  298 1500 

α-CdSe 4.58700E+01 1.19400E–02    298 1500 

α-HgSe 5.16600E+01 9.52000E–03    293  513 

NiSe2(cr) 1.03642E+02 − 5.51057E–02 4.53165E–05 − 1.48810E+06  298 1000 

δ-Fe0.875Se 4.70600E+01 − 1.48700E–02 2.39200E–05 4.51900E+06  660 1020 

FeSe2(cr) 3.70140E+01 8.02730E–02  9.57991E+05  298  600 

FeSe2(cr) −8.35808E+02 1.050076E+00  1.056967E+08 600 853 

β-Fe1.04Se 5.62200E+01 2.31760E–02 − 9.70000E–07 − 5.34290E+05  298  730 

RuSe2(cr) 7.22980E+01 9.07620E–03 − 8.00200E–07 − 4.65942E+05  298  900 

RuSe2(cr) − 4.3518E+01 1.405064E−01 − 3.88342E−05 2.248624E+07 900 1500 

MoSe2(cr) 6.91120E+01 1.42210E–02  − 2.46210E+05  298 1800 

WSe2(cr) 7.10860E+01 1.46270E–02  − 2.53246E+05  298 1800 

NbSe2(cr) 6.87630E+01 2.35000E–02  − 2.00000E+05 1180 1656 

(Continued next page) 
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Table III-3: (continued) 

Compound  a    b   c   d   e  Tmax   Tmin 

EuSe(cr) 4.87600E+01 7.37600E–03    298 1600

Sm2Se3(cr) 1.21850E+02 3.66380E–02  − 4.03880E+04 1180 1900

La2Se3(cr) 1.16450E+02 2.76400E–02  8.06310E+04  298 2000
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Chapter IV 

IV Selected auxiliary data 
 

 

This chapter presents the chemical thermodynamic data for auxiliary compounds and 
complexes which are used within the NEA’s TDB project. Most of these auxiliary spe-
cies are used in the evaluation of the recommended selenium data in Table III-1, Table 
III-2, and Table III-3. It is therefore essential to always use these auxiliary data in con-
junction with the selected data for selenium. The use of other auxiliary data can lead to 
inconsistencies and erroneous results. Additional auxiliary data used in this review are 
found in Appendix E, Table E-2 (cf. Section II.7). 

 The values in the tables of this chapter are either CODATA Key Values, taken 
from [89COX/WAG], or were evaluated within the NEA’s 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 present review.  

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

 CODATA [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 uncer-
tainties 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 from the corresponding Table IV-2 in 
[92GRE/FUG], are included in this volume.  

 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 the discussions on auxiliary data selec-
tion of NEA-TDB reviews, 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. System-
atically, all the values are presented with three digits after the decimal point, regardless 
of the significance of these digits. The reference listed for each entry in this table indi-
cates the NEA-TDB Review where the corresponding data have been adopted as 
NEA-TDB auxiliary data. The data presented in this table are available on computer 
media from the OECD Nuclear Energy Agency.  

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (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∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (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 – 
This review 

     – 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) 
This review 

     – 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∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (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 

       

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

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (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
   

HSO4
 – 

[2001LEM/FUG] 
    – 755.315 

± 1.342 
     – 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
   

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

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
HN3(aq) 
[92GRE/FUG] 

     321.372 
± 2.051 

      260.140
± 10.050

      147.381
± 34.403

   

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 
 

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

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
AsO2

 – 
[92GRE/FUG] 

    – 350.022 
± 4.008 

 (a)     – 429.030
± 4.000

       40.600
± 0.600

   

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

   

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

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
CO2(g) 
[92GRE/FUG] 

    – 394.373 
± 0.133 

 (a)     – 393.510
± 0.130

      213.785
± 0.010

       37.135 
± 0.002 

 

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 – 
This review 

     166.939 
± 2.519 

 (b)      147.350
± 3.541

 (b)      101.182
± 8.475

 (b)   

HCN(aq) 
This review 

     114.368 
± 2.517 

 (b)      103.750
± 3.536

 (b)      131.271
± 8.440

 (b)   

HCN(g) 
This review 

     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 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
SiF4(g) 
[92GRE/FUG] 

   – 1572.773 
± 0.814 

 (a)    – 1615.000
± 0.800

      282.760
± 0.500

       73.622 
± 0.500 

 

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 

 

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

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
BF3(g) 
[92GRE/FUG] 

   – 1119.403 
± 0.803 

 (a)    – 1136.000
± 0.800

      254.420
± 0.200

       50.463 
± 0.100 

 

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

   

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

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (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∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (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 

 

Sr(cr) 
[92GRE/FUG] 

       0.000 
 
        0.000       55.700

± 0.210
   

Sr2+ 
[92GRE/FUG] 

    – 563.864 
± 0.781 

 (a)     – 550.900
± 0.500

      – 31.500
± 2.000
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
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

     

K(cr) 
[92GRE/FUG] 

       0.000 
 
        0.000       64.680

± 0.200
       29.600 

± 0.100 
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Table IV-1: (continued) 

f mGο∆  f mH ο∆  mS ο  ,mpCο  Compound and 
NEA-TDB Review (kJ·mol–1) (kJ·mol–1) (J·K–1·mol–1) (J·K–1·mol–1) 
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. Unless noted otherwise, 
all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous species, a standard 
state of infinite dilution (I = 0). The uncertainties listed below each value represent total 
uncertainties and correspond in principle to the statistically defined 95% confidence 
interval. Systematically, all the values are presented with three digits after the decimal 
point, regardless of the significance of these digits. The reference listed for each entry in 
this table indicates the NEA-TDB Review where the corresponding data have been 
adopted as NEA-TDB Auxiliary data.The data presented in this table are available on 
computer media from the OECD Nuclear Energy Agency.  

Reaction  Species and  
NEA-TDB Review 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+ 
This review        – 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
     

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

Reaction  Species and  
NEA-TDB Review 10log K ο

r mGο∆ r mH ο∆  r mS ο∆  
      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

HIO3(aq) H+ + IO3
 –    HIO3(aq) 

[92GRE/FUG]         0.788
± 0.029

       – 4.498
± 0.166

     

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) 

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

Reaction  Species and  
NEA-TDB Review 10log K ο

r mGο∆ r mH ο∆  r mS ο∆  
      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

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) 

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
     

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

Reaction  Species and  
NEA-TDB Review 10log K ο

r mGο∆ r mH ο∆  r mS ο∆  
      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

HCO3
 – CO3

2– + H+    HCO3
 – 

[92GRE/FUG]        10.329
± 0.020

      – 58.958
± 0.114

     

CN – HCN(aq)    CN – + H+ 
This review        – 9.210

± 0.020
       52.571

± 0.114
       43.600

± 0.200
      – 30.089

± 0.772
 (a) 

HCN(aq) HCN(g)    HCN(aq) 
This review         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
     

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

Reaction  Species and  
NEA-TDB Review 10log K ο

r mGο∆ r mH ο∆  r mS ο∆  
      (kJ·mol–1) (kJ·mol–1)  (J·K–1·mol–1) 

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∆ . 

 

 

 

 

 

 

 

 



 

 87

Chapter VEquation Section  22 

Discussion of data selection for 
selenium  
 

 

V.1 Elemental selenium 
The chemistry of elemental selenium is complex and it has been the subject of a large 
number of studies. Two well-defined polymorphs, trigonal and monoclinic selenium, 
exist in the solid state. The trigonal form of selenium is often improperly denoted as 
“hexagonal” selenium. Liquid selenium is easily supercooled and undergoes a glass 
transition at 303.4 K. The trigonal form of selenium is thermodynamically stable in the 
temperature range from 0 K up to the melting point at 494.2 K. The monoclinic form is 
metastable and melts at 413 K. In the gas phase, all species Sen(g), n = 1 to 12, have 
been detected. These properties taken together render a thermodynamic evaluation of 
the system difficult and the results of various investigations differ. In particular, the 
assessment of data for the gaseous species varies depending on the method of evaluation 
and the method for recalculation to 298.15 K from high temperatures. The proper 
evaluation of the data for the gaseous species requires the knowledge of the thermody-
namic properties of the trigonal and liquid phases because most of the experimental 
results have been derived from vapour pressure measurements involving equilibria with 
solid and liquid selenium. In addition, heat capacities and entropies of the gaseous spe-
cies are needed for second and third law evaluations. These quantities were, except for 
Se(g) and Se2(g), unknown at the time of the investigations and various estimates were 
used in the evaluation procedures. These circumstances have resulted in different data 
sets that may serve to describe the thermodynamic properties of the system as long as 
data from one source only are consistently selected. However, the thermodynamic quan-
tities for individual gaseous species differ from one evaluation to another, making it 
hazardous to select or compare quantities from different evaluations. In the following, 
the available experimental information from the various sources has been re-evaluated 
using a single set of heat capacity and entropy data, focussing on the experimental val-
ues and minimising the use of estimates. 
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The procedure for the selection of data for selenium has been the following: 

− The selection of entropy and heat capacity data for trigonal selenium in the 
temperature range 298.15 to 494.2 K and for the liquid in the temperature 
range 494.2 to 1500 K. The thermodynamic properties of the metastable mono-
clinic phase and the supercooled liquid are assessed for use as auxiliary data. 
The major source of information is the review by Gaur, Shu, Mehta, and 
Wunderlich [81GAU/SHU] which has been combined with other information 
for phase transformations. 

− The selection of heat capacities and entropies at 298.15 K for the gaseous spe-
cies as well as expressions of the temperature dependence of the heat capacity 
for the same species. Experimental information for the proper calculation of 
these quantities from statistical mechanics are only available for the species 
Se(g) and Se2(g). For all the other selenium gas molecules, the published val-
ues are based on estimates made by comparison with gaseous sulphur and other 
selenium molecules. The selected values rely mostly on the work of Pupishev 
and Rusin [84PUP/RUS] who have made an elaborate analysis of the 
Se2(g)-Se8(g) and S2(g)-S8(g) molecules using the LCAO method.  

− The selection of enthalpies of formation for the gaseous species by re-
evaluating previous investigations using the data selected in the previous steps. 
This evaluation order allows the third law to be used with a consistent set of 
heat capacities and entropies in deriving enthalpies of formation. The third law 
has rarely been applied in selenium gas phase studies and it reduces the scatter 
between derived experimental enthalpy values from various investigations by 
50 to 80%. 

A complete set of thermodynamic data for the polymorphs of solid selenium, 
the liquid, and the gas molecules Sen(g), n = 1 to 8, was derived in the review by Mills 
[74MIL]. This work has been a valuable source of information, but several important 
later studies have appeared. A compilation of data for the equilibrium between liquid 
selenium and saturated selenium vapour was made by Rao [82RAO]. The work was 
mainly based on the contribution by Rau [74RAU] and the selection of data sources was 
limited. 

There are two major sources of experimental information on selenium gas 
equilibria; total vapour pressure measurements and mass spectroscopic investigations. 
The composition of the gas phase is complex, see Figure V-1, and limited thermody-
namic information can be obtained from the total vapour pressure measurements except 
at high temperatures where Se2(g) dominates. The mass spectrometric investigations 
provide information about individual gaseous species. However, there are serious prob-
lems due to fragmentation in the mass spectrometer. It has been found that a large part 
of the observed intensities of 3Se (g)+ , 4Se (g)+ , and to some extent 2Se (g)+  ions are 
caused by fragmentation of the species Se5(g) and Se6(g). Thermodynamic evaluations 
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have therefore been omitted for the former species in most studies, and where data have 
been derived, the vapour pressures are too large and the enthalpies of formation too 
small. Similarly, the vapour pressures of the Se5(g) and Se6(g) species become too low 
and the corresponding enthalpies of formation too large. The saturated vapour pressure 
measurements are useful for the normalisation of the saturated total pressure obtained 
from mass spectrometric investigations.  

Figure V-1: Mole fractions of species in saturated selenium vapour. Abrupt changes in 
the partial pressures occur at the melting point 494 K of selenium for some of the spe-
cies. 

The selected thermodynamic data have been used to calculate the total sele-
nium vapour pressure above solid and liquid selenium at equilibrium. The quotient be-
tween the observed and calculated pressures as a function of the inverse temperature is 
shown in Figure V-2.  
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Figure V-2: Comparison between the saturated pressure of selenium calculated from the 
selected thermodynamic quantities and the total pressure measured in various investiga-
tions. A logarithmic unit of 0.1 corresponds approximately to a relative error of 25%. 

 

 

V.1.1 Se(trigonal) 
The thermodynamic properties of the condensed forms of selenium were reviewed and 
re-assessed in a very thorough study by Gaur, Shu, Mehta, and Wunderlich 
[81GAU/SHU]. This was complemented by a discussion of the zero-point entropy of 
the metastable forms by Judovits and Wunderlich [85JUD/WUN]. The thermodynamic 
properties were found to be in excellent agreement with inelastic neutron scattering 
studies of the selenium polymorphs made by Phillips, Buchenau, Nucker, Dianoux and 
Petry [89PHI/BUC]. No changes to the data have appeared in the literature since then 
and the data in [81GAU/SHU] have been selected for this work. The selected entropy at 
298.15 K is: 

mS ο (Se, trigonal, 298.15 K) = (42.09 ± 0.33) J·K–1·mol–1 
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and  

,mpCο (Se, trigonal, 298.15 K) = (25.09 ± 0.30) J·K–1·mol–1. 

[81GAU/SHU] described the temperature dependence of the heat capacity us-
ing an unusual analytical expression and for the present work the heat capacity expres-
sion was re-evaluated using the standard form. The selected expression is: 

,mpCο (Se, trigonal, (298.15 - 500) K) = (24.8014 + 1.2859 × 10–3 T + 9.9273 × 10−6 T 2 
 – 0.8713 × 105 T –2) J·K–1·mol–1. 

V.1.2 Se(liquid) 
Selenium melts at (494.2 ± 0.2) K [80WUN/SHU] and the thermodynamic properties of 
Se(l) are required for this work in the evaluation of high temperature measurements of 
selenium vapour pressures. The value accepted for the enthalpy of fusion is that of 
Grønvold [73GRO2], who performed very accurate measurements of the thermody-
namic properties of selenium in the temperature range 298 to 1000 K: 

fus mH ο∆ (Se, trigonal, 494.2 K) = (6.159 ± 0.012) kJ·mol–1. 

The corresponding entropy of fusion is: 

fus mS ο∆ (Se, trigonal, 494.2 K) = (12.46 ± 0.03) J·K–1·mol–1. 

The liquid selenium is easily supercooled and undergoes a glass transition at 
303.4 K. The heat capacity expression derived by [81GAU/SHU] for the liquid is based 
on the work in [73GRO2] and [80SHU/GAU] in the temperature ranges 500 to 1000 K 
and 330 to 520 K, respectively. The expression is selected here, 

,mpCο (Se, l, (303.4 – 1000) K) = (52.408 – 49.766 × 10–3 T  
+ 3.2608 × 10–5 T 2) J·K–1·mol–1. 

No experimental values are available for the heat capacity of liquid selenium 
above 1000 K. For this work a constant value equal to the value at 1000 K was used in 
evaluations of data above 1000 K: 

,mpCο (Se, l, (1000 – 1500) K) = 35.250 J·K–1·mol–1. 

V.1.3 Se(monoclinic) 
Monoclinic selenium is metastable and its enthalpy of formation and entropy are needed 
as auxiliary data for some evaluations. They were derived from a thermodynamic cycle 
involving the enthalpy and entropy of fusion at the melting point 413 K, the selected 
data for trigonal and liquid selenium, and the heat capacity of monoclinic selenium. The 
selected enthalpy of fusion is that in [81GAU/SHU]:  

fus mH ο∆ (Se, monoclinic, 413 K) = 3.24 kJ·mol–1. 
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The corresponding entropy of fusion is: 

fus mS ο∆ (Se, monoclinic, 413 K) = 7.86 J·K–1·mol–1. 

Similarly, the heat capacity at 298.15 K assessed in [81GAU/SHU] is selected: 

,mpCο (Se, monoclinic, 298.15 K) = (25.09 ± 0.80) J·K–1·mol–1. 

The expression  

,mpCο (Se, monoclinic, (298 – 413) K) = (25.698 – 2.1654 × 10−3 T + 13.6408 × 10−6 T 2 
 – 1.0472 ×105 T −2) J·K–1·mol–1 

was derived by the review from the heat capacity values assessed in [81GAU/SHU]. 

 The enthalpy of formation and entropy of monoclinic selenium from this cycle 
are f mH ο∆ (Se, monoclinic, 298.15 K) = (2.14 ± 0.10) kJ·mol–1 and mS ο (Se, monoclinic, 
298.15 K) = (44.97 ± 0.40) J·K–1·mol–1. The corresponding values from the data in 
[81GAU/SHU] are f mH ο∆ (Se, monoclinic, 298.15 K) = 2.18 kJ·mol–1 and mS ο (Se, 
monoclinic, 298.15 K) = 45.07 J·K–1·mol–1. The differences between the values origi-
nate from the use of the enthalpy of fusion of trigonal selenium determined in 
[80WUN/SHU], fus mH ο∆ (Se, trigonal, 494.2 K) = 6.20 kJ·mol–1, in the latter case, rather 
than the value fus mH ο∆ (Se, trigonal, 494.2 K) = (6.159 ± 0.012) kJ·mol–1 selected by the 
review. The selected enthalpy of formation and entropy of monoclinic selenium are: 

f mH ο∆ (Se, monoclinic, 298.15 K) = (2.14 ± 0.10) kJ·mol–1 

and  

mS ο (Se, monoclinic, 298.15 K) = (44.97 ± 0.40) J·K–1·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy to be: 

f mGο∆ (Se, monoclinic, 298.15 K) = (1.28 ± 0.18) kJ·mol–1. 

V.1.4 Se(g) 
Kelley and King [61KEL/KIN] calculated the standard entropy of Se(g) to be mS ο (Se, g, 
298.15 K) = (176.61 ± 0.05) J·K–1·mol–1 from atomic constant data. This value (for 
1 atm standard pressure) was selected by Mills [74MIL]. The entropy was recalculated 
by the review using statistical mechanics employing the energy levels given by Kelley 
[87KEL] and a molar mass of 78.96 g·mol–1 yielding the selected value: 

mS ο (Se, g, 298.15 K) = (176.729 ± 0.006) J·K–1·mol–1. 

The major contribution to the error limits is the uncertainty in the molar mass 
of Se(g) due to the natural variation in the isotopic composition of selenium. The se-
lected value of the heat capacity was calculated from the same data as the entropy yield-
ing: 
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,mpCο (Se, g, 298.15 K) = (20.819 ± 0.001) J·K–1·mol–1. 

The heat capacity expressions 

,mpCο (Se, g, (298.15 - 1100) K) = (11.5228 + 16.8482 × 10−3 T – 6.47162 × 10−6 T 2  
 – 1.6620 × 103 T –1 − 0.64257 × 105 T –2) J·K–1·mol–1, 

and 

,mpCο (Se, g, (1100 - 5000) K) = (11.1256 + 3.1188 × 10–3 T – 0.25866 × 10–6 T 2  
 + 19.2957 × 103 T –1 − 98.0328 × 105 T –2) J·K–1·mol–1 

were derived by the review and describe the heat capacity calculated from statistical 
mechanics within ± 0.03 J·K–1·mol–1. 

The enthalpy of formation of Se(g) is calculated from determinations of the 
dissociation energy of Se2(g). The available studies of this quantity were reviewed and 
discussed thoroughly by Drowart and Smoes [77DRO/SMO]. The determinations of the 
dissociation energy were also re-assessed by Grønvold, Drowart, and Westrum 
[84GRO/DRO]. Both reviews selected the highest of three spectroscopically possible 
values originating from the work by Barrow, Chandler, and Meyer [66BAR/CHA]. 
However, it can be noted that these authors themselves preferred the lowest of the three 
possible values. No later investigations changing the conclusions in [77DRO/SMO] and 
[84GRO/DRO] have been found and the value for the atomisation energy of Se2(g) as 
recalculated to 298.15 K from 0 K in [84GRO/DRO] is selected: 

at mH ο∆ (Se2, g, 298.15 K) = (331.04 ± 0.50) kJ·mol–1. 

This value is combined with the selected enthalpy of formation of Se2(g) to 
give the selected enthalpy of formation of Se(g): 

f mH ο∆ (Se, g, 298.15 K) = (236.1 ± 1.5) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy to be:  

f mGο∆ (Se, g, 298.15 K) = (196.0 ± 1.5) kJ·mol–1. 

V.1.5 Se2(g) 
The calculation of the entropy of Se2(g) from spectroscopic data has been done with and 
without inclusion of the splitting of the ground state X3Σ+ of the Se2(g) molecule. Stull 
and Sinke [56STU/SIN] calculated a value of mS ο (Se2, g, 298.15 K) = (251.99 ± 0.90) 
J·K–1·mol–1 by treating the state as a triplet, i.e. using a statistical weight of 3. In the 
handbook by Hultgren et al. [73HUL/DES] and in the review by Mills [74MIL], the 
splitting energy was estimated resulting in the values mS ο (Se2, g, 298.15 K) = 
(249.46 ± 0.90) J·K–1·mol–1 and mS ο (Se2, g, 298.15 K) = (243.6 ± 3.8) J·K–1·mol–1, re-
spectively. A reliable experimental value for the splitting energy became available 
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through the work of Greenwood and Barrow [76GRE/BAR] and it was used in Ven-
drikh, Gorbov, and Pashinkin [82VEN/GOR] to calculate an accurate value of mS ο (Se2, 
g, 298.15 K) = (247.42 ± 0.05) J·K–1·mol–1. Grønvold, Drowart and Westrum 
[84GRO/DRO] reviewed the spectroscopic data of Se2(g) and calculated the entropy to 
be mS ο (Se2, g, 298.15 K) = (247.38 ± 0.05) J·K–1·mol–1 from the experimental work per-
formed primarily by Barrow, Chandler and Meyer [66BAR/CHA], and by Prosser, Bar-
row, Effantin, d’Incan, and Vergès [82PRO/BAR]. The calculations in [84GRO/DRO] 
differ mainly from those in [82VEN/GOR] by using a slightly different value for the 
splitting of the X3Σ+ state, 512.81 cm–1 instead of 509.95 cm–1, and a different estimated 
value of the unobserved a1∆g state, 4500 cm–1 instead of 3000 cm–1. The energy of the 
a1∆g state was calculated to be 4618 cm–1 by Heinemann, Koch, Lindner, Reinen and 
Widmark [96HEI/KOC] using ab initio molecular-orbital methods. Their work gives 
slightly higher energies for the low-lying electronic states than those determined ex-
perimentally and the estimate made in [84GRO/DRO] for the a1∆g state (4500 ± 500) 
cm–1, appears to be preferable to that in [82VEN/GOR]. 

For the purpose of this review, experimental entropies were calculated from a 
number of investigations involving Se2(g) equilibria using the second law. Such evalua-
tions were not made in the original work and the details are discussed in Appendix A 
for each paper. The results are summarised in Table V-1. 

The scatter is considerable among the second law values due to the often very 
limited temperature ranges of the investigations. The value in [68YAM/POR] is espe-
cially low, a fact which is probably due to contributions from fragmentation of higher 
molecules to the registered 2Se (g)+  ion intensity. The entropy calculated in 
[84GRO/DRO] is selected: 

mS ο (Se2, g, 298.15 K) = (247.38 ± 0.40) J·K–1·mol–1. 

Similarly, the heat capacity at 298.15 K calculated by the same authors is se-
lected: 

,mpCο (Se2, g, 298.15 K) = (41.71 ± 0.20) J·K–1·mol–1. 

The heat capacity expressions 

,mpCο (Se2, g, (298.15 - 1300) K) = (19.3485 + 12.4903 × 10–3 T – 2.0701 × 10–6 T 2 
 + 1.09846 × 104 T –1 − 1.602488 × 106 T –2) J·K–1·mol–1, 

and 

,mpCο (Se2, g, (1300 - 3000) K) = (58.1884 − 4.1015 × 10–3 T + 0.4789 × 10–6 T 2 
 – 2.82796 × 104 T –1 + 1.297335 × 107 T –2) J·K–1·mol–1 

were derived by the review and describe the heat capacity calculated in 
[84GRO/DRO] from statistical mechanics to within ± 0.01 J·K–1·mol–1. 
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Table V-1: Entropy of Se2(g) at 298.15 K as (1) calculated from molecular constants 
and (2) evaluated using the second law. 

Reference mS ο (298.15 K)(1) 

(J·K–1·mol–1) 
mS ο (298.15 K)(2) 

(J·K–1·mol–1) 

Temperature 

(K) 

[56STU/SIN] (252.0 ± 0.9)(a)   

[73HUL/DES] (249.4 ± 0.9)(a)   

[74MIL] (243.6 ± 3.8)(a)   

[82VEN/GOR] (247.42 ± 0.05)(a)   

[84GRO/DRO] (247.38 ± 0.05)   

[62RAT/RIC]  (249.4 ± 6.3) 523 - 673 

[66BER/CHU]  (243.9 ± 1.4) 437 - 469, 420 - 546(b) 

[66BER/CHU]  (232.6 ± 3.2) 505 - 546, 420 - 546 (c) 

[68YAM/POR]  (216.5 ± 10.5) 578 - 667 

[70KEL]  (250.0 ± 4.1) 573 - 723 

[82GRI/GRI]  (245.2 ± 8.5), (231.1 ± 8.5) 463 - 483 

[84HUA/GIL]  (263.6 ± 14.2) 485 - 503 

Average  (241.5 ± 28.3)  

a Error limits as given in the reference. 

b The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second temperature 
interval to the equilibrium Se6(g)  3Se2(g). 

c The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature inter-
val to the equilibrium Se6(g)  3Se2(g). 

The enthalpy of formation of Se2(g) has been determined from mass spectro-
metric investigations of selenium vapour and from measurements of the total selenium 
pressure and the vapour density. The enthalpy of formation of Se2(g) cannot be deter-
mined from the latter two methods without additional information because of the com-
plexity of the gas phase. Se2(g) is a minority species at temperatures below approxi-
mately 800 K and other species such as Se5(g), Se6(g), and Se7(g) dominate. Neverthe-
less, the enthalpy of formation of Se2(g) has been derived from vapour density meas-
urements at these low temperatures in a number of investigations by assuming the pres-
ence of particular selenium species in addition to Se2(g). Such evaluations are prone to 
be unreliable, in particular in cases where the evaluation was made with the wrong ma-
jor species, because the properties determined for Se2(g) are essentially dependent on 
the small difference between the total vapour pressure and the vapour pressures of the 
majority species. At temperatures above 800 K the mole fraction of Se2(g) exceeds 50% 
and by calculating the mole fractions of the other selenium species from data deter-
mined in mass spectrometric investigations at low temperatures, the mole fraction of 
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Se2(g) can be found to within ± 10% at high temperatures. This allows the evaluation of 
fairly reliable values of the enthalpy of formation of Se2(g) from high temperature total 
vapour pressure data. The mass spectrometric investigations are treated first and are 
followed by a discussion of the high temperature total pressure measurements. 

The determinations of the enthalpy of formation of Se2(g) from mass spectro-
metric investigations of selenium vapour using Knudsen cells can be separated into the 
approximate temperature ranges 420 to 494 K for equilibria with solid selenium and 494 
to 700 K for equilibria with liquid selenium. The various investigations have used dif-
ferent methods and auxiliary data for deriving enthalpies of formation at 298.15 K from 
the measurements and for the purpose of this review the measurements were re-
evaluated using the selected values for heat capacities and entropies of the selenium 
gaseous species and condensed phases. The details of the evaluations are given in Ap-
pendix A for each reference and the enthalpies of formation of Se2(g) are summarised in 
Table V-2. The values of the enthalpy of formation of Se2(g) derived in the review by 
Grønvold, Drowart, and Westrum [84GRO/DRO] are included for comparison. 

The large differences between the second and third law values for the meas-
urements in [64MAS/WEI] and [68YAM/POR] indicate serious systematic errors in the 
measurements. The values in [66BER/CHU] were derived in two steps. First the en-
thalpy of formation was evaluated for Se6(g) from the reactions 6Se(s)  Se6(g) in the 
temperature range 446 to 469 K and 6Se(l)  Se6(g) in the temperature range 505 to 
546 K. The enthalpy of formation of Se2(g) was then obtained from the reaction 
Se6(g)  3Se2(g) studied in the temperature range 420 to 543 K. The experimental re-
sults for the first two reactions lead to different values for the enthalpy of formation of 
Se6(g) and an enthalpy of fusion fus mH ο∆ (Se, trigonal) = 9.623 J·K–1·mol–1. This value is 
about 50% larger than the selected value of 6.159 J·K–1·mol–1 and explains the differ-
ence between the two second law values of Berkowitz and Chupka [66BER/CHU]. 
Yamdagni and Porter [68YAM/POR] concluded that the 2Se (g)+  ions were formed pri-
marily from Se2(g) and not from fragmentation of larger molecules because no evidence 
for a relationship between the intensities of the ion beams of the 2Se (g)+  ions and the 
larger molecules could be found. However, they noted the substantial difference be-
tween their second and third law evaluations. In the light of later investigations, the 

2Se (g)+  ion intensity in their investigations seems to contain a considerable contribution 
caused by fragmentation of larger molecules after all. As such, the values derived from 
their data will constitute lower limits for the enthalpy of formation because the partial 
pressures calculated from these ion intensities would be higher than the real equilibrium 
values. The second and third law values of Keller [70KEL] agree well with each other 
but the total pressure of selenium is too low in the upper part of the temperature range 
where the data for Se2(g) were evaluated. The enthalpy values are therefore too large, 
and the correct values should be lower. Grimley, Grindstaff, DeMercurio, and Forsman 
[82GRI/GRI] noted that the ion intensity of 2Se (g)+  was dependent on the properties of 
the ion source and the uncertainties are therefore large. This is shown by the discrep-
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ancy between the two third law enthalpies calculated by the review from the ion inten-
sity data and the supposedly corrected mole fractions in Tables I and V of the paper. 
The results of Huang and Gilles were obtained for a temperature interval of 17 K only 
and it is not surprising that the second law value differs from the third law value. 

Table V-2: Re-evaluated second and third law enthalpy of formation of Se2(g) at 
298.15 K as obtained from mass spectrometric investigations and determinations of the 
magnetic susceptibility of selenium gas. The last column contains the values evaluated 
by Grønvold, Drowart, and Westrum [84GRO/DRO] from the cited references. The 
value attributed to [84GRO/DRO] in the first column was evaluated from the measure-
ments of Tobisawa [60TOB] who did not originally evaluate partial pressures or ther-
modynamic properties. 

Reference f mH ο∆ (298.15 K), 

2nd law (kJ·mol–1) 
f mH ο∆ (298.15 K), 

  3rd law (kJ·mol–1) 

Temperature 

(K) 
f mH ο∆ (298.15 K), 

3rd law [84GRO/DRO] 
(kJ·mol–1) 

[62RAT/RIC] (146.1 ± 3.7) (144.7 ± 0.7) 523 - 673 (144.6 ± 0.7) 

[64MAS/WEI] (121.1 ± 4.6)(a) (143.5 ± 3.4) 900 - 1100 (144.4 ± 2.6) 

[66BER/CHU] (139.4 ± 0.7) (141.2 ± 1.4) 437 - 469,       
420 - 546(b) 

141.0 

[66BER/CHU] (133.8 ± 1.7) (141.2 ± 1.4) 505 - 546,  
420 - 546(c) 

 

[68YAM/POR] (113.0 ± 6.3) (a) (131.6 ± 6.3) (a) 578 - 667 142.7 

[70KEL] (145.8 ± 2.6) (144.0 ± 1.0) 573 - 723 (144.1 ± 1.3) 

[75HOA/REY] (138.9 ± 8.4)  446 - 549  

[82GRI/GRI] (135.5 ± 4.1) (136.5 ± 4.1)(d), 
(143.3 ± 4.1) 

463 - 483 143.1 

[84GRO/DRO]  (143.1 ± 0.9) 1073 - 1373 (143.1 ± 0.9) 

[84HUA/GIL] (148.6 ± 7.1) (140.6 ± 10.0) 485 - 503  

Average (141.2 ± 11.5) (142.7 ± 2.9)   

a  Not included in the average. 

b  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second temperature 
interval to the equilibrium Se6(g)  3Se2(g). 

c  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature interval 
to the equilibrium Se6(g)  3Se2(g). 

d  Based on raw intensity data and not included in the average. 
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The thermal functions of condensed selenium and Se2(g) employed by the re-
view and in [84GRO/DRO] are almost identical and the differences between the third 
law values derived in the two reviews deserve some comments. The difference between 
the third law values derived by the review and [84GRO/DRO] from [64MAS/WEI] is 
due to the different temperature intervals employed. The complete experimental interval 
of 800 to 1100 K was used by the review and the interval 900 to 1100 K in 
[84GRO/DRO]. The difference between the two evaluations is well within the assigned 
uncertainty limits. A large discrepancy exists for the values derived from the measure-
ments in [68YAM/POR]. The third law value of the enthalpy of formation of Se2(g) 
determined in [68YAM/POR] was given as the range 104.6 to 115.5 kJ·mol–1 at 625 K 
in the original paper. It was obtained by estimating the mole fraction of Se2(g) to be in 
the range 10% to 100% at 625 K from the mass spectrometric measurements and corre-
sponds to the range 123.7 to 134.6 kJ·mol–1 at 298.15 K. The value recommended in 
[68YAM/POR] for the enthalpy of formation of Se2(g) is (106.7 ± 10.5) kJ·mol–1 at 
625 K, corresponding to (125.8 ± 10.5) kJ·mol–1 at 298.15 K, by also taking into ac-
count their second law value. The value f mH ο∆ (Se2, g, 298.15 K) = 142.7 kJ·mol–1 at-
tributed to [68YAM/POR] in [84GRO/DRO] was derived by considering only the lower 
limit of the mole fraction, 10%, and using the total pressures in [63NES] rather than 
those determined in the original paper. The value f mH ο∆ (Se2, g, 298.15 K) = 131.61 
kJ·mol–1 obtained by the review was calculated using the mole fraction xSe2

 = 0.43 cor-
responding to the relative ion intensity at 600 K and the total pressure as measured in 
the original paper. 

The enthalpy of formation of Se2(g) can also be obtained from the total pres-
sure of selenium vapour in equilibrium with the liquid at higher temperatures. Above 
about 800 K the mole fraction of Se2(g) exceeds 50% and third law evaluations will 
result in reliable values since the total pressure can be measured with good accuracy. 
For the purpose of this review, a number of such evaluations were carried out (see Ap-
pendix A) and have been summarised in Table V-3. The mole fractions of Se2(g) ap-
plied in the evaluations were calculated from the mass spectrometric measurements dis-
cussed above rather than setting the mole fraction to unity. The fractions calculated in 
this way are probably correct to within ± 0.1 and are consistent with the adopted ther-
mochemical data. A change in the mole fraction by 0.1 shifts the derived enthalpy value 
by about 1.2 kJ·mol–1. None of the original papers included this type of evaluation. 

The values derived from the measurements in [13PRE/BRO] and [57ILL/LAP] 
are 3 to 4 kJ·mol–1 larger in [84GRO/DRO] than in the current review. The difference 
originates from the assumption made in the evaluations in [84GRO/DRO] that Se6(g) is 
the major species besides Se2(g) in the gas phase while in fact Se5(g) is more abundant 
than Se6(g) at these temperatures. This fact leads to too low mole fractions of Se2(g) and 
results in larger values of the enthalpy of formation. The value of the enthalpy of forma-
tion of Se2(g) selected in [84GRO/DRO], f mH ο∆ (Se2, g, 298.15 K) = (144.14 ± 0.63) 
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kJ·mol–1 is therefore too large and the error limits are too small. The present review se-
lects the weighted mean of the results in Tables V-2 and V-3:  

f mH ο∆ (Se2, g, 298.15 K) = (141.1 ± 3.0) kJ·mol–1 

and 

f mGο∆ (Se2, g, 298.15 K) = (92.4 ± 3.0) kJ·mol–1, 

where the uncertainties have been increased to account for unknown additional 
systematic errors that may be present. 

Table V-3: Enthalpy of formation of Se2(g) at 298.15 K evaluated from total pressure 
measurements by the third law. The values derived in [84GRO/DRO] are included for 
comparison. The mole fraction and temperature columns do not apply to these values. 

Reference f mH ο∆ (298.15 K) 

(kJ·mol–1) 

Temperature 

(K) 

Mole fraction 

Se2(g) 
f mH ο∆ (298.15 K), 

[84GRO/DRO] (kJ·mol–1) 

[13PRE/BRO] (136.7 ± 2.5) 950 0.64 (143.3 ± 1.1) 

[52BRO] (140.1 ± 1.6) 950 0.64  

[57ILL/LAP] (141.1 ± 2.1) 1150 0.80 (144.01 ± 0.25) 

[62KUD/UST] (140.1 ± 1.6) 950 0.64  

[64BON/SHU] (139.9 ± 3.4) 1150 0.80  

[68BAK] (140.5 ± 2.2) 1500 0.90  

[72CHE/KUZ] (140.8 ± 1.5) 940 0.63  

[74RAU] (138.9 ± 1.9) 1373 0.88  

Average (139.8 ± 2.7)    

 

V.1.6 Se3(g) 
No experimental information is available on the entropy and heat capacity of Se3(g). 
The published values are based on estimates made by comparison with gaseous sulphur 
and other selenium molecules.  

The entropy of the Se3(g) molecule was calculated from estimated molecular 
data by Keller [70KEL]. Mills [74MIL] proposes a value cited from a private communi-
cation with Drowart and Smoes. Pupishev and Rusin [84PUP/RUS] calculated the en-
tropy and heat capacity for the temperature range 298.15 to 1500 K from estimated mo-
lecular data, which were obtained from a scaling procedure motivated by a comparison 
of the Se2(g)-Se8(g) and S2(g)-S8(g) molecules using the LCAO method. For this re-
view, second law entropies were calculated from investigations involving Se3(g) equi-
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libria as discussed in Appendix A ([66BER/CHU], [70KEL], [82GRI/GRI], and 
[84HUA/GIL]). Such evaluations were not made in the original papers. The entropy 
values are summarised in Table V-4. 

Table V-4: Entropy of Se3(g) at 298.15 K as (1) calculated from estimated molecular 
constants and (2) evaluated using the second law. 

Reference mS ο (Se3, g, 298.15 K)(1) 

(J·K–1·mol–1) 
mS ο (Se3, g, 298.15 K)(2) 

(J·K–1·mol–1) 

[70KEL] 315.2(a)  

[74MIL] 315.0  

[84PUP/RUS] 308.9  

[66BER/CHU]  (292.2 ± 4.3) 

[66BER/CHU]  (275.4 ± 9.6) 

[70KEL]  (313.3 ± 3.0) 

[82GRI/GRI]  (302.6 ± 8.5) 

[84HUA/GIL]  (288.2 ± 8.4) 

Average  (294.3 ± 28.2) 

 a  300 K 

The values in [70KEL] and [74MIL] seem to be based on the same set of mo-
lecular parameters although those in [74MIL] are undocumented. The second law en-
tropies are in favour of the lower of the values calculated from molecular data and the 
selected entropy value is that in [84PUP/RUS], 

mS ο (Se3, g, 298.15 K) = (308.9 ± 10.0) J·K–1·mol–1.  

All available heat capacity values of Se3(g) at 298.15 K are based on estimated 
quantities and are summarised in Table V-5. The heat capacity value attributed to 
[84PUP/RUS] was calculated by the review from the estimated molecular parameters 
reported in the paper. 

The heat capacity expression ,mpCο (Se3, g, (298.15 - 1500) K) = (57.6443 + 
0.7762 × 10–3 T – 0.2902 × 10–6 T 2 – 3.34573 × 105 T –2) J·K–1·mol–1 was evaluated by 
the review by fitting the expression to heat capacity values calculated from the molecu-
lar parameters reported in [84PUP/RUS]. The heat capacity calculated from this expres-
sion is 2 to 5 J·K–1·mol–1 smaller than that in [74MIL] in the whole temperature range 
298.15 to 1500 K while it is smaller than that in [74RAU] by less than 1 J·K–1·mol–1 in 
the temperature range 400 to 1100 K. The heat capacity expression derived by the re-
view was employed in recalculations and evaluations wherever the thermodynamic 
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properties of Se3(g) were required at other temperatures than the standard temperature. 
The heat capacity at 298.15 K calculated from the expression is ,mpCο (Se3, g, 
298.15 K) = (54.1 ± 2.0) J·K–1·mol–1. No value of the heat capacity is selected becase all 
tentative values are based on estimated quantities only. 

Table V-5: Heat capacity values for Se3(g) at 298.15 K. The value attributed to 
[84PUP/RUS] was calculated by the review from the molecular parameters given in the 
reference. 

Reference ,mpCο (Se3, g, 298.15 K) (J·K–1·mol–1) 

[74RAU] 56.4 

[74MIL] 56.6 

[84PUP/RUS] 54.1 

Se3(g) is a minor species in selenium vapour. Nevertheless, the ion 3Se (g)+  is 
found in relatively large quantities in most of the mass spectrometric investigations due 
to fragmentation of the molecules Se5(g) and Se6(g). The evaluation of thermodynamic 
data for Se3(g) has therefore been avoided except in a few studies, summarised in Table 
V-6, where the investigators thought they were able to obtain ion concentrations free 
from fragmentation effects. A necessary requirement is that the investigation is carried 
out at such low selenium activities that the concentrations of Se5(g) and Se6(g) are low. 
The investigation of Keller [70KEL] is the only one in which this condition has been 
monitored properly and, after a re-assessment using the currently adopted thermal func-
tions of the Sen(g) species, the review selects from this study: 

f mH ο∆ (Se3, g, 298.15 K) = (178.0 ± 10.0) kJ·mol–1 

and 

f mGο∆ (Se3, g, 298.15 K) = (123.5 ± 10.4) kJ·mol–1, 

where the uncertainties have been increased to indicate the considerable uncertainties of 
these values. 
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Table V-6: Re-evaluated second and third law values of the enthalpy of formation of 
Se3(g) at 298.15 K obtained from mass spectrometric investigations. Determinations 
that yield too large 3Se (g)+  concentrations result in too low enthalpies of formation. 

Reference f mH ο∆ (298.15 K), 2nd law 

(kJ·mol–1) 
f mH ο∆ (298.15 K), 3rd law 

(kJ·mol–1) 

Temperature 

(K) 

[66BER/CHU] (157.3 ± 2.1) (170.0 ± 7.0) 437 - 469, 694 - 1087 (a) 

[66BER/CHU] (149.0 ± 5.1) (170.0 ± 7.0) 505 - 546, 694 - 1087 (b) 

[70KEL] (181.0 ± 2.1) (178.0 ± 0.8) 673 - 723 

[82GRI/GRI] (143.6 ± 4.1) (146.7 ± 4.1) 463 - 483 

[84HUA/GIL] (138.8 ± 4.2) (149.3 ± 7.7) 485 - 503 

Average (153.9 ± 32.6) (162.8 ± 27.3)  

a  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second temperature 
interval to the equilibrium Se6(g)  2Se3(g). 

b  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature interval 
to the equilibrium Se6(g)  2Se3(g). 

V.1.7 Se4(g) 
No experimental information is available about the entropy and heat capacity of Se4(g). 
All published values are based on estimates made by comparison with gaseous sulphur 
and other selenium molecules. 

The entropy of the Se4(g) molecule was calculated from estimated molecular 
data by Keller [70KEL]. Mills [74MIL] proposes a value cited from a private communi-
cation with Drowart and Smoes. Pupishev and Rusin [84PUP/RUS] calculated the en-
tropy and heat capacity for the temperature range 298.15 to 1500 K from estimated mo-
lecular data, which were obtained from a scaling procedure motivated by a comparison 
of the Se2(g)-Se8(g) and S2(g)-S8(g) molecules using the LCAO method. Second law 
entropies were calculated as discussed in Appendix A from those investigations in 
which the temperature dependence could be measured for equilibria involving Se4(g). 
Such evaluations were not made in the original papers. The entropy values are summa-
rised in Table V-7.  

 The values in [70KEL] and [74MIL] seem to be based on the same set of mo-
lecular parameters although those in [74MIL] are undocumented. Although not deci-
sive, the second law entropies are in favour of the lower of the values calculated from 
molecular data. The entropy value in [84PUP/RUS] is selected,  

mS ο (Se4, g, 298.15 K) = (340.6 ± 20.0) J·K–1·mol–1, 

being also the value that is based on the most elaborate comparisons. The error limits 
have been set to reflect the uncertainty in the molecular structure. 
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Table V-7: Entropy of Se4(g) at 298.15 K as (1) calculated from estimated molecular 
constants and (2) evaluated using the second law. 

Reference mS ο (Se4, g, 298.15 K)(1) 

(J·K–1·mol–1) 
mS ο (Se4, g, 298.15 K)(2) 

(J·K–1·mol–1) 

[70KEL] 379.8(a)  

[74MIL] 379.2  

[84PUP/RUS] 340.6  

[82GRI/GRI]  (323.7 ± 8.5), (309.8 ± 8.5) 

[84HUA/GIL]  (326.9 ± 8.0) 

 a  300 K 

 All available heat capacity values of Se4(g) at 298.15 K are based on estimated 
quantities and are summarised in Table V-8. The heat capacity value attributed to 
[84PUP/RUS] was calculated by the review from the estimated molecular parameters 
reported in the paper. 

Table V-8: Heat capacity values of Se4(g) at 298.15 K. The value attributed to 
[84PUP/RUS] was calculated by the review from the molecular parameters given in the 
reference. 

Reference ,mpCο (Se4, g, 298.15 K) (J·K–1·mol–1) 

[74RAU] 81.1 

[74MIL] 80.3 

[84PUP/RUS] 76.1 

Expressions for the variation of the heat capacity with temperature have been 
given by [74RAU] and [74MIL], and derived by the review from the molecular parame-
ters estimated in [84PUP/RUS] yielding ,mpCο (Se4, g, (298.15 - 1500) K) = (82.1759 + 
1.3493 × 10–3 T – 0.5043 × 10–6 T 2 – 5.68525 × 105 T –2) J·K–1·mol–1. The heat capacity 
calculated from this expression is 0.8 to 5.0 J·K–1·mol–1 smaller than that in [74MIL] in 
the whole temperature range 298.15 to 1500 K while it is smaller than that in [74RAU] 
by less than 1 J·K–1·mol–1 above 650 K. The heat capacity expression derived by the 
review was employed in recalculations and evaluations wherever the thermodynamic 
properties of Se4(g) were required at other temperatures than the standard temperature. 
The heat capacity at 298.15 K calculated from the expression is ,mpCο (Se4, g, 
298.15 K) = (76.1 ± 2.0) J·K–1·mol–1. No value of the heat capacity is selected because 
all the tentative values are based on estimated quantities only. 
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Se4(g) is a minor species in selenium vapour and the situation is even worse 
than for Se3(g) with respect to fragmentation problems. The evaluation of thermody-
namic data for Se4(g) has therefore been avoided except in three studies, summarised in 
Table V-9, where the investigators thought the fragmentation was under control. The 
study of Keller [70KEL] is the only one in which the fragmentation has been monitored 
properly and the review selects from this study: 

f mH ο∆ (Se4, g, 298.15 K) = (163.0 ± 12.0) kJ·mol–1 

and  

f mGο∆ (Se4, g, 298.15 K) = (111.6 ± 13.4) kJ·mol–1, 

where the uncertainties have been increased to indicate the considerable uncertainties of 
these values. 

Table V-9 Re-evaluated second and third law values of the enthalpy of formation of 
Se4(g) at 298.15 K obtained from mass spectrometric investigations. Determinations 
that yield too large 4Se (g)+  concentrations result in too low enthalpies of formation. 

Reference f mH ο∆ (298.15 K), 2nd law 

(kJ·mol–1) 
f mH ο∆ (298.15 K), 3rd law 

(kJ·mol–1) 

Temperature 

(K) 

[70KEL]  (163.0 ± 3.4) 673 

[82GRI/GRI] (133.7 ± 4.1) (141.9 ± 4.1), (148.6 ± 4.1) 463 - 483 

[84HUA/GIL] (134.4 ± 3.8) (141.4 ± 11.4) 485 - 503 

 

V.1.8 Se5(g) 
No experimental information is available on the entropy and heat capacity of Se5(g). All 
published values are based on estimates made by comparison with gaseous sulphur and 
other selenium molecules.  

The entropy of the Se5(g) molecule was calculated from estimated molecular 
data by Keller [70KEL]. Mills [74MIL] proposes a value cited from a private communi-
cation with Drowart and Smoes. Steudel [81STE] calculated the heat capacity and en-
tropy by analogy with sulphur molecules as discussed in Appendix A. Pupishev and 
Rusin [84PUP/RUS] calculated the entropy and heat content for the temperature range 
298.15 to 1500 K from estimated molecular data, which were obtained from a scaling 
procedure motivated by a comparison of the Se2(g)-Se8(g) and S2(g)-S8(g) molecules 
using the LCAO method. Second law entropies were calculated by the review from 
those investigations in which the temperature dependence could be measured for equi-
libria involving Se5(g). These calculations are discussed for each individual investiga-
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tion in Appendix A. Such evaluations were not made in the original papers. The entropy 
values are summarised in Table V-10. 

Table V-10: Entropy of Se5(g) at 298.15 K as (1) calculated from estimated molecular 
constants and (2) evaluated from vapour pressure measurements using the second law. 

Reference mS ο (Se5, g, 298.15 K)(1) 

(J·K–1·mol–1) 
mS ο (Se5, g, 298.15 K)(2) 

(J·K–1·mol–1) 

Temperature 

(K) 

[70KEL] 386.0(a)   

[74MIL] 385.4   

[81STE] 383.5   

[84PUP/RUS] 398.3   

[66BER/CHU]  (430.6 ± 3.1) 437 - 469, 420 - 546(b) 

[66BER/CHU]  (402.5 ± 7.8) 505 - 546, 420 - 546(c) 

[66FUJ/WES]  (421.0 ± 9.2) 375 - 460  

[68YAM/POR]  (394.2 ± 13.9) 578 - 667 

[70KEL]  (392.6 ± 7.2) 573 - 673 

[74RAU]  (411.2 ± 18.8) 485 - 575 

[75HOA/REY]  (373.2 ± 15.9) 429 - 464 

[75HOA/REY]  (402.5 ± 8.5), (409.8 ± 8.5) 463 - 483 

[82GRI/GRI]  (419.7 ± 8.8) 430 - 490 

[84HUA/GIL]  (422.8 ± 8.8) 485 - 503 

Average  (407.3 ± 32.5)  

 a  300 K  

b  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second tempera-
ture interval to the equilibrium 5Se6(g)  6Se5(g). 

c  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature in-
terval to the equilibrium 5Se6(g)  6Se5(g). 

The values in [70KEL] and [74MIL] seem to be based on the same set of mo-
lecular parameters although those in [74MIL] are undocumented. The second law en-
tropies are in favour of the higher of the values calculated from molecular data and the 
selected entropy value is that in [84PUP/RUS], 

mS ο (Se5, g, 298.15 K) = (398.3 ± 10.0) J·K–1·mol–1. 

The reported values of the heat capacity of Se5(g) at 298.15 K are summarised 
in Table V-11. The heat capacity of Se5(g) assigned to [84PUP/RUS] was calculated as 
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the mean of the heat capacity of Se4(g) and Se6(g). Similarly, the heat capacity expres-
sion ,mpCο (Se5, g, (298.15 - 1500) K) = (107.3452 + 1.039 × 10–3 T – 0.3887 × 10−6 T 2 – 
6.02604 × 105 T −2) J·K–1·mol–1 was derived by the review from the mean of the heat 
capacity expressions for Se4(g) and Se6(g) (cf. Sections V.1.7 and V.1.9). The heat ca-
pacity calculated from this expression and that in [74MIL] differ by less than              
0.1 J·K–1·mol–1 in the temperature range 750 to 1500 K and amounts to a maximum of 
0.45 J·K–1·mol–1 at 298.15 K. The expression was employed in recalculations and 
evaluations wherever the thermodynamic properties of Se5(g) were required at other 
temperatures than the standard temperature. The heat capacity at 298.15 K calculated 
from the expression is ,mpCο (Se5, g, 298.15 K) = (100.8 ± 3.0) J·K–1·mol–1. No value of 
the heat capacity is selected because all tentative values are based on estimated quanti-
ties only. 

Table V-11: Heat capacity values of Se5(g) at 298.15 K. The value attributed to 
[84PUP/RUS] was not explicitly stated in the paper and was therefore calculated as the 
mean of their values for Se4(g) and Se6(g) in agreement with their heat content calcula-
tions. 

Reference ,mpCο (Se5, g, 298.15 K) (J·K–1·mol–1) 

[74RAU] 103.5 

[74MIL] 101.3 

[81STE] 107.5 

[84PUP/RUS] 100.8 

The enthalpy of formation of Se5(g) has been determined from mass spectro-
metric investigations of selenium vapour using Knudsen cells. The measurements can 
be separated into the approximate temperature ranges 420 to 494 K for equilibria with 
solid selenium and 494 to 700 K for equilibria with liquid selenium. The various inves-
tigations have used different methods and auxiliary data for deriving the enthalpy of 
formation at 298.15 K from the measurements. This review has re-evaluated the meas-
urements using the adopted values for heat capacities and entropies of the gaseous spe-
cies and condensed phases. The details of the evaluations are given in Appendix A and 
the values of the enthalpies of formation of Se5(g) are summarised in Table V-12. 

The third law evaluations made in this review reduce the scatter of the enthalpy 
values by more than 50%. The scatter of the values obtained from the second law is an 
effect of the small temperature ranges used in most of the studies. The second law value 
in [75HOA/REY] for the equilibrium with liquid selenium is not included in the average 
in Table V-12 because it stems from measurements which result in an enthalpy of fu-
sion of selenium that is twice as large as the correct value. 
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Table V-12: Re-evaluated second and third law values of the enthalpy of formation of 
Se5(g) at 298.15 K obtained from mass spectrometric investigations. 

Reference f mH ο∆ (298.15 K), 2nd law 

(kJ·mol–1) 
f mH ο∆ (298.15 K), 3rd law 

(kJ·mol–1) 

Temperature 

(K) 

[66BER/CHU] (160.4 ± 1.4) (145.3 ± 3.1) 437 - 469, 420 - 546(a) 

[66BER/CHU] (146.7 ± 4.1) (145.3 ± 3.1) 505 - 546, 420 - 546(b) 

[66FUJ/WES] (155.5 ± 4.1) (145.3 ± 4.1) 405 - 438  

[68YAM/POR] (140.2 ± 8.4) (142.7 ± 8.4) 578 - 667 

[70KEL] (145.2 ± 4.5) (148.6 ± 1.6) 498 - 573 

[75HOA/REY] (129.3 ± 8.4) (c) (142.5 ± 8.4) 485 - 575 

[75HOA/REY] (151.2 ± 8.4) (145.5  ± 5.9) 429 - 464 

[82GRI/GRI] (149.1 ± 4.1) (147.0 ± 4.1), (143.5 ± 4.1) 463 - 483 

[84DRO/SMO] (155.4 ± 4.2) (145.3 ± 4.2) 430 - 490 

[84HUA/GIL] (152.2 ± 4.2) (140.1 ± 8.0) 485 - 503 

Average (150.7 ± 12.0) (144.6 ± 4.6)  

a  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second tem-
perature interval to the equilibrium 5Se6(g)  6Se5(g). 

 b  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature 
interval to the equilibrium 5Se6(g)  6Se5(g). 

 c  Not included in the average. 

It was observed in the mass spectrometric studies that Se3(g) and Se4(g) were 
formed due to the fragmentation of Se5(g) and Se6(g) in the spectrometer and in most of 
the investigations data for Se3(g) and Se4(g) were not evaluated because of this problem. 
However, in all studies the partial pressures of Se5(g) and Se6(g) were evaluated without 
compensating for fragmentation. The partial pressures of these species are therefore too 
low and the enthalpies of formation should be somewhat lower than the values calcu-
lated from the experimental data. This conclusion is supported by the fact that the total 
pressure becomes too small, when it is calculated from the above data for Se5(g) and 
Se6(g) and the selected data of the other selenium species in the temperature range 
where Se5(g) and Se6(g) are present with large mole fractions (see Figure V-1). In order 
to fit the calculated total pressures better to the measured total pressures, the selected 
quantities have been shifted by about – 1.0 kJ·mol–1 from the weighted mean of the sec-
ond and third law values. The review thus selects:  

f mH ο∆ (Se5, g, 298.15 K) = (144.4 ± 4.3) kJ·mol–1 

and 

f mGο∆ (Se5, g, 298.15 K) = (88.4 ± 5.3) kJ·mol–1. 
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V.1.9 Se6(g) 
No experimental information is available about the entropy and heat capacity of Se6(g). 
The published values are based on estimates made by comparison with gaseous sulphur 
and other selenium molecules.  

The entropy of the Se6(g) molecule was calculated from estimated molecular 
data by Keller [70KEL]. Mills [74MIL] proposes a value cited from a private communi-
cation with Drowart and Smoes. Steudel [81STE] calculated the heat capacity and en-
tropy by analogy with sulphur molecules as discussed in Appendix A. Pupishev and 
Rusin [84PUP/RUS] calculated the entropy and heat content for the temperature range 
298.15 to 1500 K from estimated molecular data, which were obtained from a scaling 
procedure motivated by a comparison of the Se2(g)-Se8(g) and S2(g)-S8(g) molecules 
using the LCAO method. Second law entropies were calculated by the review as dis-
cussed in Appendix A from those investigations in which the temperature dependence 
could be measured for equilibria involving Se6(g). Such evaluations were not made in 
the original papers. The entropy values are summarised in Table V-13. 

Table V-13: Entropy of Se6(g) at 298.15 K as (1) calculated from estimated molecular 
constants and (2) evaluated using the second law. 

Reference mS ο (Se6, g, 298.15 K)(1) 

(J·K–1·mol–1) 
mS ο (Se6, g, 298.15 K)(2) 

(J·K–1·mol–1) 

Temperature 

(K) 

[70KEL] 433.9 (a)   

[74MIL] 433.6   

[81STE] 433.1   

[84PUP/RUS] 428.5   

[66BER/CHU]  (444.3 ± 1.7) 437 - 469 

[66BER/CHU]  (410.6 ± 4.6) 505 - 546 

[66FUJ/WES]  (446.9 ± 9.2) 405 - 438  

[68YAM/POR]  (429.1 ± 13.9) 578 - 667 

[70KEL]  (441.7 ± 14.2) 473 - 673 

[75HOA/REY]  (434.6 ± 18.8) 485 - 575 

[75HOA/REY]  (395.6 ± 15.9) (b) 429 - 464 

[82GRI/GRI]  (420.6 ± 8.5), (422.8 ± 8.5) 463 - 483 

[84DRO/SMO]  (443.3 ± 8.0) 430 - 490 

[84HUA/GIL]  (449.3 ± 7.1) 485 - 503 

Average  (434.3 ± 25.5)  

a  300 K 

b  Not included in the average  
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The difference between values calculated from molecular data is small. Despite 
the fact that the average value calculated from the second law is slightly in favour of the 
larger entropy values calculated from molecular data, the entropy value in 
[84PUP/RUS] is selected since it is the result of the best documented molecular calcula-
tions, 

mS ο (Se6, g, 298.15 K) = (428.5 ± 10.0) J·K–1·mol–1. 

All values of the heat capacity of Se6(g) at 298.15 K are based on estimated 
quantities and are summarised in Table V-14. The heat capacity value attributed to 
[84PUP/RUS] was calculated by the review from the estimated molecular parameters 
reported in the paper. Similarly, the heat capacity expression ,mpCο (Se6, g, (298.15 - 
1500) K) = (132.511 + 0.7288 × 10–3 T – 0.2731 × 10–6 T 2 – 6.36682 × 105 T –2)        
J·K–1·mol–1 was obtained by fitting the expression to heat capacity values calculated 
from the molecular parameters reported in [84PUP/RUS]. The difference between the 
heat capacity calculated from this expression and that calculated from the expression in 
[74MIL] amounts to 0.05 J·K–1·mol–1 in the temperature range 1000 to 1500 K and 
reaches a maximum of 0.7 J·K–1·mol–1 at 298.15 K. The derived heat capacity expres-
sion was employed by the review in all recalculations and evaluations wherever the 
thermodynamic properties of Se6(g) were required at other temperatures than the stan-
dard temperature. The heat capacity at 298.15 K calculated from the expression is 

,mpCο (Se6, g, 298.15 K) = (125.5 ± 2.0) J·K–1·mol–1. No value of the heat capacity is se-
lected because all tentative values are based on estimated quantities only. 

The heat capacities calculated from the expressions in [74MIL] and 
[84PUP/RUS] differ by less than 0.6 J·K–1·mol–1 in the whole temperature range 298.15 
to 1500 K. 

Table V-14: Heat capacity values of Se6(g) at 298.15 K. The value attributed to 
[84PUP/RUS] was calculated by the review from the molecular parameters given in the 
reference. 

Reference ,mpCο (Se6, g, 298.15 K) (J·K–1·mol–1) 

[74RAU] 128.6 

[74MIL] 126.3 

[81STE] 129.7 

[84PUP/RUS] 125.5 

The enthalpy of formation of Se6(g) has been determined from mass spectro-
metric investigations of selenium vapour using Knudsen cells. The measurements can 
be separated into the approximate temperature ranges 420 to 494 K for equilibria with 
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solid selenium and 494 to 700 K for equilibria with liquid selenium. The various inves-
tigations have used different methods and auxiliary data for deriving the enthalpy of 
formation at 298.15 K from the measurements. This review has re-evaluated the meas-
urements using the adopted values for the heat capacities and entropies of the gaseous 
species and condensed phases. The details of the evaluations are given in Appendix A. 
The values of the enthalpy of formation of Se6(g) are summarised in Table V-15.  

Table V-15: Re-evaluated second and third law values of the enthalpy of formation of 
Se6(g) at 298.15 K from mass spectrometric investigations. 

Reference f mH ο∆ (298.15 K), 2nd law 

(kJ·mol–1) 
f mH ο∆ (298.15 K), 3rd law 

(kJ·mol–1) 

Temperature 

(K) 

[66BER/CHU] (145.5 ± 0.8) (138.3 ± 0.4) 437 - 469 

[66BER/CHU] (128.9 ± 2.4) (138.3 ± 0.5) 505 - 546 

[66FUJ/WES] (145.6 ± 4.1) (137.4 ± 4.1) 405 - 438 

[68YAM/POR] (134.8 ± 8.4) (134.4 ± 8.4) 578 - 667 

[70KEL] (142.5 ± 8.3) (134.3 ± 2.4) 473 - 673 

[75HOA/REY] (118.9 ± 8.4) (a) (136.2 ± 8.4) 485 - 575 

[75HOA/REY] (140.5 ± 8.4) (137.8 ± 5.9) 429 - 464 

[82GRI/GRI] (135.5 ± 4.1) (139.3 ± 4.1), (138.3 ± 4.1) 463 - 483 

[84DRO/SMO] (144.0 ± 3.8) (137.0 ± 3.8) 430 - 490 

[84HUA/GIL] (143.2 ± 3.3) (133.0 ± 7.1) 485 - 503 

Average (140.1 ± 11.3) (136.8 ± 4.0)  

a  Not included in the average. 

The third law evaluations made in this review reduce the scatter of the enthalpy 
values by more than 65%. The scatter of the values obtained from the second law is an 
effect of the small temperature ranges used in most of the studies. The second law value 
in [75HOA/REY] for the equilibrium with liquid selenium is not included in the average 
in Table V-15 because it stems from measurements which result in an enthalpy of fu-
sion of selenium that is twice as large as the correct value. 

It was observed in the mass spectrometric studies that Se3(g) and Se4(g) were 
formed due to the fragmentation of Se5(g) and Se6(g) in the spectrometer and in most of 
the investigations Se3(g) and Se4(g) were omitted from evaluation because of this prob-
lem. However, in all studies the partial pressures of Se5(g) and Se6(g) were evaluated 
without compensating for fragmentation. The partial pressures of these species are 
therefore too low and the enthalpies of formation should be somewhat lower than the 
values calculated from the experimental data. As discussed in the previous sub-section 
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the selected quantities have been shifted by about – 1.0 kJ·mol–1 from the weighted 
mean of the second and third law values. The review thus selects:  

f mH ο∆ (Se6, g, 298.15 K) = (136.1 ± 3.8) kJ·mol–1 

and 

f mGο∆ (Se6, g, 298.15 K) = (83.6 ± 4.9) kJ·mol–1. 

V.1.10 Se7(g) 
No experimental information is available about the entropy and heat capacity of Se7(g). 
The published values are based on estimates made by comparison with gaseous sulphur 
and other selenium molecules. 

The entropy of the Se7(g) molecule was calculated from estimated molecular 
data by Keller [70KEL]. Mills [74MIL] proposes a value cited from a private communi-
cation with Drowart and Smoes. Steudel [81STE] calculated the heat capacity and en-
tropy by analogy with sulphur molecules as discussed in Appendix A. Pupishev and 
Rusin [84PUP/RUS] calculated the entropy and heat content for the temperature range 
298.15 to 1500 K from estimated molecular data, which were obtained from a scaling 
procedure motivated by a comparison of the Se2(g)-Se8(g) and S2(g)-S8(g) molecules 
using the LCAO method. 

Second law entropies were calculated by the review as discussed in Appen-
dix A from those investigations in which the temperature dependence could be meas-
ured for equilibria involving Se7(g). Such evaluations were not made in the original 
papers. The values in [66BER/CHU] were derived in two steps. First the entropy of 
Se6(g) was determined from the equilibria Se6(g)/liquid and Se6(g)/solid and then the 
entropy of Se7(g) was evaluated from the reaction 7Se6(g)  6Se7(g). The first step 
resulted in two different values for Se6(g) and hence also in two separate entropies of 
Se7(g). The entropy values are summarised in Table V-16. 

The difference between the average of the second law values and those calcu-
lated from molecular data is not large, but the second law values are widely scattered 
due to the small temperature ranges of the measurements. The entropy value in 
[84PUP/RUS] is selected since it is the result of the best documented molecular calcula-
tions, 

mS ο (Se7, g, 298.15 K) = (487.0 ± 6.0) J·K–1·mol–1. 
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Table V-16: Entropy of Se7(g) at 298.15 K as (1) calculated from estimated molecular 
constants and (2) evaluated using the second law. 

Reference mS ο (Se7, g, 298.15 K) (1) 

(J·K–1·mol–1) 
mS ο (Se7, g, 298.15 K) (2) 

(J·K–1·mol–1) 

Temperature 

(K) 

[70KEL] 486.7 (a)   

[74MIL] 486.5   

[81STE] 482.7   

[84PUP/RUS] 487.0   

[66BER/CHU]  (505.1 ± 4.2) 437 - 469, 442 - 592 (b) 

[66BER/CHU]  (465.8 ± 10.9) 505 - 546, 442 - 592 (c) 

[66FUJ/WES]  (519.3 ± 9.3) 405 - 438  

[68YAM/POR]  (477.4 ± 7.0) 578 - 667 

[70KEL]  (505.2 ± 14.8) 473 - 673 

[75HOA/REY]  (494.1 ± 9.4) 485 - 575 

[75HOA/REY]  (438.7 ± 8.0) (d) 429 - 464 

[82GRI/GRI]  (479.8 ± 8.5), (477.8 ± 8.5) 463 - 483 

[84DRO/SMO]  (495.0 ± 11.5) 430 - 490 

[84HUA/GIL]  (513.5 ± 8.0) 485 - 503 

Average  (493.3 ± 34.6)  

a  300 K 

b  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second tem-
perature interval to the equilibrium 7Se6(g)  6Se7(g). 

c  The first temperature range pertains to the equilibrium 6 Se(l)  Se6(g) and the second temperature 
interval to the equilibrium 7Se6(g)  6Se7(g). 

d  Not included in the average. 

The reported values of the heat capacity of Se7(g) at 298.15 K are summarised 
in Table V-17. The heat capacity value attributed to [84PUP/RUS] was calculated by 
the review from the estimated molecular parameters reported in the paper. Similarly, the 
heat capacity expression ,mpCο (Se7, g, (298.15 - 1500) K) = (157.344 + 0.8809 × 10–3 T 
– 0.3297 × 10–6 T 2 – 7.51088 × 105 T –2) J·K–1·mol–1 was obtained by fitting the expres-
sion to heat capacity values calculated from the molecular parameters reported in 
[84PUP/RUS]. The difference between the heat capacity calculated from this expression 
and that calculated from the expression in [74MIL] amounts to 0.1 J·K–1·mol–1 in the 
temperature range 800 to 1500 K and reaches a maximum of 0.6 J·K–1·mol–1 at 
298.15 K. The derived heat capacity expression was employed by the review in all re-
calculations and evaluations wherever the thermodynamic properties of Se7(g) were 
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required at other temperatures than the standard temperature. The heat capacity at 
298.15 K calculated from the expression is ,mpCο (Se7, g, 298.15 K) = (149.1 ± 2.0)    
J·K–1·mol–1. No value of the heat capacity is selected because all tentative values are 
based on estimated quantities only. 

Table V-17: Heat capacity values of Se7(g) at 298.15 K. The value attributed to 
[84PUP/RUS] was calculated by the review from the molecular parameters given in the 
reference. 

Reference ,mpCο (Se7, g, 298.15 K) (J·K–1·mol–1) 

[74RAU] 148.0 

[74MIL] 148.5 

[81STE] 151.9 

[84PUP/RUS] 149.1 

The enthalpy of formation of Se7(g) has been determined from mass spectro-
metric investigations of selenium vapour using Knudsen cells. The measurements can 
be separated into the approximate temperature ranges 420 to 494 K for equilibria with 
solid selenium and 494 to 700 K for equilibria with liquid selenium. The various inves-
tigations have used different methods and auxiliary data for deriving enthalpies of for-
mation at 298.15 K from the measurements and for the purpose of this review the meas-
urements were re-evaluated using the adopted values for heat capacities and entropies of 
the gaseous species and condensed phases. The details of the evaluations are given in 
Appendix A. The values of the enthalpies of formation of Se7(g) are summarised in 
Table V-18. 

The third law evaluation of the experimental data made in this review reduces 
the scatter of the enthalpy values by 50%. The scatter of the values obtained from the 
second law is an effect of the small temperature ranges used in most of the studies. The 
second law value in [75HOA/REY] for the equilibrium with the liquid selenium is not 
included in the average in Table V-18 because it stems from measurements which result 
in an enthalpy of fusion of selenium that is twice as large as the correct value. The re-
view selects the weighted average of the second and third law values: 

f mH ο∆ (Se7, g, 298.15 K) = (150.2 ± 4.5) kJ·mol–1 

and 

f mGο∆ (Se7, g, 298.15 K) = (92.8 ± 4.9) kJ·mol–1. 
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Table V-18: Re-evaluated second and third law enthalpy of formation of Se7(g) at 
298.15 K from mass spectrometric investigations. 

Reference f mH ο∆ (298.15 K), 2nd law 
(kJ·mol–1) 

f mH ο∆ (298.15 K), 3rd law 
(kJ·mol–1) 

Temperature 
(K) 

[66BER/CHU] (159.4 ± 1.9) (151.2 ± 0.9) 437 - 469, 420 - 546(a) 

[66BER/CHU] (140.1 ± 5.7) (151.2 ± 1.3) 505 - 546, 420 - 546(b) 

[66FUJ/WES] (165.2 ± 4.1) (150.7 ± 4.1) 375 - 460  

[68YAM/POR] (143.3 ± 8.4) (149.1 ± 8.4) 578 - 667 

[70KEL] (158.8 ± 8.5) (148.0 ± 2.4) 573 - 673 

[75HOA/REY] (121.7 ± 8.4) (c) (147.0 ± 8.4) 485 - 575 

[75HOA/REY] (151.7 ± 8.4) (148.6 ± 5.9) 429 - 464 

[82GRI/GRI] (149.3 ± 4.1) (152.8 ± 4.1), (153.7 ± 4.1) 463 - 483 

[84DRO/SMO] (154.8 ± 5.4) (151.0 ± 5.4) 430 - 490 

[84HUA/GIL] (159.5 ± 3.8) (146.2 ± 6.2) 485 - 503 

Average (153.6 ± 16.1) (150.0 ± 4.6)  

a  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second tempera-
ture interval to the equilibrium 6Se7(g)  7Se6(g). 

b  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature 
interval to the equilibrium 6Se7(g)  7Se6(g). 

c  Not included in the average. 

V.1.11 Se8(g) 
No experimental information is available on the entropy and heat capacity of Se8(g). All 
published values are based on estimates made by comparison with gaseous sulphur and 
other selenium molecules, and in particular with molecular parameters for Se8 rings 
known from the solid state. 

The entropy of the Se8(g) molecule was calculated from estimated molecular 
data by Keller [70KEL]. Mills [74MIL] proposes a value cited from a private communi-
cation with Drowart and Smoes. Steudel [81STE] calculated the heat capacity and en-
tropy by analogy with sulphur molecules as discussed in Appendix A. Pupishev and 
Rusin [84PUP/RUS] calculated the entropy and heat content for the temperaure range 
298.15 to 1500 K from estimated molecular data which were obtained from a scaling 
procedure motivated by a comparison of the Se2(g)-Se8(g) and S2(g)-S8(g) molecules 
using the LCAO method.  

Second law entropies were calculated by the review as discussed in Appen-
dix A from those investigations in which the temperature dependence could be meas-
ured for equilibria involving Se8(g). Such evaluations were not made in the original 
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papers. The values in [66BER/CHU] were derived in two steps. First the entropy of 
Se6(g) was determined from the equilibria Se6(g)/liquid and Se6(g)/solid and then the 
entropy of Se8(g) was evaluated from the reaction 8Se6(g)  6Se8(g). The first step 
resulted in two different values for Se6(g) and hence also in two separate entropies of 
Se8(g). The entropy values are summarised in Table V-19. 

Table V-19: Entropy of Se8(g) at 298.15 K as (1) calculated from estimated molecular 
constants and (2) evaluated using the second law. 

Reference mS ο (Se8, g, 298.15 K) (1) 

(J·K–1·mol–1) 
mS ο (Se8, g, 298.15 K) (2) 

(J·K–1·mol–1) 
Temperature 

(K) 

[70KEL] 531.9 (a)   

[74MIL] 531.3   

[81STE] 532.3   

[84PUP/RUS] 526.2   

[66BER/CHU]  (553.7 ± 4.8) 437 - 469, 472 - 606 (b) 

[66BER/CHU]  (508.7 ± 12.4) 505 - 546, 472 - 606 (c) 

[66FUJ/WES]  (561.7 ± 12.8) 405 - 438 

[68YAM/POR]  (528.2 ± 27.9) 578 - 667 

[70KEL]  (537.7 ± 14.4) 498 - 573 

[82GRI/GRI]  (511.0 ± 8.5), (508.6 ± 8.5) 463 - 483 

[84HUA/GIL]  (541.2 ± 7.1) 485 - 503 

Average  (531.4 ± 40.7)  

a  300 K 

b  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second temperature 
interval to the equilibrium 8Se6(g)  6Se8(g). 

c  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature inter-
val to the equilibrium 8Se6(g)  6Se8(g). 

The difference between the entropy values calculated from molecular data is 
small while the second law values are widely scattered mainly due to the small tempera-
ture ranges of the measurements. The entropy value in [84PUP/RUS] is well within 
their range and it is selected since it is the result of the best documented molecular cal-
culations, 

mS ο (Se8, g, 298.15 K) = (526.2 ± 6.0) J·K–1·mol–1. 

The reported values of the heat capacity of Se8(g) at 298.15 K are summarised 
in Table V-20. The heat capacity value attributed to [84PUP/RUS] was calculated by 
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the review from the estimated molecular parameters reported in the paper. Similarly, the 
heat capacity expression ,mpCο (Se8, g, (298.15 - 1500) K) = (182.1676 + 1.0499 × 10–3 T 
– 0.3934 × 10−6 T 2 – 8.53742 × 105 T −2) J·K–1·mol–1 was obtained by fitting the expres-
sion to heat capacity values calculated from the molecular parameters reported in 
[84PUP/RUS]. The largest difference between the heat capacity calculated from this 
expression and that calculated from the expression in [74MIL] amounts to                   
0.8 J·K–1·mol–1 in the temperature range 298.15 to 1500 K. The derived heat capacity 
expression was employed by the review in all recalculations and evaluations wherever 
the thermodynamic properties of Se8(g) were required at other temperatures than the 
standard temperature. The heat capacity at 298.15 K calculated from the expression is 

,mpCο (Se8, g, 298.15 K) = (172.8 ± 2.0) J·K–1·mol–1. No value of the heat capacity is se-
lected because all tentative values are based on estimated quantities only. 

Table V-20: Heat capacity values of Se8(g) at 298.15 K. The value attributed to 
[84PUP/RUS] was calculated by the review from the molecular parameters given in the 
reference. 

Reference ,mpCο (Se8, g, 298.15 K) (J·K–1·mol–1) 

[74RAU] 177.3 

[74MIL] 173.9 

[81STE] 174.0 

[84PUP/RUS] 172.8 

The enthalpy of formation of Se8(g) has been determined from mass spectro-
metric investigations of selenium vapour using Knudsen cells. The measurements can 
be separated into the approximate temperature ranges 420 to 494 K for equilibria with 
solid selenium and 494 to 700 K for equilibria with liquid selenium. The various inves-
tigations have used different methods and auxiliary data for deriving enthalpies of for-
mation at 298.15 K from the measurements. For the purpose of this review the meas-
urements were recalculated (see Appendix A) using the adopted values for heat capaci-
ties and entropies of the gaseous species and condensed phases. The values of the en-
thalpies of formation of Se8(g) are summarised in Table V-21. 

The third law evaluations made in this review reduce the scatter of experimen-
tal values by more than 80%, which indicates that the temperature ranges of the investi-
gations are in general too small for second law evaluations. The discrepancy between 
the two second law values in [66BER/CHU] stem from an unusually large enthalpy of 
fusion determined in their investigation. The value in [75HOA/REY] is omitted from 
the averaging because the enthalpy of fusion determined in the investigation is two 
times larger than the correct value. In addition to the values above, Rau [74RAU] de-
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rived f mH ο∆ (Se8, g, 298.15 K) = 169.410 kJ·mol–1 by fitting thermochemical data to 
total pressure measurements. However, Se8(g) is a minor species in the whole tempera-
ture range and the results obtained in this way are therefore very uncertain for this spe-
cies. The review selects the weighted average of the second and the third law values: 

f mH ο∆ (Se8, g, 298.15 K) = (156.8 ± 3.0) kJ·mol–1 

and 

f mGο∆ (Se8, g, 298.15 K) = (100.3 ± 3.6) kJ·mol–1. 

Table V-21: Re-evaluated second and third law values of the enthalpy of formation of 
Se8(g) at 298.15 K from mass spectrometric investigations. 

Reference f mH ο∆ (298.15 K), 2nd law 
(kJ·mol–1) 

f mH ο∆ (298.15 K), 3rd law 
(kJ·mol–1) 

Temperature 
(K) 

[66BER/CHU] (169.8 ± 2.2) (157.0 ± 1.2) 437 - 469, 472 - 606(a) 

[66BER/CHU] (147.8 ± 6.6) (157.0 ± 1.6) 505 - 546, 472 - 606(b) 

[66FUJ/WES] (171.8 ± 5.7) (155.8 ± 5.7) 405 - 438  

[68YAM/POR] (156.8 ± 8.4) (155.6 ± 8.4) 578 - 667 

[70KEL] (161.7 ± 7.7) (155.4 ± 2.3) 498 - 573 

[75HOA/REY] (119.8 ± 8.4) (c)  465 - 571 

[82GRI/GRI] (150.9 ± 4.1) (158.3 ± 4.1), (159.4 ± 4.1) 463 - 483 

[84HUA/GIL] (162.4 ± 3.3) (154.9 ± 5.8) 485 - 503 

Average (160.2 ± 17.6) (156.7 ± 3.1)  

a  The first temperature range pertains to the equilibrium 6Se(trigonal)  Se6(g) and the second temperature 
interval to the equilibrium 8Se6(g)  6Se8(g). 

b  The first temperature range pertains to the equilibrium 6Se(l)  Se6(g) and the second temperature inter-
val to the equilibrium 8Se6(g)  6Se8(g). 

c  Not included in the average. 

V.1.12 Se9(g) 
The ion +

9Se (g)  has been observed in the mass spectrometric investigations by Goldfin-
ger and Jeunehomme [63GOL/JEU], Fujisaki and Westmore [66FUJ/WES], Yamdagni 
and Porter [68YAM/POR] and Hoareau, Reymond, Cabaud and Uzan [75HOA/REY]. 
The measured signals were large enough for a quantitative determination only in the last 
investigation and r mH ο∆ (530 K) = (49.0 ± 8.4) kJ·mol–1 was obtained for the reaction 
2Se9(g)  3Se6(g). Considering the low concentrations measured and the unreliable 
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values obtained for other selenium species in the investigation, the enthalpy of reaction 
is not selected for a calculation of the enthalpy of formation of Se9(g) at 298.15 K. 

The entropy and heat capacity of Se9(g) at 298.15 K were calculated by Steudel 
[81STE] by analogy with sulphur molecules as discussed in Appendix A. Considering 
the uncertainties in the molecular structure of the Se9(g) molecule the proposed values 
are not selected by this review. 

V.1.13 Se10(g) 
The ion 10Se+ (g) has been observed in the mass spectrometric investigations by Goldfin-
ger and Jeunehomme [63GOL/JEU], Fujisaki and Westmore [66FUJ/WES], Yamdagni 
and Porter [68YAM/POR] and Hoareau, Reymond, Cabaud and Uzan [75HOA/REY]. 
The measured signals were large enough for a quantitative determination only in the last 
investigation and r mH ο∆ (530 K) = (33.5 ± 16.8) kJ·mol–1 was obtained for the reaction 
4Se10(g)  5Se8(g). Considering the low concentrations measured and the unreliable 
values obtained for the other selenium species in the investigation, the enthalpy of reac-
tion is not selected for a calculation of the enthalpy of formation of Se10(g) at 298.15 K. 

The entropy and heat capacity of Se10(g) at 298.15 K were calculated by Steu-
del [81STE] by analogy with sulphur molecules as discussed in Appendix A. Consider-
ing the uncertainties in the molecular structure of the Se10(g) molecule the proposed 
values are not selected by this review. 

V.1.14 Se11(g) and Se12(g) 
The entropies and heat capacities of Se11(g) and Se12(g) at 298.15 K were calculated by 
Steudel [81STE] by analogy with sulphur molecules as discussed in Appendix A. The 
Se11(g) and Se12(g) molecules have not been reported in experimental investigations and 
the values are not selected by this review. 

V.2 Selenium oxides and hydrides 

V.2.1 Selenium monoxide 
The thermodynamic quantities selected for selenium monoxide, SeO(g), stem from the 
work by Smoes and Drowart [84SMO/DRO]. Earlier work has been reviewed by Mills 
[74MIL]. The equilibrium reaction: 

 SeO(g) + SeS(g)  Se2(g) + SO(g) (V.1) 

was set up in a Knudsen cell. The partial pressures of the species were assumed to be 
proportional to the ionisation currents measured by the mass spectrometer. The equilib-
rium constant was determined in the temperature range 1300 to 1800 K and found to 
follow the relationship: 
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10log K ο ((V.1), (1300 - 1800) K) = – (0.376 ± 0.049) + (2753 ± 77) T −1. 

The main purpose of the work was the determination of the energy of dissocia-
tion of SeO(g) by a joint evaluation of the above thermochemical data and spectroscopic 
information as sketched in Appendix A. The enthalpy and Gibbs functions of SeO(g), 
SeS(g), Se2(g), and SO(g) required for the process were calculated by statistical thermo-
dynamic methods in the temperature interval 298.15 to 2000 K. The value adopted from 
the evaluation by the review is at mH ο∆ (SeO, g, 0 K) = (424.7 ± 6.0) kJ·mol–1. 

The standard enthalpy of formation of SeO(g) was calculated from the dissocia-
tion energy and the auxiliary data in Appendix A. The selected result is: 

f mH ο∆ (SeO, g, 298.15 K) = (57.4 ± 6.2) kJ·mol–1. 

The selected standard entropy of the monoxide was calculated from the 
molecular parameters in [84SMO/DRO] to be: 

mS ο (SeO, g, 298.15 K) = (233.7 ± 1.0) J·K–1·mol–1. 

This value agrees well with the value obtained by Papousek [62PAP], 
234.1 J·K–1·mol–1, from a statistical-mechanical calculation. The uncertainty is added 
here. 

The standard entropy and Gibbs energy of formation can now be calculated 
with selected auxiliary data to be: 

f mS ο∆ (SeO, g, 298.15 K) = (89.0 ± 1.1) J·K–1·mol–1, 

f mGο∆ (SeO, g, 298.15 K) = (30.9 ± 6.2) kJ·mol–1. 

The following relationship for the heat capacity was obtained from the molecu-
lar parameters in [84SMO/DRO] 

 ,mpCο (SeO, g, (300 - 2000) K) = (42.06 − 2.757 × 10–3 T + 1.201 × 10−6 T 2 
 − 4.113 × 103 T −1 + 4.413 × 105 T –2) J·K–1·mol–1 

which yields the selected value: 

,mpCο (SeO, g, 298.15 K) = (32.52 ± 0.25) J·K–1·mol–1. 

The fit to the data is very good but the o
,mpC  values are on the average            

0.8 J·K–1·mol–1 greater than those calculated in [62PAP]. 

V.2.2 Selenium dioxide 
Selenium reacts with oxygen, but not readily, when heated in air forming selenium 
dioxide. Under standard conditions the compound is a solid, which sublimes. 
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V.2.2.1 SeO2(cr) 
The low temperature heat capacity of selenium dioxide has been measured by Mal’tsev , 
Pashinkin, Bakeeva and Zhdanov [68MAL/PAS] between 53.5 and 305 K and by 
Amitin et al. [87AMI/MIN] between 7 and 304 K. The thermodynamic properties of 
SeO2(cr) obtained for 298.15 K agree reasonably well, although there are differences 
between the ,mpCο  values at T < 100 K. The results obtained in [87AMI/MIN] will be 
selected, since the measurements were carried out to lower temperatures and great care 
exercised in the removal of impurities, in particular moisture, from the selenium dioxide 
specimen:  

,mpCο (SeO2, cr, 298.15 K) = (58.23 ± 0.18) J⋅K–1⋅mol–1, 

mS ο (SeO2, cr, 298.15 K) = (67.49 ± 0.40) J⋅K–1⋅mol–1. 

The paper also tabulates the values of the thermodynamic functions of 
SeO2(cr) between 0 and 305 K. 

The values ,mpCο (SeO2, cr, 298.15 K) = 58.33 J⋅K–1⋅mol–1 and mS ο (SeO2, cr, 
298.15 K) = (66.69 ± 1.67) J⋅K–1⋅mol–1 accepted by Mills [74MIL] are those obtained in 
[68MAL/PAS]. 

The heat capacity in the range 293 to 413 K was measured by Pashinkin et al. 
[71PAS/ARO]. Their results are presented as ,mpCο (SeO2, cr, T ) = (35.94 + 7.53             
× 10–2 T ) J⋅K–1⋅mol–1. The value of ,mpCο  at 298.15 K, 58.39 J⋅K–1⋅mol–1, calculated by 
the equation agrees with the selected value. In [68MAL/PAS] the relationship (slightly 
changed to yield the selected value at 298.15 K): 

,mpCο (SeO2, cr, T ) = (69.50 + 3.89 × 10–3 T – 1.105 × 106 T –2) J⋅K–1⋅mol–1 

was derived from the data in the range 290 to 305 K. The equation, which was sug-
gested for extrapolations up to 600 K, was tested and accepted by Behrens, Lemons and 
Rosenblatt [74BEH/LEM]. It is also accepted and selected by the review. 

The enthalpy of formation of SeO2(cr) is obtained from the three accepted 
measurements of the heat of combustion of Se(trigonal) listed in Table V-22 (references 
to earlier experimental results or selected values in compilations can be found in 
[62GAT]). Selenium reacts only partly with oxygen in the bomb calorimeter unless 
mixed with a combustion aid. Benzoic acid was used for this purpose and the heat 
evolved by the combustion aid was about 50% in the static bomb and about 90% in the 
rotating bomb experiments. 

Reference [62GAT] contains the experimental results of Gattow, which were 
later recalculated by Gattow and Dräger in [66GAT/DRA] and corrected mainly for the 
formation of H2SeO3(cr). Gadzhiev [66GAD] was the first to point out the need for a 
correction for the enthalpy of the reaction between SeO2(cr) and H2O(l) (from the com-
bustion of benzoic acid) with formation of H2SeO3(cr). The two references [66GAD] 
and [66HAJ] refer to the same author and contain essentially the same information. The 
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calorimeter used by Barnes and Mortimer [73BAR/MOR] contained 50 ml of water and 
thus the heat of the reaction Se(cr) + O2(g) + 400H2O → SeO2(aq, 1:400) was meas-
ured, – (221.67 ± 1.88) kJ⋅mol–1. The total enthalpy of dissolution of selenium dioxide 
in water to the concentration (1:400) was also determined, (3.85 ± 0.08) kJ⋅mol–1. The 
two data combine to the value in Table V-22. 

Table V-22: Accepted experimental determinations of the enthalpy of formation of 
SeO2(cr), o

f mH∆ (SeO2, cr, 298.15 K). 

Reference Method 
f mH ο∆ (SeO2, cr, 298.15 K ) kJ⋅mol–1 

[62GAT], [66GAT/DRA] Static bomb – (224.01 ± 0.84) 

[66GAD], [66HAJ] Static bomb – (225.73 ± 0.42) 

[73BAR/MOR] Rotating bomb – (225.52 ± 1.88) 

The review selects the weighted mean, with suitable uncertainty limits: 

f mH ο∆ (SeO2, cr, 298.15 K) = – (225.39 ± 0.60) kJ⋅mol–1. 

In [92GRE/FUG], f mH ο∆ (SeO2, cr, 298.15 K) = – (225.1 ± 2.1) kJ⋅mol–1 was 
adopted from Mills [74MIL]. With the selected data the Gibbs energy of formation is 
found to be: 

f mGο∆ (SeO2, cr, 298.15 K) = – (171.80 ± 0.62) kJ⋅mol–1. 

The solubility of selenium dioxide in water will be treated in Section V.3.2 as 
H2SeO3(cr) is the stable solid phase in contact with water below 343 K. 

V.2.2.2 SeO2(l) 
No heat capacity measurements of liquid selenium dioxide are available. 

Makatun and Pechkovskii [70MAK/PEC] measured the vapour pressure of 
SeO2(g) over supercooled SeO2(l) (SeO2(cr) sublimes) and SeO2(cr) in the temperature 
interval 530 to 660 K. No primary data are available and the results were represented by 
the relationships: 

10log p (SeO2, s, (530 - 660) K) = 9.635 – 5740 T –1 

and  

10log p (SeO2, l, (530 - 660) K) = 7.635 – 4420 T –1. 

The calculated triple point temperature is 660 K, which is close to the visually 
observed melting point of (662.5 ± 0.5) K in the same reference. The triple point pres-
sure is evaluated to be (9.0 ± 0.3) bar. Pashinkin et al. [71PAS/ARO] observed a melt-
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ing point of (657 ± 10) K. The melting point at 613 K suggested in [74MIL] hence ap-
pears to be in error. 

The enthalpy changes obtained from the variation of the vapour pressure with 
temperature are sub mH ο∆ (SeO2, cr, 600 K) = (109.90 ± 1.50) kJ⋅mol–1 and vap mH ο∆ (SeO2, 
l, 600 K) = (84.60 ± 1.50) kJ⋅mol–1 with the uncertainties added by the review. The en-
thalpy of fusion obtained from these data is (25.3 ± 2.1) kJ⋅mol–1. From a DTA curve it 
was determined to be (17.5 ± 6.3) kJ⋅mol–1 in [71PAS/ARO] and 23.0 kJ⋅mol–1 in 
[82NIS/SOK]. The review accepts the average of these three values of the enthalpy of 
fusion with a large estimated uncertainty, thus: 

fus mH ο∆ (SeO2, cr, 660 K) = (22.0 ± 5.0) kJ⋅mol–1, 

vap mH ο∆ (SeO2, l, 600 K) = (84.60 ± 1.50) kJ⋅mol–1. 

There are no data available for the calculation of the thermodynamic properties 
of SeO2(l) under standard conditions. 

V.2.2.3 SeO2(g) 
The thermodynamic properties of SeO2(g) have been calculated from molecular proper-
ties by Nagarajan [63NAG2], Pashinkin et al. [71PAS/ARO], and Behrens et al. 
[74BEH/LEM]. The agreement between the data is fairly good. The data in 
[74BEH/LEM] will be selected as somewhat inaccurate molecular data were used by 
Nagarajan [63NAG2] and Pashinkin et al. [71PAS/ARO], who report ,mpCο (SeO2, g, 
298.15 K) = 42.64 and 43.10 J⋅K–1⋅mol–1 and mS ο (SeO2, g, 298.15 K) = 265.00 and 
265.15 J⋅K–1⋅mol–1, respectively. The selected values are: 

,mpCο (SeO2, g, 298.15 K) = (43.36 ± 0.15) J⋅K–1⋅mol–1, 

mS ο (SeO2, g, 298.15 K) = (262.6 ± 1.3) J⋅K–1⋅mol–1. 

 The uncertainties have been estimated by the review. 

 The following temperature dependence of the heat capacity was derived from 
the data in [74BEH/LEM]: 

,mpCο (SeO2, g, T ) = (66.638 – 2.701 × 10–3 T – 8.884 × 103 T –1 
 + 6.449 × 105 T –2) J⋅K–1⋅mol–1. 

The relationship reproduces the data to better than 0.07 J⋅K–1⋅mol–1 in the tem-
perature range 300 to 1500 K with a mean absolute deviation of 0.04 J⋅K–1⋅mol–1. This 
is somewhat better than obtained with the relationship proposed by Brebrick [2000BRE] 
for the same data. 

Solid selenium dioxide sublimes: 

 SeO2(cr)  SeO2(g)  (V.2) 
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and the vapour consists of SeO2 molecules at least up to 1000 K according to the vapour 
density measurements by D’yachkova, Vigdorovich, Ustyugov and Kudryavtsev 
[69DYA/VIG]. Sonin and Polyachenok [71SON/POL] made molecular weight determi-
nations in the presence of Se(l) (T < 600 K) or O2 (T < 1000 K) and found no evidence 
for the formation of SeO or SeO3, respectively. The thermodynamic data from vapour 
pressure measurements have all been evaluated on the assumption that SeO2 is the sole 
species in the gaseous phase. 

The experimental determinations of the saturated vapour pressure over 
SeO2(cr) are entered in Table V-23. The results by Gadzhiev, Dobrotin, and Suvorov 
[65GAD/DOB] have been excluded since they are apparently based on the data by the 
same authors in [68DOB/SUV]. The values of sub mH ο∆ (SeO2, cr, T ) and sub mS ο∆ (SeO2, 
cr, T ) were calculated from the experimental results presented as 

210 SeOlog p = AT –1 + 
B. 

Table V-23: Experimental values of the enthalpy and entropy of sublimation of SeO2(cr) 
from vapour pressure measurements over the temperature intervals in column 2. 

Reference Interval (K) Method sub mH ο∆ (SeO2, cr, T ) 

(kJ⋅mol–1) 
sub mS ο∆ (SeO2, cr, T ) 

(J⋅K–1⋅mol–1) 

[44AME/BEL] 446 - 500 Transp. 106.1 175.2 

[62MAR/GET] 403 - 505 Transp. 94.50 150.3 

[64GLE/MUL] 420 - 492 Transp. 95.63 155.2 

[68DOB/SUV] 473 - 583 Static 92.37 150.5 

[69DYA/VIG] 500 - 603 Static 107.1 177.6 

[69FIC/THO] 361 - 461 Knudsen 94.86 150.5 

[69PIA/MAL] 360 - 450 Knudsen 99.16 – 

[69SON/NOV] 473 - 593 Static 109.2 182.6 

[70MAK/PEC] 523 - 663 Static 109.9 184.5 

[74BEH/LEM] 374 - 427 Knudsen 110.8 182.7 

[96KAZ/BOL] 349 - 394 Knudsen 110.9 190.1 

[2000BRE] 416 - 505 Static 109.2 182.8 

The transpiration experiments used oxygen, air, or water vapour as transporting 
medium. The effusion experiments used mass spectrometric detection except in 
[74BEH/LEM] that registered the weight loss with a recording microbalance. A mem-
brane null manometer measured the pressure in the static method except in [2000BRE]. 
In this work, the pressure was evaluated from a measurement of the optical density of 
the gaseous phase. 
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The standard enthalpy of sublimation was estimated by the second law ap-
proach from sub mH ο∆ (SeO2, cr, T ) and r ,mpCο∆ ((V.2), (300 K < T < 600) K) = 
− (16.3 ± 1.0) J⋅K–1⋅mol–1 calculated from the data in [74BEH/LEM]. The latter figure is 
an average value of a slightly varying r ,mpCο∆  in the temperature interval. The results 
are found in Table V-24. No uncertainties have been estimated, as only sub mH ο∆ (SeO2, 
cr, 298.15 K) calculated by the third law approach will be used by the review. 

Table V-24: sub mH ο∆ (SeO2, cr, 298.15 K) calculated by the second and third, and 
sub mS ο∆ (SeO2, cr, 298.15 K) by the second law approach. 

Reference 
sub mH ο∆ (SeO2) (kJ⋅mol–1) 

sub mS ο∆ (SeO2) (J⋅K–1⋅mol–1) 

 2nd law 3rd law 2nd law 

[44AME/BEL] 109.0 (115.3 ± 0.4) 182.7 

[62MAR/GET] 97.08 (114.6 ± 1.4) 157.2 

[64GLE/MUL] 98.29 (113.8 ± 0.8) 162.1 

[68DOB/SUV] 96.23 115.2 159.8 

[69DYA/VIG] 111.3 (115.9 ± 0.3) 187.7 

[69FIC/THO] 96.74 (113.1 ± 1.4)(a) 155.7 

[69PIA/MAL] 101.0 – – 

[69SON/NOV] 113.1 115.1 192.1 

[70MAK/PEC] 114.8 114.8 195.7 

[74BEH/LEM] 112.5 (115.8 ± 0.4) 187.5 

[96KAZ/BOL] 112.1 (112.6 ± 0.7) 193.7 

[2000BRE] 111.8 112.7(b) 189.8 

a  Systematic trend 

b  Calculated in the paper 

The data obtained by the third law approach in Table V-24 were calculated 
from primary vapour pressures, when available, or from the estimated pressure at the 
mean temperature of the interval, when only the A and B coefficients were published. 
The Gibbs energy function data were extracted from [74BEH/LEM]. 

The review selects: 

sub mH ο∆ (SeO2, cr, 298.15 K) = (114.8 ± 2.5) kJ⋅mol–1 

based on all third law data except those in [69FIC/THO].  

The value of sub mS ο∆ (SeO2, cr, 298.15 K) calculated from the selected values of 
the entropies of solid and gaseous SeO2 is:  
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sub mS ο∆ (SeO2, cr, 298.15 K) = (195.1 ± 0.4) J⋅K–1⋅mol–1. 

As can be seen from Table V-24 the experimental values are consistently lower 
than the expected value. Several workers have observed the discrepancy. The great hy-
groscopicity of selenium dioxide has been suggested as causing errors, particularly in 
low temperature measurements. This view is also adopted by the review, which selects 
the value of o

sub mS∆ (SeO2, cr, 298.15 K) calculated above. With the selected data one 
obtains the enthalpy and Gibbs energy of formation of SeO2(g) as: 

f mH ο∆ (SeO2, g, 298.15 K ) = – (110.6 ± 2.6) kJ⋅mol–1, 

f mGο∆ (SeO2, g, 298.15 K ) = – (115.2 ± 2.6) kJ⋅mol–1. 

The vapour pressure expression derived from the selected data is: 

10log p (SeO2, g, T ) = 15.893 – 6250.2 T –1 – 1.960 × 10log T . 

Figure V-3 shows the vapour pressure curve and some experimental points 
from sources containing primary data. 

Figure V-3: Vapour pressure of SeO2(cr). 
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V.2.3 Selenium trioxide 
Selenium trioxide cannot be prepared directly in a pure state by reaction between the 
elements. Dehydration of selenic acid by P4O10 under stringent conditions 
[51TOU/DOS] and reaction of sulphur trioxide with potassium selenate [52LEH/KRU], 
followed by vacuum distillation, are two preferred methods of preparation. It is an ex-
tremely reactive solid at room temperature. 

V.2.3.1 SeO3(cr) 
The entropy of SeO3(cr) was estimated by Hart [52HAR] to be mS ο (SeO3, cr, 
298.15 K) = 84.1 J⋅K–1⋅mol–1 from an extrapolation within the periodic table. This da-
tum will be given zero weight. 

Kondrat’ev, Strizhov, and Doronin [84KON/STR] measured the heat capacity 
of SeO3(cr) in the temperature range 55 to 307 K and at 12 and 46 K. Extrapolation to 
0 K was made by a graphical method, but no details of the extrapolation procedure are 
presented. The results were: 

,mpCο (SeO3, cr, 298.15 K) = (77.24 ± 0.79) J⋅K–1⋅mol–1, 

mS ο (SeO3, cr, 298.15 K) = (91.7 ± 1.0) J⋅K–1⋅mol–1. 

The uncertainties have been added by the review as twice the estimated relative 
standard deviations indicated by the authors. No other low temperature studies of 
SeO3(cr) have been found and the above results are selected. 

Trzil [58TRZ] calculated from experimental mean heat capacity measurements 
by Tuma [57TUM] (original data not available) in the temperature range 293 to 373 K: 

,mpCο (SeO3, cr, (293 - 373) K) = (14.60 + 0.205 T ) J⋅K–1⋅mol–1. 

The estimated uncertainty is ± 5%. The value at 298.15 K is then 
(75.72 ± 3.80) J⋅K–1⋅mol–1, which agrees within the error limits with [84KON/STR]. 
The temperature derivative of the heat capacity calculated from [84KON/STR] is 
0.19 J⋅K–2⋅mol–1 at 295 K. The relationship: 

,mpCο (SeO3, cr, T ) = (77.24 + 0.20 × (T – 298)) J⋅K–1⋅mol–1 

will be selected as an estimate of ,mpCο (± 5%) in the range 300 to 390 K (melting point).  

The enthalpy of formation of SeO3(cr) can not be determined directly. It is 
found from the enthalpy of formation of selenic acid and the enthalpy of dissolution of 
SeO3(cr). The latter quantity was determined for a final dilution of (aq, 1:2000) by 
Tuma, cited in [58TRZ], to be – (143.89 ± 0.80) kJ⋅mol–1 and by Jerschkewitz and 
Menning [62JER/MEN] to be – (134.52 ± 0.80) kJ⋅mol–1. The two estimates differ sig-
nificantly, which may be caused by experimental difficulties from the extreme hygro-
scopicity of SeO3(cr). Moisture content of 1% diminishes the enthalpy of dissolution by 
about 5 kJ⋅mol–1 according to [58TRZ]. The review adopts − (143.89 ± 0.80) kJ⋅mol–1 
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for this enthalpy of dissolution, since the specimen used by Tuma is judged to be of 
better quality. 

The enthalpy of formation of H2SeO4(aq, 1:1200) is evaluated in Section 
V.3.3.1 to be – (590.80 ± 1.70) kJ⋅mol–1. The corresponding value at (aq, 1:2000) is 
− (592.80 ± 2.00) kJ⋅mol–1 obtained with heats of dilution of selenic acid presented in 
[58TRZ]. The data combined with the selected enthalpy of formation of H2O(l) lead to 
the selected value: 

f mH ο∆ (SeO3, cr, 298.15 K) = – (163.1 ± 2.2) kJ⋅mol–1. 

This result is reasonably coherent with the value – 166.9 kJ⋅mol–1 in 
[82WAG/EVA] but not the value selected by [74MIL], – 170.3 kJ⋅mol–1, largely based 
on the original data of Thomsen [1882THO]. Mijlhoff [63MIJ] calculated the standard 
enthalpy of formation of SeO3(cr) essentially using data from the same reference and 
arrived at – 184.5 kJ⋅mol–1. This result will be ignored, cf. Appendix A. 

The selected data yield:  

f mGο∆ (SeO3, cr, 298.15 K) = – (86.2 ± 2.2) kJ⋅mol–1. 

V.2.3.2 SeO3(l) 
Selenium trioxide melts at (392.5 ± 1.5) K, [62JER/MEN], [63MIJ/GER], to a colour-
less liquid. The decomposition of SeO3(l) on heating was studied by Jerschkewitz and 
Menning [62JER/MEN] and found to be dependent on the purity of the specimen. The 
presence of a selenate salt, selenium dioxide, or water greatly enhances the rate of the 
decomposition reaction: 

 2SeO3(l) → Se2O5(s) + 0.5O2(g) (V.3) 

The stability range of SeO3(l) is somewhat difficult to assess but an upper limit 
of 425 to 435 K is indicated by the decomposition curves in [62JER/MEN] although 
vapour pressure measurements of SeO3(g) over SeO3(l) are reported up to 510 K, Sec-
tion V.2.3.3. 

Mijlhoff and Gerding [63MIJ/GER] estimated the enthalpy of fusion of 
SeO3(cr) from a comparison of the time taken to melt a specimen with the time taken for 
two other substances with well-known heats of fusion and obtained: 

fus mH ο∆ (SeO3, cr, 394 K) = (7.10 ± 1.00) kJ⋅mol–1. 

No other thermodynamic datum has been found for SeO3(l). 

V.2.3.3 SeO3(g) 
Selenium trioxide forms tetramers in the solid state according to the crystal structure 
determination by Mijlhoff [65MIJ]. The same author [65MIJ2] inferred from electron 
diffraction studies that the tetramers persisted in the gaseous state perhaps with about 
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30% of the monomer present. The temperature of the investigation was 393 K. This 
proposal was supported by infrared absorption measurements on gaseous SeO3 at 413 K 
by Paetzold and Amoulong [65PAE/AMO] as far as these measurements gave no evi-
dence for the presence of a monomer. Ficalora, Thompson, and Margrave [69FIC/THO] 
observed no polymers of SeO3 in their mass spectroscopic measurements. Since the 
position of the equilibrium between a tetramer and a monomer is highly pressure de-
pendent, a polymer might dissociate under the experimental conditions in the mass 
spectrometer. Brassington, Edwards, and Fawcett [87BRA/EDW] measured the vibra-
tional Raman spectra of selenium trioxide in the solid and gaseous state. The data con-
firmed the (SeO3)4 tetramer in the solid state. The much simpler spectrum of the gas at 
410 K indicated that selenium trioxide in the vapour phase is essentially monomeric. 
Brisdon and Ogden [87BRI/OGD] carried out matrix isolation IR spectroscopic and 
mass spectroscopic studies of the vapour above heated selenium trioxide in the tempera-
ture interval 380 to 410 K. The experimental results were interpreted to show that 
(SeO3)4 was predominantly present and the degree of dissociation was estimated to be 2 
to 3% at about 390 K. Higher temperatures did not significantly increase the proportion 
of the monomer, but instead resulted in extensive decomposition. 

Since the review can not conclude on the nature of the selenium(VI) oxide spe-
cies in the gaseous phase, the notation SeO3(vap) will be used. 

The sources of experimental data for Reactions ((V.4) and (V.5)):  

 SeO3(cr)  SeO3(vap) (V.4) 

 SeO3(l)  SeO3(vap) (V.5) 

are listed in Table V-25. The values of r mH ο∆  and r mS ο∆  were derived from the A and B 
coefficients of the relationship 

310 SeOlog p = AT –1 + B. No error limits are presented in 
the table since the systematic errors are evidently much larger than the random errors. 
The primary experimental results for Reaction (V.4) are shown in Figure V-4. 

The result obtained by Mijlhoff and Block [64MIJ/BLO] is discussed in Ap-
pendix A and the data in the table originate from this discussion. The experimental dif-
ficulties in the determination of these equilibria are illustrated in the paper by Blei-
jerveld and Mijlhoff [75BLE/MIJ]. They repeated the previous experiments in the same 
apparatus. Different pressures were obtained when the sample was heated to or cooled 
to the set temperature. An irreversible decomposition of SeO3(vap) with formation of 
oxygen was suggested. The correction for the partial pressure of oxygen was found 
from the residual pressure at temperatures below 273 K. The tacit assumption was made 
that the highest temperature of the experiment determined the amount of oxygen formed 
and only pressures measured after decrease of temperature were used in the evaluation 
of the experiment. The correction for the presence of oxygen is substantial and amounts 
from 80 to 40% of the total pressure measured. The mass spectrometric data by Ficalora 
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et al. [69FIC/THO] yield a smooth 
310 SeOlog p versus 1/T curve, but the pressures are 

smaller by a factor of almost ten compared with the static data. 

Table V-25: Thermodynamic data derived from vapour pressure measurements of 
SeO3(cr) and SeO3(l).  

Reference State Method Range (K) Taverage (K) r mH ο∆ (kJ⋅mol–1) r mS ο∆ (J⋅K–1⋅mol–1) 

[64MIJ/BLO] s static 350 - 390 370 53.3 92.7 

[69FIC/THO] s dynamic 302 - 365 334 40.7 42 

[75BLE/MIJ] s static 370 - 393 382 74.0 142 

       

[64MIJ/BLO] l static 390 - 405 398 55.3 99.3 

[66GAD/DOB] l static 400 - 453 426 49.1 83 

[72SID/KON] l boil. pt. 450 - 510 480 76.6 147 

[75BLE/MIJ] l static 393 - 413 403 64.3 118 

The available data for Reaction (V.5) are also entered in Table V-25. Results 
obtained by Gadzhiev et al. and Dobrotin et al. from measurements with a membrane 
null manometer are entered only once as [65GAD/DOB], [66GAD/DOB], 
[68DOB/SUV], and [69GAD/SAT] are apparently based on the same experimental ma-
terial. Sidorova et al. [72SID/KON] determined the boiling point of SeO3(l) from ther-
mograms obtained at pressures between 0.067 to 0.53 bar. Although the method is an-
ticipated to yield somewhat imprecise results, a well-behaved plot of 

310 SeOlog p  versus 
1/T was obtained. 

The scatter of the data leads the review to the conclusion that no thermody-
namic quantities can be selected with confidence for Reactions (V.4) and (V.5). Al-
though consistency can be found between certain sets of enthalpy data, for instance, 
between the data below 380 K in [64MIJ/BLO] and the mass spectroscopic results, this 
consistency is lost when vapour pressures are compared. Hence no data selection will be 
made for gaseous selenium trioxide by the review. 
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Figure V-4: Vapour pressure of SeO3(g) over SeO3(cr). 

 

V.2.4 Diselenium pentoxide 
Diselenium pentoxide can be prepared by thermal decomposition of selenium trioxide at 
about 450 K, Reaction (V.3). It is a white, hygroscopic solid that starts to decompose 
slowly above 455 K according to: 

 Se2O5(cr) → 2SeO2(cr) + 0.5O2(g). (V.6) 

The compound melts at (497 ± 1) K under violent disintegration, 
[62JER/MEN], [72SID/KON]. The crystal structure of Se2O5 was determined by Zak 
[80ZAK]. The structure is composed of alternating SeO and SeO2 units joined by O 
bridges into infinite chains, [–SeIV(O)–O–SeVI(O2)–O–]n. 

Jerschkewitz and Menning [62JER/MEN] measured the enthalpy of dissolution 
of Se2O5(cr) in water to a concentration of 0.018 M to be – (114.2 ± 0.4) kJ·mol–1. This 
datum has been combined with the enthalpies of dissolution to the same concentration 
of SeO2(cr), (5.06 ± 0.24) kJ·mol–1, found in [61SEL/PAK] and of SeO3(cr), 
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− (145.4 ± 1.1) kJ·mol–1, calculated from the data in [58TRZ] and [62JER/MEN] (see 
Section V.2.3.1) to give the enthalpy change of the reaction: 

 SeO2(cr) + SeO3(cr)  Se2O5(cr) (V.7) 

The result is: 

r mH ο∆ ((V.7), 298.15 K) = – (26.1 ± 1.2) kJ·mol–1. 

Changes in r mH ο∆ ((V.7)) between 293 and 298 K have been neglected and a 
correction, calculated to be (0.60 ± 0.20) kJ·mol–1, for different degrees of protolysis has 
been applied. 

The selected enthalpies of formation of SeO2(cr) and SeO3(cr), and r mH ο∆ (V.7) 
give the selected value: 

f mH ο∆ (Se2O5, cr, 298.15 K) = – (414.6 ± 2.6) kJ·mol–1. 

The value reported in [82WAG/EVA] is – 408.4 kJ⋅mol–1. 

No other thermochemical data have been found for Se2O5. 

V.2.5 Hydrogen selenide 
Hydrogen selenide, H2Se, is conveniently produced by reacting an excess of Al2Se3(s) 
with water [46WAI/SHU], and it can be purified to a high degree via solidification and 
sublimation [37KRU/CLU]. 

V.2.5.1 H2Se(cr) and H2Se(l) 
The low-temperature properties of H2Se were studied by Kruis and Clusius 
[37KRU/CLU] who found that the solid phase was characterised by two phase 
transitions at 80 to 87 K and at 172.5 K, respectively. The temperature span of the lower 
transition is indicative of a higher order transition, and the higher transition takes place 
between two isotropic phases. The heats of transformation for the two transitions are 
(1.574 ± 0.002) and (1.116 ± 0.002) kJ⋅mol–1, respectively. H2Se(cr) melts at 
(207.430 ± 0.018) K with an enthalpy of fusion of: 

fus mH ο∆ (H2Se, cr, 207.43 K) = (2.515 ± 0.002) kJ⋅mol–1. 

 The triple point pressure is 0.270 bar. The boiling point of H2Se at 1 bar is 231 
to 232 K and the critical point is at 410 to 411 K and 91 bar. 

V.2.5.2 H2Se(g) 

The heat capacity expression  

,mpCο (H2Se, g, (298.15 - 1500) K) = (23.203 + 3.23156 × 10–2 T – 8.8922 × 10–6 T 2 
 + 3.055 × 102 T –1 + 1.46472 × 105 T –2) J⋅K–1⋅mol–1  
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was derived by the review from molecular parameters in [84LAN/EDW]. This 
expression leads to the selected value: 

,mpCο (H2Se, g, 298.15 K) = (34.7 ± 0.1) J⋅K–1⋅mol–1 

which is in harmony with the values presented by Gordon [69GOR] and Mills [74MIL], 
34.75 J⋅K–1⋅mol–1 and 34.65 J⋅K–1⋅mol–1, respectively. 

 Equilibria characterising the formation of H2Se(g) at higher temperatures have 
been studied utilising liquid selenium [1898PEL], [1899BOD], [66RAW/TOG], 
[69UST/VIG3], [69YUS/DEV] as well as various selenide compounds [67RAU], 
[69FLO], [72FLO] in combination with hydrogen gas.  

 For the reaction: 

 H2(g) + Se(l)  H2Se(g) (V.8) 

Rawling and Toguri [66RAW/TOG] (see Appendix A) presented an expression for the 
temperature dependent equilibrium constant: 

10log K ο ((V.8), T) = (13.07 + 2.97 × 10–4 T – 3.69 log10 T – 2209 T −1 – 4.81 × 103 T −2). 

 This expression also closely describes the data in [1899BOD] and 
[69YUS/DEV].  

 The experimental data presented by Rawling and Toguri in the temperature 
range of 800 to 900 K have been analysed by the third-law method using the selected 
heat capacity functions for H2Se(g), H2(g) and Se(cr, l). The derived enthalpy of 
formation for H2Se(g) from this analysis is f mH ο∆ (H2Se, g, 298.15 K) = (29.5 ± 1.5) 
kJ⋅mol–1.  

 For the reaction: 

 H2(g) + ½Se2(g)  H2Se(g) (V.9) 

Flögel [72FLO] (see Appendix A) summarised the various investigations made and 
reached a “best” expression for the temperature dependent equilibrium constant: 

10log K ο ((V.9), T ) = (4.574)–1 × ((10.2 ± 0.2) × 103 T –1 – 8.9 – (2.9 – 1.5 log10 (T/300) 
× (7 × 10–4 T – 0.2)). This equation was covered by experimental data in the temperature 
range 500 to 1450 K. A corresponding third-law analysis using this expression yielded 
the value f mH ο∆ (H2Se, g, 298.15 K) = (28.0 ± 1.5) kJ⋅mol–1. 

 The standard enthalpy of formation of H2Se(g) was also directly measured by 
Gunn [64GUN] by exploding mixtures of H2Se(g) and H2Te(g). Depending on the 
H2Te:H2Se ratio, values in the range of 15 kJ⋅mol–1 to 27 kJ⋅mol–1 were gained and, on 
the extrapolation of these data to a ratio of zero, an approximate value of 33  kJ⋅mol–1 
was obtained.  

The review selects:  
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f mH ο∆ (H2Se, g, 298.15 K) = (29.0 ± 2.0) kJ⋅mol–1. 

Mills [74MIL] selected the value (29.3 ± 0.8) kJ⋅mol–1. Mayer et al. 
[97MAY/GAL] reached a f mH ο∆ (H2Se, g, 298.15 K) value of 34.1 kJ⋅mol–1 from ab 
initio molecular orbital calculations.  

 The standard entropy of H2Se(g) was calculated from molecular parameters in 
[84LAN/EDW] to yield the selected value: 

mS ο (H2Se, g, 298.15 K) = (219.0 ± 0.1) J⋅K–1⋅mol–1. 

The selected entropy of formation is derived from the calculated entropy value of 
H2Se(g) and accepted standard entropy data of H2(g) and Se(cr): 

f mS ο∆ (H2Se, g, 298.15 K) = (46.2 ± 0.2) J⋅K–1⋅mol–1. 

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

f mGο∆ (H2Se, g, 298.15 K) = (15.2 ± 2.0) kJ⋅mol–1. 

 In [82WAG/EVA], the reported values for f mH ο∆  and f mGο∆  are 29.7 and 
15.9 kJ⋅mol–1, respectively.  

V.3 Selenium oxides and hydrides in aqueous solution. 
Solid selenious acid and selenic acid. 

V.3.1 Hydrogen selenide-selenide system 
The temperature dependence of the aqueous solubility of H2Se(g) was studied by 
McAmis and Felsing [25AMI/FEL] between 288 to 308 K and by Dubeau, Sisi and 
Ozanne [71DUB/SIS] between 298 to 343 K. In both studies precipitation of Ag2Se(s) 
was used for the analysis of the solution and implies that the sum of the concentrations 
of H2Se(aq) and HSe– was measured. At 298.15 K, and a partial pressure of H2Se(g) of 
1 atm, the solubilities reported are (84.15 ± 0.18) × 10–3 M [25AMI/FEL] and 
(83.36 ± 0.30) × 10–3 M [71DUB/SIS], respectively. From these data, the average value 
of (83.8 ± 0.4) × 10–3 M is selected which, with a first dissociation constant for 
H2Se(aq) of 10–(3.85 ± 0.05) (see below), corresponds to a H2Se(aq) concentration of 
(80.5 ± 0.5) × 10–3 M. 

 For the reaction: 

 H2Se(g) + aq  H2Se(aq) (V.10) 

and at a partial pressure of 1 bar, this corresponds to an equilibrium constant:  

10log K ο ((V.10), 298.15 K) = – (1.10 ± 0.01) 

and to  
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r mGο∆ ((V.10), 298.15 K) = (6.28 ± 0.06) kJ⋅mol–1. 

 From the recorded temperature dependence of the aqueous solubility the en-
thalpy of Reaction (V.10) was calculated to be r mH ο∆ ((V.10), 298.15 K) = – 10.17 
kJ⋅mol–1 in [25AMI/FEL] and – 14.74 kJ⋅mol–1 in [71DUB/SIS], respectively. The value 
reported in [71DUB/SIS] is more credible considering that a much wider temperature 
range was employed in this study. However, the dissociation of H2Se(aq) was not taken 
into account, which adds to the uncertainty in the reaction enthalpy. The review selects 
the value reported in [71DUB/SIS]: 

r mH ο∆ ((V.10), 298.15 K) = – (14.7 ± 0.3) kJ⋅mol–1. 

 The uncertainty has been estimated by this review from a comparison with the 
temperature dependence of the dissociation constant of H2S(aq). 

 The first dissociation constant for H2Se(aq): 

 H2Se(aq)  H+ + HSe– (V.11) 

has been investigated in two early conductometric studies [13BRU], [23HLA], one po-
tentiometric study [41HAG] in dilute solution, and one indirect solubility study in 1 M 
NaClO4 medium [70MEH/GUB]. The study by Mehra and Gubeli [70MEH/GUB] was 
based on data comparing the solubility of Ag2Se(s) in different regions of pH (cf. 
[71MEH/GUB] in Appendix A) and has, due to its inherent uncertainty, not been further 
considered. In the two conductometric studies, pure water was saturated with H2Se(g) at 
a pressure of 0.1 to 1 atm. The degree of dissociation was obtained from the conduc-
tance of the resulting solution and, together with an assumed H2Se(aq) solubility of 
0.1 M at 

2H Sep  = 1 atm, used to calculate K(V.11). With the revised data for the total 
solubility of H2Se(g) (see above) these data yield 10log K ο ((V.11), 298.15 K) = – 3.85 
and − (3.82 ± 0.02), respectively, see Appendix A. These data compare relatively well 
with the value – 3.89 determined by potentiometry in [41HAG]. This review selects an 
average of the three determinations. It differs little from the value selected in 
[92GRE/FUG] but is associated with a considerably lower uncertainty: 

10log K ο ((V.11), 298.15 K) = – (3.85 ± 0.05). 

 The second dissociation constant of H2Se(aq) 

 HSe–  H+ + Se2− (V.12) 

has been the subject of a series of studies but, due to the sensitivity of Se(− II) towards 
oxidation and the very weak acidity of HSe–, many of these results are connected with 
large uncertainties. 

 Hagisawa [41HAG] estimated 10log K (V.12) = – 11 from the pH of a dilute 
solution of NaHSe. This procedure may introduce an uncertainty of several orders of 
magnitude depending on the purity of the reagents employed. Lingane and Niedrach 
[48LIN/NIE] studied the half-wave potential of the reaction: 
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 HgSe(s) + 2H+ + 2e–  Hg(l) + H2Se(aq) (V.13) 

and noticed a continuous shift with pH in the whole pH range investigated, which 
included 1 M NaOH as an upper limit. From this information, they chose     

10log K (V.12) = – 14 “as the most probable value”. Wood [58WOO] added limited 
amounts of H2Se to a solution of KOH and measured the change in pH with a two-point 
KOH(aq)-calibrated glass electrode. He also determined the solubility of Na2Se(s) in a 
series of solutions with known initial concentrations of sodium hydroxide and sodium 
acetate. Wood evaluated the equilibrium constant of the reaction: 

 Se2− + H2O(l)  HSe– + OH– (V.14) 

from the first set of data, at I = 0.2 M and 273.6 K, to be K(V.14) = (1.1 ± 0.4). The 
second set of data, at I = 4.2 M and 295 K, were used to simultaneously determine the 
solubility product of Na2Se(s) and K(V.14) = (0.25 ± 0.09). The transformation of these 
constants to 10log K ο ((V.12), 295 K) employed estimated values of both activity coeffi-
cients and entropies and yielded the values: – (14.5 ± 0.4) and – (15.9 ± 0.8), respec-
tively. Details of this study are provided in Appendix A. 

 Mehra and Gubeli [70MEH/GUB] reported 10log K ((V.12), I = 1 M, 298 K) = 
– 11.6 from a study [68MEH] in which the solubility of Ag2Se(s) in the pH-range of 4.4 
to 10.0 was compared to the corresponding quantity at pH > 12.6 (cf. [71MEH/GUB] in 
Appendix A). As discussed in Section V.10.2.1, however, this approach cannot be ac-
cepted and this datum is therefore refuted. 

 Lyons and Young [86LYO/YOU] measured the UV-spectra of HSe– and Se2– 
at high pH and 304 K, and noted that “substantial concentrations of both ions were pre-
sent in 1 M KOH”. This technique was later employed by Levy and Myers 
[90LEV/MYE], who systematically varied the sodium hydroxide concentration in the 
test solutions over the range of 0.1 to 11.6 molal. From the absorbance data they evalu-
ated an expression for 10log K ((V.14), 298.15 K) = 0.997 – 0.793 × m½, where m de-
notes the molality of sodium hydroxide in the test solution. By combining this equation 
with activity coefficient functions and 10 wlog K ο  = – 13.997, 10log K ο ((V.12), 
298.15 K) = – (15.05 ± 0.04) was deduced, see Appendix A. This value is by far the 
most reliable value of 10log K ο (V.12) reported in the literature and it is accepted by this 
review. However, the uncertainty reported by Levy and Myers is only based on internal 
data extrapolations and does not consider systematic errors, and is therefore considera-
bly increased by this review: 

10log K ο ((V.12), 298.15 K) = – (15.05 ± 0.20). 

 The enthalpy change on dissolution of H2Se(g) in 0.25 M lithium, sodium, or 
potassium hydroxide was measured by Fabre [1887FAB] with concordant results. From 
these measurements carried out at about 287 K the review estimates in Appendix A the 
enthalpy of formation of HSe− to be (14.3 ± 3.2) kJ⋅mol–1. This result has not been se-
lected since a proper correction from 287 K to standard conditions could not be made. 
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The value in [82WAG/EVA] is 15.9 kJ⋅mol–1, probably estimated from the same ex-
perimental data. The temperature dependences of the equilibrium constants presented in 
[68DYA/KHO] are based on various empirical relations and assumptions and not on 
experimental data, and they are therefore not accepted by this review. 

 Based on the selected data for H2Se(g), Section V.2.5.2, the following thermo-
dynamic quantities for the H2Se(aq)-HSe–-Se2– system are obtained: 

f mH ο∆ (H2Se, aq, 298.15 K) = (14.3 ± 2.0) kJ⋅mol–1, 

f mS ο∆ (H2Se, aq, 298.15 K) = – (24.1 ± 9.5) J⋅K–1⋅mol–1, 

f mGο∆ (H2Se, aq, 298.15 K) = (21.5 ± 2.0) kJ⋅mol–1, 

f mGο∆ (HSe–, 298.15 K) = (43.5 ± 2.0) kJ⋅mol–1, 

f mGο∆ (Se2–, 298.15 K) = (129.4 ± 2.3) kJ⋅mol–1. 

 The results for H2Se(aq) and HSe– are selected. The value of f mGο∆ (Se2–, 
298.15 K) is compatible with the corresponding value independently evaluated from 
redox potentials of mono- and polyselenide ions in Section V.3.4.3, (127.9 ± 1.9) 
kJ⋅mol–1. The finally selected value is chosen as the mean of these values  

f mGο∆ (Se2–, 298.15 K) = (128.6 ± 3.0) kJ⋅mol–1 

and corresponds to a value of  

10log K ο ((V.12), 298.15 K) = – (14.91 ± 0.20). 

For H2Se(aq), the values listed in [82WAG/EVA] of f mH ο∆ and f mGο∆ are 19.2 
and 22.2 kJ⋅mol–1, respectively, while for HSe– and Se2–, f mGο∆  values of 44.0 kJ⋅mol–1 
and 129.3 kJ⋅mol–1 are reported. 

V.3.2 Selenious acid-selenite system 

V.3.2.1 H2SeO3(cr) 
The enthalpy of formation of H2SeO3(cr) is obtained indirectly. Selivanova and Pakho-
rukov [61SEL/PAK] measured the enthalpy changes of the reactions:  

 SeO2(cr) + H2O(l) + aq  H2SeO3(aq, 1:200)  (V.15) 

 r mH ο∆ ((V.15), 298.15 K) = (4.18 ± 0.17) kJ⋅mol–1 

and 

 H2SeO3(cr) + aq  H2SeO3(aq, 1:200)  (V.16) 

 r mH ο∆ ((V.16), 298.15 K) = (17.68 ± 0.05) kJ⋅mol–1 

which yield for the enthalpy of hydration of SeO2(cr) by one mole of H2O(l) to 
H2SeO3(cr): 
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hyd mH ο∆ (SeO2, cr, 298.15 K) = – (13.50 ± 0.18) kJ⋅mol–1. 

Jannek and Meyer [13JAN/MEY] made similar measurements at “room tem-
perature” in the dilution range 1:400 to 1:500 and obtained hyd mH ο∆ (SeO2, cr) = 
− (13.35 ± 0.25) kJ⋅mol–1. The more recent value by Selivanova and Pakhorukov 
[61SEL/PAK] is preferred by the review. 

With the selected value of the enthalpy of formation of SeO2(cr) and the en-
thalpy of formation of H2O(l) from [89COX/WAG] f mH ο∆ (H2SeO3, cr, 298.15 K) = 
− (524.72 ± 0.65) kJ⋅mol–1 is obtained. Reference [82WAG/EVA] reports – 524.46 
kJ⋅mol–1. The review selects: 

f mH ο∆ (H2SeO3, cr, 298.15 K) = – (524.72 ± 0.65) kJ⋅mol–1. 

No low temperature heat capacity measurements of H2SeO3(cr) have been 
found. An estimated value of the standard entropy mS ο (H2SeO3, cr, 298.15 K) = 
(116.0 ± 4.0) J⋅K–1⋅mol–1 is derived below from measurements of Reaction (V.17). 

The equilibrium constant of the dehydration reaction: 

 H2SeO3(cr)  SeO2(cr) + H2O(g) (V.17) 

has been measured by Jannek and Meyer [13JAN/MEY], Manchot and Ortner 
[22MAN/ORT], Ishikawa and Abe [38ISH/ABE], and Dobrotin et al. [68DOB/SUV]. 
The last reference does not contain primary data but a graph indicates good agreement 
between the measured pressures and those in [38ISH/ABE]. The results in 
[22MAN/ORT] differ widely from the others and will therefore not be considered. The 
measurements, shown in Figure V-5, indicate a phase transition at 343 K: 

 H2SeO3(cr) → SeO2(cr) + H2O(l, sat SeO2(cr)). (V.18) 

In [68DOB/SUV] it was shown that the vapour pressure at 338 K kept constant 
when the solid phase changed from the composition H2SeO3 to SeO2. Thus formation of 
polymeric selenious acids is not indicated. 

Ishikawa and Abe [38ISH/ABE] used two different equipments, one with a 
null-point membrane manometer and the other with a directly attached manometer, and 
report: 

210 H Olog p ((V.17), T ) = – (3510 ± 40) T –1 + (8.965 ± 0.120) 

respectively, 

210 H Olog p ((V.17), T )= – (3120 ± 30) T –1 + (7.810 ± 0.085). 

The uncertainties entered here are based on the statistical errors from the least 
squares fit to the data. The corresponding enthalpies of reaction, r mH ο∆ ((V.17), (300 - 
340) K), are (67.02 ± 0.77) and (59.74 ± 0.57) kJ⋅mol–1, respectively. Reference 
[68DOB/SUV] reports (66.9 ± 8.4) kJ⋅mol–1. The expected enthalpy change of Reac-
tion (V.17), calculated from hyd mH ο∆ (SeO2, cr, 298.15 K) and the heat of evaporation of 
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water, is (57.51 ± 0.20) kJ⋅mol–1. The observed values are thus too high and might indi-
cate difficulties with the establishment of equilibrium in the temperature range 300 to 
320 K. Ishikawa and Abe [38ISH/ABE] observed reversibility above 313 K, while the 
other authors found hysteresis effects below the transition point. Jannek and Meyer 
[13JAN/MEY] suggested that the H2SeO3(s) formed on lowering the temperature cre-
ated a skin on the sample, which prevented true equilibrium to be established.  

Figure V-5: Vapour pressure of H2O above H2SeO3(cr) and SeO2(aq, saturated). 

 

Since the vapour pressure measurements in [38ISH/ABE] and [68DOB/SUV] 
appear to be consistent an extrapolation to 298.15 K has been made. The vapour pres-
sure relationships yield the Gibbs energy of Reaction (V.17) as (16.03 ± 1.03) and 
(15.15 ± 0.75) kJ⋅mol–1, respectively, at this temperature. With the accepted value of the 
enthalpy of reaction r mS ο∆ ((V.17), 298.15 K) becomes (140.6 ± 3.5) J⋅K–1⋅mol–1. From 
this figure mS ο (H2SeO3, cr, 298.15 K) = (116.0 ± 4.0) J⋅K–1⋅mol–1 is obtained. This result 
is not selected since the assumptions made in its derivation are of uncertain validity. 

Extended solubility measurements of H2SeO3(cr) in water have been made by 
Manchot and Ortner [22MAN/ORT], Ishikawa and Abe [38ISH/ABE], and Rustamov 
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and Mardakhaev [63RUS/MAR]. The results are shown in Figure V-6. The data in 
[22MAN/ORT], [63RUS/MAR] agree reasonably well, as do the data in [38ISH/ABE], 
[38NEA/CRO]. It has not been possible to find a reason for the large difference between 
the sets. Sabbah and Perinet [65SAB/PER] and Micka and Ebert [86MIC/EBE2] report 
a solubility of H2SeO3 at 298.15 K of (31.70 ± 0.10) m corresponding to 69.1 mass-% of 
SeO2. This result is consistent with the set showing the lower solubility. 

Figure V-6: Solubility in the system SeO2-H2O. 
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has been carried out with potentiometric methods. Extensive concentration ranges, up to 
1 to 3 M, were studied by Sabbah and Carpeni [66SAB/CAR], and Barcza and Sillén 
[71BAR/SIL] in various salt backgrounds using the glass electrode. The binuclear spe-
cies 4 3 2H (SeO ) , 3 3 2H (SeO )− , 2

2 3 2H (SeO ) − , and 3
3 2H(SeO ) −  were suggested to form in 

addition to 3HSeO−  and H2SeO3. Similar measurements were made by Ganelina, 
Kuz’micheva, and Krasnopol’skaya [73GAN/KUZ] but without addition of an inert salt 
background. On the other hand, the measurements by Ozeki, Yagasaki, Ichida and Sa-
saki [88OZE/YAG] did not indicate the formation of higher complexes. They made a 
potentiometric study in the ranges 6.9 > 10log [H ]+−  > 2 and 10.6 × 10–3 M < [Se(IV)]tot 

< 34.5 × 10–3 M. The investigation was carried out in 1 M Na(Cl) and the titration 
curves did not show any dependence on selenite concentration. 

Most determinations of the protonation constants have been carried out at 
moderate total selenite concentration, say 0.025 M, with or without an added salt back-
ground. The constants were evaluated on the assumption that only mononuclear species 
were formed. A speciation calculation at a total selenite concentration of 0.025 M and 
the constants presented in [71BAR/SIL] for 1 M NaClO4 shows that the concentrations 
of binuclear complexes are substantial. Hence the results of the simple evaluation model 
may be doubted. 

The proposed reaction scheme with binuclear proton complexes is supported 
by the calorimetric titrations by Arnek and Barcza [72ARN/BAR]. Their measurements 
could not be satisfactorily interpreted unless all six complexes mentioned above were 
included. Additional support for the presence of binuclear species comes from kinetic 
investigations of ligand exchange reactions on Co(III) and Rh(III) in [77FOW/STR], 
[77FOW/STR2], oxidation of selenite to selenate by Np(VII) in [76COO/WOO], and 
oxygen exchange between selenite ion and water in [73OKU/OKA]. Oganesyan et al. 
[84OGA/KAP] also suggested formation of polymeric species at concentrations above 
0.01 M from dialysis experiments. At low concentrations the predominating species at 
pH 3 would be Se(OH)4, which was proposed to react with H+ to form 4Se(OH)n

n
+
−  and 

finally yield Se4+ in 3 M HClO4. This proposal and the derived equilibrium constants are 
not accepted by the review, since they are in conflict with other evidence. 

Walrafen [62WAL2] measured the intensities of the Raman bands at 692 and 
898 cm–1 of 0.8 to 8.0 M solutions of selenious acid. The intensities were directly pro-
portional to the total concentrations and Walrafen concluded that the acid was present as 
H2SeO3 molecules. In very concentrated solution (> 8 M) shifts in the positions of the 
bands were noted and formation of (H2SeO3)2 was suggested. In a later work, [62WAL], 
which also comprised studies of molten selenious acid, he summarises the measure-
ments as follows. “The results of Raman studies of aqueous solutions of selenious acid 
and of molten selenious acid indicate a continuous sequence of species ranging from 
H2SeO3, possibly hydrated in aqueous solution, to (H2SeO3)2 and H2Se2O5 in concen-
trated aqueous solution and in the melt, with (H2SeO3)2 predominating near 50 mol-% 
SeO2 in H2O and H2Se2O5 predominating near 66.7 mol-% in H2O”. 
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Milne [87MIL] measured quantitative Raman spectra of selenious acid in the 
concentration range 0.048 to 1.425 M. The band at 890 cm–1 clearly shows a peak at 
890 cm–1 from H2SeO3 and a shoulder at 850 cm–1 caused by a peak at this frequency 
from 3HSeO− . The band was decomposed into the contributions from H2SeO3 and 

3HSeO− . The protonation constant evaluated in this way varied, somewhat irregularly, 
from 10 2,1log K = 2.12 to 1.99 with increasing concentration of Se(IV). An approximate 
analysis has been made here with addition of the dominant binuclear species, (H2SeO3)2. 
A dimerisation constant of 1 to 2 M–1 from [71BAR/SIL] and [66SAB/CAR] was used. 
The calculations resulted in a very pronounced trend in K2,1. 

Milne [87MIL] also measured 0.38 to 0.95 M solutions of CsHSeO3. The peak 
intensities of the 3HSeO−  bands at 850 and 610 cm–1 were directly proportional to the 
total concentration. No indication of the formation of 2

2 3 2H (SeO ) −  was found in the 
concentration range. Simon and Paetzold [60SIM/PAE2] had earlier reached similar 
conclusions. These authors showed that the band at 540 cm–1 due to the Se–O–Se bridge 
appeared first above a selenite concentration of 3 M. 

Baes and Mesmer [76BAE/MES] rejected the dimeric species and suggested 
that experimental artefacts caused their inclusion in the equilibrium model. The large 
medium changes made are likely to create uncompensated variations in liquid junction 
potentials and activity coefficients. This position was also taken in [92GRE/FUG]. The 
conclusion drawn here from the discussion of the evidence for binuclear species is that 
the equilibrium constants proposed for these species are most likely too large and need 
confirmation. 

The evaluation of the protonation constants will be made from sources, which 
based the calculations on Reactions (V.19) and (V.20). The following sources are avail-
able [25WIL/PRI], [31BRI/ROB], [32BRI/ROB], [33RUM], [39HAG], 
[67KAW/MAN], [68SEK/IWA], [69SAL/HAK], [73NAZ/SHI], [73OKU/OKA], 
[75VES/KOS], [77FOW/STR], [82FRA/ZUM], [88OZE/YAG], and [90DAS/NAR]. 
Some of the references are only of historical interest and others do not contain enough 
information on experimental details to be considered. The accepted references are found 
in Table V-26. The results from a recent extrapolation of data at high ionic strengths to 
I = 0 by Seby et al. [2001SEB/POT] have been omitted, see Appendix A, although they 
support the selection made below. 

The extrapolated values are given equal weights and 

10 1log K ο ((V.19), 298.15 K) = (8.36 ± 0.23), 

r mGο∆ ((V.19), 298.15 K) = – (47.72 ± 1.31) kJ⋅mol–1, 

10 2,1log K ο ((V.20), 298.15 K) = (2.64 ± 0.14), 

r mGο∆ ((V.20), 298.15 K) = – (15.07 ± 0.80) kJ⋅mol–1 

will be selected. They differ little from those selected in [92GRE/FUG]. 
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The Gibbs energy of formation for H2SeO3(aq) obtained in Section V.3.4.1 
further yields: 

f mGο∆ (H2SeO3, aq, 298.15 K) = – (425.18 ± 0.85) kJ⋅mol–1, 

f mGο∆ ( 3HSeO− , 298.15 K) = – (410.1 ± 1.7) kJ⋅mol–1, 

f mGο∆ ( 2
3SeO − , 298.15 K) = – (362.4 ± 1.8) kJ⋅mol–1. 

The last value disagrees with NBS [82WAG/EVA]. 

Table V-26: Accepted protonation constants of 2
3SeO −  at 298.15 K. 

Medium 10 1log K  10 2,1log K  Reference 

→ 0 (8.50 ± 0.04) (2.75 ± 0.04) [67KAW/MAN] 

0.1M NaClO4 – 2.33 [68SEK/IWA] 

→ 0(a) – 2.55 – “ – 

→ 0 8.25 2.62 [69SAL/HAK] 

→ 0 (H2O) – (2.648 ± 0.001) [75VES/KOS] 

→ 0 (D2O) – (3.015 ± 0.013) – “ – 

1 M NaClO4 (8.06 ± 0.05) (2.36 ± 0.05) [77FOW/STR] 

1 M NaCl (8.28 ± 0.04) (2.36 ± 0.04) [88OZE/YAG] 

0 (8.33 ± 0.12) (2.64 ± 0.08) [90DAS/NAR] 

a  Extrapolation to I = 0 made by the review 

Thomsen [1882THO] measured the heat of neutralisation of selenious acid. 
The enthalpy changes r mH ο∆ ((V.19), 298.15 K) = – 4.99 and r mH ο∆ ((V.20), 
298.15 K) = 6.94 kJ⋅mol–1 have been estimated here from the data. The values of the 
protonation enthalpies calculated from the enthalpies of formation in [82WAG/EVA] 
are r mH ο∆ ((V.19), 298.15 K) = – 5.35 and r mH ο∆ ((V.20), 298.15 K) = 7.07 kJ⋅mol–1, 
respectively. It is concluded that the NBS data most likely originate from [1882THO]. 

Arnek and Barcza [72ARN/BAR] made calorimetric measurements on the 
H+- 2

3SeO −  system with 3 M NaClO4, 1 M NaClO4, and 3 M LiClO4 as salt backgrounds. 
The data from 3 M LiClO4 will not be considered as they were obtained at Se(IV) con-
centrations, which are too large for a proper determination of the current protonation 
enthalpies. The values r mH ο∆ ((V.19), 298.15 K) = – 5.27 and – 5.02, and r mH ο∆ ((V.20), 
298.15 K) = 5.27 and 6.28 kJ⋅mol–1 were found in 3 M and 1 M medium, respectively. 

Vesala and Koskinen [75VES/KOS] measured the second protonation constant 
at 9 temperatures between 288 and 304 K. The value of the constant shows a minimum 
at about 294 K and varies by + and – 0.025 logarithmic unit in the temperature interval. 
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The enthalpy change was estimated from the data to be (3.6 ± 0.6) kJ⋅mol–1 at 298.15 K. 
The empirical relationship of Harned and Embree [34HAR/EMB] yields (0.85 ± 0.35) 
kJ⋅mol–1 from the same data. As data from calorimetric measurements are preferred, 
since they are more accurate generally, the review finds no evidence for a major revi-
sion of the protonation enthalpies obtained from the NBS [82WAG/EVA] data. 

Selivanova and Pakhorukov [61SEL/PAK] measured the integral heat of disso-
lution of H2SeO3(cr), see Appendix A. The enthalpy change of: 

 H2SeO3(cr) + aq → H2SeO3(aq, 1:∞)  (V.21) 

was obtained by extrapolation of their data with allowance for protolysis as: 

r mH ο∆ ((V.21), 298.15 K) = (19.40 ± 0.60) kJ⋅mol–1. 

The enthalpy of formation of H2SeO3(aq) is then calculated as f mH ο∆ (H2SeO3, 
aq, 298.15 K) = – (505.32 ± 0.88) kJ⋅mol–1. The value in [82WAG/EVA] is – 507.4  
kJ⋅mol–1. 

The enthalpies of formation selected in the H+- 2
3SeO −  system from the present 

evaluation are: 

f mH ο∆ (H2SeO3, aq, 298.15 K) = – (505.32 ± 0.65) kJ⋅mol–1, 

f mH ο∆ ( 3HSeO− , 298.15 K) = – (512.3 ± 1.0) kJ⋅mol–1, 

f mH ο∆ ( 2
3SeO − , 298.15 K) = – (507.2 ± 1.1) kJ⋅mol–1. 

These estimates are then compatible with the following enthalpies of protona-
tion: 

r mH ο∆ ((V.19), 298.15 K) = – (5.2 ± 0.5) kJ⋅mol–1, 

r mH ο∆ ((V.20), 298.15 K) = (7.0 ± 0.5) kJ⋅mol–1. 

The enthalpy and Gibbs energy of formation of H2SeO3(aq) yield:  

f mS ο∆ (H2SeO3, aq, 298.15 K) = – (268.79 ± 3.66) J⋅K–1⋅mol–1 

and further with auxiliary data from [89COX/WAG] and [92GRE/FUG]: 

mS ο (H2SeO3, aq, 298.15 K) = (211.7 ± 3.6) J⋅K–1⋅mol–1, 

mS ο ( 3HSeO− , 298.15 K) = (137.7 ± 5.2) J⋅K–1⋅mol–1, 

mS ο ( 2
3SeO − , 298.15 K) = (5.1 ± 7.0) J⋅K–1⋅mol–1. 
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V.3.3 Selenic acid-selenate system 

V.3.3.1 H2SeO4(cr) 
Thomsen [1882THO] determined the enthalpy change of Reaction (V.22) to be 
− (125.03 ± 0.40) kJ⋅mol–1, 

H2SeO3(aq, 1:500) + HClO(aq, 1:700) → H2SeO4(aq, 1:1200) + HCl(aq, 1:1200). 

(V.22) 

The result of this measurement seems to form the basis of later evaluations of 
the standard enthalpy of formation of selenic acid. 

Trzil [58TRZ] calculated f mH ο∆ (H2SeO4, aq 1:1200) by the thermochemical 
cycle shown in [58TRZ] in Appendix A to be – 601.65 kJ⋅mol–1. This cycle has also 
been employed by the review to obtain this datum. The auxiliary data introduced in the 
calculation are shown in the same reference. The result is – (590.80 ± 1.67) kJ⋅mol–1.  

The value reported in [82WAG/EVA] is – 587.0 kJ⋅mol–1. The more negative 
value calculated by Trzil is mainly caused by an earlier accepted value of the enthalpy 
of formation of SeO2(cr), which was about 10 kJ⋅mol–1 too exothermic. The review 
adopts: 

f mH ο∆ (H2SeO4, aq 1:1200, 298.15 K) = – (590.80 ± 1.70) kJ⋅mol–1. 

The standard enthalpy of formation of H2SeO4(cr) is obtained by combining 
this value with heats of dissolution of the acid. 

Tuma, cited in [58TRZ], measured integral heats of dissolution of H2SeO4(cr) 
and obtained (uncertainty added here): 

dis mH ο∆ (H2SeO4(cr), aq 1:1200, 293 K) = – (60.30 ± 0.80) kJ⋅mol–1. 

If the temperature effects between 293 and 298 K are neglected this value re-
sults in o

f mH∆ (H2SeO4, cr, 298.15 K) = – (530.5 ± 1.9) kJ⋅mol–1. The value in 
[82WAG/EVA] is – 530.1 kJ⋅mol–1. The review selects: 

f mH ο∆ (H2SeO4, cr, 298.15 K) = – (530.5 ± 1.9) kJ⋅mol–1. 

No other thermochemical data have been found for H2SeO4(cr). 

V.3.3.2 H2SeO4(aq) 
Kremann and Hofmeier [08KRE/HOF], Meyer and Aulich [28MEY/AUL], Kapustin-
skii and Zdhanova [51KAP/ZHD3], and Vuillard [56VUI], [57VUI] have contributed to 
the establishment of the phase diagram of the system H2SeO4-H2O. Much of the data 
were obtained from heating curves due to high viscosity and severe supercooling in cer-
tain concentration regions. The phase diagram in Figure V-7 is essentially constructed 
from data in [56VUI]. Because of the slow formation of, in particular H2SeO4⋅2H2O and 
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H2SeO4⋅6H2O, metastable equilibria develop. These are not indicated in the phase dia-
gram but contained in Table V-27, which lists the invariant points in the diagram. 

 

Figure V-7: The system H2SeO4-H2O. 

 

A cryoscopic measurement by Wasif, Nour, and Hussein [74WAS/NOU] re-
sulted in: 

fus mH ο∆ (H2SeO4, cr, 335.10 K) = (14.32 ± 0.30) kJ⋅mol–1. 

Dostal [55DOS] has established the phase diagram in the composition range 
H2SeO4 to SeO3. This region is, however, considered to be outside the scope of the re-
view. 
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Table V-27: Invariant points in the H2SeO4-H2O phase diagram. 

Phases (s) t (oC) H2SeO4mass-% Remark 

H2O 0 0 m.p. 

H2O + H2SeO4⋅6H2O – 83.4 49.4 eutectic 

H2SeO4⋅6H2O + H2SeO4⋅4H2O – 68.5 54.8 peritectic 

H2SeO4⋅4H2O – 51.7 66.8 m.p. 

H2SeO4⋅4H2O + H2SeO4⋅2H2O – 54.5 70.3 eutectic 

H2SeO4⋅2H2O + H2SeO4⋅H2O – 24 77.7 peritectic 

H2SeO4⋅H2O 26 89.0 m.p.  

H2SeO4⋅H2O + H2SeO4 19 91.5 eutectic 

H2SeO4 62.0 100 m.p. [74WAS/NOU] 

H2O + H2SeO4⋅4H2O – 88 50.3 eutectic (metastable) 

H2SeO4⋅4H2O + H2SeO4⋅H2O – 58.5 74.1 eutectic (metastable) 

H2SeO4⋅6H2O – 68.5 57.3 m.p. (incongruent) 

H2SeO4⋅2H2O – 24 80.1 m.p. (incongruent) 

Walrafen [63WAL] made a Raman spectroscopic study of the system 
H2SeO4-H2O at 298.15 K (the solutions at the largest concentrations were supercooled). 
The species H2SeO4, 4HSeO− , and 2

4SeO −  were identified and their concentrations as a 
function of the total concentration of selenic acid are shown in Figure V-8. The highest 
total concentration, about 18 M, corresponds to almost neat H2SeO4. Selenic acid is a 
strong acid and is completely protolysed at total concentrations below 11 to 12 M. 

Kapustinskii and Zhdanova [51KAP/ZHD] measured the density of selenic 
acid solutions between 3 and 98 w-% selenic acid at 298.15 K and Macalpine and Sayce 
[32ALP/SAY] the aqueous vapour pressure at 298.15 K of solutions containing 0 to 
93.5 mass-% H2SeO4. 

The only protonation reaction of the selenate ion that needs to be considered is 

 2
4SeO −  + H+  4HSeO− . (V.23) 

Pamfilov and Agafonova [50PAM/AGA], Nair [64NAI], and Gosh and Nair 
[70GHO/NAI] studied Reaction (V.23) by potentiometric measurements of cells 
without a liquid junction. The test solutions contained low concentrations of the 
reactants, typically below 0.01 m, and the equilibrium was studied in the temperature 
interval 273 to 318 K. The Russian workers used a quinhydrone electrode and the other 
measurements used the hydrogen electrode. Earlier potentiometric work by Sherrill and 
Lyons [32SHE/LYO], and by Gelbach and King [42GEL/KIN] will be ignored, as 
experimental artefacts affect the results, see Appendix A. 
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Figure V-8: Speciation of H2SeO4(aq) as a function of total concentration. 

 

The equilibrium constant 1K ο (V.23) is small. The problem is the evaluation of 
the concentration quotient from a measurement of the hydrogen ion activity rather than 
the extrapolation of this quotient to I = 0. The value obtained for 1K ο (V.23) is thus sen-
sitive to the expression chosen for the calculation of the activity coefficients. The data 
in [64NAI], measured by the cell:  

H2, Pt | HCl(m1), Na2SeO4(m2) | AgCl, Ag 

at fifteen compositions with 0.31 < m1 / m2 < 1.39, have been recalculated a number of 
times. The outcome of the different approaches is summarised in Table V-28 for the 
measurements at 298.15 K. The SIT calculation made by the review introduced the ap-
proximations ε(H+, 4HSeO− ) = ε(H+, Cl–) = 0.12 kg·mol−1, ε(Na+, 4HSeO− ) = 
ε(Na+, 4HSO− ) = − 0.01 kg·mol−1, and ε(Na+, 2

4SeO − ) = ε(Na+, 2
4SO − ) = – 0.12 kg·mol−1. 

The numerical values were extracted from [92GRE/FUG]. 

0 2 4 6 8 10 12 14 16 18
0

2

4

6

8

10

12

14

16

18

H2SeO4 total conc./ M

S
pe

ci
es

 c
on

c.
/ M HSeO4

-

SeO4
2-

H2SeO4

0 2 4 6 8 10 12 14 16 18
0

2

4

6

8

10

12

14

16

18

H2SeO4 total conc./ M

S
pe

ci
es

 c
on

c.
/ M HSeO4

-

SeO4
2-

H2SeO4



V Discussion of data selection for selenium 

 

148

Table V-28: Results from recalculations of the data in [64NAI] at 298.15 K with differ-
ent estimates of the activity coefficients. 

Reference Remark 10 1log K ο  

[64NAI] Davies equation with – 0.2 I 1.66 

[65COV/DOB] Debye-Hückel with the ion size parameter 1.0 1.70 

[65COV/DOB] Debye-Hückel with the ion size parameter 1.7 1.78 

[70GHO/NAI] Davies equation with – 0.3 I 1.68 

[70GHO/NAI] As above and ion pairing between Na+ and 2
4SeO −  (K = 8.1 m–1) 1.70 

[76BAE/MES] Brönsted-Guggenheim 1.66 

Review SIT 1.72 

Ghosh and Nair [70GHO/NAI] repeated the earlier experiments on 6 test solu-
tions at 298.15 K. The data were evaluated with the approach used in the fifth entry in 
Table V-28. The result was 10 1log K ο (V.23) = (1.72 ± 0.03) and the same result was 
obtained here by the SIT model. The main measurements in [70GHO/NAI] were made 
on 8 test solutions of composition HCl(m1) + H2SeO4(m3) with 0.050 < m1 / m3 < 0.174. 
The data were evaluated with the method used in the fourth entry in  Table V-28. The 
result at 298.15 K was 10 1log K ο (V.23) = (1.745 ± 0.019). The SIT approach yielded 

10 1log K ο (V.23) = (1.781 ± 0.011). 

Pamfilov and Agafonova [50PAM/AGA] report 10 1log K ο (V.23) = 1.88 at 
298.15 K. Since the Debye-Hückel limiting law expression was used, the data were re-
calculated to yield 10 1log K ο (V.23) = (1.92 ± 0.02) by Covington and Dobson 
[65COV/DOB]. Although the difference between the values of 10 1log K ο (V.23) at 
298.15 K in [64NAI] and [50PAM/AGA] is significant, the big difference between the 
two sources is the temperature dependence of the protonation constant. The enthalpy of 
Reaction (V.23) calculated by Pamfilov and Agafonova was 7.4 kJ⋅mol–1. A simplified 
calculation from the slightly curved 10 1log K ο (V.23) = f (1/T ) graph yields (5.0 ± 0.3) 
kJ⋅mol–1. These values are much lower than expected from an analogy with the sulphate 
ion with r mH ο∆  = (22.4 ± 1.1) kJ⋅mol–1 at 298.15 K in [92GRE/FUG]. The selected 
value of 10 1log K ο (V.23) will therefore be based solely on the data by Nair [64NAI], and 
Gosh and Nair [70GHO/NAI]: 

10 1log K ο ((V.23), 298.15 K) = (1.75 ± 0.10), 

r mGο∆ ((V.23), 298.15 K) = – (9.99 ± 0.57) kJ⋅mol–1. 

This value differs slightly from the value (1.80 ± 0.14) selected in 
[92GRE/FUG]. 

Treinin and Wilf [70TRE/WIL] made a spectrophotometric determination in 
UV of 10 1log K (V.23). The value obtained at 293 K was (1.84 ± 0.04). This direct 
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measurement of the concentrations of the selenate species is interesting in view of the 
previous discussion. However, since the paper contains insufficient information and the 
experiment was carried out at high ionic strengths, it could not be considered in the se-
lection. 

The 10 1log K ο (V.23) determinations at nine temperatures between 273 and 
318 K made in [64NAI] form a slightly curved 10 1log K ο (V.23) = f (1/T ) plot. Nair fit-
ted a polynomial of the second order to the data from which r mH ο∆ ((V.23), 298.15 K) = 
24.0 kJ⋅mol–1 was obtained. The relationship 10 1log K ο (V.23) = (a + b T –1 + c ln T ) was 
fitted to the data by the review and yielded a slightly better fit resulting in  

r mH ο∆ ((V.23), 298.15 K) = 24.2 kJ⋅mol–1. The seven temperatures between 273 and 
318 K studied in [70GHO/NAI] yield a linear 10 1log K ο (V.23) = f (1/T ) plot from which 

r mH ο∆ ((V.23), 298.15 K) = (24.0 ± 1.5) kJ⋅mol–1 is found. An analogous investigation 
of the protonation of the sulphate ion by Nair and Nancollas [58NAI/NAN] yielded an 
enthalpy value of 23.4 kJ⋅mol–1, which is only slightly higher than the selected value of 
22.4 kJ⋅mol–1 from [89COX/WAG]. The determination of r mH ο∆ ((V.23), 298.15 K) 
from the temperature variation of the protonation constant thus appears to result in a 
correct value despite the sensitivity of the method to the evaluation model used and ex-
perimental errors. On the other hand a value of 17.5 kJ⋅mol–1 is indicated by the data in 
[82WAG/EVA]. The smaller value is supported by the calorimetric measurements by 
Thomsen [1882THO]. The review will regard 24.0 kJ⋅mol–1 as an upper limit and 
17.5 kJ⋅mol–1 as a lower limit of the enthalpy change and selects the mean of the two 
values. Thus: 

r mH ο∆ ((V.23), 298.15 K) = (20.80 ± 3.20) kJ⋅mol–1. 

The review has calculated the standard enthalpy of formation of the selenate 
ion to be – (600.4 ± 3.3) kJ⋅mol–1 from f mH ο∆ (H2SeO4, aq 1:5000, 298.15 K) = 
− (591.2 ± 3.3) kJ⋅mol–1 cited in [77COR/OUW2] and an estimate of the heat of dilution 
to the aqueous standard state of – 9.2 kJ⋅mol–1. The estimate is based on the selected 
data for Reaction (V.23). Another and similar estimate was made from the heats of dilu-
tion published by Trzil [58TRZ] and the selected value of f mH ο∆ (H2SeO4, aq 1:1200, 
298.15 K). The result is – (605.7 ± 2.8) kJ⋅mol–1. The weighted average of the two esti-
mates is selected with error bars assigned by the review. The non-referenced standard 
enthalpy of formation of the selenate ion in [82WAG/EVA] is – 599.1 kJ⋅mol–1.  

The selected thermodynamic data for hydrogen selenate and selenate ions, with 
o

f mG∆ ( 4HSeO− , 298.15 K) derived in Section V.3.4.2, would then be: 

f mGο∆ ( 4HSeO− , 298.15 K) = – (449.5 ± 1.3) kJ⋅mol–1, 

f mH ο∆ ( 4HSeO− , 298.15 K) = – (582.7 ± 4.7) kJ⋅mol–1, 

mS ο ( 4HSeO− , 298.15 K) = (136.2 ± 16.4) J⋅K–1⋅mol–1, 

f mGο∆ ( 2
4SeO − , 298.15 K) = – (439.5 ± 1.4) kJ⋅mol–1, 
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f mH ο∆ ( 2
4SeO − , 298.15 K) = – (603.5 ± 3.5) kJ⋅mol–1, 

mS ο ( 2
4SeO − , 298.15 K) = (33.0 ± 12.7) J⋅K–1⋅mol–1. 

V.3.4 Redox potentials 
Redox equilibria between the various oxidation states of selenium have been little stud-
ied. This is apparently a consequence of slow reaction rates. For instance, it has been 
repeatedly demonstrated that the redox potential measured by a platinum electrode is 
not affected by the ratio of Se(VI) / Se(IV) present in solution, [87RUN/LIN]. The val-
ues of the standard electrode potentials of the important redox couples Se(VI) / Se(IV) 
and Se(IV) / Se(0) are essentially based on only one experimental investigation each. A 
more detailed discussion than would normally be required will therefore be made of the 
two investigations. 

V.3.4.1 The redox couple Se(IV)-Se(0) 
Schott, Swift, and Yost [28SCH/SWI] measured the equilibrium reaction: 

 Se(s) + 2I2(cr) + 3H2O(l)  H2SeO3(aq) +4H+ + 4I– (V.24) 

at 298.15 K. The conditional equilibrium constant was calculated from a determination 
of the composition of the test solution by chemical analysis. Corrections for side reac-
tions were made with auxiliary data pertaining to the solubility of iodine, tri-iodide for-
mation, and dissociation of H2SeO3. For the calculation of the thermodynamic constant, 
the activity coefficient was assumed to be equal to the activity coefficient of hydriodic 
acid at a concentration equal to the ionic strength of the equilibrium mixture. The activ-
ity coefficients were obtained from [23PEA/FOR]. The value of 10log K ο (V.24) = 
− (13.836 ± 0.018) was evaluated from 5 measurements. The small statistical error is 
remarkable considering the large exponents in the expression for the equilibrium con-
stant. 

The data have been reconsidered by the review and the following observations 
were made, see also Appendix A. The solid selenium used in the experiments was ob-
tained by reduction of a selenite solution by thiosulphate. The selenium might therefore 
not be in its standard state. The activity of the specimen is most likely close enough to 
the standard state activity, however, since the precipitate was kept at boiling tempera-
ture for several hours. A recalculation of the side-reactions with more recent values of 
the auxiliary equilibrium constants made little difference to the result. The analytical 
data are not always consistent with the stoichiometry of Reaction (V.24) and the known 
initial composition of the test solution. The authors also observed this and held oxida-
tion of iodide by initially present oxygen responsible for the discrepancies. However, in 
some instances the deviations from the expected concentrations are remarkably large. 
The deviations do not invalidate the results if equilibrium prevails, which was tested. 
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A major uncertainty in 10log K ο (V.24) arises from the activity coefficient cor-
rection. This correction has been applied under the initial assumption, but with more 
recent data from Harned and Robinson [41HAR/ROB]. An estimate of the activity coef-
ficient was also made with the SIT approach using ε(H+, 4ClO− ) = 0.12 kg·mol−1 from 
[92GRE/FUG], and ε(H+, I–) = 0.18 and ε(K+, I–) = 0.014 kg·mol−1 calculated from data 
in [59ROB/STO]. The results of the calculations were: 

10log K ο ((V.24), 298.15 K) = – (13.831 ± 0.021);  
 new auxiliary equilibrium constants, γ from [23PEA/FOR], 

10log K ο ((V.24), 298.15 K) = – (13.928 ± 0.016);  
 new auxiliary equilibrium constants, γ from [41HAR/ROB], 

10log K ο ((V.24), 298.15 K) = – (13.988 ± 0.045);  
 new auxiliary equilibrium constants, γ from SIT. 

The review selects: 

10log K ο ((V.24), 298.15 K) = – (13.90 ± 0.10). 

With the Gibbs energy of formation of I– from [92GRE/FUG] the Gibbs energy 
change of the reaction: 

 H2SeO3(aq) + 2H2(g)  Se(cr) + 3H2O(l) (V.25) 

r mGο∆ ((V.25), 298.15 K) = – (286.24 ± 0.84) kJ⋅mol–1 

is obtained. The standard electrode potential of the redox couple: 

 H2SeO3(aq) + 4H+ + 4e–  Se(cr) + 3H2O(l)  (V.26) 

is thus 

Eo((V.26), 298.15 K) = (0.742 ± 0.002) V 

which agrees with Latimer’s value of 0.740 V, [56LAT]. 

Osman-Zade and Vagramyan [66OSM/VAG] measured the cell: 

Hg, Hg2Cl2 | 0.1 M KCl | KCl (sat.) | C M H2SeO3 | Se, Pt 

at 298.15 K for C = 0.005, 0.02, 0.07, 0.2, and 0.6 M. The selenium electrode was ob-
tained by plating selenium onto platinum by electrolysis. Their data have been recalcu-
lated with the selected value of 10 1,2log K ο  for the selenite ion and an approximate activ-
ity coefficient correction. The result is Eo((V.26), 298.15 K) = (0.745 ± 0.004) V, which 
is almost the same value as reported by the authors but without this correction. The po-
tentiometric measurements thus confirm the value of the standard electrode potential 
obtained above. A similar study in the alkaline range by Globa, Lomakina, and 
Sklyarov [86GLO/LOM] seemingly provides additional support, but it is not accepted 
by the review as valid confirmation, see Appendix A. 
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The Gibbs energy of formation of H2SeO3(aq) was calculated by combining 
r mGο∆ ((V.25), 298.15 K) with data for H2O(l) in [92GRE/FUG] to be: 

f mGο∆ (H2SeO3, aq, 298.15 K) = – (425.18 ± 0.85) kJ⋅mol–1. 

 The selected result agrees with [82WAG/EVA]. 

V.3.4.2 The redox couple Se(VI)-Se(IV) 
Sherrill and Izard [28SHE/IZA] studied the reactions: 

Cl2(g) + H2SeO3(aq) + H2O(l)  3H+ + 4HSeO−  + 2Cl– (V.27) 

K ο (V.27) = 
+

4 4

2 2 3 2 2 3

3 2 3 2
H HSeO Cl H Cl HSeO

Cl H SeO H O H SeO

m m m

p m a
+ − − − −γ γ γ

γ
 

and 

Br2(aq) + H2SeO3(aq) + H2O(l)  3H+ + 4HSeO−  + 2Br– (V.28) 

K ο (V.28) = 
+ +

4 4

2 2 3 2 2 2 3

3 2 3 2
H HSeO Br H Br HSeO

Br H SeO H O Br H SeO

m m m

m m a
− − − −γ γ γ

γ γ
 

at 298.15 K. Equilibrium was approached from both directions and the approach to 
equilibrium took 4 to 7 days for Reaction (V.27) and 50 to 70 days for Reaction (V.28). 
The former reaction was carried out in a medium of about 7 to 8 m hydrochloric acid 
and the other reaction in a medium dominated by hydrobromic acid in the concentration 
range 0.2 to 0.4 m. 

The concentrations at equilibrium were found by chemical analysis with the 
exception of 

H
m + , which was calculated from the total halide concentration. Corrections 

were applied for the formation of the 3Cl− and 3Br− ions. Formation of chloroselenate(IV) 
or bromoselenate(IV) species was not considered. 

The strongly acid medium used in Reaction (V.27) ensures that selenium (IV) 
and (VI) are present as H2SeO3 and 4HSeO− , respectively. It was assumed that the acid-
ity constants of H2SeO3 and 4HSeO−  were approximately equal in the evaluation of 
K(V.28). Consequently no correction factors were applied for the dissociation of the 
acids as the factors would cancel. However, this assumption is not valid as the acidity 
constant of 4HSeO−  is about 8 times larger than for H2SeO3. A calculation showed that a 
correction for the dissociation of 4HSeO−  changes the K(V.28) values by less than 2% 
because the decrease in the concentration of 4HSeO−  is largely compensated by the in-
crease in the hydrogen ion concentration. 

The activity coefficients of uncharged species were assumed to be unity in the 
evaluation of the equilibrium constants. The activity coefficients of all monovalent ions 
were set equal and taken as the mean activity coefficient of hydrochloric or hydro-
bromic acid, respectively, at the concentration of the hydrogen ions in the equilibrium 
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mixture. The water activity was found from vapour pressure data. The values used agree 
well with later data in [37AKE/TEA] and [36HAR/KES]. 

The values of the equilibrium constants were: 

10log K ο ((V.27), 298.15 K) = (9.148 ± 0.057), 

10log K ο ((V.28), 298.15 K) = – (0.0560 ± 0.0256). 

The change in Gibbs energy of the redox reaction: 

 4HSeO−  + 3H+ + 2e–  H2SeO3(aq) + H2O(l) (V.29) 

is obtained by combining K ο (V.27) and K ο (V.28) with r mGο∆ (½Cl2(g)/Cl–, 
298.15 K) = – (131.22 ± 0.12) kJ⋅mol–1, respectively, r mGο∆ (½Br2(aq)/Br–, 298.15 K) = 
− (106.30 ± 0.53) kJ⋅mol–1 calculated from [92GRE/FUG]. The result is Eo(V.29) = 
(1.089 ± 0.002) V for hydrochloric acid medium and Eo(V.29) = (1.103 ± 0.006) V for 
hydrobromic acid medium. 

The agreement between the two sets of data was perfect in the original paper. 
However, the calculation for the bromide medium was based on Eo(½ Br2(aq)/Br–, 
298.15 K) = 1.087 V. With the new selected thermodynamic data used here, this datum 
equals 1.101 V. 

The results are difficult to reconcile with the more recent Raman measurements 
by Milne and co-workers in [79MIL/HAI], [85MIL/HAI], [87MIL]. In solutions of se-
lenious acid in hydrochloric acid of a concentration greater than 4 M, a new band ap-
pears which was assigned to the formation of a Se–Cl bond. In their first interpretation 
of the data, [79MIL/HAI], the concentration of free H2SeO3(aq) would decrease by less 
than 5% in the concentration range 6 to 7 M used in [28SHE/IZA]. The re-interpretation 
of the data in [87MIL] suggested a much stronger complexation by chloride. The con-
centrations of H2SeO3(aq) would then be much lower and amount to 11.6 and 3.7% of 
the total Se(IV) concentration in 6 and 7 M HCl, respectively, according to Table 3 in 
the cited reference. A variation in the value of K ο (V.27) reflecting the variation in 

2 3H SeOm  is not seen, however (cf. Section V.4.2.5). 

Similarly selenious acid was found to be complexed by bromide in 
[85MIL/HAI]. The first complex suggested to form is HSeO2Br, 

 H2SeO3(aq) + Br– + H+  HSeO2Br(aq) + H2O(l) (V.30) 

with 10log K (V.30) = (0.70 ± 0.05). Under the experimental conditions used in 
[28SHE/IZA] the fraction of Se(IV) present as H2SeO3(aq) would then vary between 75 
and 90% (cf. Section V.4.3.6). 

The review concludes that the good agreement between the data from Reac-
tions (V.27) and (V.28), despite the high powers in the expression for the equilibrium 
constant, and the absence of trends indicate that unaccounted side-reactions are absent. 
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On the other hand, the Raman spectroscopic work suggests that such reactions are pre-
sent. Evidently further work is needed to settle this issue. The review will use, without 
corrections, the equilibrium constant from the hydrobromic acid medium, in which the 
corrections for side-reactions would be fairly small. It should also be noted that the data 
from the hydrochloric acid medium have been subjected to an activity correction vary-
ing between 8.9 × 103 to 1.1 × 105. The review thus selects: 

Eo((V.29), 298.15 K) = (1.103 ± 0.006) V, 

r mGο∆ ((V.29), 298.15 K) = – (212.85 ± 1.00) kJ⋅mol–1. 

With the Gibbs energy of formation of H2SeO3(aq), – (425.18 ± 0.85), and 
H2O(l), – 237.14 kJ⋅mol–1, and the protonation constant of the selenate ion, ( 10 1log K ο  = 
(1.75 ± 0.10)), there results: 

f mGο∆ ( 4HSeO− , 298.15 K) = – (449.5 ± 1.3) kJ⋅mol–1, 

f mGο∆ ( 2
4SeO − , 298.15 K) = – (439.5 ± 1.4) kJ⋅mol–1. 

The corresponding values in [82WAG/EVA] are – 452.2 and – 441.3 kJ⋅mol–1. 

V.3.4.3 The redox couples Se(0) - n
−2Se ; 1 ≤ n ≤ 4. 

The presence of polyselenide ions, 2Sen
− , is well documented in solid phases with the 

alkali metal ions Na+ and K+ [39KLE/SOD]. They can be prepared by mixing 
stoichiometric proportions of the elements in liquid ammonia [97RAY/DIC]. In this 
solvent, molecular complexes of composition Na2Se3, Na2Se4 and Na2Se6 have been 
indicated from UV-visible spectroscopic measurements [77SHA/KOE], while 
77Se-NMR spectra of isolated 2

3Se − , 2
4Se − , and 2

6Se −  ions were recorded after 
complexation of the sodium ions with Cryptand 2,2,2 [91BJO/SCH]. With respect to 
their formal oxidation states, these ions represent intermediate values between 0 and 
− II.  In aqueous solution, polyselenide ions can be prepared by reacting sodium or 
potassium selenide and elemental selenium under strict oxygen-free conditions 
[49PAP/HAI], [67ZAI/GRE], [82GLA/DUB], [86LYO/YOU], [95LIC/FOR]. The early 
papers indicate that the saturated solution contains somewhat less than four times as 
much selenium as present in the original selenide solution. This has been taken to indi-
cate that the highest polyselenide ion formed in aqueous solution is 2

4Se − . 

 Only one study has been published on the protonation of polyselenide ions. 
Schöneshöfer, Karmann, and Henglein [69SCH/KAR] exposed H2Se(aq) to radiolysis 
with 1.5 MeV electrons and identified H2Se2 as the end product of a series of radical 
reactions. The acidity constants of this compound were determined from spectropho-
tometric measurements, but as no information concerning the pH determination is pro-
vided, the protonation constants reported, 10 1,2log K  = 1.7 and 10 1log K  = 9.3, are of 
limited value. It seems clear, however, that the ordinary trend that polynuclear com-
pounds are more acidic than their mononuclear counterparts is fulfilled also for the 
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polyselenides. It is probably also safe to conclude that no protonation occurs under the 
conditions employed in the studies of polyselenide equilibria in [86LYO/YOU] and 
[95LIC/FOR]. 

 Lyons and Young [86LYO/YOU] have made the most extensive study of the 
system Se(cr)-Se(– II). They reported molar absorptivity curves for the ions Se2–, 2

2Se − , 
2
3Se − , and 2

4Se − together with formal redox potentials (vs. SCE) of the couples 
2
2½ Se /− Se2–, ⅓ 2

3Se /− Se2–, and 2
4¼Se /− Se2– from UV-visible spectroscopic and redox 

potential measurements at 300 to 304 K in a 1 M KOH medium. Details are presented in 
Appendix A. The formal potentials determined were recalculated in this review to the 
SHE scale with Eo = 0.2369 V at 304 K for the saturated calomel electrode. The poten-
tials were further corrected for the protonation of the selenide ion with 10 1log K   = 13.97 
and 10 wlog K  = – 13.79 valid at I = 1 M from [90LEV/MYE]. The recalculated results 
are estimated to carry uncertainties of ± 0.006 V and they are summarised below: 

 2
21/2Se − + e–  Se2– (V.31) 

 Eo((V.31), 1 M KOH, 304 K) = – (0.722 ± 0.006) V 

 10log K ((V.31), 1 M KOH, 304 K) = – (11.97 ± 0.10); 

 2
31/3Se − + 4/3e–  Se2–  (V.32) 

 Eo((V.32), 1 M KOH, 304 K) = – (0.712 ± 0.006) V 

 10log K ((V.32), 1 M KOH, 304 K) = – (15.74 ± 0.14); 

 2
41/4Se − + 3/2e–  Se2– (V.33) 

 Eo((V.33), 1 M KOH, 304 K) = – (0.693 ± 0.006) V 

 10log K ((V.33), 1 M KOH, 304 K) = – (17.24 ± 0.15). 

Licht and Forouzan [95LIC/FOR] later performed a similar study in 0.5, 1, and 
2 M KOH but without defining the temperature used. From spectrophotometric data 
they deduced the equilibrium constants for the reactions: 

 Se2– + 2
3Se −   2

22Se −  (V.34) 

 Se2– + 2
42Se −   2

33Se −  (V.35) 

to be 10log K (V.34) = 0.65 and 10log K (V.35) = 4.0 or 4.2 (two different values re-
ported). These values were found to be independent of the ionic medium employed and 
they compare well with those calculated from the data obtained from [86LYO/YOU], 
viz. 10log K (V.34) = (0.66 ± 0.6) and 10log K (V.35)= (3.74 ± 1.75), respectively. 

 Licht and Forouzan [95LIC/FOR] also measured the redox potentials of solu-
tions in which 0.01 M and 1 M K2Se in 1 M KOH were gradually supplied with Se(0), 
0 < [Se(0)]tot / [Se(–II)]tot < 2.8. From the data collected at 0.01 M Se(– II), a best fit to 
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the measured potentials was obtained with Eo((V.31), 1 M KOH) = – 0.716 V vs. SHE 
after due correction for the protonation of the selenide ion. The recorded potential was 
shifted by – 0.05 V when [Se(– II)]tot was increased from 0.01 to 1 M at a constant 
[Se(0)]tot / [Se(– II)]tot ratio. This is in acceptable agreement with the proposed model of 
Lyons and Young [86LYO/YOU], which indicates a practically constant shift of 
− 0.06 V for this change in total selenide concentration. 

 The review therefore accepts the equilibrium constants presented by Lyons and 
Young [86LYO/YOU] at I = 1 M KOH and 304 K. 

 An experimental observation not exploited in either [86LYO/YOU] or 
[95LIC/FOR] is the fact that these polyselenide solutions reach equilibrium with respect 
to elemental Se(cr) at a [Se(0)]tot / [Se(– II)]tot ratio of 2.8. This piece of information 
can, in combination with the polyselenide equilibrium constants just discussed, be used 
to evaluate an equilibrium constant for the reaction 

 Se(cr) + 2e–  Se2–. (V.36) 

 This can be achieved by solving the mass balance equations for [Se(– II)]tot and 
[Se(0)]tot under the condition that aSe(cr) reaches unity at [Se(0)]tot / [Se(– II)]tot = 2.8. 
The resulting equation of the third degree yielded 10log K ((V.36), 1 M KOH, 304 K) = 
− 21.1. 

 An alternative approach is to vary the equilibrium constant of Reaction (V.36) 
and identify the value for which the above conditions are fulfilled. The computer 
programme WinSGW [http://www.chem.umu.se/dep/inorgchem/] was used together 
with the data matrix in Table V-29. 

Table V-29: Formation constants for polyselenide HpeqSer complexes. 

Species 10log K  p q r 

H+ 0 1 0 0 

e– 0 0 1 0 

Se2– 0 0 0 1 

OH– – 13.79 – 1 0 0 

HSe– 13.97 1 0 1 
2
2Se −  23.95 0 – 2 2 
2
3Se −  47.23 0 – 4 3 
2
4Se −  68.95 0 – 6 4 

Se(cr) Varied 0 – 2 1 
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In these calculations, a strong dependence between 10log K (V.36) and the 
point of Se(cr) saturation was registrered. The condition aSe(cr) = 1 at [Se(0)]tot / 
[Se(− II)]tot = (2.8 ± 0.05) was satisfied for 10log K ((V.36), 1 M KOH, 304 K) = 
− (21.08 ± 0.15). 

 From these calculations the review accepts: 

Eo((V.36), 1 M KOH, 304 K) = – (0.636 ± 0.004) V. 

 The distribution of the selenium species during the titration experiment 
performed by Lyons and Young [86LYO/YOU] is illustrated in Figure V-9.  

Figure V-9: Distribution of selenium species for [Se(– II)]tot = 0.01 M as a function of 
[Se(0)]tot/[Se(– II)]tot in 1 M KOH at 304 K. 

 

 The Figure depicts an experiment in which an increasing amount of 
Se(0) is added to a 10–2 M solution of HSe– / Se2–. Up to a total concentration of Se(0) 
of 2.8 × 10–2 mol·dm–3, all of the elemental selenium added is incorporated into 
polyselenide ions. At larger Se(0) additions, an increasing fraction of the addition 
remains as Se(cr) and [Se(0)]tot then represents a hypothetical concentration. The 
diagram shows that 2

3Se −  and 2
4Se −  predominate in solutions saturated with Se(cr). 

Hence, the calculated value of K(V.36) is practically independent of the protonation 
constant of the Se2– ion.  

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

Fi

HSe–

Se(cr)

Se2–

2
2Se −

2
3Se −

2
4Se −

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

HSe–

Se(cr)

Se2–

2
2Se −

2
3Se −

2
4Se −

[Se(0)]tot/[Se(– II)]tot

F i/
 m

ol
e 

fr
ac

tio
n

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

Fi

HSe–

Se(cr)

Se2–

2
2Se −2
2Se −

2
3Se −2
3Se −

2
4Se −2
4Se −

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4

HSe–

Se(cr)

Se2–

2
2Se −2
2Se −

2
3Se −2
3Se −

2
4Se −2
4Se −

[Se(0)]tot/[Se(– II)]tot

F i/
 m

ol
e 

fr
ac

tio
n



V Discussion of data selection for selenium 

 

158

The accepted redox potentials were recalculated to I = 0 by SIT and the 
assumption ε( 2Sen

− , K+) ≈ – 0.06 kg·mol−1. No ion interaction coefficients for 2Sen
− , K+ 

are available in the literature and the approximation chosen represents an average of the 
ε( 2X − , K+) data presented in Table B-5. No information about the reaction enthalpies of 
these reactions are available in the literature. Therefore, the resulting values valid at 
304 K were also the values accepted at standard conditions, but with an increase in the 
estimated uncertainties. The result for Eo((V.36), 298.15 K) = – (0.663 ± 0.010) V 
corresponds to f mGο∆ (Se2–, 298.15 K) = (127.9 ± 1.9) kJ⋅mol–1. The selected standard 
potential is based on f mGο∆ (Se2–, 298.15 K) = (128.6 ± 3.0) kJ⋅mol–1 selected in Sec-
tion V.3.1. The selected potentials are:  

Eo((V.36), 298.15 K) = – (0.666 ± 0.010) V, 

Eo((V.31), 298.15 K) = – (0.749 ± 0.010) V, 

Eo((V.32), 298.15 K) = – (0.739 ± 0.010) V, 

Eo((V.33), 298.15 K) = – (0.720 ± 0.010) V. 

 From these standard potentials, the corresponding Gibbs energies of formation 
were calculated to be: 

f mGο∆ ( 2
2Se − , 298.15 K) = (112.7 ± 6.3) kJ⋅mol–1, 

f mGο∆ ( 2
3Se − , 298.15 K) = (100.6 ± 9.2) kJ⋅mol–1, 

f mGο∆ ( 2
4Se − , 298.15 K) = (97.6 ± 12.1) kJ⋅mol–1. 

V.3.5 Summary of the H+-e–-Se system 
Based on the selected data presented in Sections V.3.1 to V.3.4, a series of predomi-
nance area diagrams at different [Se]tot were constructed. These diagrams are presented 
in Figure V-10. The major difference compared to previously presented predominance 
area diagrams for the system, e.g. in [2001SEB/POT], is the identification of predomi-
nance areas for the polyselenide ions. Since these ions are formed from Se(cr) without 
proton exchange, they appear as horizontal bands beneath the stability field of Se(cr), 
and they diminish in importance with the diminishing field of Se(cr) at low total con-
centration. No quantitative information concerning the protonation of these ions has 
been found in the literature. It is therefore a remaining and open question if these fields 
should be complemented in the acidic direction with areas for HSen

−  and H2Sen(aq). 
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Figure V-10: Predominance areas in the pH-pe-diagram for selenium at standard condi-
tions and 298.15 K for three total concentrations. 

a) [Se]tot = 10–3 M 

 
b) [Se]tot = 10–6 M 
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c) [Se]tot = 10–9 M 

 

 

V.4 Group 17 compounds and complexes 

V.4.1 Fluorine compounds 

V.4.1.1 Se2F2(g) 
There are two structural isomers of Se2F2(g), viz. FSeSeF and SeSeFF, of which the 
former is thermodynamically more stable according to Haas and Willner 
[79HAA/WIL]. High temperature thermodynamic data for the stable isomeric form 
FSeSeF, were calculated by the review based on spectroscopic data by Haas and Will-
ner [79HAA/WIL]. The following selected standard entropy was then obtained: 

mS ο (FSeSeF, g, 298.15 K) = (331.12 ± 0.10) J⋅K–1⋅mol–1 

and the heat capacity expression in the temperature range 298.15 to 2000 K: 

,mpCο (FSeSeF, g, T ) = (88.259 − 2.9852 × 10–3 T + 6.2500 × 10–7 T 2 
 – 3.7971 × 103 T –1 – 2.1864 × 105 T –2) J⋅K–1⋅mol–1. 

 The selected heat capacity value at 298.15 K is:  

,mpCο (FSeSeF, g, 298.15 K) = (72.23 ± 0.04) J⋅K–1⋅mol–1. 
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The only original value reported of the heat of formation for Se2F2(g), 
f mH ο∆ (Se2F2, g, 298.15 K) = − (62 ± 25) kJ⋅mol–1, was estimated by O’Hare [68OHA] 

by a procedure equivalent to the assumption that the reaction enthalpy of the dissocia-
tion of Se2F2(g) to Se(g) and SeF2(g) was equal to zero. By applying the currently pre-
sented values for the enthalpies of formation of Se(g), see Table III-1, and of SeF2(g), 
cf. Section V.4.1.2 below, the adjusted value f mH ο∆ (Se2F2, g, 298.15 K) = − (128 ± 30) 
kJ⋅mol–1 is calculated with the uncertainty assigned by the review. Considering the 
rough estimates made, this value of the standard enthalpy of formation for Se2F2(g) can-
not be selected particularly as it is not clear which of the isomeric forms (see above) of 
Se2F2(g) was considered by O’Hare. 

V.4.1.2 SeF2(g) 
The heat of formation for SeF2(g), f mH ο∆ (SeF2, g, 298.15 K) = – (293 ± 22) kJ⋅mol–1, 
was estimated by O’Hare [68OHA] by a procedure equivalent to the assumption that the 
reaction SeOF2(g) + SeO(g)  SeO2(g) + SeF2(g) has a zero enthalpy change. By ap-
plying the currently selected values for the enthalpies of formation of SeOF2(g), SeO(g) 
and SeO2(g), see Table III-1, the adjusted value f mH ο∆ (SeF2, g, 298.15 K) = 
− (364 ± 30) kJ⋅mol–1 is calculated with the uncertainty added by the review. Since no 
experimental data are available, this value of the standard enthalpy of formation of 
SeF2(g) will not be selected. 

 Thermal thermodynamic quantities of SeF2(g) were calculated by the review 
based on spectroscopic data by Willner [81WIL]. In the temperature range 298.15 to 
2000 K, the heat capacity expression: 

,mpCο (SeF2, g, T ) = (65.060 − 3.9479 × 10–3 T + 8.1900 × 10–7 T 2 
 − 5.2047 × 103 T−1 + 1.0279 × 105 T –2) J⋅K–1⋅mol–1 

was obtained. The selected heat capacity and the selected standard entropy at 298.15 K 
were calculated to be: 

,mpCο (SeF2, g, 298.15 K) = (47.66 ± 0.04) J⋅K–1⋅mol–1 

mS ο (SeF2, g, 298.15 K) = (271.28 ± 0.05) J⋅K–1⋅mol–1. 

V.4.1.3 SeF4 

V.4.1.3.1 SeF4(g) 

The equilibrium reaction: 

 SeF4(l)  SeF4(g) (V.37) 

was studied by vapour pressure measurements by Peacock [53PEA] and by Dagron 
[62DAG], with experimental data collected between 260 to 340 K and 315 to 380 K, 
respectively. Their concordant results have been used to derive the following relation-
ship for the temperature dependence of the equilibrium constant: 
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10log K ο ((V.37), T ) = – (2350 ± 70) T −1 + (6.21 ± 0.30). 

 This equation yields the boiling point 377.9 K of SeF4 at 1.0 bar, in good 
agreement with the observed value 379 K [53PEA]. 

 From this equation the enthalpy and entropy of reaction at the mean tempera-
ture, 320 K, are calculated to be (45.0 ± 1.5) kJ⋅mol–1 and (119 ± 6) J⋅K–1⋅mol–1, respec-
tively. These results are accepted to be valid at standard conditions, i.e. r ,mpCο∆ (V.37) = 
0 J·K–1·mol–1, thus: 

r mH ο∆ ((V.37), 298.15 K) = (45.0 ± 1.5) kJ⋅mol–1, 

r mS ο∆ ((V.37), 298.15 K) = (119 ± 6) J⋅K–1⋅mol–1, 

r mGο∆ ((V.37), 298.15 K) = (9.5 ± 2.3) kJ⋅mol–1. 

 From the relationship r mH ο∆ ((V.37), 298.15 K) = f mH ο∆ (SeF4, g, 298.15 K) – 
f mH ο∆ (SeF4, l, 298.15 K) and the selected standard enthalpy of formation of SeF4(l) 

below: 

f mH ο∆ (SeF4, g, 298.15 K) = – (806.0 ± 24.0) kJ⋅mol–1 

is obtained. 

 The entropy value 296.1 J⋅K–1⋅mol–1 for SeF4(g) was calculated by O’Hare 
[68OHA] from molecular constants. By use of spectroscopic data by Bowater et al. 
[68BOW/BRO] and by Adams and Downs [72ADA/DOW], the review obtained the 
following selected standard entropy value:  

mS ο (SeF4, g, 298.15 K) = (312.00 ± 0.10) J⋅K–1⋅mol–1. 

The review also calculated the heat capacity expression in the temperature 
range 298.15 to 2000 K: 

,mpCο (SeF4, g, T ) = (122.798 − 8.4862 × 10–3 T + 1.7631 × 10–6 T 2 
 − 1.1122 × 104 T−1 − 9.6590 × 104 T –2) J⋅K–1⋅mol–1. 

 The selected heat capacity value at 298.15 K is:  

,mpCο (SeF4, g, 298.15 K) = (82.03 ± 0.09) J⋅K–1⋅mol–1. 

 The selected data further yield: 

f mGο∆ (SeF4, g, 298.15 K) = – (765.5 ± 24.0) kJ⋅mol–1. 

V.4.1.3.2 SeF4(l) 

The enthalpies of dissolution of SeO2(cr) and SeF4(l) in aqueous 1 M NaOH were 
measured by Carre et al. [79CAR/GER]. The calorimetric results thus obtained were 
combined with pertinent literature data on standard enthalpies of formation and heats of 
dilution to yield the standard enthalpy of formation for SeF4(l), f mH ο∆ (SeF4, l, 
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298.15 K) = – (849.4 ± 24.4) kJ⋅mol–1. This value was slightly corrected by Woolf 
[80WOO] to be − 851.4 kJ⋅mol–1 using CODATA auxiliary values. The following stan-
dard enthalpy of formation for SeF4(l) is selected: 

f mH ο∆ (SeF4, l, 298.15 K) = – (851.0 ± 24.0) kJ⋅mol–1 

with the uncertainty assigned by this review. 

 From the relationship r mS ο∆ ((V.37), 298.15 K) = o
mS (SeF4, g, 298.15 K) – 

mS ο (SeF4, l, 298.15 K) and the entropy values given above: 

mS ο (SeF4, l, 298.15 K) = (193 ± 6) J⋅K–1⋅mol–1 

is obtained with the uncertainty assigned by the present review. 

 The selected data further yield: 

f mGο∆ (SeF4, l, 298.15 K) = – (775.1 ± 24.1) kJ⋅mol–1. 

V.4.1.3.3 SeF4(s) 

The melting point of SeF4(s) is 263.7 K as determined by Aynsley et al. [52AYN/PEA]. 
No other thermodynamic data are available. 

V.4.1.4 SeF5(g) 
The existence of the compound SeF5(g) seems to be doubtful. 

 O’Hare [68OHA] calculated the enthalpy of formation of SeF5(g) to be 
− (941 ± 15) kJ⋅mol–1 from estimated values of bond energies. Considering the rough 
estimations made, no value of the standard enthalpy of formation for SeF5(g) is selected.  

 Mills [74MIL] calculated thermal thermodynamic quantities of the compound 
from estimated molecular parameters by O’Hare [68OHA]. In the temperature range 
298.15 to 2000 K, the heat capacity is presented as:  

,mpCο (SeF5, g, T ) = (127.67 + 2.812 × 10–3 T – 2.940 × 106 T –2) J⋅K–1⋅mol–1. 

 The heat capacity and standard entropy at 298.15 K are calculated to be: 

,mpCο (SeF5, g, 298.15 K) = (95.4 ± 1.0) J⋅K–1⋅mol–1 

mS ο (SeF5, g, 298.15 K) = (322 ± 2) J⋅K–1⋅mol–1. 

The data further yield the standard Gibbs energy of formation at 298.15 K, 
f mGο∆ (SeF5, g, 298.15 K) = – (872 ± 30) kJ⋅mol–1. 

 Since no experimental data are available to support these quantities, the ther-
modynamic data for SeF5(g) have not been selected. 
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V.4.1.5 SeF6(g) 
The reaction between solid selenium and gaseous fluorine to form SeF6(g) was studied 
by O’Hare et al. [66OHA/SET] and by O’Hare [93OHA] using bomb calorimetry. The 
two studies are in good agreement and the following re-determined value by O’Hare 
[93OHA] of the standard enthalpy of formation for SeF6(g) is selected:  

f mH ο∆ (SeF6, g, 298.15 K) = – (1118.0 ± 0.4) kJ⋅mol–1. 

 Ohta et al. [96OHT/YAM] carried out low-temperature calorimetric measure-
ments on SeF6 in the temperature range 6 to 240 K. Experimental data were evaluated 
and the value (312.9 ± 0.5) J⋅K–1⋅mol–1 was determined for the standard entropy of 
SeF6(g) at 298.15 K. By statistical thermodynamic methods, Nagarajan and Brinkley 
[71NAG/BRI] obtained the value 313.7 J⋅K–1⋅mol–1 and later O’Hare [93OHA] the 
value 312.5 J⋅K–1⋅mol–1. With the molecular parameters in the latter reference the 
review obtained 313.55 J⋅K–1⋅mol–1. Considering all contributions, the following 
standard entropy for SeF6(g) is selected: 

mS ο (SeF6, g, 298.15 K) = (313.2 ± 0.5) J⋅K–1⋅mol–1 

with the uncertainty assigned by the present review. 

The review also calculated heat capacities for SeF6(g). The expression: 

,mpCο (SeF6, g, T ) = (196.298 − 2.5821 × 10–2 T + 6.4480 × 10–6 T 2 
 – 2.5722 × 104 T –1 + 6.7040 × 105 T –2) J⋅K–1⋅mol–1 

was obtained from a least squares calculation on the data in the temperature range 
298.15 to 1500 K. The selected value at 298.15 K is: 

,mpCο (SeF6, g, 298.15 K) = (110.44 ± 0.05) J⋅K–1⋅mol–1. 

 By using the selected entropy of SeF6(g), and selected auxiliary entropy data of 
Se(cr) and F2(g), the following entropy of formation is obtained f mS ο∆ (SeF6, g, 
298.15 K) = – (337.3 ± 0.6) J⋅K–1⋅mol–1. From the selected standard enthalpy of 
formation and the derived entropy of formation of SeF6(g), the following calculated 
value of the Gibbs energy of formation at 298.15 K is selected: 

f mGο∆ (SeF6, g, 298.15 K) = – (1017.4 ± 0.4) kJ⋅mol–1. 

 The values reported in [82WAG/EVA] are f mH ο∆ (SeF6, g, 298.15 K) = – 1117 
kJ⋅mol–1, mS ο (SeF6, g, 298.15 K) = 313.87 J⋅K–1⋅mol–1 and f mGο∆ (SeF6, g, 298.15 K) = 
− 1017 kJ⋅mol–1, respectively. 

V.4.1.6 SeF5Cl(g) 
IR-frequencies were determined by Christe et al. [72CHR/SCH] and, together with mo-
lecular constant data, they computed thermodynamic properties of SeF5Cl(g) using the 
rigid-rotor, harmonic-oscillator approximation. The following temperature dependence 
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of the heat capacity was derived in the temperature range 298 to 1400 K from the data 
in [72CHR/SCH]:  

,mpCο (SeF5Cl, g, T ) = (141.60 + 22.383 × 10–3 T –  8.25 × 10–6 T 2 
 – 2.7874 × 106 T –2) J⋅K–1⋅mol–1. 

 The selected value at 298.15 K is: 

,mpCο (SeF5Cl, g, 298.15 K) = (116.3 ± 0.1) J⋅K–1⋅mol–1. 

 The standard entropy value for SeF5Cl(g) calculated by Christe et al. 
[72CHR/SCH] is selected: 

mS ο (SeF5Cl, g, 298.15 K) = (341.0 ± 0.2) J⋅K–1⋅mol–1 

with the uncertainty added by the review. 

V.4.1.7 SeOF2 

V.4.1.7.1 SeOF2(g) 

The equilibrium reaction: 

 SeOF2(l)  SeOF2(g) (V.38) 

was studied by Dagron [62DAG] in the temperature range 320 to 400 K by vapour pres-
sure measurements. Evaluation of his results yields 10log K ο ((V.38), T ) = (5.81 ± 0.05) 
− (2316 ± 50) T −1 for the temperature dependence of the equilibrium constant. From 
this equation, the following thermodynamic quantities are derived at 360 K: 

r mH ο∆ ((V.38), 360 K) = (44.3 ± 1.0) kJ⋅mol–1 and r mS ο∆ ((V.38), 360 K) = (111.2 ± 1.0) 
J⋅K–1⋅mol–1 respectively. These values are accepted to be valid also at 298.15 K, i.e. 

r ,mpCο∆ (V.38) = 0 J·K–1·mol–1: 

r mH ο∆ ((V.38), 298.15 K) = (44.3 ± 1.0) kJ⋅mol–1, 

r mS ο∆ ((V.38), 298.15 K) = (111.2 ± 1.0) J⋅K–1⋅mol–1. 

 The data further yield: 

r mGο∆ ((V.38), 298.15 K) = (11.1 ± 1.0) kJ⋅mol–1. 

 By applying the enthalpy relationship r mH ο∆ ((V.38), 298.15 K) = 
f mH ο∆ (SeOF2, g, 298.15 K) – f mH ο∆ (SeOF2, l, 298.15 K) and inserting the selected 

standard enthalpy of formation for SeOF2(l) presented below, the following selected 
value:  

f mH ο∆ (SeOF2, g, 298.15 K) = – (531 ± 16) kJ⋅mol–1 

is obtained. 

 By statistical thermodynamic methods, Nagarajan and Müller [66NAG/MUL] 
calculated the standard entropy value of SeOF2(g) to be 296.6 J⋅K–1⋅mol–1. Spectro-



V Discussion of data selection for selenium 

 

166

scopic data by Bowater et al. [68BOW/BRO2] and by Alexander and Beattie 
[72ALE/BEA] were used by the review to calculate the selected value: 

mS ο (SeOF2, g, 298.15 K) = (296.2 ± 0.1) J⋅K–1⋅mol–1. 

 The review also calculated the heat capacity expression in the temperature 
range 298.15 to 2000 K: 

,mpCο (SeOF2, g, T ) = (96.7972 − 7.4772 × 10–3 T + 1.4994 × 10–6 T 2 
− 1.1158 × 104 T –1 + 5.3806 × 105 T –2) J⋅K–1⋅mol–1. 

The selected heat capacity value at 298.15 K is: 

,mpCο (SeOF2, g, 298.15 K) = (63.33 ± 0.05) J⋅mol–1·K–1. 

 The selected data further yield: 

f mGο∆ (SeOF2, g, 298.15 K) = – (515 ± 16) kJ⋅mol–1. 

V.4.1.7.2 SeOF2(l) 

The standard enthalpy of formation for SeOF2(l) was calorimetrically determined by 
Carre et al. [79CAR/GER] to be − (574.0 ± 15.9) kJ⋅mol–1. Woolf [80WOO] corrected 
this result to be − 575.3 kJ⋅mol–1 using CODATA auxiliary values and the following 
standard enthalpy of formation for SeOF2(l) is selected: 

f mH ο∆ (SeOF2, l, 298.15 K) = – (575 ± 16) kJ⋅mol–1. 

 Use of the general relationship r mS ο∆ ((V.38), 298.15 K) = mS ο (SeOF2, g, 
298.15 K) – o

mS (SeOF2, l, 298.15 K) gives the selected standard entropy for SeOF2(l): 

mS ο (SeOF2, l, 298.15 K) = (185.0 ± 1.0) J⋅K–1⋅mol–1 

The selected Gibbs energy of formation for SeOF2(l) is thus: 

f mGο∆ (SeOF2, l, 298.15 K) = – (527 ± 16) kJ⋅mol–1 

V.4.1.8 Aqueous complexes 
The formation of aqueous selenium(IV)-fluoride complexes in solutions of high HF(aq) 
concentration was detected by Milne [87MIL]. The study was based on Raman spectro-
scopic measurements and showed, at 28 M HF, the presence of new bands in addition to 
those of H2SeO3(aq). The bands were interpreted as originating from a species 
HSeO2F(aq). At even higher HF concentrations, > 50 M, additional Raman bands ap-
peared and these were claimed to be due to a species SeOF2(aq). No attempts were 
made to elucidate thermodynamic information from the measurements.  
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V.4.2 Chlorine compounds 

V.4.2.1 Se2Cl2 

V.4.2.1.1 Se2Cl2(l) 

The equilibrium reaction 

 Se2Cl2(l)  Se(cr) + SeCl2(g) (V.39) 

was studied by Lundkvist and Lellep [68LUN/LEL] in the temperature range 293 to 
348 K. The vapour pressure of SeCl2(g) was determined by a flow method with N2 as 
carrier gas and is described by the equation 10log p (SeCl2, g, T ) = 6.73 – 2947 T −1. As 
SeCl2(l) was found to dissolve some selenium, especially at higher temperatures, the 
equilibrium constant of Reaction (V.39) should be written: 

K ο (V.39) = 2

2 2

SeCl (g)

Se Cl (sln)

p
a

 

 The notation Se2Cl2(sln) represents Se2Cl2(l) saturated with Se(cr). The activity 
of Se2Cl2(sln) was estimated from determinations of the solubility of Se(cr). The tem-
perature dependence of the equilibrium constant was recalculated by this review to be: 

10log K ο ((V.39), T ) = 7.89 – 3284 T −1. 

 From this equation, the following thermodynamic quantities are calculated 
( r ,mpCο∆  = 0): 

r mH ο∆ ((V.39), 298.15 K) = (63 ± 2) kJ⋅mol–1, 

r mS ο∆ ((V.39), 298.15 K) = (151 ± 5) J⋅K–1⋅mol–1, 

r mGο∆ ((V.39), 298.15 K) = (18.0 ± 2.5) kJ⋅mol–1. 

 The vapour pressures of SeCl2(g) obtained in a similar study by Oppermann et 
al. [86OPP/HAN] agree satisfactorily at lower temperatures with those in 
[68LUN/LEL]. Their vapour pressure expression, 10log p (SeCl2, g, T ) = 4.54 – 2260 
T −1, yields r mGο∆ ((V.39), 298.15 K) = (17.4 ± 1.0) kJ⋅mol–1. 

 By applying the enthalpy relationship r mH ο∆ ((V.39), 298.15 K) = 
f mH ο∆ (SeCl2, g, 298.15 K) – f mH ο∆ (Se2Cl2, l, 298.15 K), and inserting the selected 

standard enthalpy of formation for SeCl2(g), see Section V.4.2.2, the following value 
f mH ο∆ (Se2Cl2, l, 298.15 K) = – (80 ± 4) kJ⋅mol–1 is obtained. From a re-assessment of 

solution calorimetric data determined by Thomsen [1882THO] and Petersen [1891PET], 
Mills presents the value f mH ο∆ (Se2Cl2, l, 298.15 K) = – (84 ± 4) kJ⋅mol–1. The present 
review selects: 

f mH ο∆ (Se2Cl2, l, 298.15 K) = – (82 ± 4) kJ⋅mol–1. 
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 By use of the relationship r mS ο∆ ((V.39), 298.15) = mS ο (Se, cr, 298.15 K) + 
mS ο (SeCl2, g, 298.15 K) – mS ο (Se2Cl2, l, 298.15 K) and the value derived above 

for r mS ο∆ , and mS ο (SeCl2, g, 298.15 K) presented in Section V.4.2.2, as well as the se-
lected standard entropy of Se(cr): 

mS ο (Se2Cl2, l, 298.15 K) = (186 ± 5) J⋅K–1⋅mol–1 

is obtained, with the uncertainty assigned by the present review. 

 The selected data further yield the standard Gibbs energy of formation:  

f mGο∆ (Se2Cl2, l, 298.15 K) = – (46 ± 4) kJ⋅mol–1. 

V.4.2.1.2 Se2Cl2(g) 

Thermodynamic properties for Se2Cl2(g) were calculated by Ramaswamy and Jayara-
man [71RAM/JAY] by statistical thermodynamic methods. The heat capacity expres-
sion: 

,mpCο (Se2Cl2, g, T ) = (81.92 + 2.293 × 10–3 T – 1.195 × 10–6 T 2 
 – 0.4346 × 106 T –2) J⋅K–1⋅mol–1 

was obtained by the review from a least squares calculation on the data given in the 
temperature range 298.15 to 1000 K. The selected value at 298.15 K is: 

,mpCο (Se2Cl2, g, 298.15 K) = (77.6 ± 0.1) J⋅K–1⋅mol–1. 

 The calculated standard entropy value of Se2Cl2(g) is selected: 

mS ο (Se2Cl2, g, 298.15 K) = (354.0 ± 0.2) J⋅K–1⋅mol–1. 

 From voltammetric measurements with a Se(l) electrode in a melt of LiCl-KCl 
at around 700 K, Bodewig and Plambeck [70BOD/PLA] estimated the value of the 
Gibbs energy of reaction of: 

 2Se(l) + Cl2(g)  Se2Cl2(g) (V.40) 

to be r mGο∆ ((V.40), 700 K) = – 46 kJ⋅mol–1. This quantity equals the Gibbs energy of 
formation of Se2Cl2(g) at 700 K. Using the third law method, the adopted standard en-
thalpy of formation for Se2Cl2(g) is derived to be: 

f mH ο∆ (Se2Cl2, g, 298.15 K) = – (21 ± 10) kJ⋅mol–1 

with the uncertainty assigned by the present review. In this analysis, Gibbs energy func-
tions were calculated with standard auxiliary data for Se(l) and Cl2(g) and with data 
from [71RAM/JAY] for Se2Cl2(g). 

 The data further yield the standard Gibbs energy of formation: 

f mGο∆ (Se2Cl2, g, 298.15 K) = – (35 ± 10) kJ⋅mol–1. 
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V.4.2.2 SeCl2(g) 
The equilibrium reaction: 

 SeCl4(cr)  SeCl2(g) + Cl2(g) (V.41) 

was studied by vapour pressure measurements by Yost and Kircher [30YOS/KIR], and 
by Oppermann et al. [86OPP/HAN]. Experimental data were collected between 380 to 
500 K and 350 to 480 K, respectively. Their results are mainly consistent and the fol-
lowing relationship for the temperature dependence is used from [86OPP/HAN]: 

10log K ο ((V.41), T ) = 17.101 – 8200 T −1. 

 From this equation the enthalpy and entropy of reaction at the mean tempera-
ture, 415 K, are calculated to be (157 ± 3) kJ⋅mol–1 and (327 ± 6) J⋅K–1⋅mol–1, respec-
tively. By use of the second-law method with the estimated r ,mpCο∆  = – 46 J⋅K–1⋅mol–1, 
the following values were obtained for standard conditions: 

r mH ο∆ ((V.41), 298.15 K) = (162 ± 4) kJ⋅mol–1, 

r mS ο∆ ((V.41), 298.15 K) = (342 ± 8) J⋅K–1⋅mol–1, 

r mGο∆ ((V.41), 298.15 K) = (60 ± 5) kJ⋅mol–1, 

with all uncertainties assigned by the present review. 

 Applying the relationship r mH ο∆ ((V.41), 298.15 K) = f mH ο∆ (SeCl2, g, 
298.15 K) – f mH ο∆ (SeCl4, cr, 298.15 K) and inserting the value of the selected standard 
enthalpy of formation for SeCl4(cr), – (179 ± 2) kJ⋅mol–1 (see Section V.4.2.3), the fol-
lowing selected value: 

f mH ο∆ (SeCl2, g, 298.15 K) = – (17 ± 4) kJ⋅mol–1 

is obtained.  

 The enthalpy value of SeCl2(g) reported by Mills [74MIL], and later used in 
the Barin Tables [95BAR], is f mH ο∆ (SeCl2, g, 298.15 K) = – (33.5 ± 12.0) kJ⋅mol–1. 
This value was evaluated by Mills [74MIL] mainly based upon the vapour pressure 
measurements by Yost and Kircher [30YOS/KIR] and the enthalpy of formation for 
SeCl4(cr), f mH ο∆ (SeCl4, cr, 298.15 K) = – 188.7 kJ⋅mol–1 (see Section V.4.2.3). 

 From spectroscopic data by Ozin and Van der Voet [70OZI/VOE], Mills 
[74MIL] calculated the standard entropy value of SeCl2(g) to be 295.7 J⋅K–1⋅mol–1. Con-
sidering the molecular parameters by Fernholt et al. [83FER/HAA], a recalculation by 
the review yielded the selected entropy value:  

mS ο (SeCl2, g, 298.15 K) = (295.18 ± 0.06) J⋅K–1⋅mol–1 

and the heat capacity expression in the temperature range 298.15 to 2000 K: 

,mpCο (SeCl2, g, T ) = (59.4678 − 7.5470 × 10–4 T + 1.6040 × 10−7 T 2 
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 − 9.1230 × 102 T −1 – 2.3321 × 105 T –2) J⋅K–1⋅mol–1. 

 The selected heat capacity at 298.15 K is: 

,mpCο (SeCl2, g, 298.15 K) = (53.57 ± 0.03) J⋅K–1⋅mol–1. 

 The selected data further yield the standard Gibbs energy of formation at 
298.15 K: 

f mGο∆ (SeCl2, g, 298.15 K) = – (26 ± 4) kJ⋅mol–1. 

V.4.2.3 SeCl4(cr) 
The enthalpies of dissolution of SeCl4(cr) and SeO2(cr) in 4.02 M HCl were measured 
by Westland and Makhija [78WES/MAK] whereas Oppermann et al. [85OPP/HAN] 
measured the dissolution enthalpies of SeCl4(cr) and SeO2(cr) in 1 M NaOH. The calo-
rimetric results obtained by Westland and Makhija [78WES/MAK] were combined with 
present data on the standard enthalpies of formation for SeO2(cr), HCl(g) and H2O(l), as 
well as heats of solution of HCl(g). The standard enthalpy of formation they derived for 
SeCl4(cr) was f mH ο∆ (SeCl4, cr, 298.15 K) = − (179 ± 2) kJ⋅mol–1. On the other hand, 
the corresponding value reported by Oppermann et al. [85OPP/HAN], f mH ο∆ (SeCl4, cr, 
298.15 K) = − (184 ± 4) kJ⋅mol–1, has been recalculated by the review using the selected 
standard enthalpies of formation for SeO2(cr) and H2O(l), as well as the derived partial 
enthalpies of formation of 1 M NaOH, f mH ο∆ (NaOH, sln, 298.15 K) = 
− (470.32 ± 0.07) and 1 M NaCl, f mH ο∆ (NaCl, sln, 298.15 K) = − (408.50 ± 0.13) from 
[89COX/WAG] and [82WAG/EVA]. Hence, the corrected enthalpy value from the 
measurements by Oppermann et al. [85OPP/HAN] is f mH ο∆ (SeCl4, cr, 298.15 K) = 
 − (179.3 ± 1.2) kJ⋅mol–1. Considering this latter value and that given by Westland and 
Makhija [78WES/MAK], the following standard enthalpy of formation for SeCl4(cr) is 
selected: 

f mH ο∆ (SeCl4, cr, 298.15 K) = − (179.0 ± 2.0) kJ⋅mol–1. 

 Mills [74MIL] calculated a value of the enthalpy of formation for SeCl4(cr), 
amounting to – 188.7 kJ⋅mol–1, mainly based on calorimetric measurements by 
Thomsen [1882THO]. Mills [74MIL] also estimated the heat capacity at 298.15 K to be 

,mpCο (SeCl4, cr, 298.15 K) = 133.9 J⋅K–1⋅mol–1. 

 Based on the vapour pressures determined in the study of Reaction (V.41) de-
scribed in Section V.4.2.2, the value of the entropy of Reaction (V.41) at 298.15 K was 
derived to be (342 ± 8) J⋅K–1⋅mol–1. By use of the relationship r mS ο∆ ((V.41), 
298.15 K) = mS ο (SeCl2, g, 298.15 K) + mS ο (Cl2, g, 298.15 K) – mS ο (SeCl4, cr, 298.15 K) 
and inserting the selected standard entropy values of Cl2(g) and SeCl2(g), the selected 
standard entropy of SeCl4(cr):  

mS ο (SeCl4, cr, 298.15 K) = (176 ± 8) J⋅K–1⋅mol–1 

is obtained, with the uncertainty assigned by the present review. 
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 The selected data further yield: 

f mGο∆ (SeCl4, cr, 298.15 K) = – (85.9 ± 3.1) kJ⋅mol–1. 

V.4.2.4 SeOCl2 

V.4.2.4.1 SeOCl2(g) 

The equilibrium reaction: 

 SeOCl2(l)  SeOCl2(g) (V.42) 

was studied in the temperature range 310 to 430 K by vapour pressure measurements by 
Oppermann et al. [86OPP/HAN]. They presented the following expression for the tem-
perature dependence of the equilibrium constant, 10log K ο ((V.42), (310 - 430) K) = 
6.08 – 2750 T –1. From this equation, the thermodynamic quantities r mH ο∆ ((V.42), 
370 K) = (52.6 ± 1.5) kJ⋅mol–1, r mS ο∆ ((V.42), 370 K) = (116.4 ± 2.0) J⋅K–1⋅mol–1 are 
derived at the mean temperature, 370 K. These values are accepted to be valid also at 
298.15 K, i.e. r ,mpCο∆ ((V.42)) = 0 J·K–1·mol–1:  

r mH ο∆ ((V.42), 298.15 K) = (52.6 ± 1.5) kJ⋅mol–1, 

r mS ο∆ ((V.42), 298.15 K) = (116.4 ± 2.0) J⋅K–1⋅mol–1. 

 These data at 298.15 K further yield: 

r mGο∆ ((V.42), 298.15 K) = (17.9 ± 1.6) kJ⋅mol–1. 

 By applying the enthalpy relationship r mH ο∆ ((V.42), 298.15 K) = 
f mH ο∆ (SeOCl2, g, 298.15 K) – f mH ο∆ (SeOCl2, l, 298.15 K) and inserting the selected 

standard enthalpy of formation for SeOCl2(l) presented below, the following selected 
value: 

f mH ο∆ (SeOCl2, g, 298.15 K) = – (128 ± 3) kJ⋅mol–1 

is derived. 

 By statistical thermodynamic methods, Nagarajan and Müller [66NAG/MUL] 
calculated the standard entropy value of SeOCl2(g) to be 323.7 J⋅K–1⋅mol–1. Spectro-
scopic data by Westphal and Rosenberger [80WES/ROS] were used by the review to 
calculate the selected value:  

mS ο (SeOCl2, g, 298.15 K) = (321.54 ± 0.10) J⋅K–1⋅mol–1. 

The review also calculated the heat capacity expression in the temperature 
range 298.15 to 2000 K: 

,mpCο (SeOCl2, g, T ) = (91.0154 − 4.2678 × 10–3 T + 8.4930 × 10–7 T 2 
 – 6.5154 × 103 T –1 + 1.9853 × 105 T −2) J⋅K–1⋅mol–1. 

The selected heat capacity value at 298.15 K is: 
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,mpCο (SeOCl2, g, 298.15 K) = (70.20 ± 0.05) J⋅K–1⋅mol–1. 

The selected data further yield: 

f mGο∆ (SeOCl2, g, 298.15 K) = – (114 ± 3) kJ⋅mol–1. 

V.4.2.4.2 SeOCl2(l) 

Oppermann et al. [85OPP/HAN] measured the dissolution enthalpies of SeOCl2(l) and 
SeO2(cr) in 1 M NaOH. In the evaluation of the calorimetric results, they obtained the 
following value of the standard enthalpy of formation for SeOCl2(l), f mH ο∆ (SeOCl2, l, 
298.15 K) = − (182.9 ± 2.9) kJ⋅mol–1. However, a recalculation by the review using the 
selected standard enthalpies of formation for SeO2(cr) and H2O(l), as well as the derived 
partial enthalpies of formation of 1 M NaOH, f mH ο∆ (NaOH, 1 M, 298.15 K) = 
− (470.32 ± 0.07) and 1 M NaCl, f mH ο∆ (NaCl, 1 M, 298.15 K) = − (408.50 ± 0.13) 
from [89COX/WAG] and [82WAG/EVA], gave the selected value: 

f mH ο∆ (SeOCl2, l, 298.15 K) = − (180.6 ± 2.0) kJ⋅mol–1 

with the uncertainty assigned by the present review. 

 By use of the relationship r mS ο∆ ((V.42), 298.15) = mS ο (SeOCl2, g, 298.15 K) – 
mS ο (SeOCl2, l, 298.15 K) and inserting the above entropy values, the selected standard 

entropy for SeOCl2(l): 

mS ο (SeOCl2, l, 298.15 K) = (205.1 ± 2.0) J⋅K–1⋅mol–1 

is obtained. 

 The selected standard Gibbs energy of formation for SeOCl2(l) thus amounts 
to: 

f mGο∆ (SeOCl2, l, 298.15 K) = – (132.1 ± 2.1) kJ⋅mol–1. 

V.4.2.5 Aqueous complexes 
The formation of aqueous selenium(IV)-chloride complexes in solutions of high hydro-
chloric acid concentration has been studied by Milne and LaHaie [79MIL/HAI] and by 
Milne [87MIL]. The studies are based on Raman spectroscopic measurements and, in 
[79MIL/HAI], the occurrence of bands at 152, 265, and 336 cm–1 were interpreted as 
originating from a species SeOCl2(aq). The intensities of these bands were significant at 
HCl concentrations of 7 M and above, and were used to deduce an equilibrium constant 
for the reaction 

H2SeO3(aq) + 2H+ + 2Cl–  SeOCl2(aq) + 2H2O(l) 

with  

K = ([SeOCl2] × aw
2) / ([H2SeO3] × aHCl

2). 
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In the evaluation, the activity coefficients of SeOCl2 and H2SeO3 were as-
sumed to be equal. The molar intensities of the Se–Cl bands were adjusted to values that 
resulted in the smallest variation in K over the HCl concentration range 7.1 to 12.2 M. 
The value of K so obtained was (3.2 ± 1.1) × 10–6 M–2. 

In [87MIL], a significant re-interpretation of these measurements was made. 
The formation of a species HSeO2Cl(aq) was postulated from a slight increase in the 
intensity of a Se–OH stretching band at 690 cm–1 over the range of 4 to 6 M HCl. Addi-
tional support was gathered from a minor increase in intensity over the same concentra-
tion interval of a broad band at 330 cm–1. The equilibrium constant for the reaction 

H2SeO3(aq) + H+ + Cl–  HSeO2Cl(aq) + H2O(l), 

K = ([HSeO2Cl] × aw) / ([H2SeO3] × a±HCl
2), 

was evaluated to 0.015 M–2 by varying the molar intensity of the assumed Se–OH band 
of HSeO2Cl(aq) at 690 cm–1. However, since the resulting molar intensity practically 
coincides with the molar intensity of the 690 cm–1 band of H2SeO3, this value must be 
judged as highly uncertain.  

At HCl concentrations exceeding 7 M data were, as in [79MIL/HAI], inter-
preted as due to the formation of SeOCl2(aq). Here, however, the equilibrium constant 
was correctly formulated, K = ([SeOCl2] × aw

2)/([H2SeO3] × a±HCl
4), and new values for 

aw and a±HCl were employed. Again, the molar intensities of the Se–Cl bands at 100 to 
450 cm–1 were changed until the minimum of the variation in K was reached, K = 1.4 × 
10–7 M–4. 

To conclude, the formation of a soluble Se(IV)-Cl– adduct at hydrochloric acid 
concentration higher than 7 M seems well documented from the appearance of specific 
Raman bands, while the formation of a species at lower HCl concentrations appears 
much more speculative. However, due to the lack of information concerning the tem-
perature employed and uncertainties in the evaluation technique, the equilibrium con-
stants are not selected by the review. 

Elemental selenium can be dissolved in solutions containing Se(IV) and 10 M 
HCl or more. The resulting strongly yellow solutions were studied at 11.8 M HCl by 
Mahadevan and Milne [83MAH/MIL] using gravimetric and Raman spectroscopic 
techniques. Both data sets indicated the simultaneous formation of Se2Cl2(aq) and 
SeCl2(aq). The two techniques yielded concordant results for the values at 298 K of the 
equilibrium constants describing the formation of these species from Se(cr) and 
SeOCl2(aq). The results were: 

3Se(cr) + SeOCl2(aq) + 2HCl  2Se2Cl2(aq) + H2O; 

K = ([Se2Cl2]2 × aw) / ([SeOCl2] × aHCl
2) = (1.47 ± 0.15) × 10–9 M–1 

and  
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Se(cr) + SeOCl2(aq) + 2HCl  2SeCl2(aq) + H2O; 

K = ([Se2Cl2]2 × aw) / ([SeOCl2] × aHCl
2) = (0.75 ± 0.10) × 10–9 M–1. 

The conditions for the existence of these complexes are, however, judged to 
fall outside the limits of this review and the equilibrium constants are therefore not se-
lected. 

V.4.3 Bromine compounds 

V.4.3.1 Se2Br2 

V.4.3.1.1 Se2Br2(l) 

Tsvetkov [78TSV] mixed liquid bromine and crystalline selenium at various Br/Se ra-
tios in a sealed glass ampoule and measured the heat of reaction in an adiabatic calo-
rimeter. The standard enthalpy of formation for Se2Br2(l) thus obtained: 

f mH ο∆ (Se2Br2, l, 298.15 K) = – (31 ± 3) kJ⋅mol–1 

is selected with the uncertainty assigned by the present review. 

V.4.3.1.2 Se2Br2(g) 

Thermodynamic properties for Se2Br2(g) were calculated by Ramaswamy and Jayara-
man [71RAM/JAY] by statistical thermodynamic methods. The heat capacity expres-
sion of Se2Br2(g) 

,mpCο (Se2Br2, g, T ) = (82.85 + 0.3599 × 10–3 T – 0.098 × 10–6 T 2 
 – 0.3112 × 106 T –2) J⋅K–1⋅mol–1 

was obtained by the review from a least squares calculation on the data given in the 
temperature range 298.15 to 1000 K. The selected value at 298.15 K is: 

,mpCο (Se2Br2, g, 298.15 K) = (79.5 ± 0.1) J⋅K–1⋅mol–1. 

 The calculated standard entropy value of Se2Br2(g) is selected: 

mS ο (Se2Br2, g, 298.15 K) = (377.4 ± 0.2) J⋅K–1⋅mol–1 

with the uncertainty assigned by the review. 

 The value of the standard enthalpy of formation for Se2Br2(g) reported in 
[82WAG/EVA], f mH ο∆ (Se2Br2, g, 298.15 K) = 29 kJ⋅mol–1 is adopted, but not selected, 
as its provenance is not known. 
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V.4.3.1.3 Se2Br2(cr) 

From a phase diagram study of the system Se-Br, Born et al. [79BOR/KNI] identified 
an intermediate phase of composition Se2Br2 with a melting point at 278 K. No thermo-
dynamic data have been found for this compound. 

V.4.3.2 SeBr2(g) 
The equilibrium reaction: 

 Se2Br2(l)  Se(cr) + SeBr2(g) (V.43) 

was studied by Högberg and Lundqvist [70HOG/LUN] in the temperature range 293 to 
348 K. The vapour pressure of SeBr2(g) in equilibrium with Se(cr) and Se2Br2(l), satu-
rated with Se, was determined by a flow method with N2 as carrier gas. The partial pres-
sure of SeBr2(g) is described by the equation 10log p (SeBr2, g, (293 - 348) K) = 6.43 
− 3278 T –1. No solubilities of Se(cr) in Se2Br2(l) are presented (cf. Section V.4.2.1.1 
concerning determined solubilities in Se2Cl2(l) by Lundkvist and Lellep [68LUN/LEL]). 
The solubility is assumed to be small so that the activities of the condensed phases are 
unity in the temperature range studied. The temperature dependence of the equilibrium 
constant can be written: 

10log K ((V.43), (293 - 348) K) = (6.43 ± constant) – 3278 T –1. 

 From this equation, the enthalpy of reaction is derived to be: 

r mH ο∆ ((V.43), 298.15 K) = (63 ± 20) kJ⋅mol–1 

with the uncertainty estimated by the present review. Reaction (V.43) has also been 
studied by Oppermann et al. [2001OPP/SCH] by direct pressure measurements. The 
reaction enthalpy reported is (49 ± 16) kJ·mol–1. The reason for the selection of the 
value in [70HOG/LUN] is presented in Appendix A. 

 By applying the enthalpy relationship r mH ο∆ ((V.43), 298.15 K) = 
f mH ο∆ (SeBr2, g, 298.15 K) – f mH ο∆ (Se2Br2, l, 298.15 K) and inserting the selected 

standard enthalpy of formation for Se2Br2(l), see Section V.4.3.1.1, the following se-
lected value of the standard enthalpy of formation for SeBr2(g) is obtained: 

f mH ο∆ (SeBr2, g, 298.15 K) = (32 ± 20) kJ⋅mol–1. 

 Oppermann et al. [2001OPP/SCH] report a widely different value for the 
enthalpy of formation of SeBr2(g). The origin of the discrepancy is discussed in 
Appendix A. 

 Mills [74MIL] calculated thermal thermodynamic quantities from estimated 
molecular parameters. In the temperature range 298.15 to 2000 K, the heat capacity for 
SeBr2(g) is presented as: 

,mpCο (SeBr2, g, T ) = (58.12 + 0.04435 × 10–3 T –  0.2410 × 106 T –2) J⋅K–1⋅mol–1. 
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 The heat capacity at 298.15 K is: 

,mpCο (SeBr2, g, 298.15 K) = (55.42 ± 0.50) J⋅K–1⋅mol–1 

and the standard entropy for SeBr2(g), is 

mS ο (SeBr2, g, 298.15 K) = (317 ± 1) J⋅K–1⋅mol–1 

with the uncertainties assigned by the review. 

 The data further yield the standard Gibbs energy of formation at 298.15 K: 

f mGο∆ (SeBr2, g, 298.15 K) = – (5 ± 20) kJ⋅mol–1. 

 These data are selected.  

V.4.3.3 SeBr4 

V.4.3.3.1 SeBr4(cr) 

The enthalpies of dissolution of SeBr4(cr) and SeO2(cr) in 4.02 M HCl were measured 
by Westland and Makhija [78WES/MAK] and in 1 M HBr by Oppermann et al. 
[89OPP/RIT]. The calorimetric results obtained in these studies were combined with 
literature data on standard enthalpies of formation for SeO2(cr), HBr(g), H2O(l) and heat 
of solution of HBr(g). Although the standard enthalpies of formation they used deviate 
slightly from the present values given in Table IV-1, their reported values f mH ο∆ (SeBr4, 
cr, 298.15 K) = – (74.9 ± 2.1) and = – (69.7 ± 6.6) kJ⋅mol–1, respectively, are quite 
representative considering the given uncertainties. From measurements in an adiabatic 
calorimeter, Tsvetkov [78TSV] obtained the value f mH ο∆ (SeBr4, cr, 298.15 K) = 
− (65.3 ± 1.3) kJ⋅mol–1. Considering all these studies, the review selects: 

f mH ο∆ (SeBr4, cr, 298.15 K) = – (70.0 ± 5.0) kJ⋅mol–1. 

V.4.3.3.2 SeBr4(g) 

At room temperatures there is still some evaporation of SeBr4(cr) to SeBr4(g). However, 
at temperatures higher than 340 K, SeBr4(g) dissociates to Se2Br2(l, g) and Br2(g). No 
thermodynamic data for SeBr4(g) are available. 

V.4.3.4 SeOBr2(cr) 
The enthalpies of dissolution of SeOBr2(cr) and SeO2(cr) in aqueous hydrobromic acid 
were measured by Oppermann et al. [89OPP/RIT]. The calorimetric results obtained 
were combined with literature data on standard enthalpies of formation for SeO2(cr), 
HBr(g), H2O(l) and heat of solution of HBr(g). The standard enthalpy of formation thus 
derived for SeOBr2(cr) is selected: 

f mH ο∆ (SeOBr2, cr, 298.15 K) = – (140 ± 5) kJ⋅mol–1 

with the uncertainty assigned by the present review. 
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V.4.3.5 SeOBr2(g) 
Thermodynamic data for SeOBr2(g) are reported by Oppermann et al. [2001OPP/SCH] 
from pressure measurements of equilibrium reactions involving SeOBr2(g). As 
discussed in Appendix A the derived formation data could not be selected by the 
review. 

V.4.3.6 Aqueous complexes 
Milne and LaHaie [85MIL/HAI] have studied the interactions occurring between Se(IV) 
and Br– in 1 to 8.9 M aqueous solutions of HBr. The experimental techniques used were 
Raman and UV/Vis spectroscopy, and the appearance of changing band intensities 
and/or new bands was interpreted as being due to the formation of a series of Se(IV)-Br– 
adducts. 

At 1 and 3 M HBr, the species HSeO2Br(aq) was postulated to form according 
to 

H2SeO3(aq) + H+ + Br–  HSeO2Br(aq) + H2O(l); 

K = ([HSeO2Br] × aw) / ([H2SeO3] × [H+] × [Br–] × γ±HBr
2). 

The molar intensities of some assumed HSeO2Br Raman bands at 100 to 
300 cm–1, 700 cm–1, and 900 cm–1 were varied and the corresponding value of K was 
evaluated from the total intensities measured. The value of the molar intensity that gave 
reasonable agreement in K for both HBr concentrations was selected and the corre-
sponding value of K accepted as the best value of the equilibrium constant. A critical 
perusal of the procedure used reveals, however, that the molar intensities of the 
HSeO2Br bands obtained in this manner are quite similar to the corresponding bands for 
H2SeO3 in exactly the same wave-number regions. This implies that the evaluated value 
of K, 4.9 M–2, must be judged as being highly uncertain and it is therefore not accepted 
by this review. 

At 3.5 to 5 M HBr, a significant increase in the 100 to 300 cm–1 band area was 
registered, and this was postulated to be due to the formation of a species 3SeOBr− . 
Again, the molar intensity of the band was varied to yield an invariant equilibrium con-
stant and  

K = ([ 3SeOBr− ] × aw
2) / ([H2SeO3] × [H+]2 × [Br–]3 × γ±HBr

4) = 4.7 × 10–3 M–5 

was evaluated. However, the evidence presented to support the stoichiometry of this 
species is very weak and, therefore, this equilibrium constant is not accepted by the 
review. Finally, at above 5.5 M HBr, a shoulder in the UV/Vis spectrum at 385 nm was 
recorded and taken, without further proof, as being due to the simultaneous formation of 

5SeBr− and 2
6SeBr − . Again, equilibrium constants were calculated by varying the molar 

absorbtivities and, again, the values are refuted due to the lack of evidence for the 
stoichiometries of the postulated complexes. 
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In solutions containing high HBr concentrations and Se(IV), elemental Se(cr) 
can be dissolved. Milne [89MIL] studied these reactions at 4.8 and 8.72 M HBr (293 K) 
by gravimetric and Raman spectroscopic measurements.  

At 8.72 M HBr, a linear relationship between the concentration of Se(IV) and 
the solubility of Se(0) was recorded for [Se(IV)] < 0.0165 M, and a constant Se(0) solu-
bility above this value. The linear part of the curve was used to conclude that the aver-
age oxidation state of selenium in these solutions was (1.49 ± 0.03). On this basis and 
the positions of three Raman bands, an equilibrium constant for the reaction 

Se2Br2(aq) + 2Br–  2
4SeBr −  + Se(cr), 

K = ([ 2
4SeBr − ]) / ([Se2Br2] × [Br–]2), 

was calculated to be 0.025 M–2. The value of the constant solubility at [Se(0)] = 
0.0287 M was combined with this equilibrium constant to conclude that the solubility of 
Se2Br2(cr) is 0.0116 M in 8.72 M HBr. These findings are accepted by the review but, 
since the data cannot be extrapolated to standard conditions, they are not selected by the 
review. Also in 4.8 M HBr, a gradual increase in the solubility of Se(cr) with increasing 
concentrations of Se(IV) was recorded. The effect was considerably weaker than at 
8.72 M HBr and significantly higher concentrations of Se(IV) were needed. The effect 
was modelled by assuming the presence of Se2Br2 and 2

4SeBr −  in combination with 
HSeO2Br and 3SeOBr− .  

V.4.4 Iodine compounds 
A few Se-I compounds, for example Se8I, have been identified by Gopal and Milne 
[92GOP/MIL] in solutions of CS2 or CCl4. In air, no stable compounds seem to be 
formed. No thermodynamic data are available for these compounds. 

V.5 Group 16 compounds and complexes 

V.5.1 Sulphur compounds 
Due to the chemical and structural similarities between selenium and sulphur, this is a 
research field, which has received considerable interest over the years. 

V.5.1.1 The selenium-sulphur system 
The binary phase diagram was studied by Ringer [02RIN] and by Boctor and Kullerud 
[87BOC/KUL] with rather different results. Although the liquidus temperature curves 
reported are quite similar, the interpretation of the solidus and subsolidus relationships 
differ considerably. Thus, while Ringer reported on the existence of an eutectoid at 
348 K and 16.5 mol-% Se, Boctor and Kullerud could not confirm this finding. Also, 
the peritectic isotherm in the Se-rich part of the system was considerably expanded in 
[87BOC/KUL] compared to that in [02RIN]. Since the phase relation diagram presented 
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by Boctor and Kullerud is based on modern experimental techniques, it is judged as far 
more trustworthy and it is presented in Figure V-11. Observe that this diagram is sche-
matic only since it lacks the (possibly narrow) diphasic regions and invariant reactions 
characteristic of a true phase diagram. It should be noted that the review presented in 
[96SHA/CHA2] only covered the literature up until 1985. Its conclusions are therefore 
based on the study by Ringer only. 

Figure V-11: Phase relations in the condensed Se-S system. Reprinted from 
[87BOC/KUL], Copyright (1987), with permission from Elsevier. 

 

 X-ray diffraction has been used to conclude that S8- and Se8-ring molecules 
exist in the S- and Se-rich regions of the diagram, respectively, while the structures in 
the intermediate region are unknown and the solids characterised by poor crystallinity. 
These solids have been the subject of a number of studies in which they were extracted 
with various solvents and recrystallised [67COO/CUL], [78LAI/NII], [79LAI/NII], 
[79EYS/SUN], [80LAI/STE], [83STE/STR]. In all of these studies, the presence of a 
series of different SenS8–n molecules was indicated. As pointed out by Bocter and 
Kullerud, however, these data do not necessarily prove the existence of such molecules 
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in the “unknown structure region”, since they may actually have been formed during the 
extraction process. 

 No thermodynamic data characterising the mixed SenS8–n phases have been 
identified in the literature, except for some enthalpies of fusion presented in 
[78LAI/NII]. 

 Bocter and Kullerud [87BOC/KUL] also studied Se-S melts, and found no 
evidence of liquid immiscibility. They found, however, that the temperature for polym-
erisation in the melt significantly decreased, and could principally be described by an 
equilibrium copolymerisation model [84KEN/WHE]. The only explicit thermodynamic 
datum available is the enthalpy of mixing, which was studied by Maekawa, Yokokawa 
and Niwa [73MAE/YOK] at 620 and 730 K. Data were collected in the range of 
0.15 ≤ xSe ≤ 0.85 and could, at both temperatures, be described by the equation: 

mix mH ο∆  = ((5.03 ± 0.33) × xSe × (1 – xSe)) kJ⋅mol–1 

where xSe is the mole fraction of selenium in the melt. 

Devyatykh and Umilin et al. [63DEV/UMI], [65DEV/UMI] determined the relative 
amounts of selenium and sulphur at 700 to 950 K in the gas phase above these melts. 
They found that the mole fraction of selenium was lower in the gaseous phase than in 
the melt. In [63DEV/UMI], the deviations from Raoult’s law were utilised to derive 
thermodynamic information of an assumed SnSe(l) molecule in the melt. However, 
since it was later shown by the same group in [65DEV/UMI] that the apparent 
fractionation on evaporation strongly depended on the experimental technique 
employed for the measurements, this review has not accepted the calculations presented 
in [63DEV/UMI]. 

V.5.1.2 SeS(g) 
From molecular parameters presented in [87FIN/KRU], the heat capacity expression 

 ,mpCο (SeS, g, (298 - 2000) K) = 32.001 + 4.9002 × 10−3 T − 5.35 × 10−7 T 2 
 + 1.8632 × 103 T −1 − 3.4596 × 105 T −2) J·K−1·mol−1 

was derived by the review. This expression leads to the selected value: 

,mpCο (SeS, g, 298.15 K) = (35.8 ± 0.1) J·K−1·mol−1. 

 The molecular parameters were also used to calculate the selected standard 
entropy of SeS(g): 

 mS ο (SeS, g, 298.15 K) = (245.1 ± 0.5) J·K−1·mol−1. 

The reaction: 

 ½Se2(g) + ½S2(g)  SeS(g) (V.44) 
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has been studied by Drowart and Smoes [77DRO/SMO], and Huang, Meschi and 
Searcy [79HUA/MES] employing a Knudsen effusion cell with EuS/VSe2 and 
In2S3/In2Se3, respectively. From mass spectrometric measurements in the temperature 
range of 1760 to 2110 K, Drowart and Smoes [77DRO/SMO] obtained    

10log K ο ((V.44), T ) = (0.20 ± 0.04) – (260 ± 80) T −1. Huang et al. [79HUA/MES] 
performed measurements at 1120 to 1200 K and found the value of K ο (V.44) obtained 
to vary irregularly with the temperature and to depend on the diameter of the orifice in 
the Knudsen cell. Two values of the constant are reported, namely 10log K ο (V.44) = 
− (0.08 ± 0.08) and (0.24 ± 0.09), depending on the orifice diameter employed. 
Extrapolation of the equation presented in [77DRO/SMO] to the temperature range of 
1120 to 1200 K yields 10log K ο (V.44) = − 0.02 to – 0.03, a result which falls between 
the determinations in [79HUA/MES].  

 The present review selects the data in [77DRO/SMO]. A third law evaluation 
using these data results in: 

r mH ο∆ ((V.44), 298.15 K) = (8.5 ± 6.7) kJ⋅mol–1, 

r mGο∆ ((V.44), 298.15 K) = (6.3 ± 6.7) kJ⋅mol–1, 

r mS ο∆ ((V.44), 298.15 K) = (7.3 ± 0.5) J⋅K–1⋅mol–1. 

The selected reaction data yield with accepted auxiliary data: 

f mH ο∆ (SeS, g, 298.15 K) = (143.3 ± 6.9) kJ⋅mol–1, 

f mGο∆ (SeS, g, 298.15 K) = (92.4 ± 6.7) kJ⋅mol–1. 

V.5.1.3 Aqueous selenothionates 
Greiver and Zaitseva [67GRE/ZAI] observed that elemental selenium dissolves in a 
concentrated, highly alkaline aqueous solution of mono- and polysulphides under oxy-
gen-free conditions. The colour of the solution changes from colourless/yellow over to 
intense red-brown. Based on some relatively crude stoichiometric data, the authors 
claimed that the dominating species in such solutions is 2

2SSe − . The standard potential 
of the couple Se, S/ 2

2SSe −  was reported to be – 0.383 V at 298.15 K in the same refer-
ence. However, the electrode reaction of the cell employed for this determination was 
never established and neither was its reversibility proved. This datum (2Se(s) + S(s) + 
2e–  2

2SSe − ; 10log K = – 12.95) is therefore not accepted by the present review. 

 In a later paper by the same authors, [71GRE/ZAI], highly concentrated so-
dium sulphide solutions were heated in the presence of various amounts of elemental 
selenium. The crystals formed upon cooling were analysed for their sodium, selenium, 
and sulphur contents. The existence of non-stoichiometric compounds in the system 
Na2S-Na2SSe2 was claimed from the analytical data and a series of X-ray powder dif-
fractograms. The aqueous solubilities of these compounds at room temperature were 
reported to fluctuate between 3.5 to 4 M. It was also noted that the colour of these solu-
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tions gradually changed from brownish yellow to rose-yellow at higher sulphide con-
tents. The change in colour was hypothetically assumed to indicate the simultaneous 
existence of the species SSe2– and 2

2SSe − . On this basis and from spectrophotometric 
data at 390 nm, the equilibrium constant of the reaction 2

2SSe −  + S2–  2SSe2– was 
determined to be 10log K = (0.9 ± 0.1) at 291 K and 1 M NaOH medium. No verifica-
tion of the hypothesis was, however, presented in the paper and the equilibrium constant 
is therefore not accepted by the review. 

 In conclusion, the review finds no reliable thermodynamic data for se-
lenothionates in aqueous solution. 

V.5.1.4 Aqueous selenosulphates 
The selenosulphate ion, 2

3SeSO − , is formed when an oxygen-free alkali sulphite solution 
is reacted with a finely divided powder of elemental selenium [60KLE/OST], 
[95BAL/MIL]. It is characterised by a single NMR resonance at 646.3 ppm vs. Me2Se 
and by a strong Raman band at 310 cm–1 [95BAL/MIL]. Klebanov and Ostapkevich 
[60KLE/OST] studied the reaction: 

 Se(s) + 2
3SO −   2

3SeSO −  (V.45) 

in solutions of sodium and potassium sulphite (concentrations not reported). The re-
ported values of the equilibrium constant at 293 K were 0.49 and 0.75, respectively. In 
the article, it is hypothesised that the difference is due to a difference in solution pH 
between the sodium and the potassium sulphite experiments, but the cause of such a 
difference cannot be deduced from the experimental protocol presented. 

 Ball and Milne [95BAL/MIL] employed molar solutions of sodium sulphite 
and obtained an equilibrium constant of 0.43 (triplicate) at 293 K, i.e. in relatively good 
agreement with the value found by Klebanov and Ostapkevich. In both articles, Reac-
tion (V.45) was found to be favoured by an increase in temperature. The reported equi-
librium constants in sodium sulphite solution in the temperature range 273 to 371 K 
have, by this review, been utilised to calculate a reaction enthalpy of: 

r mH ο∆ ((V.45), I = 3 M, 298.15 K) = (19.7 ± 1.2) kJ⋅mol–1. 

 This datum was used to estimate from the data in [95BAL/MIL]: 

10log K ((V.45), I = 3 M, 298.15 K) = – (0.28 ± 0.20), 

corresponding to: 

r mGο∆ ((V.45), I = 3 M, 298.15 K) = (1.6 ± 1.2) kJ⋅mol–1. 

 Extrapolation of the value of the equilibrium constant to standard conditions 
cannot be made, but the value might as a first approximation be considered independent 
of I. 

 The entropy change of the reaction becomes: 
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r mS ο∆ ((V.45), I = 3 M, 298.15 K) = (61 ± 6) J⋅K–1⋅mol–1. 

 Combined with f mGο∆ ( 2
3SO − , 298.15 K) = – (487.5 ± 4.0) kJ⋅mol–1 from 

[92GRE/FUG], the Gibbs energy of formation for 2
3SeSO −  is estimated to be: 

f mGο∆ ( 2
3SeSO − , 298.15 K) = – (485.9 ± 4.2) kJ⋅mol–1. 

 Fofanov and Kitaev [69FOF/KIT] employed a strongly bound Pb(II)-Trilon B 
complex (the identity of “Trilon B” is not explicitly given) to study the disproportiona-
tion of the selenosulphate ion: 

 2
3SeSO − + H2O(l)  H2Se(aq) + 2

4SO −  (V.46) 

 The Pb(II) complex reacted with 2
3SeSO −  in a 0.2 to 1.2 M OH– medium at an 

undefined temperature forming PbSe(s). The composition of the reaction mixture at 
equilibrium was found from a determination of the concentration of Pb(II) remaining in 
solution. The concentrations of the other members of the reaction: 

 2
3SeSO −  + PbX2–x + 2OH–  PbSe(s) + 2

4SO −  + Xx– + H2O(l) (V.47) 

were calculated from the stoichiometry of the reaction. The equilibrium constant of the 
reaction was evaluated from these data to be 10log K (V.47) = (1.65 ± 0.43). Combined 
with the reported stability constant of the Trilon B complex, 10log K  = 18.04, and ac-
cepted data for the acidity constants of H2Se and the solubility product of PbSe(cr), 

10log K ((V.46), I = 0.6 - 1.6 M) = – (23 ± 2) is obtained. This value is not selected due 
to the undefined temperature and other conditions of the experiments. 

V.5.2 Tellurium compounds  

V.5.2.1 The selenium-tellurium system 
The phase diagram of the Se-Te system is characterised by the occurrence of a continu-
ous series of solid solutions and complete liquid miscibility. The Se-rich melts are prone 
to strong supercooling. The phase diagram has been repeatedly studied (thermal analy-
sis, electroconductivity, thermopower) with conforming results as reviewed by Chiz-
hevskaya and Shelimova [97CHI/SHE]. Ghosh et al. [88GHO/LUK] have successfully 
modelled the solidus and liquidus curves by using the Redlich-Kistner polynomial to 
describe the excess Gibbs energy functions. 

 The Se-Te melt shows a complex behaviour with respect to structural, thermo-
dynamic [73MAE/YOK] and electrical properties. The heat capacity, and the enthalpy 
and Gibbs energy of mixing of these melts have been recently modelled 
[95CLA/COM], [96AMZ/GIL], [97COM/MOR] by assuming the presence of poly-
meric species with twofold coordinated selenium atoms and two- and threefold coordi-
nated tellurium atoms. 

 In two papers, [69KOZ/VAN] and [69UST/VIG4], the possibility of refining 
tellurium from 0.01 to 0.6 mass-% of selenium impurities by distillation has been stud-
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ied. Both papers indicate that selenium is enriched in the vapour by a factor of 2 to 3 as 
compared with its fraction in the liquid phase. Furthermore, in [69KOZ/VAN] it is 
shown that the separation is more efficient at atmospheric pressure than at reduced pres-
sure. No attempts are made in these papers to rationalise the findings in thermodynamic 
terms. 

V.5.2.2 TeSe(g) 
From molecular parameters presented in [89FIN/SET], the heat capacity expression 

,mpCο (TeSe, g, (298 - 950) K)= 119.809 − 7.4993 × 10−2 T + 2.424 × 10−5 T 2  
 − 2.9599 × 104 T −1 + 3.3304 × 106 T −2) J·K−1·mol−1 

and 

 ,mpCο (TeSe, g, (950 - 2000) K)= (− 14.324 + 2.4844 × 10−2 T − 3.8276 × 10−6 T 2  
 + 5.1424 × 104 T −1 − 1.533 × 107 T −2) J·K−1·mol−1 

were derived by the review. The former expression leads to the selected value: 

,mpCο (TeSe, g, 298.15 K) = (37.8 ± 0.1) J·K−1·mol−1. 

 The molecular parameters were also used to calculate the standard entropy of 
TeSe(g): 

mS ο (TeSe, g, 298.15 K) = (257.9 ± 0.5) J·K−1·mol−1. 

The formation of gaseous TeSe(g) was studied by Ustyugov, Vigdorovich and 
Kudryavtsev [68UST/VIG] at 1090 to 1270 K and by Drowart and Smoes 
[77DRO/SMO] at 1400 to 1640 K. In both articles, the data were interpreted in terms of 
the reaction 

 ½Se2(g) + ½Te2(g)  TeSe(g) (V.48) 

 Ustyugov et al. measured the total unsaturated vapour pressure of selenium-
tellurium mixtures with a quartz membrane manometer. The partial pressures of Se2(g), 
Te2(g), and TeSe(g) were calculated from a knowledge of the total pressure, the 
amounts of substance taken, and the equilibrium constants for the side-reactions with 
formation of the Se4, Se6, Se8, Te, and Te4 gaseous species. From the partial pressures 
presented it is found that the minor species contribute, in total, to less than 10% of the 
total pressure. The results can be expressed by 10log K ο ((V.48), T ) = 0.6270 – 368.4     
T −1. A third law evaluation of these data yields r mH ο∆ ((V.48), 298.15 K) = (0.1 ± 0.2)    
kJ⋅mol–1. 

 Drowart and Smoes set up the equilibrium in a Knudsen cell containing VSe2 
and TiTe. The relative partial pressures were calculated from the ion intensities meas-
ured by a mass spectrometer. The equilibrium constant followed the relationship 

10log K ο ((V.48), T ) = (0.25 ± 0.07) – (40 ± 100) T −1. The third law evaluation of the 
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enthalpy of reaction yields r mH ο∆ ((V.48), 298.15 K) = (4.4 ± 1.0) kJ⋅mol–1. The review 
adopts the average of these results and obtains: 

r mH ο∆ ((V.48), 298.15 K) = (2.2 ± 3.0) kJ⋅mol–1, 

r mGο∆ ((V.48), 298.15 K) = (0.8 ± 3.1) kJ⋅mol–1, 

r mS ο∆ ((V.48), 298.15 K) = (4.7 ± 1.0) J⋅K–1⋅mol–1 

and 

f mH ο∆ (TeSe, g, 298.15 K) = (154.4 ± 3.4) kJ⋅mol–1, 

f mGο∆ (TeSe, g, 298.15 K) = (104.7 ± 3.4) kJ⋅mol–1. 

 The formation data were calculated using f mH ο∆ (Te2, g, 298.15 K) = 
(163.2 ± 1.0) kJ⋅mol–1 from [95DAV/RAN] and are compiled in Appendix E, since they 
were calculated with non-TDB auxiliary data. 

 The values reported in [82WAG/EVA] are: f mH ο∆ = 159.0 kJ⋅mol–1, mS ο  = 
265.8 J⋅K–1⋅mol–1 and f mGο∆  = 108.8 kJ⋅mol–1, respectively.  

V.5.2.3 Aqueous complexes 
Zaitseva et al. [71ZAI/GRE] recorded the dissolution of tellurium when elemental tellu-
rium was reacted at 353 K with concentrated aqueous solutions of strictly oxygen-free 
sodium mono- and polyselenides. The maximum Te:Se ratio recorded in the experi-
ments ranged between 0.3 and 0.4 and these figures were interpreted as being due to the 
formation of TeSe2– and 2

3TeSe −  ions. The former species was also reported to crystal-
lise as Na2TeSe⋅10H2O(s) from the aqueous phase. No experimentally verified thermo-
dynamic data characterising these species have been found. 

V.5.2.4 Selenium dioxide-tellurium dioxide 
By reacting equimolar amounts of SeO2(cr) and TeO2(cr) under sealed and inert condi-
tions at 620 K, TeSeO4(cr) is formed [82CAS/JER], [83DIM/LAK], [84BAR/PET], 
[84CAS/PIC]. According to Bart and Petrini [84BAR/PET], two modifications of the 
compound exist, an α-TeSeO4 phase with a triclinic unit cell with a volume of 181.7 Å3 
and a β-TeSeO4 phase with an orthorhombic unit cell with a volume of 335.8 Å3 de-
scribed in [83DIM/LAK] and [82CAS/JER].  

 The compound is highly hygroscopic and a range of phases can be identified 
after exposure to moist air [84BAR/PET]. When heated in an inert but open atmosphere, 
Castro, Pico, Jerez and Veiga [84CAS/PIC] recorded, as did [84BAR/PET], that       
TeSeO4(cr) started to decompose into SeO2(g) and TeO2(cr) at 590 K. Under closed 
conditions, Dimitriev, Lakov and Ivanova [83DIM/LAK] observed a strong endother-
mic effect in DTA data at 748 K and interpreted this effect as due to the melting of   
TeSeO4(cr). Based on this effect, and a second endothermic effect at 593 K for mixtures 
of higher SeO2-content, Dimitriev et al. constructed a partial phase diagram for the 
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SeO2-TeO2 system containing an eutectic point at about 75 mol-% SeO2 and 
(593 ± 5) K. 

 Castro et al. [82CAS/JER], [84CAS/PIC] have also indicated the presence of 
compounds with other stoichiometries in the system, and characterised them by differ-
ential scanning calorimetry. However, the existence of these compounds do not find 
support in the studies by Dimitriev et al. [83DIM/LAK] and Bart and Petrini 
[84BAR/PET], and they have therefore not been accepted by the review.  

V.6 Group 15 compounds and complexes 

V.6.1 Nitrogen compounds 

V.6.1.1 Selenium nitride 
Selenium nitride, Se4N4(cr), can be prepared by reacting SeO2, SeCl4 or SeBr4 with NH3 
at 345 to 355 K and 40 to 50 bar [60JAN/DOE]. It is characterised by an intense or-
ange-red colour, it is practically insoluble in water and it can spontaneously explode 
when in pure form [58JAN/DOE]. An early report on its heat of decomposition, based 
on two data only and without experimental detail, is that of Berthelot and Vieille 
[1884BER/VIE], − 708 kJ⋅mol–1. More recently, Barker et al. [65BAR/COR] studied 
the system calorimetrically with a high standard deviation in the results, ± 70 kJ⋅mol–1, 
n = 8. From the argument that low values could be indicative of partial decomposition 
of the sample before the calorimetric measurement, the “best” value was taken as the 
average of the four most exothermic runs, – (679 ± 17) kJ⋅mol–1, of the reaction: 

 Se4N4(cr) → 4Se(cr) + 2N2(g). (V.49) 

 The review accepts this argument and selects: 

f mH ο∆ (Se4N4, cr, 298.15 K) = (679 ± 35) kJ⋅mol–1. 

 The value reported in [82WAG/EVA] is 708 kJ⋅mol–1, and is obviously based 
on the early [1884BER/VIE] study. 

V.6.2 Phosphorus compounds 

V.6.2.1 Phosphorus selenides 
The compounds P4Se3(cr), P4Se4(cr), P4Se5(cr), and P4Se10(cr) were reported by 
Blachnik and Hoppe [79BLA/HOP]. Thermodynamic information is only available for 
P4Se3(cr). Phase diagrams can be found in [79BLA/HOP] and [93BLA]. 
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V.6.2.1.1 P4Se3(cr) 

P4Se3(cr) exist in the polymorphs α, β, γ, and α´. The α´ phase is metastable at all tem-
peratures while the other phases have a given range of stability. The enthalpies and tem-
peratures of transition reported in [79BLA/HOP] are given in Table V-30.  

Table V-30: Enthalpies and temperatures of transition of the P4Se3(cr) polymorphs re-
ported in [79BLA/HOP]. 

Transition Temperature (K) tr mH ο∆ (T ) (kJ·mol–1) 

α → β 356 10.98 

β → γ 479 1.3 

γ → liquid 522 2.79 

The heat capacity of α-P4Se3 was measured in the temperature range 5 to 
350 K by Clever and Westrum [65CLE/WES]. The reported values of the heat capacity 
and entropy are selected by the review: 

,mpCο (P4Se3, α, 298.15 K) = (166.2 ± 1.0) J·K–1·mol–1 

and 

mS ο (P4Se3, α, 298.15 K) = (239.6 ± 1.2) J·K–1·mol–1. 

Heat capacity measurements in the temperature range 125 to 650 K were also reported 
in [79BLA/HOP]. However, the result was only presented in the form of a graphical 
format not easily amenable to re-evaluation. 

V.6.2.2 Selenophosphates 
Selenophosphates, 3

3H SePOn
n

−  with 0 < n < 3, are labile selenium donors required for 
the biochemical synthesis of selenium-dependent enzymes and seleno-RNAs. In the 
biological fluids, it is formed from ATP and selenide by selenophosphate synthetase 
[97KAM/GLA]. Aqueous solutions containing 3

3H SePOn
n

−  can be prepared by reacting 
tris(trimethylsilyloxide)monoselenophosphate [93GLA/SIN] or diisopropylethyl-
ammonium O,O-bis(trimethylsilyl)monoselenophosphate [97KAM/GLA] with oxygen-
free water. Data presented by Kaminski et al. in [97KAM/GLA] show that 2

3HSePO −  is 
thermodynamically unstable in aqueous solution and decomposes under first-order reac-
tion kinetics to 2 4H PO−  and HSe–. The activation parameters for this process are pre-
sented in the paper. 

 Glass et al. [93GLA/SIN] recorded the pH-dependent 31P-NMR chemical shift 
of H3SePO3 and concluded that the protonation constants, 10 1log K  and 10 2log K , of the 
selenophosphate ion could be estimated to be 8.8 and 4.6, respectively. However, these 
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measurements were performed in a highly complex ionic medium consisting of 0.1 M 
Tricine + 0.02 M Dithiothreitol + 0.06 M Mg2+ with no information on the performance 
of the pH measurements or on the temperature employed. Therefore, these equilibrium 
constants are not accepted by the review. 

V.6.3 Arsenic compounds 

V.6.3.1 Arsenic selenides 
Equilibrium conditions in the selenium-arsenic system are very difficult to reach ex-
perimentally. The reactions are slow and annealing times of months may not be suffi-
cient because supercooled glasses, that do not crystallise, are easily formed. In addition, 
the gas phase consists of all the species Sen(g), n = 1 to 8, Asm(g), m = 1 to 4, together 
with AsSe(g), As2Se2(g), As4Se3(g), and As4Se4(g). These conditions explain the differ-
ent and often contradictory results reported in investigations of the system. The phase 
diagram of the selenium-arsenic system is shown in Figure V-12. 

Figure V-12: The phase diagram selenium-arsenic as optimised in [97DEG/PEL]. Re-
printed from [97DEG/PEL] with permission from ASM International. 
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The thermodynamic properties of the condensed phases and the gaseous spe-
cies were calculated by Degterov, Pelton, and L’Ecuyer [97DEG/PEL] by a least 
squares optimisation. All available thermodynamic data and phase relationships were 
treated simultaneously in order to obtain the best agreement between calculated and 
observed quantities. However, many estimates had to be introduced as auxiliary 
parameters because of insufficient experimental information. For the solids in the 
system, experimental information is essentially only available for As2Se3(cr) and the 
properties of As4Se3(cr), and As4Se4(cr) (referred to as AsSe(cr) by some authors) were 
estimated from the phase diagram and the properties of As2Se3(cr). Similarly, the 
thermodynamic properties of the liquid phase is dependent on the enthalpy of formation 
of As2Se3(cr) determined by O’Hare, Lewis, Susman and Volin [90OHA/LEW] using 
fluorine combustion calorimetry. Unfortunately, it was not observed in [97DEG/PEL] 
that the enthalpy of formation of As2Se3(cr) was revised by O’Hare [93OHA] due to a 
change in the standard enthalpy of formation of AsF5(g) to − (1234.2 ± 0.7) kJ·mol–1. 
The thermodynamic optimisation in [97DEG/PEL] therefore needs a revision and no 
enthalpies of formation or entropies can be selected from the work. 

The vapour phase has been studied in a number of investigations, see Table V-
31, but it was concluded in [97DEG/PEL] that the measured vapour pressures are accu-
rate only to within one or two orders of magnitude. In the optimisation, all heat capacity 
and entropy data of the gaseous species were based on estimates. The enthalpies of for-
mation were obtained by matching the calculated and observed total pressures of the 
system. Considering the strong interplay between the entropy and enthalpy values, the 
low accuracy of the measured vapour pressures, and the many estimations involved, 
none of the thermodynamic properties derived for the gaseous species are selected. No 
more recent experimental thermodynamic information exists. 

Table V-31: Experimental investigations of the vapour phase in the system selenium-
arsenic. 

Reference Method Temperature (K) 

[68GOR/KRE] Knudsen effusion and mass spectrometry 540 - 626 

[68KNO/BAN] Laser/mass spectrometry ~ 1300 

[73POL/ZAK] Laser/mass spectrometry Not reported 

[74GOS/MOL] Knudsen effusion and mass spectrometry 469 - 543 

[84DRO/SMO] Knudsen effusion and mass spectrometry 470 

[86STE/ALI] Knudsen effusion and mass spectrometry 570 - 690 
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V.6.3.1.1 AsSe(g) 

The values of the thermodynamic properties of AsSe(g) reported from the thermody-
namic optimisation in [97DEG/PEL] are ,mpCο (AsSe, g, 298.15 K) = 35.7 J·K–1·mol–1, 

,mpCο (AsSe, g, (298.15 - 1800) K) = (35.271 + 1.556 × 10–3 T ) J·K–1·mol–1, mS ο (AsSe, 
g, 298.15 K) = 206.8 J·K–1·mol–1, and f mH ο∆ (AsSe, g, 298.15 K) = 86.6 kJ·mol–1. These 
values need a revision as discussed in Section V.6.3.1. In addition, they are all essen-
tially based on estimates and are consequently not selected in the review. 

V.6.3.1.2 As2Se2(g) 

The values of the thermodynamic properties of As2Se2(g) reported from the thermody-
namic optimisation in [97DEG/PEL] are ,mpCο (As2Se2, g, 298.15 K) = 80.8 J·K–1·mol–1, 

,mpCο (As2Se2, g, (298.15 - 1000) K) = (88.75 – 1.910 × 10–3 T – 127.51 T –0.5)            
J·K–1·mol–1, mS ο (As2Se2, g, 298.15 K) = 394.1 J·K–1·mol–1, and f mH ο∆ (As2Se2, g, 
298.15 K) = 143.733 kJ·mol–1. These values need a revision as discussed in Section 
V.6.3.1. In addition, they are all essentially based on estimates and are consequently not 
selected in the review. 

V.6.3.1.3 As2Se3(cr) 

The optimisation in [97DEG/PEL] accepted the numerical values of the thermodynamic 
properties of As2Se3(cr), including the standard enthalpy, entropy, and low- and high-
temperature heat capacities, from the review by O’Hare, Lewis, Susman, and Volin 
[90OHA/LEW]. Unfortunately, it was not observed in [97DEG/PEL] that the enthalpy 
of formation of As2Se3(cr) was revised by O’Hare [93OHA] due to a change in the en-
thalpy of formation of AsF5(g). The thermodynamic optimisation in [97DEG/PEL] 
therefore needs a revision as discussed in Section V.6.3.1 and only the value of the en-
tropy and heat capacity of As2Se3(cr) can be selected from these reviews. 

The selected heat capacity expression is: 

,mpCο (As2Se3, cr, (273.15 - 634) K) = (121.23 − 38.170 × 10–3 T 
 + 130.21 × 10–6 T 2) J·K–1·mol–1 

and was derived in [90OHA/LEW] from the heat capacity measurements made by Zigel 
and Orlova [73ZIG/ORL], Rasulov and Medzhidov [77RAS/MED], and Zhdanov and 
Maltsev [68ZHD/MAL]. The selected value of the heat capacity at 298.15 K is obtained 
from the heat capacity expression to be: 

,mpCο (As2Se3, cr, 298.15 K) = (121.4 ± 3.0) J·K–1·mol–1, 

where the error limits were set by the present review. 

The selected value of the entropy is: 

mS ο (As2Se3, cr, 298.15 K) = (206.0 ± 3.0) J·K–1·mol–1, 
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and was derived in [90OHA/LEW] from the heat capacity measurements made in the 
temperature range 53 to 310 K by Zhdanov and Maltsev [68ZHD/MAL]. The heat ca-
pacity in the temperature range 0 to 53 K was obtained by an extrapolation procedure 
based on a quantum-theory function suggested by Nemilov [82NEM]. 

The enthalpy of formation of As2Se3(cr) has been determined in a number of 
investigations. Blachnik and Schneider [70BLA/SCH] determined the value 

f mH ο∆ (As2Se3, cr, 298.15 K) = – (103.0 ± 21.0) kJ·mol–1 using direct synthesis calo-
rimetry. Steblevski, Alikhanyan, Gorgoraki, and Pashinkin [86STE/ALI] determined a 
number of values in the range f mH ο∆ (As2Se3, cr, 298.15 K) = − 95 to − 49 kJ·mol–1 
from various gas phase reactions in a mass spectrometric Knudsen-effusion study. 
Neverov, Rybakova, and Panus [89NEV/RYB] reported the value f mH ο∆ (As2Se3, cr, 
298.15 K) = – (122.0 ± 10.0) kJ·mol–1 from dissolution experiments in “bromine-
saturated alkali”. The value was recalculated in [90OHA/LEW] using more recent auxil-
iary data in [82WAG/EVA] yielding f mH ο∆ (As2Se3, cr, 298.15 K) = − (94.0 ± 10.0) 
kJ·mol–1. The investigation in [90OHA/LEW] using fluorine combustion calorimetry is 
the most accurate study and yielded the value f mH ο∆ (As2Se3, cr, 298.15 K) = 
− (86.1 ± 4.1) kJ·mol–1. It was later revised by O’Hare [93OHA] due to a change in the 
enthalpy of formation of AsF5(g) and the new value is accepted and included in Appen-
dix E since it was calculated using a non-TDB auxiliary datum: 

f mH ο∆ (As2Se3, cr, 298.15 K) = – (81.1 ± 4.1) kJ·mol–1. 

The Gibbs energy of formation of As2Se3(cr) is calculated from the selected 
values of the enthalpy of formation and entropy, the selected entropy of selenium, and 
the entropy of arsenic in [92GRE/FUG] yielding: 

f mGο∆ (As2Se3, cr, 298.15 K) = – (83.9 ± 4.2) kJ·mol–1. 

V.6.3.1.4 As4Se3(cr) 

The enthalpy of formation and entropy of As4Se3(cr) have not been measured. Degterov 
et al. [97DEG/PEL] estimated the entropy to be mS ο (As4Se3, cr, 298.15 K) = (250 ± 10) 
J·K–1·mol–1 by comparison with the value of As2Se3(cr) and the already estimated value 
of As4Se4(cr). The value of the enthalpy of formation was then obtained from the opti-
misation procedure in [97DEG/PEL] yielding f mH ο∆ (As4Se3, cr, 298.15 K) = – 111.496 
kJ·mol–1. No thermodynamic properties of As4Se3(cr) are selected from this optimisa-
tion because the assessment in [97DEG/PEL] needs a revision as discussed in Section 
V.6.3.1. 

Blachnik, Hoppe, and Wickel [80BLA/HOP] measured the heat capacity in the 
temperature range 130 to 650 K. The expression 

,mpCο (As4Se3, cr, (130 - 440) K) = (51.5536 + 230.751 ×10–3 T − 28.898 × 10–6 T 2 
 + 2.43452 ×104 T −1 − 2.393908 × 106 T −2) J·K–1·mol–1 
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was derived by the review from the values listed in Table 2 of the paper and describes 
the measured values within ± 1.4 J·K–1·mol–1. The relatively large error limit is caused 
by the scatter of the experimental values. The corresponding heat capacity at 298.15 K 
is selected: 

,mpCο (As4Se3, cr, 298.15 K) = (172.5 ± 4.0) J·K–1·mol–1. 

V.6.3.1.5 As4Se3(g) 

The values of the thermodynamic properties of As4Se3(g) reported from the thermody-
namic optimisation in [97DEG/PEL] are ,mpCο (As4Se3, g, 298.15 K) = 148.5 J·K–1·mol–1, 

,mpCο (As4Se3, g, (298.15 - 1000) K) = (157.8107 – 8.26039 × 105 T –2) J·K–1·mol–1, 
mS ο (As4Se3, g, 298.15 K) = 532.116 J·K–1·mol–1, and f mH ο∆ (As4Se3, g, 298.15 K) = 

83.11 kJ·mol–1. These values need a revison as discussed in Section V.6.3.1. In addition, 
they are all essentially based on estimates and are consequently not selected by the re-
view. 

V.6.3.1.6 As4Se4(cr) 

The thermodynamic optimisation in [97DEG/PEL] adopted the entropy value 
mS ο (As4Se4, cr, 298.15 K) = (304.6 ± 18.0) J·K–1·mol–1, which was estimated by Mills 

[74MIL] in a comparison with the entropy of As2Se3(cr). The enthalpy of formation of 
As4Se4(cr) was estimated by Mills to be f mH ο∆ (As4Se4, cr, 298.15 K) = – (154.0 ± 50.0) 
kJ·mol–1 and the value was adjusted by 3.2 kJ·mol–1 in the optimisation procedure in 
order to reproduce the phase diagram. These values need a revison as discussed in Sec-
tion V.6.3.1. In addition, they are all essentially based on estimates and are conse-
quently not selected by the review. 

Blachnik, Hoppe, and Wickel [80BLA/HOP] measured the heat capacity in the 
temperature range 300 to 540 K. The expression 

,mpCο (As4Se4, cr, (300 - 540) K) = (6.984249 × 103 − 11.48774 T + 7.279814 × 10–3 T 2 
 − 1.755719 ×106 T −1 + 1.67046 × 108 T −2) J·K–1·mol–1 

was derived by the review from the values listed in Table 2 of the paper and describes 
the measured values within ± 1.3 J·K–1·mol–1. The relatively large error limit is caused 
by the scatter of the experimental values. The corresponding heat capacity at 298.15 K 
is selected: 

,mpCο (As4Se4, cr, 298.15 K) = (196.6 ± 4.0) J·K–1·mol–1 

V.6.3.1.7 As4Se4(g) 

The values of the thermodynamic properties of As4Se4(g) reported from the thermody-
namic optimisation in [97DEG/PEL] are ,mpCο (As4Se4, g, 298.15 K) = 178.2 J·K–1·mol–1, 

,mpCο (As4Se4, g, (298.15 - 1000) K) = (199.8215 – 9.0928856 × 10–3 T – 2.1245953 × 
10–6 T 2 – 330.16855 T –0.5) J·K–1·mol–1, mS ο (As4Se4, g, 298.15 K) = 653 J·K–1·mol–1, and 
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f mH ο∆ (As4Se4, g, 298.15 K) = 81.234 kJ·mol–1. These values need a revison as dis-
cussed in Section V.6.3.1. In addition, they are all essentially based on estimates and are 
consequently not selected by the review. 

V.6.4 Antimony compounds 

V.6.4.1 Antimony selenides 
The phase diagram and the thermodynamic properties of the liquid phase in the anti-
mony-selenium system were assessed by Ghosh, Lukas, and Delaey [89GHO/LUK] and 
by Ghosh [93GHO]. Sb2Se3(cr) is the only intermediary compound in the system. 

The gas phase in the antimony-selenium system is complex and the species 
SbSe(g), Sb2Se2(g), Sb2Se3(g), Sb2Se4(g), Sb3Se(g), Sb3Se2(g), Sb3Se3(g), Sb4Se3(g), 
and Sb4Se4(g) were all found to be present in non-negligible amounts in the mass-
spectroscopic study by Sullivan, Prusaczyk, Miller, and Carlson [79SUL/PRU]. This 
finding invalidates the previous determinations of thermodynamic properties of gaseous 
antimony selenides by Gospodinov, Pashinkin, Boncheva-Mladenova, and Novoselova 
[70GOS/PAS] and Hoareau, Cabaud, and Uzan [72HOA/CAB]. The selected thermo-
dynamic data of the gaseous species were derived from the work in [79SUL/PRU] as 
discussed in Appendix A. 

V.6.4.1.1 SbSe(g) 

The value of the entropy of SbSe(g) calculated in [79SUL/PRU] from a combination of 
experimental and estimated spectroscopic data is selected: 

mS ο (SbSe, g, 298.15 K) = (228.9 ± 3.0) J·K–1·mol–1. 

The enthalpy of formation of SbSe(g) calculated by the review as discussed in 
Appendix A from the work in [79SUL/PRU] is selected: 

f mH ο∆ (SbSe, g, 298.15 K) = (177.0 ± 20.0) kJ·mol–1. 

The Gibbs energy of formation of SbSe(g) is calculated from the selected val-
ues of the enthalpy of formation and entropy, the selected entropy of selenium, and the 
entropy of antimony in [92GRE/FUG] yielding: 

f mGο∆ (SbSe, g, 298.15 K) = (134.9 ± 20.0) kJ·mol–1. 

V.6.4.1.2 Sb2Se2(g) 

The standard enthalpy of formation of Sb2Se2(g) is calculated by the review as dis-
cussed in Appendix A from the work in [79SUL/PRU] to be f mH ο∆ (Sb2Se2, g, 
298.15 K) = (127.2 ± 30.0) kJ·mol–1. The result is not selected since it is partly based on 
estimated thermal properties of Sb2Se2(g) of unknown accuracy.  
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V.6.4.1.3 Sb2Se3(cr) 

The heat capacity of Sb2Se3(cr) was measured in the temperature range 53 to 300 K by 
Zhdanov [71ZHD]. The heat capacity was extrapolated to 0 K and the entropy at 
298.15 K evaluated. The values of the heat capacity and entropy obtained in [71ZHD] 
are selected: 

,mpCο (Sb2Se3, cr, 298.15 K) = (124.9 ± 1.5) J·K–1·mol–1 

and 

 mS ο (Sb2Se3, cr, 298.15 K) = (213.0 ± 3.0) J·K–1·mol–1. 

Blachnik and Schneider [71BLA/SCH] measured the heat capacity in the tem-
perature range 417 to 1041 K across the melting point at 885 K using drop calorimetry. 
The heat capacity of the liquid was determined to be a constant value of ,mpCο (Sb2Se3, l, 
(885 - 1041) K) = 230.1 J·K–1·mol–1. No heat capacity expression was evaluated for 
Sb2Se3(cr) and the heat capacity expression 

,mpCο (Sb2Se3, cr, (298.15 - 885) K) = (121.70 + 10.73 × 10–3 T ) J·K–1·mol–1 

was evaluated by the review from a combination of the heat capacity values listed in 
Table 2 of the paper and the selected heat capacity at 298.15 K. 

The enthalpy of fusion was determined to be fus mH ο∆ (Sb2Se3, cr, 885 K) = 
(54.3 ± 2.4) kJ·mol–1 by Glata and Cordo [66GLA/COR], (52.3 ± 5.0) kJ·mol–1 by 
Blachnik and Schneider [70BLA/SCH], (55.2 ± 4.0) kJ·mol–1 by Blachnik and Schnei-
der [71BLA/SCH], and (77.4 ± 2.5) kJ·mol–1 by Glazov, Kuliev, and Krestovnikov 
[71GLA/KUL]. The value in the last paper is rejected and the value fus mH ο∆ (Sb2Se3, cr, 
885 K) = (54.2 ± 1.5) kJ·mol–1 is calculated as a weighted average from the other three 
investigations. 

The enthalpy of mixing of antimony and selenium in the liquid state at 935 K 
was determined by Maekawa, Yokokawa, and Niwa [72MAE/YOK]. On combining 
their value of the enthalpy of mixing for the composition Sb0.40Se0.60, 

mix mH ο∆ (Sb0.40Se0.60, l, 935 K) = – (29.3 ± 0.5) kJ·mol–1, with the heat capacities of solid 
and liquid Sb2Se3, the enthalpy of fusion of Sb2Se3(cr), the data for antimony in 
[73HUL/DES], and the selected data of selenium, the enthalpy of formation of 
Sb2Se3(cr) is calculated to be f mH ο∆ (Sb2Se3, cr, 298.15 K) = – (133.0 ± 8.0) kJ·mol–1. 
The enthalpy of formation was also determined by Howlett, Misra, and Bever 
[64HOW/MIS] using liquid metal calorimetry to be f mH ο∆ (Sb2Se3, cr, 298.15 K) = 
− (127.6 ± 4.0) kJ·mol–1. The selected value of the enthalpy of formation is calculated as 
a weighted average of the value derived from the work in [72MAE/YOK] and the inves-
tigation in [64HOW/MIS] yielding: 

f mH ο∆ (Sb2Se3, cr, 298.15 K) = – (128.7 ± 3.6) kJ·mol–1. 
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The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy, the selected entropy of selenium, and the entropy of antimony in 
[92GRE/FUG] to be: 

f mGο∆ (Sb2Se3, cr, 298.15 K) = – (127.4 ± 3.7) kJ·mol–1. 

In the aqueous phase, Umland and Wallmeier [80UML/WAL] attempted to 
determine the solubility product of Sb2Se3(cr) by the polarographic method outlined in 
Appendix A. Their result, 10 ,0log sK ο (Sb2Se3, cr, 298.15 K) = – (113 ± 2), is not accepted 
since the measurements were conducted in presence of 0.5 M tartaric acid and, 
therefore, the conditions for the evaluation of the constant from the measurements are 
not fulfilled. 

V.6.4.1.4 Sb2Se3(g), Sb2Se4(g), Sb3Se(g), Sb3Se2(g), Sb3Se3(g), Sb4Se3(g), and 
Sb4Se4(g) 

The enthalpies of formation of the species enumerated above were calculated by the 
review as discussed in Appendix A from the work in [79SUL/PRU] to be 

f mH ο∆ (Sb2Se3, g, 298.15 K) = (83.5 ± 30.0) kJ·mol–1, f mH ο∆ (Sb2Se4, g, 298.15 K) = 
(58.3 ± 30.0) kJ·mol–1, f mH ο∆ (Sb3Se, g, 298.15 K) = (171.3 ± 40.0) kJ·mol–1, 

f mH ο∆ (Sb3Se2, g, 298.15 K) = (141.4 ± 30.0) kJ·mol–1, f mH ο∆ (Sb3Se3, g, 298.15 K) = 
(88.6 ± 30.0) kJ·mol–1, f mH ο∆ (Sb4Se3, g, 298.15 K) = (81.2 ± 40.0) kJ·mol–1, 

f mH ο∆ (Sb4Se4, g, 298.15 K) = (35.6 ± 40.0) kJ·mol–1. These results are not selected 
since they are partly based on estimated thermal properties and entropies of the species 

V.6.4.2 Antimony selenites 
Gospodinov [93GOS] investigated the system Sb2O3-SeO2-H2O at 298.15 K by solubil-
ity measurements over the concentration range 1.7 to 64.8 mass-% SeO2 in the liquid 
phase. The primary solubility data and the phase diagram are presented. The crystalline 
phases of composition Sb2O3⋅SeO2, Sb2O3⋅2SeO2, Sb2(SeO3)3, and Sb2(SeO3)3⋅SeO2 
were identified from the tie lines and by chemical and X-ray analysis. A large crystalli-
sation field is present only for Sb2(SeO3)3⋅SeO2, while the fields of the other phases are 
very narrow and characterised by only one experimental point each. The solubility of 
Sb(III) is low over the whole concentration interval in selenious acid. 

No thermodynamic data have been found for antimony selenites.  

V.6.4.3 Antimony selenates 
No thermodynamic data have been found for antimony selenates. 
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V.6.5 Bismuth compounds 

V.6.5.1 Bismuth selenides 
The phase diagram and the thermodynamic data of the system bismuth-selenium were 
reviewed by Chizhevskaya, Shelimova, and Zaitseva [94CHI/SHE] and Antipov, Rud-
nyi, and Dobrokhotova [2001ANT/RUD] thermodynamically modelled and assessed the 
complete system. There are severe experimental problems in the system and the alloys 
in the system require several months of homogenising annealing to attain equilibrium 
and this fact explains much of the diversity among the experimental results. The solid 
phases in the system are Bi3Se2(cr), Bi2Se3(cr), and BiSe(cr). The first two compounds 
have narrow homogeneity ranges, while the last one is a solid solution. The phase dia-
gram bismuth-selenium is shown in Figure V-13. 

Figure V-13: The phase diagram bismuth-selenium. After [94CHI/SHE]. Reprinted 
from [94CHI/SHE] with permission from the authors and Kluger/Plenum Publishers. 

 

V.6.5.1.1 BiSe(cr) 

BiSe(cr) is a solid solution with a homogeneity range extending from approximately 
Bi0.57Se0.43 to Bi0.45Se0.55. 
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Stolyarova, Gavrilov, and Nekrasov [90STO/GAV] measured the heat capacity 
of the composition Bi0.5Se0.5 in the temperature range 6 to 300 K and reported the values 

,mpCο (BiSe, cr, 298.15 K) = (55.5 ± 0.3) J·K–1·mol–1 and mS ο (BiSe, cr, 298.15 K) = 
(101.2 ± 0.5) J·K–1·mol–1. The heat capacity value at 298.15 K was accepted in the as-
sessment in [2001ANT/RUD], but the entropy value was considered too large to be 
consistent with the thermodynamic modelling. The entropy was instead assigned the 
value 90.8 J·K–1·mol–1 rather than the value in [90STO/GAV] in order to better fit the 
model to the phase diagram. The review selects the experimental values determined in 
[90STO/GAV], but increases the uncertainty limits to incorporate additional systematic 
errors: 

,mpCο (BiSe, cr, 298.15 K) = (55.5 ± 0.9) J·K–1·mol–1 

and 

mS ο (BiSe, cr, 298.15 K) = (101.2 ± 1.5) J·K–1·mol–1. 

The enthalpy of formation of BiSe(cr) at 298.15 K was determined by Bros, 
Castanet, and Kehiaian [76BRO/CAS] to be – (44 ± 4) kJ·mol–1 using solution calo-
rimetry where small amounts of the solid were dissolved in liquid bismuth at 560 K. 
Direct synthesis techniques, using evacuated silica tubes in the calorimeter, were em-
ployed in [90STO/GAV] yielding f mH ο∆ (BiSe, cr, 298.15 K) = − (48.1 ± 1.20)   
kJ·mol–1. No experimental details were reported in this work. Antipov et. al. 
[2001ANT/RUD] assessed f mH ο∆ (BiSe, cr, 298.15 K) = − 51.8 kJ·mol–1 based on their 
thermodynamic modelling. The value is higher than the experimental values and it is 
consistent with their selection of a smaller value for the entropy of BiSe(cr). The review 
selects the average of the experimental values, 

f mH ο∆ (BiSe, cr, 298.15 K) = − (46.1 ± 5.7) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy, the selected entropy of selenium, and the entropy of bismuth in 
Table IV-1 to be: 

f mGο∆ (BiSe, cr, 298.15 K) = − (46.8 ± 5.7) kJ·mol–1. 

V.6.5.1.2 BiSe(g) 

The entropy and enthalpy functions of BiSe(g) were calculated by Gorbov and Krestov-
nikov [66GOR/KRE] from molecular parameters using the vibrational parameters ωe = 
264.7 cm–1 and ωexe = 0.4 cm–1 determined by Sharma [54SHA] from gas phase studies 
and the estimated molecular parameters Be = 0.505 cm−1, αe = 0.105 × 10−3 cm–1, D0 = 
0.735 × 10−8 cm–1, and re = 2.41Å obtained from a comparison of molecular properties 
of the sulphides, selenides, and tellurides of arsenic, antimony, and bismuth. These pa-
rameters were used by Uy and Drowart [69UY/DRO] in their calculation of the disso-
ciation energy of BiSe(g) from mass-spectrometric measurements at high temperatures. 
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The ground state frequencies were determined to be ωe = 264.0 cm–1 and ωexe = 
0.61 cm–1 by Ahmed [85FAK] from fluorescence spectra of BiSe molecules isolated in 
an argon matrix. The first excited electronic state lies above 13000 cm–1 according to 
the absorption studies of Barrow, Stobart, and Vaughan [67BAR/STO] and does not 
contribute significantly to the heat capacity and the entropy below 1500 K. The follow-
ing selected values were calculated by the review using the usual non-rigid rotator, an-
harmonic oscillator approximation and the parameters above given in [66GOR/KRE]: 

,mpCο (BiSe, g, 298.15 K) = (36.46 ± 0.50) J·K–1·mol–1 

and 

mS ο (BiSe, g, 298.15 K) = (263.9 ± 6.0) J·K–1·mol–1. 

The frequency parameters obtained from the matrix isolation studies in 
[85FAK] lead to values for the heat capacity and entropy which are larger by approxi-
mately 0.1 and 6 J·K–1·mol–1, respectively. 

The expression 

 ,mpCο (BiSe, g, (298 - 1500) K) = (37.3251 + 0.4161 × 10−3 T – 4.68 × 10−8 T 2  
 – 8.7767 × 104 T −2) J·K–1·mol–1 

describes the heat capacity obtained from statistical mechanics calculations to within 
± 0.005 J·K–1·mol–1. 

Uy and Drowart [69UY/DRO] studied the reaction Pb(g) + BiSe(g)  Bi(g) + 
PbSe(g) in the temperature range 864 to 1050 K using Knudsen effusion and mass spec-
trometry. The results were re-evaluated by the review as discussed in Appendix A yield-
ing f mH ο∆ (BiSe, g, 298.15 K) = (172.5 ± 7.2) kJ·mol–1 and f mH ο∆ (BiSe, g, 298.15 K) = 
(174.8 ± 7.2) kJ·mol–1 from the second and the third law, respectively. Similarly, Porter 
and Spencer [60POR/SPE] studied the reaction Bi2(g) + Se2(g)  2BiSe(g) at 1050 K 
using Knudsen effusion and mass spectrometry and determined the equilibrium con-
stant. The result was re-evaluated by the review as discussed in Appendix A yielding 

f mH ο∆ (BiSe, g, 298.15 K) = (167.5 ± 9.0) kJ·mol–1 from the third law. The adopted 
value of the enthalpy of formation is calculated as the weighted average of the values 
from [69UY/DRO] and [60POR/SPE] yielding: 

f mH ο∆ (BiSe, g, 298.15 K) = (172.2 ± 4.4) kJ·mol–1 

and is included in Appendix E since it was calculated with non-TDB auxiliary data. 

V.6.5.1.3 Bi2Se3(cr) 

The low temperature heat capacity of Bi2Se3(cr) was measured in the temperature range 
6 to 300 K in [90STO/GAV]. The heat capacity at 298.15 K was determined to be 

,mpCο (Bi2Se3, cr, 298.15 K) = (132.6 ± 2.1) J·K–1·mol–1. Melekh and Semenkovich 
[67MEL/SEM] and Blachnik and Schneider [71BLA/SCH] determined the heat capac-
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ity in the temperature range 398 to 773 K and 452 to 985 K, respectively, both using 
drop calorimetry. Rasulov [88RAS] reported the heat capacity in the temperature range 
300 to 1100 K. The heat capacity measurements are summarised in Figure V-14. Heat 
capacity values derived from enthalpy measurements using drop calorimetry at low 
temperatures are less accurate and the value at 298.15 K determined in [90STO/GAV] 
is selected although it is somewhat larger than the values extrapolated from the drop 
calorimetric determinations. Similarly, the assessment in [2001ANT/RUD] selected a 
value, 132.0 J·K–1·mol–1, close to that of the low temperature measurements.The se-
lected value is: 

,mpCο (Bi2Se3, cr, 298.15 K) = (132.6 ± 2.1) J·K–1·mol–1. 

The temperature dependence of the heat capacity varies considerably between 
the investigations in [67MEL/SEM], [71BLA/SCH], and [88RAS] as shown in Figure 
V-14. The heat capacity expression 

,mpCο (Bi2Se3, cr, (298.15 - 985) K) = (126.95 + 18.94 × 10–3 T ) J·K–1·mol–1. 

was derived by the review by assuming a linear relationship and selecting a weighted 
average of ,mpCο (Bi2Se3, cr, 900 K) = 144.0 J·K–1·mol–1 in addition to the selected value 
of the heat capacity at 298.15 K. 

The entropy of formation of Bi2Se3(cr) was determined to be f mS ο∆ (Bi2Se3, cr, 
298.15 K) = – (7.5 ± 29.0) J·K–1·mol–1 by Malekh and Semenkovich [68MAL/SEM] and 
to – (5.2 ± 15.6) J·K–1·mol–1 by Vasiliev, Somov, Nikolskaya, and Gerassimov 
[68VAS/SOM] from electrochemical cell measurements in the temperature range 553 to 
583 K and 310 to 411 K, respectively. The third law entropy derived from the heat ca-
pacity measurements in [90STO/GAV] is mS ο (Bi2Se3, cr, 298.15 K) = (243.5 ± 3.6)   
J·K–1·mol–1 and corresponds to an entropy of formation of f mS ο∆ (Bi2Se3, cr, 298.15 K) = 
(3.76 ± 3.60) J·K–1·mol–1. The thermodynamic modelling in [2001ANT/RUD] resulted 
in an entropy value of 167.5 J·K–1·mol–1 corresponding to f mS ο∆ (Bi2Se3, cr, 298.15 K) = 
− 72.3 J·K–1·mol–1. The review finds this value much too low and selects the third law 
value in [90STO/GAV] 

mS ο (Bi2Se3, cr, 298.15 K) = (243.5 ± 3.6) J·K–1·mol–1. 
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Figure V-14: The heat capacity of Bi2Se3(cr) as measured in various investigations. 

Measurements of the total pressure of the vapour in equilibrium with Bi2Se3 
are summarised in Table V-32. No mass spectrometric investigations are available for 
equilibria involving solid bismuth selenides, but Porter and Spencer [60POR/SPE] iden-
tified the species Se2(g), BiSe(g), and Bi2(g) in the vapour in equilibrium with liquid 
bismuth-selenium alloys of various compositions. It was found that selenium-rich melts 
primarily vaporise by losing Se2(g) and that bismuth-rich melts primarily vaporise by 
losing Bi2(g). The information available about the species in the gas phase is too meagre 
for a proper evaluation of thermodynamic data from the vapour pressure measurements. 
The vaporisation studies in [68BON/PAS] are further discussed in Appendix A. 

The melting point of Bi2Se3(cr) is 978 K and the measurements of the enthalpy 
of fusion are summarised in Table V-33. Premelting phenomena are pronounced and 
explain the scatter in the measured values. The selected value of the enthalpy of fusion 
is: 

 fus mH ο∆ (Bi2Se3, cr, 978 K) = (81.6 ± 7.0) kJ·mol–1. 
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Table V-32: Summary of the measurements of the total vapour pressure in equilibrium 
with Bi2Se3 using various experimental techniques. Note that some of the measurements 
were made above the melting point of Bi2Se3(cr) at 978 K. 

Reference Temperature (K) Method 

[66OHA/KOZ] 773 - 1073 Dew point 

[67KRE/GOR] 747 - 896 Knudsen effusion 

[68BON/PAS] 735 - 879 
794 - 900 

Knudsen effusion 
Langmuir 

[69UST/VIG] 956 - 1288 Static 

[70GOS/PAS] 677 - 822 Knudsen effusion 

Table V-33: Summary of determinations of the enthalpy of fusion of Bi2Se3(cr). 

Reference fus mH ο∆ (Bi2Se3, cr, 978 K) (kJ·mol–1) 

[66GLA/COR] (74.0 ± 4.5) 

[70BLA/SCH] (85.8 ± 4.2) 

[76BRO/CAS] (85 ± 5) 

Average (81.6 ± 7.0) 

The experimental determinations of the enthalpy of formation of Bi2Se3(cr) are 
summarised in Table V-34. The value of the enthalpy of formation determined in 
[55GAT/SCH] was considered tentative by the authors themselves and is far out of line 
with the other determinations. The value is therefore rejected. Similarly, the value de-
termined in [68BON/PAS] is rejected because it stems from an evaluation using an in-
appropriate chemical reaction as discussed in Appendix A. The value of the enthalpy of 
formation attributed to [72MAE/YOK] was calculated by the review from the enthalpies 
of mixing as discussed in Appendix A. The thermodynamic modelling in 
[2001ANT/RUD] resulted in an enthalpy of formation of Bi2Se3(cr) of − 158.5 kJ·mol–1, 
a value which is 13.0 kJ·mol–1 more negative than the average of the experimental val-
ues in Table V-34. The value in this table is selected: 

f mH ο∆ (Bi2Se3, cr, 298.15 K) = – (145.5 ± 10.0) kJ·mol–1. 

The Gibbs energy of formation of Bi2Se3(cr) is calculated from the selected en-
thalpy of formation, the selected entropy of selenium, and the entropy of bismuth in 
[2001LEM/FUG] yielding: 

f mGο∆ (Bi2Se3, cr, 298.15 K) = – (146.6 ± 10.1) kJ·mol–1. 
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Table V-34: Summary of determinations of the enthalpy of formation of Bi2Se3(cr) us-
ing various experimental techniques. The values denoted by (*) were not included in the 
calculation of the average. 

Reference f mH ο∆ (Bi2Se3, cr 298.15 K) 
(kJ·mol–1) 

Temperature 
(K) 

Method 

[55GAT/SCH] – (58.2 ± 6.3) (*)  Oxygen combustion 

[64HOW/MIS] – (140.0 ± 1.9) 623 - 873 Liquid metal solution calorimetry 

[65AND/KUD] – (152.3 ± 6.0)  Oxygen combustion 

[68BON/PAS] – (141.8 ± 6.0) (*) 735 - 879 Vapour pressure 

[68MAL/SEM] – (154.0 ± 6.0) 553 - 583 Electrochemical cell 

[68VAS/SOM] – (136.4 ± 1.9) 310 - 411 Electrochemical cell 

[72MAE/YOK] – 188.8 (*) 998 Liquid metal solution calorimetry 

[76BRO/CAS] – (155.0 ± 10.0) 888 Liquid metal solution calorimetry 

[90STO/GAV] – (135.3 ± 4.2)  Direct synthesis 

Average – (145.5 ± 10.0)   

 

V.6.5.1.4 Bi3Se2(cr) 

No experimental thermodynamic properties have been reported for Bi3Se2(cr). How-
ever, the thermodynamic modelling in [2001ANT/RUD] yielded the values 

,mpCο (Bi3Se2, cr, 298.15 K) = 127 J·K–1·mol–1, mS ο (Bi3Se2, cr, 298.15 K) = 277.5       
J·K–1·mol–1, and f mH ο∆ (Bi3Se2, cr, 298.15 K) = − 92 kJ·mol–1. The values are not based 
on experimental data for this phase and are not selected by the review. In addition, since 
the values selected by the review for BiSe(cr) and Bi2Se3(cr) are quite different from 
those resulting from the phase diagram modelling, the values in [2001ANT/RUD] for 
Bi3Se2(cr) should not be combined with those selected by the review for the other two 
phases. 

V.6.5.2 Bismuth selenites 
Ojkova and Gospodinov [80OJK/GOS] studied the phase equilibria in the system 
Bi2O3-SeO2-H2O at (373.2 ± 1.0) K by solubility measurements in the range 0 to 83.0 
mass-% SeO2. The incongruently soluble phases Bi2(SeO3)3 and Bi2(SeO3)3⋅H2SeO3 
were formed. A phase diagram and the solubility data are presented. Basic salts are 
formed below 1.6 mass-% of SeO2 in the aqueous phase and the solubility is less than 
about 3 × 10–3 mol(Bi(III))⋅kg–1 below 70 mass-% SeO2. 

Andreeva and Karapet’yants [65AND/KAR], [66AND/KAR] performed calo-
rimetric measurements from which the standard enthalpies of formation of 
Bi2(SeO3)3(cr) and (BiO)2SeO3(cr) were found. Their data have been re-evaluated with 
new auxiliary data in Appendix A. The result is f mH ο∆ (Bi2(SeO3)3, cr, 298.15 K) = 
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− (1401.81 ± 6.77) kJ⋅mol–1 and f mH ο∆ ((BiO)2SeO3, cr, 298.15 K) = – (959.49 ± 5.99) 
kJ⋅mol–1. 

Bismuth selenite dissociates thermally in two steps 

 Bi2(SeO3)3(cr)  (BiO)2SeO3(cr) + 2SeO2(g) (V.50) 

 (BiO)2SeO3(cr)  Bi2O3(cr) + SeO2(g) (V.51) 

according to Marcovskii, Sapozhnikov, and Boev [64MAR/SAP]. Bakeeva, Pashinkin, 
and Bakeev [72BAK/PAS] measured the vapour pressure of SeO2(g) by the dew point 
method above a mixture of Bi2(SeO3)3(cr) and (BiO)2SeO3(cr) over the temperature 
range 786 to 885 K and between 786 to 869 K above a mixture of (BiO)2(SeO3)3(cr) and 
Bi2O3(cr). The pressures were evaluated from the dew point temperatures with the rela-
tionship in [69SON/NOV]. The data have been recalculated with the selected relation-
ship for the saturated vapour pressure to yield: 

210 SeOlog p ((V.50), (786 - 885) K) = (9.464 ± 0.081) – (8236 ± 63) T −1 

210 SeOlog p ((V.51), (786 - 869) K) = (7.978 ± 0.235) – (7868 ± 71) T −1. 

However, according to Oppermann et al. [99OPP/GOB] the decomposition of 
(BiO)2SeO3(cr) to Bi2O3(cr) and SeO2(g) comprises additional steps. Therefore no ther-
mochemical data have been calculated by the review from these relationships. 

Oppermann et al. [99OPP/GOB] performed a comprehensive study of the sys-
tem Bi2O3-SeO2. The standard enthalpies of formation of Bi2(SeO3)3(cr) and 
(BiO)2SeO3(cr) prepared by high temperature synthesis were found to be 
− (1404.6 ± 7.1) kJ·mol–1 and − (902.5 ± 5.4) kJ·mol–1, respectively, from solution calo-
rimetry. The corresponding values from vapour pressure measurements of the decompo-
sition reactions were reported to be – (1389.9 ± 33.5) kJ·mol–1 and – (884.5 ± 12.6) 
kJ·mol–1. No thermodynamic quantities can be recommended for (BiO)2SeO3 due to the 
scatter of the present data. For Bi2(SeO3)3 the agreement is good and the mean of the 
values obtained by calorimetry will be adopted and included in Appendix E since it was 
evaluated with non-TDB auxiliary data: 

f mH ο∆ (Bi2(SeO3)3, cr, 298.15 K) = – (1403.2 ± 5.0) kJ⋅mol–1. 

The entropy change of the decomposition reaction yields mS ο (Bi2(SeO3)3, cr, 
298.15 K) = (392 ± 38) J.K–1.mol–1 in [99OPP/GOB]. This value is not selected.  

V.6.5.3 Bismuth selenates 
No thermodynamic data have been found for bismuth selenates. 
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V.7 Group 14 compounds and complexes 

V.7.1 Carbon compounds 

V.7.1.1 Carbon selenides 

V.7.1.1.1 CSe(g) 

The heat capacity and entropy of CSe(g) were calculated by the review from the ground 
state properties given by Lebreton, Bosser and Marsigny [73LEB/BOS]. The lowest 
excited state lies at 24396 cm−1 according to Bosser and Lebreton [81BOS/LEB] and 
does not contribute significantly to the thermal properties below 2000 K. The selected 
values are: 

,mpCο (CSe, g, 298.15 K) = (30.58 ± 0.20) J.K–1.mol–1 

and 

mS ο (CSe, g, 298.15 K) = (222.75 ± 0.50) J.K–1.mol–1. 

The expression 

,mpCο (CSe, g, (298.15 - 2000) K) = (44.2955 − 3.4256 × 10–3 T + 6.91 × 10−7 T 2  
 − 6.0184 × 103 T −1 + 6.60504 × 105 T –2) J.K–1.mol–1 

describes the heat capacity obtained from the statistical mechanics calculations to within 
± 0.02 J.K–1.mol–1. 

The atomisation energy of CSe(g) was determined to be at mH ο∆ (CSe, g, 0 K) = 
(578.9 ± 23.0) kJ⋅mol–1 by Drowart [64DRO] and to be at mH ο∆ (CSe, g, 298.15 K) = 
(590.8 ± 9.0) kJ⋅mol–1 by Smoes and Drowart [77SMO/DRO] from mass spectrometric 
measurements. The selected value of the enthalpy of formation is calculated by combin-
ing the latter value of the enthalpy of atomisation with the selected value of the enthalpy 
of formation of Se(g) and the corresponding value for C(g) in [89COX/WAG] yielding: 

f mH ο∆ (CSe, g, 298.15 K) = (362.0 ± 9.2) kJ⋅mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation, the selected entropy of selenium, and the entropy of carbon in [89COX/WAG] 
to be: 

f mGο∆ (CSe, g, 298.15 K) = (309.9 ± 9.2) kJ⋅mol–1. 

V.7.1.1.2 CSe2(cr, l, g) 

Carbon diselenide, CSe2, can be prepared by reacting dichloromethane, CH2Cl2, with 
liquid selenium at 870 K. The gaseous reaction mixture is solidified by cooling to 195 K 
and CSe2 is purified from unreacted CH2Cl2 by fractional distillation [66GAT/DRA2]. 
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The melting and boiling points of CSe2 are (229.47 ± 0.05) K and (398.2 ± 0.5) K, re-
spectively, at a pressure of 1 bar. At room temperature, the golden yellow liquid soon 
darkens and produces what is believed to be polymeric (CSe2)n(s) [68BRO/WHA] 
while, at 195 K, the solid could be kept for several months without deterioration 
[66GAT/DRA2]. 

Gattow and Dräger [66GAT/DRA2], [66GAT/DRA3] have made the most 
comprehensive and careful studies of the properties and thermochemistry of CSe2. They 
utilised vapour pressure measurements and calorimetric measurements to conclude that 
the enthalpy and the entropy of fusion are: 

fus mH ο∆ (CSe2, cr, 229.47 K) = (6.4 ± 0.2) kJ⋅mol–1 

fus mS ο∆ (CSe2, cr, 229.47 K) = (27.8 ± 1.0) J⋅K–1⋅mol–1. 

The heat capacity of CSe2(cr, l) was studied within the temperature range of 78 
to 328 K with the drop calorimetry method, and the data were reproduced by the equa-
tions:  

,mpCο (CSe2, cr, (78 - 229) K) = (51.71 + 5.623 × 10–2 T – 3.1 × 10–4 T –2) J⋅K–1⋅mol–1 

,mpCο (CSe2, l, (230 - 328) K) = (68.70 + 6.65 × 10–2 T ) J⋅K–1⋅mol–1. 

From the second equation, the selected value: 

,mpCο (CSe2, l, 298.15 K) = (88.53 ± 0.90) J⋅K–1⋅mol–1 

is obtained. 

Gattow and Dräger [66GAT/DRA] determined the vapour pressures over crys-
talline and liquid CSe2, respectively, by an isoteniscope. The measurements were found 
to obey the equations: 

10log p (CSe2, cr, (219 - 229) K) = 6.915 − 2418 T –1  

and 

10log p (CSe2, l, (230 - 337) K) = 22.87 – 2702 T –1 – 6.2345 log10 T. 

The equation presented by Ives, Pittman and Wardlaw [47IVE/PIT] for liquid 
CSe2 is 10log p (CSe2, l, (273 - 333) K) = 5.04 − 1987 T –1. Since the CSe2 specimen 
employed by Gattow and Dräger is judged by this review to be of significantly higher 
purity, the former equation is given preference. It is used to calculate the selected en-
thalpy of vaporisation for CSe2(l) 

vap mH ο∆ (CSe2, l, 298.15 K) = (36.3 ± 0.2) kJ⋅mol–1. 

The heat of combustion of CSe2(l) at 298.15 K was measured by bomb calo-
rimetry in [66GAT/DRA3]. Corrections were made for the formation of minor quanti-
ties of elemental carbon and selenium. For the reaction CSe2(l) + 3O2(g) → CO2(g) + 
2SeO2(cr) a reaction enthalpy of r mH ο∆  = – (1064.0 ± 7.5) kJ⋅mol–1 was obtained. 
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Merten and Schluter [36MER/SCH] found the value – 1008 kJ⋅mol–1 with the same 
method. Since Gattow and Dräger considered the formation of by-products in the ex-
periments, their value is selected. It combines with the selected enthalpies of formation 
of SeO2(cr) and CO2(g) to:  

f mH ο∆ (CSe2, l, 298.15 K) = (219.3 ± 7.6) kJ⋅mol–1. 

This value combines with the selected enthalpy of vaporisation for CSe2(l) to: 

f mH ο∆ (CSe2, g, 298.15 K) = (255.6 ± 7.6) kJ⋅mol–1. 

In [82WAG/EVA], the enthalpy of formation for CSe2(l) at 298.15 K is re-
ported to be 164.8 kJ⋅mol–1. This value is apparently based on the data in 
[36MER/SCH]. 

The standard entropy of CSe2(g) was calculated from molecular parameters in 
[88BUR/WIL] to yield the selected value:  

mS ο (CSe2, g, 298.15 K) = (263.2 ± 1.0) J⋅K–1⋅mol–1. 

The molecular constant data were also employed to calculate the heat capacity 
of CSe2(g) 

,mpCο (CSe2, g, (298 - 2000) K) = (70.0729 − 3.3995 × 10–3 T + 5.687 × 10−7 T 2  
 − 8.1383 × 103 T −1 + 7.2256 × 105 T −2) J⋅K–1⋅mol–1. 

This relationship yields: 

,mpCο (CSe2, g, 298.15 K) = (49.9 ± 0.1) J⋅K–1⋅mol–1. 

The value of mS ο (CSe2, l, 298.15 K) was calculated by Gattow and Dräger 
[66GAT/DRA3] from the heat content measurements. It was also calculated from 

mS ο (CSe2, g, 298.15 K) combined with vap mS ο∆ (CSe2, l, 298.15 K) obtained from the 
vapour pressure measurements. The two values were in acceptable agreement, 
(165.3 ± 9.2) and (172.4 ± 8.4) J⋅K–1⋅mol–1, respectively. They also agree with the value 
calculated from vapour pressure measurements by Ives et al. [47IVE/PIT], 
(166.9 ± 12.6) J⋅K–1⋅mol–1. On this basis, the review selects 

mS ο (CSe2, l, 298.15 K) = (168 ± 15) J⋅K–1⋅mol–1. 

The selected data yield: 

f mGο∆ (CSe2, l, 298.15 K) = (196.0 ± 8.8) kJ⋅mol–1, 

f mGο∆ (CSe2, g, 298.15 K) = (204.0 ± 7.6) kJ⋅mol–1. 

V.7.1.2 Selenocyanate 
The selenocyanate ion, SeCN–, is an ambidentate ion which may coordinate to metal 
ions via either the nitrogen atom (to “hard” metal ions) or the selenium atom (to “soft” 
metal ions) [74AHR/AVS], [75NOR], [79KAR/CRE]. Its potassium salt can be pre-
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pared by reacting a suspension of elemental selenium and potassium cyanide in liquid 
ammonia or in boiling absolute ethanol [65GOL/SKO]. The compound is sensitive to 
light and moisture and can be purified via recrystallisation from acetone/diethylether 
solution [66BOU/KEL]. 

Boughton and Keller [66BOU/KEL] measured the change in pH when a pure 
specimen of KSeCN was added to water and found it to be practically negligible. From 
this, the authors concluded that the apK of HSeCN is, at least, below 1. Attempts to ti-
trate a solution of KSeCN with hydrochloric acid failed due to the rapid decomposition 
into elemental selenium and hydrogen cyanide. The thermodynamics of the reaction 

 SeCN– + H+  Se(monoclinic) + HCN(aq) (V.52) 

was studied in dilute solution between 273.5 and 285.7 K by Hamada [61HAM]. As 
discussed in Appendix A, the results of this investigation could only in part be selected 
with  

10log K ο ((V.52), 298.15 K) = (3.6 ± 0.5) 

and 

f mGο∆ (SeCN–, 298.15 K) = (136.1 ± 3.8) kJ⋅mol–1. 

V.7.2 Silicon compounds 

V.7.2.1 Silicon selenides 
Tomaszkiewicz, Susman, Volin, and O’Hare in [94TOM/SUS] measured the enthalpy 
of formation of SiSe2(cr) and thoroughly reviewed the thermodynamic properties of 
silicon selenides. No new experimental information is available and in general the val-
ues reported in [94TOM/SUS] are accepted by the review. Thermodynamic information 
is available for SiSe2(cr) and SiSe(g). 

V.7.2.1.1 SiSe(g) 

The heat capacity and entropy were calculated in [94TOM/SUS] using statistical me-
chanics and experimental values of the molecular constants. The values obtained are 
selected,  

,mpCο (SiSe, g, 298.15 K) = (33.6 ± 0.1) J·K–1·mol–1 

and 

mS ο (SiSe, g, 298.15 K) = (235.58 ± 0.20) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (SiSe, g, (298.15 - 1500) K) = (35.954 + 2.005 × 10–3 T − 0.7427 × 10–6 T 2 
 – 2.56238 × 105 T –2) J·K–1·mol–1 
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was derived by the review from the heat capacity values given in Table 5 in 
[94TOM/SUS]. 

The enthalpy of the reaction  

 ½SiSe2(cr) + ½Si(cr)  SiSe(g) (V.53) 

was assessed in [94TOM/SUS] to be r mH ο∆ ((V.53), 298.15 K) = (239 ± 10) kJ·mol–1 by 
critically examining the vapour pressure measurements by Emons and Theisen 
[72EMO/THE] and Ustyugov, Bezobrazov, Mareev, and Yu [70UST/BEZ], the spectro-
scopic studies by Huber and Herzberg [79HUB/HER], and the mass-spectrometric ob-
servations of Drowart [64DRO]. The enthalpy of formation of SiSe(g) calculated from 
the reaction enthalpy and the selected enthalpy of formation of SiSe2(cr) is selected, 

f mH ο∆ (SiSe, g, 298.15 K) = (150.2 ± 10.5) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation, the selected entropy of selenium, and the entropy of silicon in [89COX/WAG], 

f mGο∆ (SiSe, g, 298.15 K) = (98.1 ± 10.5) kJ·mol–1. 

V.7.2.1.2 SiSe2(cr) 

The enthalpy of formation of SiSe2(cr) was determined to be f mH ο∆ (SiSe2, cr, 
298.15 K) = (5 ± 2) kJ·mol–1 by Gabriel and Alvarez-Tostado [52GAB/ALV] by meas-
uring the enthalpy of dissolution of SiSe2(cr) in concentrated NaOH(aq). The reaction 
SiSe2(cr) + 6NaOH(aq)  2Na2Se(aq) + Na2SiO3(aq) + 3H2O(l) was assumed to occur 
in the calorimeter. The result differs completely from the very accurate fluorine com-
bustion calorimetry work in [94TOM/SUS]. The study determined the reaction enthalpy 
for  

 SiSe2(cr) + 8F2(g)  SiF4(g) + 2SeF6(g) (V.54) 

to be r mH ο∆ ((V.54), 298.15 K) = − (3673.4 ± 3.0) kJ·mol–1, yielding f mH ο∆ (SiSe2, cr, 
298.15 K) = − (177.6 ± 3.2) kJ·mol–1 using the CODATA [89COX/WAG] enthalpy 
value of SiF4(g) and the selected enthalpy value of SeF6(g). The experimental procedure 
in [52GAB/ALV] was thoroughly examined and discussed in [94TOM/SUS] but all 
attempts to explain the large difference between the two values failed and it was con-
cluded that the reaction actually taking place in the study in [52GAB/ALV] was differ-
ent from that anticipated. The value determined in [94TOM/SUS] is selected: 

f mH ο∆ (SiSe2, cr, 298.15 K) = − (177.6 ± 3.2) kJ·mol–1. 
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V.7.3 Germanium compounds 

V.7.3.1 Germanium selenides 
The thermodynamics of the compounds in the system germanium-selenium were re-
viewed and critically assessed by O’Hare, Zywocinski, and Curtiss [96OHA/ZYW]. No 
new experimental information is available and in general the values reported in 
[96OHA/ZYW] are accepted by this review. Thermodynamic information is available 
for GeSe(cr), GeSe2(cr), GeSe(g), GeSe2(g) and Ge2Se2(g). 

V.7.3.1.1 GeSe(cr) 

The heat capacity and entropy of GeSe(s) were assessed in [96OHA/ZYW] from the 
heat capacities reported by Zhdanov [69ZHD], Wiedemeier, Siemers, Gaur, and 
Wunderlich [78WIE/SIE], Rasulov and Medzhidov [76RAS/MED], and Rasulov 
[88RAS]. The assessed values are selected: 

,mpCο (GeSe, cr, 298.15 K) = (49.9 ± 0.5) J·K–1·mol–1 

and 

mS ο (GeSe, cr, 298.15 K) = (79.6 ± 0.8) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (GeSe, cr, (298.15 - 940) K) = (46.777 + 15.099 × 10–3 T – 0.0316 × 10–6 T 2 
 – 1.231 × 105 T –2) J·K–1·mol–1 

was evaluated by the review from the values tabulated in Table 6 in [96OHA/ZYW].  

The enthalpy of reaction for  

 GeSe(cr) + 5F2(g)  GeF4(g) + SeF6(g)  (V.55) 

was determined to be r mH ο∆ ((V.55), 298.15 K) = − (2257.9 ± 1.3) kJ·mol–1 by O’Hare, 
Susman, and Volin [89OHA/SUS] using fluorine combustion calorimetry. The selected 
value of the enthalpy of formation of GeSe(cr) is obtained by combining this enthalpy 
of reaction with the CODATA [89COX/WAG] enthalpy value of GeF4(g) and the se-
lected enthalpy value of SeF6(g) yielding: 

f mH ο∆ (GeSe, cr, 298.15 K) = − (50.3 ± 1.4) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy of GeSe(cr), the selected entropy of selenium, and the entropy of 
germanium in [89COX/WAG] to be: 

f mGο∆ (GeSe, cr, 298.15 K) = – (52.2 ± 1.4) kJ·mol–1. 
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V.7.3.1.2 GeSe(g) 

The heat capacity and entropy of GeSe(g) were calculated by the review from the mo-
lecular parameters of 74Ge80Se(g) given by Herzberg [79HUB/HER] using the usual 
non-rigid rotator, anharmonic oscillator approximation. The parameters were scaled to 
the mean molecular mass by the procedures outlined in [50HER]. No excited states 
were considered since they all lie above 30,000 cm−1 and do not affect the properties 
below 3000 K. The calculated values are selected: 

,mpCο (GeSe, g, 298.15 K) = (35.25 ± 0.20) J·K–1·mol–1 

and 

mS ο (GeSe, g, 298.15 K) = (247.42 ± 0.50) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (GeSe, g, (298.15 - 3000) K) = (37.841 + 0.1340 × 10−3 T − 0.0308 × 10−6 T 2 
 – 3.772 × 102 T −1 – 1.218 × 105 T −2) J·K–1·mol–1 

describes the statistical mechanics results to within 0.01 J·K–1·mol–1. 

GeSe(cr) sublimes congruently according to the reaction GeSe(cr)  GeSe(g) 
and the enthalpy of sublimation of GeSe(g) was assessed to be sub mH ο∆ (GeSe, cr, 
298.15 K) = (172.7 ± 1.0) kJ·mol–1 in [96OHA/ZYW] from the vapour pressure meas-
urements by Chun-Hua, Pashinkin, and Novoselova [62CHU/PAS], Karbanov, Zlo-
manov, and Novoselova [68KAR/ZLO], Pashinkin, Ukhlinov, and Novoselova 
[69PAS/UKH], Wiedmeier and Irene [74WIE/IRE], and Ferro, Piacente, and Bardi 
[86FER/PIA]. The sublimation enthalpy was combined with the selected value of the 
enthalpy of formation of GeSe(cr) to give the selected value of the enthalpy of forma-
tion of GeSe(g): 

f mH ο∆ (GeSe, g, 298.15 K) = (122.4 ± 1.8) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy of GeSe(g), the selected entropy of selenium, and the entropy of 
germanium in [89COX/WAG] to be: 

f mGο∆ (GeSe, g, 298.15 K) = (70.5 ± 1.8) kJ·mol–1. 

V.7.3.1.3 GeSe2(cr) 

The heat capacity and entropy of GeSe2(cr) were assessed to be (71.3 ± 0.7) J·K–1·mol–1 
and (114.3 ± 1.2) J·K–1·mol–1, respectively, in [96OHA/ZYW] mainly from the heat 
capacity measurements made in the temperature range 52 to 310 K by Tarasov, Zhda-
dov, and Maltsev [68TAR/ZHD]. Since then, the heat capacity of GeSe2(cr) has been 
measured in the temperature range 13 to 900 K using adiabatic calorimetry by Stølen et 
al. [99STO/JOH]. Their values of the heat capacity and entropy at 298.15 K are within 
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the uncertainty ranges of the assessed values in [96OHA/ZYW] and are preferred. The 
selected values are: 

,mpCο (GeSe2, cr, 298.15 K) = (71.7 ± 0.7) J·K–1·mol–1 

and 

mS ο (GeSe2, cr, 298.15 K) = (115.4 ± 1.2) J·K–1·mol–1. 

The heat capacity of GeSe2(cr) shows a sharp λ-type effect at 423 K and no analytical 
expression for the temperature dependence of the heat capacity was therefore evaluated. 

The enthalpy of reaction for  

 GeSe2(cr) + 8F2(g)  GeF4(g) + 2SeF6(g)  (V.56) 

was determined to be r mH ο∆ ((V.56), 298.15 K) = − (3325.0 ± 2.3) kJ·mol–1 by O’Hare 
[86OHA] and to r mH ο∆ ((V.56), 298.15 K) = − (3323.5 ± 2.9) kJ·mol–1 by O’Hare, Sus-
man, and Volin [87OHA/SUS] using fluorine combustion calorimetry. The values were 
combined with the CODATA [89COX/WAG] enthalpy value of GeF4(g) and the se-
lected enthalpy value of SeF6(g) to yield f mH ο∆ (GeSe2, cr, 298.15 K) = − (101.2 ± 2.3) 
kJ·mol–1 and f mH ο∆ (GeSe2, cr, 298.15 K) = − (102.7 ± 2.9) kJ·mol–1, respectively. 
Boone and Kleppa [92BOO/KLE] determined f mH ο∆ (GeSe2, cr, 298.15 K) = 
− (84.4 ± 1.8) kJ·mol–1 using direct synthesis calorimetry. The discrepancy between the 
result obtained in the two methods is much larger than the claimed accuracy of the 
measurements. All three determinations seem to have been carried out with utmost care 
and under very precise conditions. Nevertheless, there must be unknown systematic 
errors hidden in at least one of the methods. This problem was analysed in detail in the 
review in [96OHA/ZYW] without finding any conclusive reason why the results differ. 
Nevertheless it was argued in favour of the fluorine combustion technique because the 
vapour pressures of GeSe(g) and GeSe2(g) in equilibrium with a mixture of GeSe(cr) 
and GeSe2(cr) as calculated from the enthalpy value in [92BOO/KLE] are inconsistent 
with vapour pressure measurements. However, the enthalpy of formation of GeSe(cr) 
employed in the calculations was determined by fluorine combustion calorimetry (cf 
V.7.3.1.1) and may eventually be subject to similar systematic errors. At present, there 
is no conclusive reason to dismiss the result from either method and the review selects 
the mean obtained from the methods 

f mH ο∆ (GeSe2, cr, 298.15 K) = – (93.2 ± 12.0) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy of GeSe2(cr), the selected entropy of selenium, and the entropy of 
germanium in [89COX/WAG] to be: 

f mGο∆ (GeSe2, cr, 298.15 K) = – (93.2 ± 12.0) kJ·mol–1. 
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V.7.3.1.4 GeSe2(g) 

The heat capacity and entropy were calculated from statistical mechanics employing 
molecular parameters obtained by quantum mechanical calculations in [96OHA/ZYW] 
to be ,mpCο (GeSe2, g, 298.15 K) = (57.2 ± 1.8) J·K–1·mol–1 and mS ο (GeSe2, g, 
298.15 K) = (285.3 ± 9.0) J·K–1·mol–1. 

The heat capacity expression ,mpCο (GeSe2, g, (298.15 - 3000) K) = (61.888 + 
0.4049 × 10–3 T − 0.0881 × 10–6 T 2 – 4.302 × 105 T –2) J·K–1·mol–1 was evaluated by the 
review from the values tabulated in Table 3 in [96OHA/ZYW]. The entropy and heat 
capacity values are not selected because they are based on quantum mechanical calcula-
tions only and not on experimental data. 

The enthalpy of sublimation of GeSe2(cr) was assessed to be sub mH ο∆ (GeSe2, 
cr, 298.15 K) = (218 ± 18) kJ·mol–1 in [96OHA/ZYW] from the vapour pressure meas-
urements by Karbanov, Zlomanov, and Novoselova [68KAR/ZLO], Wiedemeier and 
Irene [74WIE/IRE], and Chirulli and Piacente [84CHI/PIA]. This value is adopted since 
the additional uncertainty originating from the recalculation of the high temperature 
data to standard conditions is judged to be moderate compared to the estimated experi-
mental uncertainty. The sublimation enthalpy was combined with the selected value of 
the enthalpy of formation of GeSe2(cr) to give the selected value of the enthalpy of for-
mation of GeSe2(g) 

f mH ο∆ (GeSe2, g, 298.15 K) = (124.8 ± 21.6) kJ·mol–1. 

V.7.3.1.5 Ge2Se2(g) 

The heat capacity and entropy were calculated from statistical mechanics employing 
molecular parameters obtained by quantum mechanical calculations in [96OHA/ZYW] 
to be ,mpCο (Ge2Se2, g, 298.15 K) = (79.0 ± 2.4) J·K–1·mol–1 and mS ο (Ge2Se2, g, 
298.15 K) = (357.8 ± 11.0) J·K–1·mol–1. The heat capacity expression ,mpCο (Ge2Se2, g, 
(298.15 - 3000) K) = (83.025 + 0.1039 × 10–3 T – 0.0224 × 10–6 T 2 – 3.594 × 105 T –2) 
J·K–1·mol–1 was evaluated by the review from the values tabulated in Table 4 in 
[96OHA/ZYW]. These results are not selected. 

The enthalpy of the dissociation  

 Ge2Se2(g)  2GeSe(g)  (V.57) 

was assessed in [96OHA/ZYW] by a third law evaluation of the mass spectrometric 
studies by Zlomanov, Novozhilov, and Makarov [80ZLO/NOV] and Balducci, Sacconi, 
and Gigli [91BAL/SAC]. to be r mH ο∆ ((V.57), 298.15 K) = (109 ± 5) kJ·mol–1. The 
value of the enthalpy of formation of Ge2Se2(g), (135.8 ± 6.4) kJ·mol–1, is calculated 
from this value and the selected enthalpy of formation of GeSe(g). The results have not 
been adopted since the accuracy of the thermal data and entropy of Ge2Se2(g) needed in 
the calculations could not be ascertained by the review. 
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V.7.3.2 Germanium selenites 
Slavtscheva, Popova, and Gospodinov [84SLA/POP] prepared Ge(SeO3)2(cr) and meas-
ured its solubility in dilute mineral acids. The solubility product calculated from these 
measurements is not accepted, see Appendix A. 

Gospodinov and Bogdanov [89GOS/BOG] studied the thermal decomposition 
of germanium selenite. The heat capacity of Ge(SeO3)2 was determined by differential 
scanning calorimetry to be ,mpCο (Ge(SeO3)2, cr, (400 - 550) K) = (– 22.47 + 0.8109 T – 
1.653 × 10–4 T 2) J.K–1.mol–1. The relationship is not recommended since concurrent 
measurements on PbSeO3(cr) led to dubious results. 

No other thermodynamic data have been found for germanium selenites. 

V.7.3.3 Germanium selenates 
No thermodynamic data have been found for germanium selenates. 

V.7.4 Tin compounds 

V.7.4.1 Tin selenides 
The phase diagram and the thermodynamic properties of the condensed phases in the 
system tin-selenium were assessed by Feutelais, Majid, Legendre, and Fries 
[96FEU/MAJ]. The solid phases reported in the system were α-SnSe, β-SnSe, and 
SnSe2. No new experimental thermodynamic information is available and the selected 
thermodynamic properties of the solid phases were in general calculated from the Gibbs 
energy expressions evaluated in [96FEU/MAJ]. 

The gaseous species SnSe(g), SnSe2(g), and Sn2Se2(g) have been reported in 
mass spectrometric investigations of the vaporisation of the solid compounds. 

V.7.4.1.1 α-SnSe 

α-SnSe is the stable form of crystalline SnSe below (796 ± 3) K at which temperature it 
transforms into β-SnSe. 

The heat capacity of α-SnSe was evaluated in [96FEU/MAJ] from the heat ca-
pacity and heat content measurements summarised in Table V-35.  

The expression  

,mpCο (SnSe, α, (298.15 - 796) K) = (52.62 + 7.28 × 10–3 T – 1.329 × 10–6 T 2 
 – 2.4569 × 105 T –2) J·K–1·mol–1 

was calculated by the review from the Gibbs energy expression selected in 
[96FEU/MAJ]. The heat capacity at 298.15 K calculated from this expression is se-
lected: 



V Discussion of data selection for selenium 

 

214

,mpCο (SnSe, α, 298.15 K) = (51.9 ± 2.0) J·K–1·mol–1. 

Table V-35: Heat capacity and heat content measurements for α-SnSe and β-SnSe. The 
transition α → β occurs at (796 ± 3) K.  

Reference Temperature range (K) Method 

[74BLA/IGE2] 298 - 787 Drop calorimetry 

[81BAL/LEG] 375 - 1135 Drop calorimetry 

[81WIE/PUL] 230 - 580 Differential scanning calorimetry 

[91RAS] 320 - 1146 Drop calorimetry 

[94YAM/KAM] 700 - 1400 Drop calorimetry 

The standard entropy of α-SnSe was evaluated to be 86.93 J·K–1·mol–1, corre-
sponding to f mS ο∆ (SnSe, α, 298.15 K) = − 6.3 J·K–1·mol–1, in the thermodynamic opti-
misation and assessment of the Sn-Se system in [96FEU/MAJ]. The value originates 
mainly from the modelling and assumptions made about the liquid phase in the system 
and the recalculation to 298.15 K by the use of enthalpies of phase transformations and 
heat capacities. The only experimental determination of the entropy at low temperatures 
was made by Melekh, Stepanova, Fomina, and Semenkovich [71MEL/STE] who per-
formed emf measurements on the galvanic cells  

(−) Sn(cr) | SnCl2 (in AlCl3 + NaCl melt) | SnSe2(cr), Se(trig) (+) 

(−) Sn(cr) | SnCl2 (in AlCl3 + NaCl melt) | SnSe(cr), SnSe2(cr) (+) 

in the temperature range 435 to 485 K resulting in f mS ο∆ (SnSe, α, 298.15 K) = 
(5.0 ± 4.6) J·K–1·mol–1. The results in [96FEU/MAJ] and [71MEL/STE] disagree and 
since both values are based on a number of estimates no value is selected for the en-
tropy at 298.15 K. 

The enthalpy of formation of α-SnSe was evaluated in [96FEU/MAJ] by con-
sidering the results of the direct synthesis calorimetry measurements of Gadzhiev and 
Sharifov [60GAD/SHA] and Boone and Kleppa [92BOO/KLE], the Knudsen effusion 
measurements of Colin and Drowart [64COL/DRO], and the emf measurements in 
[71MEL/STE]. The review accepts the assessment in [96FEU/MAJ] and obtains from 
the data presented there the selected value:  

f mH ο∆ (SnSe, α, 298.15 K) = − (109.5 ± 15.0) kJ·mol–1 

where the error limits were set by the review. 



V.7 Group 14 compounds and complexes 

 

215

V.7.4.1.2 β-SnSe 

β-SnSe is the stable form of crystalline SnSe from 796 K up to 1146 K where it melts. 

No heat capacity or heat content measurements have been made for β-SnSe be-
low 796 K and consequently no value can be selected at 298.15K. [96FEU/MAJ] em-
ployed the heat capacity expression of α-SnSe to describe the heat capacity of β-SnSe 
in the thermochemical modelling of the tin-selenium system. 

The enthalpy of the transformation α-SnSe → β-SnSe was estimated to be 
1.28 kJ·mol–1 in [96FEU/MAJ] from the heat content measurements summarised in 
Table V-35. 

V.7.4.1.3 SnSe(g) 

The heat capacity and entropy of SnSe(g) were calculated by the review from the mo-
lecular parameters of 120Sn80Se(g) given by Herzberg [79HUB/HER] using the usual 
non-rigid rotator, anharmonic oscillator approximation. The parameters were scaled to 
the mean molecular mass by the procedures outlined in [50HER]. No excited states 
were considered since they all lie above 27,000 cm–1 and do not affect the properties 
below 3000 K. The calculated values are selected: 

,mpCο (SnSe, g, 298.15 K) = (35.93 ± 0.50) J·K–1·mol–1 

and 

mS ο (SnSe, g, 298.15 K) = (255.4 ± 1.0) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (SnSe, g, (298.15 - 3000) K) = (37.619 + 0.2104 × 10–3 T − 0.0151 × 10−6 T 2 

 – 1.787 × 102 T –1 – 1.02881 × 105 T –2) J·K–1·mol–1 

describes the results obtained by statistical mechanics to within 0.005 J·K–1·mol–1. 

The mass spectrometric investigations of the vaporisation of SnSe(cr) by Colin 
and Drowart [64COL/DRO] and by Kulyukhina, Zlomanov, and Novoselova 
[79KUL/ZLO] have shown that SnSe(g) is the major product formed in the vaporisation 
process. The species Sn(g), Se2(g), SnSe2(g) and Sn2Se2(g) were only found in minor 
quantities. The thermodynamic properties of SnSe(g) can thus be evaluated from the 
measurements of the saturated total pressure in equilibrium with SnSe(cr) assuming the 
reaction α-SnSe  SnSe(g). The results of such studies evaluated as discussed in Ap-
pendix A are summarised in Table V-36. The weighted average sub mH ο∆ (SnSe, 
α, 298.15 K) = (219.7 ± 4.6) kJ·mol–1 was combined with the selected enthalpy of for-
mation of α-SnSe to yield the selected enthalpy of formation of SnSe(g): 

f mH ο∆ (SnSe, g, 298.15 K) = (110.2 ± 15.7) kJ·mol–1. 
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Table V-36: Determinations of the enthalpy and entropy of sublimation of α-SnSe. 

Reference sub mH ο∆ (SnSe, α 298.15 K) 
(kJ·mol–1) 

sub mS ο∆ (SnSe, α, 298.15 K) 
(J·K–1·mol–1) 

T 
(K) 

Measurement  
method 

[61NES/PAS] (188.2 ± 20.0) (133.0 ± 25.0) 862 - 920 Knudsen effusion 

[63HIR/ICH] (210.8 ± 12.0) (158.9 ± 13.0) 773 - 898 Knudsen effusion 

[64COL/DRO] (150.8 ± 45.0) (92.7 ± 40.0) 792 - 979 Knudsen effusion,  
mass spectroscopy 

[70BLA/MUN] (217.0 ± 7.0) (164.7 ± 8.0) 789 - 975 Torsion effusion 

[79KUL/ZLO] (209.1 ± 25.0) (198.7 ± 30.0) 550 - 693 Knudsen effusion,  
mass spectroscopy 

[83WIE/PUL] (219.7 ± 10.0) (166.7 ± 7.0) 736 - 967 Knudsen effusion 

[95ZOC/PIA] (222.5 ± 3.4) (168.9 ± 4.2) 793 - 1040 Torsion effusion 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy of SnSe(g), the selected entropy of selenium, and the entropy of tin 
in [89COX/WAG] to be: 

f mGο∆ (SnSe, g, 298.15 K) = (61.9 ± 15.7) kJ·mol–1. 

V.7.4.1.4 SnSe2(cr) 

The heat capacity of SnSe2(cr) was measured in the temperature range 230 to 570 K in a 
careful study by Wiedemeier, Pultz, Gaur, and Wunderlich [81WIE/PUL]. Their results 
are selected: 

,mpCο (SnSe2, cr, (230 - 570) K) = (75.39 + 11.5 × 10−3 T – 1.92 × 105 T −2) J·K–1·mol–1 

and  

,mpCο (SnSe2, cr, 298.15K) = (76.7 ± 0.5) J·K–1·mol–1. 

The standard entropy of SnSe2(cr) was evaluated to 139.8 J·K–1·mol–1, corre-
sponding to f mS ο∆ (SnSe2, cr, 298.15 K) = 4.4 J·K–1·mol–1, in the thermodynamic opti-
misation and assessment of the Sn-Se system in [96FEU/MAJ]. The value originates 
mainly from the modelling and assumptions made about the liquid phase in the system 
and the recalculation to 298.15 K by the use of enthalpies of phase transformations and 
heat capacities. The only experimental information about the entropy at low tempera-
tures originates from the emf measurements on the galvanic cell  

(−) Sn(cr) | SnCl2 (in AlCl3 + NaCl melt) | SnSe2(cr), Se(trig) (+) 

made in the temperature range 435 to 485 K by Melekh, Stepanova, Fomina, and Se-
menkovich [71MEL/STE]. The resulting f mS ο∆ (SnSe2, cr, 298.15 K) = − (17.2 ± 2.5) 
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J·K–1·mol–1 disagrees with the value in [96FEU/MAJ] and because of the large discrep-
ancy no value is selected for the entropy at 298.15 K. 

The enthalpy of formation of SnSe2(cr) was evaluated in [96FEU/MAJ] by 
considering the results of the direct synthesis calorimetry measurements of Boone and 
Kleppa [92BOO/KLE], the vapour pressure measurements of Karakhanova, Pashinkin, 
and Novoselova [67KAR/PAS] and Kulyukhina, Zlomanov, and Novoselova 
[77KUL/ZLO], and the emf measurements in [71MEL/STE]. The review accepts the 
assessment in [96FEU/MAJ] and obtains from the data presented there the selected 
value: 

f mH ο∆ (SnSe2, cr, 298.15 K) = − (114.9 ± 10.0) kJ·mol−1 

where the error limits were set by the review. 

V.7.4.1.5 SnSe2(g) 

The molecule SnSe2(g) was found to be present in very low concentrations in the mass 
spectrometric investigation of the vaporisation of SnSe2(cr) in the temperature range 
550 to 690 K in [79KUL/ZLO] but not in a similar study of the vaporisation of solid 
SnSe in [64COL/DRO]. The enthalpy of the reaction 

 SnSe2(cr)  SnSe2(g)  (V.58) 

was reported in [79KUL/ZLO] to be r mH ο∆ ((V.58), 298.15 K) = (190.5 ± 20.9) kJ·mol−1 
from the second law and r mH ο∆ ((V.58), 298.15 K) = (193.8 ± 12.6) kJ·mol−1 from the 
third law. No experimental heat capacities or entropies are available for a proper recal-
culation of the high temperature results to the standard temperature and no presentation 
of the data used in the paper is made. Since the additional uncertainties originating from 
the fairly short extrapolation to the standard temperature are small in relation to the un-
certainties of the reaction enthalpy, the review accepts the procedure employed in 
[79KUL/ZLO]. The weighted average of the reaction enthalpy values is combined with 
the selected enthalpy of formation of SnSe2(cr) to yield the selected enthalpy of forma-
tion of SnSe2(g):  

f mH ο∆ (SnSe2, g, 298.15 K) = (78.0 ± 16.1) kJ·mol−1. 

V.7.4.1.6 Sn2Se2(g) 

Small amounts of the molecule Sn2Se2(g) were found in the mass spectrometric investi-
gations in the temperature range 792 to 979 K in [64COL/DRO] and in the range 550 to 
693 K in [79KUL/ZLO]. The values reported for the dimerisation reaction  

 2SnSe(g)  Sn2Se2(g)  (V.59) 

were r mH ο∆ ((V.59), 298.15 K) = – (194.6 ± 22.0) kJ·mol–1 and r mH ο∆ ((V.59), 
298.15 K) = − (196.4 ± 12.6) kJ·mol–1 from the third law in [64COL/DRO] and 
[79KUL/ZLO], respectively. The weighted average of the reaction enthalpy values, 
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− (195.9 ± 11.1) kJ·mol−1, is combined with the selected enthalpy of formation of 
SnSe(g) to yield the enthalpy of formation of Sn2Se2(g), f mH ο∆ (Sn2Se2, g, 298.15 K) = 
(16.3 ± 12.2) kJ·mol−1. 

The extrapolation of the high temperature results to 298.15 K in [79KUL/ZLO] 
and [64COL/DRO] employs estimated values of the Gibbs energy function. The result 
for the enthalpy of formation of Sn2Se2(g) is not selected since the accuracy of the ex-
trapolations cannot be ascertained. 

V.7.4.2 Tin selenites 
Slavtscheva et al. [84SLA/POP] prepared Sn(SeO3)2(cr) and measured its solubility in 
dilute mineral acids. The solubility product calculated from these measurements is not 
accepted, see Appendix A. 

Gospodinov and Bogdanov [89GOS/BOG] studied the thermal decomposition 
of Sn(SeO3)2 and determined the heat capacity of the compound by differential scanning 
calorimetry: ,mpCο (Sn(SeO3)2, cr, (400 - 550) K) = (204.1 + 2.544 × 10–2 T + 2.477        
× 10–6 T 2) J.K–1.mol–1. The relationship is not recommended since concurrent meas-
urements on PbSeO3(cr) led to dubious results. 

No other thermodynamic data have been found for tin selenites. 

V.7.4.3 Tin selenates 
No thermodynamic data have been found for tin selenates. 

V.7.5 Lead compounds 

V.7.5.1 Lead selenides 
Lead monoselenide PbSe(cr) has a very narrow homogeneity range, melts congruently 
at 1354 K, and is the only solid compound in the lead-selenium system. Temperature-
composition and temperature-pressure phase diagrams are available in the review by 
Novoselova, Zlomanov, Karbanov, Matveyev, and Gas’kov [72NOV/ZLO].  

V.7.5.1.1 PbSe(cr) 

References to the heat capacity measurements of PbSe(cr) are found in Table V-37.  

The heat capacity reported in [83ELS/ABO] is rejected because it is about 60 
times too small. A linear heat capacity expression for the remaining data and the tem-
perature range 240 to 1349 K was generated by forcing the regression line to pass 
through the value of the heat capacity at 240 K in [54PAR/QUA] and adapting it to the 
measured values at high temperatures as shown in Figure V-15. The resulting expres-
sion is  
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,mpCο (PbSe, cr, (298.15 - 1349) K) = (46.96 + 12.26 × 10–3 T ) J·K–1·mol–1 

and the selected heat capacity at 298.15 K is calculated to be: 

,mpCο (PbSe, cr, 298.15 K) = (50.6 ± 1.0) J·K–1·mol–1. 

Table V-37: Heat capacity measurements of PbSe(cr). 

Reference Temperature range (K) 

[54PAR/QUA] 25 - 240 

[74BLA/IGE2] 300 - 1349 

[78RAS/MED] 300 - 1349 

[82LYK/CHE] 1 - 20 

[83ELS/ABO] 300 - 700 

[94PAS/ZLO] 350 - 580 

[94YAM/KAM] 800 - 1349 

Figure V-15: The heat capacity of PbSe(cr) as a function of temperature. 

A third law value of the entropy of PbSe(cr), mS ο (PbSe, cr, 298.15 K) = 
(102.4 ± 4.0) J·K–1·mol–1, was calculated by the review by integrating the heat capacity 
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resulting from a combination of the selected heat capacity expression and the measure-
ments in [54PAR/QUA] and [82LYK/CHE]. Second law entropies were calculated by 
the review as discussed in Appendix A from the electrochemical cell measurements by 
Finch and Wagner [60FIN/WAG], Sadikov and Semenkovich [66SAD/SEM], and 
Shamsuddin and Misra [73SHA/MIS]. The results are summarised in Table V-38. All 
second law entropies are larger than the value obtained from the third law. Considering 
the uncertainties in the heat capacities at low temperatures and the missing heat capacity 
data in the temperature range 240 to 300 K, the selected value is:  

mS ο (PbSe, cr, 298.15 K) = (105.0 ± 4.0) J·K–1·mol–1. 

Second law values of the enthalpy of formation calculated as discussed in Ap-
pendix A from the electrochemical measurements in [60FIN/WAG], [66SAD/SEM], 
and [73SHA/MIS] are tabulated in Table V-39 together with the results of direct synthe-
sis calorimetry investigations made by Hajiev [70HAJ] and Boone and Kleppa 
[92BOO/KLE]. 

Table V-38: Second law entropies at 298.15 K calculated by the review from electro-
chemical cell measurements. 

Reference Temperature (K) Reaction mS ο (PbSe, cr, 298.15 K) (J·K–1·mol–1) 

[60FIN/WAG] 473 - 573 Pb(cr) + Se(l)  PbSe(cr) (108.7 ± 6.0) 

[66SAD/SEM] 673 - 773 Pb(l) + Se(l)  PbSe(cr) (106.7 ± 4.0) 

[73SHA/MIS] 490 - 600 Pb(cr) + Se(l)  PbSe(cr) (109.6 ± 4.0) 

[73SHA/MIS] 650 - 858 Pb(l) + Se(l)  PbSe(cr) (107.9 ± 4.0) 

Table V-39: Values of the enthalpy of formation of PbSe(cr) at 298.15 K determined 
using electrochemical cells ([60FIN/WAG], [66SAD/SEM], [73SHA/MIS]) and direct 
synthesis calorimetry ([70HAJ], [92BOO/KLE]).  

Reference f mH ο∆ (PbSe, cr, 298.15 K) (kJ·mol–1) 

[60FIN/WAG] – (99.5 ± 3.0) 

[66SAD/SEM] – (95.1 ± 3.0) 

[73SHA/MIS] – (100.3 ± 3.0), – (94.9 ± 4.0) 

[70HAJ] – (105.0 ± 4.0) 

[92BOO/KLE] – (96.3 ± 3.0) 

The mean of the enthalpy of formation values listed in Table V-39 is selected: 

f mH ο∆ (PbSe, cr, 298.15 K) = – (98.5 ± 7.6) kJ·mol–1. 
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The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy of PbSe(cr), the selected entropy of selenium, and the entropy of 
lead in [89COX/WAG] to be: 

f mGο∆ (PbSe, cr, 298.15 K) = – (97.9 ± 7.7) kJ·mol–1. 

In the aqueous phase, Umland and Wallmeier [80UML/WAL] studied the re-
duction of selenite at the mercury electrode in the presence of Pb2+ by polarography, see 
Appendix A. The solubility product of PbSe(s) was obtained from the position of the 
half-wave potential of the second reduction step, HgSe(s) + Pb2+ + 2e–  PbSe(s) + 
Hg(l), to be 10 ,0log sK ο (PbSe, s, 298.15 K) = – (33.6 ± 2.0). Combined with CODATA 
for Pb2+ and the selected value for Se2–, it corresponds to f mGο∆ (PbSe, cr, 298.15 K) = 
− (87.4 ± 11.8) kJ·mol–1. 

The value is not in full harmony with the value obtained from an extrapolation 
of high temperature data. Since the validity of the polarographic method has not been 
documented, the value of f mGο∆ (PbSe, cr, 298.15 K) obtained from the extrapolation of 
the high temperature data has been selected. 

V.7.5.1.2 PbSe(g) 

Uy and Drowart [69UY/DRO] found PbSe(g) to be the major species in gaseous mix-
tures of lead and selenium using mass spectrometry. The vaporisation of PbSe(cr) oc-
curs according to the reaction PbSe(cr)  PbSe(g).  

The heat capacity and entropy of PbSe(g) were calculated using the molecular 
data of Herzberg [50HER] by Kelley [60KEL] and Kelley and King [61KEL/KIN], re-
spectively. The calculations were repeated by the review using the molecular parameters 
of 208Pb80Se(g) given by Ndikumana, Carleer, and Colin [90NDI/CAR] employing the 
usual non-rigid rotator, anharmonic oscillator approximation. The parameters were 
scaled to the mean molecular mass by the procedures outlined in [50HER]. No excited 
states were considered. All of them lie above 18,000 cm–1 and do not affect the proper-
ties below 2000 K. The calculated values are selected: 

,mpCο (PbSe, g, 298.15 K) = (36.36 ± 0.50) J·K–1·mol–1 

and 

mS ο (PbSe, g, 298.15 K) = (263.3 ± 1.0) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (PbSe, g, (298.15 - 2000) K) = (37.338 + 0.4343 × 10−3 T − 0.0269 × 10−6 T 2 

 – 0.98068 × 105 T −2) J·K–1·mol–1 

describes the results obtained by statistical mechanics to within 0.008 J·K–1·mol–1. 
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Second law entropies were calculated by the review as discussed in Appen-
dix A from the evaporation studies summarised in Table V-40. The second laws values 
agree well with the value calculated from molecular data. 

Table V-40: Second law entropy values for PbSe(g) at 298.15 K derived from vapour 
pressure measurements as discussed in Appendix A.  

Reference mS ο (PbSe, g, 298.15 K) 

(J·K–1·mol–1) 
Temperature (K) Measurement method 

[59ZLO/POP] (259.8 ± 9.0) 774 - 991 Langmuir, Knudsen weight loss 

[69HAN/MUN] (274.7 ± 7.0) 936 - 1106 Torsion effusion 

[69SOK/PAS] (270.5 ± 7.0) 936 - 1016 Knudsen weight loss 

[93BRU/PIA] (260.6 ± 7.0) 573 - 823 Torsion effusion 

Average (266.4 ± 14.4)   

Second and third law enthalpies of sublimation were evaluated by the review 
as discussed in Appendix A from the evaporation studies summarised in Table V-41. 
The selected value of the enthalpy of sublimation of PbSe(cr) is calculated as the 
weighted average of the second and third law mean values, sub mH ο∆ (PbSe, cr, 
298.15 K) = (228.0 ± 4.2) kJ·mol–1. The selected value of the enthalpy of formation of 
PbSe(g) is calculated from the selected value of the sublimation enthalpy and the en-
thalpy of formation of PbSe(cr) yielding: 

f mH ο∆ (PbSe, g, 298.15 K) = (129.5 ± 8.7) kJ·mol–1. 

Table V-41: Second and third law enthalpies of sublimation of PbSe(cr) at 298.15 K 
evaluated by the review as discussed in Appendix A. 

Reference sub mH ο∆ (PbSe, cr, 298.15 K), 2nd law 

(kJ·mol–1) 
sub mH ο∆ (PbSe, crs, 298.15 K), 3rd law 

(kJ·mol–1) 

[59ZLO/POP] (222.6 ± 9.0) (226.0 ± 3.0) 

[69HAN/MUN] (242.6 ± 7.0) (231.0 ± 4.0) 

[69SOK/PAS] (234.9 ± 7.0) (227.1 ± 3.0) 

[93BRU/PIA] (224.4 ± 7.0) (227.1 ± 3.0) 

Average (231.1 ± 18.4) (227.8 ± 4.3) 
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The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy of PbSe(g), the selected entropy of selenium, and the entropy of 
lead in [89COX/WAG] to be: 

f mGο∆ (PbSe, g, 298.15 K) = (82.9 ± 8.7) kJ·mol–1. 

V.7.5.2 Lead selenites 
Oikova and Gospodinov [81OIK/GOS] studied the system PbO-SeO2-H2O at 
(373.2 ± 1.0) K over the concentration range 0 to 71 mass-% SeO2 in the liquid phase. 
The incongruently soluble phases PbSeO3 and PbSeO3⋅H2SeO3 were formed. The solu-
bility data and a phase diagram are available in the paper. The solubility of Pb(II) is low 
over the whole concentration range in H2SeO3. 

Chukhlantsev and Tomashevsky [57CHU/TOM] prepared lead selenite by 
mixing an acidified 0.2 M solution of lead acetate and a 0.1 M sodium selenite solution 
in stoichiometric amounts. The precipitate was crystalline. Chemical analysis confirmed 
the 1:1 ratio between Pb(II) and Se(IV). No X-ray diffraction measurements were per-
formed. The solubility of the specimen in dilute solution of nitric or hydrochloric acid 
was measured at 293 K. The experiments were performed and the data recalculated as 
described in Appendix A, [56CHU]. The result for: 

 PbSeO3(cr)  Pb2+ + 2
3SeO −  (V.60) 

is 10 ,0log sK ο ((V.60), 293 K) = – (12.10 ± 0.09). The reported conditional constant was 
− (11.49 ± 0.17). Slavtscheva et al. [84SLA/POP] made similar measurements in dilute 
nitric acid at 293 K. As no primary data are available, the constant, 10 ,0log sK ο  = 
− (12.50 ± 0.06), cannot be recalculated. The review accepts and selects: 

10 ,0log sK ο ((V.60), 298.15 K) = – (12.5 ± 1.0). 

Wide uncertainty limits are applied since the experimental information is 
somewhat meagre. 

Selivanova and Leshchinskaya [62SEL/LES3] measured the enthalpy change 
of the reaction between Na2SeO3(cr) and a lead nitrate solution with formation of crys-
talline lead selenite. From their data the standard enthalpy change of the reaction 
Na2SeO3(cr) + Pb2+ Æ PbSeO3(cr) + 2Na+ was calculated to be – (54.06 ± 1.50)  
kJ⋅mol–1 in Appendix A. Combined with selected standard enthalpies of formation this 
datum yields: 

f mH ο∆ (PbSeO3, cr, 298.15 K) = – (532.1 ± 1.8) kJ⋅mol–1. 

The selected result differs from the value in [82WAG/EVA], – 537.6 kJ mol–1. 
The causes of the difference are discussed in Appendix A. 

From the selected data: 

f mGο∆ (PbSeO3, cr, 298.15 K) = – (458.0 ± 6.0) kJ⋅mol–1, 
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mS ο (PbSeO3, cr, 298.15 K) = (166.1 ± 21.0) J⋅K–1⋅mol–1. 

were calculated. 

Bakeeva, Buketov, and Pashinkin [71BAK/BUK] measured the vapour pres-
sure of SeO2(g) above lead selenite. All measurements were carried out above the eutec-
tic temperature of the PbSeO3-2PbO⋅PbSeO3 sector of the PbSeO3-PbO phase diagram 
[69GME]. For PbSeO3(cr) and the temperature interval 893 to 968 K, 10log p (SeO2, g, 
T ) = (10.73 ± 0.22) − (12223 ± 628) T −1, and for PbSeO3(l) and the interval 981 to 
1023 K, 10log p (SeO2, g, T )  = (7.71 ± 0.96) – (9274 ± 302) T −1 were obtained. 

Gospodinov and Bogdanov [89GOS/BOG] determined the melting point of 
PbSeO3(cr) to be (948 ± 5) K and its enthalpy of fusion by differential scanning calo-
rimetry to be: 

fus mH ο∆ (PbSeO3, cr, 948 K) = (36.28 ± 0.13) kJ.mol–1. 

By the same technique the following heat capacities were found for the tem-
perature range 400 to 550 K: ,mpCο (PbSeO3, cr, (400 - 550) K) = (514.4 – 1.359 T + 
2.511 × 10–3 T 2) J.K–1.mol–1, ,mpCο (PbSeO3

.2PbO, cr, (400 - 550) K) = (– 16.77 + 
0.8958 T – 7.075 × 10–4 T 2) J.K–1.mol–1, ,mpCο (PbSeO3

.4PbO, cr, (400 - 550) K) = 
(17.64 + 1.446 T – 1.432 × 10–3 T 2) J.K–1.mol–1. The unit of the heat capacity is not 
mentioned in the paper, but it is likely to be cal.K–1.mol–1 since the calorie has been 
used for other data. The coefficients have been recalculated accordingly. The relation-
ship for PbSeO3(cr) results in o

,mpC  values that are in total disagreement with estimates 
in [73BAR/KNA], [73KLU/LES]. The above equations for the heat capacities are there-
fore not recommended. 

V.7.5.3 Lead selenates 
A phase diagram and related information of the system PbO-SeO3-H2O at 373.15 K are 
available in [81OIK/GOS]. Only PbSeO4(cr) is formed. 

Selivanova and Boguslavskii [55SEL/BOG] measured the solubility of 
PbSeO4(cr) at 298.15 K in alkali metal selenate solutions of concentration (0, 0.1, 0.5, 1, 
10, 100) × 10–3 M (rounded figures). No pH measurements were performed. A calcula-
tion with hydrolysis constants from [76BAE/MES] indicated that the test solutions 
should be slightly acidic, but the concentrations of PbOH+ and 4HSeO−  should be negli-
gible compared to the total concentrations. The solubility product of PbSeO4(cr) ob-
tained from the data and extrapolated to I = 0 by SIT with ∆ε = 0 kg·mol−1 is selected: 

 PbSeO4(cr)  Pb2+ + 2
4SeO −  (V.61) 

10 ,0log sK ο ((V.61), 298.15 K) = – (6.90 ± 0.25). 

The uncertainty is twice the standard deviation. There is no indication in the 
data of the formation of PbSeO4(aq) at higher selenate concentrations. 



V.7 Group 14 compounds and complexes 

 

225

Feroci, Fini, Badiello, and Breccia [97FER/FIN] studied the complex forma-
tion between Pb2+ and 2

4SeO −  by classical polarography in 0.15 M NaNO3. They found 
no evidence for an interaction, see Appendix A. The review estimates from an assumed 
accuracy of the polarographic measurement of ± 2 mV, the equilibrium constant of the 
reaction: 

 Pb2+ + 2
4SeO −   PbSeO4(aq) (V.62) 

to be: 

10 1log οb ((V.62), 298.15 K) < 2.2. 

Selivanova, Kapustinskii, and Zubova [59SEL/KAP] determined the enthalpy 
of Reaction (V.61) from the temperature dependence of the solubility product and by a 
calorimetric measurement of the enthalpy of the reaction:  

Pb(NO3)2(aq, 1:850) + H2SeO4(7.07 M) Æ PbSeO4(cr) + 2HNO3(aq, 1: 425) 

The review has reconsidered the data and selects from a calculation presented 
in Appendix A [59SEL/KAP]: 

r mH ο∆ ((V.61), 298.15 K) = (4.72 ± 2.53) kJ⋅mol–1. 

With the selected enthalpies of formation of the ions, the standard enthalpy of 
formation of PbSeO4(cr) becomes: 

f mH ο∆ (PbSeO4, cr, 298.15 K) = – (607.3 ± 4.3) kJ⋅mol–1. 

The value reported in [82WAG/EVA] is – 609.2 kJ⋅mol–1. The difference be-
tween the two data can be traced to the new values of the ionic enthalpy of Pb2+ and 

f mH ο∆ (Pb(NO3)2, aq 1:850, 298.15 K) as discussed in [59SEL/KAP] in Appendix A. 
The value reported in the paper is – 622.2 kJ⋅mol–1. No details of the calculations are 
available, but neglect of enthalpies of dilution is probably the major cause of the dis-
crepancy. 

The standard Gibbs energy of formation of lead selenate is calculated from the 
Gibbs energy of Reaction (V.61) and the selected values of o

f mG∆  for the ions to be: 

f mGο∆ (PbSeO4, cr, 298.15 K) = – (503.1 ± 2.1) kJ⋅mol–1. 

The selected value agrees with [82WAG/EVA]. 

The selected data further yield: 

mS ο (PbSeO4, cr, 298.15 K) = (167.7 ± 16.1) J⋅K–1⋅mol–1. 

V.7.5.4 Lead selenocyanates 
Golub and Kosmatyi [59GOL/KOS3], and Golub [59GOL] studied the complex forma-
tion between Pb2+ and SeCN– by potentiometric and solubility measurements. Both sets 
of experiments, carried out with the ligand in the concentration range of 0.7 to 3.6 M, 
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were interpreted to show that the species 4
6Pb(SeCN) − was formed. This conclusion and 

the equilibrium constants calculated from the measurements are not accepted by the 
review for reasons developed in [59GOL/KOS3] in Appendix A. 

V.8 Group 13 compounds and complexes 

V.8.1 Boron compounds 

V.8.1.1 Boron selenides 
B2Se3(cr) is the only solid compound in the system boron-selenium. A phase diagram 
for the system B2Se3-Se is available in [72HIL/CUE]. Melucci and Wahlbeck 
[70MEL/WAH] identified the boron selenides BSe(g), BSe2(g), BSe3(g), B2Se2(g), and 
B2Se3(g) in studies of the vaporisation behaviour of solid B2Se3. It was concluded that 
the vaporisation is similar to that of B2S3(cr). Some intensity values were reported but 
no thermodynamic quantities can be derived from the measurements. Thermodynamic 
information is only available for the gaseous species BSe(g) and BSe2(g). 

V.8.1.1.1 BSe(g) 

Uy and Drowart [70UY/DRO] determined the enthalpy change of the reaction  

 B(g) + YSe(g)  Y(g) + BSe(g)  (V.63) 

to r mH ο∆ ((V.63), 0 K) = − (25.0 ± 12.1) kJ⋅mol–1 in a mass spectrometric study at tem-
peratures in the range 2231 to 2368 K. Their evaluation was based on the third law us-
ing Gibbs energy functions calculated from estimated parameters for the molecules 
YSe(g) and BSe(g). The dissociation enthalpy of BSe(g) was calculated to be 

at mH ο∆ (BSe, g, 0 K) = (457.6 ± 14.8) kJ⋅mol–1 using an undocumented value of the dis-
sociation enthalpy of YSe(g), at mH ο∆ (YSe, g, 0 K) = (432.6 ± 10.5) kJ⋅mol–1. A recalcu-
lation to 298.15 K using the molecular parameters of YSe(g) and BSe(g) estimated in 
[70UY/DRO] for the reaction above yields r mH ο∆ ((V.63), 298.15K) = − (25.2 ± 12.1) 
kJ⋅mol–1. The value was combined with the selected enthalpy of formation of Se(g), the 
enthalpy of formation of B(g) in [89COX/WAG], and the enthalpy of formation of 
YSe(g) in Section V.11.23.1.1 to give f mH ο∆ (BSe, g, 298.15 K) = (342.5 ± 20.0) 
kJ⋅mol–1. 

The auxiliary data calculated from estimated molecular parameters for a dia-
tomic molecule are expected to be quite accurate. The uncertainty in the recalculation to 
the standard temperature of the result for this iso-molecular reaction is anticipated to be 
moderate compared to the experimental uncertainty. The value for the enthalpy of for-
mation of BSe(g) is therefore adopted 

f mH ο∆ (BSe, g, 298.15 K) = (342.5 ± 20.0) kJ⋅mol–1. 

and included in Appendix E since it was calculated with non-TDB auxiliary data. 
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V.8.1.1.2 BSe2(g) 

Binnewies [90BIN] performed a mass spectrometric investigation of the reaction be-
tween solid boron and Se2(g) in the temperature range 1020 to 1220 K. A second law 
evaluation of the reaction: 

 B(cr) + Se2(g)  BSe2(g) (V.64) 

resulted in an enthalpy of reaction of r mH ο∆ ((V.64), 1100 K) = 47.6 kJ·mol–1
 and an 

entropy of reaction of r mS ο∆ ((V.64), 1100 K) = 26.5 J·K–1·mol–1. The values were recal-
culated to 298.15 K using the heat capacity change for the analogous reaction C(cr) + 
S2(g)  CS2(g) as obtained from data tabulated in [95BAR]. The values derived were 

r mH ο∆ ((V.64), 298.15 K) = 46.0 kJ·mol–1 and r mS ο∆ ((V.64), 298.15 K) = 23.6            
J·K–1·mol–1. No error limits were established. 

 The combination of the reaction entropy at 298.15 K with the entropy of B(cr) 
in [89COX/WAG] and the selected entropy value of Se2(g) yields the selected value of 
the standard entropy: 

mS ο (BSe2, g, 298.15 K) = (276.9 ± 20.0) J·K–1·mol–1. 

 The selected value for the enthalpy of formation is obtained by combining the 
enthalpy of reaction at 298.15 K with the selected enthalpy of formation of Se2(g) yield-
ing: 

f mH ο∆ (BSe2, g, 298.15 K) = (187.1 ± 20.0) kJ·mol–1. 

The error limits of the entropy and the enthalpy of formation were estimated by 
the review. The selected Gibbs energy of formation is calculated from the selected en-
thalpy of formation and entropy, the selected entropy of selenium, and the entropy of 
boron in [89COX/WAG] to be: 

f mGο∆ (BSe2, g, 298.15K) = (131.4 ± 20.9) kJ·mol–1. 

V.8.2 Aluminium compounds 

V.8.2.1 Aluminium selenides 
Al2Se3(cr) is the only intermediate solid compound in the aluminium-selenium system. 
The gaseous molecules AlSe(g), Al2Se(g), and Al2Se2(g) have been observed in mass 
spectrometric investigations of gaseous aluminium-selenium mixtures. 

V.8.2.1.1 AlSe(g) 

The heat capacity and entropy of AlSe(g) were calculated by the review using the usual 
non-rigid rotator, anharmonic oscillator approximation and the molecular parameters of 
27Al80Se(g) determined by Lavendy and Pinchemel [79LAV/PIN] in a rotational analy-
sis of high-resolution spectra of the A2Σ+ - X2Σ+ system. The parameters were scaled to 
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the mean molecular mass by the procedures outlined in [50HER]. No excited states 
were considered since they all lie above 23,000 cm–1 and do not affect the properties 
below 2000 K. The calculated values are selected: 

,mpCο (AlSe, g, 298.15 K) = (34.75 ± 0.20) J·K–1·mol–1 

and 

mS ο (AlSe, g, 298.15 K) = (242.89 ± 0.50) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (AlSe, g, (298.15 - 2000) K) = (38.060 + 0.3183 × 10−3 T – 6.333 × 102 T −1 
 – 1.143 × 105 T −2) J·K–1·mol–1 

describes the statistical mechanics results to within 0.03 J·K–1·mol–1. 

The abundances of the species AlSe(g), Al2Se(g), and Al2Se2(g) in gaseous 
aluminium-selenium mixtures have been studied by Ficalora, Hastie, and Margrave 
[68FIC/HAS] and Uy and Drowart [71UY/DRO] using mass spectroscopy and Knudsen 
effusion cells. The investigations are discussed in Appendix A and the results concern-
ing AlSe(g) as recalculated by the review are summarised in Table V-42. The enthalpies 
of the reactions were combined with the selected properties of the selenium species and 
the CODATA [89COX/WAG] values of aluminium to obtain the enthalpy of formation 
of AlSe(g). The second and third law values in [68FIC/HAS] differ substantially, be-
cause the second law entropy of the reaction is quite different from that calculated from 
the entropies of the species. This indicates experimental errors and the results in 
[68FIC/HAS] were assigned zero weights. The second and third law values in 
[71UY/DRO] were combined to calculate a mean value, which is selected: 

f mH ο∆ (AlSe, g, 298.15 K) = (258 ± 35) kJ·mol–1. 

Table V-42: Second and third law enthalpies of formation of AlSe(g) and the derived 
values of the enthalpy of formation of AlSe(g). The uncertainties are those of the refer-
ences. 

Reference Reaction r mH ο∆  
(298.15 K) 

2nd law, 
(kJ·mol−1) 

r mH ο∆  
(298.15 K) 

3rd law, 
(kJ·mol−1) 

f mH ο∆ (AlSe, 
g, 298.15 K) 

2nd law, 
(kJ·mol−1) 

f mH ο∆ (AlSe, 
g, 298.15 K) 

3rd law, 
(kJ·mol−1) 

[68FIC/HAS] Al(g) + ½Se2(g)  
AlSe(g) 

− (220 ± 13) − (138 ± 9) (180 ± 13) (262 ± 9) 

[71UY/DRO] AlSe(g) + Se(g)  
Al(g) + Se2(g) 

− (6 ± 25) − (39 ± 20) (241 ± 25) (274 ± 20) 
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The Gibbs energy of formation was calculated from the selected enthalpy of 
formation and entropy of AlSe(g), the selected standard entropy of trigonal selenium, 
and the standard entropy of Al(cr) in [89COX/WAG] to be: 

f mGο∆ (AlSe, g, 298.15K) = (207 ± 35) kJ·mol–1. 

V.8.2.1.2 Al2Se(g) 

The heat capacity and entropy of Al2Se(g) were calculated by the review using statisti-
cal mechanics and the molecular parameters estimated in [71UY/DRO]. The calculated 
values are ,mpCο (Al2Se, g, 298.15 K) = 52.2 J·K–1·mol–1 and mS ο (Al2Se, g, 298.15 K) = 
289.3 J·K–1·mol–1. The heat capacity expression ,mpCο (Al2Se, g, (298.15 - 2000) K) = 
(59.479 + 0.4008 × 10−3 T – 1.2535 × 103 T −1 – 2.633 × 105 T −2) J·K–1·mol–1 describes 
the statistical mechanics results to within 0.05 J·K–1·mol–1. These properties were used 
in the evaluations described below but are not selected since they are calculated with 
estimated molecular parameters. 

The abundances of the species AlSe(g), Al2Se(g), and Al2Se2(g) in gaseous 
aluminium-selenium mixtures have been studied by Ficalora, Hastie, and Margrave 
[68FIC/HAS] and Uy and Drowart [71UY/DRO] using mass spectroscopy and Knudsen 
effusion cells. The investigations are discussed in Appendix A and the results concern-
ing Al2Se(g) as recalculated by the review are summarised in Table V-43. The enthal-
pies of the reactions were combined with the selected properties of the selenium spe-
cies, the CODATA [89COX/WAG] values of aluminium, and the selected values of 
AlSe(g) to obtain the enthalpy of formation of Al2Se(g). These values have large as-
signed uncertainties, differ greatly, and because of the estimations involved, no value 
for the enthalpy of formation Al2Se(g) is selected. 

Table V-43: Second and third law enthalpies of formation of Al2Se(g) and the derived 
values of the enthalpy of formation of Al2Se(g). The uncertainties are those of the refer-
ences. 

Reference Reaction r mH ο∆  
(298.15 K) 

2nd law, 
(kJ·mol–1) 

r mH ο∆  
(298.15 K) 

3rd law, 
(kJ·mol–1) 

f mH ο∆ (Al2Se, 
g, 298.15 K) 

2nd law,  
(kJ·mol–1) 

f mH ο∆ (Al2Se, 
g, 298.15 K) 

3rd law,  
(kJ·mol–1) 

[68FIC/HAS] 2Al(g) + ½Se2(g)  
Al2Se(g) 

− (507 ± 30) − (433 ± 25) (224 ± 30) (297 ± 25) 

[71UY/DRO] Al2Se(g) + Se(g)  
2AlSe(g) 

(3 ± 13) − (4 ± 18) (277 ± 71) (284 ± 72) 
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V.8.2.1.3 Al2Se2(g) 

The heat capacity and entropy of Al2Se2(g) were calculated by the review using statisti-
cal mechanics and the molecular parameters estimated in [71UY/DRO]. The calculated 
values are ,mpCο (Al2Se2, g, 298.15 K) = 78.2 J·K–1·mol–1 and mS ο (Al2Se2, g, 298.15 K) = 
311.0 J·K–1·mol–1. The heat capacity expression ,mpCο (Al2Se2, g, (298.15 - 2000) K) = 
(89.088 − 0.5604 × 10–3 T – 1.7536 × 103 T –1 – 4.27693 × 105 T –2) J·K–1·mol–1 de-
scribes the statistical mechanics results to within 0.07 J·K–1·mol–1. These properties 
were used in the evaluations described below but are not selected since they are calcu-
lated with estimated molecular parameters. 

The abundances of the species AlSe(g), Al2Se(g), and Al2Se2(g) in gaseous 
aluminium-selenium mixtures have been studied by Ficalora, Hastie, and Margrave 
[68FIC/HAS] and Uy and Drowart [71UY/DRO] using mass spectroscopy and Knudsen 
effusion cells. The investigations are discussed in Appendix A and the results concern-
ing Al2Se2(g) as recalculated by the review are summarised in Table V-44. The enthal-
pies of the reactions were combined with the selected properties of the selenium spe-
cies, the CODATA [89COX/WAG] values of aluminium, and the selected values of 
AlSe(g) to obtain the enthalpy of formation of Al2Se2(g). The uncertainties are large and 
because the accuracy of the estimations involved cannot be ascertained, no value for the 
enthalpy of formation Al2Se2(g) is selected. 

Table V-44: Second and third law enthalpies of formation of Al2Se2(g) and the derived 
values of the enthalpy of formation of Al2Se2(g). The uncertainties are those of the ref-
erences. 

Reference Reaction r mH ο∆  
(298.15 K) 

2nd law, 
(kJ·mol–1) 

r mH ο∆  
(298.15 K) 

3rd law, 
(kJ·mol–1) 

f mH ο∆ (Al2Se2, 
g, 298.15 K) 

2nd law, 
(kJ·mol–1) 

f mH ο∆ (Al2Se2, 
g, 298.15 K) 

3rd law, 
(kJ·mol–1) 

[68FIC/HAS] 2Al(g) + Se2(g)  
Al2Se2(g) 

− (768 ± 45) − (978 ± 60) (33 ± 45) − (177 ± 60) 

[71UY/DRO] Al2Se2(g) + 2Se(g)  
2AlSe(g) + Se2(g) 

(58 ± 38) (43 ± 50) (127 ± 80) (142 ± 86) 

 

V.8.2.1.4 Al2Se3(cr) 

No experimental information is available on the entropy and heat capacity of Al2Se3(cr). 
The entropy was estimated to be mS ο (Al2Se3, cr, 298.15 K) = (154.8 ± 30.0) J·K–1·mol–1 
and the heat capacity to be ,mpCο (Al2Se3, cr, (298 - 2000) K) = (107.74 + 34.31 × 10–3 
T) J·K–1·mol–1 by Mills [74MIL]. No values of the heat capacity and entropy have been 
selected. 
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The enthalpy of formation has been measured by synthesis calorimetry to be 
f mH ο∆ (Al2Se3, cr, 298.15 K) = – (566.9 ± 13.0) kJ·mol–1 by Kapustinskii and Golutvin 

[51KAP/GOL]. Schneider and Gattow [54SCH/GAT2] used combustion calorimetry to 
determine the enthalpy of the reaction Al2Se3(cr) + 4½O2(g)  Al2O3(cr) + 3SeO2(cr) 
to be – (1855.2 ± 7.4) kJ·mol–1. The reaction products were identified using X-ray dif-
fraction and only a small residue of Al2Se3(cr) was found in addition to the two oxides. 
From this reaction, the review calculates f mH ο∆ (Al2Se3, cr, 298.15 K) = − (496.7 ± 7.7) 
kJ·mol–1 using the selected enthalpy of SeO2(cr) and the CODATA [89COX/WAG] 
enthalpy of Al2O3(cr). The confidence intervals of the two values of the enthalpy of 
formation of Al2Se3(cr) do not overlap and assigning equal weights to the values, the 
review selects: 

f mH ο∆ (Al2Se3, cr, 298.15 K) = – (532 ± 40) kJ·mol–1- 

where the error limits have been adjusted to incorporate the two experimental values. 

V.8.2.2 Aluminium selenites 
Gospodinov [91GOS] established the phase diagram at 373.2 K of the system 
Al2O3-SeO2-H2O from solubility measurements. The tie lines and chemical analysis of 
the solids showed the formation of crystalline phases of composition Al2(SeO3)3⋅6H2O, 
Al2(SeO3)3⋅H2SeO3, and Al2(SeO3)3⋅3H2SeO3. The solubility data, which cover the 
range 1.6 to 89.3 mass-% SeO2 in the liquid phase, are presented together with the phase 
diagram. 

Popova, Slavtscheva, and Gospodinov [86POP/SLA] determined the solubility 
of aluminium selenite in dilute nitric acid. The preparation and composition of the 
selenite is not discussed. It is assumed to have the formula Al2(SeO3)3⋅6H2O(cr) by the 
review. The solubility product calculated in the paper, see Appendix A, for 
Reaction (V.65),  

Al2(SeO3)3⋅6H2O(cr)  2Al3+ + 2
33SeO −  + 6H2O(l) (V.65) 

is 10 ,0log sK ο ((V.65), 298.15 K) = − 31.1. No value of the solubility of the salt is pre-
sented in the paper, but the reported solubility product indicates that it is fairly large. 
The corresponding ionic strength of the solution is estimated to be greater than 0.2 M. 
The extrapolation to standard conditions of the conditional equilibrium constant, which 
involves activity coefficients of doubly and triply charged ions, is sensitive to the un-
known composition of the equilibrium solution. The reported value can hence not be 
accepted by the review. 

No other thermodynamic data have been found for aluminium selenites. 

V.8.2.3 Aluminium selenates 
Most investigators [50BAS], [63SEL/SAM], [69ROS/PER], [87OJK/STA] conclude 
that the aluminium selenate crystallising at room temperature contains 16 molecules of 
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water. Two references [56ERD/PAU], [73SEL/ZAL] report 18 molecules of water of 
crystallisation. In no instance has the water content been analysed directly. The number 
of water molecules of crystallisation cannot be regarded as definitely established and 
the varying results may indicate the formation of phases with 16 and 18 molecules of 
water as has been reported for aluminium sulphate [27KRA/FRI]. The solubility of a 
specimen with the assigned formula Al2(SeO4)3

.16H2O was measured to be 0.603 
mol(Al2(SeO4)3).kg–1 in [87OJK/STA]. The review accepts: 

m(Al2(SeO4)3
.16H2O(cr), aq sat, 298.15 K) = 0.603 mol(Al2(SeO4)3).kg–1. 

No uncertainty can be assigned to this value. 

A phase diagram and related information are available for the system: 
Al2(SeO4)3-MnSeO4-H2O at 298.15 K in [87OJK/STA]; Al2(SeO4)3-MgSeO4-H2O at 
298.15 K in [87OJK/STA]. 

Selivanova, Zalogina, and Gorokhov [73SEL/ZAL] determined the enthalpy of 
formation of aluminium selenate. The specimen used in the experiment was assigned 
the composition Al2(SeO4)3

.18H2O, which “satisfactorily” agreed with the chemical 
analysis. This composition is thus at variance with most other reports. The reaction 
studied in [73SEL/ZAL] was Al2(SeO4)3

.18H2O(cr) + 3BaCl2(aq, 1:1600) Æ 
3BaSeO4(cr) + 2AlCl3(aq, 1:2400) + 18H2O(l). The review calculated the enthalpy 
change of the reaction: 

Al2(SeO4)3
.18H2O(cr) + 3Ba2+ Æ 3BaSeO4(cr) + 2Al3+ + 18H2O(l)  (V.66) 

from the data in Appendix A and obtained: 

r mH ο∆ ((V.66), 298.15 K) = – (79.32 ± 0.87) kJ⋅mol–1. 

This datum is combined with selected enthalpies of formation to: 

f mH ο∆ (Al2(SeO4)3
.18H2O, cr, 298.15 K) = – (7970.0 ± 17.1) kJ⋅mol–1. 

The enthalpies of dissolution of Al2(SeO4)3
.18H2O(cr) and Al2(SeO4)3(cr) in 

0.5 M KOH were also measured. These measurements yield: 

f mH ο∆ (Al2(SeO4)3, cr, 298.15 K) = – (2561.7 ± 17.1) kJ⋅mol–1. 

The evaluation in Appendix A resulted in enthalpies of formation considerably 
different from those obtained in the paper, which reports – 8000.6 and − 2592.4    
kJ⋅mol–1, respectively. It is not possible to analyse the causes of the difference as no 
auxiliary data are disclosed in the publication. Since no other data for aluminium sele-
nates are available, the values calculated by the review will be accepted but not selected 
as they partly rest on nonselected auxiliary values. They will thus be included in Ap-
pendix E. It may be noted that the standard enthalpy of formation of the anhydrous salt 
is almost independent of the number of water molecules of crystallisation ascribed to 
the hydrate. 
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V.8.3 Gallium compounds  

V.8.3.1 Gallium selenides 
The phase diagram of the Ga-Se system was studied in detail by Dieleman, Sanders, and 
Dommelen [82DIE/SAN]. Stable solid compounds form at the nominal compositions 
GaSe and Ga2Se3. GaSe(cr) has a narrow homogeneity range and melts congruently at 
1210 K. Ga2Se3(cr) exists as the polymorphs α-Ga2Se3 with compositions in the range 
Ga0.413Se0.587 to Ga0.39Se0.61 and β-Ga2Se3 with compositions in the range Ga0.398Se0.602 to 
Ga0.393Se0.607. In addition, a metastable α'-Ga2Se3 phase was found. Reactions and tran-
sitions between the polymorphs are slow and equilibrium is difficult to obtain. β-Ga2Se3 
is stable at room temperature and transforms into the α-Ga2Se3 modification at tempera-
tures in the range 898 to 968 K. α-Ga2Se3 melts congruently at 1280 K. 

The mass spectrometric investigations of the vaporisation of GaSe(cr) by 
Piacente, Bardi, Paolo, and Ferro [76PIA/BAR] and of Ga2Se3(cr) by Uy, Muenow, 
Ficalora, and Margrave [68UY/MUE] and Berger, Strelchenko, Bondar, Molodyk, 
Balanevskaya, and Lebedev [69BER/STR] have shown that Ga2Se(g) is the only impor-
tant gaseous gallium selenide. 

V.8.3.1.1 GaSe(cr) 

The heat capacity of GaSe(cr) has been measured by Mamedov and Kerimov 
[67MAM/KER2], Mamedov, Kerimov, Kostrykov, and Mekhtiev [70MAM/KER], and 
Mamedov, Aldchanov, Kerimov, and Mekhtiev [78MAM/ALD] in the temperature 
ranges 60 to 300 K, 12 to 300 K, and 2 to 60 K, respectively. The heat capacity at 
298.15 K was reported to be ,mpCο (GaSe, cr, 298.15 K) = (48.92 ± 1.50) J·K–1·mol–1 in 
[67MAM/KER2] and (48.24 ± 0.50) J·K–1·mol–1 in [70MAM/KER]. The selected value 
of the heat capacity is: 

,mpCο (GaSe, cr, 298.15 K) = (48.6 ± 0.9) J·K–1·mol–1. 

The heat capacity expression ,mpCο (GaSe, cr, (298.15 - 1200) K) = (44.64 + 
12.97 × 10–3 T ) J·K–1·mol–1 was estimated by Mills [74MIL] and has been used by the 
review in evaluations wherever the heat capacity of GaSe(cr) above room temperature 
has been required. 

The entropy of GaSe(cr) at 298.15 K reported from the heat capacity meas-
urements in [70MAM/KER] is mS ο (GaSe, cr, 298.15 K) = (70.25 ± 0.80) J·K–1·mol–1. A 
combination of the entropies derived from the heat capacity measurements in 
[67MAM/KER2] and [78MAM/ALD] yields mS ο (GaSe, cr, 298.15 K) = (71.05 ± 1.50) 
J·K–1·mol–1. The selected value of the standard entropy is calculated as the weighted 
average yielding: 

mS ο (GaSe, cr, 298.15 K) = (70.4 ± 0.7) J·K–1·mol–1. 
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The enthalpy of formation of GaSe(cr) has been measured by combustion calo-
rimetry by Hahn and Burow [56HAH/BUR] and by direct synthesis calorimetry by 
Sharifov, Azizov, Aliev, and Abbasov [73SHA/AZI]. The values reported are 

f mH ο∆ (GaSe, cr, 298.15 K) = – (146.4 ± 13.0) kJ·mol–1 and – (143.5 ± 5.0) kJ·mol–1, 
respectively. The selected value of the enthalpy of formation is: 

f mH ο∆ (GaSe, cr, 298.15 K) = – (145.0 ± 10.0) kJ·mol–1. 

The enthalpy of fusion of GaSe(cr) was reported to be fus mH ο∆ (GaSe, cr, 
1210 K) = (56.0 ± 3.5) kJ·mol–1 in [82DIE/SAN]. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy, the selected entropy of selenium, and the entropy of gallium in 
[82WAG/EVA] to be: 

f mGο∆ (GaSe, cr, 298.15 K) = – (141.2 ± 15.0) kJ·mol–1. 

 The result is entered in the Appendix E as it was calculated with non-TDB 
auxiliary data. 

V.8.3.1.2 Ga2Se(g) 

The heat capacity and entropy of Ga2Se(g) was calculated in [74MIL] from the molecu-
lar constants estimated by Uy, Muenow and Ficalora [68UY/MUE]. The calculations 
were repeated by the review yielding ,mpCο (Ga2Se, g, 298.15 K) = 54.9 J·K–1·mol–1, 

mS ο (Ga2Se, g, 298.15 K) = 315.8 J·K–1·mol–1, and the expression ,mpCο (Ga2Se, g, 
(298.15 - 2000) K) = (58.00 + 0.1236 × 10−3 T – 2.7723 × 105 T −2) J·K–1·mol–1. The 
results were used in the evaluations made by the review wherever these thermodynamic 
quantities were needed. No values are selected since they are all based on estimated 
quantities. 

The formation of Ga2Se(g) has been studied in mass spectrometric vaporisation 
investigations of GaSe(cr) in [76PIA/BAR] and of Ga2Se3(cr) in [68UY/MUE] and 
[69BER/STR]. In addition, Bendrikh and Pashinkin [79BEN/PAS] have measured the 
saturated total pressure of the vapour in equilibrium with Ga2Se3(cr) using the weight 
loss Knudsen method. The vaporisation was concluded to be incongruent for GaSe(cr) 
and congruent for Ga2Se3(cr) and the vaporisation reactions are  

 4GaSe(cr)  Ga2Se(g) + Ga2Se3(cr)  (V.67) 

and 

 Ga2Se3(cr)  Ga2Se(g) + Se2(g). (V.68) 

The experimental conditions are summarised in Table V-45. 
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Table V-45: Reactions and methods used for the vaporisation studies involving 
Ga2Se(g).  

Reference Reaction Temperature (K) Measurement method 

[68UY/MUE] (V.68) 931 - 1094 Mass spectrometry and Knudsen effusion cells 

[69BER/STR] (V.68) 970 - 1180 Mass spectrometry and Knudsen effusion cells 

[76PIA/BAR] (V.67) 1053 - 1143 Mass spectrometry, thermogravimetry, and  
torsion-effusion Knudsen cells 

[79BEN/PAS] (V.68) 1121 - 1269 Weight loss Knudsen cells 

The measurements in [76PIA/BAR] were re-evaluated by the review as dis-
cussed in Appendix A yielding r mH ο∆ ((V.67), 298.15 K) = 400.8 kJ·mol–1 and 

r mS ο∆ ((V.67), 298.15 K) = 241.4 J·K–1·mol–1 from the second law and r mH ο∆ ((V.67), 
298.15 K) = 334.3 kJ·mol–1 from the third law for Reaction (V.67). Similarly, the inves-
tigations involving Reaction (V.68) were re-evaluated by the review as discussed in 
Appendix A yielding the results presented in Table V-46. The reaction quantities were 
combined with the selected standard enthalpy of Se2(g) and the values of the enthalpies 
of formation of GaSe(cr) and Ga2Se3(cr) in Sections V.8.3.1.1 and V.8.3.1.3 to obtain 
values of the enthalpy of formation of Ga2Se(g). These values can be found in Table V-
46. The average of the second and third law values of the enthalpy of formation of 
Ga2Se(g) is (130.0 ± 28.9) kJ·mol–1 excluding the second law value attributed to 
[76PIA/BAR]. No value is selected because the reaction schemes are uncertain and a 
number of estimates are involved in the evaluations. 

Table V-46: The enthalpy of the evaporation reactions at 298.15 K and the standard 
enthalpy of formation of Ga2Se(g).  

Reference Reaction r mH ο∆ (298.15 K) (kJ·mol–1) f mH ο∆ (Ga2Se, g, 298.15 K) (kJ·mol–1) 

  2nd law 3rd law 2nd law 3rd law 

[68UY/MUE] (V.68) (649.6 ± 20.0)  (124.2 ± 50.0)  

[69BER/STR] (V.68) (678.6 ± 42.0) (636.9 ± 30.0) (153.2 ± 63.0) (111.5 ± 54.0) 

[76PIA/BAR] (V.67) (400.8 ± 43.0) (334.3 ± 20.0) (205.1 ± 50.0) (138.6 ± 46.0) 

[79BEN/PAS] (V.68) (657.6 ± 46.0) (645.6 ± 30.0) (132.2 ± 65.0) (120.2 ± 54.0) 

 

V.8.3.1.3 Ga2Se3(cr) 

No experimental information on the heat capacity of Ga2Se3(cr) is available. Mills 
[74MIL] estimated the expression ,mpCο (Ga2Se3, cr, (298.15 - 1300) K) = (105.73 + 
35.31 × 10–3 T ) J·K–1·mol–1.  
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The heat capacity at 298.15 K calculated from this expression, ,mpCο (Ga2Se3, 
cr, 298.15 K) = (116.3 ± 1.0) J·K–1·mol–1, results in f ,mpCο∆ (Ga2Se3, cr, 298.15 K) = 
− 10.7 J·K–1·mol–1 for the formation of Ga2Se3(cr) from the elements. The value is rea-
sonable in comparison with the corresponding value for GaSe(cr), f ,mpCο∆ (GaSe, cr, 
298.15 K) = − 2.71 J·K–1·mol–1, considering the change in composition. The expression 
of the heat capacity above was used by the review in evaluations wherever the heat ca-
pacity of Ga2Se3(cr) was required.  

The entropy of Ga2Se3(cr) at 298.15 K was estimated in [74MIL] to be 
(179.9 ± 17.0) by comparison with related compounds and a second law evaluation of 
galvanic cell data recorded by Mamedov [69MAM]. The value is not selected since it is 
in effect based on estimates. 

The enthalpy of formation of Ga2Se3(cr) has been measured using bomb calo-
rimetry and galvanic cells. The results of the investigations are summarised in Table V-
47. 

Table V-47: The enthalpy of formation of Ga2Se3(cr) determined in various investiga-
tions. The values denoted by (a) and (b) were evaluated by Mills [74MIL] according to 
the second and third law, respectively. 

Reference f mH ο∆ (Ga2Se3, cr, 298.15 K) (kJ·mol–1) Technique 

[56HAH/BUR] – (439.3 ± 13.0) Combustion calorimetry 

[61GAD/SHA] – (460.2 ± 21.0) Combustion calorimetry 

[65EFE/KAR] – (376.6 ± 21.0) Direct synthesis calorimetry 

[67SHA/AZI] – (368.6 ± 13.0) Direct synthesis calorimetry 

[69MAM] – (405.0 ± 21.0)(a) , – (408.8 ± 13.0)(b) Galvanic cell measurements 

The enthalpy of formation of Ga2Se3(cr) must not be more negative than 
− 435 kJ·mol–1 to be consistent with the phase diagram and the selected value of the 
enthalpy of formation of GaSe(cr). Mills [74MIL] selected the value f mH ο∆ (Ga2Se3, cr, 
298.15 K) = – (408.8 ± 13.0) kJ·mol–1. Burylev [77BUR] compared trends in the en-
thalpy of formation of the gallium sulphides, selenides, and tellurides and selected the 
value f mH ο∆ (Ga2Se3, cr, 298.15 K) = – (355.6 ± 13.0) kJ·mol–1. The mean of the values 
in [65EFE/KAR], [67SHA/AZI], [69MAM] is selected: 

f mH ο∆ (Ga2Se3, cr, 298.15 K) = – (384 ± 40) kJ·mol–1. 

The enthalpy of fusion of Ga2Se3(cr) was reported to be fus mH ο∆ (Ga2Se3, cr, 
1280 K) = (84 ± 7) kJ·mol–1 in [82DIE/SAN] and to be fus mH ο∆ (Ga2Se3, cr, 1293 K) = 
48.1 kJ·mol–1 in [76BAB/KUL]. 
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V.8.3.2 Gallium selenites 
Savchenko, Tananaev, and Volodina [68SAV/TAN] studied the system Ga2O3-SeO2-
H2O at 298.15 K by solubility measurements in the concentration range 3.3 to 40.7  
mass-% SeO2. Slow reaction rates resulted in few equilibrium data. The presented phase 
diagram contains only the crystallisation field of Ga2(SeO3)3⋅6H2O(cr). Similar meas-
urements were performed by Gospodinov [84GOS4] at (373.2 ± 1.0) K over the concen-
tration range 1.0 to 74.4 mass-% SeO2 in the liquid phase. The compositions of the sol-
ids obtained from the tie-lines were Ga2(SeO3)3⋅6H2O and Ga2(SeO3)3⋅3H2SeO3. The 
latter crystallises at SeO2 concentration greater than about 35 mass-%, which may ac-
count for its absence in [68SAV/TAN]. Both compounds are incongruently soluble and 
the solubility data show that the concentration of Ga(III) is small over the whole con-
centration range of SeO2. 

Popova et al. [86POP/SLA] determined the solubility of gallium selenite in di-
lute nitric or perchloric acid with concordant results. The preparation and composition 
of the selenite is not discussed. It is assumed to have the formula Ga2(SeO3)3⋅6H2O by 
the review. The solubility product calculated from the total concentration of Ga(III) in 
the saturated solution is accepted and selected, cf. Appendix A. 

 Ga2(SeO3)3⋅6H2O(cr)  2Ga3+ + 2
33SeO −  + 6H2O(l) (V.69) 

10 ,0log sK ο ((V.69), 298.15 K) = – (37.0 ± 2.0). 

The uncertainty limits have been widened considerably by the review in view 
of the uncertainty in the values of the activity coefficients and the high powers of the 
activities in the expression for the solubility product. 

The Gibbs energy of formation 

f mGο∆ (Ga2(SeO3)3⋅6H2O, cr, 298.15 K) = – (3039.2 ± 14.7) kJ⋅mol–1 

was calculated with f mGο∆ (Ga3+, 298.15 K) = – (159.0 ± 4.0) kJ⋅mol–1 [82WAG/EVA], 
with the uncertainty estimated by the review. Since the calculation of the formation da-
tum from the experiments involved non-TDB auxiliary data it is included in Appen-
dix E. 

Tananaev, Volodina, Selivanova and Bol’shakova, [76TAN/VOL], 
[76TAN/VOL2] prepared a number of gallium selenites and determined their standard 
enthalpies of formation from calorimetric measurements of enthalpies of dissolution in 
HCl(aq, 1:8). The experimental data have been re-evaluated, see Appendix A, to yield: 

f mH ο∆ (Ga2(SeO3)3
.6H2O, cr, 298.15 K) = – (3682.3 ± 6.6) kJ⋅mol–1, 

f mH ο∆ (Ga2(SeO3)3
.H2O, cr, 298.15 K) = – (2138.4 ± 6.6) kJ⋅mol–1, 

f mH ο∆ (Ga2(SeO3)3, cr, 298.15 K) = – (1823.7 ± 6.5) kJ⋅mol–1, 

f mH ο∆ (GaH(SeO3)2
.2H2O, cr, 298.15 K) = – (1788.4 ± 3.5) kJ⋅mol–1, 
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f mH ο∆ (GaH(SeO3)2, cr, 298.15 K) = – (1176.7 ± 3.5) kJ⋅mol–1. 

The recalculated values differ substantially from the published values for rea-
sons discussed in Appendix A. Since the calculation of the formation enthalpies from 
the experiments involved non-TDB auxiliary data, they are included in Appendix E. 

V.8.3.3 Gallium selenates 
Tananaev, Gorokhov, Selivanova and Bol’shakova, [68TAN/GOR] measured the en-
thalpy change of the reaction Ga2(SeO4)3

.18H2O(cr) + 3BaCl2(aq, 1:1600) Æ 
3BaSeO4(cr) + 2GaCl3(aq, 1:2400) + 18H2O(l) by calorimetry. The review calculated 
the enthalpy change of the reaction: 

Ga2(SeO4)3
.18H2O(cr) + 3Ba2+ Æ 3BaSeO4(cr) + 2Ga3+ + 18H2O(l) (V.70) 

from the data to be r mH ο∆ ((V.70), 298.15 K) = – (64.90 ± 3.19) kJ⋅mol–1. This datum is 
combined with accepted enthalpies of formation to: 

f mH ο∆ (Ga2(SeO4)3
.18H2O, cr, 298.15 K) = – (7331.1 ± 17.8) kJ⋅mol–1. 

The enthalpies of dissolution of Ga2(SeO4)3
.18H2O(cr) and Ga2(SeO4)3(cr) in 

0.2 M KOH were also measured. These measurements yield: 

f mH ο∆ (Ga2(SeO4)3, cr, 298.15 K) = – (1908.4 ± 17.9) kJ⋅mol–1. 

The enthalpies of formation reported in [68TAN/GOR] are − 7401.1 and 
− 1978.2 kJ⋅mol–1 respectively. An analysis of the evaluation there shows that the dif-
ference from the present results is mainly caused by the different selections of the stan-
dard enthalpy of formation of BaSeO4(cr), see Appendix A. The values calculated by 
the review are adopted, although the experimental difficulties with highly hydrated salts 
are well known. This matter is further discussed in Appendix A, [68TAN/GOR]. Since 
the calculation of the formation enthalpies from the experiments involved non-TDB 
auxiliary data, they are included in Appendix E. 

V.8.4 Indium compounds 

V.8.4.1 Indium selenides 
The thermodynamic properties of the system indium-selenium have been reviewed by 
Chatillon [93CHA] and Vassilev, Daouchi, Record, and Tedenac [98VAS/DAO]. The 
system is difficult to study because of slow reactions and the identification of the solid 
phases has been controversial. Similarly, the gas phase has been difficult to study since, 
in addition to gaseous indium selenide molecules, it also comprises all the selenium 
species Se(g)-Sen(g), n = 1 to 8. Proper heat capacities and entropies are missing for 
most condensed phases and gaseous species and the investigators have employed a 
number of assumptions and estimations in their evaluations making it difficult to sort 
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out the quantities actually measured. The measurements of the thermodynamic proper-
ties of the compounds in the indium-selenium system are in general of poor quality. 

The reviews in [98VAS/DAO] and [93CHA] report the stable compounds 
In4Se3(cr), InSe(cr), In6Se7(cr), In5Se7(cr), and In2Se3(cr). Experimental thermodynamic 
information is essentially only available for InSe(cr) and In2Se3(cr). Thermodynamic 
properties have also been reported for the phases In2Se(s) and In5Se6(s), but these 
phases do not actually exist. Mass spectrometric investigations have shown that the 
molecules InSe(g), In2Se(g), and In2Se2(g) form in the gas phase.  

After the assessment of the thermodynamic properties of indium selenides was 
made by the review, the thermodynamic modelling of the In-Se system by Li, Record, 
and Tedenac [2003LI/REC] has appeared. The paper brings no new experimental in-
formation and does not affect the selection of the thermodynamic properties made by 
the review. However, the modelling resulted in thermodynamic properties of all con-
densed phases in the system and the values are given in the pertinent sections. Most of 
these data are not based on experimental thermodynamic information for individual 
phases, but are a result of the modelling of the thermodynamics and the phase diagram 
of the system as a whole. The data are included in the review for information only. 

V.8.4.1.1 InSe(cr) 

The low temperature heat capacity of InSe(cr) has been measured in the temperature 
range 55 to 300 K by Mamedov, Kerimov, Kostryukov, and Guseinov [67MAM/KER] 
and in the range 12 to 304 K by Mamedov, Kerimov, Kostryukov, and Mekthiev 
[70MAM/KER]. The heat capacity reported in [70MAM/KER] for the temperature 
range 55 to 304 K is identical to that reported in [67MAM/KER] and the values obvi-
ously stem from the same measurements. Mills [76MIL] measured the heat capacity of 
InSe(cr) in the temperature range 129 to 920 K. The heat capacity values reported at 
298.15 K were ,mpCο (InSe, cr, 298.15 K) = (50.3 ± 1.5) J·K–1·mol–1 and (49.2 ± 1.5)  
J·K–1·mol–1 in [67MAM/KER] and [76MIL], respectively. The average of the two heat 
capacity values is selected: 

,mpCο (InSe, cr, 298.15 K) = (49.8 ± 1.1) J·K–1·mol–1. 

The heat capacity expression in [76MIL] was modified by the review to fit the selected 
value of the heat capacity at 298.15 K, yielding: 

,mpCο (InSe, cr, (298.15 - 913) K) = (46.496 + 7.281 × 10–3 T  
+ 0.96314 × 105 T –2) J·K–1·mol–1. 

An attempt to determine the enthalpy and entropy of formation of InSe(cr) was 
made by Mustafaev, Azizov, Aliev, and Abbasov [74MUS/AZI] from electrochemical 
cell measurements in the temperature range 510 to 710 K. However, the reported values 
were obtained using thermochemical data of the non-existent phase In5Se6(s) and are 
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therefore rejected. The third law entropy of InSe(cr) at 298.15 K derived from the val-
ues of the low-temperature heat capacity reported in [70MAM/KER] is selected: 

mS ο (InSe, cr, 298.15 K) = (83.9 ± 0.9) J·K–1·mol–1. 

Hahn and Burow [56HAH/BUR] determined the enthalpy of formation of 
InSe(cr) to be − (118.0 ± 13.0) kJ⋅mol–1 using combustion calorimetry in oxygen. The 
experimental conditions are summarised shortly and auxiliary data used are not men-
tioned in the paper. The quality of the measurements can therefore not be assessed and 
neither be recalculated using the auxiliary data set employed by the review. The value 
can therefore not be selected. 

The thermodynamic modelling in [2003LI/REC], cf. Section V.8.4.1, resulted 
in the values f mH ο∆ (InSe, cr, 298.15 K) = − 120.6 kJ·mol–1, mS ο (InSe, cr, 298.15 K) = 
76.1 J·K–1·mol–1, ,mpCο (InSe, cr, 298.15 K) = 49.16 J·K–1·mol–1, and the heat capacity 
expression ,mpCο (InSe, cr, (298.15 – 850) K ) = (49.633 + 3.447 × 10–3 T − 1.33339 × 
105 T –2) J·K–1·mol–1, which are given for information only. 

V.8.4.1.2 InSe(g) 

Chatillon [93CHA] calculated the heat capacity and entropy of InSe(g) to be ,mpCο (InSe, 
g, 298.15 K) = (36.1 ± 1.5) J·K–1·mol–1 and mS ο (InSe, g, 298.15 K) = (254.7 ± 3.0)     
J·K–1·mol–1, respectively, from estimated molecular parameters given by Colin and 
Drowart [68COL/DRO]. The values can be compared with ,mpCο (InSe, g, 298.15 K) = 
35.2 J·K–1·mol–1 and mS ο (InSe, g, 298.15 K) = 257.8 J·K–1·mol–1 calculated by the re-
view from the molecular parameters obtained by Erkoc, Katircioglu, and Yilmaz 
[2001ERK/KAT] in quantum mechanical studies of In-Se clusters. None of the values 
are based on experimental information on the InSe(g) molecule and no values are se-
lected. 

The atomisation enthalpy of InSe(g) was determined by Colin and Drowart 
[68COL/DRO] from mass spectrometric measurements in the temperature range 1495 
to 1815 K. The evaluation employed Gibbs energy functions calculated from estimated 
molecular parameters and the experimental results were therefore re-evaluated as dis-
cussed in Appendix A using the results in [2001ERK/KAT]. The calculated values are 

f mH ο∆ (InSe, g, 298.15 K) = 216.7 kJ⋅mol–1 from the second law and f mH ο∆ (InSe, g, 
298.15 K) = 226.6 kJ⋅mol–1 from the third law. The molecular properties calculated 
from quantum mechanics and statistical mechanics for a diatomic molecule can be ex-
pected to be quite accurate and the average of the enthalpy values is accepted with an 
uncertainty estimated by the review 

f mH ο∆ (InSe, g, 298.15 K) = (221.6 ± 20.0) kJ⋅mol–1. 

The value is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 
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V.8.4.1.3 In2Se(g) 

Greenberg, Borjakova, and Shevelkov [73GRE/BOR] calculated the heat capacity and 
entropy of In2Se(g) to be ,mpCο (In2Se, g, 298.15 K) = 56.9 J·K–1·mol–1 and mS ο (In2Se, g, 
298.15 K) = 333.4 J·K–1·mol–1, respectively, from estimated molecular parameters. The 
values can be compared with ,mpCο (In2Se, g, 298.15 K) = 55.1 J·K–1·mol–1 and 

mS ο (In2Se, g, 298.15 K) = 322.4 J·K–1·mol–1 calculated by the review from the molecular 
parameters obtained by Erkoc, Katircioglu, and Yilmaz [2001ERK/KAT] in quantum 
mechanical studies of In-Se clusters. None of the values are based on experimental in-
formation on the In2Se(g) molecule and no values are selected. 

The atomisation enthalpy of In2Se(g) was determined by Colin and Drowart 
[68COL/DRO] from mass spectrometric measurements in the temperature range 1495 
to 1815 K. The evaluation employed Gibbs energy functions calculated from estimated 
molecular parameters and the experimental results were therefore re-evaluated as dis-
cussed in Appendix A. The results were f mH ο∆ (In2Se, g, 298.15 K) = 167.8 kJ⋅mol–1 
from the second law and f mH ο∆ (In2Se, g, 298.15 K) = 147.3 kJ⋅mol–1 from the third 
law. No value is selected because the calculations depend on free energy functions de-
rived from non-experimental information only. 

V.8.4.1.4 In2Se2(g) 

Chatillon [93CHA] calculated the heat capacity and entropy of In2Se2(g) to be 
,mpCο (In2Se2, g, 298.15 K) = 82.3 J·K–1·mol–1 and mS ο (In2Se2, g, 298.15 K) = 395.7    

J·K–1·mol–1, respectively, from estimated molecular parameters obtained in a compari-
son of similar molecules with known or partly known molecular parameters. The values 
can be compared with ,mpCο (In2Se2, g, 298.15 K) = 82.5 J·K–1·mol–1 and mS ο (In2Se2, g, 
298.15 K) = 389.5 J·K–1·mol–1 calculated by the review from the molecular parameters 
obtained by Erkoc, Katircioglu, and Yilmaz [2001ERK/KAT] in quantum mechanical 
studies of In-Se clusters. None of the values are based on experimental information for 
the In2Se2(g) molecule and no values are selected. 

The atomisation enthalpy of In2Se2(g) was determined by Colin and Drowart 
[68COL/DRO] from mass spectrometric measurements in the temperature range 1030 
to 1134 K. The evaluation employed Gibbs energy functions calculated from estimated 
molecular parameters and the experimental results were therefore re-evaluated as 
discussed in Appendix A. The results were f mH ο∆ (In2Se2, g, 298.15 K) = 139.8 kJ⋅mol–1 
from the second law and f mH ο∆ (In2Se2, g, 298.15 K) = 159.4 kJ⋅mol–1 from the third 
law. No value is selected because the calculations depend on free energy functions 
derived from non-experimental information only. 

V.8.4.1.5 In2Se3(cr) 

Several modifications of In2Se3(cr) are known but the stability ranges of the various 
polymorphs are not well known. The stability sequence α´, α, β,  γ, and δ with the tran-
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sition temperatures 148 K, 473 K, 793 K, and 1003 K was suggested by Popovic, 
Tonejc, Grzeta-Plenkovic, Celustka, and Trojko [79POP/TON]. The α phase can be 
obtained in two modifications, hexagonal α-In2Se3 and rhombohedral α-In2Se3, depend-
ing on the synthesis method. Vassilev, Daouchi, Record, and Tedenac [98VAS/DAO] 
concluded that it is actually the γ-In2Se3 phase and not α-In2Se3 that is stable at 
298.15 K. Equilibrium is difficult to attain and annealing times vary from days to 
months. A further complication in the evaluation of thermodynamic data for solid In2Se3 
is the poor X-ray characterisation of the phases in many of the investigations. The dis-
tinct forms of In2Se3(cr) were in general not characterised in the thermodynamic inves-
tigations and unless otherwise stated all forms are treated as being identical in this re-
view. 

The low temperature heat capacity of α-In2Se3 has been measured by 
Demidenko, Koshchenko, Griberg, Boryakova, and Gastev, [75DEM/KOS], Mills 
[76MIL], Koshchenko, Grinberg, Demidenko, and Zhelagina [81KOS/GRI], and 
Boehnke, Kühn, Berezovskii and Spassov [87BOE/KUH]. The reported heat capacity 
and entropy values at 298.15 K are summarised in Table V-48. The heat capacity meas-
urements all agree up 260 K, but above this temperature the heat capacity measured in 
[87BOE/KUH] remains almost constant while it continues to increase in the other in-
vestigations. The heat capacity value at 298.15 K is therefore somewhat lower in 
[87BOE/KUH] than in the other investigations. The mean of the heat capacity values is 
selected: 

,mpCο (In2Se3, α, 298.15 K) = (124.1 ± 4.1) J·K–1·mol–1. 

Table V-48: Experimental heat capacity and third law entropy values of α-In2Se3 at 
298.15 K. The values attributed to [87BOE/KUH] were evaluated by the review as dis-
cussed in Appendix A. 

Reference ,mpCο (In2Se3, α, 298.15 K) 
(J·K–1·mol–1) 

mS ο (In2Se3, α, 298.15 K) 
(J·K–1·mol–1) 

Temperature  
(K) 

[75DEM/KOS] (125.5 ± 1.0) (197.6 ± 1.8) 55 - 330 

[76MIL] (124.1 ± 1.0)  129 - 700 

[81KOS/GRI] (125.5 ± 0.3) (203.2 ± 0.6) 5 - 303 

[87BOE/KUH] (121.1 ± 0.4) (203.0 ± 0.6) 7 - 285 

Mills [76MIL] measured the heat capacity of In2Se3(cr) up to 700 K and the 
heat capacity expressions  

,mpCο (In2Se3, α, (298.15 - 471) K) = (109.19 + 50.0 × 10–3 T ) J·K–1·mol–1. 
and 
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,mpCο (In2Se3, β, (471 - 700) K) = (113.42 + 35.99 × 10–3 T ) J·K–1·mol–1. 

were derived by the review from the values listed in Table 1 of the paper. The transition 
temperature was changed from the original value of 486 K in [76MIL] to 471 K deter-
mined in [98VAS/DAO].  

The entropy of α-In2Se3 at 298.15 K evaluated in [75DEM/KOS] is based on 
an estimated heat capacity in the range 0 to 55 K and the value is lower than in the other 
investigations, see Table V-48. A second law entropy of formation of In2Se3(cr), pre-
sumably α-In2Se3, was determined to be f mS ο∆ (In2Se3, α, 298.15 K) = – (50.6 ± 8.8) 
J·K–1·mol–1 by Mustafaev, Azizov, Aliev, and Abbasov [74MUS/AZI] in electrochemi-
cal cell measurements in the temperature range 510 to 710 K. The entropy value 

mS ο (In2Se3, α, 298.15 K) = (191.3 ± 9.0) J·K–1·mol–1 is obtained from this investigation 
on combining the entropy of formation of α-In2Se3 with the selected standard entropy of 
selenium and the entropy of In(cr) in [82WAG/EVA]. The mean of the values of the 
standard entropy in [81KOS/GRI] and, from [87BOE/KUH] as evaluated by this re-
view, is selected: 

mS ο (In2Se3, α, 298.15 K) = (203.1 ± 2.0) J·K–1·mol–1. 

The transition temperatures and enthalpies of the various polymorphic trans-
formations of In2Se3(cr) are discussed in detail in the reviews in [93CHA] and 
[98VAS/DAO]. The values recommended in the two reviews are similar and those in 
[98VAS/DAO] are: 

trs mH ο∆ (In2Se3, α → β, 471 K) = (3.95 ± 0.30) kJ·mol–1, 

trs mH ο∆ (In2Se3, β → γ, 913 K) = (3.25 ± 0.30) kJ·mol–1, 

trs mH ο∆ (In2Se3, γ → δ, 1021 K) = (0.95 ± 0.30) kJ·mol–1. 

The enthalpy of formation of α-In2Se3 was determined to be f mH ο∆ (In2Se3, α, 
298.15 K) = − (344 ± 13) kJ·mol–1 by Hahn and Burow [56HAH/BUR] using combus-
tion calorimetry in oxygen. The experimental conditions are only briefly described and 
the auxiliary data used in calculations are not given. The quality of these measurements 
can therefore not be assessed and neither be recalculated using the auxiliary data set 
employed by the review. Sharifov and Azizov [67SHA/AZI] determined the enthalpy of 
formation to be f mH ο∆ (In2Se3, α, 298.15 K) = − (318.0 ± 10.0) kJ·mol–1 using direct 
synthesis in a bomb calorimeter. Unreacted selenium was distilled off and the final 
product was X-rayed. This is the better documented investigation of the two. 

The vaporisation of In2Se3(cr) has been studied in a number of investigations, 
usually by measuring the total pressure employing Knudsen effusion techniques. The 
results are summarised in Table V-49 and the individual investigations are discussed in 
Appendix A. Mass spectrometry was used in [69BER/STR] and [79VEN/PAS] to also 
record the partial pressures of In2Se(g) and Se2(g). In all investigations, except that by 
Srinavasa and Edwards [87SRI/EDW], the assumed reaction was In2Se3(cr)  In2Se(g) 
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+ Se2(g) without actually verifying that this was the case. In [87SRI/EDW] the vapori-
sation of a number of samples of different compositions in the indium-selenium system 
were investigated and by analysing the residues with X-ray techniques, it was concluded 
that the samples vaporised incongruently under the formation of liquids. Nevertheless, it 
was possible to combine results for selected reactions involving liquids to form the hy-
pothetical reaction In2Se3(cr)  In2Se(g) + Se2(g) and thereby to reduce the effects of 
the uncertain compositions of the liquids. The procedure is discussed in more detail in 
Appendix A. Unfortunately, the numerical values presented in the paper are only given 
as evaluated at 298.15 K without stating the auxiliary data used in the evaluations. The 
results can therefore not be recalculated using the auxiliary data of the review. The 
probably incongruent vaporisation of In2Se3(cr) makes the results from the vaporisation 
studies doubtful and since no reliable data exist for In2Se(g), the thermodynamic proper-
ties of In2Se3(cr) cannot be determined with confidence from these investigations. 

Table V-49: Determinations of thermochemical properties of the anticipated reaction 
α-In2Se3  In2Se(g) + Se2(g). Note that the actual vaporisation of α-In2Se3 is probably 
incongruent, a condition, which was only taken into account in the study in 
[87SRI/EDW]. Most of the results are therefore doubtful. 

Reference r mS ο∆  
(298.15 K), 
(J·K–1·mol–1) 

r mH ο∆  
(298.15 K), 

2nd law, 
(kJ·mol–1) 

r mH ο∆  
(298.15 K), 

3rd law, 
(kJ·mol–1) 

Temperature 
(K) 

Method 

[69BER/STR] 168.4 400.2 598.4 900 - 1120 Knudsen effusion and 
mass spectrometry. 

[72GRI/BOR] 373.6 451.8 444.8 923 - 1013 Bourdon gauge. 

[79VEN/PAS] 319.4 536.2 588.1 1055 - 1167 Knudsen effusion and 
mass spectrometry. 

[87SRI/EDW]   604.2, 

600.4 

1004 - 1156 Knudsen and torsion 
effusion. 

[88BAR/PIA] 332 549 596 984 - 1159 Knudsen effusion 

[88PAS/ZHA] 360 (546.4 ± 16.0) (563.2 ± 14.0) 980 - 1100 Knudsen effusion 

The results in [56HAH/BUR] are rejected by the review because of the rudi-
mentary documentation and the review selects the value of the enthalpy of formation 
determined in [67SHA/AZI],  

f mH ο∆ (In2Se3, α, 298.15 K) = − (318 ± 20) kJ·mol–1, 

but the uncertainty was increased since systematic errors cannot be excluded.  
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The Gibbs energy of formation of α-In2Se3 is calculated from the selected val-
ues of the enthalpy of formation and entropy, the selected entropy of selenium, and the 
entropy of indium in [82WAG/EVA] yielding: 

f mGο∆ (In2Se3, α, 298.15K) = − (306 ± 20) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

The thermodynamic modelling in [2003LI/REC], cf. Section V.8.4.1, resulted 
in the values f mH ο∆ (In2Se3, α, 298.15 K) = − 270.8 kJ·mol–1, mS ο (In2Se3, α, 
298.15 K) = 223.1 J·K–1·mol–1, ,mpCο (In2Se3, α, 298.15 K) = 124.5 J·K–1·mol–1, 

f mH ο∆ (In2Se3, β, 298.15 K) = − 268.5 kJ·mol–1, mS ο (In2Se3, β, 298.15 K) = 231.9       
J·K–1·mol–1, ,mpCο (In2Se3, β, 298.15 K) = 121.1 J·K–1·mol–1, f mH ο∆ (In2Se3, γ, 
298.15 K) = − 267.7 kJ·mol–1, mS ο (In2Se3, γ, 298.15 K) = 229.8 J·K–1·mol–1, 

,mpCο (In2Se3, γ, 298.15 K) = 122.9 J·K–1·mol–1, f mH ο∆  (In2Se3, δ, 298.15 K) = − 262.5 
kJ·mol–1, mS ο (In2Se3, δ, 298.15 K) = 234.9 J·K–1·mol–1, ,mpCο (In2Se3, δ, 298.15 K) = 
122.9 J·K–1·mol–1, and the heat capacity expressions ,mpCο (In2Se3, α, (298.15 - 474) 
K) = (123.06 + 17.857 × 10–3 T − 3.4857 × 105 T –2) J·K–1·mol–1, ,mpCο (In2Se3, β, (471 - 
1170) K) = (109.5 + 38.73 × 10–3 T ) J·K–1·mol–1, ,mpCο (In2Se3, γ, (474 - 1018) K) = 
(111.38 + 38.73 × 10–3 T ) J·K–1·mol–1, and ,mpCο (In2Se3, δ, (1018 - 1073) K) = (111.38 
+ 38.73 × 10–3 T ) J·K–1·mol–1, which are given for information only. 

V.8.4.1.6 In4Se3(cr) 

No experimental thermodynamic information exists for this phase, but the thermody-
namic modelling in [2003LI/REC], cf. Section V.8.4.1, resulted in the values 

f mH ο∆ (In4Se3, cr, 298.15 K) = − 367.1 kJ·mol–1, mS ο (In4Se3, cr, 298.15 K) = 285.1    
J·K–1·mol–1, ,mpCο (In4Se3, cr, 298.15 K) = 179.3 J·K–1·mol–1, and the heat capacity ex-
pression ,mpCο (In4Se3, cr, (298.15 – 850) K) = (191.58 + 5.78 × 10–3 T – 12.4493 × 105  
T –2) J·K–1·mol–1, which are given for information only. 

V.8.4.1.7 In5Se7(cr) 

No experimental thermodynamic information exists for this phase, but the thermody-
namic modelling in [2003LI/REC], cf. Section V.8.4.1, resulted in the values 

f mH ο∆ (In5Se7, cr, 298.15 K) = − 670.2 kJ·mol–1, mS ο (In5Se7, cr, 298.15 K) = 528.6       
J·K–1·mol–1, ,mpCο (In5Se7, cr, 298.15 K) = 298.7 J·K–1·mol–1, and the heat capacity ex-
pression ,mpCο (In5Se7, cr, (298.15 – 1150) K) = (295.34 + 42.856 × 10–3 T – 8.36568 × 
105 T –2) J·K–1·mol–1, which are given for information only. 

V.8.4.1.8 In6Se7(cr) 

No experimental thermodynamic information exists for this phase, but the 
thermodynamic modelling in [2003LI/REC], cf. Section V.8.4.1, resulted in the values 
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f mH ο∆ (In6Se7, cr, 298.15 K) = − 773.8kJ·mol–1, mS ο (In6Se7, cr, 298.15 K) = 523.9     
J·K–1·mol–1, ,mpCο (In6Se7, cr, 298.15 K) = 321.9 J·K–1·mol–1, and the heat capacity 
expression ,mpCο (In6Se7, cr, (298.15 - 943) K) = (313.18 + 53.27 × 10–3 T – 6.34328 × 
105 T –2) J·K–1·mol–1, which are given for information only. 

V.8.4.1.9 In9Se11(cr) 

The phase In9Se11(cr) is not mentioned in the reviews of the system In-Se in [93CHA] 
and [98VAS/DAO] and no experimental thermodynamic information exists for the 
phase. Nevertheless, the thermodynamic modelling in [2003LI/REC], cf. Section 
V.8.4.1, reports the values f mH ο∆ (In9Se11, cr, 298.15 K) = − 1173 kJ·mol–1, mS ο (In9Se11, 
cr, 298.15 K) = 826.9 J·K–1·mol–1, ,mpCο (In9Se11, cr, 298.15 K) = 495.3 J·K–1·mol–1, and 
the heat capacity expression ,mpCο (In9Se11, cr, (298.15 - 1000) K) = (481.8 + 81.96 ×  
10–3 T – 9.7589 × 105 T –2) J·K–1·mol–1, which are included for information only. 

V.8.4.2 Indium selenites 
Savchenko, Tananaev, and Volodina [68SAV/TAN] studied the system 
In2O3-SeO2-H2O at 298.15 K by solubility measurements in the concentration range 0.7 
to 35.3 mass-% SeO2. Two crystalline phases were observed namely In2(SeO3)3

.6H2O 
and In(HSeO3)3⋅3H2O. Gospodinov [84GOS6] made a similar investigation at 
(373.2 ± 1.0) K in the concentration interval 1.4 to 78.1 mass-% SeO2 in the liquid 
phase. The tie lines were used to identify the incongruently soluble solid phases 
In2(SeO3)3

.6H2O, In2(SeO3)3
.H2SeO3, and In2(SeO3)3

.2H2SeO3
.H2O. The reported solu-

bility of In(III) is small over the whole concentration range in SeO2. 

Mityureva [59MIT] measured the solubility of In2(SeO3)3
.6H2O(cr) in 0.1 M 

H2SO4 and 0.05 M HCl at 293.2 K. The reported solubility product, 10 ,0log sK  = 
− 32.61, is not accepted as side reactions of In3+ were not considered. No attempt has 
been made to re-evaluate the few data presented in the paper as discussed in Appen-
dix A. Popova, Slavtscheva, and Gospodinov [86POP/SLA] determined the solubility of 
indium selenite in dilute nitric acid. The preparation and composition of the selenite is 
not discussed. It is assumed to have the formulae In2(SeO3)3

.6H2O(cr) by the review. 
The solubility product calculated in the paper is accepted and selected, cf. Appendix A, 

 In2(SeO3)3
.6H2O(cr)  2In3+ + 2

33SeO −  + 6H2O(l) (V.71) 

10 ,0log sK ο ((V.71), 298.15 K) = – (39.0 ± 2.0) 

but the uncertainty has been increased considerably by the review due to the uncertainty 
in the values of the activity coefficients and the high powers of the activities in the ex-
pression for the solubility product. 

No other thermodynamic data have been found for indium selenites. 
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V.8.4.3 Indium selenates 
Tananaev et al. have determined the solubility of indium selenate in water at 293 K to 
be 1.87 mol(In2(SeO4)3)⋅kg–1 in a number of papers (see below). The composition of the 
solid phase is reported to be In2(SeO4)3⋅9H2O(cr). The review accepts 

m(In2(SeO4)3⋅9H2O(cr), aq sat, 293.15 K) = 1.87 mol(In2(SeO4)3)⋅kg–1. 

No uncertainty can be assigned to this figure.  

A phase diagram or related information is available for the systems: 
In2(SeO4)3-H2SeO4-H2O at 293 K in [72DEI/TAN]; In2(SeO4)3-(NH4)2SeO4-H2O at 
293 K in [80KAD/TAN]; In2(SeO4)3-Li2SeO4-H2O at 293 K in [82TAN/KAD]; 
In2(SeO4)3-Na2SeO4-H2O at 293 K in [73DEI/TAN]; In2(SeO4)3-K2SeO4-H2O at 293 K 
in [75KAD/DEI]; In2(SeO4)3-Rb2SeO4-H2O at 293 K in [77KAD/DEI]; In2(SeO4)3-
Cs2SeO4-H2O at 293 K in [77KAD/DEI3]. 

No other thermodynamic data have been found for indium selenates. 

V.8.5 Thallium compounds 

V.8.5.1 Thallium selenides 
Römermann, Feutelais, Fries and Blachnik [2000ROM/FEU] investigated the Tl-Se 
system by differential scanning calorimetry and X-ray diffraction techniques and 
assessed and modelled the thermodynamic properties of the condensed phases in the 
system. The resulting phase diagram is presented in Figure V-16 and it comprises the 
solid phases Tl2Se(cr), α-TlSe, β-TlSe, all of fixed or nearly fixed stoichiometry, and a 
solution phase γ with an upper limit of the selenium content corresponding to the 
compound Tl5Se3(cr). In addition, the phase Tl2Se3(cr) has been reported by 
Terpilowski, Zaleska, and Gawel [68TER/ZAL]. The phase has not been found in later 
investigations and it probably does not exist. It was not included in the phase diagram in 
[2000ROM/FEU]. The saturated vapour pressure in equilibrium with solid Tl2Se(cr) and 
TlSe(cr) has been measured by Shakhtakhtinskii, Kuliev, and Abdullaev [63SHA/KUL] 
and by Genov, Nesmeyanov, and Priselkov [62GEN/NES]. However, the species in the 
gas phase have not been identified and the measured pressures cannot reliably be 
attributed to specific molecules. No thermodynamic data are therefore selected for 
gaseous thallium selenides. 
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Figure V-16: Phase diagram of the selenium-thallium system. 

 

 

V.8.5.1.1 α-TlSe and β-TlSe 

There are two solid polymorphs of the composition TlSe; α-TlSe, which is stable below 
461 K, and β-TlSe, which is stable from 472K up to the congruent melting point at 
620 K. The transformation α → β occurs in the temperature range 461 to 472 K with a 
tiny change in composition. The change was neglected in the modelling of the phases in 
[2000ROM/FEU] which used the average temperature 466 K for the transition. 

The heat capacity of α-TlSe was measured in the temperature range 3 to 300 K 
using a heat pulse technique and in the temperature range 190 to 461 K using a heat 
content method by Brekow, Meissner, Scheiba, Tausend, and Wobig [73BRE/MEI], and 
in the temperature range 2 to 300 K by Mamedov, Aldzhanov, Mekhtiev, and Kerimov 
[80MAM/ALD]. The values reported at 298.15 K were ,mpCο (TlSe, α, 298.15 K) = 
(50.6 ± 1.5) J·K–1·mol–1 and (49.9 ± 1.0) J·K–1·mol–1, respectively. The weighted aver-
age is selected: 

,mpCο (TlSe, α, 298.15 K) = (50.1 ± 0.8) J·K–1·mol–1. 



V.8 Group 13 compounds and complexes 

 

249

Brekow et al. [73BRE/MEI] also determined the heat capacity of β-TlSe in the 
temperature range (466 to 600) K and reported the heat capacity expression ,mpCο (TlSe, 
cr, (190 - 600) K) = (42.8 + 26.3 × 10−3 T ) J·K–1·mol–1 to describe the heat capacity of 
the TlSe polymorphs to within 3%. The expression describes the heat capacity across 
the α → β transformation and the transition enthalpy is too small to be determinable by 
their technique. Morgant, Legendre, and Souleau [82MOR/LEG] used drop calorimetry 
in the temperature range 298 to 775 K to determine the heat capacities of α-TlSe, 
β-TlSe, and TlSe(l) yielding the constant values ,mpCο (TlSe, α, (298 - 461) K) = 50.3 
J·K–1·mol–1, ,mpCο (TlSe, β, (472 - 619) K) = 51.5 J·K–1·mol–1, and ,mpCο (TlSe, l, (619 - 
775) K) = 78.8 J·K–1·mol–1. No value was determined for the enthalpy of the transition 
α → β, but the enthalpy and entropy of fusion were determined to be fus mH ο∆ (β-TlSe, 
619 K) = (22.19 ± 0.20) kJ·mol–1 and fus mS ο∆ (β-TlSe, 619 K) = 35.85 J·K–1·mol–1, re-
spectively. The assessment in [2000ROM/FEU] combined the results in [73BRE/MEI], 
[80MAM/ALD], and [82MOR/LEG] and the following quantities: ,mpCο (TlSe, α, 
(298.15 - 466) K) = (42.742 + 26.28 × 10−3 T ) J·K–1·mol–1, ,mpCο (TlSe, α, (466 - 
620)  K) = (42.836 + 26.11 × 10−3 T ) J·K–1·mol–1, and trs mH ο∆ (α-TlSe→β-TlSe, 
466 K) = 0.27 kJ·mol–1 are reported. The heat capacity of α-TlSe at 298.15 K calculated 
from the expression is ,mpCο (TlSe, α, 298.15 K) = 50.62 J·K–1·mol–1 which is within the 
uncertainty limits of the selected value. 

The third law values of the entropy at 298.15 K evaluated from the heat capac-
ity measurents in [73BRE/MEI] and [80MAM/ALD] are mS ο (TlSe, α, 298.15 K) = 
(104.5 ± 3.0) J·K–1·mol–1 and (102.6 ± 1.5) J·K–1·mol–1, respectively. The assessment in 
[2000ROM/FEU] selected the value mS ο (TlSe, α, 298.15 K) = 104.3 J·K–1·mol–1. The 
review selects the weighted average of the measurements in [73BRE/MEI] and 
[80MAM/ALD]:  

mS ο (TlSe, α, 298.15 K) = (103.0 ± 1.3) J·K–1·mol–1. 

The enthalpy of formation of α-TlSe was determined to be f mH ο∆ (TlSe, α, 
298.15 K) = − (61.0 ± 2.0) kJ·mol–1 by Vasiliev, Nikolskaya, Bachinskaya, and Gerasi-
mov [67VAS/NIK] from electrochemical measurements in the temperature range 313 to 
413 K using the cell (−) Tl(cr) | TlCl, KCl (in glycerol) | α-TlSe, Se(trig) (+). 

Morgant, Feutelais, Schnitter, and Legendre [91MOR/FEU] measured the cell  

(−) Tl(l) | 1 weight-% TlCl (in LiCl + KCl melt) | Tl1–xSex(l) (+)  

in the temperature range 663 to 763 K. Partial and integral enthalpies of formation of 
the solutions were derived. Their value for the enthalpy of mixing of the composition 
Tl0.5Se0.5 at 738 K, f mH ο∆ (Tl0.5Se0.5, l, 738 K) = − 25.13 kJ·mol–1, was combined by the 
review with the heat content measurements in [82MOR/LEG], the selected properties of 
selenium, and the SGTE [91DIN] thermodynamic properties of thallium yielding 

f mH ο∆ (TlSe, α, 298.15 K) = − 57.0 kJ·mol–1. Maekawa, Yokokawa, and Niwa 
[71MAE/YOK] measured the enthalpy of mixing using calorimetry at 753 K. The re-
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sults were recalculated to 298.15 K by the review using the same procedure as for the 
results in [91MOR/FEU] yielding f mH ο∆ (TlSe, α, 298.15 K) = − 56.4 kJ·mol–1. The 
Gibbs energy of formation of α-TlSe at 433 K was determined to be f mGο∆ (TlSe, 
α, 433 K) = − (56.5 ± 1.2) kJ·mol–1 by Terpilowski, Zaleska, and Gawel [68TER/ZAL] 
using cells similar to those used in [67VAS/NIK]. However, the results were obtained 
via measurements on Tl2Se3(cr) which probably does not exist. Their results are there-
fore dubious and were rejected in [2000ROM/FEU] and by the review. The activity of 
selenium in liquid thallium-selenium mixtures at 860 K was determined by Predel, 
Piehl, and Pool [75PRE/PIE] by measuring the equilibrium selenium pressure. Partial 
and integral free energies were calculated. The calculations were later revised by Predel, 
Gerdes, and Gerling [79PRE/GER] using new thermodynamic data for the gaseous se-
lenium species. No quantities were calculated at standard conditions. Since the primary 
data from the measurements are not presented, a recalculation to standard conditions is 
not possible even if necessary thermal functions were available. Predel et al. 
[75PRE/PIE] also measured the enthalpy of mixing calorimetrically at 860 K and the 
results were recalculated to 298.15 K by the review using the same procedure as for the 
results in [91MOR/FEU] yielding f mH ο∆ (TlSe, α, 298.15 K) = − 52.2 kJ·mol–1. 
Römermann et al. [2000ROM/FEU] assessed the value to be f mH ο∆ (TlSe, 
α, 298.15/K) = − 63.2 kJ·mol–1, but the review calculates and accepts the average ob-
tained on assigning equal weights to the values derived from [67VAS/NIK], 
[91MOR/FEU], [71MAE/YOK], and [75PRE/PIE] 

f mH ο∆ (TlSe, α, 298.15 K) = − (56.7 ± 7.1) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

The Gibbs energy of formation is calculated from the accepted enthalpy of 
formation and entropy of α-TlSe, the selected entropy of selenium, and the entropy of 
thallium in [82WAG/EVA] to be: 

f mGο∆ (TlSe, α, 298.15K) = − (55.7 ± 7.1) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.8.5.1.2 Tl2Se(cr) 

The heat capacity of Tl2Se(cr) was measured in the temperature range 3 to 640 K using 
a heat pulse method by Brekow, Meissner, Scheiba, Tausend, and Wobig 
[75BRE/MEI]. Mamedov, Yangirov, Guseinov, and Abdullaev [88MAM/YAN] pre-
sented measured heat capacity values in a graph together with the data in [75BRE/MEI] 
and concluded that the two series of data agreed. No numerical values were reported. 
The heat capacity and the entropy at 298.15 K derived from the heat capacity data in 
[75BRE/MEI] are selected:  
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,mpCο (Tl2Se, cr, 298.15 K) = (82.2 ± 2.5) J·K–1·mol–1, 

and 

mS ο (Tl2Se, cr, 298.15 K) = (174.8 ± 3.0) J·K–1·mol–1. 

The heat capacity expression ,mpCο (Tl2Se, cr, (190 - 640) K) = (75.2 + 27.6 × 
10−3 T ) J·K–1·mol–1 was also reported in [75BRE/MEI]. 

Vasiliev, Nikolskaya, and Gerasimov [71VAS/NIK] extended the work in 
[67VAS/NIK] on α-TlSe, cf. Section V.8.5.1.1, to lower selenium contents and per-
formed electrochemical measurements in the temperature range 313 to 413 K using 
cells of the type  

(−) Tl(cr) | TlCl, KCl (in glycerol) | Tl1−xSex (+) 

with x in the range 0.375 to 0.333. The enthalpy of formation of Tl2Se(cr) was deter-
mined to be f mH ο∆ (Tl2Se, cr, 298.15 K) = − (92.6 ± 2.0) kJ·mol–1 by combining their 
earlier results for α-TlSe with the new measurements. 

In Section V.8.5.1.1 the enthalpy of formation of α-TlSe at standard conditions 
was evaluated by the review from the measurements of the enthalpy of mixing in the 
liquid state at high temperatures made in [91MOR/FEU], [71MAE/YOK], and 
[75PRE/PIE] by combining their results with the heat content measurements in 
[82MOR/LEG]. The procedure was repeated for the composition Tl2Se yielding the 
enthalpy values − 82.7 kJ·mol–1, − 86.4 kJ·mol–1, and − 60.2 kJ·mol–1 from the meas-
urements in [91MOR/FEU], [71MAE/YOK], and [75PRE/PIE], respectively. The result 
in [75PRE/PIE] deviates from the other two values because the shape of the curve of the 
enthalpy of mixing as a function of selenium content is different in this investigation. 
The assessment by Römermann et al. [2000ROM/FEU] rejected the value because of 
this condition and selected the value f mH ο∆ (Tl2Se, cr, 298.15 K) = − 95.6 kJ·mol–1 in 
their thermodynamic modelling of the phase diagram. The review accepts the average 
enthalpy value calculated by assigning equal weights to the values derived from 
[71VAS/NIK], [91MOR/FEU], and [71MAE/YOK], 

f mH ο∆ (Tl2Se, cr, 298.15 K) = − (87.2 ± 9.8) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

The Gibbs energy of formation is calculated from the accepted enthalpy of 
formation and entropy of Tl2Se(cr), the selected entropy of selenium, and the entropy of 
thallium in [82WAG/EVA] to be: 

f mGο∆ (Tl2Se, s, 298.15K) = − (88.5 ± 9.8) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 
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In the aqueous phase, Umland and Wallmeier [80UML/WAL] studied the 
reduction of selenite at the mercury electrode in the presence of Tl+ by polarography, 
see Appendix A. The solubility product of Tl2Se(s) was obtained from the position of 
the half-wave potential of the second reduction step, HgSe(s) + 2Tl+ + 2e–  Tl2Se(s) + 
Hg(l), to be 10 ,0log sK ο (Tl2Se, s, 298.15 K) = – (33.3 ± 2.0). Combined with the f mGο∆  
value for Tl+ (– 32.40 kJ·mol–1) in [82WAG/EVA] and the selected value for Se2–, it 
corresponds to f mGο∆ (Tl2Se, s, 298.15 K) = – (126.3 ± 13.2) kJ·mol–1. The value is in 
disagreement with the value extrapolated from high temperature measurements. Since 
the validity of the polarographic method has not been documented, the value of 

f mGο∆ (Tl2Se, cr, 298.15 K) obtained from the extrapolation of the high temperature data 
has been adopted. 

V.8.5.1.3 Tl2Se3(cr) 

According to the assessment of the phase diagram information by Römermann et al. 
[2000ROM/FEU], Tl2Se3(cr) probably does not exist and the thermodynamic properties 
estimated by Mills [74MIL] and reported by Terpilowski, Zaleska, and Gawel 
[68TER/ZAL] are therefore irrelevant. 

V.8.5.2 Thallium selenites 

V.8.5.2.1 Tl(I) 

Micka, Ebert, France, and Ptacek [86MIC/EBE] established the phase diagram of the 
system Tl2SeO3-H2SeO3-H2O at 298.15 K from solubility measurements. The crystalline 
phases Tl2SeO3, Tl2Se2O5, and TlH3(SeO3)2 were identified. Few primary solubility data 
are presented and the paper is largely devoted to the thermal analysis and spectrochemi-
cal characterisation of the compounds. 

V.8.5.2.2 Tl(III) 

Gospodinov [84GOS5] studied the phase diagram of the system Tl2O3-SeO2-H2O at 
(373.2 ± 1.0) K over the concentration range 0.2 to 78.8 mass-% SeO2 in the liquid 
phase. The compositions of the solids obtained from the tie lines were Tl2(SeO3)3 and 
Tl2(SeO3)3⋅H2SeO3, both of which dissolve incongruently. The published solubility data 
show that the solubility of Tl(III) is small in the whole interval of SeO2 concentrations 
investigated. 

Mityureva [59MIT] measured the solubility of thallium(III) selenite, 
Tl2(SeO3)3(cr), in 0.1 M H2SO4 and 0.1 M HNO3 at 293.2 K. The reported solubility 
product, 10 ,0log sK = – 38.72, is not accepted as side reactions of Tl3+ were not consid-
ered. No attempt has been made to re-evaluate the few data presented in the paper as 
discussed in Appendix A. Popova, Slavtscheva, and Gospodinov [86POP/SLA] deter-
mined the solubility of thallium(III) selenite in dilute sulphuric acid. The solubility 
product, 10 ,0log sK = – 46.69, calculated from the total concentration of Tl(III) in the 
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saturated solution is not accepted since the strong hydrolysis of Tl3+ was not taken into 
account. A recalculation is not possible, see Appendix A. 

No other thermodynamic data have been found for thallium selenites. 

V.8.5.3 Thallium selenates 

V.8.5.3.1 Tl(I) 

Vojtisek and Ebert [89VOJ/EBE] determined the solubility of Tl2SeO4(cr) in water at 
298.15 K to be 0.0588 mol⋅kg–1 as part of a study of the system Tl2SeO4-MgSeO4-H2O. 

Selivanova [58SEL] calculated thermodynamic quantities for Tl2SeO4(cr) at 
298.15 K from solubilities interpolated in an unknown way from data in the literature, 
see Appendix A. No experimental value of the solubility at 298.15 K was available then. 
As the solubility data surrounding the standard temperature were obtained at 293 and 
353 K, her results were checked by calculating the solubility product from data avail-
able at 282.5, 285.2, and 293.2 K. Activity coefficients were estimated by SIT with 
ε(Tl+, 2

4SeO − ) = ε(K+, 2
4SeO − ) = – 0.06 kg·mol−1. The linear 10 ,0log sK ο = f (1/T ) plot 

was extrapolated to 298.15 K and the solubility product of the reaction 

Tl2SeO4(cr)  2Tl+ + 2
4SeO −  (V.72) 

was obtained to be 10 ,0log sK ο = – 3.90. The value calculated from [89VOJ/EBE] is 
− 3.88 and: 

10 ,0log sK ο ((V.72), 298.15 K) = – (3.90 ± 0.15) 

will be selected. The value proposed by Selivanova was – 4.00. 

The standard Gibbs energy of formation of thallium(I) selenate is calculated 
from the solubility product and the Gibbs energies of the ions ( f mGο∆ (Tl+, 298.15 K) = 
− (32.40 ± 0.30) kJ⋅mol–1 [99RAR/RAN]) to be: 

f mGο∆ (Tl2SeO4, cr, 298.15 K) = – (526.5 ± 1.8) kJ⋅mol–1. 

Selivanova calculated the enthalpy change of Reaction (V.72) from the interpo-
lated solubilities in the range 283.15 to 313.15 K to be (43.10 ± 2.90) kJ⋅mol–1. The re-
view obtained the same result from the original data at the temperatures mentioned 
above, and (41.67 ± 2.95) kJ⋅mol–1 for the whole temperature range between 282.5 and 
373.2 K. The value of r mH ο∆ ((V.72), 298.15 K) is uncertain as there is no experimental 
value of the solubility between 293.2 and 353.2 K. In addition, the data used originate 
from two sources. The selected value: 

r mH ο∆ ((V.72), 298.15 K) = (43.0 ± 5.0) kJ⋅mol–1 

reflects the uncertainty and, with f mH ο∆ (Tl+, 298.15 K) = (5.36 ± 1.00) kJ⋅mol–1 in 
[82WAG/EVA], leads to  
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f mH ο∆ (Tl2SeO4, cr, 298.15 K) = – (635.8 ± 6.4) kJ⋅mol–1.  

The value reported in [82WAG/EVA] is – 632 kJ⋅mol–1. 

The data yield: 

mS ο (Tl2SeO4, cr, 298.15 K) = (214.4 ± 22.3) J⋅K–1⋅mol–1. 

Since the calculation of the formation data and entropy from the experimental 
data involved non-TDB auxiliary data they are included in Appendix E. 

V.8.5.3.2 Tl(III) 

Gospodinov and Barkov [92GOS/BAR] studied the system Tl2O3-H2SeO4-H2O at 
373.15 K. (TlO)2SeO4 is formed when the SeO3 concentration in the liquid phase ex-
ceeds about 20 mass-%. 

The standard Gibbs energy of formation of thallium(III) selenate is reported as 
f mGο∆ (Tl2(SeO4)3, cr, 298.15 K) = – 901.1 kJ⋅mol–1 in [82WAG/EVA]. The source of 

this datum could not be traced and it has therefore not been selected. No other data have 
been found for this compound.  

V.8.5.4 Thallium selenocyanates 
Ramakrishna and Thuraisingham [73RAM/THU] studied the complex formation 
between Tl+ and SeCN– at 300 K in 2 M NaNO3 medium by polarographic 
measurements. The evaluation of the E1/2 vs. [SeCN–] data relied on graphical 
techniques and indicated the formation of three mononuclear complexes: 

 Tl+ + SeCN–  TlSeCN(aq) (V.73) 

 Tl+ + 2SeCN–  2Tl(SeCN)−  (V.74) 

 Tl+ + 3SeCN–  2
3Tl(SeCN) −  (V.75) 

with 10log K (V.73) = 0.97; 10log K (V.74) = 0.88 and 10log K (V.75) = 1.24. The 
values of the constants form a somewhat unexpected sequence, which would partly 
jeopardise the evaluation method used. Of the three complexes, only the mono-
selenocyanate species is formed in appreciable amounts within the allowed range for the 
constant ionic medium method, i.e., a 10% replacement of the medium ions. Only the 
stability constant of this complex is therefore accepted by this review. Its value at I = 0 
and 298.15 K has been estimated by SIT with ε(Tl+, 3NO− ) ≈ ε(Tl+, 4ClO− ) = 
− (0.21 ± 0.10) kg·mol−1 and ε(Na+, SeCN–) ≈ ε(Na+, SCN–) = (0.05 ± 0.01) kg·mol−1. A 
correction of the order of 0.01 logarithmic unit to 298.15 K from 300 K was made with 
a r mH ο∆  of − 10 kJ⋅mol–1 estimated from other Me-SeCN– systems. The result is 

10log K ο ((V.73), 298.15 K) = (1.75 ± 0.29). 
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The uncertainty limits include an assumed uncertainty in the original value of 
± 0.20. 

The selection corresponds to: 

r mGο∆ ((V.73), 298.15 K) = – (10.0 ± 1.7) kJ⋅mol–1. 

Combined with the value for f mGο∆ (SeCN–, 298.15 K) selected in this review, 
and the [99RAR/RAN] value of f mGο∆ (Tl+, 298.15 K) (– 32.40 kJ⋅mol–1), this 
corresponds to: 

f mGο∆ (TlSeCN, aq, 298.15 K) = (93.7 ± 4.2) kJ⋅mol–1. 

V.9 Group 12 compounds and complexes 

V.9.1 Zinc compounds 

V.9.1.1 Zinc selenides 
The zinc-selenium phase diagram was assessed and modelled by Sharma and Young 
[96SHA/CHA] and Brebrick and Liu [96BRE/LIU]. ZnSe is the only solid compound in 
the system and three different polymorphs have been characterised. According to 
[96SHA/CHA] the α form, which crystallises in the zinc blende (sphalerite) structure, is 
the stable form up to the melting point at 1799 K. The β form crystallises in the sodium 
chloride structure and is stable at high pressures only. The third form of ZnSe crystal-
lises in the wurtzite structure and is metastable at all temperatures and pressures 
[96SHA/CHA]. In contrast to these statements, the DTA studies by Okada, Kawanaka, 
and Ohmoto [96OKA/KAW] indicate that α-ZnSe transforms to the wurtzite structure 
type at 1684 K. 

 Experimental thermodynamic information is only available for α-ZnSe and 
ZnSe(g). 

V.9.1.1.1 α-ZnSe 

The low temperature heat capacity of α-ZnSe has been measured by Irwin and La-
Combe [74IRW/LAC], Birch [75BIR], and by Sirota, Petrova, and Sokolovski 
[80SIR/PET] in the temperature ranges 15 to 150 K, 2 to 25 K, and 4 to 300 K, respec-
tively. The heat capacity measured in [74IRW/LAC] and [80SIR/PET] differ by 
− (0.24 ± 1.32) J·K–1·mol–1 in the temperature range 15 to 150 K and in [80SIR/PET] 
the discrepancy was attributed to different degrees of pulverisation of the samples. The 
heat capacity at 298.15 K in [80SIR/PET] is selected by the review: 

,mpCο (ZnSe, α,  298.15 K) = (47.74 ± 1.50) J·K–1·mol–1. 

 The high temperature heat capacity was determined by Yamaguchi, Kameda, 
Takeda, and Itagaki [94YAM/KAM] from heat content measurements in the tempera-
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ture range 800 to 1500 K using drop calorimetry. The analytical expression ,mpCο (ZnSe, 
α, (800 - 1500) K) = (50.4 + 5.94 × 10–3 T – 0.27 × 105 T –2) J·K–1·mol–1 was derived 
for the heat capacity. This expression and the selected heat capacity at 298.15 K were 
combined by the review to give a heat capacity expression for the complete temperature 
range: 

,mpCο (ZnSe, α, (298.15 - 1500) K) = (53.155 + 2.6517 × 10–3 T + 1.0789 × 10–6 T 2 
 – 5.5968 × 105 T –2) J·K–1·mol–1. 

 The expression was employed in the re-evaluations made by the review in all 
cases where the heat capacity of α-ZnSe was required at temperatures above 298.15 K. 

The vaporisation of α-ZnSe takes place according to the reaction 
α-ZnSe  Zn(g) + ½Se2(g) and has been studied by different techniques in a number 
of investigations. The methods of evaluation and the auxiliary data used vary and in 
order to obtain a consistent set of thermochemical quantities, all investigations were re-
evaluated by the review using the second and third laws and an identical set of auxiliary 
data. This is discussed in Appendix A. The results are summarised in Table V-50 and 
Table V-51. 

 The Gibbs energy of formation of α-ZnSe was studied in the temperature range 
360 to 420 K using the cell  

(−) Zn(cr) | ZnCl2(in glycerol) | α-ZnSe, Se(trig) (+) 

by Terpilowski and Ratajczak [67TER/RAT] and in the temperature range 635 to 825 K 
using the cell  

(−) Zn(cr, l) | 5 weight-% ZnCl2 (in LiCl + KCl melt) | α-ZnSe, Se(l) (+) 

by Nasar and Shamsuddin [90NAS/SHA]. Similarly to the vaporisation studies, these 
investigations were re-evaluated by the review using the second and third laws and an 
identical set of auxiliary data as discussed in Appendix A. The results are included in 
Table V-50 and Table V-51. 

A third law value of the entropy at 298.15 K, mS ο (ZnSe, α, 298.15 K) = 
(71.94 ± 1.00) J·K–1·mol–1, was derived by the review from the low temperature heat 
capacity measurements in [80SIR/PET] as discussed in Appendix A. The second law 
entropies are widely scattered, but when obviously poor measurements are neglected, 
the weighted average given in Table V-50 agrees well with the third law value. The 
latter value is selected: 

mS ο (ZnSe, α, 298.15 K) = (71.94 ± 1.00) J·K–1·mol–1. 
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Table V-50: Second law entropies of α-ZnSe at 298.15 K evaluated by the review as 
discussed in Appendix A. Values denoted by (*) were not included in the average. 

Reference mS ο (ZnSe, α, 298.15 K) 

(J·K–1·mol–1) 
Method Temperature (K) 

[60KOR/SOK] (31.6 ± 20.0) (*) Knudsen effusion weight loss 913 - 1093 

[62WOS/GEE] (58.9 ± 14.0) Gas flow method 1060 - 1393 

[66SED/AGU] (62.2 ± 20.0) Static method 900 - 1200 

[67TER/RAT] (69.9 ± 6.0) Electrochemical cell 360 - 420 

[69BOE/BEN] – (58 ± 43) (*) Gas flow method 1150 - 1240 

[69FLO] (54.9 ± 12.0) Gas flow method 1173 - 1413 

[73HAS/MUN] (88.7 ± 12.0) Knudsen torsion effusion 952 - 1209 

[76KIR/RAV] (86.2 ± 9.0) Mass spectrometry and Knudsen effu-
sion weight loss 

923 - 1123 

[78ROL/HOC] (25.4 ± 16.0) (*) Mass spectrometry and Knudsen effu-
sion weight loss 

875 - 1100 

[90BAR/TRI] (66.1 ± 9.0) Knudsen effusion weight loss 1025 - 1288 

[90NAS/SHA] (59.4 ± 12.0) Electrochemical cell 635 - 693 

[90NAS/SHA] (63.9 ± 9.0) Electrochemical cell 693 - 825 

[96BRE/LIU2] (74.0 ± 6.0) Optical density 1260 - 1410 

[96SCH/FRE] (68.1 ± 14.0) Knudsen effusion weight loss 1190 - 1310 

Weighted average           (70.4 ± 2.8)   

 In addition to the previously mentioned measurements of the enthalpy of for-
mation, determinations have also been made by direct synthesis DTA calorimetry by 
Charlot, Tikhomiroff , and Lafitte [70CHA/TIK] and in [90NAS/SHA]. The results are 
included in Table V-51. 

The weighted average of the second and third law values of the enthalpy of 
formation is selected: 

f mH ο∆ (ZnSe, α, 298.15 K) = – (176.0 ± 4.0) kJ·mol–1. 

The error limits were increased in order to reflect that the error limits of the 
second and third law values do not overlap.  

 The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and the standard entropies to be: 

f mGο∆ (ZnSe, α, 298.15 K) = – (172.5 ± 4.0) kJ·mol–1. 
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Table V-51: Second and third law enthalpies of formation of α-ZnSe at 298.15 K evalu-
ated by the review as discussed in Appendix A. Values denoted by (*) were not in-
cluded in the average. 

Reference f mH ο∆ (ZnSe, α, 298.15 K) (kJ·mol–1) Temperature (K) 

 2nd law 3rd law  

[60KOR/SOK] – (215.9 ± 35.0) (*) – (175.2 ± 12.0) (*) 913 - 1093 

[62WOS/GEE] – (198.6 ± 19.0) – (182.8 ± 6.0) 1060 - 1393 

[66SED/AGU] – (185.8 ± 16.0)  900 - 1200 

[67TER/RAT] – (166.1 ± 6.0)  360 - 420 

[69BOE/BEN] – (383 ± 51) (*) – (193.0 ± 18.0) (*) 1150 - 1240 

[69FLO] – (192.5 ± 23.0) – (170.5 ± 4.9) 1173 - 1413 

[70CHA/TIK] – (156.0 ± 12.0)  300 - 800 

[73HAS/MUN] – (157.8 ± 13.0) – (175.9 ± 6.6) 952 - 1209 

[76KIR/RAV] – (164.5 ± 6.0) – (179.1 ± 5.2) 923 - 1123 

[78ROL/HOC] – (215.5 ± 19.0) (*) – (169.7 ± 15.0) (*) 875 - 1100 

[90BAR/TRI] – (183.4 ± 14.0) – (181.8 ± 7.0) 1025 - 1288 

[90NAS/SHA] – (177.5 ± 6.0) – (177.3 ± 4.2) 635 - 693 

[90NAS/SHA] – (175.0 ± 6.0) – (177.5 ± 4.2) 693 - 825 

[90NAS/SHA] – (177.1 ± 8.0)  707 

[96BRE/LIU2] – (175.4 ± 8.0) – (178.2 ± 3.6) 1260 - 1410 

[96SCH/FRE] – (182.4 ± 14.0) – (177.6 ± 3.8) 1190 - 1310 

Weighted average – (172.5 ± 2.4) – (177.5 ± 1.6)  

In the aqueous phase, Umland and Wallmeier [80UML/WAL] studied the re-
duction of selenite at the mercury electrode in the presence of Zn2+ by polarography, see 
Appendix A. The solubility product of ZnSe(s) was obtained from the position of the 
half-wave potential of the second reduction step, HgSe(s) + Zn2+ + 2e–  ZnSe(s) + 
Hg(l), to be 10 ,0log sK ο (ZnSe, s, 298.15 K) = – (23.2 ± 2.0). Combined with CODATA 
for Zn2+ and the selected value for Se2–, it corresponds to f mGο∆ (ZnSe, s, 298.15 K) = 
− (151.0 ± 11.8) kJ·mol–1. The value is in disagreement with the value obtained by ex-
trapolation of high temperature data. Since the validity of the polarographic method has 
not been documented, the value of f mGο∆ (ZnSe, α, 298.15 K) obtained from the ex-
trapolation of the high temperature data has been selected. 

 A comparison between 10log K ο  for the reaction α-ZnSe  Zn(g) + ½Se2(g) 
calculated from the selected thermodynamic quantities and the experimental results is 
made in Figure V-17.  
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Figure V-17: The difference between calculated and experimental values of 10log K  for 
the reaction α-ZnSe  Zn(g) + ½Se2(g). The calculated values were derived from the 
selected thermodynamic quantities.  

The enthalpy of fusion of α-ZnSe was determined to be fus mH ο∆ (ZnSe, α, 
1788 K) = (66.9 ± 5.0) kJ·mol–1 by Lakeenkov and Pelevin [77LAK/PEL].  

After the assessment of the thermodynamic properties of α-ZnSe was made by 
the review, the heat capacity measurements made by Pashinkin and Malkova 
[2003PAS/MAL] have appeared. The measurements were performed in the temperature 
range 400 to 600 K and fill a gap in the experimental values. The new values of the heat 
capacity are between 0.9 to 1.7 J·K–1·mol–1 smaller than the corresponding values calcu-
lated from the heat capacity expression used by the review. On combining the new re-
sults with the previous measurements in [94YAM/KAM] for the temperature range 800 
to 1500 K, a heat capacity expression results which for typical temperatures (800 to 
1300 K) of the measurements in Table V-51 yields enthalpy and entropy increments 
smaller by about 0.5 kJ·mol–1 and 1.1 J·K–1·mol–1, respectively. If the new results had 
been taken into account, the second and third law values of the enthalpy of formation in 
Table V-51 would have been about 0.5 kJ·mol–1 less negative and about 0.5 kJ·mol–1 
more negative, respectively. The difference between the second and the third law results 
would thus have increased. Similarly, the second law entropies in Table V-50 would 
have been larger by about 1.1 J·K–1·mol–1. 
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V.9.1.1.2 ZnSe(g) 

The mass spectrometric ion intensity of ZnSe+(g) was measured in the temperature 
range 1240 to 1376 K in the α-ZnSe evaporation studies made by De Maria, Goldfinger, 
Malaspina, and Piacente [65MAR/GOL]. The ion intensity was of the order of 104 to 
105 times smaller than the ion intensities of Zn+(g) and +

2Se (g). The two simultaneous 
equilibria α-ZnSe  Zn(g) + ½Se2(g) and Zn(g) + ½Se2(g)  ZnSe(g) were combined 
with the pressure independent equilibrium ZnSe(g)  ⅓α-ZnSe + ⅔Zn(g) + ⅓Se2(g). 
The data were evaluated by the third law using Gibbs energy functions calculated with 
estimated molecular parameters for ZnSe(g). The result was presented as the atomisa-
tion enthalpy of ZnSe(g), at mH ο∆ (ZnSe, g, 0 K) = (132.6 ± 13.6) kJ·mol–1. 

The experimental work was evaluated by the review using the selected proper-
ties of α-ZnSe and Se2(g), the properties of Zn(g) in [89COX/WAG], and thermal func-
tions of ZnSe(g) calculated from the estimated molecular parameters in [65MAR/GOL] 
yielding f mH ο∆ (ZnSe, g, 298.15 K) = (225.7 ± 50.0) kJ·mol–1 from the second law and 

f mH ο∆ (ZnSe, g, 298.15 K) = (241.5 ± 20.0) kJ·mol–1 from the third law. The weighted 
average is (239.3 ± 18.6) kJ·mol–1. The corresponding dissociation enthalpy is 

at mH ο∆ (ZnSe, g, 298.15 K) = (127.2 ± 19.0) kJ·mol–1. 

The derived value of the enthalpy of formation of ZnSe(g) is selected: 

f mH ο∆ (ZnSe, g, 298.15 K) = (239.3 ± 20.0) kJ·mol–1 

since the additional uncertainty originating from the recalculation to standard conditions 
is judged to be moderate compared to the estimated experimental uncertainty, which has 
been increased to include a possible error from the calculation of the equilibrium con-
stant from the ion intensities. 

V.9.1.2 Zinc selenites 
The system ZnSeO3-SeO2-H2O has been investigated by solubility measurements at 
273.15 and 298.15 K by Ebert, Micka, and Uchytilova [84EBE/MIC]. They identified 
the solid phases ZnSeO3 and Zn(HSeO3)2⋅2H2O at 273.15 K, and ZnSeO3 and ZnSe2O5 
at 298.15 K in the phase diagrams. The formation of a hydrogen selenite and a dise-
lenite, respectively, was confirmed by infrared spectroscopy. No primary solubility data 
are published. A similar study by Gospodinov [84GOS3] performed at 373.15 K in the 
concentration range 1.2 to 80.1 mass-% SeO2 in the liquid phase yielded ZnSeO3 and 
ZnSeO3⋅H2SeO3. The empirical formula corresponds to either Zn(HSeO3)2 or 
ZnSe2O5⋅H2O. A selection between these alternatives can not be made from the pre-
sented data, which include the results of the solubility measurements. 

V.9.1.2.1 ZnSeO3(cr) 

Zinc selenite exits in two crystalline forms, α- and β-ZnSeO3. The α form appears to be 
metastable at ordinary temperatures. Sapozhnikov and Markovskii [66SAP/MAR] de-
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termined the enthalpies of dissolution of α- and β-ZnSeO3 in mineral acid at 298.15 K. 
These measurements yielded trs mH ο∆ (ZnSeO3, α, 298.15 K) = − (15.82 ± 1.41) kJ⋅mol–1. 
Gospodinov and Bogdanov [83GOS/BOG] studied the behaviour of α-ZnSeO3 on heat-
ing. A transition of the α form to the β form occurs at (600 ± 5) K according to meas-
urements with differential scanning calorimetry. The enthalpy of the transition observed 
was trs mH ο∆ (ZnSeO3, α, 600 K) = (13.22 ± 0.13) kJ⋅mol–1. Fusion occurs at (913 ± 5) K 
with fus mH ο∆ (ZnSeO3, β, 913 K) = (31.21 ± 0.13) kJ⋅mol–1. The uncertainties in the 
temperatures have been added by the review. The two measurements of the transition 
enthalpy of α-ZnSeO3 are difficult to reconcile and the review selects: 

trs mH ο∆ (ZnSeO3, α, 298.15 K) = – (15.82 ± 1.41) kJ⋅mol–1, 

fus mH ο∆ (ZnSeO3, β, 913 K) = (31.21 ± 0.13) kJ⋅mol–1. 

Bakeeva, Buketov, and Bakeev [64BAK/BUK], and Polukarov and Makhme-
tov [72POL/MAK] measured the dissociation pressure of β-ZnSeO3 by the dew point 
method. The dew point temperatures measured in the latter reference are available in the 
deposited VINITI document (No. 3973-72). There are inconsistencies in the primary 
data in [64BAK/BUK]. The dew point temperatures derived from the pressures obtained 
with the vapour pressure relationship in [44AME/BEL] in the paper were deemed most 
reliable. The results obtained after recalculation with the accepted relationship for the 
saturated vapour pressure were: 

 β-ZnSeO3  ZnO(cr) + SeO2(g) (V.76) 

[64BAK/BUK]:  
210 SeOlog p ((V.76), (738 - 881) K) = (9.80 ± 0.63) – (9060 ± 510) T −1; 

[72POL/MAK]:  
210 SeOlog p ((V.76), (742 - 892) K) = (8.52 ± 0.15) – (8239 ± 115) T −1; 

 ZnSeO3(l)  ZnO(cr) + SeO2(g)  (V.77) 

[64BAK/BUK]:  
210 SeOlog p ((V.77), (901 - 997) K) = (8.47 ± 0.86) – (7875 ± 805) T −1; 

[72POL/MAK]:  
210 SeOlog p ((V.77), (920 - 992) K) = (7.23 ± 0.43) – (7130 ± 430) T −1. 

The agreement between the two investigations is poor, particularly at high 
temperatures. The results for Reaction (V.77) will not be accepted. 

An extrapolation of the enthalpy and entropy changes derived from the vapour 
pressure expressions to standard conditions was made with r ,mpCο∆ = (24.6 – 47.0 × 10–3 
T – 19.0 × 105 T –2) J·K–1·mol–1calculated from data in [73BAR/KNA] and resulted in, 
respectively, f mH ο∆ (ZnSeO3, β, 298.15 K) = − (639.5 ± 10.1) and – (623.9 ± 3.4) 
kJ⋅mol–1, and mS ο (ZnSeO3, β, 298.15 K) = (110.0 ± 12.1) and (134.3 ± 2.9) J⋅K–1⋅mol–1. 
The value of f mH ο∆  of β-ZnSeO3 calculated in Appendix A from [66SAP/MAR] is 
− (652.7 ± 10.9) kJ⋅mol–1. The review selects the calorimetric result from 
[66SAP/MAR]: 

f mH ο∆ (ZnSeO3, α, 298.15 K) = – (636.8 ± 11.3) kJ⋅mol–1, 
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f mH ο∆ (ZnSeO3, β, 298.15 K) = – (652.7 ± 10.9) kJ⋅mol–1. 

An estimate of the standard entropy of β-ZnSeO3 is calculated as the average 
from [64BAK/BUK] and [72POL/MAK] to be mS ο (ZnSeO3, β, 298.15 K) = 
(122.2 ± 15.0) J⋅K–1⋅mol–1. Being an estimate this value does not qualify for selection. 

The heat capacity of ZnSeO3 was determined by Gospodinov and Bogdanov 
[83GOS/BOG] in the temperature range 350 to 500 K to be ,mpCο  = (– 180.2 + 1.166 T – 
8.37 × 10–4 T 2) J⋅K–1⋅mol–1. This result is not accepted since the value of ,mpCο  and its 
temperature variation appear to be too large. 

V.9.1.2.2 ZnSeO3⋅H2O(cr) 

The phase diagram studies show that anhydrous zinc selenite is the phase in equilibrium 
with the saturated solution at 298.15 K. However, ZnSeO3⋅H2O is precipitated from 
dilute solution below about 330 K [64LES/SEL]. Above this temperature β-ZnSeO3 is 
formed. For his solubility studies Chukhlantsev [56CHU] prepared zinc selenite by mix-
ing a 0.1 M sodium selenite solution with the equivalent amount of a zinc sulphate solu-
tion at 323 to 333 K. The precipitate crystallised on prolonged keeping in the mother 
liquor. Chemical analysis confirmed the 1:1 ratio between Zn and Se(IV). No X-ray 
diffraction measurements were performed. It is thus not known whether the specimen 
investigated was ZnSeO3⋅H2O or β-ZnSeO3. Its solubility in dilute solution of nitric or 
sulphuric acid was measured at 293 K. The data have been recalculated as described in 
Appendix A, [56CHU]. The result for 

 ZnSeO3[⋅H2O](cr)  Zn2+ + 2
3SeO −  + [H2O(l)]  (V.78) 

was 10 ,0log sK ο ((V.78), 293.15 K) = – (7.25 ± 0.29). The reported conditional constant is 
− (6.59 ± 0.22). The [H2O] notation is used to point out the uncertainty about the com-
position of the solid phase. 

As described in Appendix A, Ripan and Vericeanu [68RIP/VER] studied the 
solubility of zinc selenite by conductivity measurements. A calculation based on the 
equilibrium constants in [76BAE/MES] and the total concentrations provided in the 
paper, mean 1.40 × 10–4 M, leads to the conclusion that about 30% of dissolved Zn(II) 
would be present in hydrolysed forms, if the solvent were conductivity water. No reli-
able solubility product can therefore be derived from the conductivity data. The value 

10 ,0log sK ο  = − (7.71 ± 0.05) was estimated by Masson, Lutz and Engelen 
[86MAS/LUT] from the data, but the composition of the solid phase is apparently not 
known. 

Sharmasakar, Reddy, and Vance [96SHA/RED] obtained 10 ,0log sK ο ((V.78), 
298.2 K) = – 7.70 from measurements of the solubility of crystalline ZnSeO3⋅H2O in 
aqueous media. For reasons presented in Appendix A, this result has been given zero 
weight.  
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From the thermodynamic data for β-ZnSeO3 in the previous sub-Section 
10 ,0log sK ο (ZnSeO3, β, 298.15 K) = – (11.0 ± 2.0) is obtained. 

In view of the scarce and conflicting information available the review cannot 
select a value of the solubility product of zinc selenite, but 10 ,0log sK ο ((V.78), 
298.15 K) ≤ – 7.25 is indicated for an aged precipitate of zinc selenite. 

Leshchinskaya and Selivanova [64LES/SEL] measured the enthalpy change of 
the reaction ZnSO4

.7H2O(cr) + Na2SeO3(aq, 1:1000) Æ ZnSeO3
.H2O(cr) + Na2SO4(aq, 

1:1000) + 6H2O(l) in an electrically calibrated calorimeter. The formation of 
ZnSeO3

.H2O(cr) appears well established although the equilibrium studies cited above 
indicate that the anhydrous form would be the stable phase under the conditions of the 
calorimetric experiment. The standard enthalpy of formation of ZnSeO3

.H2O(cr) is 
evaluated from the data in Appendix A to be – (931.01 ± 2.73) kJ⋅mol–1. Sapozhnikov 
and Markovskii [66SAP/MAR] measured the enthalpy change of the dissolution of 
ZnSeO3⋅H2O in H2SO4(aq, 1:50). The review calculates f mH ο∆  = – (943.9 ± 10.5) 
kJ⋅mol–1 from their data, see Appendix A. The review adopts the value obtained in 
[64LES/SEL]: 

f mH ο∆ (ZnSeO3⋅H2O, cr, 298.15 K) = – (931.0 ± 2.7) kJ⋅mol–1, 

in close agreement with the evaluation in [82WAG/EVA]. It is included in Appendix E 
as it was partly calculated using non selected auxiliary data.The other thermodynamic 
data in this reference for ZnSeO3⋅H2O are apparently based on [56CHU]. 

V.9.1.2.3 Zn(HSeO3)2◊2H2O(cr) and ZnSe2O5(cr) 

The standard enthalpies of formation of Zn(HSeO3)2◊2H2O(cr) and ZnSe2O5(cr) are se-
lected from [66SAP/MAR] in Appendix A to be: 

f mH ο∆ (Zn(HSeO3)2⋅2H2O, cr, 298.15 K) = – (1775.3 ± 25.0) kJ⋅mol–1 

and 

f mH ο∆ (ZnSe2O5, cr, 298.15 K) = – (888.3 ± 25.0) kJ⋅mol–1. 

V.9.1.3 Zinc selenates 
A table and a graph of the solubility of zinc selenate as a function of temperature were 
established by Klein [40KLE]. He found that the hexahydrate was the stable phase be-
low 308 K, the pentahydrate between 308 and 317 K, the monohydrate between 317 and 
335.7 K, and the anhydrous salt above 335.7 K. The solubility of ZnSeO4⋅6H2O(cr) at 
298.15 K has been recorded in [84GOS], [87VOJ/EBE3], [93OJK/STO]. The reported 
composition of the saturated solution in mass-% recalculated to the molality of dis-
solved ZnSeO4 is 3.189, 3.256, and 3.053 mol⋅kg–1, respectively. The mean of the three 
values is selected: 

m(ZnSeO4⋅6H2O(cr), aq sat, 298.15 K) = (3.17 ± 0.20) mol(ZnSeO4)⋅kg–1. 
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A phase diagram and related information can be found for the systems: 
ZnSeO4-H2SeO4-H2O at 298.15 and 373.15 K in [84GOS]; ZnSeO4-NiSeO4-H2O at 
298.15 K in [93OJK/STO]; ZnSeO4-CoSeO4-H2O at 298.15 K in [94OJK/STO]; 
ZnSeO4-MgSeO4-H2O at 298.15 K in [90OJK/BAL]; ZnSeO4-(NH4)2SeO4-H2O at 
298.15 K in [87VOJ/EBE3]; ZnSeO4-Na2SeO4-H2O at 298.15 K in [91OYK/MIH]; 
ZnSeO4-K2SeO4-H2O at 298.15 K in [87VOJ/EBE]. 

The value of solubility product of ZnSeO4⋅6H2O(cr) defined by the reaction: 

 ZnSeO4⋅6H2O(cr)  Zn2+ + 2
4SeO −  + 6H2O(l) (V.79) 

at 298.15 K has been reported by Christov [97CHR] to be 10 ,0log sK ο  = – 1.572 and by 
Kumov and Batyreva [90KUM/BAT] to be – 1.49, see Appendix A. The results are 
based on the same isopiestic data by Ojkova and Staneva [89OJK/STA]. The former 
value will be selected as it has been evaluated with the Pitzer ion interaction approach. 
With the selected solubility of zinc selenate this value is recalculated to be: 

10 ,0log sK ο ((V.79), 298.15 K) = – (1.538 ± 0.068). 

The uncertainty added by the review includes an uncertainty in the mean activ-
ity coefficient of 5%. 

Banks [34BAN] made careful measurements of the conductivity of zinc sele-
nate solutions at 298.15 K. The concentration range used was approximately 2 × 10–4 to 
1 × 10–3 M. On the assumption that only ZnSeO4(aq) was formed the data were evalu-
ated by an iterative procedure in which the inter-ionic attraction was corrected for using 
the Debye-Hückel (activity coefficient) and Onsager (ionic mobility) equations. The 
result for: 

 Zn2+ + 2
4SeO −   ZnSeO4(aq)  (V.80) 

was 10 1log οb ((V.80), 298.15 K) = (2.19 ± 0.06). The uncertainty added is twice the 
standard deviation derived from 8 measurements. 

Moriya and Sekine [74MOR/SEK] studied the complex formation by a chelate 
extraction method and found evidence for the formation of 2

4 2Zn(SeO ) −  also. The 
measurements were made at 298.15 K in 1 M NaClO4 with the following results, 

10 1log b ((V.80), 1 M NaClO4, 298.15 K) = (0.71 ± 0.05) and for: 

 Zn2+ + 2
42SeO −   2

4 2Zn(SeO ) −  (V.81) 

10 2log b ((V.81), 1 M NaClO4, 298.15 K) = (1.34 ± 0.05). The uncertainties have been 
added here. The value of 10 1log b  at I = 0 has been estimated with ε(Zn2+, 4ClO− ) = 
0.33 and ε( 2

4SeO − , Na+) ≈ ε( 2
4SO − , Na+) = – 0.12 from [92GRE/FUG] to be 

(2.13 ± 0.09) in good agreement with the value from the conductivity measurement. The 
mean of the two results will be selected: 

10 1log οb ((V.80), 298.15 K) = (2.16 ± 0.06). 
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The correspondingly extrapolated value of β2 with ε( 2
4 2Zn(SeO ) − , Na+) ≈ 

ε( 2
4SO − , Na+) and ∆ε = – (0.21 ± 0.11) results in 10 2log οb (V.81) = (2.76 ± 0.12). This 

value will not be selected due to the lack of data supporting the extrapolation. 

Aruga [78ARU] made calorimetric titrations of 0.17 M zinc nitrate solution 
with 0.17 M tetraethylammonium selenate, see Appendix A. The concentration of 
ZnSeO4(aq) formed was calculated with the equilibrium constant determined in 
[34BAN] corrected to I = 0.5 M by Davies’ equation. After experimentally determined 
corrections for heats of dilution had been applied, the enthalpy change of Reaction 
(V.80) was calculated to be r mH∆ ((V.80), I = 0.5 M, 298.15 K) = (0.20 ± 0.05)    
kJ⋅mol–1. The recalculation of the equilibrium constant to I = 0.5 M is uncertain. The 
uncertainty assigned by the author to r mH ο∆  has therefore been increased to include the 
uncertainty in the value of the equilibrium constant. 

The calculated difference between the enthalpy change at I = 0 and 0.5 M was 
4.05 kJ⋅mol–1, while the estimate by the review is (4.40 ± 0.2) kJ⋅mol–1. With the latter 
value, 

r mH ο∆ ((V.80), 298.15 K) = (4.6 ± 4.0) kJ⋅mol–1 

is obtained and selected. The error limits are estimated here as discussed in Appendix A. 

 This selection for Reaction (V.80) results in: 

f mGο∆ (ZnSeO4(aq), 298.15 K) = − (599.0 ± 1.5) kJ⋅mol–1, 

f mH ο∆  ZnSeO4(aq), 298.15 K) = − (752.3 ± 5.3) kJ⋅mol–1, 

mS ο (ZnSeO4(aq), 298.15 K) = − (20.1 ± 18.5) J⋅K–1⋅mol–1. 

Selivanova, Maier, and Luk’yanova [63SEL/MAI3] have investigated the en-
thalpies of formation of zinc selenates. They prepared crystalline ZnSeO4⋅6H2O, 
ZnSeO4⋅H2O, and ZnSeO4 and measured their enthalpies of dissolution to (aq, 1:1200). 
The investigation also included a determination of the enthalpy change of the reaction 
ZnSeO4⋅H2O(cr) + BaCl2(aq, 1:1200) Æ BaSeO4(cr) + ZnCl2(aq, 1:1200) + H2O(l). The 
review has recalculated the data in Appendix A and arrived at the following results: 

 ZnSeO4⋅H2O(cr) + Ba2+ Æ BaSeO4(cr) + Zn2+ + H2O(l) (V.82) 

r mH ο∆ ((V.82), 298.15 K) = – (65.35 ± 0.40) kJ⋅mol–1, 

f mH ο∆ (ZnSeO4, cr, 298.15 K) = – (664.7 ± 5.6) kJ⋅mol–1, 

f mH ο∆ (ZnSeO4⋅H2O, cr, 298.15 K) = – (983.1 ± 5.6) kJ⋅mol–1, 

f mH ο∆ (ZnSeO4⋅6H2O, cr, 298.15 K) = – (2458.5 ± 5.6) kJ⋅mol–1. 

The values of the standard enthalpies of formation overlap those reported in 
[82WAG/EVA]. It is observed that the selected enthalpies of formation lead to an unex-
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pectedly large enthalpy of dilution of ZnSeO4(aq, 1:1200) to the aqueous standard state 
as compared with other selenates (and sulphates) of divalent metal ions. 

The standard Gibbs energy of formation of ZnSeO4⋅6H2O(cr) is calculated 
from the Gibbs energy of Reaction (V.79) and the selected values of o

f mG∆  for the ions 
and water to be: 

f mGο∆ (ZnSeO4⋅6H2O, cr, 298.15 K) = – (2018.3 ± 1.5) kJ⋅mol–1. 

V.9.1.4 Zinc selenocyanates 
Aqueous complexation between Zn2+ and SeCN– has been studied in two works, a care-
ful and comprehensive potentiometric and calorimetric study by Ahrland, Avsar, and 
Kullberg [74AHR/AVS], and a rather restricted polarographic study by Humffray, 
Bond, and Forrest [67HUM/BON]. The latter study is based on 6 experimental data 
only and solutions containing high concentrations of potassium selenocyanate, 0.2 to 
1.4 M, in addition to a 2 M potassium nitrate background. The activity coefficients of 
the species formed cannot, therefore, be considered constant in these solutions, and the 
evaluated equilibrium constants ( 10log K (V.83) = 0.76, 10log K (V.84) = 1.0 at 303 K) 
are accordingly not accepted by the review. 

In the former study, at 298.15 K and 1 M NaClO4, potentiometric (zinc amal-
gam electrode) titration data were used to conclude that two mononuclear complexes 
were formed: 

 Zn2+ + SeCN–  ZnSeCN+ (V.83) 

 Zn2+ + 2SeCN–  Zn(SeCN)2(aq). (V.84) 

The corresponding equilibrium constants were evaluated from a numerical 
minimisation of the function Σ(Ecalc – Eobs)2 with the result: 

10log K ((V.83), I = 1 M NaClO4, 298.15 K) = (0.44 ± 0.02) 

10log K ((V.84), I = 1 M NaClO4, 298.15 K) = (0.64 ± 0.04). 

These constants have been extrapolated to standard conditions by SIT using the 
∆ε values suggested in [97BAH/PAR] in Appendix A to the selected values: 

10log K ο ((V.83), 298.15 K) = (1.21 ± 0.06), 

10log K ο ((V.84), 298.15 K) = (1.68 ± 0.11). 

In the evaluation of calorimetric data, the stability constants were treated as 
“known” and reaction enthalpies were found by a least squares optimisation of the func-
tion Σ(Qcalc – Qobs)2. Qcalc and Qobs denote the calculated and observed enthalpy changes 
in the calorimetric titration, respectively. The review estimates that the ionic strength 
dependence of the reported values is small and the values selected at I = 0 are therefore 
assumed to be the same as those reported in [74AHR/AVS] for 1 M NaClO4. The uncer-
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tainties reported there are doubled by this review to account for the uncertainty in this 
assumption. The selected result is: 

r mH ο∆ ((V.83), 298.15 K) = – (5.95 ± 0.34) kJ⋅mol–1 

r mH ο∆ ((V.84), 298.15 K) = – (6.35 ± 1.20) kJ⋅mol–1 

r mGο∆ ((V.83), 298.15 K) = – (6.91 ± 0.34) kJ⋅mol–1 

r mGο∆ ((V.84), 298.15 K) = – (9.59 ± 0.63) kJ⋅mol–1 

r mS ο∆ ((V.83), 298.15 K) = (3.2 ± 1.6) J⋅K–1⋅mol–1 

r mS ο∆ ((V.84), 298.15 K) = (10.9 ± 4.5) J⋅K–1⋅mol–1. 

The values selected for r mGο∆  combines with the selected values of 
f mGο∆ (SeCN–, 298.15 K) and f mGο∆ (Zn2+, 298.15 K) to yield: 

f mGο∆ (ZnSeCN+, 298.15 K) = – (18.1 ± 3.8) kJ⋅mol–1 

f mGο∆ (Zn(SeCN)2, aq, 298.15 K) = (115.3 ± 7.6) kJ⋅mol–1. 

V.9.2 Cadmium compounds 

V.9.2.1 Cadmium selenides 
The cadmium-selenium phase diagram was assessed and modelled by Sharma and 
Chang in [89SHA/CHA] and [96SHA/CHA3]. CdSe is the only solid compound in the 
system and two different polymorphs have been characterised. The α form, which crys-
tallises in the wurtzite structure, is the stable form up to the melting point at 1537 K. 
The β form crystallises in the sodium chloride structure and is stable at high pressures 
only. The homogeneity range of α-CdSe is small, i.e. x ≤ 0.002 in CdSe1–x 
[72SIG/WIE]. Experimental thermodynamic information is only available for α-CdSe. 

V.9.2.1.1 α-CdSe 

The low temperature heat capacity of α-CdSe has been measured by Demidenko 
[69DEM], Shaulov and Kostina [69SHA/KOS], Petkova and Kofman [76PET/KOF], 
and Sirota, Gavaleshko, Novikova, and Novikov [92SIR/GAV]. The heat capacity val-
ues and the corresponding third law entropies at 298.15 K are presented in Table V-52. 
The third law entropy derived from the measurements in [69DEM] was reported in the 
work of Demidenko and Maltsev [69DEM/MAL]. The entropy value in Table V-52 and 
attributed to [76PET/KOF] was derived by the review from the heat capacity reported in 
the paper.  
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Table V-52. Heat capacity and third law entropy of α-CdSe at 298.15 K. Original values 
including an estimated entropy term for the temperature range 0 to 50 K are denoted by 
(a), values corrected using the experimental mean entropy at 50 K from [76PET/KOF] 
and [92SIR/GAV] are denoted by (b), and values derived from estimated Debye-
Einstein functions are denoted by (c).  

Reference o
,mpC (CdSe, α, 298.15 K) 

(J·K–1·mol–1) 
mS ο (CdSe, α, 298.15 K) 

(J·K–1·mol–1) 
mS ο (CdSe, α, 50 K) 

(J·K–1·mol–1) 

T (K) 

[69DEM] (49.42 ± 0.4)   55 - 300 

[69DEM/MAL]  (82.34 ± 2.1)(a), 
(85.28 ± 2.1)(b) 

(13.23 ± 1.7)(c) 55 - 300 

[69SHA/KOS] (49.76 ± 0.3) (84.19 ± 1.7)(a), 
(87.13 ± 1.7)(b) 

(13.89 ± 0.84)(c) 55 - 310 

[76PET/KOF] (49.39 ± 0.3) (86.76 ± 1.7) (16.72 ± 0.4) 5 - 300 

[92SIR/GAV] (49.16 ± 0.6) (85.60 ± 2.5) (16.27 ± 0.5) 5 - 300 

The heat capacity values at 298.15 K agree well and the selected value is: 
o

,mpC (CdSe, α, 298.15 K) = (49.43 ± 0.48) J·K–1·mol–1. 

 The heat capacity above room temperature has been measured using differen-
tial scanning calorimetry in the temperature range 320 to 760 K by Sigai and Wiede-
meier [72SIG/WIE] and in the temperature range 360 to 760 K by Glazov, Pashinkin, 
Malkova [89GLA/PAS]. 

 The heat capacity was also derived from heat content measurements using drop 
calorimetry in the temperature range 800 to 1512 K by Yamaguchi, Kameda, Takeda, 
and Itagaki [94YAM/KAM]. The high temperature heat capacity results are summarised 
in Figure V-18. The selected heat capacity expression is: 

,mpCο (CdSe, α, (298.15 - 1500) K) = (45.87 + 11.94 × 10–3 T ) J·K–1·mol–1 

which matches the selected heat capacity at 298.15 K and follows that in 
[94YAM/KAM] at high temperatures as shown in Figure V-18. 

The third law entropy values at 298.15 K in [69DEM/MAL] and 
[69SHA/KOS] involved the evaluation of the entropy for the temperature range 0 to 
50 K using estimated Debye-Einstein functions. The procedure results in entropy values 
that are approximately 3 J·K–1·mol–1 smaller than the corresponding experimental values 
in [76PET/KOF] and [92SIR/GAV]. A correction for this discrepancy brings the en-
tropy values at 298.15 K in [69DEM/MAL] and [69SHA/KOS] on a par with the values 
in [76PET/KOF] and [92SIR/GAV]. Second law entropies are given in Table V-53 and 
the weighted average of the second and third law values is selected: 



V.9 Group 12 compounds and complexes 

 

269

mS ο (CdSe, α, 298.15 K) = (86.5 ± 0.8) J·K–1·mol–1. 

Figure V-18: Experimental and selected heat capacity of α-CdSe above 298.15 K. 

Table V-53: Second law entropies of α-CdSe at 298.15 K evaluated by the review as 
discussed in Appendix A. The value denoted by (*) was not included in the average. 

Reference mS ο (CdSe, α, 298.15 K) 

(J·K–1·mol–1) 
Method Temperature (K) 

[60KOR/SOK] (90.9 ± 10.0) Knudsen effusion 913 - 1093 

[61WOS] (75.4 ± 15.0) Gas flow method 975 - 1210 

[61SOM] (84.5 ± 8.0)(*) Bourdon gauge and dew point 1016 - 1170 

[64TER/RAT] (86.3 ± 2.0) Electrochemical cell 600 - 700 

[69FLO] (85.0 ± 12.0) Gas flow method 973 - 1373 

[71SEA/MUN] (84.1 ± 8.0) Knudsen torsion effusion 942 - 1041 

[72SIG/WIE] (85.6 ± 5.0) Knudsen effusion weight loss 866 - 1035 

[88BAR/IER] (90.5 ± 4.0) Knudsen effusion weight loss 830 - 1115 

Weighted average (86.8 ± 1.6)   
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The vaporisation of α-CdSe takes place according to the reaction: 
α-CdSe  Cd(g) + ½Se2(g) and it has been studied by different techniques in a number 
of investigations. The methods of evaluation and the auxiliary data used vary from one 
investigation to another and in order to obtain a consistent set of thermochemical 
quantities, all investigations were re-evaluated by the review using the second and third 
laws and an identical set of auxiliary data. The vapour pressure measurements in 
[69BOE/BEN2] were rejected for reasons given in Appendix A. The individual investi-
gations are discussed in Appendix A. The results are summarised in Table V-53 and 
Table V-54. 

Table V-54: Second and third law enthalpies of formation of α-CdSe at 298.15 K evalu-
ated by the review as discussed in Appendix A. Values denoted by (*) were not in-
cluded in the average. 

Reference f mH ο∆ (CdSe, α, 298.15 K) (kJ·mol–1) Temperature (K) 

 2nd law 3rd law  

[60KOR/SOK] – (139.0 ± 15.0) – (141.9 ± 8.0) 913 - 1093 

[61SOM] – (121.2 ± 8.0)(*) – (119.4 ± 6.0)(*) 975 - 1210 

[61WOS] – (158.0 ± 18.0) – (146.2 ± 3.0) 1016 - 1170 

[64TER/RAT] – (136.6 ± 4.0) – (136.4 ± 2.0) 600 - 700 

[69FLO] – (143.8 ± 15.0) – (142.3 ± 3.0) 973 - 1373 

[71SEA/MUN] – (144.1 ± 12.0) – (142.0 ± 2.0) 942 - 1041 

[72SIG/WIE] – (147.7 ± 5.0) – (147.1 ± 2.0) 866 - 1035 

[88BAR/IER] – (142.6 ± 3.0) – (146.8 ± 2.0) 830 - 1115 

Weighted average – (142.1 ± 2.1) – (143.3 ± 0.9)   

 The Gibbs energy of formation of α-CdSe was studied in the temperature 
range 603 to 703 K using the electrochemical cell  

(−) Cd(l) | 5 weight-% CdBr2 (in LiBr + KBr melt) | α-CdSe, Se(l) (+) 

by Terpilowski and Ratajczak [64TER/RAT]. Similarly to the vaporisation studies, this 
investigation was re-evaluated by the review using the second and third laws and an 
identical set of auxiliary data as discussed in Appendix A. The results are included in 
Table V-53 and Table V-54. The values of the enthalpy of formation derived from the 
measurements in [61SOM] are substantially less negative than those of the other inves-
tigations. This is an effect of the significantly larger total pressures measured. It has 
been suggested in [72SIG/WIE] that this could be due to the use of closed systems in 
Somorjai’s method. A slight excess of an elemental component can cause serious errors 
in closed systems, especially at low pressures. The results of [61SOM] are not consid-
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ered in the calculation of averages in Table V-53 and Table V-54. The experimental 
sublimation pressures obtained in the various investigations are given in Figure V-19. 

The selected value of the enthalpy of formation is: 

f mH ο∆ (CdSe, α, 298.15 K) = – (143.1 ± 1.9) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and the standard entropies to be: 

f mGο∆ (CdSe, α, 298.15 K) = – (140.9 ± 1.9) kJ·mol–1. 

Figure V-19: Sublimation pressures of α-CdSe obtained in experimental studies. 

In the aqueous phase, Umland and Wallmeier [80UML/WAL] studied the re-
duction of selenite at the mercury electrode in the presence of Cd2+ by polarography, see 
Appendix A. The solubility product of CdSe(s) was obtained from the position of the 
half-wave potential of the second reduction step, HgSe(s) + Cd2+ + 2e–  CdSe(s) + 
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Hg(l), to be 10 ,0log sK ο (CdSe, s, 298.15 K) = – (31.2 ± 2.0). Combined with CODATA 
for Cd2+ and the selected value for Se2–, it corresponds to f mGο∆ (CdSe, s, 298.15 K) = 
− (127.2 ± 11.8) kJ·mol–1. The value is not in harmony with the value obtained by ex-
trapolation of high temperature data. Since the validity of the polarographic method has 
not been documented, the value of f mGο∆ (CdSe, α, 298.15 K) obtained from the ex-
trapolation of the high temperature data has been selected. 

After the assessment of the thermodynamic properties of α-CdSe was made by 
the review, the heat capacity measurements made by Pashinkin, Malkova, and Mik-
hailova [2002PAS/MAL] have appeared. The measurements were performed in the 
temperature range 500 to 760 K and the result does not differ significantly from the val-
ues calculated from the selected heat capacity expression. The results therefore do not 
affect any of the selected thermodynamic properties of α-CdSe. 

V.9.2.2 Cadmium selenites 
Micka, Uchytilova, and Ebert [84MIC/UCH] present the phase diagram of the system 
CdSeO3-SeO2-H2O at 298 K from solubility measurements. The solid phases CdSeO3, 
Cd3H2(SeO3)4, and CdSe2O5 were identified by chemical analysis and infrared spectros-
copy. No primary solubility data are published. Cadmium selenite crystallises in three 
modifications and the enthalpies of transition between the different forms are within 3.0 
kJ⋅mol–1 at 298.15 K according to Sapozhnikov and Markovskii [66SAP/MAR]. 

Chukhlantsev [56CHU] prepared cadmium selenite by mixing a 0.1 M sodium 
selenite solution with the equivalent amount of a cadmium chloride solution. The prod-
uct was amorphous. Chemical analysis confirmed the 1:1 ratio between Cd and Se(IV). 
The solubility of the specimen in dilute solution of nitric or sulphuric acid was meas-
ured at 293 K. The data have been recalculated as described in Appendix A, [56CHU]. 
The result for 

 CdSeO3(am)  Cd2+ + 2
3SeO −  (V.85) 

is 10 ,0log sK ((V.85), 293.15 K) = – (9.62 ± 0.29). The reported conditional constant was 
– (8.90 ± 0.19). Ripan and Vericeanu [68RIP/VER] studied the solubility of CdSeO3(s) 
by conductivity measurements as described in Appendix A. A calculation based on the 
equilibrium constants in [76BAE/MES] and the total concentrations provided in the 
paper leads to the conclusion that about 5% of dissolved Cd(II) would be present in hy-
drolysed forms, if the solvent were conductivity water. The solubility product estimated 
with allowance for the hydrolysis of Cd2+ and 2

3SeO −  is 10 ,0log sK ((V.85), 291 K) = 
− (8.39 ± 0.10). The uncertainty reflects the variance from the solubility measurements. 
The value of 10 ,0log sK  obtained can only be regarded as indicating the order of magni-
tude of the constant. The selection of a value of the solubility product will be made 
later. 

Toropova [57TOR] measured the shift of the polarographic half-wave potential 
of Cd2+ in 0.15 to 0.50 M sodium selenite solutions. The solutions also contained 
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NaNO3, but it is not possible to find out from the text whether the sodium ion 
concentration or the ionic strength was kept constant. As no experimental data are 
provided to support the reported equilibrium constant for the proposed complexation 
according to the reaction: 

 Cd2+ + 2
32SeO −   2

3 2Cd(SeO ) −  (V.86) 

the value of 10log K (V.86), 1 M NaNO3 (?), 298.15 K) = 5.15 cannot be selected. 

Leshchinskaya and Selivanova have reported on the enthalpy of formation of 
cadmium selenite in three publications [63LES/SEL5], [63LES/SEL6], [63SEL/LES5]. 
The enthalpy change of the reaction Na2SeO3(cr) + CdCl2(aq, 1:1000) Æ CdSeO3(am) + 
2NaCl(aq, 1:500) was measured in an electrically calibrated calorimeter [63SEL/LES5]. 
The result from this experiment is combined in Appendix A with determinations of the 
enthalpies of dissolution of CdSeO3(cr) and CdSeO3(am) in nitric acid reported in 
[63LES/SEL6] to yield f mH ο∆ (CdSeO3, cr, 298.15 K) = – (576.00 ± 1.18) kJ⋅mol–1 and 

f mH ο∆ (CdSeO3, am, 298.15 K) = – (574.60 ± 1.17) kJ⋅mol–1. The measurements of the 
enthalpy of dissolution of CdSeO3(cr) in dilute mineral acid in [66SAP/MAR], which 
are re-evaluated in Appendix A, result in f mH ο∆ (CdSeO3, cr, 298.15 K) = 
− (585.1 ± 4.0) kJ⋅mol–1 as a mean value for the two common polymorphs denoted 
α-CdSeO3 and β-CdSeO3. The review selects: 

f mH ο∆ (CdSeO3, cr, 298.15 K) = – (576.80 ± 2.50) kJ⋅mol–1. 

Gospodinov and Bogdanov [83GOS/BOG] studied the thermal properties of 
the two common polymorphs of CdSeO3(cr) by differential scanning calorimetry with 
the sample in a closed vessel. A transition from the α to the β form occurred at 
(667 ± 5) K with ∆trs mH ο  = (6.11 ± 0.13) kJ⋅mol–1. The β-CdSeO3 melts at (970 ± 5) K 
with fus mH ο∆  = (29.0 ± 0.2) kJ⋅mol–1. The transition enthalpy at 298.15 K obtained in 
[66SAP/MAR] is – (3.13 ± 1.05) kJ⋅mol–1. The review selects: 

trs mH ο∆ (CdSeO3, α, 298.15 K) = – (3.13 ± 1.05) kJ⋅mol–1, 

fus mH ο∆ (CdSeO3, β, 970 K) = (29.0 ± 0.2) kJ⋅mol–1. 

Bakeeva, Buketov, and Pashinkin [68BAK/BUK3] measured the equilibrium 
pressure of SeO2(g) above CdSeO3(β or l) by the dew point method. Their primary data 
have been recalculated as described in [71PAS/ARO] in Appendix A with the following 
results: 

 β-CdSeO3  CdO(cr) + SeO2(g) (V.87) 
 

210 SeOlog p ((V.87), (881 - 947) K) = (10.91 ± 0.41) – (12030 ± 370) T −1; 

 CdSeO3(l)  CdO(cr) + SeO2(g) (V.88) 
 

210 SeOlog p ((V.88), (963 - 1083) K) = (7.65 ± 0.28) – (8880 ± 280) T −1. 
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These data yield Tfus = 960 K and fus mH ο∆  = (60.2 ± 8.2) kJ⋅mol–1. The latter 
datum disagrees substantially with the directly measured value in [83GOS/BOG] and 
has been given zero weight. 

The extrapolation of the data to standard conditions was made with the esti-
mated heat capacities in [73BAR/KNA]. The derived standard enthalpy and entropy 
values are f mH ο∆ (CdSeO3, β, 298.15 K) = – (608.3 ± 8.4) kJ⋅mol–1 and mS ο (CdSeO3, β, 
298.15 K) = (108.2 ± 8.0) J⋅K–1⋅mol–1. The recalculation performed by Pashinkin et al. 
[71PAS/ARO] with another set of auxiliary data agrees within the uncertainties with the 
result obtained by the review. The extrapolated enthalpy of formation of CdSeO3 from 
the high temperature measurements has been given zero weight. 

The solubility product of CdSeO3(am) determined in [56CHU] yields 
mS ο (CdSeO3, am, 298.15 K) = (127.4 ± 13.0) J⋅K–1⋅mol–1, while the extrapolated mS ο  

value (108.2 J⋅K–1⋅mol–1) corresponds to 10 ,0log sK ο (CdSeO3, cr, 298.15 K) = 
− (8.6 ± 0.6). In order to make 10 ,0log sK ο  ≤ – 9.6, the entropy of CdSeO3(cr) should ex-
ceed about 130 J⋅K–1⋅mol–1. With the experimental data at hand, the inconsistency be-
tween the entropy of cadmium selenite obtained from the high temperature data and the 
solubility measurement cannot be resolved. The review makes the selection: 

mS ο (CdSeO3, cr, 298.15 K) = (122.0 ± 20.0) J⋅K–1⋅mol–1. 

The selection corresponds to a solubility product for CdSeO3(cr) of 

10 ,0log sK ο (CdSeO3, cr, 298.15 K) = – (9.3 ± 1.2). 

The corresponding data in [82WAG/EVA] seem to originate from the condi-
tional solubility product published in [56CHU]. 

The standard enthalpies of formation of CdSe2O5(cr) and Cd3H2(SeO3)4(cr) are 
selected from [66SAP/MAR] in Appendix A to be: 

f mH ο∆ (CdSe2O5, cr, 298.15 K) = – (828 ± 17) kJ⋅mol–1 

and 

f mH ο∆ (Cd3H2(SeO3)4, cr, 298.15 K) = – (2306 ± 45) kJ⋅mol–1. 

V.9.2.3 Cadmium selenates 
Klein [40KLE] made a thorough investigation of the solubility of cadmium selenates in 
water as a function of temperature. The results are presented in a table and as a graph. 
The dihydrate, CdSeO4⋅2H2O, seems to invariably form by crystallisation at room tem-
perature although it is metastabile with respect to CdSeO4⋅H2O. Metastable equilibria 
with CdSeO4⋅2H2O could be established up to 343 K, thereafter a transformation to the 
monohydrate occurred. The solubility at 298.15 K of the dihydrate interpolated from the 
tabled data is 2.62 mol(CdSeO4)⋅kg–1. This quantity was determined by Vojtisek and 
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Ebert [87VOJ/EBE3] and by Oy(j)kova and Mihov [92OYK/MIH], both investigations 
reporting 2.56 mol(CdSeO4)⋅kg–1. The review selects: 

m(CdSeO4⋅2H2O(cr), aq sat, 298.15 K) = (2.56 ± 0.02) mol(CdSeO4)⋅kg–1. 

The monohydrate was the stable phase within the temperature range 263.7 to 
371.7 K investigated in [40KLE]. The review selects the interpolated solubility: 

m(CdSeO4⋅H2O(cr), aq sat, 298.15 K) = (2.42 ± 0.05) mol(CdSeO4)⋅kg–1. 

A phase diagram or related information is available for the systems: CdSeO4-
H2SeO4-H2O at 373.15 K in [85GOS]; CdSeO4-(NH4)2SeO4-H2O at 298.15 K in 
[87VOJ/EBE3]; CdSeO4-Na2SeO4-H2O at 298.15 K in [92OYK/MIH]; CdSeO4-
K2SeO4-H2O at 298.15 K in [87VOJ/EBE3]. 

The value of solubility product of CdSeO4⋅2H2O(cr): 

 CdSeO4⋅2H2O(cr)  Cd2+ + 2
4SeO −  + 2H2O(l) (V.89) 

at 298.15 K has been reported by Kumov and Batyreva [90KUM/BAT] to be 
10 ,0log sK ο ((V.89), 298.15 K) = – (1.85 ± 0.09), see Appendix A. As the reviewers failed 

to assess the accuracy of this datum, it will not be included amongst the selected data. 

The stability constant of CdSeO4(aq) was determined by Banks [34BAN] con-
currently with the same datum for ZnSeO4(aq) as described in Section V.9.1.3. The re-
sult for 

 Cd2+ + 2
4SeO −   CdSeO4(aq) (V.90) 

was 10 1log οb  = 2.27. 

Badiello, Feroci, and Fini [96BAD/FER] made polarographic measurements of 
1 × 10–5 M Cd2+ in 0.15 M NaNO3 containing selenate concentrations from 0 to 1 × 10–2 
M. The half-wave potential, E1/2, did not change with selenate concentration and it was 
concluded that no complex formation occurred. The total expected change in E1/2 would 
be less than 3 mV if the value of the stability constant determined by Banks is correct. It 
is doubtful if the experimental accuracy of the polarographic work is sufficient to detect 
it. The value of the stability constant from the conductivity measurements will be se-
lected: 

10 1log οb ((V.90), 298.15 K) = (2.27 ± 0.06). 

Aruga [78ARU] made calorimetric titrations of 0.17 M cadmium nitrate solu-
tion with 0.17 M tetraethylammonium selenate, see Appendix A. The evaluation of the 
experiment was made as described for zinc in Section V.9.1.3. The selected result is: 

r mH ο∆ ((V.90), 298.15 K) = (8.3 ± 4.0) kJ⋅mol–1. 

 The selections for Reaction (V.90) result in: 

f mGο∆ (CdSeO4, aq, 2985.15) = − (530.2 ± 1.7) kJ⋅mol–1, 
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f mH ο∆ (CdSeO4, aq, 2985.15) = − (671.1 ± 5.3) kJ⋅mol–1, 

mS ο (CdSeO4, aq, 2985.15) = (31.5 ± 18.6) J⋅K–1⋅mol–1. 

Selivanova, Maier, and Luk’yanova [63SEL/MAI] have investigated the en-
thalpies of formation of solid cadmium selenates. They prepared crystalline 
CdSeO4⋅H2O and CdSeO4 and measured their enthalpy of dissolution to (aq, 1:1200). 
The investigation also included a determination of the enthalpy change of the reaction 
CdSeO4⋅H2O(cr) + BaCl2(aq, 1:800) Æ BaSeO4(cr) + CdCl2(aq, 1:800) + H2O(l). The 
review has recalculated the data in Appendix A and arrived at the following results: 

CdSeO4⋅H2O(cr) + Ba2+ Æ BaSeO4(cr) + Cd2+ + H2O(l) (V.91) 

r mH ο∆ ((V.91), 298.15 K) = – (27.90 ± 0.16) kJ⋅mol–1, 

f mH ο∆ (CdSeO4, cr, 298.15 K) = – (634.12 ± 5.63) kJ⋅mol–1, 

f mH ο∆ (CdSeO4⋅H2O, cr, 298.15 K) = – (943.05 ± 5.62) kJ⋅mol–1. 

The selected values of the standard enthalpies of formation overlap those re-
ported in [82WAG/EVA]. This reference also contains the Gibbs energy of formation of 
the anhydrous salt, f mGο∆ (CdSeO4, cr, 298.15 K) = – 531.7 kJ⋅mol–1. The source of this 
datum could not be traced. 

V.9.2.4 Cadmium selenocyanates 
The complex formation between Cd2+ and SeCN– in aqueous solution has been studied 
in five papers [56TOR], [62GOL/AND], [67HUM/BON], [74AHR/AVS], 
[75SAT/SAH]. Of these papers, the paper by Ahrland, Avsar, and Kullberg 
[74AHR/AVS] is of superior quality and should be given a premium weight in the 
evaluation. Toropova [56TOR] based her findings on data obtained from solutions con-
taining 0.25 to 1 M KSeCN added to a 0.8 M ionic medium of NaNO3. Golub and An-
dreichenko [62GOL/AND] evaluated the equilibrium constants from data obtained in 
solutions in which the ionic medium had been exchanged by up to 100%. The results of 
Humffray et al. [67HUM/BON] and Satyanarayana et al. [75SAT/SAH] are both based 
on a limited number of data, n = 8 and 6, respectively. In addition, the latter study was 
made in the absence of supporting electrolyte and the activity coefficients of SeCN– and 
CdSeCN+ were assumed to cancel in the calculation of the formation constant. In all 
five papers, the complex formation is described in terms of a series of mononuclear 
complexes 

 Cd2+ + nSeCN–  2Cd(SeCN) n
n

−  (n = 1 to 4); (V.92) 

and Table V-55 lists the equilibrium constants reported. 

For reasons given above, the present review rejects all studies in favour of 
[74AHR/AVS]. The constants in the paper have been recalculated and extrapolated to 
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standard conditions by SIT using ∆ε values in [97BAH/PAR] in Appendix A. The se-
lected results are: 

10log K ο ((V.92), n = 1, 298.15 K) = (2.24 ± 0.06), 

10log K ο ((V.92), n = 2, 298.15 K) = (3.34 ± 0.12), 

10log K ο ((V.92), n = 3, 298.15 K) = (3.81 ± 0.21), 

10log K ο ((V.92), n = 4, 298.15 K) = (4.60 ± 0.11). 

Table V-55: Stability constants for complexes of Cd2+ with SeCN–. 

Method Ionic 
medium 

t 

(°C) 

log10 β1 log10 β2 log10 β3 log10 β4 log10 
β5 

Reference 

pol 0.8 M  
NaNO3 

25    3.6  [56TOR] 

pot 1.5 M  
KNO3 

20 1.34 2.26 3.00 3.24 3.89 [62GOL/AND] 

pol 2 M  
KNO3 

30 (1.30 ± 0.04) (2.00 ± 0.02) (2.64 ± 0.01) (3.00 ± 0.01)  [67HUM/BON] 

pot 1 M  
NaClO4 

25 (1.47 ± 0.01) (2.30 ± 0.07) (2.85 ± 0.15) (4.04 ± 0.04)  [74AHR/AVS] 

pot 0 25 (1.98 ± 0.04)     [75SAT/SAH] 

Comprehensive calorimetric data for the formation of cadmium(II)-
selenocyanate complexes in 1 M NaClO4 were also collected in [74AHR/AVS]. Their 
evaluation relied on the stability constants determined by potentiometry and reaction 
enthalpies were obtained by a least squares optimisation of the function Σ(Qcalc – Qobs)2. 
Qcalc and Qobs denote the calculated and the observed enthalpy changes during the calo-
rimetric titration, respectively. The review accepts these values as valid also at I = 0, but 
doubles the uncertainties reported to account for the uncertainty of this assumption. The 
selected values are: 

r mH ο∆ ((V.92), n = 1, 298.15 K) = – (10.05 ± 0.20) kJ⋅mol–1, 

r mH ο∆ ((V.92), n = 2, 298.15 K= – (26.35 ± 2.00) kJ⋅mol–1, 

r mH ο∆ ((V.92), n = 3, 298.15 K) = – (3.35 ± 14.00) kJ⋅mol–1, 

r mH ο∆ ((V.92), n = 4, 298.15 K) = – (40.00 ± 14.00) kJ⋅mol–1, 

r mGο∆ ((V.92), n = 1, 298.15 K) = – (12.79 ± 0.34) kJ⋅mol–1, 

r mGο∆ ((V.92), n = 2, 298.15 K) = – (19.06 ± 0.68) kJ⋅mol–1, 
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r mGο∆ ((V.92), n = 3, 298.15 K) = – (21.75 ± 1.20) kJ⋅mol–1, 

r mGο∆ ((V.92), n = 4, 298.15 K) = – (26.26 ± 0.63) kJ⋅mol–1, 

r mS ο∆ ((V.92), n = 1, 298.15 K) = (9.2 ± 1.3) J⋅K–1⋅mol–1, 

r mS ο∆ ((V.92), n = 2, 298.15 K) = – (24.4 ± 7.1) J⋅K–1⋅mol–1, 

r mS ο∆ ((V.92), n = 3, 298.15 K) = (61.7 ± 47.1) J⋅K–1⋅mol–1, 

r mS ο∆ ((V.92), n = 4, 298.15 K) = – (46.1 ± 47.0) J⋅K–1⋅mol–1. 

It can be noted that the value of r mH ο∆ ((V.92), n = 1, 298.15 K) is in fair 
agreement with the value determined in [75SAT/SAH], – (11.1 ± 0.4) kJ⋅mol–1, also 
obtained by calorimetry. 

Golub and Andreichenko [62GOL/AND] also measured at 293 K the solubility 
of Cd(SeCN)2(cr) in pure water. The solubility reported is 0.248 M, but from the calcu-
lations provided in the paper it should obviously read 0.0248 M. This value is accepted 
and combined with the selected complex formation model to yield a solubility product 
for the reaction: 

 Cd(SeCN)2(cr)  Cd2+ + 2SeCN– (V.93) 

of 10 ,0log sK ο  = – 5.7. This result is accepted but the uncertainty limit is set at ± 0.5 in 
the selected value to account for uncertainties in the experimental set-up, in the activity 
coefficients and in the temperature extrapolation from 293 K: 

10 ,0log sK ο ((V.93), 298.15 K) = – (5.7 ± 0.5). 

The selection corresponds to: 

r mGο∆ ((V.93), 298.15 K) = (32.5 ± 2.9) kJ⋅mol–1. 

The selected values for r mGο∆  combines with the selected value of 
f mGο∆ (SeCN–, 298.15 K) and the auxiliary value of f mGο∆ (Cd2+, 298.15 K) to yield: 

f mGο∆ (CdSeCN+, 298.15 K) = (45.5 ± 3.9) kJ⋅mol–1, 

f mGο∆ (Cd(SeCN)2, aq, 298.15 K) = (175.3 ± 7.7) kJ⋅mol–1, 

f mGο∆ (Cd 3(SeCN)− , 298.15 K) = (308.7 ± 11.5) kJ⋅mol–1, 

f mGο∆ (Cd 2
4(SeCN) − , 298.15 K) = (440.2 ± 15.2) kJ⋅mol–1, 

f mGο∆ (Cd(SeCN)2, cr, 298.15 K) = (161.8 ± 8.2) kJ⋅mol–1. 
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V.9.3 Mercury compounds 

V.9.3.1 Mercury selenides 
The mercury-selenium phase diagram was assessed and modelled by Sharma and Chang 
in [92SHA/CHA] and [93SHA/CHA]. HgSe(s) is the only solid compound in the 
system but four different polymorphs have been characterised. The α form, which 
crystallises in the zincblende structure, is the stable form up to the melting point at 
1072 K. The β, γ, and δ forms are all high-pressure polymorphs. The homogeneity 
range of α-HgSe is not well established and deviations from stoichiometry in the range 
HgSe0.953 to HgSe1.030 have been reported [92SHA/CHA]. The reaction between 
mercury and selenium appears to be slow in the final stages and the equilibration time is 
important. Experimental thermodynamic information is only available for α-HgSe. 

V.9.3.1.1 α-HgSe 

The low temperature heat capacity of α-HgSe has been measured in the temperature 
range 80 to 300 K by Gultyaev and Petrov [59GUL/PET] and in the temperature range 
15 to 290 K by Bogdanov and Bezborodova [70BOG/BEZ] yielding the values 

,mpCο (HgSe, α, 298.15 K) = (49.8  ± 2.5) J·K–1·mol–1 and (54.3 ± 1.0) J·K–1·mol–1 (see 
Appendix A), respectively. The heat capacity above room temperature was measured by 
Kelemen, Cruceanu and Niculescu [65KEL/CRU] (see Appendix A) in the temperature 
range 293 to 513 K yielding the expression ,mpCο (HgSe, α, (293 - 513) K) = (52.31 + 
9.52 × 10–3 T ) J·K–1·mol–1 and ,mpCο (HgSe, α, 298.15 K) = (55.2 ± 1.0) J·K–1·mol–1. The 
weighted average of the three values of the heat capacity is selected: 

,mpCο (HgSe, α, 298.15 K) = (54.4 ± 0.7) J·K–1·mol–1. 

The heat capacity expression in [65KEL/CRU] was adjusted to match the se-
lected heat capacity at 298.15 K yielding: 

,mpCο (HgSe, α, (293 - 513) K) = (51.66 + 9.52 × 10–3 T ) J·K–1·mol–1. 

This expression has been used by the review wherever the heat capacity of 
α-HgSe has been needed in second and third law evaluations. It was also extrapolated to 
higher temperatures where necessary. 

The mass spectrometric studies of the vaporisation of α-HgSe by Goldfinger 
and Jeunehomme [63GOL/JEU], Berkowitz and Chupka [66BER/CHU], and Grade and 
Hirschwald [80GRA/HIR] have shown that the vaporisation is considerably more com-
plex than for the compounds α-ZnSe and α-CdSe due to the formation of significant 
amounts of polymeric selenium species other than the Se2(g) molecule. The vaporisation 
cannot be simplified to the reaction α-HgSe  Hg(g) + ½Se2(g) and in principle all the 
selenium species in the series Se(g)-Se8(g) have to be considered. This problem has 
been treated in various ways in vaporisation studies of α-HgSe and various sets of aux-
iliary thermodynamic data for the selenium species have been used. In order to obtain a 
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consistent set of thermodynamic quantities, all the vaporisation studies were re-
evaluated by the review as discussed in Appendix A using the second and third laws and 
the selected set of thermodynamic data for condensed selenium and the selenium gase-
ous species. No experimental evidence for the existence of the molecule HgSe(g) is 
available. 

The second law entropy values from the various investigations are summarised 
in Table V-56. A third law value, mS ο (HgSe, α, 298.15 K) = (100.7 ± 4.0) J·K–1·mol–1, 
was derived by the review as discussed in Appendix A from the heat capacity measure-
ments in [70BOG/BEZ]. The entropies derived from the measurements in [68REZ/ISA] 
and [72MUN/MES] deviate strongly from the other values and were rejected. The se-
lected value of the entropy was calculated as the weighted average of the second and 
third law values where, in the absence of proper error limits for all values, the second 
law values were assigned unit weight and the third law value was given a weight factor 
of four. The selected value is: 

mS ο (HgSe, α, 298.15 K) = (98.5 ± 3.0) J·K–1·mol–1. 

Table V-56: Second law entropy values for α-HgSe at 298.15 K derived from vapour 
pressure and emf measurements. Values denoted by (*) were not considered in calculat-
ing the average.  

Reference mS ο (HgSe, α, 298.15 K) (J·K–1·mol–1) Temperature (K) Measurement method 

[65BRE] 103.3 723 - 873 Optical density 

[65SIL/KAR] 94.4 613 - 753 Gas flow 

[68RAT/TER] (93.7 ± 9.0) 320 - 420 Electrochemical cell 

[68REZ/ISA] 155.5(*) 573 - 823 Gas flow 

[69PAS/UST] (96.0 ± 10.0) 756 - 951 Quartz membrane manometer 

[72MUN/MES] (62.6 ± 22.0)(*) 530 - 570 Torsion effusion 

[84IMP/PIA] (96.6 ± 12.0) 541 - 602 Torsion effusion 

Average 96.8   

The second and third law enthalpies of formation are summarised in Table V-
57. The second and third law values of the enthalpy of formation derived from the 
measurements in [68REZ/ISA] differ substantially indicating serious systematic errors. 
The third law values are considerably less scattered than the second law values. The 
average f mH ο∆ (HgSe, α, 298.15 K) = – (58.0 ± 4.0) kJ·mol–1 is considered to summa-
rise the high temperature measurements in Table V-57. The error limits were set by 
considering the scatter of the third law values. The corresponding Gibbs energy of for-
mation is calculated to be f mGο∆ (HgSe, α, 298.15 K) = – (52.2 ± 4.0) kJ·mol–1.  
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In four studies, the solubility product of mercury(II) selenide in the aqueous 
phase has been estimated from polarographic measurements of the reduction potential 
of the couple HgSe(s) + 2e–  Hg(l) + Se2–. This datum combines with the standard 
electrode potential of Hg2+/Hg(l) to the solubility product. The results are collected in 
Table V-58.  

Table V-57: Second and third law enthalpies of formation of α-HgSe at 298.15 K 
evaluated by the review as discussed in Appendix A. Values denoted by (*) were not 
considered in calculating the average. 

Reference f mH ο∆ (HgSe, α, 298.15 K) (kJ·mol–1) Temperature (K) 

 2nd law 3rd law  

[65BRE] – 51.2 – 55.0 723 - 873 

[65SIL/KAR] – 62.9 – 60.0 613 - 753 

[68RAT/TER] – (45.2 ± 9.0)  320 - 420 

[68REZ/ISA] – 17.9(*) – 57.6(*) 573 - 823 

[69PAS/UST] – (63.3 ± 10.0) – (61.1 ± 10.0) 756 - 951 

[72MUN/MES] – (73.5 ± 30.0) – (57.0 ± 30.0) 530 - 570 

[84IMP/PIA] – (58.5 ± 8.0) – (57.0 ± 8.0) 541 - 602 

Average – 59.1 – 58.0  

Table V-58: Values of the solubility product of HgSe(s) obtained by polarographic 
measurement at 298.15 K. 

Reference 10 ,0log sK  Ionic medium 

[48LIN/NIE] – 59 Variable + 3 × 10–4 % gelatin 

[72GLA/KIR] – 58 1 M Na2SO4 

[80UML/WAL] – 61 0.1 M (NH4)2SO4 

[89GLA/KOV] – 57.3 1 M NaOH 

All results are based on relatively few measurements and none of the studies 
can be given preference. It might have been preferable to recalculate the solubility 
products to standard conditions with accepted protonation constants of the selenide ion. 
This has not been done since the necessary means for doing so are lacking and, in addi-
tion, it can be anticipated that the calculation would not reduce the scatter amongst the 
data. 
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Mehra and Gubeli [71MEH/GUB] studied the solubility of HgSe(s) in 1 M 
NaClO4 medium at 298.15 K, see Appendix A. The potentiometric measurements pro-
vided the concentration of Hg2+ in solutions saturated with HgSe(s) in the pH range of 
0.5 to 10 and with a total concentration of Se(− II) of 0.015 to 0.08 M. The reported 
solubility product, 10 ,0log sK (HgSe(s), 1 M NaClO4, 298.15 K) = – (56.6 ± 0.2), is not 
accepted since it was obtained by using erroneous values for the protonation constant of 
Se2–. Most of the experimental data were collected below pH 3. The solubility equilib-
rium is then best described by the reaction: 

 HgSe(s) + 2H+  Hg2+ + H2Se(aq). (V.94) 

The review obtained from experimental data presented in [68MEH] 
10log K ((V.94), 1 M NaClO4, 298.15 K) = – (41.65 ± 0.45) from the data below pH 3 

and +10 Hlog γ  estimated by SIT to be – 0.06. After extrapolation to standard condition 
with SIT and ∆ε = 0.06 kg·mol−1, and insertion of the accepted protonation constants of 
Se2–, 10 ,0log sK ο (HgSe, s, 298.15 K) = – (60.7 ± 0.5) was obtained. The different esti-
mates of the solubility product thus agree with a mean value of 10 ,0log sK ο  = 
− (60.0 ± 2.0). Combined with the CODATA values for Hg2+ and the selected data for 
Se2– this corresponds to f mGο∆ (HgSe, s, 298.15 K) = – (49.2 ± 11.8) kJ·mol–1. 

The f mGο∆ (HgSe, s, 298.15 K) from the high temperature measurements and 
from solution measurements agree within the uncertainty limits. These data were com-
bined (a-HgSe is assumed to be present in the solubility measurement) with the weights 
2:1 to the selected value: 

f mGο∆ (HgSe, a, 298.15 K) = – (51.2 ± 4.0) kJ·mol–1. 

The selected standard enthalpy of formation is calculated with the selected en-
tropy to be: 

f mH ο∆ (HgSe, a, 298.15 K) = – (57.0 ± 4.1) kJ·mol–1. 

The solubility product calculated from the Gibbs energy of formation of 
α-HgSe is 10 ,0log sK ο = – (60.35 ± 0.70) and overlaps with the values from the experi-
mental measurements.  

V.9.3.1.2 Aqueous mercury(II) selenide complexes 

From the solubility measurements conducted with radioactively labelled mercury, Me-
hra and Gubeli [71MEH/GUB] recorded significantly higher concentrations of Hg(II) 
than those corresponding to the measured Hg2+ activity. They suggested that this corre-
sponded to the formation of soluble complexes, with Hg(HSe)(OH)(aq) predominating 
in the pH region 0 to 3, Hg(HSe)2(OH)– predominating between pH 4 to 5.5, and 

2
2 2Hg(HSe) (OH) −  predominating at pH > 7.0. The compositions of these species were 

derived from the dependence of the solubility on total selenide concentration and pH 
and their formation constants were calculated. 
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The review prefers to denote the species by the equivalent formulas HgSe(aq), 
HgSe(HSe)–, and 2

2HgSe − and has recalculated the data to yield: 

 HgSe(s)  HgSe(aq) (V.95) 

10log K ((V.95), 1 M NaClO4, 298.15 K) = – (7.84 ± 0.44); 

 HgSe(s) + HSe–  HgSe(HSe)– (V.96) 

10log K ((V.96), 1 M NaClO4, 298.15 K) = – (6.30 ± 0.60); 

 HgSe(s) + HSe–  2
2HgSe −  + H+ (V.97) 

10log K ((V.97), 1 M NaClO4, 298.15 K) = – (12.00 ± 0.60). 

The three equilibrium constants are obtained directly from the experimental 
data and may be combined with other constants to furnish the stability constants of the 
mercury(II)-selenide complexes. 

The increase in the solubility of HgSe(s) with increasing hydrogen selenide 
and selenide activities is well documented at high pH and the third equilibrium constant 
is accepted by the review. The first constant, which equals an intrinsic solubility of 
HgSe(s) is most likely too large due to the rather simple method used for the separation 
of solid material from the aqueous phase. It is tentatively included due to its potential 
importance in connection with the mobility of mercury from repositories. Further inves-
tigations with a more efficient phase separation technique would be welcome here. 

The value of the third constant at standard conditions is estimated with SIT and 
∆ε = 0.04 kg·mol−1 to be: 

10log K ο ((V.97), 298.15 K) = – (12.8 ± 0.60). 

Combined with the selected data for α-HgSe and HSe– this corresponds to: 

f mGο∆ ( 2
2HgSe − , 298.15 K) = (65.3 ± 5.6) kJ·mol–1. 

V.9.3.2 Mercury selenites 

V.9.3.2.1 Hg(I) 

Chukhlantsev and Tomashevsky [57CHU/TOM] prepared mercury(I) selenite by mix-
ing 0.1 M solutions of mercury(I) nitrate and sodium selenite in stoichiometric amounts. 
Chemical analysis confirmed the 2:1 ratio between Hg(I) and Se(IV). No X-ray diffrac-
tion measurements were performed. The solubility of the specimen in dilute solution of 
nitric or sulphuric acid was measured at 293 K. The experiments were performed and 
the data recalculated as described in Appendix A, [56CHU]. The result for: 

 Hg2SeO3(s)  2+
2Hg  + 2

3SeO −   (V.98) 
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was 10 ,0log sK ο ((V.98), 293.15 K) = – (15.23 ± 0.25). The reported conditional constant 
is – (14.64 ± 0.11) after a correction has been applied by the review for a mistake in the 
original publication. The result is selected and assumed to be valid at standard condi-
tions: 

10 ,0log sK ο ((V.98), 298.15 K) = – (15.2 ± 1.0), 

but the uncertainty limits have been increased as the quality of the examined specimen 
is unknown.  

V.9.3.2.2 Hg(II) 

Micka, Uchytilova, and Ebert [84MIC/UCH] present the phase diagram of the system 
HgSeO3-SeO2-H2O at 298 K from solubility measurements. The solid phases HgSeO3 
and Hg3H2(SeO3)4 were identified by chemical analysis and infrared spectroscopy. No 
primary solubility data are published. Gospodinov and Barkov [91GOS/BAR2] studied 
the system at 298.15 and 373.15 K. They identified HgSeO3 and Hg3H2(SeO3)4 as the 
only solids formed in agreement with the previous investigation. The primary solubility 
data are available. Two forms of mercury(II) selenite were observed, α-HgSeO3 formed 
in the experiments at 298 K and β-HgSeO3 formed at 373 K. The α-form transformed to 
the β form on heating of the solid to 675 to 725 K. 

Toropova [57TOR] measured the solubility of HgSeO3(cr) in acidified 1 M 
NaNO3 medium. The data were used to calculate the mixed conditional equilibrium 
constant of the reaction: 

 HgSeO3(cr) + 2H+  Hg2+ + H2SeO3(aq)  (V.99) 

to be 10log K ((V.99), 1 M NaNO3, 298.15 K) = – (4.07 ± 0.02) in Appendix A. Ex-
trapolation to I = 0 by the SIT expression and combination with the protonation con-
stants of the selenite ion yielded for the solubility product of HgSeO3(cr), 

10 ,0log sK ο ((V.100), 298.15 K) = – (15.98 ± 0.30). The solubility product is defined by 
the reaction: 

 HgSeO3(cr)  Hg2+ + 2
3SeO −  (V.100) 

Rosenheim and Pritze [09ROS/PRI] measured the solubility of HgSeO3(cr) in 
sodium selenite solution in the concentration range 0.0625 to 2.00 M. The solubility 
increases with selenite concentration and an interpretation of the data in terms of the 
equilibrium: 

 HgSeO3(cr) + 2
3SeO −   2

3 2Hg(SeO ) −  (V.101) 

was attempted. The influence of the activity coefficients can be expected to largely can-
cel in the expression for the equilibrium constant. The approximate constancy of 

10log K ο ((V.101), 298.15 K) at – (1.35 ± 0.15) for selenite concentrations ≥ 0.50 M 
provide evidence for the proposed reaction. The increase in the value of the constant at 
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lower selenite concentration cannot be explained from the data provided in the paper, 
but might indicate a change in the composition of the solid phase. An almost identical 
value of the constant can be calculated from the data in [57TOR]. The review accepts 
and selects: 

10log K ο ((V.101), 298.15 K) = – (1.35 ± 0.15). 

Sapozhnikov and Markovskii [65SAP/MAR] prepared three modifications of 
mercury selenite by mixing solutions containing selenite and mercury(II). They were, 
however, unable to delineate the conditions for the formation of each modification, 
which were denoted as α, β and γ-HgSeO3. The close resemblance between the three 
forms is evidenced by the small differences in the enthalpies of dissolution in hydro-
chloric acid and the transition enthalpy from the α to the β modification was determined 
to be – (2.60 ± 1.05) kJ⋅mol–1 in [66SAP/MAR]. Gospodinov and Bogdanov 
[83GOS/BOG] determined the temperature of the transition of α-HgSeO3 to β-HgSeO3 
to be (650 ± 5) K and the corresponding enthalpy change to be trs mH ο∆ (HgSeO3, α, 
650 K) = (1.72 ± 0.13) kJ⋅mol–1. Fusion occurs at (739 ± 5) K with fus mH ο∆ (HgSeO3, β, 
739 K) = (14.81 ± 0.13) kJ⋅mol–1. The data were obtained by differential scanning calo-
rimetry and the uncertainties in the transition temperatures have been added by the re-
view. The review selects: 

trs mH ο∆ (HgSeO3, α, 298.15 K) = – (2.60 ± 1.05) kJ⋅mol–1, 

fus mH ο∆ (HgSeO3, β, 739 K) = (14.81 ± 0.13) kJ⋅mol–1. 

Pashinkin et al. [72PAS/UST] studied the thermal decomposition of HgSeO3 
by measurements of the total vapour pressure by a membrane manometer. Experiments 
over the temperature interval 856 to 974 K with unsaturated vapours showed that the 
decomposition proceeds by the reaction: 

 HgSeO3(l)  Hg(g) + SeO2(g) + ½O2(g). (V.102) 

Measurements over the temperature interval 778 to 847 K of the saturated va-
pour pressure resulted in: r mH ο∆ ((V.102), 812 K) = (325.5 ± 11.4) kJ⋅mol–1, and 

r mS ο∆ ((V.102), 812 K) = (346.9 ± 14.0) J⋅K–1⋅mol–1, calculated from the temperature 
dependence of the equilibrium constant of Reaction (V.102). The thermodynamic quan-
tities at standard conditions were evaluated by the review to be f mH ο∆ (HgSeO3, β, 
298.15 K) = – (406.1 ± 12.1) kJ⋅mol–1 and mS ο (HgSeO3, α, 298.15 K) = (149.9 ± 15.0) 
J⋅K–1⋅mol–1 with ,mpCο  values from [73BAR/KNA]. Pashinkin and Gospodinov 
[94PAS/GOS] estimated the value of mS ο (HgSeO3, α, 298.15 K) to be (142.6 ± 25.1) 
J⋅K–1⋅mol–1 from the same experimental data. A comparison between the two estimates 
cannot be made since the ,mpCο  values used in [94PAS/GOS] are not presented explic-
itly. The extrapolated standard enthalpy of formation of HgSeO3 does not agree with 
values calculated from [66SAP/MAR] in Appendix A. The mean value for the three 
polymorphs determined by calorimetry will be selected and yields: 
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f mH ο∆ (HgSeO3, cr, 298.15 K) = – (373.6 ± 5.0) kJ⋅mol–1. 

The estimate of the entropy of HgSeO3(cr) together with the selected value of 
f mH ο∆ (HgSeO3, cr, 298.15 K) yield 10 ,0log sK ο ((V.100), 298.15 K) = – (16.4 ± 1.2). In 

view of the experimental result in [57TOR] the review selects: 

10 ,0log sK ο ((V.100), 298.15 K) = – (16.2 ± 1.0) 

for mercury(II) selenite.  

The corresponding data in [82WAG/EVA] seem to derive from the conditional 
solubility product in [57TOR]. 

Sapozhnikov and Markovskii [66SAP/MAR] determined, see Appendix A, 

f mH ο∆ (Hg3H2(SeO3)4, cr, 298.15 K) = – (1652.8 ± 32.5) kJ⋅mol–1, 

which is selected. 

V.9.3.3 Mercury selenates 
Gospodinov and Barkov [91GOS/BAR] determined the phase diagram of the system 
HgSeO4-H2SeO4-H2O at 373.15 K. Only HgSeO4⋅H2O and HgSeO4 were observed as 
solid phases. 

No other data pertaining to the review have been found. 

V.9.3.4 Mercury selenocyanates 
The formation of 2

4Hg(SeCN) −  is well established by the potentiometric work of 
Toropova [56TOR], while her experimental data pertaining to the formation and the 
formation constant of 3Hg(SeCN)−  only comprise a few points. In their polarographic 
work Murayama and Takayanagi [72MUR/TAK] studied the anodic mercury wave in 
the presence of 0.001 to 0.003 M SeCN–. The electrode process was assumed to com-
prise the charge transfer Hg(l)  Hg2+ + 2e– combined with the formation of 
Hg(SeCN)2(aq) and 3Hg(SeCN)− . No primary data are provided and the evaluation pro-
cedure is rather involved, which makes the assessment difficult. The results are mixed 
equilibrium constants, since an activity coefficient correction was applied to the Hg2+ 
ion. The following complexes are thus proposed to prevail in the Hg2+-SeCN– system: 

 Hg2+ + 2SeCN–  Hg(SeCN)2(aq), (V.103) 

 Hg2+ + 3SeCN–  3Hg(SeCN)− , (V.104) 

 Hg2+ + 4SeCN–  2
4Hg(SeCN) − . (V.105) 

The equilibrium constants reported are given in Table V-59. 

Recalculation and extrapolation of the data in the table to standard conditions 
by SIT with ∆ε from [97BAH/PAR] in Appendix A resulted in the accepted values: 
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10log K ο ((V.103), 298.15 K) = (22.3 ± 1.0), 

10log K ο ((V.104), 298.15 K) = (26.8 ± 1.0), 

10log K ο ((V.105), 298.15 K) = (29.3 ± 0.5). 

The uncertainties assigned by this review to the first two constants are based 
on the discrepancy between the two reported values of 10log K ο ((V.104), 298.15 K). 
The uncertainty limits of the final complex is based on the difference (0.2 logarithmic 
units) between the extrapolated values from 0.3 and 0.8 M NaNO3, respectively.  

Table V-59: Formation constants for complexes of Hg2+ with SeCN–. 

Method Ionic medium t (°C) log10 β2 log10 β3 log10 β4 Reference 

pot 0.3 M NaNO3 25  26.4 28.9 [56TOR] 

pot 0.8 M NaNO3 25   28.7 [56TOR] 

pot 0.3 M NaNO3 15   30.1 [56TOR] 

pot 0.3 M NaNO3 20   29.5 [56TOR] 

pot 0.3 M NaNO3 30   28.3 [56TOR] 

pol 0.3 M KNO3 25 21.4 25.6  [72MUR/TAK] 

pol 0.3 M KNO3 35 20.4 24.4  [72MUR/TAK] 

Kullberg [74KUL2] determined the enthalpy change of Reaction (V.105) at 
I = 0.3 and 1 M from measurements presented in Appendix A to be – (191.9 ± 1.5) 
kJ⋅mol–1. This value compares favourably with the value, – (194 ± 3) kJ⋅mol–1, derived 
from the temperature dependence of the equilibrium constant in [56TOR] at I = 0.3 M. 

The present review accepts the average of these values as valid also at I = 0, 
and assigns an uncertainty of ± 3 kJ⋅mol–1 to account for the uncertainty of this assump-
tion. The selection yields: 

r mGο∆ ((V.103), 298.15 K) = – (127.3 ± 5.7) kJ⋅mol–1, 

r mGο∆ ((V.104), 298.15 K) = – (153.0 ± 5.7) kJ⋅mol–1, 

r mH ο∆ ((V.105), 298.15 K) = – (193.0 ± 3.0) kJ⋅mol–1, 

r mGο∆ ((V.105), 298.15 K) = – (167.2 ± 3.0) kJ⋅mol–1, 

r mS ο∆ ((V.105), 298.15 K) = – (86.4 ± 13.9) J⋅K–1⋅mol–1. 

Combined with the selected value for f mGο∆ (SeCN–, 298.15 K) and auxiliary 
data for f mGο∆ (Hg2+, 298.15 K), this yields: 

f mGο∆ (Hg(SeCN)2, aq, 298.15 K) = (309.5 ± 9.5) kJ⋅mol–1, 
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f mGο∆ ( 3Hg(SeCN)− , 298.15 K) = (419.8 ± 12.8) kJ⋅mol–1, 

f mGο∆ ( 2
4Hg(SeCN) − , 298.15 K) = (541.6 ± 15.5) kJ⋅mol–1. 

V.10   Group 11 compounds and complexes 

V.10.1 Copper compounds 

V.10.1.1 Copper selenides 
The solid compounds formed in the system copper-selenium are Cu2−xSe(cr), 
Cu3Se2(cr), CuSe(cr), and CuSe2(cr). The homogeneity range of Cu2–xSe(cr) and the 
polymorphic transitions of the phases are shown in the phase diagram by Massalski 
[86MAS] in Figure V-20. The phase diagram critically evaluated from literature data by 
Glazov, Pashinkin, and Fedorov [2000GLA/PAS] differs only in minor details from that 
in [86MAS]. 

Figure V-20: The phase diagram copper-selenium; after Massalski [86MAS]. Reprinted 
from [86MAS], Copyright (1986), with permission from ASM International. 
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V.10.1.1.1 α-CuSe 

Stølen, Fjellvåg, Grønvold, Sipowska, and Westrum [96STO/FJE] measured the heat 
capacity of α-CuSe in the temperature range 5 to 653 K using adiabatic shield calo-
rimetry. The heat capacity determined at 298.15 K is selected: 

,mpCο (CuSe, α, 298.15 K) = (50.3 ± 0.6) J·K–1·mol–1. 

The entropy at 298.15 K was determined to be mS ο (CuSe, α, 298.15 K) = 
(66.3 ± 0.8) J·K–1·mol–1 and corresponds to an entropy of formation of f mS ο∆ (CuSe, α, 
298.15 K) = – (8.9 ± 0.8) J·K–1·mol–1. The electrochemical measurements in the tem-
perature range 320 to 420 K by Askerova, Alieva, Azizov, Abbasov, and Mustafayev 
[76ASK/ALI] using the cell  

(−) Cu(cr) | CuBr, KBr(in glycerol) | CuSe(cr), CuSe2(cr) (+) 

 yielded the value f mS ο∆ (CuSe, α, 298.15 K) = – (4.5 ± 4.2) J·K–1·mol–1 after a correc-
tion for the entropy of the α → β transition (cf. Section V.10.1.1.2). The confidence 
intervals of the values of the entropy of formation of α-CuSe in [96STO/FJE] and 
[76ASK/ALI] thus overlap and the standard entropy in [96STO/FJE] is selected: 

mS ο (CuSe, α, 298.15 K) = (66.3 ± 0.8) J·K–1·mol–1. 

Gattow and Schneider [56GAT/SCH] determined the enthalpy of formation of 
α-CuSe to be f mH ο∆ (CuSe, α, 298.15 K) = – (39.5 ± 0.5) kJ·mol–1 (error estimated by 
the review) using direct synthesis calorimetry. The measurements in [76ASK/ALI] re-
sult in a value of f mH ο∆ (CuSe, α, 298.15 K) = – (33.5 ± 10.0) kJ·mol–1 after a correc-
tion for the enthalpy of the α → β transition (cf. Section V.10.1.1.2). The weighted 
mean of the enthalpy values is selected: 

f mH ο∆ (CuSe, α, 298.15 K) = – (39.5 ± 0.5) kJ·mol–1. 

The Gibbs energy of formation of α-CuSe is calculated from the selected en-
thalpy of formation and entropy, the selected entropy of selenium and the entropy of 
copper in [89COX/WAG] yielding: 

f mGο∆ (CuSe, α, 298.15 K) = – (36.8 ± 0.6) kJ·mol–1. 

V.10.1.1.2 β-CuSe 

The enthalpy of transformation of the α → β transition was determined to be 
trs mH ο∆ (CuSe, α → β, 327 K) = (0.855 ± 0.006) kJ·mol–1 in [96STO/FJE]. The corre-

sponding entropy change is (2.61 ± 0.02) J·K–1·mol–1. Due to closeness of the transition 
and standard temperatures, selected values of the enthalpy of formation and entropy of 
β-CuSe were calculated by adding the enthalpy of transformation and the corresponding 
entropy to the values of the enthalpy of formation and the entropy of α-CuSe. The se-
lected values are: 

mS ο (CuSe, β, 298.15 K) = (68.9 ± 0.8) J·K–1·mol–1 



V Discussion of data selection for selenium 

 

290

and 

f mH ο∆ (CuSe, β, 298.15 K) = – (36.8 ± 0.5) kJ·mol–1. 

The Gibbs energy of formation of β-CuSe is calculated from the selected en-
thalpy of formation and entropy, the selected entropy of selenium and the entropy of 
copper in [89COX/WAG] yielding:  

f mGο∆ (CuSe, β, 298.15 K) = – (34.91 ± 0.56) kJ·mol–1. 

V.10.1.1.3 CuSe(g) 

The dissociation energy of the CuSe(g) molecule was determined by Smoes, Mandy, 
Auwera-Mahieu and Drowart [72SMO/MAN] from high temperature mass spectromet-
ric measurements of ion intensities of the participating species. The dissociation energy 
was obtained from the reactions CuSe(g)  ½Cu2(g) + ½Se2(g) studied in the tempera-
ture range 1302 to 1793 K and CuSe(g) + Se(g)  Cu(g) + Se2(g) studied at 1707 K 
giving the values at mH ο∆ (CuSe, g, 0 K) = (253.1 ± 5.4) kJ·mol–1 and (249.8 ± 8.4) 
kJ·mol–1, respectively. The authors considered the average value at mH ο∆ (CuSe, g, 
0 K) = (251.5 ± 14.6) kJ·mol–1 to properly describe their experiments. The evaluation 
involved Gibbs energy functions of CuSe(g) calculated from estimated molecular 
parameters. The results were re-evaluated by the review using the selected properties of 
Se(g) and Se2(g), the thermodynamic properties of Cu(g) in [89COX/WAG], the ther-
modynamic properties of Cu2(g) in [98CHA], and thermal properties of CuSe(g) calcu-
lated from the parameters estimated in [72SMO/MAN] (properties at standard condi-
tions calculated to be ,mpCο (CuSe, g, 298.15 K) = 36.3 J·K–1·mol–1 and mS ο (CuSe, g, 
298.15K) = 255.1 J·K–1·mol–1), yielding f mH ο∆ (CuSe, g, 298.15 K) = 324.5 kJ·mol–1 
from the third law and the first reaction and f mH ο∆ (CuSe, g, 298.15 K) = 317.5 kJ·mol–1 
from the second law, and f mH ο∆ (CuSe, g, 298.15 K) = 320.3 kJ·mol–1 from the third 
law and the last reaction. The reasonable agreement between the results obtained in the 
temperature extrapolations with the second and the third laws indicate that the estimated 
thermal data and the entropies are sufficiently accurate to permit the average of the en-
thalpy values to be accepted with error bars from [72SMO/MAN]. The review thus se-
lects: 

f mH ο∆ (CuSe, g, 298.15 K) = (320.8 ± 15.0) kJ·mol–1. 

V.10.1.1.4 CuSe2(cr) 

Gattow and Schneider [56GAT/SCH] determined the enthalpy of formation of 
CuSe2(cr) to be f mH ο∆ (CuSe2, cr, 298.15 K) = – 43.1 kJ·mol–1 using direct synthesis 
calorimetry. Electrochemical cell measurements in the temperature range 320 to 420 K 
in [76ASK/ALI] using the cell 

(−) Cu(cr) | CuBr, KBr (in glycerol) | CuSe2(cr), Se(trig) (+) 
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yielded the value f mH ο∆ (CuSe2, cr, 298.15 K) = – (39.3 ± 4.0) kJ·mol–1. The mean of 
the enthalpy values is selected:  

f mH ο∆ (CuSe2, cr, 298.15 K) = – (41.2 ± 5.9) kJ·mol–1, 

where the results in the two investigations have been given equal weights. 

V.10.1.1.5 α-Cu2Se 

The composition of α-Cu2Se varies within a small range at room temperature, see the 
phase diagram in Figure V-20. Kubaschewski [73KUB] measured the heat capacity of 
Cu1.968Se(cr) in the temperature range 180 to 560 K. The heat capacity above 250 K is 
strongly dependent on the exact composition of the α-Cu2Se phase and no reliable value 
for the stoichiometric composition Cu2Se can be derived from these measurements. 
Blachnik and Gunia [78BLA/GUN] measured the enthalpy content in the temperature 
range 350 to 1500 K using drop calorimetry and tabulated the heat capacity as a func-
tion of temperature. The heat capacity at 300 K was reported to be ,mpCο (Cu2Se, α, 
300 K) = 75.23 J·K–1·mol–1 and was obtained from an extrapolation of the values meas-
ured in the temperature range 350 to 395 K. Considering the rapid changes in the heat 
capacity within the range, the estimated value at 300 K is of doubtful quality and not 
selected by the review. 

Glazov and Korenchuk [71GLA/KOR] measured the saturated vapour pressure 
of α-Cu2Se in the temperature range 1133 to 1293 K yielding f mH ο∆ (Cu2Se, 
α, 298.15 K) = – (26.5 ± 10.0) kJ·mol–1 and mS ο (Cu2Se, α, 298.15 K) = (90.1 ± 20.0) 
J·K–1·mol–1 after a recalculation as discussed in Appendix A. Gattow and Schneider 
[56GAT/SCH] determined the enthalpy of formation to be f mH ο∆ (Cu2Se, α, 
298.15 K) = – 59.3 kJ·mol–1 using direct synthesis calorimetry. Electrochemical cell 
measurements in the temperature range 320 to 420 K by Askerova, Alieva, Azizov, 
Abbasov, and Mustafayev [76ASK/ALI] using the cell  

(−) Cu(cr) | CuBr, KBr (in glycerol) | Cu2Se(cr), Cu3Se2(cr) (+) 

yielded the values f mH ο∆ (Cu2Se, α, 298.15 K) = − (65.7 ± 6.5) kJ·mol–1 and 
f mS ο∆ (Cu2Se, α, 298.15 K) = – (28.9 ± 6.0) J·K–1·mol–1 where the error limits are those 

proposed by the authors. However, the measurements are less reliable than the error 
limits indicate because they were made across the α → β transition at 395 K. No value 
is selected for the entropy of α-Cu2Se from the measurements in [71GLA/KOR] and 
[76ASK/ALI] because of the doubtful experimental conditions. The value of the en-
thalpy of formation in [56GAT/SCH] is selected: 

f mH ο∆ (Cu2Se, α, 298.15 K) = – (59.3 ± 0.5) kJ·mol–1, 

where the error limits were set by the review. 
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V.10.1.1.6 β-Cu2Se 

The β-Cu2Se phase has a variable composition and is unstable at the stoichiometric 
composition at 298.15 K, see the phase diagram in Figure V-20.  

The enthalpy change of the α → β transition was determined to be 
trs mH ο∆ (Cu2Se, α → β,  395 K) = (6.4 ± 2.0) kJ·mol–1 by Murray and Heyding 

[75MUR/HEY] and 6.5 kJ·mol–1 in [78BLA/GUN]. The review estimates the enthalpy 
of formation of β-Cu2Se at standard conditions by adding the transformation enthalpy to 
the enthalpy of formation of α-Cu2Se to be f mH ο∆ (Cu2Se, β, 298.15 K) = − (52.9 ± 2.1) 
kJ·mol–1. This value is not selected. 

V.10.1.1.7 Cu2Se(g) 

The atomisation enthalpy of the Cu2Se(g) molecule was determined by Smoes, Mandy, 
Auwera-Mahieu and Drowart [72SMO/MAN] from mass spectrometric measurements 
of ion intensities of the species in the reaction Cu2Se(g) + Se(g)  2CuSe(g) in the 
temperature range 1508 to 1707 K. The results were evaluated using only the third law 
involving Gibbs energy functions of CuSe(g) and Cu2Se(g) calculated from estimated 
molecular parameters, since the experimental data were too scattered to provide a mean-
ingful second law value. The results were recalculated by the review using the selected 
properties of Se(g), the properties of CuSe(g), as calculated in Section V.10.1.1.3, and 
the thermal properties of Cu2Se(g) calculated from the parameters estimated in 
[72SMO/MAN] (properties at standard conditions calculated to be ,mpCο (Cu2Se, g, 
298.15K) = 55.3 J·K–1·mol–1 and mS ο (Cu2Se, g, 298.15K) = 311.9 J·K–1·mol–1), yielding 

f mH ο∆ (Cu2Se, g, 298.15 K) = (388.3 ± 18.3) kJ·mol–1 from the third law. The value is 
not selected by the review because of the difficulties with the second law value and the 
uncertainties originating from the tentative properties of the Cu2Se(g) molecule. 

V.10.1.1.8 Cu3Se2(cr) 

Gattow and Schneider [56GAT/SCH] determined the enthalpy of formation of 
Cu3Se2(cr) to be f mH ο∆ (Cu3Se2, cr, 298.15 K) = – 98.9 kJ·mol–1 using direct synthesis 
calorimetry. Electrochemical cell measurements in the temperature range 320 to 420 K 
in [76ASK/ALI] using the cell  

(−) Cu(cr) | CuBr, KBr (in glycerol) | Cu3Se2(cr), CuSe(cr) (+) 

yielded the value f mH ο∆ (Cu3Se2, cr, 298.15 K) = – (94.6 ± 7.1) kJ·mol–1. The selected 
value of the enthalpy of formation is  

f mH ο∆ (Cu3Se2, cr, 298.15 K) = – (96.8 ± 7.1) kJ·mol–1 

where the results in the two investigations have been given equal weights. 
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V.10.1.2 Copper selenites 
Ojkova and Gospodinov [82OJK/GOS] studied the phase equilibria in the system CuO-
SeO2-H2O at 373.2 K by solubility measurements. The solubility data are presented to-
gether with the phase diagram. The diagram contains crystallisation fields of 
CuSeO3⋅2H2O and CuSeO3⋅H2SeO3. The solubility of Cu(II) is small over the whole 
range from 0 to 70 mass-% SeO2 investigated. Micka, Cermak, and Niznansky 
[90MIC/CER] studied this system at 298.15 K and obtained solids with the same em-
pirical formulas. The compound CuSeO3⋅H2SeO3 was shown by infrared spectroscopy 
to be Cu(HSeO3)2. The phase diagram is the only result presented of the solubility 
measurements. 

 Chukhlantsev [56CHU] prepared copper selenite by mixing 0.1 M solutions of 
copper sulphate and sodium selenite in the cold. The product was aged for 24 hours. 
Chemical analysis confirmed the 1:1 ratio between Cu(II) and Se(IV). The solubility of 
the specimen in dilute solution of nitric or sulphuric acid was measured at 293 K. No 
X-ray diffraction measurements were performed and the solubility equilibrium will be 
written on the assumption that the composition of the solid phase is CuSeO3⋅2H2O: 

CuSeO3⋅2H2O(s)  Cu2+ + 2
3SeO −  + 2H2O(l) (V.106) 

 The data have been recalculated as described in Appendix A, [56CHU]. The 
result was 10 ,0log sK ο ((V.106), 293.15 K) = – (8.26 ± 0.30). The reported conditional 
constant is – (7.68 ± 0.35). 

 Ripan and Vericeanu [68RIP/VER] studied the solubility of CuSeO3⋅2H2O(s) 
by conductivity measurements as described in Appendix A. An equilibrium analysis 
performed as outlined there on the total concentrations provided in the paper, about              
1.8 × 10–4 M, leads to the conclusion that almost 80% of the copper(II) would be present 
as hydroxo complexes at equilibrium. Hence, a conductivity measurement is unsuitable 
for the determination of the solubility of copper selenite and no reliable value of the 
solubility product can be calculated from the data in [68RIP/VER]. Masson et al. 
[86MAS/LUT] calculated 10 ,0log sK ο = – (7.49 ± 0.10) from the data neglecting hydroly-
sis of Cu2+. 

 Feroci et al. [97FER/FIN] studied the system Cu2+- 2
3SeO −  by polarography. No 

shift in E1/2, but a steady decrease in the limiting current, was observed with increasing 
selenite concentration. It was assumed from these results that solid copper selenite was 
formed, although no precipitate was observed in the electrode vessel. The solubility 
product was reported as 10 ,0log sK ((V.106), 0.15 M NaNO3, ? K) = – 8.42. As discussed 
in Appendix A, the result of this investigation can not be considered as reliable. 

 Slavtscheva, Popova, and Gospodinov [93SLA/POP] determined the solubility 
of copper selenite in dilute nitric acid and calculated its solubility product from meas-
urements of pH and total Cu(II) concentration in the equilibrium solution. No primary 
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data are provided, which precludes a recalculation of their result, 10 ,0log sK ο ((V.106), 
298.15 K) = – (10.82 ± 0.10), with selected auxiliary data. 

 In view of the scatter between the reported values of the solubility product and 
the limited experimental information the review can only regard the results in [56CHU] 
and [93SLA/POP] as upper and lower limits, which leads to the not selected estimate 

10 ,0log sK ο ((V.106), 298.15 K) = – (9.5 ± 1.5). 

 The standard Gibbs energy of formation of CuSeO3(cr) in [82WAG/EVA] is 
apparently based on the conditional solubility product in [56CHU] and cannot be 
recommended. 

 Leshchinskaya and Selivanova [65LES/SEL] measured the enthalpy change of 
the reaction Na2SeO3(cr) + CuSO4(aq, 1:800) + 2H2O(l) Æ CuSeO3⋅2H2O(cr) + 
Na2SO4(aq, 1:800). They also measured the integral enthalpies of dissolution of 
CuSeO3⋅2H2O(cr) and CuSeO3(cr) in 8% HNO3. The calorimetric data have been used 
to calculate the standard enthalpies of formation of the copper selenites in Appendix A 
to be: 

f mH ο∆ (CuSeO3⋅2H2O, cr, 298.15 K) = – (998.60 ± 1.51) kJ⋅mol–1 

and 

f mH ο∆ (CuSeO3, cr, 298.15 K) = – (386.90 ± 1.52) kJ⋅mol–1. 

 These data are selected by the review. 

 Thermal analysis [82OJK/GOS], [84GOS/BOG] indicates that under equilib-
rium conditions the dissociation of copper selenite would follow the scheme: 

2CuSeO3(cr)  CuO⋅CuSeO3(cr) + SeO2(g) (V.107) 

followed by: 

CuO⋅CuSeO3(cr)  2CuO(cr) + SeO2(g). (V.108) 

 The vapour pressures over CuSeO3(cr) and CuO.CuSeO3(cr) were measured 
with a membrane null manometer and with a Knudsen effusion cell with mass spectro-
metric detection by Makatun, Rat’kovskii, and Pechkovskii [71MAK/RAT]. The dew 
point method was used by Bakeeva et al. [72BAK/BUK] for the same purpose. 

 The results obtained for Reaction (V.108) differ substantially between the two 
investigations. For instance, the observed pressure of SeO2(g) at 830 K was 4 times lar-
ger in [71MAK/RAT] than in [72BAK/BUK]. The variation of the equilibrium constant 
with temperature is also different and corresponds to r mH ο∆ ((V.108), 820 K) = 
176 kJ⋅mol–1 in [71MAK/RAT] and 216 kJ⋅mol–1 at 860 K in [72BAK/BUK]. 

 Both research groups observed a break in the plot of 
210 SeOlog p  against 1/T for 

the experiments with CuSeO3(cr). There is, however, a difference of about 65 K be-
tween the break point temperatures. Bakeeva et al. assigned the change in slope to a 
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phase transition of CuSeO3, which would then have the notably high transition enthalpy 
of about 65.5 kJ⋅mol–1. Makatun et al. suggested that the break was due to a change in 
the dissociation reaction. It was found by chemical and X-ray analysis that CuO was the 
reaction product below 700 K, while at higher temperatures CuO⋅CuSeO3(cr) was pre-
sent. This proposal is not supported by the presented enthalpy changes. 

 Gospodinov and Bogdanov [84GOS/BOG] report the total enthalpy change of 
the reaction CuSeO3(cr) Æ CuO(cr) + SeO2(g) from a measurement by differential 
scanning calorimetry (DSC) to be 36 kJ⋅mol–1, which is an improbably low value. 

 The conflicting results of the investigations indicate unsolved experimental 
difficulties in establishing representative conditions. No thermodynamic quantities of 
the thermal dissociation of CuSeO3 will be extracted from the references. 

The heat capacities of CuSeO3(cr) and CuO.CuSeO3(cr) were determined in 
the temperature range 593 to 673 K by DSC in [84GOS/BOG] to be ,mpCο (CuSeO3, cr, 
(593 - 673) K) = (1.21 + 0.306 T + 1.79 × 10–5 T 2) J⋅K–1⋅mol–1, and ,mpCο (CuO.CuSeO3, 
cr, (593 - 673) K) = (148.4 – 2.66 × 10–2 T + 1.78 × 10–4 T 2) J⋅K–1⋅mol–1.  

 The result for CuSeO3(cr) differs substantially from the estimate in 
[73BAR/KNA] and the heat capacities will not be accepted. 

V.10.1.3 Copper selenates 
Klein [40KLE] and Gospodinov [84GOS2] studied the temperature dependence of the 
solubility of copper selenates and found CuSeO4⋅5H2O to be the composition of the 
solid phase below 363 K. According to Klein this compound is only stable to about 
320 K in the presence of water. Above this temperature a transformation to basic copper 
selenates starts. This phenomenon was not noted by Gospodinov who presents a table of 
solubilities from 273 to 373 K. The agreement between the two sets of solubility data is 
good in the overlapping temperature range 273 to 353 K. 

 The solubility of CuSeO4⋅5H2O(cr) at 298.15 K is available in [32ALP/SAY], 
[45KIN/BEC], [84GOS2], [95STO/OJK], which report the (recalculated) values 0.915, 
0.929, 0.903, and 0.941 mol(CuSeO4)⋅kg–1, respectively. The review selects the mean 
value: 

m(CuSeO4⋅5H2O(cr), aq sat, 298.15 K) = (0.922 ± 0.033) mol(CuSeO4)⋅kg–1. 

 A phase diagram and related information are available for the systems: 
CuSeO4-H2SeO4-H2O at 298.15 K in [32ALP/SAY], [84GOS2]; CuSeO4-MgSeO4-H2O 
at 298.15 K in [95STO/OJK]; CuSeO4-Na2SeO4-H2O at 298.15 K in [91OYK/MIH]; 
CuSeO4-K2SeO4-H2O at 298.15 K in [87VOJ/EBE]. 

 The value of the solubility product of CuSeO4⋅5H2O(cr) 

CuSeO4⋅5H2O(cr)  Cu2+ + 2
4SeO −  + 5H2O(l) (V.109) 
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at 298.15 K has been reported by Kumov and Batyreva [90KUM/BAT] to be 
10 ,0log sK ο (V.109) = – (2.44 ± 0.09). The value is probably derived from the isopiestic 

data by Ojkova and Staneva [89OJK/STA]. The review calculated the value 10 ,0log sK ο = 
− 2.44 from the data in [89OJK/STA] allotted to the saturated solution. It is to be noted 
that the mean activity factors and water activities of copper selenate solutions in 
[89OJK/STA] are based on very few experimental data. An attempt by the review to 
calculate the activities in saturated solution by the Pitzer approach from the tabulated 
data for non-saturated solutions in [89OJK/STA] failed. The value: 

10 ,0log sK ο ((V.109), 298.15 K) = – (2.44 ± 0.20) 

will be accepted and selected with an increased uncertainty added here. 

 The standard Gibbs energy of formation of CuSeO4⋅5H2O(cr) is calculated 
from the Gibbs energy of Reaction (V.109) and the selected values of o

f mG∆  for the ions 
and water to be: 

f mGο∆ (CuSeO4⋅5H2O, cr, 298.15 K) = – (1574.10 ± 2.42) kJ⋅mol–1. 

 Feroci, Fini, Badiello, and Breccia [97FER/FIN] studied the complex forma-
tion between Cu2+ and 2

4SeO −  by classical polarography and found no evidence for an 
interaction, see Appendix A. The review estimates from an assumed accuracy of the 
polarographic measurement of ± 2 mV the equilibrium constant of  

 Cu2+ + 2
4SeO −   CuSeO4(aq)  (V.110) 

to be 10 1log οb ((V.110), 298.15 K) < 2.2. 

 The standard enthalpies of formation of CuSeO4(cr) and CuSeO4⋅5H2O(cr) 
have been obtained from the calorimetric measurements by Selivanova, Samplavskaya, 
and Maier [62SEL/SAM]. The recalculated values: 

f mH ο∆ (CuSeO4, cr, 298.15 K) = – (480.33 ± 2.81) kJ⋅mol–1, 

f mH ο∆ (CuSeO4⋅5H2O, cr, 298.15 K) = – (1973.33 ± 2.83) kJ⋅mol–1 

are selected. The first value agrees with [82WAG/EVA] but the second disagrees by 
about 20 kJ⋅mol–1. It appears likely that the NBS evaluation entered the enthalpy of dis-
solution of CuSeO4⋅5H2O(cr) with the wrong sign. 

V.10.1.4 Copper selenocyanates 
Golub and Skopenko [60GOL/SKO] measured the emf of the cell  

Cu, CuSeCN | H2O, satd. | 0.1 M KCl | 0.1 M KCl | Hg2Cl2, Hg 

at 293 K. It is not stated whether the left half-cell was separately saturated with Cu-
SeCN(s) or if the solution in immediate contact with the electrode was only assumed to 
be saturated with the solid phase. The cell is stated to yield reproducible emf readings 
and from the value registered, E = − 0.0972 V, the concentration of Cu+ was calculated 
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to be +
10log [Cu ]  = – 4.869 and, subsequently, 10 ,0log sK (CuSeCN, s, 293.15 K) = 

− 9.738. However, these calculations are invalidated by the disproportionation proper-
ties of Cu+ which, under the conditions, can be calculated to correspond to a Cu2+ con-
centration of 6.3 × 10–4 M. 

Kilmartin and Wright [97KIL/WRI] recently studied the development of thin 
CuSeCN(s) layers on metallic copper in 0.1 M SeCN– solutions by cyclic voltammetry. 
The peaks observed were assumed to relate to the formation and removal of CuSeCN(s) 
according to the reaction Cu(cr) + SeCN–  CuSeCN(s) + e–. The shapes of the volt-
ammograms do, however, indicate that the electrode reaction exhibits non-Nernstian 
behaviour. The authors also noted that during their experiments, a possible formation of 
elemental selenium occurred on the electrode surface. Therefore, the recorded electrode 
potential characteristics cannot be regarded as well established and these data cannot be 
used for calculating the standard electrode potential of the above redox couple and the 
solubility product of CuSeCN(cr). 

Kullberg [74KUL] found it impossible to study the aqueous Cu2+-SeCN– sys-
tem since a brown precipitate was immediately formed upon addition of selenocyanate 
ions to a copper(II) solution. Toropova [56TOR] prepared CuSeCN(s) by adding 
KSeCN to a solution of copper(I) sulphite or thiosulphate complexes, and tried to study 
the complex formation by measuring the solubility of CuSeCN in selenocyanate solu-
tions. The experiment failed since the complexes initially formed were found to decom-
pose into elementary selenium and copper(I) cyanide compounds. 

In conclusion, the review finds that no sound information on the thermody-
namic properties of copper selenocyanates is available. 

The compound CuSeCN(cr) is without doubt sparingly soluble in water, and 
additions of Cu+ can be used to scavenge SeCN– ions from crude oil processing waters 
and wastewaters [97MAN/GAL]. With time, however, it seems to decompose into 
Se(cr) and CuCN(aq). 

V.10.2 Silver compounds 

V.10.2.1 Silver selenides 
The silver-selenium binary phase diagram was reviewed by Karakaya and Thompson 
[90KAR/THO]. Ag2Se(cr) is the only intermediary phase in the system and exists in two 
polymorphs, α and β. The α form is stable below 406 K. The melting point is 1170 K. 

V.10.2.1.1 AgSe(g) 

The dissociation energy of the AgSe(g) molecule was determined by Smoes, Mandy, 
Auwera-Mahieu and Drowart [72SMO/MAN] from high temperature mass spectromet-
ric measurements of the ion intensities of the participating species. The dissociation 
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energy was obtained from the reactions AgSe(g)  ½Ag2(g) + ½Se2(g) studied in the 
temperature range 1445 to 1544 K and AgSe(g) + Se(g)  Ag(g) + Se2(g) studied in 
the temperature range 1295 to 1490 K giving the values at mH ο∆ (AgSe, g, 0 K) = 
(203.8 ± 6.3) kJ·mol–1 and at mH ο∆ (AgSe, g, 0 K) = (208.8 ± 5.0) kJ·mol–1, respectively. 
The authors considered the average value at mH ο∆ (AgSe, g, 0 K) = (206.3 ± 14.6) 
kJ·mol–1 to properly describe their experiments. The evaluation involved Gibbs energy 
functions of AgSe(g) calculated from estimated molecular parameters. The results were 
re-evaluated by the review using the selected properties of Se(g) and Se2(g), the thermal 
functions of Ag(g) in [89COX/WAG], the enthalpy and entropy of Ag(g) in 
[89COX/WAG], the enthalpy and entropy of Ag2(g) in [82WAG/EVA], thermal proper-
ties of Ag2(g) calculated from the molecular properties in [86MOR3], and thermal prop-
erties of AgSe(g) calculated from the parameters estimated in [72SMO/MAN], yielding 

f mH ο∆ (AgSe, g, 298.15 K) = 304.6 kJ·mol–1 from the second law and f mH ο∆ (AgSe, g, 
298.15 K) = 311.8 kJ·mol–1 from the third law and the first reaction and f mH ο∆ (AgSe, g, 
298.15 K) = 310.4 kJ·mol–1 from the second law and f mH ο∆ (AgSe, g, 298.15 K) = 
309.3 kJ·mol–1 from the third law and the last reaction. The values correspond to the 
dissociation enthalpies at mH ο∆ (AgSe, g, 298.15 K) = 216.1 kJ·mol–1, 208.8 kJ·mol–1, 
210.3 kJ·mol–1, and 211.4 kJ·mol–1, respectively. The derived values of the heat of for-
mation of AgSe(g) agree well. Since the entropy and heat capacity of a diatomic mole-
cule calculated from estimated molecular parameters are expected to be quite accurate, 
the review selects the mean of the four results and obtains: 

f mH ο∆ (AgSe, g, 298.15 K) = (309.0 ± 6.0) kJ·mol–1. 

The error bars have been increased to account for a possible systematic error. 

V.10.2.1.2 Ag2Se(cr) 

The heat capacity measurements made on Ag2Se and the determinations of the enthalpy 
of transition from α-Ag2Se to β-Ag2Se are summarised in Table V-60. 

The weighted mean of the heat capacity values is selected:  

,mpCο (Ag2Se, α, 298.15 K ) = (81.15 ± 0.90) J·K–1·mol–1 

where the error limits have been increased because the overlap of the uncertainty ranges 
of the individual values is poor. 

 The temperature dependence of the heat capacity above 298.15 K was only 
presented as graphs in all publications except in [78BLA/GUN] and [2003GRO/STO] in 
which also numerical values were presented. No analytical expression for the tempera-
ture dependence of the heat capacity was derived by the review because the numerical 
values in the two series of measurements differ by several J·K–1·mol–1. 



V.10 Group 11 compounds and complexes 

 

299

Table V-60: Heat capacity measurements and determinations of the enthalpy of transi-
tion from α-Ag2Se to β-Ag2Se. 

Reference Temperature 
(K) 

o
,mpC (Ag2Se, α, 298.15 K) 

(J·K–1·mol–1) 
trs mH ο∆ (Ag2Se, α → β, 406K) 

(kJ·mol–1) 

[59GUL/PET] 80 - 300 (79.2 ± 5.0)  

[62BAE/BUS] 293 - 463 (83.7 ± 3.0) (7.0 ± 0.6) 

[62WAL/ART] 16 - 300 (81.46 ± 0.30)  

[68JOS/KUB] 200 - 630 (82.4 ± 0.8)  

[78BLA/GUN] 300 - 1500 (80.95 ± 0.50) (6.80 ± 0.14) 

[82SHU/SEN]   (7.68 ± 0.10) 

[87HON/IID] 120 - 520 (83.7 ± 3.0) (6.7 ± 1.0) 

[2003GRO/STO] 300 - 900 (80.35 ± 0.40) (6.82 ± 0.02) 

 The determinations of the entropy at 298.15 K are summarised in Table V-61. 
The value determined from low temperature heat capacity measurements in 
[62WAL/ART] agrees well with the second law entropy value obtained from the elec-
trochemical measurements in the temperature range 433 to 643 K made by Kiukkola 
and Wagner [57KIU/WAG]. The other studies were made at high temperatures and the 
second law entropies scatter considerably due to the small temperature ranges of the 
measurements. The weighted mean of the values in [62WAL/ART] and [57KIU/WAG] 
is selected: 

mS ο (Ag2Se, α, 298.15 K) = (149.9 ± 0.5) J·K–1·mol–1. 

Table V-61: Determinations of the entropy of α-Ag2Se at 298.15 K. All values were 
evaluated using the second law except that in [62WAL/ART] which was obtained from 
low temperature heat capacity measurements. The error limits represent the uncertain-
ties in the linear regressions where applicable. 

Reference mS ο (Ag2Se, α, 298.15 K) (J·K–1·mol–1) Temperature (K) 

[57KIU/WAG] (148.5 ± 1.0) 433 - 643 

[62WAL/ART] (150.2 ± 0.5) 16 - 300 

[77DUT/TIS] (175.8 ± 6.0) 1170 - 1270 

[77DUT/TIS] (153.1 ± 6.0) 1070 - 1170 

[90SCA/PIA] (131.9 ± 5.0) 1045 - 1166 

[90SCA/PIA] (127.6 ± 4.0) 1187 - 1305 
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The enthalpy of transition from α-Ag2Se to β-Ag2Se is dependent on the exact 
stoichiometry of the selenide as shown by the studies of Shukla, Sen and Sarma 
[82SHU/SEN]. Measured values for the enthalpy of transition were 6.28, 7.26, and 
7.74 kJ·mol–1 for the deviations δ = 0.00069, 0.00038, and – 0.000095 in the formula 
Ag2+δSe, respectively. Considering these facts, the other transformation enthalpies in 
Table V-60 are within the range of the determinations made in [82SHU/SEN]. The re-
view selects from this reference: 

trs mH ο∆ (Ag2Se, α → β, 406 K) = (7.68 ± 0.50) kJ·mol–1, 

where the error limits have been increased to reflect the possibility of systematic errors. 

 The enthalpy of formation has been determined from vapour pressure and gal-
vanic cell measurements. Each determination has been re-evaluated as discussed in Ap-
pendix A using the second and third laws, the selected heat capacity, the entropy of 
Ag2Se(cr), the selected properties of selenium, and the CODATA [89COX/WAG] val-
ues of silver. The results are summarised in Table V-62. 

Table V-62: Re-evaluated enthalpy of formation of α-Ag2Se at 298.15 K obtained from 
high temperature measurements using (a) the second and (b) the third law. The error 
limits of the second law values represent the uncertainties in the linear regressions.  

Reference o
f mH∆ (Ag2Se, α, 

298.15 K) 

(a) (kJ·mol–1) 

o
f mH∆ (Ag2Se, α, 

298.15 K) 

(b) (kJ·mol–1) 

Temperature 
(K) 

Method 

[57KIU/WAG] – (43.6 ± 1.6) – 40.0 433 - 643 emf 

[77DUT/TIS] – (37.8 ± 8.0) – 40.9 1070 - 1170 Mass spec-
trometry 

[77DUT/TIS] – (14.5 ± 8.0) – 40.8 1170 - 1270 Mass spec-
trometry 

[90SCA/PIA] – (58.9 ± 6.0) – 38.7 1045 - 1166 Torsion effusion 

[90SCA/PIA] – (67.9 ± 6.0) – 40.9 1187 - 1305 Torsion effusion 

The second law values obtained from the high temperature measurements are 
widely scattered, but the third law evaluations made by the review reduce the differ-
ences between different investigations substantially. The study of Kiukkola and Wagner 
[57KIU/WAG] is the only one in which the second and third law values agree and the 
result conforms to the third law values of the other investigations. The mean of the third 
law values f mH ο∆ (Ag2Se, α, 298.15 K) = – (40.3 ± 1.9) kJ·mol–1 is considered to sum-
marise the high temperature measurements in Table V-62. The error limit was set by 
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considering the scatter of the third law values. The corresponding Gibbs energy of for-
mation is calculated to be f mGο∆ (Ag2Se, α, 298.15 K) = – (47.2 ± 2.0) kJ·mol–1. 

In aqueous solution, Mehra and Gubeli [70MEH/GUB] studied the solubility 
of Ag2Se(s) at 298.15 K in a 1 M NaClO4 medium as a function of pH and selenide 
concentration, see [71MEH/GUB] in Appendix A. The potentiometric measurements 
yielded the concentration of Ag+ in solutions saturated with Ag2Se(s) and containing a 
total selenide concentration between 0.01 and 0.1 M in the pH range of 1.3 to 13.6. The 
primary data in [68MEH] at pH > 12.6 were used to calculate the concentration product 
Q = [Ag+]2[Se(− II)], where [Se(− II)] denotes the sum of the concentrations of 
H2Se(aq), HSe− and Se2−. A constant value of Q was obtained and Q was identified with 
the solubility product of silver selenide and a value of – (53.8 ± 0.1) was assigned to the 
logarithm of this equilibrium constant. However, since the protonation constant of Se2– 
in 1 M NaClO4 is estimated from [90LEV/MYE] to be 10 1log K  = (13.97 ± 0.10), the 
constant value of Q appears to be fortuitous and the proposed value of the solubility 
product is not accepted. 

From the data in the pH range of 4.4 to 10.0, as reported in [68MEH], the re-
view calculates the equilibrium constant of the reaction 

 Ag2Se(s) + H+  2Ag+ + HSe– (V.111) 

to be 10log K (V.111) = – (42.2 ± 0.4). In this pH range HSe– predominates and the 
glass electrode measurements are expected to yield reasonably accurate hydrogen ion 
activities. The value of 10 Hlog +γ  is estimated from SIT to be – 0.06, which leads to the 
accepted equilibrium constant:  

10log K ((V.111), 1 M NaClO4, 298.15 K) = – (42.2 ± 0.4). 

The value extrapolated to standard conditions with SIT and ∆ε = – 0.09 
kg·mol−1 is − (42.7 ± 0.4). Combined with the accepted first protonation constant of Se2– 
this results in 10 ,0log sK ο (Ag2Se, s, 298.15 K) = – (57.6 ± 0.4). 

From the measurement in the pH range of 1.3 to 2.2, the review calculates for 
the equilibrium 

 Ag2Se(s) + 2H+  2Ag+ + H2Se(aq), (V.112) 

10log K ((V.112), 1 M NaClO4, 298.15 K) = – (38.8 ± 0.4). 

The value of the constant at standard conditions is estimated with SIT and ∆ε = 
– 0.14 kg·mol−1 to be – (38.95 ± 0.40). This value combines with the protonation con-
stants of Se2– to 10 ,0log sK ο (Ag2Se, s, 298.15 K) = – (57.7 ± 0.4). The two estimates of 
the solubility product thus agree with a mean value of 10 ,0log sK ο  = – (57.65 ± 0.50). 
Combined with the CODATA values for Ag+ and the selected data for Se2– this corre-
sponds to f mGο∆ (Ag2Se, s, 298.15 K) = – (46.3 ± 4.1) kJ·mol–1.  
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The f mGο∆ (Ag2Se, α, 298.15 K) from the high temperature measurements and 
from solution measurements agree within the uncertainty limits. These data were com-
bined (a-Ag2Se is assumed to be present in the solubility measurement) with the 
weights 2:1 to the selected value: 

f mGο∆ (Ag2Se, a, 298.15 K) = – (46.9 ± 1.3) kJ·mol–1. 

The selected standard enthalpy of formation is calculated with the selected en-
tropy to be: 

f mH ο∆ (Ag2Se, a, 298.15 K) = – (40.1 ± 1.3) kJ·mol–1. 

The estimate of the solubility product from the Gibbs energy of formation of 
α-Ag2Se is 10 ,0log sK ο  = – (57.76 ± 0.57) which overlaps the values from the experimen-
tal measurements.  

V.10.2.1.3 Aqueous silver(I) selenide complexes 

In the measurements performed by Mehra and Gubeli [70MEH/GUB], the solubility 
measurements conducted with radioactively labelled silver showed a “constant dis-
solved” silver selenide concentration of about 6 × 10–8 to 8 × 10–9 M at pH < 10. The 
solubility was independent of the total Se(− II) concentration in the test solutions. From 
this finding it was concluded that a species of the formula Ag2(HSe)(OH)(aq) was 
formed and its stability constant was evaluated from the data. The composition of this 
complex is formally equivalent to the composition Ag2Se(aq) and therefore not unique. 
The observed constant solubility would then correspond to an intrinsic solubility of 
Ag2Se(s) 

 Ag2Se(s)  Ag2Se(aq) (V.113) 

and the data in [68MEH] have been recalculated to yield 10log K ((V.113), 1 M 
NaClO4, 298.15 K) = – (7.66 ± 0.48). 

However, an alternative explanation to the minute solubility registered might 
be the presence of Ag2Se(s) particles of colloidal size, since only a sintered glass filter 
was used to separate the aqueous phase from the suspension. Therefore, this review 
does not accept the proposed species and the equilibrium constant presented, although 
perhaps a more random solubility would be expected from a faulty experimental tech-
nique. Obviously further investigations are needed in this area with a better separation 
technique, cf. [95RAI/FEL3]. 

At pH values well above 11, the data show an increase in the Ag(I) concentra-
tion with pH and [Se(− II)]tot. The formation of the species Ag(Se)2(OH)4– was sug-
gested. The stoichiometry of this species is unlikely, since Ag(I) is well known to prefer 
a linear co-ordination. Moreover, the derivation of its stoichiometry assumed that Se2– 
predominates in the experimental pH range, which is not correct. The composition of 
the complex and its formation constant are thus refuted, although soluble Ag(I)-species 
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of unknown stoichiometry apparently form at increasing selenide concentration and 
high pH. No attempt was made to re-evaluate these data. 

V.10.2.2 Silver selenites 
Ojkova and Gospodinov [82OJK/GOS] performed a solubility study of the system 
Ag2O-SeO2-H2O at 373.2 K. Only the phase diagram is presented and it contains 
Ag2SeO3(cr) as the sole phase formed in the investigated concentration range from 0 to 
70 mass-% SeO2. The solubility of Ag(I) is small over the whole interval. 

 The accepted experimental determinations of the solubility product of silver 
selenite defined by the equilibrium: 

 Ag2SeO3(cr)  2Ag+ + 2
3SeO −  (V.114) 

are collected in Table V-63. 

The data in [56CHU], [62SEL/LES], [76CHA/CHE] were recalculated by the 
review to 10 ,0log sK ο  values, see Appendix A. The measurements by Mehra and Gubeli 
[68MEH], [69MEH/GUB] are also discussed in this Appendix. The value in the Table 
from this source is a mixed conditional constant on the molar scale. Lin and Pan 
[61LIN/PAN] obtained 10 ,0log sK ((V.114), 298.15 K) = – 14.74 from potentiometric 
measurements with a silver/silver selenite electrode. This result is not accepted for rea-
sons that are presented in Appendix A. The rejection is supported by the analysis of the 
same data made by Masson et al. [86MAS/LUT]. 

Table V-63: Accepted experimental values of the solubility product of Ag2SeO3(cr) 

Method Medium t (ºC) – log10
o
s,0K  Reference 

sol dilute acid 20 (15.71 ± 0.35) [56CHU] 

sol Water 25 (15.87 ± 0.02) [62SEL/LES] 

pot pH 11, I = 0.1 20 (15.85 ± 0.30) [76CHA/CHE] 

sol dilute acid 25 (15.76 ±0.10) [93SLA/POP] 

pot, sol 1 M NaClO4 25 (15.40 ± 0.35) [69MEH/GUB] 

 The review selects the average of the first four 10 ,0log sK ο  values in the Table 
and obtains: 

10 ,0log sK ο ((V.114), 298.15 K) = – (15.80 ± 0.30). 

 The uncertainty has been chosen rather large as systematic errors cannot be 
excluded in some of the measurements. 
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 Mehra and Gubeli [68MEH], [69MEH/GUB] made extensive measurements of 
the solubility of Ag2SeO3(s) in aqueous solutions at 298.15 K as a function of pH and 
total selenite concentration. From these measurements, which are presented and evalu-
ated in Appendix A, the review accepts the results 10 ,0log sK ((V.114), 1 M NaClO4, 
298.15 K) = – (15.40 ± 0.35) and the stability constant of the reaction: 

 Ag+ + 2
3SeO −   3AgSeO−  (V.115) 

10 1log b ((V.115), 1 M NaClO4, 298.15 K) = (2.39 ± 0.25). The value of the stability 
constant of the reaction: 

 Ag+ + 2
32SeO −   3

3 2Ag(SeO ) −   (V.116) 

10 2log b ((V.116), I = 1 - 3 M ?, 298.15 K) = (3.76 ± 0.05), is not accepted since it may 
be affected by variations in the medium. An attempt to extrapolate the data to standard 
condition has not been made. 

 Selivanova, Leshchinskaya, and Klushina [62SEL/LES] measured the enthalpy 
change when crystalline silver selenite was formed from AgNO3(cr) and a solution of 
sodium selenite in a calorimetric experiment. Their result is used in Appendix A to es-
timate the standard enthalpy of formation of Ag2SeO3(cr) to be f mH ο∆ (Ag2SeO3, cr, 
298.15 K) = – (363.44 ± 1.02) kJ⋅mol–1. This value agrees well with [82WAG/EVA] but 
differs appreciably from the result in the paper, – 345.0 kJ⋅mol–1. 

 Silver selenite decomposes on heating following the reaction scheme: 

 Ag2SeO3(cr or l)  2Ag(cr) + SeO2(g) + 0.5O2(g) (V.117) 

according to [64BUK/PAS], [84GOS/BOG]. In the latter reference the melting point 
was determined to be (810 ± 5) K and fus mH ο∆ (Ag2SeO3, cr, 810 K) = (38.7 ± 4.0)            
kJ⋅mol–1. The uncertainties have been added by the review. 

 Bakeeva, Buketov, and Pashinkin [68BAK/BUK] measured the vapour 
pressure of SeO2(g) above Ag2SeO3(cr or l) by the dew point method. Their primary 
data have been recalculated as described in Appendix A, [71PAS/ARO]. The following 
results were obtained from the temperature dependence of the equilibrium constant: 
Temperature range 757 to 797 K, r mH ο∆ ((V.117), cr, 777 K) = (231.5 ± 19.6) kJ⋅mol–1, 

r mS ο∆ ((V.117), cr, 777 K) = (224.4 ± 25.2) J⋅K–1⋅mol–1; temperature range 809 to 
951 K, r mH ο∆ ((V.117), l, 880 K) = (184.0 ± 5.0) kJ⋅mol–1, r mS ο∆ ((V.117), l, 880 K) = 
(164.1 ± 5.7) J⋅K–1⋅mol–1. These data yield fus mH ο∆ (Ag2SeO3, cr, 790 K) = (47.5 ± 20.2) 
kJ⋅mol–1. The directly measured value is selected: 

fus mH ο∆ (Ag2SeO3, cr, 810 K) = (38.7 ± 4.0) kJ⋅mol–1. 

 The vapour pressure is low before the melting point. The narrow temperature 
range thus accessible to measurement causes the large uncertainties of the thermody-
namic quantities for Ag2SeO3(cr). No calculation of f mH ο∆ (Ag2SeO3, cr, 298.15 K) was 
therefore attempted by the review. Pashinkin et al. [71PAS/ARO] report 
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f mH ο∆ (Ag2SeO3, cr, 298.15 K) = – (352.3 ± 16.3) kJ⋅mol–1 from an extrapolation of 
recalculated data in [68BAK/BUK]. This result agrees with the value obtained by the 
calorimetric measurement in [62SEL/LES]. The review selects: 

f mH ο∆ (Ag2SeO3, cr, 298.15 K) = – (363.44 ± 1.02) kJ⋅mol–1. 

 The standard entropy of formation of Ag2SeO3(cr) was calculated in 
[71PAS/ARO] to be (207.9 ± 23.8) and in [94PAS/GOS] to be (205.5 ± 23.8)           
J⋅K–1⋅mol–1 from the data in [68BAK/BUK]. The Gibbs energy of formation of 
Ag2SeO3(cr) calculated from the selected value of 10 ,0log sK ο ((V.114), 298.15 K) 
together with f mH ο∆ (Ag2SeO3, cr, 298.15 K) from [62SEL/LES] yield mS ο (Ag2SeO3, cr, 
298.15 K) = (216.7 ± 9.6) J⋅K–1⋅mol–1. The high and low temperature data are thus in 
agreement and the review selects: 

f mGο∆ (Ag2SeO3, cr, 298.15 K) = – (298.40 ± 2.44) kJ⋅mol–1, 

mS ο (Ag2SeO3, cr, 298.15 K) = (216.8 ± 8.9) J⋅K–1⋅mol–1. 

 Gospodinov and Bogdanov [84GOS/BOG] report ,mpCο (Ag2SeO3, cr, (593 - 
673) K) = (73.68 + 0.312 T – 2.88 × 10–4 T 2) J⋅K–1⋅mol–1. 

V.10.2.3 Silver selenates 
Four observations of the solubility of Ag2SeO4(cr) in water are available. The result 
obtained by Meyer and Hinke [32MEY/HIN] is two orders of magnitude lower than the 
others and will be ignored. The other results in [25LEN/KAO], [42GEL/KIN], 
[59SEL/ZUB] vary between 1.24 × 10–3 and 3.3 × 10–3 M, which may indicate difficul-
ties in the preparation of a crystalline silver selenate specimen. The review estimates 
that the solubility of Ag2SeO4(cr) is situated in the interval (1.2 - 2.4) × 10–3 mol⋅kg–1. 

Selivanova, Zubova, and Finkel’stein [59SEL/ZUB] prepared the salt from sil-
ver nitrate and selenic acid. The product was shown to be crystalline by X-ray diffrac-
tion. The solubility product of 

 Ag2SeO4(cr)  2Ag+ + 2
4SeO −  (V.118) 

found from the measured solubility, (1.24 ± 0.01) × 10–3 m, is 10 ,0log sK ο ((V.118), 
298.15 K) = – (8.26 ± 0.15). The uncertainty added reflects the uncertainty in the ex-
trapolation to I = 0. This value agrees with the data in [82WAG/EVA] but not with the 
published value, which is too small by a factor of 4 due to an arithmetic mistake (cf. 
[59SEL/ZUB] in Appendix A). 

Gelbach and King [42GEL/KIN] prepared their specimen of Ag2SeO4(s) by 
slow precipitation from 10% silver nitrate and magnesium selenate solutions. The solu-
bility in six solutions of selenic acid in the concentration range from 0.00 to 0.12 M was 
determined. Equilibrium was approached from under- as well as supersaturation. The 
solubility in water was found to be 2.42 × 10–3 M. No solubility product was calculated 
from the data. This has been done here with 10 1log K ο = 1.75 for the protonation constant 
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of the selenate ion and activity coefficients from SIT with ε = 0 kg·mol−1. The result was 
10 ,0log sK ο ((V.118), 298.15 K) = – (7.46 ± 0.03). The uncertainty corresponds to the 

standard deviation from the 6 measurements. 

The authors also measured the cell (Q, QH2 = quinhydrone)  

Pt | Q, QH2, c H2SeO4 | c H2SeO4(sat’d Ag2SeO4) | Ag2SeO4, Ag 

in order to determine the standard electrode potential of 

 Ag2SeO4(cr) + 2e–  2Ag + 2
4SeO − . (V.119) 

The value of Eo((V.119), 298.15 K), – 0.8289 V, presented is in error due to an 
arithmetic mistake. The correct value is 0.5699 V. Combination with the standard elec-
trode potential of the silver electrode yields 10 ,0log sK ο ((V.118), 298.15 K) = – 7.75. 

Apart from analytical errors, a possible explanation for the difference between 
the two sets of solubility data would be that the specimen used by Gelbach and King 
was not perfectly crystalline and hence had a higher solubility. As there is no obvious 
ground for rejecting one of the values, the review selects the mean of the two solubility 
products with a large uncertainty: 

10 ,0log sK ο ((V.118), 298.15 K) = – (7.86 ± 0.50). 

The standard Gibbs energy of formation of silver(I) selenate is calculated from 
the solubility product and the selected Gibbs energies of the ions to be: 

f mGο∆ (Ag2SeO4, cr, 298.15 K) = – (330.15 ± 3.20) kJ⋅mol–1. 

This selection is just outside the value, – 334.2 kJ⋅mol–1, in [82WAG/EVA] ob-
viously calculated from the data in [59SEL/ZUB]. 

Selivanova, Zubova, and Finkel’stein [59SEL/ZUB] also made a calorimetric 
study of the reaction between a silver nitrate and a selenic acid solution with formation 
of Ag2SeO4(cr). The standard enthalpy of formation of the compound has been evalu-
ated from the data in Appendix A. The value obtained there: 

f mH ο∆ (Ag2SeO4, cr, 298.15 K) = – (422.51 ± 2.12) kJ⋅mol–1 

is selected and in reasonable agreement with the value in [82WAG/EVA], 
− 420.5 kJ⋅mol–1, but differs substantially from the value derived in [59SEL/ZUB], 
− 439.5 kJ⋅mol–1. 

The selected data yield: 

mS ο (Ag2SeO4, cr, 298.15 K) = (227.7 ± 12.9) J⋅K–1⋅mol–1. 

V.10.2.4 Silver selenocyanates 
The formation of aqueous silver(I)-selenocyanate complexes has been characterised in 
two restricted studies by Toropova [56TOR], and by Golub and Pomerants 
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[59GOL/POM]. Both studies are based on ion-selective (Ag+/Ag) electrode data and the 
stoichiometry of the dominating reaction 

 Ag+ + 3SeCN–  2
3Ag(SeCN) −  (V.120) 

was deduced from the constancy of the corresponding equilibrium constant with a varia-
tion of the SeCN– concentration between 0.06 to 0.44 M. The two equilibrium constants 
reported, 10log K (V.120) = (13.91 ± 0.06) (n = 5) in [56TOR] and (13.80 ± 0.11) (n = 
7) in [59GOL/POM], show good agreement despite that the temperatures employed 
were 298 and 293 K, respectively. The ionic strength employed by Toropova was speci-
fied, I = 0.3 M (NaNO3?), while Golub and Pomerants only stated that their data were 
collected at “constant ionic strength of potassium nitrate”. The review selects the aver-
age of the two values reported and assigns it an uncertainty of ± 0.3 logarithmic units 
for the extrapolation to standard conditions  

10log K ο ((V.120), 298.15 K) = (13.85 ± 0.30). 

The selection corresponds to: 

r mGο∆ ((V.120), 298.15 K) = – (79.1 ± 1.7) kJ⋅mol–1. 

A salt of low solubility is also formed in the system according to the reaction: 

 Ag+ + SeCN–  AgSeCN(cr). (V.121) 

This phase was first described by Birkenbach and Huttner [30BIR/HUT], who 
also estimated its aqueous solubility product from a one-point determination of [Ag+] in 
a saturated AgSeCN suspension to be 10 ,0log sK (AgSeCN, cr, 291 K) = – 15.4. 

Das, Sahu, Satyanarayama and Misra [74DAS/SAH] have more recently con-
ducted a systematic study of the potential of the cell  

Ag,AgCl | x m KCl, (y – x) m KNO3 || x m KSeCN, (y – x) m KNO3 | Ag,AgSeCN. 

The emf of this cell, E, was measured as a function of x and y, and its Eo values were 
deduced in the temperature range 308 to 323 K via linear extrapolations of ET = f (x, y) 
to (x, y) = 0, i.e. I = 0. 

This review selects the data extrapolated to 298.15 K reported by Das et al. for 
the cell reaction AgCl(cr) + SeCN– Æ AgSeCN(cr) + Cl–; r mGο∆ (298.15 K) = 
− (24.3 ± 2.9) kJ⋅mol–1, r mH ο∆ (298.15 K) = – (42.4 ± 1.7) kJ⋅mol–1, and 

r mS ο∆ (298.15 K) = – (60.7 ± 15.0) J⋅K–1⋅mol–1. These results combine with the 
CODATA for the reaction: Ag+ + Cl– Æ AgCl(cr) ( r mGο∆  = – (55.64 ± 0.22) kJ⋅mol–1, 

r mH ο∆  = − (65.72 ± 0.14) kJ⋅mol–1, and r mS ο∆  = – (33.80 ± 0.49) J⋅K–1⋅mol–1) to: 

r mGο∆ ((V.121), 298.15 K) = – (79.9 ± 2.9) kJ⋅mol–1 

r mH ο∆ ((V.121), 298.15 K) = – (108.1 ± 1.7) kJ⋅mol–1 

r mS ο∆ ((V.121), 298.15 K) = – (94.6 ± 11.3) J⋅K–1⋅mol–1. 
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The Gibbs energy change corresponds to a solubility product for AgSeCN of: 

10 ,0log sK ο (AgSeCN, cr, 298.15 K) = – (14.0 ± 0.5). 

The r mGο∆  values selected combine with the selected value of f mGο∆ (SeCN–, 
298.15 K) and f mGο∆ (Ag+, 298.15 K) to yield: 

f mGο∆ (Ag 2
3(SeCN) − , 298.15 K) = (406.2 ± 11.5) kJ⋅mol–1, 

f mGο∆ (AgSeCN, cr, 298.15 K) = (133.2 ± 4.8) kJ⋅mol–1. 

V.10.3 Gold compounds 

V.10.3.1 Gold selenides 
The phase diagram of the gold-selenium system was investigated by Rabenau, Rau, and 
Rosenstein [71RAB/RAU]. Two polymorphs, α and β of the composition AuSe were 
found to form. The α polymorph decomposes eutectoidically at 698 K and the β modifi-
cation is metastable. No other solid compounds were found.  

V.10.3.1.1 α-AuSe 

The total vapour pressure of selenium in equilibrium with a mixture of Au(cr) and 
α-AuSe was measured in the temperature range 505 to 602 K using the Knudsen 
effusion method in [71RAB/RAU]. The result is presented as the partial pressure of 
Se2(g) at equilibrium and the enthalpy of formation and entropy at 298.15 were 
evaluated to be f mH ο∆ (AuSe, α, 298.15 K) = − 7.9 kJ·mol−1 and mS ο (AuSe, α, 
298.15 K) = 80.8 J·K−1·mol−1, respectively. However, Se2(g) is not the major species in 
the gas phase at the temperatures and total pressures of the study, and it is not clearly 
stated how the partial pressure was derived from the experiments. The result is therefore 
questionable and impossible to re-evaluate using the selected thermodynamic properties 
of the gaseous selenium species. No values were selected by the review.  

V.10.3.1.2 AuSe(g) 

The dissociation enthalpy of AuSe(g) was determined by Smoes, Mandy, Aumera-
Mahieu, and Drowart in [72SMO/MAN] from mass spectrometric measurements of ion 
intensities of the species participating in the reaction  

 AuSe(g) + Se(g)  Au(g) + Se2(g)  (V.122) 

at temperatures in the range 1466 to 1904 K. The dissociation enthalpy of AuSe(g) was 
evaluated to be r mH ο∆ ((V.122), 0 K) = (247.3 ± 14.6) kJ.mol–1 using Gibbs energy 
functions calculated from estimated molecular parameters of AuSe(g). The results were 
re-evaluated by the review using the selected properties of Se(g) and Se2(g), the thermal 
functions of Au(g) in [73HUL/DES], the enthalpy of Au(g) in [82WAG/EVA], and 
thermal properties of AuSe(g) calculated from the parameters estimated in 
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[72SMO/MAN], yielding f mH ο∆ (AuSe, g, 298.15 K) = 338.0 kJ.mol–1 from the second 
law and f mH ο∆ (AuSe, g, 298.15 K) = 351.5 kJ.mol–1 from the third law. These values 
correspond to the dissociation enthalpies at mH ο∆ (AuSe, g, 298.15 K) = 264.2 kJ.mol–1 
and at mH ο∆ (AuSe, g, 298.15 K) = 250.7 kJ.mol–1, respectively.  

The derived values of the heat of formation of AuSe(g) agree reasonably well. 
Since the entropy and heat capacity of a diatomic molecule calculated from estimated 
molecular parameters are expected to be quite accurate, the review adopts the mean of 
the two results and obtains: 

f mH ο∆ (AuSe, g, 298.15 K) = (344.8 ± 14.6) kJ.mol–1. 

The error bars are those in [72SMO/MAN] and the result is included in Ap-
pendix E since it was obtained with non-TDB auxiliary data. 

V.10.3.2 Gold selenites 
The thermal dissociation of gold(III) selenite proceeds by the reaction 

Au2(SeO3)3(cr)  2Au(cr) + 3SeO2(g) + 1.5O2(g). (V.123) 

 Bakeeva, Pashinkin, Bakeev, and Buketov [73BAK/PAS] measured the sele-
nium dioxide pressure over gold selenite in the interval 489 to 599 K by the dew point 
method. The pressure was calculated from the dew point temperature by the relationship 
for the saturated vapour pressure in [69SON/NOV]. The data in the deposited VINITI 
document (No. 4959-72) have been recalculated with the relationship selected by the 
review. The enthalpy and entropy changes obtained from the temperature variation of 
the equilibrium constant are r mH ο∆ ((V.123), 544 K) = (576.8 ± 13.0) kJ.mol–1 and 

r mS ο∆ ((V.123), 544 K) = (899.4 ± 24.0) J.K–1.mol–1. The uncertainties are entered here 
as twice the standard deviations from the least-squares calculation.  

No experimental data have been found, which would permit a proper calcula-
tion of the enthalpy and entropy changes at 298.15 K. Pashinkin and Gospodinov 
[94PAS/GOS] report mS ο (Au2(SeO3)3, cr, 298.15 K) = (290.0 ± 28.0) J.K–1.mol–1 from 
an evaluation of the data. The auxiliary data used are not furnished. Bakeeva et al. esti-
mated r ,mpCο∆  to be – 29.3 J.K–1.mol–1 and assumed that it was constant in the tempera-
ture interval in their extrapolation of the data. On this assumption the review obtains 

f mH ο∆ (Au2(SeO3)3, cr, 298.15 K) = – (916.4 ± 15.7) kJ.mol–1 and mS ο (Au2(SeO3)3, cr, 
298.15 K) = (273.3 ± 29.0) J.K–1.mol–1 with selected auxiliary data. The results calcu-
lated by the review are not selected due to the uncertainty about the extrapolation pro-
cedure. 

 The value of the standard enthalpy of formation of gold(III) selenite reported in 
[73BAK/PAS] is a misprint. 

 No other data for gold selenites have been found. 
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V.10.3.3 Gold selenates 
No thermodynamic data have been found for gold selenates. 

V.11   Group 10 to group 3 compounds and complexes 

V.11.1 Nickel compounds 

V.11.1.1 Nickel selenides 
The solid compounds Ni3Se2(cr), Ni6Se5(cr), Ni21Se20(cr), Ni1−xSe(cr), and NiSe2(cr) 
have been reported to form in the system nickel-selenium. The phase diagram of the 
system is presented in [86MAS]. Experimental thermodynamic information is available 
for Ni3Se2(cr), Ni1–xSe(cr), and NiSe2(cr).  

V.11.1.1.1 Ni3Se2(cr) 

Morozova, Vladimirova, Stolyarova, and Nepomnyashchaya [74MOR/VLA] deter-
mined the enthalpy of formation of Ni3Se2(cr) using direct reaction calorimetry. The 
obtained value is selected: 

f mH ο∆ (Ni3Se2, cr, 298.15 K) = – (179.5 ± 6.0) kJ·mol–1. 

V.11.1.1.2 Ni1–xSe(cr) 

Ni1–xSe(cr) is a solid solution and the composition can vary from approximately 
Ni0.80Se(cr) to Ni0.95Se(cr). The thermodynamic properties change with the exact com-
position and because the modelling of solid solutions is out of the scope of this review, 
the Ni1–xSe(cr) phase is chosen to be represented by the single composition Ni0.88Se(cr). 

The heat capacity of Ni1−xSe(cr) samples with the compositions Ni0.80Se(cr), 
Ni0.875Se(cr), and Ni0.95Se(cr) were measured in the temperature range 5 to 350 K by 
Grønvold, Thurmann-Moe, Westrum, and Levitin [60GRO/THU]. The values reported 
of the heat capacity and the entropy were ,mpCο (Ni0.80Se, cr, 298.15 K) = (45.46 ± 0.50) 
J·K–1·mol–1, ,mpCο (Ni0.875Se, cr, 298.15 K) = (48.12 ± 0.50) J·K–1·mol–1, ,mpCο (Ni0.95Se, 
cr, 298.15 K) = (50.21 ± 0.50) J·K–1·mol–1, mS ο (Ni0.80Se, cr, 298.15 K) = (64.1 ± 0.8)   
J·K–1·mol–1, mS ο (Ni0.875Se, cr, 298.15 K) = (67.5 ± 0.8) J·K–1·mol–1, and mS ο (Ni0.95Se, cr, 
298.15 K) = (71.4 ± 0.5) J·K–1·mol–1. The selected values for the composition 
Ni0.88Se(cr) were obtained from linear interpolations between the values for Ni0.875Se(cr) 
and Ni0.95Se(cr): 

,mpCο (Ni0.88Se, cr, 298.15 K) = (48.26 ± 0.50) J·K–1·mol–1, 

and 

mS ο (Ni0.88Se, cr, 298.15 K) = (67.8 ± 0.8) J·K–1·mol–1. 
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The heat capacity of Ni1−xSe(cr) above room temperature was measured for 
various compositions in the temperature range 298 to 1050 K by Grønvold [70GRO] 
and in the temperature range 298 to 750 K by Grønvold, Kveseth, and Sveen 
[75GRO/KVE]. Several order-disorder transformations, strongly dependent on the exact 
composition, were found. No heat capacity expression was selected because of the 
complex variation with temperature and composition. 

Grønvold [72GRO] determined the enthalpy of formation of the compositions 
Ni0.95Se(cr), Ni0.88Se(cr), and Ni0.80Se(cr) by direct synthesis calorimetry at 1050 K. The 
values reported after a recalculation to 298.15 K were f mH ο∆ (Ni0.95Se, cr, 298.15 K) = 
− (71.2 ± 1.6) kJ·mol–1, f mH ο∆ (Ni0.88Se, cr, 298.15 K) = – (69.8 ± 1.6) kJ·mol–1, and 

f mH ο∆ (Ni0.80Se, cr, 298.15 K) = – (66.2 ± 1.6) kJ·mol–1. 

The selected value of the enthalpy of formation is: 

f mH ο∆ (Ni0.88Se, cr, 298.15 K) = – (69.8 ± 1.6) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy, the selected entropy of selenium, and the entropy of nickel in 
[2005GAM/BUG] to be: 

f mGο∆ (Ni0.88Se, cr, 298.15 K) = – (69.8 ± 1.6) kJ·mol–1. 

V.11.1.1.3 NiSe2(cr) 

Grønvold and Westrum [62GRO/WES] measured the heat capacity of NiSe2(cr) in the 
temperature range 5 to 350 K. The reported values of the heat capacity and entropy at 
298.15 K are selected: 

,mpCο (NiSe2, cr, 298.15 K) = (74.5 ± 1.0) J·K–1·mol–1 

and 

mS ο (NiSe2, cr, 298.15 K) = (103.5 ± 1.5) J·K–1·mol–1. 

Grønvold [75GRO] measured the heat capacity of NiSe2(cr) in the temperature 
range 298.15 to 1000 K. The expression  

,mpCο (NiSe2, cr, (298.15 - 1000) K) = (103.642 – 55.1057 × 10–3 T + 4.53165 × 10–5 T 2 
 – 1.488097 × 106 T –2) J·K–1·mol–1 

was evaluated by the review from these measurements. 

The value of the enthalpy of formation of NiSe2(cr) determined by Morozova, 
Vladimirova, Stolyarova, and Nepomnyashchaya [74MOR/VLA] using direct reaction 
calorimetry is selected: 

f mH ο∆ (NiSe2, cr, 298.15 K) = – (115.5 ± 7.0) kJ·mol–1. 
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The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy, the selected entropy of selenium, and the entropy of nickel in 
[2005GAM/BUG] to be: 

f mGο∆ (NiSe2, cr, 298.15 K) = – (112.4 ± 7.0) kJ·mol–1. 

V.11.1.2 Nickel selenites 
The phase diagram of the system NiSeO3-SeO2-H2O at 298.15 K was established by 
Ebert, Micka, and Pekova [82EBE/MIC2]. The diagram is presented and contains the 
three solid phases NiSeO3⋅2H2O, Ni(HSeO3)2⋅2H2O, and H2SeO3. The formula of the 
incongruently soluble acid salt was verified by an infrared spectroscopic measurement. 
No solubility data except for the compositions of the invariant points are published. 

V.11.1.2.1 NiSeO3⋅2H2O(cr) 

Chukhlantsev and Tomashevsky [57CHU/TOM] prepared nickel selenite by mixing 
0.1 M solutions of nickel sulphate and sodium selenite in stoichiometric amounts. The 
precipitate was aged for 24 hours in the mother liquor. Chemical analysis confirmed the 
1:1 ratio between Ni(II) and Se(IV). No X-ray diffraction measurements were per-
formed. The solubility of the specimen, which is assumed by the review to have the 
composition NiSeO3⋅2H2O, in dilute solution of nitric or sulphuric acid was measured at 
293 K. The experiments were performed and the data recalculated as described in Ap-
pendix A, [56CHU]. The result for 

 NiSeO3⋅2H2O(cr)  Ni2+ + 2
3SeO −  + 2H2O(l) (V.124) 

was 10 ,0log sK ο ((V.124), 293.15 K) = – (5.77 ± 0.08). The reported conditional constant 
is − (5.00 ± 0.06). Ripan and Vericeanu [68RIP/VER] studied the solubility of 
NiSeO3(s) by conductivity measurements as described in Appendix A. A calculation 
based on the assumptions made in the Appendix and the solubility, 2.25 × 10–3 M, pro-
vided in the paper leads to the conclusion that about 20% of dissolved Ni(II) is present 
in hydrolysed forms. The solubility product estimated with allowance for the hydrolysis 
of Ni2+ and 2

3SeO −  is 10 ,0log sK ο ((V.124), 291 K) = – (5.90 ± 0.20). This value can only 
be regarded as indicating the order of magnitude of the constant. The uncertainty re-
flects the variance from the solubility measurements. 

 The review proposes and selects the value: 

10 ,0log sK ο ((V.124), 298.15 K) = – (5.8 ± 1.0). 

 Selivanova et al. [63SEL/LES3] made calorimetric measurements for the de-
termination of the standard enthalpy of formation of nickel selenite in the same way as 
described for CoSeO3⋅2H2O(cr) in [63LES/SEL4] in Appendix A. The precipitate of 
NiSeO3⋅2H2O formed in the calorimeter was amorphous, however. The standard en-
thalpy of formation of this phase is calculated to be o

f mH∆ (NiSeO3⋅2H2O, am, 
298.15 K) = – (1107.2 ± 2.8) kJ⋅mol–1. Selivanova and Leshchinskaya published the 
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same data in [64SEL/LES]. In this paper crystalline NiSeO3⋅2H2O was prepared and its 
enthalpy of dissolution in 70 mass-% H2SO4 was measured. The data are evaluated in 
Appendix A.  

 The selected result is: 

f mH ο∆ (NiSeO3⋅2H2O, cr, 298.15 K) = – (1109.33 ± 2.83) kJ⋅mol–1. 

The value calculated in the paper and in [82WAG/EVA], – 1134.3 kJ⋅mol–1, is 
not accepted, see Appendix A. The selected solubility product yields: 

f mGο∆ (NiSeO3⋅2H2O, cr, 298.15 K) = – (915.56 ± 6.02) kJ⋅mol–1, 

mS ο (NiSeO3⋅2H2O, cr, 298.15 K) = (196.3 ± 22.3) J⋅K–1⋅mol–1. 

V.11.1.2.2 NiSeO3(cr) 

The equilibrium: 

 NiSeO3(cr)  NiO(cr) +SeO2(g) (V.125) 

was studied with the dew point method by Bakeeva, Buketov, and Pashinkin 
[69BAK/BUK] over the temperature interval 817 to 987 K. The relationship used to 
calculate 

2SeOp  from the dew point temperatures is not disclosed. From data in 
[71PAS/ARO] it could be deduced that the vapour pressure expression in 
[62MAR/GET] had been used for this purpose. The published pressures have been re-
calculated accordingly with the selected expression for the saturated vapour pressure of 
SeO2(cr), see [71PAS/ARO] in Appendix A. The result is 10log p (SeO2, g, T ) = 
(9.671 ± 0.094) − (9880 ± 84) T −1 for the temperature interval 817 to 987 K. The uncer-
tainties are entered here as twice the standard deviations from the least-squares calcula-
tion. The high temperature data have been extrapolated to standard conditions with 

o
,mpC  values in [73BAR/KNA] leading to the following estimates o

f mH∆ (NiSeO3, cr, 
298.15 K) = − (547.2 ± 5.0) kJ⋅mol–1 and o

mS (NiSeO3, cr, 298.15 K) = (103.7 ± 5.0) 
J⋅K–1⋅mol–1. 

 The corresponding values calculated in [71PAS/ARO] with unknown auxiliary 
data are – (543.9 ± 6.3) kJ⋅mol–1 and (100.4 ± 8.3) J⋅K–1⋅mol–1, respectively. The en-
tropy was estimated to be (98.2 ± 8.4) J⋅K–1⋅mol–1 in [94PAS/GOS] also with unknown 
auxiliary data. The value estimated from o

mS (NiSeO3⋅2H2O, cr, 298.15 K) by subtrac-
tion of the entropy contribution from water of crystallisation, 44.7 J⋅K–1⋅mol–1 in 
[97PUI/RAR], is (110.3 ± 15.0) J⋅K–1⋅mol–1. The agreement between the estimates of 

o
mS (NiSeO3, cr, 298.15 K) from the high and low temperature measurements may be 

fortuitous since it is not obtained for CoSeO3. The extrapolated values of the entropies 
of NiSeO3 and CoSeO3 are, however, quite similar. 

 The two sets of thermodynamic quantities for NiSeO3⋅2H2O and NiSeO3 are 
not quite consistent, since they imply that the vapour pressure of the reaction 
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NiSeO3⋅2H2O(cr)  NiSeO3(cr) + 2H2O(g) would be 10log p (H2O, g, 298.15 K) = 
(0.58 ± 0.70). This result contradicts the observed stability of the hydrate. The contra-
diction cannot be removed with the experimental information at hand and the data for 
NiSeO3(cr) are therefore not selected. 

V.11.1.3 Nickel selenates 
Klein [40KLE] measured the solubility of nickel selenate in water as a function of tem-
perature and presents the results in a table and a graph. The hexahydrate, NiSeO4⋅6H2O, 
is the stable phase below 355 K and NiSeO4⋅4H2O above this temperature. 

 Recent solubility determinations at 298.15 K fall into two groups. Vojtisek, 
Ebert, and Leblova [87VOJ/EBE4] and Ojkova, Christov, and Mihov [98OJK/CHR] 
report a solubility of 1.929 mol(NiSeO4)⋅kg–1, while Ojkova, Stoilova, and Staneva 
[93OJK/STO], [95STO/OJK] found the solubility to be 1.785 and 1.744 
mol(NiSeO4)⋅kg–1, respectively.  

 The review selects the greater value from the fact that Ojkova, who is the co-
author of papers belonging to both sets, uses this datum in her later publications: 

m(NiSeO4⋅6H2O(cr), aq sat, 298.15 K) = (1.93 ± 0.05) mol(NiSeO4)⋅kg–1. 

 A phase diagram and similar information are available for the system: 
NiSeO4-H2SeO4-H2O at 303.15 K in [50ROH/FRO]; NiSeO4-CoSeO4-H2O at 303.15 K 
in [85MES/MAR]; NiSeO4-MgSeO4-H2O at 298.15 K in [95STO/OJK]; 
NiSeO4-(NH4)2SeO4-H2O at 298.15 K in [87VOJ/EBE4]; NiSeO4-K2SeO4-H2O at 
298.15 K in [85VOJ/EBE]; NiSeO4-Cs2SeO4-H2O at 298.15 K in [2000OJK/BAR]. 

 The value of solubility product of NiSeO4⋅6H2O(cr) at 298.15 K, 

 NiSeO4⋅6H2O(cr)  Ni2+ + 2
4SeO −  + 6H2O(l) (V.126) 

has been reported by Christov and co-workers in [95STO/CHR], [97CHR], 
[98CHR/OJK], [98OJK/CHR], [2001BAR/CHR], see [98OJK/CHR] in Appendix A, to 
be 10 ,0log sK ο = – 1.381 and by Kumok and Batyreva [90KUM/BAT] to be – 1.45. The 
results are based on the same isopiestic data by Ojkova and Staneva [89OJK/STA]. The 
former value: 

10 ,0log sK ο ((V.126), 298.15 K) = – (1.381 ± 0.045) 

is selected as it has been evaluated with the Pitzer ion interaction approach. The uncer-
tainty added by the review corresponds to an uncertainty in the mean activity coefficient 
of 5%. 

 The standard Gibbs energy of formation of NiSeO4⋅6H2O(cr) is calculated from 
the Gibbs energy of Reaction (V.126) and the values of o

f mG∆  for the ions and water to 
be: 

f mGο∆ (NiSeO4⋅6H2O, cr, 298.15 K) = – (1916.0 ± 1.7) kJ⋅mol–1. 
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Ghosh and Nair [70GHO/NAI] determined the equilibrium constant of the re-
action: 

 Ni2+ + 2
4SeO −   NiSeO4(aq) (V.127) 

in the temperature range 273.15 to 318.15 K by potentiometric measurements, see Ap-
pendix A. The enthalpy of the reaction was found from the variation of the stability con-
stant with temperature. The following results are selected: 

10 1log οb ((V.127), 298.15 K) = (2.67 ± 0.05), 

r mGο∆ ((V.127), 298.15 K) = – (15.24 ± 0.29) kJ⋅mol–1, 

while r mH ο∆ ((V.127), 298.15 K) = (14.70 ± 1.30) kJ⋅mol–1 is not accepted for reasons 
discussed in Appendix A. 

The uncertainty in 10 1log οb  has been increased considerably from the value in 
the reference to include the uncertainty from the estimate of the activity coefficients. 

V.11.1.4 Nickel selenocyanates 
Two studies characterising the formation of soluble Ni2+-SeCN– complexes have been 
published. The study by Kullberg [74KUL] was performed at 298.15 K and I = 1 M 
NaClO4 and the results rely on comprehensive spectrophotometric and calorimetric data 
sets, while the potentiometric and calorimetric study by Satyanarayana, Sahu and Das 
[75SAT/SAH] is much more limited with respect to the number of data. The potenti-
ometric experiments using an Ag/AgSeCN electrode were conducted in the absence of a 
supporting electrolyte and the correction for the influence of activity coefficients is 
somewhat dubious. The review therefore focuses on the data collected by Kullberg. He 
utilised spectrophotometric data at several wavelengths and at considerable ligand ex-
cess to evaluate the equilibrium constant for NiSeCN+, and calorimetric titration data 
for NiSeCN+ and Ni(SeCN)2(aq). The value of β1 obtained by spectrophotometry will 
be selected. 

The complex formation is thus described in terms of mononuclear complexes  

 Ni2+ + nSeCN–  2Ni(SeCN) n
n

−  (n = 1 to 3);(V.128) 

and Table V-64 lists the equilibrium constants reported. 

Extrapolation of the data from 1 M NaClO4 to standard conditions by SIT and 
∆ε from [97BAH/PAR] in Appendix A resulted in the selected values: 

10log K ο ((V.128), n = 1, 298.15 K) = (1.77 ± 0.06), 

10log K ο ((V.128), n = 2, 298.15 K) = (2.24 ± 0.14). 

In the data material, the 3Ni(SeCN)−  complex never amounted to more than a 
few per cent of the total nickel(II) concentration and the value of the corresponding 
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equilibrium constant has to be regarded as very approximate only. It has therefore not 
been accepted by this review. 

Table V-64: Formation constants for complexes of Ni2+ with SeCN–. 

Method Ionic medium t (°C) log10 β1 log10 β2 log10 β3 Reference 

sp 1 M NaClO4 25 (0.99 ± 0.01)   [74KUL] 

cal 1 M NaClO4 25  (1.20 ± 0.10) ≈1.9 [74KUL] 

pot → 0 25 (1.66 ± 0.2)   [75SAT/SAH] 

The calorimetric data were optimised with respect to the enthalpies of reaction 
and equilibrium constants. Various calculation models were tested with similar result. 
The result of the optimisation with 10log K ((V.128), n = 2), r mH ο∆ ((V.128), n = 1), 
and r mH ο∆ ((V.128), n = 2) as unknowns and 10log K ((V.128), n = 1) = 0.99 as fixed is 
selected. The reaction enthalpies found at I = 1 M NaClO4 are assumed as valid also at 
I = 0. The uncertainties reported are doubled to account for the uncertainty of this 
assumption. This yields the selected results: 

r mH ο∆ ((V.128), n = 1, 298.15 K) = – (12.8 ± 0.4) kJ⋅mol–1, 

r mH ο∆ ((V.128), n = 2, 298.15 K) = – (25 ± 4) kJ⋅mol–1, 

r mGο∆ ((V.128), n = 1, 298.15 K) = – (10.10 ± 0.34) kJ⋅mol–1, 

r mGο∆ ((V.128), n = 2, 298.15 K) = – (12.79 ± 0.80) kJ⋅mol–1, 

r mS ο∆ ((V.128), n = 1, 298.15 K) = – (9.1 ± 1.8) J⋅K–1⋅mol–1, 

r mS ο∆ ((V.128), n = 2, 298.15 K) = – (41.0 ± 13.7) J⋅K–1⋅mol–1. 

The value of r mH ο∆ ((V.128), n = 1, 298.15 K) disagrees with the value in 
[75SAT/SAH], – (8.7 ± 1.1) kJ⋅mol–1, also obtained by calorimetry. The disagreement is 
somewhat surprising since the equilibrium constants at standard conditions approxi-
mately agree. 

Combined with the value for f mGο∆ (SeCN–, 298.15 K) selected in this review, 
and the value of f mGο∆ (Ni2+, 298.15 K) (– 45.77 kJ⋅mol–1) from [2005GAM/BUG], this 
corresponds to the selected values: 

f mGο∆ (NiSeCN+, 298.15 K) = (80.2 ± 3.9) kJ⋅mol–1, 

f mGο∆ (Ni(SeCN)2, aq, 298.15 K) = (213.5 ± 7.7) kJ⋅mol–1. 
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V.11.2 Cobalt compounds 

V.11.2.1 Cobalt selenides 
The solid compounds Co1−xSe(cr), CoSe2(cr), and Co9Se8(cr) have been reported to form 
in the system cobalt-selenium. The phase diagram of the system is presented in 
[72KOM/WES]. 

V.11.2.1.1 Co9Se8(cr) 

The Co9Se8(cr) phase has a narrow homogeneity range and is often denoted 
CoSe0.89(cr). 

The enthalpy of formation of Co9Se8(cr) was determined to be f mH ο∆ (Co9Se8, 
cr, 298.15 K) = – (617.6 ± 40.0) kJ·mol–1 by Morozova, Vladimirova, Grudetskii, and 
Malysheva [77MOR/VLA] using direct synthesis calorimetry. The value is selected: 

f mH ο∆ (Co9Se8, cr, 298.15 K) = – (617.6 ± 40.0) kJ·mol–1. 

V.11.2.1.2 Co1–xSe(cr) 

The Co1–xSe(cr) phase is a solid solution where the composition can vary in the ap-
proximate range Co0.72Se to Co0.96Se at temperatures below 1200 K. These composi-
tions can also be written Co0.42Se0.58 and Co0.49Se0.51. The thermodynamic properties of 
Co1−xSe(cr) at different temperatures and compositions have been studied by vapour 
pressure and electrochemical cell techniques. The results are summarised in Table V-65. 
The individual papers are discussed in Appendix A, except [74MIL]. 

Table V-65: Enthalpy and entropy of formation of Co1−xSe(s). All values except that in 
[74MIL], which is a re-assessment of the experimental work in [69LAF/CER], were 
recalculated by the review from high temperature measurements as discussed in Appen-
dix A. 

Reference Composition f mH ο∆ (Co1–xSe, cr, 298.15 K) 

(kJ·mol–1) 
f mS ο∆ (Co1–xSe, cr, 298.15 K) 

(J·K–1·mol–1) 

[74MIL] Co0.90Se – 58.8  

[72MAT/GEI] Co0.75Se – (54.5 ± 4.0) (2.3 ± 6.0) 

[72MAT/GEI] Co0.93Se – (52.7 ± 4.0) (8.3 ± 6.0) 

[72MAT/GEI2] Co0.72Se – (53.8 ± 4.0) (0.6 ± 4.0) 

[74JEL/KOM] Co0.75Se – 71.4 – 2.1 

[74JEL/KOM] Co0.93Se – 57.4 20.9 
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The phase Co1–xSe(cr) is chosen to be represented by the single intermediate 
composition Co0.84Se(cr) by the review. The selected enthalpy of formation is chosen to 
incorporate all experimental values and compositions except the most negative value in 
[74JEL/KOM] which deviates substantially from the others:  

f mH ο∆ (Co0.84Se, cr, 298.15 K) = – (55.4 ± 6.0) kJ·mol–1. 

The adopted value of the entropy is calculated from a selected value of the 
entropy of formation of f mS ο∆ (Co0.84Se, cr, 298.15 K) = (3.0 ± 8.0) J·K–1·mol–1, the 
selected entropy of selenium, and the entropy of cobalt in [98CHA] yielding: 

mS ο (Co0.84Se, cr, 298.15 K) = (70.3 ± 8.0) J·K–1·mol–1. 

This value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

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

f mGο∆ (Co0.84Se, cr, 298.15 K) = – (56.3 ± 6.5) kJ·mol–1. 

V.11.2.1.3 CoSe2(cr) 

The heat capacity of CoSe2(cr) at 298.15 K was derived by the review by extrapolating 
the heat capacity measurements made by Ogawa and Nishihara [77OGA/NIS] as dis-
cussed in Appendix A. The value obtained is selected: 

,mpCο (CoSe2, cr, 298.15 K) = (75.6 ± 1.0) J·K–1·mol–1. 

The thermodynamic properties of CoSe2(cr) were investigated in the tempera-
ture range 343 to 431 K by Matlasevich and Geiderikh [72MAT/GEI2] using the elec-
trochemical cell  

(−) Co(cr) | NaCl, CoCl2(in glycerol) | CoSe2(cr), Se(cr) (+). 

The reported values of the enthalpy and entropy of formation of CoSe2(cr) were 
f mH ο∆ (CoSe2, cr, 298.15 K) = – 92.5 kJ·mol–1 and f mS ο∆ (CoSe2, cr, 298.15 K) = – 5.1 

J·K–1·mol–1, respectively. The corresponding entropy of CoSe2(cr) is calculated to be 
mS ο (CoSe2, cr, 298.15 K) = 109.1 J·K–1·mol–1 employing the selected entropy of sele-

nium and the data for cobalt in [98CHA]. The third law entropy value mS ο (CoSe2, cr, 
298.15 K) = (97.2 ± 2.0) J·K–1·mol–1 was derived by the review from the measurements 
in [77OGA/NIS]. The latter value is preferred and selected: 

mS ο (CoSe2, cr, 298.15 K) = (97.2 ± 2.0) J·K–1·mol–1. 

Morozova, Vladimirova, Grudetskii, and Malysheva [77MOR/VLA] deter-
mined the enthalpy of formation of CoSe2(cr) to be f mH ο∆ (CoSe2, cr, 298.15 K) = 
− (118.4 ± 5.0) kJ·mol–1 using direct synthesis calorimetry. The selected value is chosen 
as the mean of the values in [72MAT/GEI2] and [77MOR/VLA] yielding:  
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f mH ο∆ (CoSe2, cr, 298.15 K) = – (105.5 ± 15.0) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and entropy, the selected entropy of selenium, and the entropy of cobalt in 
[98CHA] to be: 

f mGο∆ (CoSe2, cr, 298.15 K) = – (100.4 ± 15.0) kJ·mol–1. 

This value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

V.11.2.2 Cobalt selenites 
The phase diagram of the system CoSeO3-SeO2-H2O at 298.15 K was established by 
Ebert, Micka, and Pekova [82EBE/MIC]. The diagram is presented and contains the 
solid phases CoSeO3⋅2H2O, Co(HSeO3)2⋅2H2O, and H2SeO3. The formula of the incon-
gruently soluble acid salt was verified by an infrared spectroscopic measurement. No 
solubility data except for the compositions of the invariant points are published. 

V.11.2.2.1 CoSeO3⋅2H2O(cr) 

Chukhlantsev and Tomashevsky [57CHU/TOM] prepared cobalt selenite by mixing 
0.1 M solutions of cobalt nitrate and sodium selenite in stoichiometric amounts. The 
precipitate was amorphous and aged for a long time in the mother liquor. Chemical 
analysis confirmed the 1:1 ratio between Co(II) and Se(IV). It is assumed to have the 
composition CoSeO3⋅2H2O by the review. The solubility of the specimen in dilute solu-
tion of nitric or sulphuric acid was measured at 293 K. The experiments were performed 
and the data recalculated as outlined in Appendix A, [56CHU]. The result for 

 CoSeO3⋅2H2O(cr)  Co2+ + 2
3SeO −  + 2H2O(l) (V.129) 

was 10 ,0log sK ο ((V.129), 293.15 K) = – (7.62 ± 0.27). The reported conditional constant 
is − (6.84 ± 0.22). Ripan and Vericeanu [68RIP/VER] studied the solubility of 
CoSeO3(s) by conductivity measurements as described in Appendix A. A calculation 
based on the assumptions made in the Appendix and the solubility, 3.40 × 10–4 M, pro-
vided in the paper leads to the conclusion that about 15% of dissolved Co(II) is present 
in hydrolysed forms. The solubility product estimated with allowance for the hydrolysis 
of Co2+ and 2

3SeO −  is 10 ,0log sK ο ((V.129), 291 K) = – (7.30 ± 0.20). This value can only 
be regarded as indicating the order of magnitude of the constant. The uncertainty only 
reflects the variance in the solubility measurements. Pyatnitskii and Durdyev 
[66PYA/DUR] measured the solubility of CoSeO3⋅2H2O(cr) in water and in selenite 
solution. The pH of the saturated solutions was also determined. The results from the 
determination of the solubility in water have been recalculated as described in 
[68RIP/VER] in Appendix A with the protonation constant of the selenite ion selected 
here. The result is 10 ,0log sK ((V.129), 291.2K) = – (8.17 ± 0.05). 

 The review selects: 
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10 ,0log sK ο ((V.129), 298.15 K) = – (7.9 ± 0.4) 

from the results in [57CHU/TOM] and [66PYA/DUR]. 

 Pyatnitskii and Durdyev [66PYA/DUR] attempted to determine the stability 
constants of cobalt-selenite complexes from solubility measurements in selenite solu-
tion. As discussed in Appendix A, their equilibrium model is likely to be incorrect. The 
proposed equilibrium constant of the reaction: 

 Co2+ + 2
32SeO −   2

3 2Co(SeO ) − , (V.130) 

10log K ((V.130), I = 0.01, 291.2 K) = 5.2 cannot therefore be selected. 

 Leshchinskaya et al. [63LES/SEL4] measured the enthalpy change of the reac-
tion between Co(NO3)2⋅6H2O and a solution of sodium selenite with formation of 
CoSeO3⋅2H2O(cr). The calorimetric result is used in Appendix A to calculate the stan-
dard enthalpy of formation of CoSeO3⋅2H2O(cr) to be: 

f mH ο∆ (CoSeO3⋅2H2O, cr, 298.15 K) = – (1115.56 ± 2.81) kJ⋅mol–1. 

 The value agrees well with [82WAG/EVA]. The selected solubility product 
yields: 

f mGο∆ (CoSeO3⋅2H2O, cr, 298.15 K) = – (936.28 ± 4.80) kJ⋅mol–1, 

mS ο (CoSeO3⋅2H2O, cr, 298.15 K) = (245.1 ± 18.6) J⋅K–1⋅mol–1. 

Since the calculation of the formation and entropy values from the experimen-
tal results involved non-TDB auxiliary data, they are included in Appendix E. 

V.11.2.2.2 CoSeO3(cr) 

Bakeeva, Buketov, and Pashinkin [69BAK/BUK2] investigated the equilibrium: 

 CoSeO3(cr, l)  CoO(cr) + SeO2(g) (V.131) 

by the dew point technique in the temperature range 839 to 991 K. Cobalt selenite melts 
at (923 ± 5) K. The vapour pressure relationship used to calculate 

2SeOp  is not presented 
in the paper. From data in [71PAS/ARO] it could be deduced that the vapour pressure 
expression in [62MAR/GET] had been used for this purpose. The published pressures 
have been recalculated accordingly with the selected expression for the saturated vapour 
pressure of SeO2(cr), see [71PAS/ARO] in Appendix A. The result for CoSeO3(cr) and 
the temperature interval 839 to 923 K is 10log p (SeO2, g, T )= (10.38 ± 0.26) – 
(10640 ± 230) T −1 and for CoSeO3(l) 10log p (SeO2, g, T ) = (9.509 ± 0.376) – 
(9843 ± 366) T −1 in the temperature interval 923 to 991 K.  

 The uncertainties are entered here as twice the standard deviations from the 
least-squares calculation. The data yield fus mH ο∆ (CoSeO3,cr, 923 K) = (15.2 ± 8.3) 
kJ⋅mol–1. 
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 The high temperature data have been extrapolated to standard conditions with 
,mpCο  values in [73BAR/KNA] (no phase transitions assumed) leading to the estimates 

f mH ο∆ (CoSeO3, cr, 298.15 K) = – (558.2 ± 5.5) kJ⋅mol–1 and mS ο (CoSeO3, cr, 
298.15 K) = (107.8 ± 5.9) J⋅K–1⋅mol–1. 

 The corresponding values calculated in [71PAS/ARO] with unknown auxiliary 
data are – (560.7 ± 7.9) kJ⋅mol–1 and (99.2 ± 10.5) J⋅K–1⋅mol–1, respectively. The value 
estimated from o

mS (CoSeO3⋅2H2O, cr, 298.15 K) by subtraction of the entropy contribu-
tion from water of crystallisation, 44.7 J⋅K–1⋅mol–1 in [97PUI/RAR], is (159.3 ± 15.0) 
J⋅K–1⋅mol–1. The estimates of mS ο (CoSeO3, cr, 298.15 K) from the high and low tem-
perature experiments hence differ considerably, cf. the result for nickel in Section 
V.11.1.2. 

 The two sets of thermodynamic quantities for CoSeO3⋅2H2O and CoSeO3, re-
spectively, lead to an equilibrium constant for the reaction CoSeO3⋅2H2O(cr)  
CoSeO3(cr) + 2H2O(g) of 10log K = – (0.4 ± 1.1) at 298.15 K. The mutual consistency 
between the sets thus appears to be reasonably satisfactory, but the data for CoSeO3(cr) 
have not been selected as the accuracy of the extrapolation cannot be assessed. 

V.11.2.3 Cobalt selenates 
Klein [40KLE] measured the solubility of cobalt selenate in water as a function of tem-
perature and presented the results in a table and a graph. Several hydrates are formed 
and the transition temperatures observed were; heptahydrate Æ hexahydrate 284.6 K, 
hexahydrate Æ tetrahydrate 306.7 K, and tetrahydrate Æ monohydrate 346.7 K.       
CoSeO4⋅6H2O readily forms metastable saturated solutions up to about 340 K. 

 The solubility of CoSeO4⋅6H2O in water at 298.15 K has been measured by 
Vojtisek, Ebert, and Leblova [87VOJ/EBE4], Ojkova, Stoikova, and Staneva 
[94OJK/STO], and Ojkova, Barkov, and Popov [2000OJK/BAR] with consistent re-
sults. The review selects: 

m(CoSeO4⋅6H2O(cr), aq sat, 298.15 K) = (2.82 ± 0.02) mol(CoSeO4)⋅kg–1. 

 This figure is also obtained by interpolation from the measurements by Klein. 

 A phase diagram and similar information are available for the system: 
CoSeO4-MgSeO4-H2O at 298.15 K in [92OJK/STO]; CoSeO4-(NH4)2SeO4-H2O at 
298.15 K in [87VOJ/EBE4]; CoSeO4-Li2SeO4-H2O at 298.15 K in [93OJK/MIC]; 
CoSeO4-Na2SeO4-H2O at 298.15 K in [93OJK/MIC]; CoSeO4-K2SeO4-H2O at 298.15 K 
in [85VOJ/EBE]; CoSeO4-Rb2SeO4-H2O at 298.15 K in [2003BAR/CHR]; 
CoSeO4-Cs2SeO4-H2O at 298.15 K in [2000OJK/BAR]. 

 The value of solubility product of CoSeO4⋅6H2O(cr) at 298.15 K, 

 CoSeO4⋅6H2O(cr)  Co2+ + 2
4SeO −  + 6H2O(l) (V.132) 
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has been reported by Christov [97CHR] to be 10 ,0log sK ο = – 1.759 and by Kumov and 
Batyreva [90KUM/BAT] to be – 1.54, see Appendix A. The results are based on the 
same isopiestic data by Ojkova and Staneva [89OJK/STA]. The former value: 

10 ,0log sK ο ((V.132), 298.15 K) = – (1.759 ± 0.043) 

is selected as it has been evaluated with the Pitzer ion interaction approach. The uncer-
tainty added by the review corresponds to an uncertainty in the mean activity coefficient 
of 5%. 

 The standard Gibbs energy of formation of CoSeO4⋅6H2O(cr) is calculated 
from the Gibbs energy of Reaction (V.132) and the values of o

f mG∆  for the ions and 
water to be: 

f mGο∆ (CoSeO4⋅6H2O, cr, 298.15 K) = – (1926.9 ± 4.2) kJ⋅mol–1. 

 Since the calculation of this value from the experimental results 
involved a non-TDB auxiliary datum, it is included in Appendix E. 

Ghosh and Nair [70GHO/NAI] determined the equilibrium constant of the re-
action: 

 Co2+ + 2
4SeO −   CoSeO4(aq) (V.133) 

in the temperature range 273.15 to 318.15 K by potentiometric measurements, see Ap-
pendix A. The enthalpy of the reaction was found from the variation of the stability con-
stant with temperature. The following results are selected: 

10 1log οb ((V.133), 298.15 K) = (2.70 ± 0.05), 

r mGο∆ ((V.133), 298.15 K) = – (15.41 ± 0.29) kJ⋅mol–1, 

while r mH ο∆ ((V.133), 298.15 K) = (12.20 ± 0.40) kJ⋅mol–1 is not accepted for reasons 
discussed in Appendix A. 

The uncertainty in 10 1log οb  has been increased considerably from the value in 
the reference to include the uncertainty from the estimate of the activity coefficients. 

V.11.2.4 Cobalt selenocyanates 
Three papers have reported on the formation of soluble Co2+-SeCN– complexes. 
Toropova [56TOR] concluded from spectrophotometric measurements that the interac-
tions in water were too weak to be quantified by this technique. Golub and Skopenko 
[62GOL/SKO] studied the system in water, aqueous acetone, acetone, and methanol by 
means of spectrophotometric, potentiometric (Ag/AgSeCN-electrode), and conducto-
metric methods. The potentiometric data in water (n = 5) were collected at an undefined 
temperature with [Co2+]tot = [SeCN–]tot = 0.02 to 0.04 M and in the absence of a support-
ing electrolyte. The calibration of the electrode system is not described. Data were ana-
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lysed on the assumption that only the first complex was formed according to the reac-
tion 

 Co2+ + SeCN–  CoSeCN+. (V.134) 

The analysis resulted in a concentration dependent equilibrium constant, from 
K((V.134), 298.15 K) = 22 M–1 to 13 M–1 at the total concentrations of 0.02 and 0.04 M, 
respectively. 

Also the work by Satyanarayana, Sahu and Das [75SAT/SAH] is based on po-
tentiometric measurements with the Ag/AgSeCN-electrode and conducted in the ab-
sence of a supporting electrolyte. The Davies equation was applied to the calculation of 
the activity coefficient of Co2+, 0.03 to 0.08 M, and the activity coefficients of SeCN– 
and CoSeCN+ were assumed to cancel in the calculation of the formation constant. On 
this basis, K(V.134) = (30.9 ± 3.8) M–1 was calculated from 6 experimental data at 
298.15 K. 

Considering the inherent uncertainties associated with the evaluation of 
K(V.134) in both papers, the review can only accept the value by Satyanarayana et al. 
[75SAT/SAH] assigned with an uncertainty of ± 0.3 logarithmic units: 

10log K ο ((V.134), 298.15 K) = (1.5 ± 0.3). 

Satyanarayana et al. [75SAT/SAH] also determined the enthalpy change of 
Reaction (V.134) by direct calorimetry. The equilibrium constant evaluated from the 
potentiometric measurements was used to calculate concentration changes. This implies 
that a close connection exists between the two quantities evaluated and hence, that the 
reaction enthalpy reported is connected with a considerable uncertainty. The review 
therefore accepts the reaction enthalpy reported assigned with a considerably larger un-
certainty than given in the paper: 

r mH ο∆ ((V.134), 298.15 K) = – ( +2.0
4.06.0− ) kJ⋅mol–1. 

The unsymmetrical uncertainty limits are suggested by the results obtained for 
the Ni2+-SeCN– system in the same paper, cf. Section V.11.1.4. 

The selection yields: 

r mGο∆ ((V.134), 298.15 K) = – (8.56 ± 1.71) kJ⋅mol–1, 

r mS ο∆ ((V.134), 298.15 K) = ( +8.8
14.68.6− ) J⋅K–1⋅mol–1. 

Combined with the value for f mGο∆ (SeCN–, 298.15 K) selected in this review, 
and the [82WAG/EVA] value of f mGο∆ (Co2+, 298.15 K) (– 54.4 kJ⋅mol–1), this 
corresponds to: 

f mGο∆ (CoSeCN+, 298.15 K) = (73.0 ± 5.7) kJ⋅mol–1. 

Since the calculation of this value from the experiments involved a non-TDB 
auxiliary datum, it is included in Appendix E. 
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V.11.3 Iron compounds 

V.11.3.1 Iron selenides 
The phase diagram iron-selenium was assessed by Okamoto [91OKA] and it is shown 
in Figure V-21. The system contains several solid solution phases with stability ranges 
delimited by temperature. The naming of the phases is confusing and has varied over 
the years. The names used in [91OKA] are adopted by the review. 

Figure V-21: The phase diagram iron-selenium (after [91OKA]). Reprinted from 
[91OKA], Copyright (1991), with permission from ASM International. 

 

 

V.11.3.1.1 β-FeSe 

The composition of β-FeSe is approximately Fe1.04Se and it has a homogeneity range 
extending from 49.0 atom-% to 49.4 atom-% Se. The phase is stable below 730 K. 
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The heat capacity of β-Fe1.04Se was measured in the temperature range 5 to 
350 K by Grønvold and Westrum [59GRO/WES]. The heat capacity and entropy values 
at 298.15 K are selected: 

,mpCο (Fe1.04Se, β, 298.15 K) = (57.1 ± 0.7) J·K–1·mol–1, 

and 

mS ο (Fe1.04Se, β, 298.15 K) = (72.1 ± 0.8) J·K–1·mol–1. 

The heat capacity of a sample with the composition Fe1.04Se was measured in 
the temperature range 298 to 1050 K by Grønvold [68GRO] using adiabatic shield calo-
rimetry. 

The heat capacity expression  

,mpCο (Fe1.04Se, β, (298.15 - 730) K) = (56.22 + 23.176 × 10–3 T – 0.9700 × 10–6 T 2  
 – 5.3429 × 105 T –2) J·K–1·mol–1 

was evaluated by the review from the heat capacity values below 730 K listed in Table 
4 of the paper.  

Grønvold [72GRO] measured the enthalpy change for the formation of the 
equilibrium phases from the pure elements at the ratio 1.04Fe:1.00Se and 1050 K using 
direct synthesis calorimetry. The reaction enthalpy was combined with the heat content 
measurements of the same composition in [68GRO] yielding the selected enthalpy of 
formation of β-FeSe at 298.15 K: 

f mH ο∆ (Fe1.04Se, β, 298.15 K) = – (69.6 ± 4.0) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and the standard entropies to be: 

f mGο∆ (Fe1.04Se, β, 298.15 K) = – (70.1 ± 4.0) kJ·mol–1. 

This value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

V.11.3.1.2 δ-FeSe 

δ-FeSe is a solid solution of the composition Fe1–xSe (0 < x < 0.28) and it is stable in the 
temperature range 623 to 1348 K. Samples of β-Fe7Se8 (composition Fe0.875Se) trans-
form on heating into δ-FeSe above approximately 650 K.  

The heat capacity of a sample of the composition Fe0.875Se was measured in the 
temperature range 298 to 1050 K by Grønvold [68GRO] using adiabatic shield calo-
rimetry. The heat capacity expression  

,mpCο (Fe0.875Se, δ, (660 - 1020) K) = (47.06 – 14.87 × 10–3 T + 23.92 × 10–6 T 2  
 + 45.19 × 105 T –2) J·K–1·mol–1 
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was evaluated by the review from the heat capacity values above 660 K listed in Table 4 
of the paper.  

The enthalpy of formation of δ-FeSe of stoichiometric composition (i.e., FeSe) 
was determined from vapour pressure measurements by Rumyantsev, Zhitenva, and 
Bolandz [62RUM/ZHI], Svendsen [72SVE], and Piacente, Scardala, and Fontana 
[92PIA/SCA]. The reaction studied was δ-FeSe  Fe(cr) + ½Se2(g) and the composi-
tion FeSe corresponds to the iron rich limit of the homogeneity range of the δ-FeSe 
phase. Grønvold [72GRO] determined the enthalpy of formation of δ-FeSe of the com-
position Fe0.875Se to be f mH ο∆ (Fe0.875Se, δ, 1050 K) = – (58.0 ± 2.0) kJ·mol–1 at 1050 K 
using direct synthesis calorimetry. A strict recalculation of these measurements to 
298.15 K is not possible because the δ-FeSe phase is unstable at this temperature and 
auxiliary data are missing. The reported values of the enthalpies of formation of FeSe at 
298.15 K were f mH ο∆ (FeSe, δ, 298.15 K)= – 77.0 kJ·mol–1, – 74.1 kJ·mol–1, and 
− (69.0 ± 4.0) kJ·mol–1 in [62RUM/ZHI], [72SVE], and [92PIA/SCA], respectively. In 
order to be compatible with the phase diagram and the enthalpies of formation of 
β-FeSe and γ-FeSe, the enthalpy of formation of δ-FeSe must not be more negative than 
− 67.8 kJ·mol–1. This argument neglects the often small change in entropy between 
neighbouring phases. No enthalpy value is selected since all values are outside the valid 
range. 

V.11.3.1.3 α-Fe7Se8 

The α-Fe7Se8 phase is formed in the low temperature part of the iron rich branch of the 
γ-FeSe field. 

The heat capacity of α-Fe7Se8 was measured in the temperature range 5 to 
350 K by Grønvold and Westrum [59GRO/WES]. The heat capacity and entropy values 
at 298.15 K are selected: 

,mpCο (Fe7Se8, α, 298.15 K) = (442.1 ± 4.0) J·K–1·mol–1 

and 

mS ο (Fe7Se8, α, 298.15 K) = (613.8 ± 5.0) J·K–1·mol–1. 

The heat capacity of a sample of the composition Fe7Se8 was measured in the 
temperature range 298 to 1050 K by Grønvold [68GRO] using adiabatic shield calo-
rimetry. The values measured below 450 K can be attributed to the α-Fe7Se8 phase.  

Grønvold [72GRO] determined the enthalpy of formation of δ-FeSe of the 
composition Fe7Se8 at 1050 K to be f mH ο∆ (Fe7Se8, δ, 1050 K) = – (464.0 ± 16.0) 
kJ·mol–1 using direct synthesis calorimetry. The value was combined with the heat con-
tent measurements of the same composition in [68GRO] yielding f mH ο∆ (Fe7Se8, α, 
298.15 K) = – (463.5 ± 20.0) kJ·mol–1. Svendsen [72SVE] determined the Gibbs energy 
change for the reaction 7Fe(cr) + 4Se2(g)  α-Fe7Se8 to be r mGο∆ (934 K) = 
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− (632.6 ± 25.0) kJ·mol–1 from vapour pressure measurements using Knudsen effusion 
cells. The value f mH ο∆ (Fe7Se8, α, 298.15 K) = – (536.0 ± 42.0) kJ·mol–1 was calculated 
using an estimated free energy function for the composition Fe7Se8. An adjustment to 
the selected enthalpy of formation of Se2(g) yields f mH ο∆ (Fe7Se8, cr, 298.15 K) = 
− (528.8 ± 42.0) kJ·mol–1. The value of the enthalpy of formation of α-Fe7Se8 reported 
in [72GRO] is preferred since it is based only on measured quantities. The selected 
value is:  

f mH ο∆ (Fe7Se8, α, 298.15 K) = – (463.5 ± 20.0) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and the standard entropies to be: 

f mGο∆ (Fe7Se8, α, 298.15 K) = – (489 ± 20) kJ·mol–1. 

This value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

V.11.3.1.4 γ-Fe3Se4 

The γ-Fe3Se4 solid solution phase is also known as γ-FeSe. The heat capacity was 
measured in the temperature range 5 to 350 K by Grønvold and Westrum 
[59GRO/WES] and by Guseinov, Aldzhanov, Sadykov [89GUS/ALD]. The heat 
capacity values differ substantially between the investigations as shown in Figure V-22. 
The values reported at 298.15 K are ,mpCο (Fe3Se4, γ, 298.15 K) = (220.1 ± 2.0)          
J·K–1·mol–1 and mS ο (Fe3Se4, γ, 298.15 K) = (279.8 ± 3.0) J·K–1·mol–1 in [59GRO/WES] 
and ,mpCο (Fe3Se4, γ, 298.15 K) = (201.0 ± 2.0) J·K–1·mol–1 and mS ο (Fe3Se4, γ, 
298.15 K) = (295.0 ± 3.0) J·K–1·mol–1 in [89GUS/ALD]. The samples in [59GRO/WES] 
were equilibrated for 60 days altogether while those in [89GUS/ALD] were heat treated 
for 3 days only. The selected heat capacity and entropy values at 298.15 K are: 

,mpCο (Fe3Se4, γ, 298.15 K) = (220.1 ± 2.0) J·K–1·mol–1 

and 

mS ο (Fe3Se4, γ, 298.15 K) = (279.8 ± 3.0) J·K–1·mol–1. 

Grønvold [72GRO] determined the enthalpy of formation of γ-Fe3Se4 at 
1050 K using direct synthesis calorimetry. The value was combined with the heat 
content measurements in [68GRO] yielding f mH ο∆ (Fe3Se4, γ, 298.15 K) = 
− (212.1 ± 13.0) kJ·mol–1. Svendsen [72SVE] determined the enthalpy of formation of 
γ-Fe3Se4 to be f mH ο∆ (Fe3Se4, γ, 298.15 K) = – (257.3 ± 13.0) kJ·mol–1 from vapour 
pressure measurements using Knudsen effusion cells. The selected value is the mean of 
the two investigations: 

f mH ο∆ (Fe3Se4, γ, 298.15 K) = – (235 ± 30) kJ·mol–1. 
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The Gibbs energy of formation is calculated from the selected enthalpy of 
formation and the standard entropies to be: 

f mGο∆ (Fe3Se4, γ, 298.15 K) = – (244 ± 30) kJ·mol–1. 

This value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

Figure V-22: Low temperature heat capacity of γ-Fe3Se4. 

 

 

V.11.3.1.5 FeSe2(cr) 

Grønvold and Westrum [62GRO/WES] measured the heat capacity of FeSe2(cr) in the 
temperature range 5 to 350 K. The heat capacity and entropy values at 298.15 K are 
selected: 

,mpCο (FeSe2, cr, 298.15 K) = (72.9 ± 1.0) J·K–1·mol–1 
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mS ο (FeSe2, cr, 298.15 K) = (86.8 ± 1.0) J·K–1·mol–1. 
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Svendsen [72SVE2] and Grønvold [75GRO] measured the heat capacity of 
FeSe2(cr) in the temperature range 300 to 853 K. The results are very similar and the 
heat capacity expressions: 

,mpCο (FeSe2, cr, (298.15 - 600) K) = (37.014 + 80.273 × 10–3 T 
 + 9.57991 × 105 T –2) J·K–1·mol–1 

and 

,mpCο (FeSe2, cr, (600 - 853) K) = (– 835.808 + 1.050076 T 
 + 1.056967 × 108 T –2) J·K–1·mol–1 

were derived by the review from the combined heat capacity data reported in the two 
investigations. 

The enthalpy of formation of FeSe2(cr) was determined to be f mH ο∆ (FeSe2, cr, 
298.15 K) = – (123.0 ± 13.0) kJ·mol–1 by Svendsen [72SVE] from static vapour pres-
sure measurements. This enthalpy value is too negative to be consistent with the se-
lected thermodynamic data of the other phases and the phase diagram. The enthalpy of 
decomposition of FeSe2(cr) into γ-Fe3Se4 and liquid selenium was determined to be 
(30.93 ± 0.05) kJ·mol–1 in [75GRO] at 857 K. On combining the value with the selected 
values of selenium, the heat content measurement of γ-Fe3Se4 in [68GRO], and the heat 
capacity of FeSe2(cr) the enthalpy of formation of FeSe2(cr) is calculated to be 

f mH ο∆ (FeSe2, cr, 298.15 K) = − (108.7 ± 15.0) kJ·mol–1. This value is consistent with 
the selected thermodynamic data of the other iron selenides and the phase diagram and 
it is selected by the review: 

f mH ο∆ (FeSe2, s, 298.15 K) = – (108.7 ± 15.0) kJ·mol–1. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and the standard entropies to be: 

f mGο∆ (FeSe2, cr 298.15 K) = – (101.3 ± 15.0) kJ·mol–1. 

This value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

V.11.3.2 Iron selenite 
Rai, Felmy, and Moore [95RAI/FEL3] made a serious attempt to determine the solubil-
ity product of iron(III) selenite as described in Appendix A. Their work shows that 
Fe2(SeO3)3⋅6H2O is the stable phase in contact with an aqueous phase with a pH below 
4. Above this value the selenite starts to transform into other, basic phases of unknown 
composition. 

The interpretation of careful experimental work resulted in an equilibrium 
model, which included the two equilibria: 

 Fe2(SeO3)3⋅6H2O(cr)  2Fe3+ + 2
33SeO −  + 6H2O(l) (V.135) 
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 Fe3+ + 2
3SeO −   +

3FeSeO  (V.136) 

and the equilibrium constants:  

10 ,0log sK ο ((V.135), 296 K) = – (41.58 ± 0.11) 

10 1log οb ((V.136), 296 K) = (11.15 ± 0.11) 

The uncertainties are those of the paper. The stability constant of +
3FeSeO  ap-

pears exceptionally large although there is known to be a great affinity between Fe(III) 
and Se(IV). The value of the solubility product is not greatly affected by the value of 

10 1log οb (V.136), however. These results are selected by the review and assumed valid 
at standard conditions. 

Chukhlantsev and Tomashevsky [57CHU/TOM] prepared iron(III) selenite by 
mixing a 0.2 M solution of iron(III) sulphate and a 0.1 M sodium selenite solution. The 
pH of the reaction mixture was 5 to 6. The precipitate was aged for 24 hours in the 
mother liquor. No information on the quality of the specimen is available but it is most 
likely amorphous. Chemical analysis showed a 2:3 ratio between Fe(III) and Se(IV). 
The solubility of the specimen in dilute solution of nitric or sulphuric acid was meas-
ured at 293 K. The experiments were performed and the data recalculated as described 
in Appendix A, [56CHU]. Two experimental points were deleted, as they would be 
much affected by the hydrolysis of Fe3+. The result for 

 Fe2(SeO3)3(am)  2Fe3+ + 2
33SeO −  (V.137) 

was 10 ,0log sK ο ((V.137), 293.15 K) = – (33.77 ± 0.15). The reported value was 
− (30.91 ± 0.25). The uncertainties reflect only the standard deviation in the measure-
ment. This result, which is not selected, would indicate that the solubility of freshly pre-
cipitated iron(III) selenite is 1 to 2 orders of magnitude greater than for the stable form. 

No calorimetric determination of the standard enthalpy of formation of 
iron(III) selenites from aqueous solution has been found. 

Pinaev and Volkova [76PIN/VOL] have prepared iron(III) selenites by hydro-
thermal synthesis from Fe2(SeO3)3

.7H2O, SeO2, and H2O in the temperature range 393 
to 513 K. Crystallisation fields were established for a number of selenites written as 
Fe2O3

.mSeO2
.nH2O. The compounds appear to have been crystalline but some of the m 

and n values in the empirical formulas are significantly different from whole numbers. 
Pinaev, Gornostaeva, Volkova, and Glybin [74PIN/GOR] measured the heat of dissolu-
tion in 7.5 M HCl of four of the compounds at 333 K (not 433 K as written in the pa-
per). The enthalpies of dissolution of α-Fe2O3, SeO2(cr), and H2O(l) in the same solvent 
were also measured and the data combined to yield the enthalpy change of the reaction 

 Fe2O3
.mSeO2

.nH2O(cr) Æ α-Fe2O3(cr) + mSeO2(cr) + nH2O(l) (V.138) 

The r mH ο∆ (V.138) values so obtained (available in VINITI No. 2968-2112-74) 
could be reproduced by the equation r mH ο∆  = (m × (21.3 ± 0.8) + n × (12.6 ± 0.8)) 
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kJ.mol–1. Since only condensed phases are involved in the reaction, it was proposed that 
∆ ,mpCο  is close to zero and therefore the relationship would be valid at 298.15 K also. 
Together with the standard enthalpies of formation of α-Fe2O3(cr), SeO2(cr), and H2O(l) 
the equation can then be used to calculate standard enthalpies of formation of iron(III) 
selenites. The standard enthalpy of formation of Fe2(SeO3)3(cr) estimated in this way is 
– (1565.0 ± 3.0) kJ.mol–1. 

According to Bakeeva, Pashinkin, Bakeev, and Buketov [73BAK/PAS2] the 
thermal dissociation of iron(III) selenite proceeds by the reactions: 

 Fe2(SeO3)3(cr)  Fe2O3
.2SeO2(cr) + SeO2(g) (V.139) 

 4Fe2O3
.2SeO2(cr)  (Fe2O3)4 SeO2(cr) + 7SeO2(g) (V.140) 

 (Fe2O3)4·SeO2(cr)  4Fe2O3(cr) + SeO2(g). (V.141) 

The compositions of the solids were established by chemical analysis and they 
were shown to be crystalline by X-ray diffraction. The vapour pressure of SeO2(g) over 
the selenites was measured by the dew point method and the equilibrium pressures cal-
culated by the relationship in [69SON/NOV]. The original pressure data furnished in the 
deposited VINITI document (No. 4965-72) have been recalculated with the relationship 
for the saturated vapour pressure over SeO2(cr) selected by the review; this leads only to 
small differences from the original results. The result is for Reaction (V.139) and the 
temperature interval 679 to 791 K: 10log p (SeO2, g, T )= (10.11 ± 0.20) – (8239 ± 146) 
T –1; for Reaction (V.140) and the temperature interval 749 to 909 K: 10log p (SeO2, g, 
T )= (9.840 ± 0.113) − (8560 ± 90) T –1; for Reaction (V.141) and the temperature inter-
val 773 to 912 K: 10log p (SeO2, g, T )= (9.028 ± 0.188) – (8100 ± 160) T –1. The uncer-
tainties are entered here as twice the standard deviations from the least-squares calcula-
tion. 

No experimental data have been found which would permit a proper calcula-
tion of the enthalpy and entropy changes at 298.15 K. The authors estimated standard 
enthalpies of formation on the assumption that the change in the heat capacity per mole 
of SeO2(g) formed in the reaction is r ,mpCο∆ = ,mpCο (SeO2(g)) – ,mpCο (SeO2(cr)) ≈ – 16.0 
J.K–1.mol–1. The result obtained for Fe2(SeO3)3 was f mH ο∆ (Fe2(SeO3)3, cr, 298.15 K) = 
– (1660.0 ± 10.0) kJ⋅mol–1 and mS ο (Fe2(SeO3)3, cr, 298.15 K) = (260.0 ± 12.0)           
J⋅K–1⋅mol–1, which represent the averages from the original data and those obtained by 
the review. 

No values of the standard entropies or enthalpies of formation of iron(III) se-
lenites can be selected in view of the substantial difference between the value of 

f mH ο∆ (Fe2(SeO3)3, cr, 298.15 K) obtained in [74PIN/GOR] and [73BAK/PAS2]. The 
data from these references are included as the only source of information on the subject. 
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V.11.3.3 Iron selenates 
Wells and Salam [68WEL/SAL] attempted to determine the stability constant of the 
reaction: 

 Fe2+ + 2
4SeO −   FeSeO4(aq) (V.142) 

from a kinetic study of the oxidation of Fe2+ by hydrogen peroxide in the presence of 
various concentrations of the selenate ion. The interpretation of the kinetic data in-
volved the formation of a 1:1 complex between Fe2+ and selenate. No primary data are 
provided and β1 = 12 M–1 at 298.15 K and I = 1 M is reported. 

 The value of the stability constant is not accepted. An analysis of the method 
used to determine the parameters of the kinetic model made in Appendix A indicates 
that the method used to calculate β1 is in error. 

 No other thermodynamic data for iron selenates have been identified. 

V.11.4 Palladium compounds 

V.11.4.1 Palladium selenides 
A number of compounds with various compositions in the palladium-selenium system 
have been reported. Experimental thermodynamic information is available for Pd4Se(cr) 
only. Additional thermodynamic quantities have been estimated by Mills [74MIL]. 

V.11.4.1.1 Pd4Se(cr) 

The heat capacity of Pd4Se(cr) was measured in the temperature range 5 to 350 K by 
Grønvold, Westrum, and Radebaugh [69GRO/WES]. The heat capacity at 298.15 K and 
the standard entropy were selected: 

,mpCο (Pd4Se, cr, 298.15 K) = (137.0 ± 2.0) J·K–1·mol–1 

and 

mS ο (Pd4Se, cr, 298.15 K) = (200.1 ± 3.0) J·K–1·mol–1. 

V.11.5 Rhodium compounds 

V.11.5.1 Rhodium selenides 
A number of solid rhodium selenides have been reported, but no experimental thermo-
dynamic information is available. Mills [74MIL] has estimated the enthalpy of forma-
tion and the entropy of RhSe2(cr). No values are selected by the review. 
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V.11.6 Ruthenium compounds 

V.11.6.1 Ruthenium selenides 
RuSe2(cr) is the only reported compound in the system ruthenium-selenium. 

V.11.6.1.1 RuSe2(cr) 

Murray and Heyding [67MUR/HEY] studied the decomposition of RuSe2(cr) in the 
temperature range 1006 to 1127 K by measuring the saturated vapour pressure using the 
torsion effusion technique. The data were evaluated according to the reaction 
RuSe2(cr)  Ru(cr) + Se2(g) using the second law and assuming r ,mpCο∆  = 0 for the 
reaction. No evaluation was made by the third law due to the lack of entropy informa-
tion for RuSe2(cr) at the time of the work. Svendsen, Grønvold, and Westrum 
[87SVE/GRO] measured the heat capacity of RuSe2(cr) in the temperature range 5 to 
988 K using adiabatic low- and high-temperature calorimeters and the enthalpy incre-
ment of the compound in the temperature range 882 to 1483 K using a drop calorimeter. 
In addition, the saturated vapour pressure in equilibrium with a mixture of Ru(cr) and 
RuSe2(cr) was measured in the temperature range 1270 to 1480 K using a silica-glass 
manometer. Unfortunately, the evaluation of the vapour pressures in [87SVE/GRO] 
contains errors and the investigation was re-evaluated by the review. Similarly, the re-
sults in [67MUR/HEY] were re-evaluated using the heat capacity and entropy deter-
mined in [87SVE/GRO].  

 The experimental heat capacity values determined in [87SVE/GRO] were 
smoothed using a least-squares procedure involving the fitting of analytical expressions 
to the values in four overlapping temperature intervals. The expressions derived were 
not given but smoothed values were tabulated at regular temperature intervals. The heat 
capacity determined at 298.15 K is selected: 

,mpCο (RuSe2, cr, 298.15 K) = (69.9 ± 1.0) J·K–1·mol–1. 

 The following heat capacity expressions were evaluated by the review from the 
values in Table 8 of the paper : 

,mpCο (RuSe2, cr, (298.15 - 900) K) = (72.298 + 9.0762 × 10–3 T – 8.002 × 10–7 T 2 
 – 4.65942 × 105 T –2) J·K–1·mol–1 

and 

,mpCο (RuSe2, cr, (900 - 1500) K) = (− 43.518 + 140.5064 × 10–3 T − 3.88342 × 10–5 T 2 
 + 2.248624 × 107 T –2) J·K–1·mol–1. 

 The entropy of RuSe2(cr) at 298.15 K was evaluated using the third law from 
the heat capacity in the temperature range 5 to 298.15 K in [87SVE/GRO]. Second law 
entropy values were derived by the review from vapour pressure measurements in 
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[67MUR/HEY] and [87SVE/GRO]. The values are summarised in Table V-66. The 
third law value determined in [87SVE/GRO] is selected:  

mS ο (RuSe2, cr, 298.15 K) = (80.8 ± 0.8) J·K–1·mol–1. 

Table V-66: The standard entropy of RuSe2(cr) determined in different investigations. 
The second law values were derived by the review in evaluations of experimental data 
given in the references. 

Reference mS ο (RuSe2, cr, 298.15 K) 

2nd law,       (J·K–1·mol–1) 
mS ο (RuSe2, cr, 298.15 K) 

3rd law,       (J·K–1·mol–1) 

Temperature range 

2nd law,            (K) 

[67MUR/HEY] (75.3 ± 4.0)  1006 - 1127 

[87SVE/GRO] (77.2 ± 3.0) (80.8 ± 0.8) 1271 - 1480 

The re-evaluation of the data in [67MUR/HEY] made by the review using the 
second law and the selected heat capacity yields an enthalpy of formation that is 
6.5 kJ·mol–1 less negative than obtained in the original work. Svendsen et al. combined 
their vapour pressure measurements with those in [67MUR/HEY] and performed a third 
law evaluation on the whole dataset using auxiliary data for the species Se(g)-Se8(g). 
The procedure yielded an enthalpy of formation of o

f mH∆ (RuSe2, cr, 298.15 K) = 
− (162.1 ± 2.2) kJ·mol–1. However, the constants given in Table 4 of the paper, suppos-
edly representing the equilibria between the selenium species, were calculated incor-
rectly and do not reproduce the equilibria in the selenium gas phase. This has been con-
firmed in a private communication between the review and Svendsen. The results of the 
experiments with excess of ruthenium reported in Table 10 of the paper were therefore 
re-evaluated using the selected data for the gaseous selenium species. The Se2(g) mole-
cule dominates in the gas phase and other selenium gaseous species can be disregarded. 
The logarithm of the total pressure of selenium (essentially Se2(g)) is plotted against the 
inverse absolute temperature in Figure V-23. 

 The values obtained for the enthalpy of formation of RuSe2(cr) at 298.15 K 
from the second and third laws are summarised in Table V-67. The weighted average is: 

f mH ο∆ (RuSe2, cr, 298.15 K) = – (175.3 ± 8.6) kJ·mol–1. 

The value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 
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Figure V-23: Logarithm of the total pressure of selenium (essentially Se2(g)) as a func-
tion of temperature. The diagram is based on experimental series 8 to 13 reported in 
Table 10 in [87SVE/GRO]. 

 

 

Table V-67: The standard enthalpy of formation of RuSe2(cr) determined in different 
investigations. The values were derived by the review in evaluations based on the ex-
perimental data of the references. 

Reference o
f mH∆ (RuSe2, cr, 298.15 K) (kJ·mol–1) Temperature range (K) 

 2nd law 3rd law  

[67MUR/HEY] – (173.0 ± 15.0) – (181.1 ± 3.0) 1006 - 1127 

[87SVE/GRO] – (173.2 ± 15.0) – (169.7 ± 3.0) 1271 - 1480 

 

V.11.7 Platinum compounds 

V.11.7.1 Platinum selenides 
The platinum-selenium phase diagram was investigated by Richter and Ipser 
[94RIC/IPS] and the compounds Pt5Se4(cr) and PtSe2(cr) were reported. Experimental 
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thermodynamic information is only available for Pt5Se4(cr). Mills [74MIL] has esti-
mated some additional thermodynamic data. 

V.11.7.1.1 Pt5Se4(cr) 

The total pressure of selenium (mainly Se2(g)) in equilibrium with Pt(cr) and Pt5Se4(cr) 
was measured in the temperature range 943 to 1033 K by Rau [67RAU] using a trans-
port method. The vapour pressure was given as 10log p (Se2, g, T ) = 10100 – 14574 T −1 
and the enthalpy of formation and entropy at 298.15 K were calculated to be 

f mH ο∆ (Pt5Se4, cr, 298.15 K) = – (265.3 ± 25.0) kJ·mol–1 and mS ο (Pt5Se4, cr, 298.15 K) = 
(327.2 ± 22.0) J·K–1·mol–1, respectively. The procedure for deriving the values from the 
given pressure expression is not clearly stated. The quantities were therefore re-
calculated by the review using the selected thermodynamic data for selenium, the data 
for platinum in [91DIN] and assuming a f ,mpCο∆ (Pt5Se4, cr) = 0 J·K–1·mol–1 at all tem-
peratures. The second law results are f mH ο∆ (Pt5Se4, cr, 298.15 K) = – 308.6 kJ·mol–1 
and mS ο (Pt5Se4, cr, 298.15 K) = 265.3 J·K–1·mol–1. The new values differ substantially 
from those calculated in the original paper for unknown reasons. No values are selected 
by the review. 

V.11.8 Iridium compounds 

V.11.8.1 Iridium selenides 
The compounds Ir2Se3(cr), IrSe2(cr), and IrSe3(cr) have been reported, but no experi-
mental thermodynamic information is available. Mills [74MIL] has estimated thermo-
dynamic properties of the compounds. No values were selected by the review. 

V.11.9 Osmium compounds 

V.11.9.1 Osmium selenides 
OsSe2(cr) is the only reported compound in the system osmium-selenium. 

V.11.9.1.1 OsSe2(cr) 

Murray and Heyding [67MUR/HEY] studied the decomposition of OsSe2(cr) in the 
temperature range 892 to 960 K by measuring the saturated vapour pressure using the 
torsion effusion technique. The data were evaluated according to the reaction 
OsSe2(cr)  Os(cr) +Se2(g) using the second law and assuming r ,mpCο∆ = 0 for the re-
action. The derived enthalpy of formation at 298.15 K was f mH ο∆ (OsSe2, cr, 
298.15 K) = − (136.0 ± 21.0) kJ·mol–1. In the absence of proper heat capacity expres-
sions and an entropy value of OsSe2(cr), the review performed an evaluation using the 
second and third laws together with the selected heat capacity and entropy of RuSe2(cr). 
The results were f mH ο∆ (OsSe2, cr, 298.15 K) = – (131.5 ± 8.0) kJ·mol–1 and 



V.11 Group 10 to 3 compounds and complexes 

 

337

− (125.6 ± 8.0) kJ·mol–1 from the second and third laws, respectively. The mean of the 
last two values is calculated to be: 

f mH ο∆ (OsSe2, cr, 298.15 K) = – (128.6 ± 11.0) kJ·mol–1.  

The value is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.11.10 Manganese compounds 

V.11.10.1 Manganese selenides 
The manganese-selenium system was reviewed by Schlesinger in [98SCH]. It was con-
cluded that the phase diagram provided in [86MAS] is largely conjectural and based on 
an analogy with the Mn-Te system. Intermediary stable phases at 1 bar and 298.15 K 
are α-MnSe and MnSe2(cr). α-MnSe transforms to δ-MnSe below a transition tempera-
ture of about 240 K. The phases β-MnSe and γ-MnSe are both metastable at 1 bar. 
Thermodynamic information is available for the solid phases α-MnSe and MnSe2(cr) 
and the gaseous species MnSe(g), Mn2Se(g), MnSe2(g) and Mn2Se2(g). 

V.11.10.1.1 α-MnSe 

The low-temperature heat capacity of solid MnSe was measured in the temperature 
range 54 to 287 K by Kelley [39KEL]. A pronounced peak centred around 247 K ap-
parently corresponds to the δ → α transition. The heat capacity determined at 298.15 K 
is selected: 

,mpCο (MnSe, α, 298.15 K) = (51.04 ± 0.30) J·K–1·mol–1. 

The temperature dependence of the heat capacity of α-MnSe was estimated by 
Wiedemeier and Goyette [68WIE/GOY] to be ,mpCο (MnSe, α, (298.15 - 1600) K) = 
(49.036 + 6.736 × 10–3 T ) J·K–1·mol–1 and the expression was employed by the review 
in the evaluation of high temperature investigations as discussed below and in Appen-
dix A.  

The standard entropy of α-MnSe was evaluated to be mS ο (MnSe, α, 
298.15 K) = (90.8 ± 3.0) J·K–1·mol–1 in [39KEL] from the heat capacity measurements 
by extrapolating the heat capacity into the range 0 to 54 K using Debye and Einstein 
functions. A second law evaluation of the vaporisation of α-MnSe in the temperature 
range 1414 to 1610 K made by Wiedemeier and Goyette [68WIE/GOY] yielded 

mS ο (MnSe, α, 298.15 K) = (94.3 ± 9.0) J·K–1·mol–1 as discussed in Appendix A. The 
entropy of formation of α-MnSe was determined to be f mS ο∆ (MnSe, α, 298.15 K) = 
(26.7 ± 10.0) J·K–1·mol–1 by Lukashenko and Polotskaya [78LUK/POL] from emf 
measurements in the range 630 to 760 K using the electrochemical cell  

(−) α-Mn | 2 weight-% MnCl2 (in LiCl + KCl melt) | α-MnSe, MnSe2(cr) (+).  
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The standard entropy value mS ο (MnSe, α, 298.15 K) = (100.8 ± 10.0) J·K–1·mol–1 is ob-
tained by combining the value of the entropy of formation in [78LUK/POL] with the the 
entropy of α-Mn in [82WAG/EVA] and the selected entropy of Se(trig). The third law 
value in [39KEL] is selected:  

mS ο (MnSe, α, 298.15 K) = (90.8 ± 3.0) J·K–1·mol–1. 

The total pressure of the saturated vapour in equilibrium with α-MnSe was 
measured in the temperature range 1414 to 1610 K using Knudsen effusion cells in 
[68WIE/GOY] and in the temperature range 1280 to 1779 K by Smoes, Pattje, and 
Drowart [78SMO/PAT] by measuring the partial pressures of the gas species using 
Knudsen effusion cells and mass spectroscopy. The congruent vaporisation of α-MnSe 
was experimentally verified in both investigations, see Appendix A. The results were 
evaluated taking both Se(g) and Se2(g) into account using the reaction α-MnSe  
Mn(g) + x Se(g) + ½(1 − x)Se2(g). The consideration of the formation of both Se(g) and 
Se2(g) is essential because the two species form in approximately equal amounts at the 
experimental conditions. The treatment of this problem is discussed in Appendix A for 
each study. The second and third law values of the enthalpy of formation of α-MnSe 
derived from [68WIE/GOY] are f mH ο∆ (MnSe, α, 298.15 K) = − (169.5 ± 10.0)   
kJ·mol–1 and − (174.7 ± 8.0) kJ·mol–1, respectively. The value of the enthalpy of forma-
tion of α-MnSe was calculated to be f mH ο∆ (MnSe, α, 298.15 K) = − (180.7 ± 10.0) 
kJ·mol–1 from the measurements in [78SMO/PAT] as discussed in Appendix A. The 
enthalpy of formation of α-MnSe was determined to be f mH ο∆ (MnSe, α, 298.15 K) = 
− (172.0 ± 12.0) kJ·mol–1 in [78LUK/POL] from emf studies. The weighted average 

f mH ο∆ (MnSe, α, 298.15 K) = – (174.2 ± 10.0) kJ·mol–1 is considered to summarise 
these high temperature measurements. The confidence interval was set by considering 
the scatter of the determinations. The corresponding Gibbs energy of formation is calcu-
lated to be f mGο∆ (MnSe, α, 298.15 K) = – (179.2 ± 12.0) kJ·mol–1. 

In the aqueous phase, Mehra and Gubeli [70MEH/GUB2] measured the solu-
bility of radioactively labelled MnSe(s) as described in [71MEH/GUB] in Appendix A. 
From the original data in [68MEH], in the pH region 4.2 to 5.5, the review calculates 
for the reaction 

 MnSe(s) + H+  Mn2+ + HSe–, (V.143) 

10log K ((V.143), 1 M NaClO4, 298.15 K) = – (0.52 ± 0.70). 

Extrapolation to standard conditions with SIT and ∆ε = 0.25 kg·mol−1 and 
combination with the selected protonation constant of Se2– yields the value 

10 ,0log sK ο (MnSe, s, 298.15 K) = – (16.0 ± 0.8). Combined with the [82WAG/EVA] data 
for Mn2+ (– 228.1 kJ·mol–1) and the selected data for Se2– this corresponds to 

f mGο∆ (MnSe, s, 298.15 K) = – (190.8 ± 6.8) kJ·mol–1. 

The f mGο∆ (MnSe, s, 298.15 K) from the high temperature measurements and 
from solution measurement do not agree within the uncertainty limits. The data were 
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nevertheless combined (a-MnSe is assumed to be present in the solubility measure-
ment) with the weights 2:1 to yield: 

f mGο∆ (MnSe, a, 298.15 K) = – (182.9 ± 12.0) kJ·mol–1 

where the error limits were increased to allow for possible systematic errors.  

The standard enthalpy of formation is calculated with the selected entropy to 
be: 

f mH ο∆ (MnSe, a, 298.15 K) = – (177.9 ± 12.0) kJ·mol–1.  

These values are included in Appendix E since they were calculated with 
non-TDB auxiliary data. 

The estimate of the solubility product from the Gibbs energy of formation of 
α-MnSe is: 

10 ,0log sK ο (MnSe, α, 298.15 K) = – (14.6 ± 2.1). 

V.11.10.1.2 MnSe(g) 

The heat capacity and entropy of MnSe(g) were derived by the review as discussed in 
Appendix A from the work by Smoes, Pattje, and Drowart [78SMO/PAT]. The values 
are mS ο (MnSe, g, 298.15 K) = (262 ± 5) J·K–1·mol–1, ,mpCο (MnSe, g, 298.15 K) = 
(35.8 ± 1.0) J·K–1·mol–1, ,mpCο (MnSe, g, (298.15 - 2000) K) = (37.215 + 0.7302 × 10–3 T 
− 6.9 × 10−8 T 2 – 1.48257 × 105 T –2) J·K–1·mol–1. These properties are not selected 
since they were calculated with estimated molecular parameters but used in the evalua-
tion of the enthalpy of formation of MnSe(g) as described in Appendix A yielding: 

f mH ο∆ (MnSe, g, 298.15 K) = (278.4 ± 10.0) kJ·mol–1. 

This value is adopted since the heat capacity and entropy calculated from esti-
mated molecular parameters can be expected to be quite accurate for a diatomic mole-
cule. The additional uncertainty originating from the recalculation to the standard tem-
perature is hence moderate in relation to the uncertainty in the reaction enthalpy. The 
result is included in Appendix E since it was calculated with non-TDB auxiliary data. 

V.11.10.1.3 MnSe2(cr) 

Lukashenko and Polotskaya [78LUK/POL] measured the emf of the cell  

(−) α-Mn | 2 weight-% MnCl2 (in LiCl + KCl melt) | MnSe2(cr), Se(l) (+) 

in the temperature range 630 to 760 K. Their formation data were recalculated to 
298.15 K by the review using the selected data for selenium, data for α-Mn in 
[82WAG/EVA], and a mean heat capacity of MnSe2(cr) estimated to be 85.0              
J·K–1·mol–1. The following results were obtained: 

mS ο (MnSe2, cr, 298.15 K) = (140.3 ± 12.0) J·K–1·mol–1, 
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f mH ο∆ (MnSe2, cr, 298.15 K) = – (180.5 ± 10.0) kJ·mol–1. 

The Gibbs energy of formation is calculated from the above data of MnSe2(cr) 
to be: 

f mGο∆ (MnSe2, cr, 298.15 K) = – (187.7 ± 10.6) kJ·mol–1. 

These data are included in Appendix E since they were calculated with a 
non-TDB datum. 

V.11.10.1.4 MnSe2(g) 

The heat capacity and entropy of MnSe2(g) were derived by the review as discussed in 
Appendix A from the work by Smoes, Pattje, and Drowart [78SMO/PAT]. The values 
are mS ο (MnSe2, g, 298.15 K) = (326 ± 10) J·K–1·mol–1, ,mpCο (MnSe2, g, 298.15 K) = 
(54.3 ± 2.0) J·K–1·mol–1, ,mpCο (MnSe2, g, (298.15 - 2000) K) = (57.795 + 0.4579 × 10–3 
T − 1.41 × 10–7 T 2 – 3.25757 × 105 T −2) J·K–1·mol–1. These properties are not selected 
since they were calculated with estimated molecular parameters but used in the evalua-
tion of the enthalpy of formation of MnSe2(g) as described in Appendix A yielding 

f mH ο∆ (MnSe2, g, 298.15 K) = (231.5 ± 20.0) kJ·mol–1. 

This result is not selected because the calculations depend on free energy func-
tions derived from non-experimental information only. 

V.11.10.1.5 Mn2Se(g) 

The heat capacity and entropy of Mn2Se(g) were derived by the review as discussed in 
Appendix A from the work by Smoes, Pattje, and Drowart [78SMO/PAT]. The values 
are mS ο (Mn2Se, g, 298.15 K) = (307 ± 8) J·K–1·mol–1, ,mpCο (Mn2Se, g, 298.15 K) = 
(54.2 ± 2.0) J·K–1·mol–1, ,mpCο (Mn2Se, g, (298.15 - 2000) K) = (57.792 + 0.4718 × 10–3 
T − 1.42 × 10–7 T 2 – 3.29577 × 105 T –2) J·K–1·mol–1. These properties are not selected 
since they were calculated with estimated molecular parameters but used in the evalua-
tion of the enthalpy of formation of Mn2Se(g) as described in Appendix A yielding 

f mH ο∆ (Mn2Se, g, 298.15 K) = (264.3 ± 20.0) kJ·mol–1. 

This result is not selected because the calculations depend on free energy func-
tions derived from non-experimental information only. 

V.11.10.1.6 Mn2Se2(g) 

The heat capacity and entropy of Mn2Se2 (g) were derived by the review as discussed in 
Appendix A from the work by Smoes, Pattje, and Drowart [78SMO/PAT]. The values 
are mS ο (Mn2Se2, g, 298.15 K) = (365 ± 12) J·K–1·mol–1, ,mpCο (Mn2Se2, g, 298.15 K) = 
(78.6 ± 3.0) J·K–1·mol–1, ,mpCο (Mn2Se2, g, (298.15 - 2000) K) = (82.846 + 0.3437 × 10–3 
T − 1.033 × 10–7 T 2 – 3.90602 × 105 T –2) J·K–1·mol–1. These properties are not selected 
since they were calculated with estimated molecular parameters but used in the evalua-
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tion of the enthalpy of formation of Mn2Se2(g) as described in Appendix A yielding 
f mH ο∆ (Mn2Se2, g, 298.15 K) = (135.5 ± 25.0) kJ·mol–1. 

This result is not selected because the calculations depend on free energy func-
tions derived from non-experimental information only. 

V.11.10.1.7 Aqueous manganese(II) selenide complexes 

In the solubility measurements employing radioactively labelled manganese, and at 
6 < pH < 13.6, Mn(II)(aq) concentrations ranging between 1.5 × 10–6 and 1.5 × 10–7 M 
were indicated. Mehra and Glubeli proposed that this corresponded to the formation of a 
soluble species Mn(HSe)(OH)(aq) and calculated the stability constant of the complex. 
The review prefers to write:  

 MnSe(s)  MnSe(aq) (V.144) 

and the data in [68MEH] yield an intrinsic solubility corresponding to 10log K ((V.144), 
1 M NaClO4, 298.15 K) = – (6.42 ± 0.52). However, as discussed in Appendix A, these 
minute “concentrations” might originate from MnSe(s) particles of colloidal size, since 
only a sintered glass disk was used for phase separation. Therefore, this equilibrium 
constant is not accepted by the review. 

V.11.10.2  Manganese selenites 
No phase diagram of the system MnSeO3-H2O-SeO2 has been found. 

 Chukhlantsev and Tomashevsky [57CHU/TOM] prepared manganese selenite 
by mixing 0.2 M solutions of manganese sulphate and sodium selenite in stoichiometric 
amounts. The precipitate was amorphous and aged for a long time, which led to the 
formation of a crystalline product but no X-ray diffraction measurements were per-
formed. Chemical analysis confirmed the 1:1 ratio between Mn(II) and Se(IV) and the 
specimen is assigned the composition MnSeO3⋅2H2O by the review from the preparative 
work in [66LES/SEL3]. The solubility of the specimen in dilute solution of hydrochlo-
ric or sulphuric acid was measured at 293 K. The experiments were performed and the 
data recalculated as described in Appendix A, [56CHU]. The result for: 

 MnSeO3⋅2H2O(cr)  Mn2+ + 2
3SeO −  + 2H2O(l) (V.145) 

was 10 ,0log sK ο ((V.145), 293.15 K) = – (7.64 ± 0.08). The reported conditional constant 
is – (6.93 ± 0.13). Sharmasakar, Reddy, and Vance [96SHA/RED] obtained 

10 ,0log sK ο ((V.145), 298.15 K) = – 7.11 from measurements of the solubility of crystal-
line MnSeO3 in aqueous media. For reasons presented in Appendix A, this result has 
been given zero weight. The review accepts and selects: 

10 ,0log sK ο ((V.145), 298.15 K) = – (7.6 ± 1.0). 
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 Leshchinskaya and Selivanova [66LES/SEL3] measured the enthalpies of dis-
solution of crystalline MnSeO3⋅2H2O, MnSO4 and H2SeO3 in H2SO4(aq, 1:30). Their 
data have been recalculated in Appendix A to the value: 

f mH ο∆ (MnSeO3⋅2H2O, cr, 298.15 K) = – (1280.7 ± 2.6) kJ⋅mol–1. 

The data yield: 

f mGο∆ (MnSeO3⋅2H2O, cr, 298.15 K) = – (1108.2 ± 6.7) kJ⋅mol–1, 

mS ο (MnSeO3⋅2H2O, cr, 298.15 K) = (269.3 ± 24.1) J⋅K–1⋅mol–1. 

Since the calculation of the formation values and entropy from the experiments 
involved non-TDB auxiliary data, they are included in Appendix E. 

V.11.10.3  Manganese selenates 
The stable manganese selenate in contact with water at 298.15 K is the pentahydrate, 
MnSeO4⋅5H2O. However, the system is quickly oxidised by the oxygen in air unless 
precautions are taken according to References [89VOJ/EBE2] and [99KOL/STO]. 
Koleva and Stoilova [99KOL/STO] determined the solubility of manganese selenate in 
the temperature range 293.15 to 333.15 K. MnSeO4⋅2H2O is reported to be the stable 
phase above about 313 K. 

 The solubility of the salt in water at the standard temperature was determined 
by Vojtisek, Ebert, and Sieglova [89VOJ/EBE2] to be 2.949, by Oy(j)kova and Mihov 
[92OYK/MIH] to be 2.851, and by Koleva and Stoikova [99KOL/STO] to be 2.786 
mol(MnSeO4)⋅kg–1. The review selects the mean of the three determinations: 

m(MnSeO4⋅5H2O(cr), aq sat, 298.15 K) = (2.86 ± 0.08) mol(MnSeO4)⋅kg–1. 

A phase diagram and related information are available for the system: 
MnSeO4-H2SeO4-H2O at 293.15 K in [99KOL/STO]; MnSeO4-UO2SeO4-H2O at 
298.15 K in [83SER/SER]; MnSeO4-(NH4)2SeO4-H2O at 298.15 K in [89VOJ/EBE2]; 
MnSeO4-Na2SeO4-H2O at 298.15 K in [92OYK/MIH]; MnSeO4-K2SeO4-H2O at 
298.15 K in [89VOJ/EBE2]. 

The value of solubility product of MnSeO4⋅5H2O(cr), 

 MnSeO4⋅5H2O(cr)  Mn2+ + 2
4SeO −  + 5H2O(l) (V.146) 

at 298.15 K has been reported by Kumov and Batyreva [90KUM/BAT] to be 
10 ,0log sK ο ((V.146), 298.15 K) = – (2.05 ± 0.03), see Appendix A. As the reviewers 

failed to assess the accuracy of this datum, it is not included amongst the selected data. 

 Ghosh and Nair [70GHO/NAI] determined the equilibrium constant of the re-
action: 

 Mn2+ + 2
4SeO −   MnSeO4(aq) (V.147) 
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in the temperature range 273.15 to 318.15 K by potentiometric measurements, see Ap-
pendix A. The enthalpy of the reaction was found from the variation of the stability con-
stant with temperature. The following results are selected: 

10 1log οb ((V.147), 298.15 K) = (2.43 ± 0.05), 

r mGο∆ ((V.147), 298.15 K) = – (13.87 ± 0.29) kJ⋅mol–1, 

while r mH ο∆ ((V.147), 298.15 K) = (14.70 ± 1.70) kJ⋅mol–1 is not accepted for reasons 
discussed in Appendix A. 

The uncertainty in 10 1log οb  has been increased considerably from the value in 
the reference to include the uncertainty from the estimate of the activity coefficients. 

V.11.11 Technetium compounds 

V.11.11.1 Technetium selenides 
No thermodynamic information is available for technetium selenides (cf. 
[99RAR/RAN]). 

V.11.12 Rhenium compounds 

V.11.12.1 Rhenium selenides 
The compounds ReSe2(cr) and Re2Se7(cr) have been reported. No experimental thermo-
dynamic information is available but enthalpies of formation and standard entropies 
have been estimated by Mills [74MIL]. No values are selected by the review. 

V.11.13 Chromium compounds 

V.11.13.1 Chromium selenides 
The compounds CrSe(cr), Cr3Se4(cr) and Cr2Se3(cr) have been reported in the system 
chromium-selenium. Cr2Se3(cr) exists in two modifications: the low-temperature γ 
phase, which is stable up to 1084 K and the high-temperature α phase. Experimental 
thermodynamic information is only available for the two polymorphs of Cr2Se3(cr). 

V.11.13.1.1 α-Cr2Se3 

The heat capacity of α-Cr2Se3 was measured in the temperature range 6 to 300 K by 
Koshchenko, Yachmenev, Zhegalina, Pashinkin, and Danilenko in [90KOS/YAC]. The 
values determined for the heat capacity and entropy at 298.15 K are selected: 

,mpCο (Cr2Se3, α, 298.15 K) = (120.8 ± 0.9) J·K–1·mol–1 

and 



V Discussion of data selection for selenium 

 

344

mS ο (Cr2Se3, α, 298.15 K) = (187.7 ± 1.5) J·K–1·mol–1. 

V.11.13.1.2 γ-Cr2Se3 

The heat capacity of γ-Cr2Se3 was measured in the temperature range 60 to 300 K by 
Koshchenko, Ivanyas, Zhegalina, and Danilenko in [92KOS/IVA]. The value deter-
mined for the heat capacity at 298.15 K is selected: 

,mpCο (Cr2Se3, γ, 298.15 K) = (122.9 ± 0.9) J·K–1·mol–1. 

The entropy of γ-Cr2Se3 at 298.15 K was evaluated in [92KOS/IVA] using their 
measured heat capacity for the temperature range 60 to 298.15 K combined with the 
heat capacity of α-Cr2Se3 in [90KOS/YAC] for the temperature interval 0 to 60 K. The 
effect of the antiferromagnetic-paramagnetic transition in α-Cr2Se3 at 43.3 K was sub-
tracted from the latter. The entropy value of γ-Cr2Se3 obtained from this procedure is 
selected, but it is less accurate than for α-Cr2Se3, 

mS ο (Cr2Se3, γ, 298.15 K) = (178.0 ± 6.0) J·K–1·mol–1. 

 The Gibbs energy of formation of γ-Cr2Se3 was measured in the temperature 
range 413 to 493 K using the electrochemical cell  

(−) Cr(cr) | 0.3 weight-% CrCl2(in melt) |  γ-Cr2Se3, Se(cr) (+) 

by Goncharuk and Lukashenko [86GON/LUK]. The melt was made up from mixtures 
of (AlCl3, NaCl, KCl) or (ZnCl2, NaCl, KCl). The Gibbs energy, enthalpy, and entropy 
of formation were evaluated at the average temperature 453 K to be f mGο∆ (Cr2Se3, γ, 
453 K) = − (248.6 ± 3.3) kJ⋅mol–1, f mH ο∆ (Cr2Se3, γ, 453 K) = − (209.5 ± 6.5) kJ⋅mol–1, 
and f mS ο∆ (Cr2Se3, γ, 453 K) = (86.2 ± 16.7) J·K–1·mol–1, respectively. The entropy of 
formation is unreasonably large compared to that obtained from the selected value of 
the entropy and those of the elements ( mS ο (Cr, cr, 298.15 K) = 23.77 J·K–1·mol–1, 
[82WAG/EVA]), f mS ο∆ (Cr2Se3, γ, 298.15 K) = (4.2 ± 6.0) J·K–1·mol–1. The heat capac-
ity change on forming γ-Cr2Se3 is small, (1.4 ± 0.9) J·K–1·mol–1, and the Gibbs energy of 
formation at 453 K can therefore be converted to 298.15 K using this entropy change 
without significant loss of accuracy. The following results are thus adopted and in-
cluded in Appendix E, since they were calculated with non-TDB auxiliary data: 

f mH ο∆ (Cr2Se3, γ, 298.15 K) = − (246.7 ± 20.0) kJ⋅mol–1 

and 

f mGο∆ (Cr2Se3, γ, 298.15K) = − (247.9 ± 20.0) kJ⋅mol–1, 

but because of the dubious experimental entropy change of the formation reaction, the 
error limits were increased to allow for possible unknown systematic errors. 
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V.11.14 Molybdenum compounds 

V.11.14.1 Molybdenum selenides 
Spiesser, Rouxel, Kerriou and Goureaux [69SPI/ROU] report that MoSe2(cr) is the only 
phase formed below 1463 K in the system molybdenum-selenium, and that the homo-
geneity range of MoSe2(cr) extends to MoSe1.91 at 1523 K. Above 1463 K the phase 
Mo3Se4(cr) forms with a homogeneity range extending from MoSe1.27 to MoSe1.45. De-
spite these experimental findings, Brewer and Lamoreaux [80BRE/LAM], with refer-
ence to [69SPI/ROU], constructed a phase diagram where the Mo3Se4(cr) phase is stable 
down to 273 K. In addition, thermodynamic properties were derived for all phases in the 
system. The phase diagram, which thus does not agree with experimental results, has 
been copied into the compilations by Moffatt [81MOF] and Massalski [86MAS]. Me-
tastable phases, such as Mo6Se6 and Mo15Se19 [87OHA/TAS], have been synthesised 
but not by direct combination of the elements. 

V.11.14.1.1 MoSe2(cr) 

The heat capacity of MoSe2(cr) has been measured in the temperature range 6 to 342 K 
by Kiwia and Westrum [75KIW/WES3]. No anomalies in the heat capacity were found. 
The heat capacity at 298.15 K is selected: 

,mpCο (MoSe2, cr, 298.15 K) = (70.6 ± 0.5) J·K–1·mol–1.  

 Bolgar, Trofimova, Yanaki, Kopylova, and Zaletilo [87BOL/TRO] derived 
analytical expressions for the temperature dependence of the heat capacity and enthalpy 
from enthalpy measurements in the temperature range 1219 to 1806 K. However, the 
expressions are in error and the experimental enthalpy was re-evaluated by the review 
as discussed in Appendix A. The heat capacity expression is: ,mpCο (MoSe2, cr, (298.15 - 
1806) K) = (69.112 + 0.014221 T – 2.4621 × 105 T –2) J·K–1·mol–1. 

 Second law entropies were evaluated by the review as discussed in Appen-
dix A from the investigations in [76GLA/MIK] and [86VIK/GOR]. The result is pre-
sented in Table V-68. The entropies disagree substantially and the entropy at 298.15 K 
obtained from the integration of the low temperature heat capacity in [75KIW/WES3] is 
selected: 

mS ο (MoSe2, cr, 298.15 K) = (89.1 ± 0.5) J·K–1·mol–1. 

The vapour pressure of the thermal decomposition of MoSe2(cr) has been 
studied by Glazunov, Mikhailov, Piskarev, and Chupakin [76GLA/MIK], Viksman, 
Gordienko, Yanaki, and Klochkov [86VIK/GOR], and Semenov-Kobzar, Kulikov, 
Bogatyr, and Zatelio [92SEM/KUL]. The results in [76GLA/MIK] and [86VIK/GOR] 
were re-evaluated as discussed in Appendix A and the results are summarised in Table 
V-68. The measurements in [92SEM/KUL] were made at high temperatures where the 
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decomposition products are unknown and therefore an evaluation of thermodynamic 
properties could not be made. 

Table V-68: Re-evaluated enthalpy of formation and entropy of MoSe1.91(cr) at 
298.15 K from studies of the reaction MoSe1.91(cr)  Mo(cr) + 0.955Se2(g) as obtained 
from (a) the second and (b) the third law. The error limits are those of the original pa-
pers. 

Reference f mH ο∆ (MoSe1.91, cr, 298.15 K) 
(kJ·mol–1) 

mS ο (MoSe1.91, cr, 298.15 K) 
(J·K–1·mol–1) 

Temperature (K) 

 (a) (b) (a)  

[76GLA/MIK] – (264.1 ± 13.0) – (209.4 ± 13.0) (42.0 ± 10.0) 1233 - 1353 

[86VIK/GOR] – 70.2 – (259.2 ± 35.0) 210.2 1459 - 1570 

 The second law results from the study in [86VIK/GOR] are obviously in error. 
Fluorine combustion calorimetry was used in a careful study by O’Hare, Tasker, and 
Tarascon [87OHA/TAS] to determine the enthalpy of formation of MoSe2(cr) from the 
reaction 

 MoSe2(cr) + 9F2(g)  MoF6(g) + 2SeF6(g).  (V.148) 

The combustion enthalpy was determined to be r mH ο∆ ((V.148), 298.15 K) = 
− (3559.5 ± 3.0) kJ⋅mol–1 and combined with their value f mH ο∆ (MoF6, g, 298.15 K) = 
− (1557.9 ± 0.9) kJ⋅mol–1 and the selected value of the enthalpy of formation of SeF6(g), 
the enthalpy of formation of MoSe2(cr) is calculated to be: 

f mH ο∆ (MoSe2, cr, 298.15 K) = − (234.4 ± 3.5) kJ⋅mol–1. 

This result is preferred to those in Table V-68 and it is included in Appendix E 
since it was calculated with a non-TDB auxiliary datum. 

V.11.14.1.2 Mo3Se4(cr) 

The heat capacity of Mo3Se4(cr) has been measured in the temperature range 7 to 300 K 
in [90MIN/AMI]. Unfortunately, the results were only discussed and neither primary 
data nor values at 298.15 K were given.  

V.11.14.1.3 Mo6Se6(cr) 

Fluorine combustion calorimetry was used in a careful study by O’Hare, Tasker, and 
Tarascon [87OHA/TAS] to determine the enthalpy of formation of Mo6Se6(cr) from the 
reaction  

 Mo6Se6(cr) + 36F2(g)  6MoF6(g) + 6SeF6(g).  (V.149) 
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The combustion enthalpy was determined to be r mH ο∆ ((V.149), 298.15 K) = 
− (15577.0 ± 7.9) kJ⋅mol–1 and combined with their value f mH ο∆ (MoF6, g, 298.15 K) = 
− (1557.9 ± 0.9) kJ⋅mol–1 and the selected value of the enthalpy of formation of SeF6(g), 
the enthalpy of formation of Mo6Se6(cr) is calculated to be: 

f mH ο∆ (Mo6Se6, cr, 298.15 K) = − (478.4 ± 8.6) kJ·mol–1. 

The value is included in Appendix E since it was calculated with a non-TDB 
auxiliary datum. 

V.11.14.2 Molybdenum selenites 
Sasaki et al. [88OZE/YAG] studied the H+ - 2

4MoO − - 2
3SeO −  system at 298.15 K by po-

tentiometric and 77Se NMR measurements in 1 M NaCl. The equilibrium analysis based 
on the general reaction scheme: 

pH+ + q 2
4MoO −  + r 2

3SeO −   (H+)p( 2
4MoO − )q( 2

3SeO − )r 

resulted in the model and formation constants in Table V-69. 

The formation of the heteropolyanions 4
2 5 21Se Mo O −  and 3

2 5 21HSe Mo O −  is well 
established and accepted, whereas the formation of the (14,8,2) and (15,8,2) species is 
tentative, see Appendix A. No attempt to extrapolate the data to standard conditions has 
been made. 

Table V-69: Formation constants of heteropoly anions in the system H+ - 2
4MoO − -

2
3SeO − . 

(p,q,r) log10βpqr 

(10,5,2) (71.38 ± 0.02) 

(11,5,2) (72.73 ± 0.04) 

(14,8,2) (97.97 ± 0.02) 

(15,8,2) (101.04 ± 0.03) 

 

V.11.15 Tungsten compounds 

V.11.15.1 Tungsten selenides 
Thermodynamic information is only available for the WSe2(cr) phase in the system 
tungsten-selenium. 
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V.11.15.1.1 WSe2(cr) 

Bolgar, Trofimova, and Yanaki [90BOL/TRO] measured the heat capacity of WSe2(cr) 
in the temperature range 60 to 300 K and the enthalpy in the range 516 to 1765 K. No 
anomalies in the heat capacity were found. The heat capacity at 298.15 K: 

,mpCο (WSe2, cr, 298.15 K) = (72.6 ± 1.0) J·K–1·mol–1 

and the heat capacity expression derived from the enthalpy measurements: 

,mpCο (WSe2, cr, (298.15 - 1800) K) = (71.086 + 14.627 × 10–3 T 
– 2.53246 × 105 T –2) J·K–1·mol–1 

are selected after correction of some errors mentioned in Appendix A. 

 Second law entropies were evaluated by the review as discussed in Appen-
dix A from a number of investigations listed in Table V-70 of the reaction WSe2(cr)  
W(cr) + Se2(g). The values are very scattered and of little significance. The entropy at 
298.15 K was derived to be mS ο (WSe2, cr, 298.15 K) = (89.9 ± 2.0) J·K–1·mol–1 in 
[90BOL/TRO] from an integration of the heat capacity using an extrapolation for the 
temperature range 0 to 60 K. The value is not selected because of the uncertainties in 
this range. 

Table V-70: Re-evaluated enthalpy of formation and entropy of WSe2(cr) at 298.15 K 
obtained from vapour pressure measurements using (a) the second and (b) the third law. 

Reference f mH ο∆ (WSe2, cr, 298.15 K) 
(kJ·mol–1) 

mS ο (WSe2, cr, 298.15 K) 
(J·K–1·mol–1) 

 (a) (b) (a) 

[77MIK/GLA] – (133.9 ± 10.0), (14.0 ± 25.0) – (209.7 ± 10.0) (245.9 ± 20.0) 

[77PIS/MIK] – 252.4 – 198.3 40.8 

[82SCH/FRA] – (175.0 ± 12.0) – (125.6 ± 12.0) (53.2 ± 5.0) 

[83ZEL/KOL] – (98.0 ± 50.0) – (190.2 ± 10.0) (146.3 ± 30.0) 

[86VIK/GOR]  – (265.2 ± 35.0)  

[92SEM/KUL] – (234.7 ± 50.0) – (256.1 ± 50.0) (103.2 ± 33.0) 

The enthalpy of formation of WSe2(cr) has been determined in a number of 
vaporisation investigations using various methods. The studies have been re-evaluated 
by the review as discussed in Appendix A and the results are summarised in Table V-
70. There is a considerable scatter among the values probably due to difficulties in 
attaining chemical equilibrium and to a considerable homogeneity range of the WSe2 
phase as indicated by the large shifts in the cell parameters of WSe2 observed in most of 
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the studies. However, this has not been thoroughly investigated. Direct synthesis calo-
rimetry was used by Zelikman, Kolchin, and Golutvin [83ZEL/KOL] and the enthalpy 
of formation was determined to be f mH ο∆ (WSe2, cr, 298.15 K) = − (154.2 ± 2.0) 
kJ·mol–1. The reaction was incomplete and 10 to 15% of the selenium remained unre-
acted. Fluorine combustion calorimetry was used in a careful study by O’Hare, Lewis, 
and Parkinson [88OHA/LEW2] to determine the enthalpy of formation of WSe2(cr) 
from the reaction  

 WSe2(cr) + 9F2(g)  WF6(g) + 2SeF6(g).  (V.150) 

The combustion enthalpy was determined to be r mH ο∆ ((V.150), 298.15 K) = 
− (3772.2 ± 5.1) kJ·mol–1 and combined with their value f mH ο∆ (WF6, g, 298.15 K) = 
− (1721.7 ± 1.7) kJ·mol–1 and the selected value of the enthalpy of formation of SeF6(g), 
the enthalpy of formation of WSe2(cr) is calculated to be: 

f mH ο∆ (WSe2, cr, 298.15 K) = − (185.5 ± 5.5) kJ·mol–1. 

This is the most precise work and the value is included in Appendix E since it 
was calculated with a non-TDB auxiliary datum. 

V.11.16 Vanadium compounds 

V.11.16.1 Vanadium selenides 
The vanadium selenides in general have considerable homogeneity ranges and partial 
molar enthalpies for various compositions in the vanadium-selenium system have been 
determined by vapour pressure measurements by Hayashi and Nakahira [78HAY/NAK] 
and Miyauchi, Hayashi, and Nakahira [83MIY/HAY]. However, additional information 
is required to obtain integral quantities. Mills [74MIL] has estimated the entropies at 
298.15 K for VSe(cr), V2Se3(cr), and VSe2(cr). The values are not based on experimen-
tal information and are not selected here. 

V.11.16.1.1 VSe(g) 

The heat capacity of VSe(g) was calculated from estimated molecular parameters in 
[74MIL] and the heat capacity expression and heat capacity at 298.15 K are: ,mpCο (VSe, 
g, (298.15 - 2000) K) = (37.2502 + 0.0879 × 10–3 T – 2.0543 × 105 T –2) J·K–1·mol–1 and 

,mpCο (VSe, g, 298.15 K) = (35.0 ± 2.0) J·K–1·mol–1, respectively. 

 The entropy of VSe(g) was calculated in [74MIL] from estimated molecular 
parameters to be: mS ο (VSe, g, 298.15 K) = (260.8 ± 10.0) J·K–1·mol–1. 

 The atomisation enthalpy of VSe(g) was determined by measuring the partial 
pressures of the gas species using mass spectroscopy and Knudsen effusion cells by 
Bergman, Coppens, Drowart and Smoes [70BER/COP]. The mean of the second and 
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third law values of the enthalpy of atomisation at 0 K was the only value reported, 
at mH ο∆ (VSe, g, 0 K) = (341.6 ± 5.5) kJ·mol–1. The evaluations involved the Gibbs en-

ergy function of VSe(g) which was calculated from undocumented estimated molecular 
properties. In absence of a proper value of the heat capacity, the value at 298.15 K is 
estimated by the review to be approximately 3 kJ·mol–1 larger than the value at 0 K 
yielding at mH ο∆ (VSe, g, 298.15 K) = (345 ± 15) kJ·mol–1. The error limits were in-
creased to reflect the estimated overall uncertainty. The enthalpy of formation of VSe(g) 
is calculated to be f mH ο∆ (VSe, g, 298.15 K) = (405 ± 16) kJ·mol–1 on combining the 
atomisation enthalpy with the enthalpy of formation of V(g) in [82WAG/EVA] and the 
selected enthalpy of formation of Se(g). The reasonable agreement between the values 
of at mH ο∆ (VSe, g, 0 K) obtained by the second and third law extrapolations suggests 
that this value can be accepted despite the use of undocumented thermal data. Thus the 
review adopts: 

f mH ο∆ (VSe, g, 298.15 K) = (405 ± 16) kJ·mol–1. 

This value is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.11.17 Niobium compounds 

V.11.17.1 Niobium selenides 
The compounds Nb5Se4(cr), Nb3Se4(cr), Nb2Se3(cr), NbSe2(cr), and NbSe4(cr) have 
been reported in the niobium-selenium system [79IGA/NIS]. The thermal decomposi-
tion and partial pressure of selenium have been studied for NbSe2(cr) by Mikhailov, 
Piskarev, and Chupakhin [77MIK/PIS] and for compositions NbSex in the range 
1.48 ≤ x ≤ 2.00 by Igaki and Nishine [79IGA/NIS]. The investigations result in partial 
quantities for selenium and no integral values were obtained. 

V.11.17.1.1 NbSe2(cr) 

The heat capacity in the temperature range 4.7 to 314 K was measured by Naumov, 
Rakhmenkulov, Fedorov, and Mischenko [83NAU/RAK]. Their results at 298.15 K are 
selected: 

,mpCο (NbSe2, cr, 298.15 K) = (73.52 ± 0.30) J·K–1·mol–1, 

and 

mS ο (NbSe2, cr, 298.15 K) = (103.5 ± 0.6) J·K–1·mol–1. 

 The high temperature enthalpy was measured in the temperature interval 1180 
to 1656 K in [87BOL/TRO]. The authors combined their results with the heat capacity 
at 298.15 K in [83NAU/RAK], and derived expressions for the heat capacity and the 
enthalpy. However, the numerical expressions given in [87BOL/TRO] are in error and 
do not reproduce the reported experimental values. The heat capacity expression was re-



V.11 Group 10 to 3 compounds and complexes 

 

351

evaluated by the review as discussed in Appendix A giving the expression: ,mpCο (NbSe2, 
cr, (1180 - 1656) K) = (68.763 + 23.5 × 10–3 T – 2.0 × 105 T –2) J·K–1·mol–1. 

V.11.17.1.2 NbSe3(cr) 

The heat capacity of NbSe3(cr) has been studied in the temperature range 50 to 160 K in 
[81TOM/BIL] and [81TOM/BIL2]. The temperatures are too low for deriving the value 
at 298.15 K. 

V.11.18 Tantalum compounds 

V.11.18.1 Tantalum selenides 
The compounds TaSe2(cr) and TaSe3(cr) have been reported. Thermodynamic meas-
urements have only been performed on TaSe2(cr). 

V.11.18.1.1 TaSe2(cr) 

Glazunov, Mikhailov, Piskarev, and Chupakhin [76GLA/MIK] studied the thermal de-
composition of TaSe2(cr) in the temperature range 1243 to 1413 K by mass spectros-
copy and Knudsen effusion cells. Se2(g) was the only gaseous species detected and it 
was concluded that the selenide vaporises according to the reaction TaSe2(cr)  Ta(cr) 
+ Se2(g). A second law evaluation resulted in an enthalpy of evaporation of 

r mH ο∆ (1350 K) = (246.9 ± 13.0) kJ·mol–1. A re-evaluation made by the review of the 
partial pressures given in Table 1 of the paper yields r mH ο∆ (1350 K) = (164.4 ± 40.0) 
kJ·mol–1 and r mS ο∆ (1350 K) = (22.6 ± 10.0) J·K–1·mol–1. A third law evaluation of the 
same data set using the entropy of Ta(cr) in [98CHA] and the selected data for Se2(g) 
and of NbSe2(cr) yields r mH ο∆ (1350 K) = (337 ± 20) kJ·mol–1. Data for NbSe2(cr) were 
used due to the lack of data for TaSe2(cr). The large difference between the derived en-
thalpies of reaction makes this investigation very dubious and no value is selected by 
the review.  

V.11.19 Titanium compounds 

V.11.19.1 Titanium selenides 
The titanium-selenium system was reviewed by Murray [86MUR]. It was found that no 
phase diagram could be constructed from the available experimental information. Hi-
rota, Ueda, and Kosuge [88HIR/UED] performed X-ray and DTA measurements in the 
composition range TiSex, 0.95 < x < 2.00 and presented a phase diagram for this part of 
the system. TiSe0.96(cr) with an orthorhombic unit cell was found to be the compound 
closest to the composition TiSe. In contrast, Pankratova and Zvinchuk [97PAN/ZVI] 
determined the homogeneity range of a hexagonal titanium monoselenide to extend 
from TiSe0.95 to TiSe1.04 by X-ray powder diffraction. It can be concluded that the sys-
tem is complex and contains several ordered and disordered phases based on the NiAs 
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and the CdI2 structures. Reactions are slow and establishment of true equilibrium is 
problematic. The identification and the exact composition of the phases are doubtful in 
several studies because of the severe experimental difficulties. Mills [74MIL] estimated 
the enthalpies of formation and the entropies for the phases TiSe(cr), Ti2Se3(cr) and 
TiSe2(cr) but, considering the uncertainties in the phase identification, these data are not 
selected in this review. 

V.11.19.1.1 TiSe(cr) 

As mentioned above, the homogeneity range and crystal structure of TiSe are uncertain. 
A provisional value for the enthalpy of formation f mH ο∆ (TiSe, cr, 298.15 K) = 
− (222 ± 42) kJ·mol–1 was obtained in [97PAN/ZVI] from calorimetric measurements 
described briefly in the paper. Considering the general experimental uncertainties no 
value is selected in this review. 

V.11.19.1.2 TiSe2(cr) 

The heat capacity of TiSe2(cr) single crystals was measured in the temperature range 1.3 
to 300 K by Craven, Di Salvo and Hsu [78CRA/SAL]. Unfortunately, the measured 
values are only presented in a small graph and no attempt was made to evaluate the ab-
solute entropy at 298.15 K. A second order transformation at 200 K complicates the 
evaluation. No value is selected in this review.  

V.11.20 Zirconium compounds 

V.11.20.1 Zirconium selenides 
The existence of the zirconium selenides ZrSe(cr), ZrSe1.5(cr), ZrSe2(cr), and ZrSe3(cr) 
have been reported. No experimental thermodynamic data are available except for 
ZrSe3(cr) for which the heat capacity has been measured in the temperature range 8 to 
200 K [86PRO/AYA]. These temperatures are too low for a derivation of thermody-
namic quantities at 298.15 K. Mills [74MIL] has estimated some thermodynamic values 
by comparison with the corresponding sulphides and tellurides. 

V.11.20.2 Zirconium selenites 
Pinaev, Nesterenko, Glybin, and Pechkovskii [73PIN/NES] determined the standard 
enthalpy of formation of Zr(SeO3)2(cr) from enthalpies of dissolution of ZrO2(cr), 
SeO2(cr), and Zr(SeO3)2(cr) in 11.28 M HF, see Appendix A. The result is 

f mH ο∆ (Zr(SeO3)2, cr, 298.15 K) = – (1609.6 ± 2.7) kJ·mol–1.  

 Nesterenko, Pinaev, and Pechkovskii [73NES/PIN] measured the vapour pres-
sure of SeO2(g) over zirconium(IV) selenite, Zr(SeO3)2, in the temperature range 763 to 
813 K by a membrane manometer. The equilibria were sluggish, but appear to be re-
versible, and 7 to 30 days were needed to reach a steady state. From the data furnished 
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in the deposited VINITI document (No. 5021-72) it is seen that the specimen was con-
taminated, probably by SeO2 as the selenite was prepared by mixing solutions of di-
oxozirconium chloride and selenious acid. No attempt was made to remove the con-
tamination from the crystalline specimen, which makes the interpretation of the data 
somewhat uncertain. The results for the reaction: 

 Zr(SeO3)2(cr)  ZrO2(cr) + 2SeO2(g) (V.151) 

in the temperature range 763 to 813 K were presented as r mH ο∆ ((V.151), 788 K) = 
(272.0 ± 20.0) kJ.mol–1 and r mS ο∆ ((V.151), 788 K) = (327.6 ± 20.0) J.K–1.mol–1. 

 No data are available for a proper extrapolation of these data to standard condi-
tions. On the assumption that r ,mpCο∆  for the reaction equals 2( ,mpCο (SeO2(g)) – 

,mpCο (SeO2(cr))) ≈ – 32.0 J⋅K–1⋅mol–1, the review obtains f mH ο∆ (Zr(SeO3)2, cr, 
298.15 K) = – (1610.0 ± 20.0) kJ⋅mol–1 and mS ο (Zr(SeO3)2, cr, 298.15 K) = 
(217.0 ± 21.0) J⋅K–1⋅mol–1. The standard enthalpy of formation agrees with the calo-
rimetric value, which is preferred, adopted and included in Appendix E: 

f mH ο∆ (Zr(SeO3)2, cr, 298.15 K) = – (1609.6 ± 2.7) kJ⋅mol–1. 

Pashinkin and Gospodinov [94PAS/GOS] calculated the standard entropy of 
Zr(SeO3)2 to be (196.5 ± 33.5) J⋅K–1⋅mol–1 from the same data. The auxiliary data used 
are not included in the paper. The mean value of the two entropy estimates is 

mS ο (Zr(SeO3)2, cr, 298.15 K) = (210.0 ± 25.0) J⋅K–1⋅mol–1. Being an estimate, this value 
is not selected. 

V.11.21 Hafnium compounds 

V.11.21.1 Hafnium selenides 
The compound Hf2Se3(cr) has been reported in the hafnium-selenium system. No ther-
modynamic information is available. 

V.11.22 Scandium compounds 

V.11.22.1 Scandium selenides 
Experimental thermodynamic information is not available about solid scandium 
selenides, but Mills [74MIL] has estimated thermodynamic properties for ScSe(cr) and 
Sc2Se3(cr). The former selenide has been reported as non-existent in [65ELL]. 

V.11.22.1.1 ScSe(g) 

The dissociation reaction ScSe(g)  Sc(g) + Se(g) was thoroughly studied by Ni and 
Wahlbeck [72NI/WAH] in the temperature range 1980 to 2240 K by measuring the par-
tial pressures of the gas species using mass spectroscopy and Knudsen effusion cells. 
The starting material was Sc2Se3(cr) which was found to vaporise congruently. The re-
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sults were evaluated to be at mH ο∆ (ScSe, g, 298.15 K) = (382.0 ± 3.5) kJ⋅mol–1 from the 
second law and to be at mH ο∆ (ScSe, g, 298.15 K) = (395.3 ± 36.7) kJ⋅mol–1 from the 
third law giving a weighted mean of at mH ο∆ (ScSe, g, 298.15 K) = (382.1 ± 13.6) 
kJ⋅mol–1. The error limits have been increased to account for the estimated overall un-
certainty. The evaluation involved the Gibbs energy function of ScSe(g) calculated from 
estimated molecular parameters. The dissociation enthalpy of ScSe(g) was also 
determined in a similar study by Bergman, Coppens, Drowart and Smoes [70BER/COP] 
to be at mH ο∆ (ScSe, g, 0 K) = (375.6 ± 5.5) kJ·mol–1. The starting material was given as 
ScSe(s), a compound that has been reported to be non-existent in [65ELL], and because 
the experimental conditions were sparsely reported, the result is considered less reliable 
than the work in [72NI/WAH]. The total vapour pressure of the congruent vaporisation 
of Sc2Se3(cr) was studied in the temperature range 1858 to 2092 K using Knudsen 
effusion cells by Leary and Wahlbeck [69LEA/WAH]. The authors concluded that it 
was not possible to derive thermodynamic quantities from these experiments because 
the vaporisation occurs via two simultaneous reactions, Sc2Se3(cr)  Se(g) + 2ScSe(g) 
and Sc2Se3(cr)  2Sc(g) + 3Se(g). The dissociation enthalpy in [72NI/WAH] obtained 
from the third law was recalculated to 298.15 K using their estimated molecular pa-
rameters of ScSe(g), the enthalpy of Sc(g) in [82WAG/EVA] and the selected properties 
of Se(g) yielding r mH ο∆ (ScSe, g, 298.15 K) = (385.8 ± 13.6) kJ⋅mol–1. The value was 
combined with the enthalpy of formation of Sc(g) in [82WAG/EVA] and the selected 
enthalpy of formation of Se(g) yielding f mH ο∆ (ScSe, g, 298.15 K) = (228.1 ± 13.7) 
kJ⋅mol–1. The substantial difference between the results obtained by the temperature 
extrapolation with the second law and the third law, respectively, suggests experimental 
errors or insufficient accuracy of the estimated thermal data. However, the result in 
[70BER/COP] supports the result in [72NI/WAH] and the review adopts: 

f mH ο∆ (ScSe, g, 298.15 K) = (228.1 ± 13.7) kJ⋅mol–1 

This value is included in Appendix E since it was calculated with non-TDB 
auxiliary data.  

V.11.22.2 Scandium selenites 
Maier, Suponitskii, and Karapet’yants [68MAI/SUP] calculated the enthalpy of forma-
tion of scandium selenite from measurements of the enthalpy change of the reaction 
between Na2SeO3(cr) and a solution of ScCl3. The precipitated Sc2(SeO3)3 was amor-
phous and chemical analysis showed that it contained 10 molecules of water. The re-
view failed to obtain agreement between the enthalpy changes reported for the studied 
reactions and the primary data presented as discussed in Appendix A. The re-evaluation 
therefore results in two values for the enthalpy of formation of Sc2(SeO3)3·10H2O(am) 
namely, – 5567.1 kJ·mol–1 from the reported enthalpy changes and – 5615.6 kJ·mol–1 
with enthalpy changes calculated from the primary data. The not referenced value in 
[82WAG/EVA] is f mH ο∆ (Sc2(SeO3)3·10H2O, cr, 298.15 K) = – 5550.1 kJ·mol–1. The 
reaction most affected by the uncertainty in the experimental data was replaced in a 
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second evaluation by additional auxiliary data. The result then obtained was – 5646.5 
kJ·mol–1. 

 In view of the disagreement between the primary and the reported experimen-
tal data and the scatter amongst the derived values of f mH ο∆ (Sc2(SeO3)3·10H2O, am, 
298.15 K), no value of the enthalpy of formation of scandium selenite will be selected.  

 No other thermodynamic data have been found for scandium selenites. 

V.11.22.3 Scandium selenates 
Kolosov et al. [67KOL/IVA] studied the complex formation between Sc3+ and 2

4SeO −  at 
pH 4.0 to 4.5 by distribution measurements of Sc3+ between the aqueous phase and a 
cation exchanger. No interference from hydrolysis of Sc3+ was observed although the 
data in [76BAE/MES] predict at least a minor interference. The ligand concentration 
was changed from 0 to 0.167 M, while the ionic strength was kept constant at 0.5 M by 
means of NaClO4. Measurements were performed at 298.15, 308.15, and 318.15 K. The 
data were interpreted in terms of the equilibria: 

 Sc3+ + 2
4SeO −   +

4ScSeO  (V.152) 

 Sc3+ + 2
42SeO −   4 2Sc(SeO )− . (V.153) 

 As discussed in Appendix A, only β1((V.152), 298.15 K) will be accepted due 
to the large change in the medium and the accompanying change in the Na+ concentra-
tion, which will affect the evaluation method. The value accepted is: 

10 1log β ((V.152), 0.5 M NaClO4, 298.15 K) = (1.65 ± 0.20). 

 A correction to the standard state cannot be made with confidence. 

 No other thermodynamic data have been identified for scandium selenates. The 
data for +

4ScSeO  and 4 2Sc(SeO )−  in [82WAG/EVA] most likely derive from 
[67KOL/IVA] and are therefore subject to the same criticism as the original data.  

V.11.23 Yttrium compounds 

V.11.23.1 Yttrium selenides 
Experimental thermodynamic information is not available on solid yttrium selenides, 
but Mills [74MIL] has estimated thermodynamic properties for YSe(cr) and Y2Se3(cr) 
by comparison with the yttrium sulphides and lanthanum selenides. No values for solid 
selenides were selected by the review. 

V.11.23.1.1 YSe(g) 

Ni and Wahlbeck [72NI/WAH] studied the atomisation of YSe(g) in the temperature 
range 1980 to 2240 K by measurement of the partial pressures of the gas species using 
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mass spectroscopy and Knudsen effusion cells. The starting material was YSe(cr) which 
was found to vaporise congruently. The results were evaluated according to the second 
and third laws giving a mean value of at mH ο∆ (YSe, g, 0 K) = (427.6 ± 15.3) kJ·mol–1. 
The third law treatment involved the Gibbs energy function of YSe(g) calculated from 
estimated molecular parameters. A recalculation to 298.15 K using the estimated mo-
lecular parameters of YSe(g) given in [72NI/WAH] yields at mH ο∆ (YSe, g, 298.15 K) = 
(431.1 ± 15.3) kJ·mol–1. This value was combined with the enthalpy of formation of 
Y(g), (421.3 ± 2.5 (estimated)) kJ·mol–1, in [82WAG/EVA] and the selected enthalpy of 
formation of Se(g) to give f mH ο∆ (YSe, g, 298.15 K) = (226.3 ± 15.6) kJ·mol–1. The 
substantial difference between the results obtained by the temperature extrapolation 
with the second law and the third law, respectively, suggests experimental errors or in-
sufficient accuracy of the estimated thermal data. However, the heat capacity and en-
tropy of a diatomic molecule calculated from estimated molecular properties are ex-
pected to be quite accurate and therefore the review has adopted with a large error bar  

f mH ο∆ (YSe, g, 298.15 K) = (226.3 ± 15.6) kJ·mol–1. 

This value is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.11.23.2 Yttrium selenites 
Gospodinov and Stancheva [94GOS/STA] investigated the system Y2O3-SeO2-H2O at 
373.15 K by solubility measurements over the interval 0 to 85 mass-% of selenious acid 
in the liquid phase. Solids of composition Y2(SeO3)3·4H2O and Y2(SeO3)3·H2SeO3·5H2O 
were identified in the phase diagram from the tie lines and by chemical and X-ray 
analysis. The primary solubility data are available. 

 Maier, Suponitskii, and Karapet’yants [68MAI/SUP] prepared crystalline 
Y2(SeO3)3 and made a calorimetric determination of its enthalpy of dissolution in 
HCl(aq, 1:18.5). The review has recalculated the data and obtains f mH ο∆ (Y2(SeO3)3, cr, 
298.15 K) = – (2900 ± 19) kJ.mol–1. Zhang-Presse and Oppermann obtained for this 
quantity the value − (2828.0 ± 8.4) kJ.mol–1 from calorimetric measurements in 
[2002ZHA/OPP] and − (2893 ± 50) kJ.mol–1 from measurements of equilibria at high 
temperatures in [2002ZHA/OPP2]. The two calorimetric values differ by about 70 
kJ.mol–1 and the two values obtained by Zhang-Presse and Oppermann with different 
techniques by 65 kJ.mol–1. The review concludes that no value can be selected for 

f mH ο∆ (Y2(SeO3)3, cr, 298.15 K) particularly as the latter authors did not discuss the 
discrepancy in their results.  
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V.12   Lanthanide compounds and complexes 

V.12.1 Lutetium compounds 

V.12.1.1 Lutetium selenides 

V.12.1.1.1 LuSe(g) 

The entropy of LuSe(g) at 298.15 K was calculated to be mS ο (LuSe, g, 298.15 K) = 
265.8 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The enthalpy change of the reaction 

 LuSe(g) + Sc(g)  Lu(g) + ScSe(g)  (V.154) 

was determined by Bergman, Coppens, Drowart, and Smoes [70BER/COP] in mass 
spectrometric measurements of ion intensities of the species in the temperature range 
1852 to 2320 K. The results were evaluated to be r mH ο∆ ((V.154), 0 K) = (41.7 ± 4.5) 
kJ·mol−1 from the second law and r mH ο∆ ((V.154), 0 K) = (38.3 ± 1.2) kJ·mol−1 from the 
third law, respectively, using Gibbs energy functions of LuSe(g) and ScSe(g) calculated 
from estimated molecular parameters. The weighted average, r mH ο∆ ((V.154), 0 K) = 
(38.5 ± 1.2) kJ·mol−1, was recalculated to 298.15 K by the review employing molecular 
parameters for LuSe(g) and ScSe(g) identical to those in [70BER/COP] and the proper-
ties of Sc(g) and Lu(g) in [82WAG/EVA] yielding r mH ο∆ ((V.154), 298.15 K) = 
(37.7 ± 1.2) kJ·mol−1. The enthalpy of formation of LuSe(g) was calculated to be: 

f mH ο∆ (LuSe, g, 298.15 K) = (240.2 ± 14.9) kJ·mol−1  

by combining the reaction enthalpy with the enthalpy values of Sc(g) and Lu(g) in 
[82WAG/EVA] and the Appendix E value for the enthalpy of formation of ScSe(g). 
The good agreement between the values of r mH ο∆ ((V.154), 0 K) obtained by the second 
and third law extrapolations suggests that this value can be accepted despite the use of 
estimated thermal data. The formation datum is included in Appendix E since it was 
calculated with non-TDB auxiliary data. 

V.12.1.2 Lutetium selenites 
Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change of the 
reaction between an aqueous solution of lutetium chloride and Na2SeO3(cr). The de-
scription of the experiments and calculations is somewhat meagre. Their data have been 
re-evaluated as described in Appendix A and yielded the result 

f mH ο∆ (Lu2(SeO3)3
.8H2O, am, 298.15 K) = – (5176 ± 12) kJ.mol–1. 
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 As an amorphous phase is apparently formed when lutetium selenite is precipi-
tated from aqueous solution, the result of this investigation is included in the review but 
not selected. 

 No other thermodynamic data have been found for lutetium selenites. 

V.12.2 Ytterbium compounds 

V.12.2.1 Ytterbium selenides 

V.12.2.1.1 YbSe(cr) 

The congruent vaporisation of YbSe(cr) was studied in the temperature range 1744 to 
2044 K by Marx and Petzel [90MAR/PET] by measuring the total vapour pressure us-
ing the Knudsen weight loss technique. The results were evaluated assuming to the 
reaction  

 YbSe(cr)  Yb(g) + Se(g)  (V.155) 

yielding the reaction enthalpies r mH ο∆ ((V.155), 298.15 K) = (831.4 ± 32.2) kJ·mol–1 
and r mH ο∆ ((V.155), 298.15 K) = (833.1 ± 26.0) kJ·mol–1 from the second and third 
laws, respectively. Lacking heat capacity and entropy data for YbSe(cr), values for 
EuSe(cr) in [74MCM/GSC] were used to obtain the reaction enthalpy values at 
298.15 K. The enthalpy of formation of YbSe(cr) was calculated from the mean of the 
second and third law values, r mH ο∆ ((V.155), 298.15 K) = (832.3 ± 29.1) kJ·mol−1, by 
combination with the selected value of the enthalpy of formation of Se(g) and the en-
thalpy of formation of Yb(g), (152.3 ± 4.0(estimated)) kJ⋅mol−1, in [82WAG/EVA] 
yielding: 

f mH ο∆ (YbSe, cr, 298.15 K) = − (443.9 ± 31.3) kJ·mol−1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.2.1.2 YbSe(g) 

The entropy of YbSe(g) at 298.15 K was calculated to be mS ο (YbSe, g, 298.15 K) = 
271.1 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

V.12.2.1.3 Yb2Se3(cr) 

The enthalpy of formation of Yb2Se3(cr) was reported to be – (965.7 ± 30.0) kJ·mol–1 by 
Azizov, Abbasov, Mustafaev, and Aliev [77AZI/ABB] as a result of direct synthesis 
calorimetry. The experimental information is minimal and the quality of the work can-
not be validated. No value of the enthalpy of formation of Yb2Se3(cr) is selected.  
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V.12.2.2 Ytterbium selenites 
Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change of the 
reaction between an aqueous solution of ytterbium chloride and Na2SeO3(cr). The de-
scription of the experiments and calculations is somewhat meagre. Their data have been 
re-evaluated as described in Appendix A and yielded the result 

f mH ο∆ (Yb2(SeO3)3
.8H2O, am, 298.15 K) = – (5115 ± 7) kJ.mol–1. 

 As an amorphous phase is apparently formed when ytterbium selenite is pre-
cipitated from aqueous solution, the result of this investigation is included in the review 
but not selected. 

 Oppermann et al. [2002OPP/ZHA2] report the enthalpy of formation of 
Yb2(SeO3)3(cr) at 298.15 K to be − (2779 ± 42) kJ.mol–1 from equilibrium measure-
ments of decomposition reactions in the temperature range 825 to 1050 K, see also 
[2002OPP/ZHA2] in Appendix A. This is the only result found and the review adopts 
the rounded value 

f mH ο∆ (Yb2(SeO3)3, cr, 298.15 K) = − (2780 ± 50) kJ.mol–1. 

Since this quantity was evaluated using non-TDB auxiliary data it has been included in 
Table E-2 of Appendix E. 

V.12.2.3 Ytterbium selenates 
The measurements of Serebrennikov, Batyreva, and Tsybukova [81SER/BAT], which 
established the phase diagram of the system Yb2(SeO4)3-Nd2(SeO4)3-H2O at 298.15 K, 
indicate that Yb2(SeO4)3

.8H2O is the stable ytterbium selenate in contact with water. 
The reported solubility: 

m(Yb2(SeO4)3
.8H2O(cr), aq sat, 298.15 K) = 1.289 mol(Yb2(SeO4)3).kg–1 

is accepted but an estimate of the uncertainty cannot be made. 

 No other thermodynamic data of ytterbium selenates have been found. 

V.12.3 Thulium compounds 

V.12.3.1 Thulium selenides 
The phase diagram of the system thulium-selenium has been studied by Fritzler, Kaldis, 
and Jilek [82FRI/KAL].  

V.12.3.1.1 TmSe(cr) 

The enthalpies of formation of solid solutions with compositions in the range Tm0.87Se-
Tm1.05Se were determined by Spychiger, Kaldis, and Fritzler [85SPY/KAL] at tempera-
tures around 2400 K using fluorine combustion calorimetry. The phase relationships 
around the stoichiometric composition are unclear and two phases seem to form at or 
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near the 1:1 composition. No enthalpy of formation of TmSe(cr) at 298.15 K was calcu-
lated. 

V.12.3.1.2 TmSe(g) 

The entropy of TmSe(g) at 298.15 K was calculated to be mS ο (TmSe, g, 298.15 K) = 
272.0 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The dissociation enthalpy of TmSe(g) was estimated to be at mH ο∆ (TmSe, g, 
0 K) = (270 ± 40) kJ·mol–1 by Bergman, Coppens, Drowart, and Smoes [70BER/COP] 
by comparison with other lanthanide selenides. No value of the enthalpy of formation of 
TmSe(g) is selected. 

V.12.4 Erbium compounds 

V.12.4.1 Erbium selenides 

V.12.4.1.1 ErSe(g) 

The entropy of ErSe(g) at 298.15 K was calculated to be mS ο (ErSe, g, 298.15 K) = 
278.8 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The dissociation enthalpy of ErSe(g) was estimated to be at mH ο∆ (ErSe, g, 
0 K) = (322 ± 20) kJ·mol–1 by Bergman, Coppens, Drowart, and Smoes [70BER/COP] 
by comparison with other lanthanide selenides. No value of the enthalpy of formation of 
ErSe(g) is selected. 

V.12.4.2 Erbium selenites 
Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change of the 
reaction between an aqueous solution of erbium chloride and Na2SeO3(cr). The descrip-
tion of the experiments and calculations is somewhat meagre. Their data have been re-
evaluated as described in Appendix A and yielded the result f mH ο∆ (Er2(SeO3)3

.8H2O, 
am, 298.15 K) = – (5176 ± 11) kJ⋅mol–1. 

 As an amorphous phase is apparently formed when erbium selenite is precipi-
tated from aqueous solution, the result of this investigation is included in the review but 
not selected. 

 No other thermodynamic data have been found for erbium selenites. 
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V.12.4.3 Erbium selenates 
The only study of the complex formation between selenate and trivalent lanthanides 
found is an X-ray diffraction investigation of some lanthanide selenate solutions by Jo-
hansson, Niinistö, and Wakita [85JOH/NII]. The radial distribution function was inter-
preted to show that inner-sphere complexes were formed. For Er3+ an average of 0.4 

2
4SeO −  per Er3+ was estimated for a solution containing 0.78 M Er3+ and 1.55 M 2

4SeO − . 
The conditional equilibrium constant for the inner-sphere complex formation:  

 Er3+ + 2
4SeO −   +

4ErSeO  (inner-sphere) (V.156) 

would then be β1((V.156), conditional, 293 K ?) = 0.5 M–1. 

 This value will not be included in the data selection. 

V.12.5 Holmium compounds 

V.12.5.1 Holmium selenides 

V.12.5.1.1 HoSe(g) 

The entropy of HoSe(g) at 298.15 K was calculated to be mS ο (HoSe, g, 298.15 K) = 
280.2 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The enthalpy change of the reaction  

 HoSe(g) + V(g)  Ho(g) + VSe(g)  (V.157) 

was determined by Bergman, Coppens, Drowart, and Smoes [70BER/COP] in mass 
spectrometric measurements of ion intensities of the species in the temperature range 
2038 to 2196 K. The results were evaluated to be r mH ο∆ ((V.157), 0 K) = − (12.4 ± 0.5) 
kJ·mol–1 from the third law using Gibbs energy functions of HoSe(g) and VSe(g) calcu-
lated from estimated molecular parameters. Unfortunately, the molecular data used for 
VSe(g) were not mentioned and the reaction enthalpy was recalculated to 298.15 K by 
the review employing a value of 9.5 kJ·mol–1 for the enthalpy increment of VSe(g) from 
0 to 298.15 K, the molecular parameters for HoSe(g) identical to those in 
[70BER/COP], and the enthalpy increments of Ho(g) and V(g) in [82WAG/EVA] yield-
ing r mH ο∆ ((V.157), 298.15 K) = − (14.1 ± 1.0) kJ·mol–1. The enthalpy of formation of 
HoSe(g) was calculated to be f mH ο∆ (HoSe, g, 298.15 K) = (205.7 ± 17.0) kJ·mol–1 by 
combining the reaction enthalpy with the enthalpy values of V(g) and Ho(g) in 
[82WAG/EVA] and the Appendix E value for the enthalpy of formation of VSe(g).  

A rounded value with increased error bars is adopted by the review: 

f mH ο∆ (HoSe, g, 298.15 K) = (206 ± 20) kJ·mol–1 
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and included in Appendix E since it was calculated with non-TDB auxiliary data.  

V.12.5.2 Holmium selenites 
Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change of the 
reaction between an aqueous solution of holmium chloride and Na2SeO3(cr). The de-
scription of the experiments and calculations is somewhat meagre. Their data have been 
re-evaluated as described in Appendix A and yielded the result 

f mH ο∆ (Ho2(SeO3)3
.8H2O, am, 298.15 K) = – (5174 ± 9) kJ.mol–1.  

 As an amorphous phase is apparently formed when holmium selenite is pre-
cipitated from aqueous solution, the result of this investigation is included in the review 
but not selected. 

 No other thermodynamic data have been found for holmium selenites. 

V.12.6 Dysprosium compounds 

V.12.6.1 Dysprosium selenides 

V.12.6.1.1 DySe(g) 

The entropy of DySe(g) at 298.15 K was calculated to be mS ο (DySe, g, 298.15 K) = 
281.6 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The dissociation enthalpy of DySe(g) was estimated to be at mH ο∆ (DySe, g, 
0 K) = (318 ± 20) kJ·mol–1 by Bergman, Coppens, Drowart, and Smoes [70BER/COP] 
by comparison with other lanthanide selenides. No value of the enthalpy of formation of 
DySe(g) is selected. 

V.12.6.1.2 Dy2Se3(cr) 

The enthalpy of formation of Dy2Se3(cr) was reported to be – (964 ± 30) kJ·mol–1 by 
Azizov, Abbasov, Mustafaev, and Aliev [77AZI/ABB] as a result of direct synthesis 
calorimetry. The experimental information is minimal and the quality of the work can-
not be validated. No value of the enthalpy of formation of Dy2Se3(cr) is selected.  

V.12.6.2 Dysprosium selenites 
Gospodinov and Stancheva [97GOS/STA] investigated the system Dy2O3-SeO2-H2O at 
373.15 K by solubility measurements over the concentration interval 0.06 to 68.4 
mass-% SeO2 in the liquid phase. The formation of Dy2(SeO3)3

.4H2O and 
DyH(SeO3)2

.2H2O were found from the tie lines and by chemical analysis. The solubil-
ity data and a phase diagram are presented. 
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 Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change 
of the reaction between an aqueous solution of dysprosium chloride and Na2SeO3(cr). 
The description of the experiments and calculations is somewhat meagre. Their data 
have been re-evaluated as described in Appendix A and yielded the result 

f mH ο∆ (Dy2(SeO3)3
.8H2O, am, 298.15 K) = – (5158 ± 9) kJ.mol–1. 

 Note that the composition assigned to the amorphous phase disagrees with the 
composition of the equilibrium phase at 373 K. As an amorphous phase is apparently 
formed when dysprosium selenite is precipitated from aqueous solution at 298 K, the 
result of this investigation is included in the review but not selected. 

 No other thermodynamic data have been found for dysprosium selenites. 

V.12.6.3 Dysprosium selenates 
Smolyakova, Efremov, and Serebrennikov [73SMO/EFR] determined the enthalpy 
change of the reaction between Dy2(SeO4)3

.8H2O(cr) and a solution of barium chloride 
with formation of BaSeO4(cr) by a calorimetric measurement. The review calculated: 

f mH ο∆ (Dy2(SeO4)3
.8H2O, cr, 298.15 K) = – (5371.4 ± 17.5) kJ.mol–1 

from this measurement, see Appendix A. The result has been adopted although the 
source is of uncertain quality and included in Appendix E since it was calculated with 
non-TDB auxiliary data. 

 No other thermodynamic data have been found for dysprosium selenates. 

V.12.7 Terbium compounds 

V.12.7.1 Terbium selenides 

V.12.7.1.1 TbSe(g) 

The entropy of TbSe(g) at 298.15 K was calculated to be mS ο (TbSe, g, 298.15 K) = 
282.3 J⋅K–1⋅mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [77KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The dissociation enthalpy of TbSe(g) was estimated to be at mH ο∆ (TbSe, g, 
0 K) = (419 ± 20) kJ·mol–1 by Bergman, Coppens, Drowart, and Smoes [70BER/COP] 
by comparison with other lanthanide selenides. No value of the enthalpy of formation of 
TbSe(g) is selected. 

V.12.7.2 Terbium selenites 
Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change of the 
reaction between an aqueous solution of terbium chloride and Na2SeO3(cr). The descrip-
tion of the experiments and calculations is somewhat meagre. Their data have been re-
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evaluated as described in Appendix A and yielded the result f mH ο∆ (Tb2(SeO3)3
.8H2O, 

am, 298.15 K) = – (5156 ± 9) kJ.mol–1. 

 As an amorphous phase is apparently formed when terbium selenite is precipi-
tated from aqueous solution, the result of this investigation is included in the review but 
not selected. 

 No other thermodynamic data have been found for terbium selenites. 

V.12.7.3 Terbium selenates 
Smolyakova, Efremov, and Serebrennikov [73SMO/EFR] determined the enthalpy 
change of the reaction between Tb2(SeO4)3

.8H2O(cr) and a solution of barium chloride 
with formation of BaSeO4(cr) by a calorimetric measurement. The review calculated: 

f mH ο∆ (Tb2(SeO4)3
.8H2O, cr, 298.15 K) = – (5426.1 ± 17.5) kJ.mol–1 

from this measurement, see Appendix A. The result is adopted although the source is of 
uncertain quality and included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

 No other thermodynamic data have been found for terbium selenates. 

V.12.8 Gadolinium compounds 

V.12.8.1 Gadolinium selenides 
The phase diagram of the system gadolinium-selenium has been studied by Pribylskii, 
Vasilieva, and Gamidov, [82PRI/VAS]. The compounds GdSe(cr), Gd2Se3(cr), 
Gd3Se4(cr), and GdSe2(cr) have been reported. 

Azizov, Agaev, Guseinov, Abbasov, Aliev, and Mustafaev [80AZI/AGA] 
measured the emf of the cells  

(−) Gd(cr) | GdCl3, KCl (in glycerol) | GdSe2(cr), Se(cr) (+);  

(−) Gd(cr) | GdCl3, KCl (in glycerol) | Gd2Se3(cr), GdSe2(cr) (+);  

(−) Gd(cr) | GdCl3, KCl (in glycerol) | Gd3Se4(cr), Gd2Se3(cr) (+) 

and (−) Gd(cr) | GdCl3, KCl (in glycerol) | GdSe(cr), Gd3Se4(cr) (+) 

in the temperature range 320 to 420 K. Enthalpies and entropies of formation of the 
compounds were calculated. The determined values conflict strongly with the enthalpy 
of formation f mH ο∆ (Gd2Se3, cr, 298.15 K) = – (1068.2 ± 35.0) kJ·mol–1 determined by 
Agaev and Sharifov [72AGA/SHA] using direct synthesis calorimetry. No other ther-
modynamic studies of solid gadolinium selenides have been made. Until further ex-
perimental information is available it is not possible to judge the quality of these inves-
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tigations. Consequently, no thermodynamic properties of solid gadolinium selenides 
were selected.  

V.12.8.1.1 GdSe(g) 

The entropy of GdSe(g) at 298.15 K was calculated to be mS ο (GdSe, g, 298.15 K) = 
283.2 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The enthalpy change of the reaction  

 GdSe(g) + Sc(g)  Gd(g) + ScSe(g) (V.158) 

was determined by Bergman, Coppens, Drowart, and Smoes [70BER/COP] in mass 
spectrometric measurements of ion intensities of the species in the temperature range 
2065 to 2428 K. The results were evaluated to be r mH ο∆ ((V.158), 0 K) = (36.2 ± 4.8) 
kJ·mol−1 from the second law and r mH ο∆ ((V.158), 0 K) = (49.9 ± 1.3) kJ·mol−1 from the 
third law, respectively, using Gibbs energy functions of GdSe(g) and ScSe(g) calculated 
from estimated molecular parameters. The weighted average, r mH ο∆ ((V.158), 0 K) = 
(49.0 ± 1.3) kJ·mol−1, was recalculated to 298.15 K by the review employing molecular 
parameters for GdSe(g) and ScSe(g) identical to those in [70BER/COP] and the proper-
ties of Sc(g) and Gd(g) in [82WAG/EVA] yielding r mH ο∆ ((V.158), 298.15 K) = 
(49.6 ± 1.6) kJ·mol−1. The enthalpy of formation of GdSe(g) was calculated to be: 

f mH ο∆ (GdSe, g, 298.15 K) = (198.2 ± 14.9) kJ·mol−1 

by combining the reaction enthalpy with the enthalpy values of Sc(g) and Gd(g) in 
[82WAG/EVA] and the Appendix E value for the enthalpy of formation of ScSe(g). 
The reasonable agreement between the values of r mH ο∆ ((V.158), 0 K) obtained by the 
second and third law extrapolations suggests that this value can be accepted despite the 
use of estimated thermal data. The formation datum is included in Appendix E since it 
was calculated with non-TDB auxiliary data. 

V.12.8.2 Gadolinium selenites 
Smolyakova and Serebrennikov [78SMO/SER] measured the enthalpy change of the 
reaction between an aqueous solution of gadolinium chloride and Na2SeO3(cr). The de-
scription of the experiments and calculations is somewhat meagre. Their data have been 
re-evaluated as described in Appendix A and yielded the result 

f mH ο∆ (Gd2(SeO3)3
.8H2O, am, 298.15 K) = – (5168 ± 7) kJ.mol–1. 

 As an amorphous phase is apparently formed when gadolinium selenite is pre-
cipitated from aqueous solution, the result of this investigation is included in the review 
but not selected. 

 No other thermodynamic data have been found for gadolinium selenites. 
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V.12.8.3 Gadolinium selenates 
Smolyakova, Efremov, and Serebrennikov [73SMO/EFR] determined the enthalpy 
change of the reaction between Gd2(SeO4)3

.8H2O(cr) and a solution of barium chloride 
with formation of BaSeO4(cr) by a calorimetric measurement. The review calculated: 

f mH ο∆ (Gd2(SeO4)3
.8H2O, cr, 298.15 K) = – (5444.5 ± 17.5) kJ.mol–1 

from this measurement, see Appendix A. The result has been adopted although the 
source is of uncertain quality and included in Appendix E, since it was calculated with 
non-TDB auxiliary data. 

 No other thermodynamic data have been found for gadolinium selenates. 

V.12.9 Europium compounds 

V.12.9.1 Europium selenides 
The phase diagram of the system europium-selenium has been studied by Sadovskaya, 
Yarembashh, and Naginaev, [71SAD/YAR]. The compounds EuSe(cr), Eu2Se3(cr) and 
Eu4Se7(cr) were reported.  

V.12.9.1.1 EuSe(cr) 

The heat capacity of EuSe(cr) below 16 K was measured in [95LI/HAG], 
[72WHI/MCC], and in [80JOH/MCC]. McMasters, Gschneider, Kaldis, and Sampietro 
[74MCM/GSC] measured the heat content of EuSe(cr) in the temperature range 298.15 
to 1680 K using drop calorimetry. The heat capacity at 298.15 K derived in 
[74MCM/GSC] is selected: 

,mpCο (EuSe, cr, 298.15 K) = (51.0 ± 3.0) J·K–1·mol–1. 

The heat capacity expression 

,mpCο (EuSe, cr, (298.15 - 1600) K) = (48.76 + 7.376 × 10–3 T ) J·K–1·mol–1 

was derived by the review from the values in Table 4 of the paper. 

The sublimation thermodynamics of EuSe was studied in the temperature range 1808 to 
2131 K by Hariharan and Eick [74HAR/EIC] using mass spectrometry and Knudsen 
cells. The evaporation reaction is EuSe(cr)  Eu(g) + Se(g). The second law value 

mS ο (EuSe, cr, 298.15 K) = (99.6 ± 7.3) J·K−1·mol−1 

was re-evaluated by the review from the measurements using the heat capacity expres-
sion of EuSe(cr) given above, the selected properties of Se(g), and the heat capacity of 
Eu(g) in [73HUL/DES]. The adopted datum is included in Appendix E since it was 
calculated with non-TDB auxiliary data.  
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The enthalpy of atomisation of EuSe(cr) was measured to be at mH ο∆ (EuSe, cr, 
1788 K) = (826 ± 10) kJ·mol–1 by Gordienko, Fesenko, Fenochka, and Lysenko 
[71GOR/FES], to be at mH ο∆ (EuSe, cr, 1970 K) = (864 ± 10) kJ·mol–1 in [74HAR/EIC], 
and to be at mH ο∆ (EuSe, cr, 0 K) = (854 ± 20) kJ·mol–1 by Nagai, Shinmei, and Yoko-
kawa [74NAG/SHI], all using mass spectrometry and Knudsen effusion cells. The tem-
perature ranges of the measurements were 1665 to 1910 K and 1808 to 2131 K in 
[71GOR/FES] and [74HAR/EIC], respectively. The temperature range for the meas-
urements in [74NAG/SHI] was not mentioned. The atomisation enthalpy in 
[71GOR/FES] and [74HAR/EIC] was converted to 298.15 K by the review using the 
heat capacity expression of EuSe(cr) given above, the selected heat capacity of Se(g), 
and the heat capacity of Eu(g) in [73HUL/DES] yielding the values at mH ο∆ (EuSe, cr, 
298.15 K) = (842 ± 13) kJ·mol–1 and (884 ± 13) kJ·mol–1. The value in [74NAG/SHI] 
was converted to 0 K by the authors of the paper without stating the start temperature of 
the extrapolation and the procedure for the recalculation. The temperature effect is small 
and the enthalpy change at 298.15 K is estimated by the review to be 2 kJ·mol−1 more 
positive than at 0 K yielding at mH ο∆ (EuSe, cr, 298.15 K) = (856 ± 20) kJ·mol−1. The 
weighted average of the three values of the enthalpy of atomisation of  EuSe(cr) is 

at mH ο∆ (EuSe, cr, 298.15 K) = (861.8 ± 8.4) kJ·mol−1. The value was combined with the 
enthalpy of Eu(g) in [82WAG/EVA] and the selected enthalpy of Se(g) to yield: 

f mH ο∆ (EuSe, cr, 298.15 K) = − (450.4 ± 10.0) kJ·mol−1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.9.1.2 EuSe(g) 

The entropy of EuSe(g) at 298.15 K was calculated to be mS ο (EuSe, g, 298.15 K) = 
284.7 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

 The dissociation enthalpy of EuSe(g) was determined to be at mH ο∆ (EuSe, g, 
0 K) = (299 ± 15) kJ·mol–1 by Bergman, Coppens, Drowart, and Smoes [70BER/COP] 
from a study of the reaction EuSe(g) + Se(g)  Eu(g) + Se2(g) in the temperature range 
1809 to 2116 K using mass spectrometry and Knudsen effusion cells. The recalculation 
to 0 K from high temperatures employed Gibbs energy functions calculated from esti-
mated molecular parameters of EuSe(g). The dissociation enthalpy at 298.15 K is calcu-
lated by the review to be 2.8 kJ·mol–1 larger than the value at 0 K using the molecular 
parameters estimated for EuSe(g) in [70BER/COP], the enthalpy of Eu(g) in 
[82WAG/EVA] and the selected properties of Se(g) yielding at mH ο∆ (EuSe, g, 
298.15 K) = (301.8 ± 15.0) kJ·mol–1 

Nagai, Shinmei, and Yokokawa [74NAG/SHI] reported at mH ο∆ (EuSe, g, 
298.15 K) = (302 ± 20) kJ·mol–1 also from mass spectrometric measurements together 
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with Knudsen effusion cells. The experimental conditions and the assumptions made in 
the recalculation of the high temperature results to standard conditions are poorly 
documented and a recalculation by the review is not possible because, among other de-
tails, no temperatures are given. The mean of the two values was combined with the 
enthalpy of formation of Eu(g) in [82WAG/EVA] and the selected enthalpy of Se(g) to 
yield: 

f mH ο∆ (EuSe, g, 298.15 K) = (108.9 ± 15.6) kJ·mol–1. 

The datum is adopted and included in Appendix E since it was calculated with 
non-TDB auxiliary data.  

V.12.9.2 Europium selenites 
No thermodynamic data have been found for europium selenites. 

V.12.9.3 Europium selenates 
The measurements of Serebrennikov and Tsybukova [79SER/TSY], which established 
the phase diagram of the system Eu2(SeO4)3-La2(SeO4)3-H2O, indicate that 
Eu2(SeO4)3

.8H2O is the stable europium selenate in contact with water at 298.15 K. The 
reported solubility is accepted: 

m(Eu2(SeO4)3
.8H2O, aq sat, 298.15 K) = 0.608 mol(Eu2(SeO4)3).kg–1. 

No uncertainty can be assigned to this value. 

 Smolyakova, Efremov, and Serebrennikov [73SMO/EFR] determined the en-
thalpy change of the reaction between Eu2(SeO4)3

.8H2O(cr) and a solution of barium 
chloride with formation of BaSeO4(cr) by a calorimetric measurement. The review cal-
culated: 

f mH ο∆ (Eu2(SeO4)3
.8H2O, cr, 298.15 K) = – (5235.2 ± 17.5) kJ.mol–1 

from this measurement, see Appendix A. The result has been adopted although the 
source is of uncertain quality and included in Appendix E, since it was calculated with 
non-TDB auxiliary data. 

 No other thermodynamic data have been found for europium selenates. 

V.12.10 Samarium compounds 

V.12.10.1 Samarium selenides 

V.12.10.1.1 SmSe(cr) 

The enthalpy of atomisation of SmSe(cr) was determined to be at mH ο∆ (SmSe, cr, 
1900 K) = (1006 ± 15) kJ·mol–1 by Gordienko, Fesenko, Fenochka, and Lysenko 
[71GOR/FES] and to be at mH ο∆ (SmSe, cr, 0 K) = (887 ± 19) kJ·mol–1 by Nagai, Shin-
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mei, and Yokokawa [74NAG/SHI] by measuring the partial pressures of the species in 
the gas phase using mass spectrometry and Knudsen effusion cells. The temperature 
range of the measurements in [71GOR/FES] was 1805 to 2010 K and that in 
[74NAG/SHI] was not mentioned. The results in [74NAG/SHI] were extrapolated to 
0 K using estimated Gibbs energy functions, while Gordienko et al. did not recalculate 
their atomisation enthalpy to standard conditions because of the lack of data for the heat 
capacity and entropy of SmSe(cr). The discrepancy between the two measurements is 
much larger than the claimed experimental uncertainties and the effect of the different 
temperatures. The atomisation enthalpies of SmSe(g) and NdSe(g) have been studied in 
[71GOR/FES] and [74NAG/SHI], and that of NdSe(g) in [70BER/COP] by Bergman, 
Coppens, Drowart, and Smoes. The results in [71GOR/FES] deviate strongly from the 
values obtained in the other two studies, which agree well. The result in [71GOR/FES] 
for solid SmSe(cr) is therefore rejected. The value of the enthalpy of formation of 
SmSe(cr) was obtained from the enthalpy of atomisation in [74NAG/SHI] by adding 2 
kJ·mol–1, estimated by the review, to convert from 0 K to 298.15 K, the selected value 
of the enthalpy of formation of Se(g), and the enthalpy of formation of Sm(g), 
(206.7 ± 4.0 (estimated)) kJ·mol–1, in [82WAG/EVA] yielding: 

f mH ο∆ (SmSe, cr, 298.15 K) = – (447 ± 20) kJ·mol–1. 

 The datum is included in Appendix E, since it was calculated with non-TDB 
auxiliary data. 

V.12.10.1.2 SmSe(g) 

The entropy of SmSe(g) at 298.15 K was calculated to be mS ο (SmSe, g, 298.15 K) = 
281.8 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated. 

The dissociation enthalpy of SmSe(g) was determined to be at mH ο∆ (SmSe, g, 
1950 K) = (475 ± 15) kJ·mol–1 by Gordienko, Fesenko, Fenochka, and Lysenko 
[71GOR/FES], and to be at mH ο∆ (SmSe, g, 0 K) = (327 ± 15) kJ·mol–1 by Nagai, Shin-
mei, and Yokokawa [74NAG/SHI] by mesuring the partial pressures of the species in 
the gas phase using mass spectrometry and Knudsen effusion cells. The temperature 
range of the measurements in [71GOR/FES] was 1890 to 2010 K and that in 
[74NAG/SHI] was not mentioned. The results in [74NAG/SHI] were extrapolated to 
0 K using estimated Gibbs energy functions while Gordienko et al. did not recalculate 
their atomisation enthalpy to standard conditions because of the lack of thermal func-
tions. The discrepancy between the two measurements is much larger than the claimed 
accuracy and the effect of different temperatures. The atomisation enthalpy was esti-
mated to be at mH ο∆ (SmSe, g, 298.15 K) = (313 ± 45) kJ·mol–1 by Bergman, Coppens, 
Drowart, and Smoes [70BER/COP] by comparison with other lanthanide selenides. This 
value is in reasonable agreement with the value in [74NAG/SHI] and the value in 
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[71GOR/FES] is likely to be in error. The enthalpy of formation of SmSe(g) was calcu-
lated from the enthalpy of atomisation in [74NAG/SHI] (corrected to 298.15 K by add-
ing 3 kJ·mol–1, estimated by the review), the selected value of the enthalpy of formation 
of Se(g), and the enthalpy of formation of Sm(g) in [82WAG/EVA] yielding 

f mH ο∆ (SmSe, g, 298.15 K) = (112.2 ± 15.6) kJ·mol–1. Since the accuracy of the esti-
mated thermal data cannot be ascertained the review adopts a rounded value for the en-
thalpy of formation of SmSe(g) with increased error bars 

f mH ο∆ (SmSe, g, 298.15 K) = (112 ± 20) kJ·mol–1 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.10.1.3 Sm2Se3(cr) 

The heat capacity of Sm2Se3(cr) was measured in the temperature range 5 to 300 K by 
Bolgar, Kopan, and Kriklya [2001BOL/KOP]. The heat capacity and entropy resulting 
from the measurements are selected, 

,mpCο (Sm2Se3, cr, 298.15 K) = (128.2 ± 1.5) J·K–1·mol–1 

and 

mS ο (Sm2Se3, cr, 298.15 K) = (221.2 ± 3.0) J·K–1·mol–1. 

In addition, the heat content was measured in the temperature range 1181 to 
2095 K using drop calorimetry. The result was described analytically by the expression 

,mpCο (Sm2Se3, cr, (1180 - 1900) K) = (121.85 + 36.638 × 10−3 T 
 – 4.0388 × 104 T −2) J·K–1·mol–1. 

V.12.10.2 Samarium selenites 
Aleksandrovich and Serebrennikov [62ALE/SER] measured the solubility of 
Sm2(SeO3)3(s) at (298.15 ± 0.05) K in HCl, HNO3, and H2SO4 of unspecified concentra-
tion. The experiments and the evaluation of the solubility product of the reaction: 

 Sm2(SeO3)3(s)  2Sm3+ + 2
33SeO −  (V.159) 

are described in Appendix A. The result is 10 ,0log sK ο ((V.159), 298.15 K) = 
− (34.67 ± 0.28). The reported conditional value is – 32.6. The measurements probably 
refer to a hydrated amorphous phase. The review accepts 10 ,0log sK ο ((V.159), 
298.15 K) = – (35.0 ± 2.0), for use with a freshly precipitated samarium selenite al-
though the quality of the datum is unproved. This datum is not selected. 

 Two experimental values of the enthalpy of formation of Sm3(SeO3)3(cr) are 
available. The result f mH ο∆ (Sm2(SeO3)3, cr, 298.15 K) = − (2921 ± 41) kJ·mol–1 was 
obtained from measurements of equilibria at high temperatures, see [2001OPP/ZHA] in 
Appendix A for details, and − (2827.1 ± 5.9) kJ·mol–1 from calorimetric measurements 
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in [2002ZHA/OPP]. A short account of the calorimetric work can be found in Appen-
dix A. Since the calorimetric result should be more accurate than the result based on a 
reaction datum extrapolated to standard conditions from 1000 K the review adopts: 

f mH ο∆ (Sm2(SeO3)3, cr, 298.15 K) = − (2827 ± 6) kJ·mol–1 

and it is included in Appendix E, since it was obtained using non-TDB auxiliary data. 

V.12.10.3 Samarium selenates 
Serebrennikov and Tsybukova [79SER/TSY] established the phase diagram of the sys-
tem Sm2(SeO4)3-La2(SeO4)3-H2O and the same authors made a similar study of the sys-
tem Sm2(SeO4)3-Nd2(SeO4)3-H2O together with Velikov [84SER/TSY]. The measure-
ments indicate that Sm2(SeO4)3

.8H2O is the stable samarium selenate in contact with 
water at 298.15 K. The reported solubility is accepted: 

m(Sm2(SeO4)3⋅8H2O(cr), aq sat, 298.15 K) = 0.582 mol(Sm2(SeO4)3)⋅kg–1. 

No uncertainty can be assigned to this value. 

 Suponitskii et al. [69SUP/MAI] determined the enthalpy change of the reaction 
between Sm2(SeO4)3

.8H2O(cr) and a solution of barium chloride with formation of 
BaSeO4(cr) by a calorimetric measurement. The review calculated the enthalpy of for-
mation: 

f mH ο∆ (Sm2(SeO4)3
.8H2O, cr, 298.15 K) = – (5395.0 ± 17.8) kJ.mol–1 

from this measurement, see Appendix A. Since the calculation of the enthalpy of forma-
tion from the experimental results involved non-TDB auxiliary data, it is included in 
Appendix E. 

 No other thermodynamic data have been found for samarium selenates. 

V.12.11 Promethium compounds 

V.12.11.1 Promethium selenides 
The compounds PmSe(cr) and Pm2Se3(cr) have been reported, but no thermodynamic 
information is available. 

V.12.12 Neodymium compounds 

V.12.12.1 Neodymium selenides 

V.12.12.1.1 NdSe(cr) 

The enthalpy of atomisation of NdSe(cr) was determined to be at mH ο∆ (NdSe, cr, 
2090 K) = (1158 ± 17) kJ·mol–1 by Gordienko, Fesenko, Fenochka, and Lysenko 
[71GOR/FES] and to be at mH ο∆ (NdSe, cr, 0 K) = (971 ± 19) kJ·mol–1 by Nagai, Shin-
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mei, and Yokokawa [74NAG/SHI] by measuring the partial pressures of the species in 
the gas phase using mass spectrometry and Knudsen effusion cells. The temperature 
range of the measurements in [71GOR/FES] was 1990 to 2190 K and that in 
[74NAG/SHI] was not mentioned. The results in [74NAG/SHI] were extrapolated to 
0 K using estimated Gibbs energy functions while Gordienko et al. did not recalculate 
their atomisation enthalpy to standard conditions because experimental values of the 
heat capacity and entropy of NdSe(cr) are missing. The discrepancy between the meas-
urements is much larger than the claimed experimental uncertainties and the effect of 
the different temperatures. The atomisation enthalpy of NdSe(g) has been studied in 
[71GOR/FES] and [74NAG/SHI], and in [70BER/COP] by Bergman, Coppens, Dro-
wart, and Smoes. The results in [71GOR/FES] deviate strongly from the values ob-
tained in the other two studies, which agree well. The result in [71GOR/FES] for 
NdSe(cr) is therefore rejected. The value of the enthalpy of formation of NdSe(cr) was 
calculated from the enthalpy of atomisation in [74NAG/SHI] by adding 2 kJ·mol–1, es-
timated by the review, to convert from 0 K to 298.15 K, the selected enthalpy of forma-
tion of Se(g), the enthalpy of formation of Nd(g), (327.6 ± 4.0 (estimated)) kJ·mol–1, in 
[82WAG/EVA], yielding: 

f mH ο∆ (NdSe, cr 298.15 K) = – (409.9 ± 19.8) kJ·mol–1. 

 The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.12.1.2 NdSe(g) 

The entropy of NdSe(g) at 298.15 K was calculated to be mS ο (NdSe, g, 298.15 K) = 
277.5 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated. 

 The enthalpy change of the reaction  

 NdSe(g) + Sc(g)  Nd (g) + ScSe(g)  (V.160) 

was determined by Bergman, Coppens, Drowart, and Smoes [70BER/COP] in mass 
spectrometric measurements of ion intensities of the gaseous species in the temperature 
range 1968 to 2447 K. The results were evaluated to be r mH ο∆ ((V.160), 0 K) = 
(4.7 ± 3.8) kJ·mol−1 from the second law and r mH ο∆ ((V.160), 0 K) = (3.7 ± 1.0) 
kJ·mol−1 from the third law, respectively, using Gibbs energy functions of NdSe(g) and 
ScSe(g) calculated from estimated molecular parameters. The weighted average, 

r mH ο∆ ((V.160), 0 K) = (3.8 ± 1.0) kJ·mol−1, was recalculated to 298.15 K by the review 
employing molecular parameters for NdSe(g) and ScSe(g) identical to those in 
[70BER/COP] and the properties of Sc(g) and Nd(g) in [82WAG/EVA] yielding 

r mH ο∆ ((V.160), 298.15 K) = (3.1 ± 1.2) kJ·mol−1. The enthalpy of formation of NdSe(g) 
is calculated to be f mH ο∆ (NdSe, g, 298.15 K) = (174.1 ± 14.9) kJ·mol−1 by combining 



V.12 Lanthanide compounds and complexes 

 

373

the reaction enthalpy with the enthalpy values of Sc(g) and Nd(g) in [82WAG/EVA] 
and the Appendix E value for the enthalpy of formation of ScSe(g). The corresponding 
atomisation enthalpy of NdSe(g) at 298.15 K is (389.6 ± 15.5) kJ·mol−1. 

The dissociation enthalpy of NdSe(g) was determined to be at mH ο∆ (NdSe, g, 
2050 K) = (544 ± 17) kJ·mol−1 by Gordienko, Fesenko, Fenochka, and Lysenko 
[71GOR/FES] and to at mH ο∆ (NdSe, g, 0 K) = (401 ± 18) kJ·mol−1 by Nagai, Shinmei, 
and Yokokawa [74NAG/SHI] by measuring the partial pressures of the species in the 
gas phase using mass spectrometry and Knudsen effusion cells. The temperature range 
of the measurements was 1990 to 2110 K in [71GOR/FES] while the temperature range 
was not mentioned in [74NAG/SHI]. The results in [74NAG/SHI] were converted to 
0 K using estimated Gibbs energy functions while Gordienko et al. did not recalculate 
their atomisation enthalpy to standard conditions. The discrepancy between the values 
of the atomisation enthalpy in [71GOR/FES] on the one hand and those in 
[70BER/COP] and [74NAG/SHI] on the other is much larger than the claimed experi-
mental uncertainties and the effect of the different temperatures. The result in 
[71GOR/FES] is therefore rejected. The dissociation energy at 0 K in [74NAG/SHI] 
was recalculated by the review to 298.15 K and the enthalpy of formation was calcu-
lated using the same thermodynamic data as for [70BER/COP] yielding f mH ο∆ (NdSe, 
g, 298.15 K) = (159.7 ± 18.5) kJ·mol−1. The weighted average of the values of the en-
thalpy of formation of NdSe(g) from the measurements in [70BER/COP] and 
[74NAG/SHI] is 

f mH ο∆ (NdSe, g, 298.15 K) = (168.4 ± 15.0) kJ·mol−1. 

The datum is adopted since the heat capacity and entropy calculated for dia-
tomic molecules from estimated molecular parameters can be expected to be quite accu-
rate. The error bars have been increased somewhat and the result included in Appen-
dix E since it was calculated with non-TDB auxiliary data. 

V.12.12.1.3 Nd2Se3(cr) 

The heat capacity of Nd2Se3(cr) was measured in the temperature range 12 to 299 K by 
Nogteva, Paukov, and Yarembash [68NOG/PAU]. The heat capacity and entropy values 
at 298.15 K obtained from the investigation are selected: 

,mpCο (Nd2Se3, cr, 298.15 K) = (130.2 ± 2.0) J·K–1·mol–1 

and  

mS ο (Nd2Se3, cr, 298.15 K) = (224.1 ± 2.5) J·K–1·mol–1. 
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V.12.12.1.4 Nd3Se4(cr) 

The heat capacity of Nd3Se4(cr) was measured in the temperature range 56 to 298 K by 
Bolgar, Kopan, and Gorbachuk [2002BOL/KOP] using adiabatic calorimetry. Their 
value of the heat capacity at 298.15 K is selected 

,mpCο (Nd3Se4, cr, 298.15 K) = (187.06 ± 1.47) J·K–1·mol–1. 

The heat content of Nd3Se4(cr) was measured in the temperature range 488 to 
2296 K by Bolgar and Kopan [2003BOL/KOP]. The authors combined their results with 
the heat capacity value at 298.15 K in [2002BOL/KOP] and described the heat capacity 
of the solid by the expression: ,mpCο (Nd3Se4, cr, (298.15 - 1971) K) = (156.74 + 70.04 × 
10–3 T + 8.39088 × 105 T –2) J·K–1·mol–1. The temperature range is limited by the melt-
ing point of Nd3Se4(cr) which was determined to be at 1971 K. 

The entropy of Nd3Se4(cr) at 298.15 K was evaluated in [2002BOL/KOP] by 
extrapolation of the measured heat capacity to 0 K using Debye functions. The value 
obtained is selected by the review, but the uncertainty limits have been increased in or-
der to account for unknown systematic errors 

mS ο (Nd3Se4, cr, 298.15 K) = (359.6 ± 5.8) J·K–1·mol–1. 

V.12.12.2 Neodymium selenites 
Aleksandrovich and Serebrennikov [62ALE/SER] measured the solubility of 
Nd2(SeO3)3(s) at (298.15 ± 0.05) K in HCl, HNO3, and H2SO4 of unspecified concentra-
tion. The experiments and the evaluation of the solubility product of the reaction: 

 Nd2(SeO3)3(s)  2Nd3+ + 2
33SeO −  (V.161) 

are described in Appendix A. The result is 10 ,0log sK ο ((V.161), 298.15 K) = 
− (30.06 ± 0.83). The reported conditional value is – 27.8. The measurements probably 
refer to a hydrated amorphous phase. The review accepts 10 ,0log sK ο ((V.161), 
298.15 K) = – (30.0 ± 2.0) for use with freshly precipitated neodymium selenite al-
though the quality of the datum is difficult to assess. This datum is not selected. 

 Maier, Suponitskii, and Karapet’yants [67MAI/SUP] made a calorimetric de-
termination of the enthalpy change of the reaction between an aqueous solution of neo-
dymium(III) chloride and Na2SeO3(cr). The neodymium selenite formed was amor-
phous. The calorimetric measurement is re-evaluated in Appendix A on the assumption 
that the selenite contains 8 molecules of water of crystallisation. The result is 

f mH ο∆ (Nd2(SeO3)3
.8H2O, am, 298.15 K) = – (5141.9 ± 5.3) kJ⋅mol–1. Smolyakova and 

Serebrennikov [78SMO/SER] measured the same reaction, but the description of the 
experiments and calculations is meagre. Their data have been re-evaluated as described 
in Appendix A and yielded f mH ο∆ (Nd2(SeO3)3

.8H2O, am, 298.15 K) = − (5141 ± 8) 
kJ⋅mol–1. As an amorphous phase is apparently formed when neodymium selenite is 
precipitated from aqueous solution, the result of these investigations, 



V.12 Lanthanide compounds and complexes 

 

375

f mH ο∆ (Nd2(SeO3)3
.8H2O, am, 298.15 K) = − (5141.5 ± 5.0) kJ⋅mol–1, is included in the 

review but not selected. 

 Maier, Suponitskii, and Karapet’yants [71MAI/SUP] prepared crystalline 
Nd2(SeO3)3 and subjected it to calorimetric measurements, see Appendix A. The re-
evaluated data resulted in the value f mH ο∆ (Nd2(SeO3)3, cr, 298.15 K) = – (2848.2 ± 5.8) 
kJ⋅mol–1. Oppermann et al. obtained for this quantity the value  −(2833.8 ± 5.4) kJ⋅mol–1 
from calorimetric measurements in [2002ZHA/OPP] and − (2846 ± 41) kJ⋅mol–1 from 
measurements of equilibria at high temperatures in [2002OPP/ZHA]. 

The calorimetric results should be the most accurate but they are significantly 
different. The review adopts their mean value with suitable error bars: 

f mH ο∆ (Nd2(SeO3)3, cr, 298.15 K) = − (2841.0 ± 15.0) kJ⋅mol–1. 

 Since the calculation of the enthalpy of formation from the experimental 
results involved non-TDB auxiliary data, it is included in Appendix E. 

V.12.12.3 Neodymium selenates 
The measurements of Serebrennikov, Batyreva, and Tsybukova [78SER/BAT], 
[81SER/BAT] and by Serebrennikov, Tsybukova, and Velikov [84SER/TSY] indicate 
that at 298.15 K Nd2(SeO4)3⋅5H2O is the stable neodymium selenate in contact with 
water. The reported solubility is 0.917 and 0.91(4) mol(Nd2(SeO4)3)⋅kg–1, respectively. 
It is not clear if the two values refer to independent measurements. They are widely 
different from the result of an earlier investigation by Friend [31FRI], who reports 
0.546 mol(Nd2(SeO4)3)⋅kg–1. He also reports on difficulties in the solubility measure-
ments from formation of basic salts. Such problems are not mentioned in the Russian 
papers on the solubility of lanthanide selenates, [78SER/BAT], [79SER/TSY], 
[81SER/BAT], [84SER/TSY]. 

 The solubilities of other lanthanide selenates (penta- and octahydrates) are 
more in line with the result obtained by Friend, while the result by Serebrennikov et al. 
appears excessive. The review cannot find the reason for the discrepancy and hence no 
value of the solubility of Nd2(SeO4)3·5H2O will be selected. 

 Suponitskii et al. [69SUP/MAI] and Smolyakova, Efremov, and Serebrennikov 
[73SMO/EFR] determined the enthalpy change of the reaction between 
Nd2(SeO4)3

.5H2O(cr) and a solution of barium chloride with formation of BaSeO4(cr) 
by calorimetric measurements. The review calculated, cf. Appendix A, 

f mH ο∆ (Nd2(SeO4)3
.5H2O, cr, 298.15 K) = – (4511.1 ± 17.5) kJ⋅mol–1 from 

[69SUP/MAI] and – (4524.2 ± 17.5) kJ⋅mol–1 from [73SMO/EFR] and adopts: 

f mH ο∆ (Nd2(SeO4)3
.5H2O, cr, 298.15 K) = – (4517.7 ± 15.0) kJ⋅mol–1. 

 Since the calculation of the enthalpy of formation from the experimental 
results involved non-TDB auxiliary data, it is included in Appendix E. 
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 No other thermodynamic data have been found for neodymium selenates. 

V.12.13 Praseodymium compounds 

V.12.13.1 Praseodymium selenides 
The phase diagram of the praseodymium-selenium system has been studied by Kalitin, 
Yarembash, and Luzhnaya [66KAL/YAR]. The compounds PrSe(cr), Pr5Se6(cr), 
Pr3Se4(cr), Pr4Se7(cr), PrSe1.9(cr) and Pr3Se7(cr) were reported. Experimental thermody-
namic information is only available for solid and gaseous PrSe and Pr3Se4(cr). 

V.12.13.1.1 PrSe(cr) 

The enthalpy of atomisation of PrSe(cr) was determined to be at mH ο∆ (PrSe, cr, 0 K) = 
(1020 ± 27) kJ·mol−1 by Nagai, Shinmei, and Yokokawa [74NAG/SHI] and 

at mH ο∆ (PrSe, cr, 298.15 K) = (1014.6 ± 39.3) kJ·mol−1 by Gordienko, Fenochka, 
Viksman, Klochkov, and Mikhlina [82GOR/FEN] by measuring the partial pressures of 
the species in the gas phase using mass spectrometry and Knudsen effusion cells. The 
temperature range of the measurements in [82GOR/FEN] was 2104 to 2498 K but not 
mentioned in [74NAG/SHI]. The conversion of the results from high to low tempera-
tures was made using unspecified estimated Gibbs energy functions. In the absence of 
low temperature heat capacity data of PrSe(cr), the dissociation enthalpy is estimated by 
the review to be 3 kJ·mol−1 larger at 298.15 K than at 0 K yielding at mH ο∆ (PrSe, cr, 
298.15 K) = (1023 ± 27) kJ·mol−1 from the measurements in [74NAG/SHI]. The 
weighted average of the results from [74NAG/SHI] and [82GOR/FEN], 

at mH ο∆ (298.15 K) = (1020.3 ± 22.3) kJ·mol−1, was combined with the enthalpy of Pr(g) 
in [82WAG/EVA] and the selected enthalpy of Se(g) to yield: 

f mH ο∆ (PrSe, cr, 298.15 K) = − (428.6 ± 22.7) kJ·mol−1. 

The datum is included in Appendix E, since it was calculated with non-TDB 
auxiliary data. 

V.12.13.1.2 PrSe(g) 

The entropy of PrSe(g) at 298.15 K was calculated to be mS ο (PrSe, g, 298.15 K) = 
269.7 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated. 

The enthalpy of atomisation of PrSe(g) was determined to be at mH ο∆ (PrSe, g, 
0 K) = (443 ± 23) kJ·mol−1 by Nagai, Shinmei, and Yokokawa [74NAG/SHI] and to be 

at mH ο∆ (PrSe, g, 298.15 K) = (447.4 ± 17.4) kJ·mol−1 by Gordienko, Fenochka, 
Viksman, Klochkov, and Mikhlina [82GOR/FEN] by measurements of the partial pres-
sures of the species in the gas phase using mass spectrometry and Knudsen effusion 
cells. The temperature range of the measurements in [82GOR/FEN] was 2104 to 
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2498 K but not mentioned in [74NAG/SHI]. The conversion of the results from high to 
low temperatures was made using unspecified estimated Gibbs energy functions. In the 
absence of molecular properties of PrSe(g) the dissociation enthalpy is estimated by the 
review to be 2 kJ·mol–1 larger at 298.15 K than at 0 K yielding at mH ο∆ (PrSe, g, 
298.15 K) = (445 ± 23) kJ·mol−1 from the measurements in [74NAG/SHI]. The 
weighted average of the results from [74NAG/SHI] and [82GOR/FEN], at mH ο∆ (PrSe, g, 
298.15 K) = (446.5 ± 13.9) kJ·mol–1, was combined with the enthalpy of Pr(g) in 
[82WAG/EVA] and the selected enthalpy of Se(g) to yield f mH ο∆ (PrSe, g, 298.15 K) = 
(145.2 ± 14.6) kJ·mol–1. Although the results from the two determinations agree well, 
they have been obtained by the use of undocumented auxiliary thermal data. The review 
therefore adopts a rounded value for the enthalpy of formation of PrSe(g) with increased 
error bars 

f mH ο∆ (PrSe, g, 298.15 K) = (145 ± 20) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.13.1.3 Pr3Se4(cr) 

The heat capacity of Pr3Se4(cr) was measured in the temperature range 53 to 300 K by 
Bolgar, Kopan, and Gorbachuk [2002BOL/KOP] using adiabatic calorimetry. Their 
value of the heat capacity at 298.15 K is selected: 

,mpCο (Pr3Se4, cr, 298.15 K) = (183.76 ± 1.45) J·K–1·mol–1. 

The heat content of Pr3Se4(cr) was measured in the temperature range 476 to 
2350 K by Bolgar and Kopan [2003BOL/KOP]. The authors combined their results with 
the heat capacity value at 298.15 K in [2002BOL/KOP] and described the heat capacity 
of the solid by the expression : ,mpCο (Pr3Se4, cr, (298.15 - 1890) K) = (153.20 + 69.58 × 
10–3 T + 8.72562 × 105 T –2) J·K–1·mol–1. The temperature range is limited by the melt-
ing point of Pr3Se4(cr) which was determined to be at 1890 K. 

The entropy of Pr3Se4(cr) at 298.15 K was evaluated in [2002BOL/KOP] by 
extrapolation of the measured heat capacity to 0 K using Debye functions. The value 
obtained is selected by the review, but the uncertainty limits have been increased in or-
der to account for unknown systematic errors: 

mS ο (Pr3Se4, cr, 298.15 K) = (371.0 ± 6.0) J·K–1·mol–1. 

V.12.13.2 Praseodymium selenites 
Aleksandrovich and Serebrennikov [62ALE/SER] measured the solubility of 
Pr2(SeO3)3(s) at (298.15 ± 0.05) K in HCl, HNO3, and H2SO4 of unspecified concentra-
tion. The experiments and the evaluation of the solubility product of the reaction: 

 Pr2(SeO3)3(s)  2Pr3+ + 2
33SeO −  (V.162) 



V Discussion of data selection for selenium 

 

378

are described in Appendix A. The result is 10 ,0log sK ο ((V.162), 298.15 K) = 
− (34.19 ± 0.42). The reported conditional value is – 31.6. The measurements most 
likely refer to a hydrated amorphous phase. The review accepts 10 ,0log sK ο ((V.162), 
298.15 K) = − (34.0 ± 2.0) for use with freshly precipitated praseodymium selenite al-
though the quality of the datum cannot be assessed. This datum is not selected. 

 Maier et al. [69MAI/SOL], [70KAR/MAI], [71MAI/SUP] prepared a number 
of praseodymium selenites. The enthalpies of dissolution of the selenites, 
PrCl3⋅7H2O(cr), and H2SeO3(cr) in HCl(aq, 1:18.5) were measured and have been used 
in Appendix A to calculate the following enthalpies of formation: 

f mH ο∆ (Pr2(SeO3)3, cr, 298.15 K) = – (2856.8 ± 5.0) kJ⋅mol–1;  [71MAI/SUP] 

f mH ο∆ (Pr(HSeO3)3, cr, 298.15 K) = – (2212.5 ± 2.9) kJ⋅mol–1; [70KAR/MAI] 

f mH ο∆ (Pr(HSeO3)3
.2H2O, cr, 298.15 K) = – (2823.5 ± 3.0) kJ⋅mol–1;  [70KAR/MAI] 

f mH ο∆ (Pr2H2(SeO3)4, cr, 298.15 K) = – (3366.2 ± 5.2) kJ⋅mol–1;  [69MAI/SOL] 

f mH ο∆ (Pr2H2(SeO3)4
.5H2O, cr, 298.15 K) = – (4864.5 ± 5.2) kJ⋅mol–1;  [69MAI/SOL]. 

 Since the calculation of the formation enthalpies from the experimental results 
involved non-TDB auxiliary data, they are included in Appendix E. 

 The standard enthalpies of formation of Pr2(SeO3)3⋅3SeO2, (– 3545.2), 
Pr2(SeO3)3⋅SeO2, (– 3108.3), and Pr2O3⋅SeO2, (– 2302.4) kJ⋅mol–1 evaluated from 
[70KAR/MAI] are not accepted as the solid phases were not sufficiently well character-
ised in the paper. 

V.12.13.3 Praseodymium selenates 
The measurements of Serebrennikov, Batyreva, and Tsybukova [78SER/BAT], which 
established the phase diagram of the system Pr2(SeO4)3-Nd2(SeO4)3-H2O, indicate that 
Pr2(SeO4)3⋅5H2O is the stable praseodymium selenate in contact with water at 298.15 K. 
The reported solubility is accepted: 

m(Pr2(SeO4)3⋅5H2O(cr), aq sat, 298.15 K) = 0.459 mol(Pr2(SeO4)3)⋅kg–1. 

No uncertainty can be assigned to this value. 

 Suponitskii et al. [69SUP/MAI] determined the enthalpy change of the reaction 
between Pr2(SeO4)3

.5H2O(cr) and a solution of barium chloride with formation of 
BaSeO4(cr) by a calorimetric measurement. The review calculated the enthalpy of for-
mation: 

f mH ο∆ (Pr2(SeO4)3
.5H2O, cr, 298.15 K) = – (4545.0 ± 17.6) kJ⋅mol–1 

from this measurement, see Appendix A. Since the calculation of the formation en-
thalpy from the experimental results involved non-TDB auxiliary data, it is included in 
Appendix E. 
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 No other thermodynamic data have been found for praseodymium selenates. 

V.12.14 Cerium compounds 

V.12.14.1 Cerium selenides 

V.12.14.1.1 CeSe(cr) 

The enthalpy of atomisation of CeSe(cr) was determined to be at mH ο∆ (CeSe, cr, 0 K) = 
(1070 ± 19) kJ·mol–1 by Nagai, Shinmei, and Yokokawa [74NAG/SHI] by measuring 
the partial pressures of the species in the gas phase using mass spectrometry and Knud-
sen effusion cells. The temperature range of the measurements was not mentioned but 
the extrapolation of the results from high temperatures to 0 K was made using undocu-
mented estimated Gibbs energy functions. In the absence of low temperature heat 
capacity data of CeSe(cr), the atomisation enthalpy is estimated by the review to be 
3 kJ·mol–1 larger at 298.15 K than at 0 K yielding at mH ο∆ (CeSe, cr, 298.15 K) = 
(1073 ± 20) kJ·mol–1. The enthalpy of formation of CeSe(cr) was calculated from the 
enthalpy of atomisation, the selected enthalpy of formation of Se(g), the enthalpy of 
formation of Ce(g), (423 ± 10(estimated)) kJ·mol–1, in [82WAG/EVA], to be: 

f mH ο∆ (CeSe, cr, 298.15 K) = − (414 ± 22) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.14.1.2 CeSe(g) 

The entropy of CeSe(g) at 298.15 K was calculated to be mS ο (CeSe, g, 298.15 K) = 
266.7 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated. 

The dissociation enthalpy of CeSe(g) was determined to be at mH ο∆ (CeSe, g, 
0 K) = (491 ± 15) kJ·mol–1 by Nagai, Shinmei, and Yokokawa [74NAG/SHI] by meas-
uring the partial pressures of the species in the gas phase using mass spectrometry and 
Knudsen effusion cells. The temperature range of the measurements was not mentioned 
but the extrapolation of the results from high temperatures to 0 K was made using 
undocumented estimated Gibbs energy functions. The dissociation enthalpy was 
estimated to be at mH ο∆ (CeSe, g, 0 K) = (473 ± 20) kJ·mol–1 by Bergman, Coppens, 
Drowart, and Smoes [70BER/COP] by comparison with other gaseous lanthanide 
monoselenides. In the absence of low temperature heat capacity data of CeSe(g), the 
atomisation enthalpy is estimated by the review to be 3 kJ·mol–1 larger at 298.15 K than 
at 0 K yielding at mH ο∆ (CeSe, g, 298.15 K) = (494 ± 21) kJ·mol–1. The enthalpy of 
formation of CeSe(g) was calculated from the enthalpy of atomisation, the selected 
enthalpy of formation of Se(g), the enthalpy of formation of Ce(g), 
(423 ± 10(estimated)) kJ⋅mol–1, in [82WAG/EVA], to be f mH ο∆ (CeSe, g, 298.15 K) = 
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[82WAG/EVA], to be f mH ο∆ (CeSe, g, 298.15 K) = (165 ± 23) kJ·mol–1. Since the accu-
racy of the employed thermal data cannot be ascertained the review adopts a rounded 
value for the enthalpy of formation of CeSe(g) with increased error bars: 

f mH ο∆ (CeSe, g, 298.15 K) = (165 ± 25) kJ·mol–1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.14.2 Cerium selenites 
Two determinations of the solubility product of cerium(III) selenite are available. Little 
attention has been paid to the composition and quality of the solid phase, which will be 
denoted from lack of information as Ce2(SeO3)3(s) only. 

 Chukhlantsev and Tomashevsky [57CHU/TOM] prepared cerium(III) selenite 
by mixing 0.1 M solutions of selenious acid and a cerium(III) salt. The mixture was 
neutralised with ammonia at 333 K in order to precipitate cerium selenite. The separated 
selenite was dried at 313 K. No information on its quality is available but it is most 
likely amorphous. Chemical analysis showed a 2:3 ratio between Ce(III) and Se(IV). 
The solubility of the specimen in dilute solution of nitric or sulphuric acid was meas-
ured at 293 K. The experiments were performed and the data recalculated as outlined in 
Appendix A, [56CHU]. The result for: 

 Ce2(SeO3)3(s)  2Ce3+ + 2
33SeO −  (V.163) 

was 10 ,0log sK ο ((V.163), 293.15 K) = – (27.07 ± 0.37). The reported conditional constant 
is – (24.46 ± 0.10). Aleksandrovich and Serebrennikov [62ALE/SER] measured the 
solubility of Ce2(SeO3)3(s) at (298.15 ± 0.05) K in HCl, HNO3, and H2SO4 of unspeci-
fied concentration. The experiments and their evaluation are described in Appendix A. 
The result is 10 ,0log sK ο ((V.163), 298.15 K) = – (31.17 ± 0.30). The reported conditional 
value is – 28.4.  

 A comparison between the primary data in [57CHU/TOM] and [62ALE/SER] 
reveals that the measured solubility is much the same, while the reported pH of the 
equilibrium solution is about one unit less in the latter work. No selection of the solubil-
ity product of cerium(III) selenite can be made due to the widely differing experimental 
results and vague information on the composition and quality of the solid phase. 

 Maier, Suponitskii, and Karapet’yants [67MAI/SUP] made a calorimetric de-
termination of the enthalpy change of the reaction between an aqueous solution of ce-
rium(III) chloride and Na2SeO3(cr). The cerium selenite formed was amorphous. As no 
other datum exists for the enthalpy of formation of this compound the result of the in-
vestigation is included in the review but not selected. The calorimetric measurement is 
re-evaluated in Appendix A on the assumption that the selenite contains 10 molecules of 
water of crystallisation. The result is f mH ο∆ (Ce2(SeO3)3

.10H2O, am, 298.15 K) = 
− (5732.8 ± 5.3) kJ⋅mol–1. 
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V.12.15 Lanthanum compounds 

V.12.15.1 Lanthanum selenides 

V.12.15.1.1 LaSe(cr) 

The heat capacity of LaSe(cr) was measured in the temperature range 90 to 390 K by 
Tikhonov, Golubkov, and Smirnov [67TIK/GOL]. The value obtained at 298.15 K is 
selected: 

,mpCο (LaSe, cr, 298.15 K) = (49.2 ± 1.0) J·K–1·mol–1. 

No entropy value for LaSe(cr) at 298.15 K was selected from the measure-
ments in [67TIK/GOL] because of the missing experimental information in the tempera-
ture range 0 to 90 K.  

The enthalpy of atomisation of LaSe(cr) was measured to be at mH ο∆ (LaSe, g, 0 K) = 
(1062 ± 19) kJ·mol–1 by Nagai, Shinmei, and Yokokawa [74NAG/SHI] by measuring 
the partial pressures of the species in the gas phases using mass spectrometry and Knud-
sen effusion cells. The temperature range of the measurements was not mentioned and 
the extrapolation of the results from high temperatures to 0 K was made using undocu-
mented estimated Gibbs energy functions. In the absence of complete low temperature 
heat capacity data of LaSe(cr), the atomisation enthalpy is estimated by the review to be 
3 kJ·mol−1 larger at 298.15 K than at 0 K yielding at mH ο∆ (LaSe, cr, 298.15 K) = 
(1065 ± 20) kJ·mol−1. The enthalpy of formation of LaSe(cr) was calculated from the 
enthalpy of atomisation, the selected enthalpy of formation of Se(g), the enthalpy of 
formation of La(g), (431.0 ± 3.0(estimated)) kJ⋅mol−1, in [82WAG/EVA], to be: 

f mH ο∆ (LaSe, cr, 298.15 K) = − (398.5 ± 20.6) kJ·mol−1. 

The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.15.1.2 LaSe(g) 

The entropy of LaSe(g) at 298.15 K was calculated to be mS ο (LaSe, g, 298.15 K) = 
263.8 J·K–1·mol–1 by Kovalevskaya, Sidorenko, Lysenko, and Fesenko [75KOV/SID]. 
The entropy value is not selected because all parameters required for the calculation 
using statistical mechanics were estimated.  

The dissociation enthalpy of LaSe(g) was determined by Ni and Wahlbeck 
[72NI/WAH] by measuring the partial pressures of the gas species in the temperature 
range 1965 to 2214 K using mass spectrometry and effusion cells. The results were 
evaluated to be at mH ο∆ (LaSe, g, 0 K) = (456.5 ± 42.3) kJ·mol−1 from the second law and 

at mH ο∆ (LaSe, g, 0 K) = (474.1 ± 3.4) kJ·mol−1 from the third law, respectively, using 
Gibbs energy functions of LaSe(g) calculated from estimated molecular parameters. The 
weighted average, at mH ο∆ (LaSe, g, 0 K) = (474.0 ± 3.4) kJ·mol−1, was recalculated to 
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298.15 K by the review employing molecular parameters for LaSe(g) identical to those 
in [72NI/WAH], the selected properties of Se(g), and the properties of La(g) in 
[82WAG/EVA] yielding at mH ο∆ (LaSe, g, 298.15 K) = (476.9 ± 3.4) kJ·mol−1. The en-
thalpy of formation of LaSe(g) was calculated from this value, the selected enthalpy of 
Se(g), and the enthalpy of La(g) in [82WAG/EVA] to be f mH ο∆ (LaSe, g, 298.15 K) = 
(190.2 ± 5.5) kJ·mol−1. 

Nagai, Shinmei, and Yokokawa [74NAG/SHI] also determined the dissociation 
enthalpy of LaSe(g) by measuring the partial pressures of the gas species using mass 
spectrometry and Knudsen effusion cells and reported at mH ο∆ (LaSe, g, 0 K) = 
(478.2 ± 14.6) kJ·mol−1. The experimental conditions and the assumptions made for the 
recalculation of the high temperature results to 0 K are poorly documented. A complete 
recalculation by the review is not possible since, among other details, temperature val-
ues are missing. However, the dissociation enthalpy at 298.15 K is calculated by the 
review to be 2.9 kJ·mol−1 larger than the value at 0 K using the same procedure as for 
the results in [72NI/WAH] above, yielding at mH ο∆ (LaSe, g, 298.15 K) = (481.1 ± 14.6) 
kJ·mol−1. The value was combined with the enthalpy of La(g) in [82WAG/EVA] and 
the selected enthalpy of Se(g) to yield f mH ο∆ (LaSe, g, 298.15 K) = (186.0 ± 15.2) 
kJ·mol−1. 

The enthalpy change of the reaction  

 LaSe(g) + V(g)  La(g) + VSe(g)  (V.164) 

was determined by Bergman, Coppens, Drowart, and Smoes [70BER/COP] in mass 
spectrometric measurements of ion the intensities of the gaseous species in the tempera-
ture range 1945 to 2400 K. The results were evaluated to be r mH ο∆ ((V.164), 0 K) = 
(130.1 ± 1.9) kJ·mol–1 from the second law and r mH ο∆ ((V.164), 0 K) = (130.2 ± 0.8) 
kJ·mol–1 from the third law, respectively, using Gibbs energy functions of LaSe(g) and 
VSe(g) calculated from estimated molecular parameters. Unfortunately, the molecular 
data used for VSe(g) were not mentioned and the weighted average of the reaction en-
thalpy, r mH ο∆ ((V.164), 0 K) = (130.2 ± 0.7) kJ·mol–1, was recalculated to 298.15 K by 
the review employing a value of 9.5 kJ·mol–1 for the enthalpy increment of VSe(g) from 
0 to 298.15 K, molecular parameters of LaSe(g) identical to those in [70BER/COP], and 
the properties of La(g) and V(g) in [82WAG/EVA] yielding r mH ο∆ ((V.164), 
298.15 K) = (128.6 ± 0.9) kJ·mol–1. The enthalpy of formation of LaSe(g) is calculated 
to be f mH ο∆ (LaSe, g, 298.15 K) = (193.2 ± 17.0) kJ·mol–1 by combining the reaction 
enthalpy with the enthalpy values of La(g) and V(g) in [82WAG/EVA] and the Appen-
dix E value for the enthalpy of formation of VSe(g). The corresponding atomisation 
enthalpy of LaSe(g) at 298.15 K is (473.9 ± 17.6) kJ·mol–1. 

The weighted average of the determinations of the enthalpy of formation of 
LaSe(g) in [72NI/WAH], [74NAG/SHI], and [70BER/COP] is 

f mH ο∆ (LaSe, g, 298.15 K) = (190.0 ± 5.0) kJ·mol–1. 
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The datum is included in Appendix E since it was calculated with non-TDB 
auxiliary data. 

V.12.15.1.3 La2Se3(cr) 

Paukov, Nogteva, and Yarembash [66PAU/NOG] measured the heat capacity of 
La2Se3(cr) in the temperature range 13 to 295 K. The heat capacity and entropy values 
at 298.15 K derived from these measurements are selected: 

,mpCο (La2Se3, cr, 298.15 K) = (125.6 ± 1.0) J·K–1·mol–1 

and 

mS ο (La2Se3, cr, 298.15 K) = (202.2 ± 1.8) J·K–1·mol–1. 

The heat content of La2Se3(cr) was measured in the temperature range 467 to 
2209 K using drop calorimetry by Bolgar, Kopan, and Kriklya [2001BOL/KOP]. The 
result was described analytically by the expression 

,mpCο (La2Se3, cr, (298.15 - 2000) K) = (116.45 + 27.64 × 10−3 T 
 + 8.0631 × 104 T –2) J·K–1·mol–1. 

V.12.15.2 Lanthanum selenites 
Aleksandrovich and Serebrennikov [62ALE/SER] measured the solubility of 
La2(SeO3)3(s) at (298.15 ± 0.05) K in HCl, HNO3, and H2SO4 of unspecified concentra-
tion. The experiments and the evaluation of the solubility product of the reaction 

 La2(SeO3)3(s)  2La3+ + 2
33SeO −  (V.165) 

are described in Appendix A. The result is 10 ,0log sK ο ((V.165), 298.15 K) = 
− (31.49 ± 0.58). The reported conditional value is – 28.5. The measurements most 
likely refer to a hydrated amorphous phase. Reference [82WAG/EVA] reports 

f mGο∆ (La2(SeO3)3, cr, 298.15 K) = – 2633.7 kJ mol–1 which corresponds to 10 ,0log sK ο = 
− 31.4. This is close to the value evaluated from the measurements in [62ALE/SER] by 
the review. Since the other results obtained in [62ALE/SER] are not included in 
[82WAG/EVA], the datum may originate from an unidentified source. The review ac-
cepts the solubility product 10 ,0log sK ο ((V.165), 298.15 K) = – (31.0 ± 2.0) for freshly 
precipitated lanthanum selenite although its quality cannot be assessed. This datum is 
not selected.  

Maier, Suponitskii, and Karapet’yants [71MAI/SUP] prepared anhydrous crys-
talline lanthanum selenite and measured its enthalpy of dissolution in HCl(aq, 1:18.5) in 
a calorimeter. The data are evaluated in Appendix A and yield 

f mH ο∆ (La2(SeO3)3, cr, 298.15 K) = – (2852.2 ± 6.0) kJ⋅mol–1 

which is included in Appendix E, since it was calculated with non-TDB auxiliary data. 
The non-referenced value reported in [82WAG/EVA] is – 2879.43 kJ mol–1. 
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V.12.15.3 Lanthanum selenates 
The measurements of Serebrennikov and Tsybukova [79SER/TSY] indicate that 
La2(SeO4)3⋅5H2O is the stable lanthanum selenate in contact with water at 298.15 K. 
The reported solubility at this temperature is accepted: 

m(La2(SeO4)3⋅5H2O(cr), aq sat, 298.15 K) = 0.639 mol(La2(SeO4)3)⋅kg–1. 

No uncertainty can be assigned to this value.  

 Smolyakova, Efremov, and Serebrennikov [73SMO/EFR] determined the en-
thalpy change of the reaction between La2(SeO4)3⋅5H2O(cr) and a solution of barium 
chloride with formation of BaSeO4(cr) by a calorimetric measurement. The review cal-
culated: 

f mH ο∆ (La2(SeO4)3⋅5H2O, cr, 298.15 K) = – (4555.0 ± 17.5) kJ⋅mol–1 

from this measurement, see Appendix A. The result is adopted although the source is of 
uncertain quality and included in Appendix E, since it was calculated with non-TDB 
auxiliary data. 

 No other thermodynamic data have been found for lanthanum selenates. 

V.13   Actinide compounds and complexes 

V.13.1 Curium compounds 

V.13.1.1 Curium selenides 
The compounds CmSe(cr) and Cm2Se3(cr) have been reported, but no thermodynamic 
information is available. 

V.13.2 Americium compounds 

V.13.2.1 Americium selenides 
The compounds AmSe(cr), AmSe2(cr) and Am3Se4(cr) have been reported, but no ther-
modynamic information is available. 

V.13.3 Plutonium compounds 

V.13.3.1 Plutonium selenides 
The compounds PuSe(cr), Pu2Se3(cr), and Pu3Se4(cr) have been reported. Experimental 
thermodynamic information is only available for PuSe(cr).  
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V.13.3.1.1 PuSe(cr) 

The heat capacity of PuSe(cr) was measured in the temperature range 7 to 300 K by 
Hall, Mortimer, Harding and Spirlet in [91HAL/MOR] using a transient method up to 
20 K and an adiabatic technique in the range 13 to 300 K. The heat capacity and entropy 
values determined at 298.15 K are selected as in the previous NEA-TDB reviews 
[2001LEM/FUG] and [2003GUI/FAN]: 

,mpCο (PuSe, cr, 298.15 K) = (59.7 ± 1.2) J·K−1·mol−1 

and 

mS ο (PuSe, cr, 298.15 K) = (92.1 ± 1.8) J·K−1·mol−1. 

V.13.4 Neptunium compounds 

V.13.4.1 Neptunium selenides 
The compounds NpSe(cr), NpSe3(cr), Np2Se3(cr), Np2Se5(cr), Np3Se4(cr), and 
Np3Se5(cr) have been reported, but no experimental thermodynamic information is 
available. 

V.13.5 Uranium compounds 

V.13.5.1 Uranium selenides 
The phase equilibria in the system uranium-selenium was studied by differential thermal 
(DTA), chemical, and X-ray diffraction analysis by Ellert, Slovyanskikh, and Sevast-
yanov in [71ELL/SLO] and [75ELL/SEV]. The phases USe(cr), U3Se4(cr), U2Se3(cr), 
U3Se5(cr), USe1.88(cr), β-USe2, γ-USe2, and USe3(cr) were reported. The phase 
USe1.88(cr) has been denoted α-USe2, but it is not a polymorphic modification of ura-
nium diselenide. The stable form of the composition USe2 is β-USe2, which crystallises 
in an orthorhombic structure. γ-USe2 is metastable. 

Thermodynamic data for uranium selenides were previously assessed in the 
book on uranium compounds and complexes [92GRE/FUG]. Comparisons are fre-
quently made with this source in the following sections but a number of selections made 
there are not made by the review since they were based entirely on estimates. 

V.13.5.1.1 USe(cr) 

The heat capacity of USe(cr) has been measured in the temperature range 5 to 350 K by 
Takahashi and Westrum [65TAK/WES]. The reported values of the heat capacity and 
entropy at 298.15 K are selected: 

,mpCο (USe, cr, 298.15 K) = (54.8 ± 0.3) J·K–1·mol–1 

and 
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mS ο (USe, cr, 298.15 K) = (96.5 ± 1.5) J·K–1·mol–1. 

 The expression for the heat capacity of USe(cr) in the temperature range 
298.15 to 800 K selected in [92GRE/FUG] and [2003GUI/FAN] is based on an estimate 
made in [84GRO/DRO] from a comparison with data for US(cr). No ,mpCο (T ) function 
for USe(cr) is selected by the review. 

The enthalpies of formation of USe(cr) and U3Se4(cr) were measured by 
Baskin and Smith [70BAS/SMI] using direct synthesis calorimetry. However, the reac-
tions were incomplete and the sample aimed at the compound USe(cr) consisted of ap-
proximately 25% of U3Se4(cr) in addition to USe(cr) after the reaction. Similarly, the 
sample aimed at the compound U3Se4(cr) consisted of 45% of U3Se4(cr), the rest being 
made up of 30% of USe(cr) and 25% of β-USe2 after reaction. The β-USe2 phase is a 
minority product and present only in one of the samples, and by estimating its enthalpy 
of formation to be − 426.8 kJ·mol–1, Baskin and Smith evaluated the enthalpy of forma-
tion of USe(cr) and U3Se4(cr) to be – (275.7 ± 14.6) kJ·mol–1 and – (982.8 ± 85.4) 
kJ·mol–1, respectively. The evaluation of the data in [70BAS/SMI] was repeated by the 
review by considering the constraints set by the condition that the three phases are all 
stable at room temperature instead of using an estimated value of the enthalpy of forma-
tion of β-USe2. The procedure results in extreme limits for the enthalpy of formation of 
the phases, − 477 kJ·mol–1 < f mH ο∆ (USe2, β, 298.15 K) < − 359 kJ·mol–1, − 1115 
kJ·mol–1 < f mH ο∆ (U3Se4, cr, 298.15 K) < − 931 kJ·mol–1, and − 254 kJ·mol–1 < 

f mH ο∆ (USe, cr, 298.15 K) < − 289 kJ·mol–1. The enthalpy ranges are consistent with the 
values evaluated by Baskin and Smith and the review selects the mean of the extreme 
values of the enthalpy of formation of USe(cr): 

f mH ο∆ (USe, cr, 298.15 K) = – (272 ± 18) kJ·mol–1. 

The error limits include the uncertainties due to the incomplete reaction. 

The Gibbs energy of formation is calculated from the selected enthalpy of for-
mation and the standard entropies to be: 

f mGο∆ (USe, cr, 298.15 K) = – (273.3 ± 18.0) kJ·mol–1. 

 The selected values of the thermodynamic quantities are in close agreement 
with those selected in [92GRE/FUG], retained in [2003GUI/FAN]. 

V.13.5.1.2 USe1.88(cr) 

The compound USe1.88(cr) crystallises with tetragonal symmetry and has also been de-
noted α-USe2. However, according to the X-ray and phase diagram studies by Ellert, 
Slovyanskikh, and Sevastyanov in [71ELL/SLO] and [75ELL/SEV], USe1.88(cr) is a 
separate phase and not a polymorphic modification of uranium diselenide. This condi-
tion has not been known to all investigators of the system and has lead to confusing 
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results for the phases USe1.88(cr) (α-USe2) and β-USe2. The latter is orthorhombic and 
of exact stoichiometry. 

 Westrum and Grønvold [70WES/GRO] measured the low temperature heat 
capacity of a phase anticipated to be α-USe2. The phase was not identified using X-ray 
diffraction, but the composition was determined to be exactly stoichiometric USe2 by 
chemical analysis. Considering the synthesis method and the results in [71ELL/SLO] 
and [75ELL/SEV], the phase investigated was most probably β-USe2. The results of the 
measurements in [70WES/GRO] are therefore attributed to β-USe2 rather than 
USe1.88(cr) by the review. However, the heat capacity and entropy at 298.15 K derived 
from the measurements in [70WES/GRO] were selected for the α-USe2 phase in 
[92GRE/FUG]. Baskin and Smith [70BAS/SMI] estimated the enthalpy of formation of 
USe2(cr) and the value was accepted for the α-USe2 phase in [92GRE/FUG]. 

 Attributing the measurements in [70WES/GRO] to β-USe2, no experimental 
thermodynamic information is available for the USe1.88(cr) phase. The data for the com-
pound denoted by α-USe2 in [92GRE/FUG] should therefore most likely be allotted to 
β-USe2 instead. 

V.13.5.1.3 β-USe2 

The heat capacity of USe2(cr) was measured in the temperature range 5 to 350 K by 
Westrum and Grønvold [70WES/GRO]. The authors anticipated the phase to be 
tetragonal α-USe2 without identifying the phase using X-ray diffraction. However, as 
discussed in the previous section, the phase investigated was most likely β-USe2. The 
results of the investigation are therefore attributed to β-USe2 by the review. No anoma-
lies were found in the heat capacity except for a λ-type transformation with trs mS∆  = 
0.79 J·K–1·mol–1 at 13.1 K. The heat capacity and entropy at 298.15 K evaluated from 
the measurements are selected: 

,mpCο (USe2, β, 298.15 K) = (79.2 ± 0.3) J·K–1·mol–1 

and 

mS ο (USe2, β, 298.15 K) = (133.8 ± 1.5) J·K–1·mol–1. 

The error limits of the entropy were increased in order to incorporate a possible 
zero-point entropy of 1.17 J·K–1·mol–1. These selections agree with the selections in 
[92GRE/FUG] but there considered to apply to α-USe2. 

Baskin and Smith [70BAS/SMI] measured the enthalpy of formation USe(cr) 
and U3Se4(cr) using direct reaction calorimetry and found minor amounts of β-USe2 as a 
by-product in one of their samples. In order to evaluate their results, the enthalpy of 
formation of β-USe2 was estimated to be − 426.8 kJ·mol–1. The measurements were re-
evaluated by the review as discussed in Section V.13.5.1.1 without using an estimated 
value, yielding extreme limits for the enthalpy of formation of β-USe2, − 477 kJ·mol–1 < 
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f mH ο∆ (USe2, β, 298.15 K) < − 359 kJ·mol–1. No value is selected because the β-USe2 
phase was only found in small quantities as a by-product. The enthalpy estimated in 
[70BAS/SMI] was accepted in [92GRE/FUG] and there considered to apply to α-USe2. 

V.13.5.1.4 USe3(cr) 

The selenium vapour pressure over a mixture of USe2(cr) and USe3(cr) was measured in 
the temperature range 1023 to 1178 K by Sevastyanov, Slovyanskikh, and Ellert in 
[71SEV/SLO]. The results were combined with an estimated value of the enthalpy of 
formation of USe2(cr) in [92GRE/FUG] to yield an accepted value of the enthalpy of 
formation of USe3(cr). Similarly, the reviews in [92GRE/FUG] and [2003GUI/FAN] 
accepted the value of the entropy of USe3(cr) estimated by Westrum and Grønvold 
[62WES/GRO]. 

The review does not derive a value for the enthalpy of formation of USe3(cr) 
since no experimental value for the enthalpy of formation of USe2(cr) is available. 

V.13.5.1.5 U2Se3(cr) 

The heat capacity of U2Se3(cr) was measured in the temperature range 2 to 293 K by 
Lagnier, Suski, and Wojakowski [75LAG/SUS]. Several anomalies and peculiarities 
were found and no numerical values of the entropy and heat capacity were reported. The 
values ,mpCο (U2Se3, cr, 298.15 K) = (84.4 ± 3.0) J·K–1·mol–1 and mS ο (U2Se3, cr, 
298.15 K) = (131.6 ± 1.5) J·K–1·mol–1 were evaluated by the review from the graph in 
Figure 1 of the paper. The values are similar to those of β-USe2 and consequently too 
small and in error. The IAEA review [84GRO/DRO] reports an entropy which is twice 
as large, mS ο (U2Se3, cr, 298.15 K) = (261.4 ± 1.7) J·K–1·mol–1, referring to the same ex-
perimental data. The resulting entropy of formation is f mS ο∆ (U2Se3, cr, 298.15 K) = 
34.73 J·K–1·mol–1 which is out of line with the corresponding values of USe(cr) and      
β-USe2, 4.21 J·K–1·mol–1 and – 0.58 J·K–1·mol–1, respectively. No values of the heat ca-
pacity and entropy at 298.15 K were selected. The review concludes that the values se-
lected in [92GRE/FUG] are likely to be in error. 

 The review in [92GRE/FUG] accepted the value of the enthalpy of formation 
of U2Se3(cr) estimated by Mills [74MIL]. 

V.13.5.1.6 U3Se4(cr) 

The enthalpy of formation of USe(cr) and U3Se4(cr) was measured by Baskin and Smith 
[70BAS/SMI] using direct reaction calorimetry. However, the reactions were incom-
plete and a minor amount of β-USe2 was found as a by-product in one of the samples. In 
order to correct for this, the enthalpy of formation of β-USe2 was estimated to be 
− 426.8 kJ·mol–1 resulting in f mH ο∆ (U3Se4, cr, 298.15 K) = − (983 ± 56) kJ·mol–1. The 
measurements were re-evaluated by the review as discussed in Section V.13.5.1.1 with-
out using an estimated value, yielding extreme limits for the enthalpy of formation of 
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U3Se4(cr), − 1115 kJ·mol–1 < f mH ο∆ (U3Se4, cr, 298.15 K) < − 931 kJ·mol–1. The range is 
consistent with the value obtained by Baskin and Smith. Their result was selected in 
[92GRE/FUG]. The review prefers a value that does not include an estimate and selects 
for the enthalpy of formation of U3Se4(cr) the mean value of the extremes of the range: 

f mH ο∆ (U3Se4, cr, 298.15 K) = – (1023 ± 92) kJ·mol–1. 

 The error limits reflect the uncertainties due to the incomplete reaction. 

 The reviews in [92GRE/FUG] and [2003GUI/FAN] accepted the value of the 
entropy of U3Se4(cr) estimated by Westrum and Grønvold [62WES/GRO].  

V.13.5.1.7 U3Se5(cr) 

No experimental thermodynamic information is available for U3Se5(cr). The reviews in 
[92GRE/FUG] and [2003GUI/FAN] accepted the value of the entropy of U3Se5(cr) es-
timated by Westrum and Grønvold [62WES/GRO] and the value of the enthalpy of 
formation estimated by Mills [74MIL]. 

V.13.5.2 Uranium selenites 
No phase diagram has been found for the system UO2SeO3-H2O-SeO2. 

 Krylov and Chukhlantsev [57KRY/CHU] prepared dioxouranium(VI) selenite 
at 323 K by mixing 1 M solutions of dioxouranium(VI) acetate and selenious acid. The 
precipitate was aged for several days in the mother liquor at this temperature, then sepa-
rated and dried at 373 K. Chemical analysis confirmed the 1:1 ratio between U and 
Se(IV). The specimen was anhydrous. No X-ray diffraction measurements were per-
formed. The information presented by Claude [60CLA] indicates that no water of crys-
tallisation is present in dioxouranium(VI) selenite precipitated from aqueous solution 
although the amorphous product tenaciously withholds water. The solubility of the 
specimen in dilute solution of nitric or sulphuric acid was measured at 293 K. The data 
have been recalculated by the review, cf. Appendix A, [56CHU]. The result for: 

 UO2SeO3(s)  2+
2UO  + 2

3SeO −  (V.166) 

was 10 ,0log sK ο ((V.166), 293.15 K) = – (11.10 ± 0.18). The reported conditional value is 
− (10.41 ± 0.12). This is the only determination of the solubility of uranium(VI) selenite 
found. The estimate 10 ,0log sK ο ((V.166), 298.15 K) = – (11.0 ± 2.0) has been included in 
the review and might be applicable to an aged, amorphous uranium(VI) selenite phase. 
This datum is not selected. 

 Cordfunke and Ouweltjes [77COR/OUW2] determined the enthalpy of forma-
tion of dioxouranium(VI) selenite using a specimen obtained by a solid-state synthesis 
at 630 K. The selected value: 

f mH ο∆ (UO2SeO3, cr, 298.15 K) = – (1522.2 ± 1.1) kJ⋅mol–1 
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differs only from the value given in [77COR/OUW2] and that selected in 
[92GRE/FUG] by a small difference due to the selected enthalpy of formation of 
SeO2(cr). 

V.13.5.3  Uranium selenates 
The phase diagram studies by Serezhkina et al. show that the stable solid phase in con-
tact with water at 298.15 K is UO2SeO4⋅4H2O. The solubility is: 

m(UO2SeO4⋅4H2O(cr), aq sat, 298.15 K) = 5.31 mol(UO2SeO4)⋅kg–1. 

 A phase diagram and related information are available for the system: 
UO2SeO4-H2SeO4-H2O at 298.15 K in [88SER/BLA]; UO2SeO4-BeSeO4-H2O at 
298.15 K in [83SER/KUD]; UO2SeO4-MgSeO4-H2O at 298.15 K in [84SER/SER]; 
UO2SeO4-(NH4)2SeO4-H2O at 298.15 K in [94SER]; UO2SeO4-Li2SeO4-H2O at 
298.15 K in [89TAT/SER]; UO2SeO4-Na2SeO4-H2O at 298.15 K in [90TAT/SER]; 
UO2SeO4-K2SeO4-H2O at 298.15 K in [93SER/KUC]; UO2SeO4-Rb2SeO4-H2O at 
298.15 K in [89KUC/SHT]; UO2SeO4-Cs2SeO4-H2O at 298.15 K in [87SER/SER]. 

 The value of the solubility product of UO2SeO4⋅4H2O(cr), 

 UO2SeO4⋅4H2O(cr)  2+
2UO  + 2

4SeO −  + 4H2O(l) (V.167) 

at 298.15 K has been reported by Kumov and Batyreva [90KUM/BAT] to be 
10 ,0log sK ο ((V.167), 298.15 K) = – (2.25 ± 0.04), see Appendix A. As the reviewers 

failed to assess the accuracy of this datum, it will not be included amongst the selected 
data. 

 Complex formation in the dioxouranium(VI)-selenate system has been studied 
by Lubal and Havel [97LUB/HAV] by spectrophotometric and potentiometric methods 
at (298.2 ± 0.5) K. The evidence for the formation of UO2SeO4(aq) and 2

2 4 2UO (SeO ) −  
is convincing, see Appendix A. The following equilibrium constants of Reactions 
(V.168) and (V.169): 

 2+
2UO + 2

4SeO −   UO2SeO4(aq) (V.168) 

 2+
2UO + 2

42SeO −   2
2 4 2UO (SeO ) −  (V.169) 

were determined by spectrophotometry in 3 M Na+( 2
4 4ClO , SeO− − ) medium, 

10 1log b ((V.168), I = 3 M, 298.15 K) = (1.50 ± 0.02) and 10 2log b ((V.169), I = 3 M, 
298.15 K) = (2.29 ± 0.02). The authors obtained 10 1log οb ((V.168), I = 0, 298.15 K) = 
(2.64 ± 0.01) from the potentiometric measurements at low ionic strength. Djogic, 
Pizeta, and Zelic [99DJO/PIZ] made a careful voltammetric study of the same system at 
(296 ± 2) K in sodium perchlorate medium. From the shift of the peak potential with 
selenate concentration they obtained 10 1log b ((V.168), I = 3 M, 296 K) = (1.50 ± 0.02) 
in agreement with the result in [97LUB/HAV]. However, no evidence was found for the 
formation of 2

2 4 2UO (SeO ) − . At I = 0.1 M, 10 1log b ((V.168), I = 0.1 M, 296 K) = 
(2.0 ± 0.1) is reported together with evidence for the formation of a second complex but 
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its formation constant could not be determined due to the short accessible concentration 
range of the ligand. 

 Extrapolation of 10 1log β ((V.168), I = 3 M) by the SIT approach with ∆ε = 
− (0.34 ± 0.07) kg·mol−1 as for the corresponding sulphate complex, [92GRE/FUG], 
yields 10 1log οb = (2.31 ± 0.25) and similarly 10 1log οb = (2.84 ± 0.15) from 

10 1log b ((V.168), I = 0.1 M). The mean of the latter value and the potentiometric result 
will be selected: 

10 1log οb ((V.168), 298.15 K) = (2.74 ± 0.25). 

 The correspondingly extrapolated value of β2 is 10 2log οb = (3.10 ± 0.50). This 
value cannot be selected due to lack of data supporting the long extrapolation. The po-
tentiometric data in [97LUB/HAV] indicated that 10 2log οb  does not exceed 3.4. This 
selection yields: 

f mGο∆ (UO2SeO4, aq, 298.15 K) = – (1407.7 ± 2.7) kJ⋅mol–1. 

 The enthalpy of formation of dioxouranium(VI) selenate selected in 
[92GRE/FUG] and retained in [2003GUI/FAN] is accepted: 

f mH ο∆ (UO2SeO4, cr, 298.15 K) = – (1539.3 ± 3.3) kJ⋅mol–1. 

 No value of the standard enthalpy of formation of UO2SeO4⋅4H2O(cr) has been 
found. 

V.13.6 Thorium compounds 

V.13.6.1 Thorium selenides 
The compounds ThSe(cr), Th2Se3(cr), Th2Se5(cr), and Th7Se12(cr) have been reported, 
but no experimental thermodynamic information is available. 

V.13.6.2 Thorium selenites 
Krylov and Chukhlantsev [57KRY/CHU] prepared thorium selenite at 323 K by adding 
a concentrated solution of selenious acid to a 1 M solution of thorium chloride. The 
precipitate was aged for several days in the mother liquor at this temperature, then sepa-
rated and dried at 373 K. Chemical analysis confirmed the 1:2 ratio between Th and 
Se(IV) and the specimen was anhydrous. No X-ray diffraction measurements were per-
formed.  

 The solubility of the specimen in dilute solution of nitric or sulphuric acid was 
measured at 293 K. The data at pH 3 or below have been recalculated by the review, cf. 
Appendix A, [56CHU]. A correction for the hydrolysis of the Th4+ ion was applied. The 
result for: 

 Th(SeO3)2(s)  Th4+ + 2
32SeO −  (V.170) 



V Discussion of data selection for selenium 

 

392

was 10 ,0log sK ο ((V.170), 293.15 K) = – (21.92 ± 0.67). The reported conditional value is 
− (19.87 ± 0.62). The estimate 10 ,0log sK ο ((V.170), 298.15 K) = – (22.0 ± 2.0) has been 
included in the review as the only datum available for the solubility product of thorium 
selenite but not selected. Its applicability to equilibrium calculations is somewhat doubt-
ful, as the composition of the solid phase is not well defined. Selenious acid is known to 
precipitate amorphous hydrates from Th4+ solution, which turn into basic salts when pH 
increases. According to the results in [99NES/GLY] discussed in the next paragraph, 
the anhydrous Th(SeO3)2 used in the solubility measurements should change to 
Th(SeO3)2⋅H2O in contact with water.  

 Nesterenko and Glybin [99NES/GLY] prepared crystalline Th(SeO3)2⋅H2O 
from aqueous solution. The vapour pressure of the salt: 

 Th(SeO3)2⋅H2O(cr)  Th(SeO3)2(cr) + H2O(g) (V.171) 

was measured with a membrane manometer in the temperature range 428 to 515 K and 
found to follow: 

210 H Olog p  = (9.8 ± 0.3) – (4862 ± 121) T–1  

The extrapolated data estimated in the paper are: 

r mH ο∆ ((V.171), 298.15 K) = (94.1 ± 2.9) kJ⋅mol–1, 

r mS ο∆ ((V.171), 298.15 K) = (191.2 ± 4.5) J⋅K–1⋅mol–1. 

 The auxiliary data used are not mentioned. The result is selected, as the ex-
trapolation is comparatively short. 

 The paper also reports f mH ο∆ (Th(SeO3)2, cr, 298.15 K) = – (1702.5 ± 5.0) 
kJ⋅mol–1. This datum will not be selected as it was obtained by extra-thermodynamic 
methods.  

V.14   Group 2 compounds and complexes 

V.14.1 Beryllium compounds 

V.14.1.1 Beryllium selenides 
No experimental thermodynamic information is available for beryllium selenides. 

V.14.1.1.1 BeSe(cr) 

Mills [74MIL] estimated the enthalpy of formation and entropy of BeSe(cr) to be 
f mH ο∆ (BeSe, cr, 298.15 K) = – (167.4 ± 42.0) kJ·mol–1 and mS ο (BeSe, cr, 298.15 K) = 

(46.0 ± 8.4) J·K–1·mol–1, respectively. No values are selected by the review.  
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V.14.1.2 Beryllium selenites 
Yanitskii and Stashene [85YAN/STA] studied the phase diagram of the system 
Be-SeO3-H2SeO3-H2O by solubility measurements at (298.15 ± 0.1) K over the interval 
0 to 80 mass-% H2SeO3 in the liquid phase. The tie lines and chemical analysis of the 
solids showed the presence of BeSeO3⋅2H2O, BeSeO3⋅H2O, Be(HSeO3)2⋅H2O, and 
Be(HSeO3)2⋅H2SeO3 as solid phases. Infrared spectra indicated formation of hydrogen 
selenites and absence of the diselenite ion. 

 The authors also measured the solubility of BeSeO3⋅2H2O, Be(HSeO3)2⋅H2O, 
and Be(HSeO3)2⋅H2SeO3 in water between about 293 and 353 K. No pH measurements 
were performed. The results are only presented in a small graph and will not be ac-
cepted by the review as quantitative information. The graph indicates that BeSeO3⋅2H2O 
is slightly soluble whereas the acid salts are readily soluble. 

 Ripan and Vericeanu [68RIP/VER] studied the solubility of beryllium selenite 
(BeSeO3⋅2H2O ?) by conductivity measurements as described in Appendix A. The Be2+ 
ion forms strong hydroxo complexes. A calculation based on the assumptions made in 
the Appendix together with the total concentration, mean value 1.0 × 10–4 M, in the pa-
per leads to the conclusion that the major part of Be(II) would be present as hydroxo 
complexes at equilibrium. Hence no solubility product can be calculated from the data 
in [68RIP/VER]. 

 No other experimental studies associated with thermodynamic data of beryl-
lium selenites have been found. 

V.14.1.3 Beryllium selenates 
The stable form of beryllium selenate in contact with water at 298.15 K is Be-
SeO4⋅4H2O. The selected solubility is based on the measurements in [26SID/LEW] and 
[83SER/KUD]: 

m(BeSeO4⋅4H2O(cr), aq sat, 298.15 K) = (3.73 ± 0.02) mol(BeSeO4)⋅kg–1. 

 The value of the solubility product of BeSeO4⋅4H2O(cr), 

 BeSeO4⋅4H2O(cr)  Be2+ + 2
4SeO −  + 4H2O(l) (V.172) 

at 298.15 K has been reported by Kumov and Batyreva [90KUM/BAT] to be 
10 ,0log sK ο ((V.172), 298.15 K) = – (2.94 ± 0.06), see Appendix A. As the reviewers 

failed to assess the accuracy of this datum, it will not be included amongst the selected 
data. 

 Selivanova and Shneider [61SEL/SHN3] measured the enthalpy change of the 
reaction BeSeO4⋅4H2O(cr) + BaCl2(aq, 1:900) Æ BaSeO4(cr) + BeCl2(aq, 1:900) + 
4H2O(l) in a calorimeter. Similarly they determined the integral enthalpy of dissolution 
of BeSeO4⋅4H2O(cr) and BeSeO4⋅2H2O(cr) to BeSeO4(aq, 1:900), and the enthalpy of 
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dissolution (1:3600) in 1 M KOH of BeSeO4⋅2H2O(cr) and BeSeO4(cr). The review 
obtained from the experimental data, see Appendix A: 

f mH ο∆ (BeSeO4
.4H2O, cr, 298.15 K) = – (2107.4 ± 6.8) kJ⋅mol–1, 

f mH ο∆ (BeSeO4
.2H2O, cr, 298.15 K) = – (1501.9 ± 6.8) kJ⋅mol–1, 

f mH ο∆ (BeSeO4, cr, 298.15 K) = – (884.6 ± 6.9) kJ⋅mol–1. 

These results, which agree with [82WAG/EVA] within the uncertainties, are 
included in Appendix E since they were calculated with non-TDB auxiliary data. 

V.14.2 Magnesium compounds 

V.14.2.1 Magnesium selenides 
No experimental thermodynamic information is available for magnesium selenides. 

V.14.2.1.1 MgSe(cr) 

Mills [74MIL] estimated the enthalpy of formation and entropy of MgSe(cr) to be 
f mH ο∆ (MgSe, cr, 298.15 K) = – (293 ± 42) kJ·mol–1 and mS ο (MgSe, cr, 298.15 K) = 

(62.8 ± 8.4) J·K–1·mol–1, respectively. No values are selected by the review. 

V.14.2.2 Magnesium selenites 
Ebert and Havlicek [80EBE/HAV] established the phase diagram of the system 
MgSeO3-H2SeO3-H2O at 298.15 K from solubility measurements. Crystallisation fields 
of MgSeO3⋅6H2O and Mg(HSeO3)2⋅4H2O are present in the diagram. The latter com-
pound, which is incongruently soluble in water, was shown by its infrared spectrum to 
be a hydrogen selenite and not a diselenite. No primary solubility data are published 
except the compositions of the two invariant points. Stashene and Yanitskii 
[86STA/YAN] made a similar study also at 298.15 K, which confirmed the formation of 
MgSeO3⋅6H2O and Mg(HSeO3)2⋅4H2O. In addition Mg(HSeO3)2⋅3H2O was observed to 
form at concentrations of selenious acid greater than 45.5 mass-%. As no primary data 
are presented in [80EBE/HAV] a closer comparison between the two studies cannot be 
made. The phase diagram at 348.15 K was also established. 

V.14.2.2.1 MgSeO3⋅6H2O(cr) 

The solubility product of magnesium selenite has been determined in a number of stud-
ies in which the solid phase has been denoted as MgSeO3. The review assumes that the 
determinations pertain to the hexahydrate and writes: 

 MgSeO3⋅6H2O(cr)  Mg2+ + 2
3SeO −  + 6H2O(l) (V.173) 

 Chukhlantsev [56CHU] measured the solubility in dilute solution of nitric or 
hydrochloric acid at 293 K. The data have been recalculated as described in Appen-
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dix A, [56CHU]. The result was 10 ,0log sK ο ((V.173), 293.15 K) = – (5.52 ± 0.24). The 
reported conditional constant is – (4.88 ± 0.10). Ripan and Vericeanu [68RIP/VER] 
studied the solubility of the salt by conductivity measurements as described in Appen-
dix A. Hydrolysis can be neglected for Mg2+, [76BAE/MES], and the original data, 
mean solubility 1.38 × 10–3 M, were assumed to provide a measure of the solubility in 
pure water. The solubility product calculated from the data with a correction for the 
protolysis of the selenite ion and extrapolated to I = 0 by the SIT expression (∆ε = 0 
kg·mol−1) is 10 ,0log sK ο ((V.173), 291 K) = – (6.01 ± 0.25). 

 Savenko [95SAV] measured the solubility of crystalline magnesium selenite in 
water. The pH was adjusted between 8.2 and 7.5 by small additions of strong acid or 
base. Both the selenium(IV) and magnesium concentrations were determined at equilib-
rium. The experimental temperature was 293.15 K. The data have been recalculated 
with the protonation constant of the selenite ion selected here and activity coefficients 
were found from the SIT expression with ε = 0 kg·mol−1. The result was 

10 ,0log sK ο ((V.173), 293.15 K) = – (5.88 ± 0.05). No trend in the value of the solubility 
product with pH was observed. Sharmasakar, Reddy, and Vance [96SHA/RED] ob-
tained 10 ,0log sK ο ((V.173), 298.2 K) = – 7.56 from measurements of the solubility of 
crystalline MgSeO3 in aqueous media. For reasons presented in Appendix A, this result 
has been given zero weight. 

 The review selects the result obtained by Savenko [95SAV] as the most reli-
able and calculates at standard conditions: 

10 ,0log sK ο ((V.173), 298.15 K) = – (5.82 ± 0.25). 

The uncertainty is estimated by the review. 

 Leshchinskaya and Selivanova [66LES/SEL] measured the enthalpy change of 
the reaction between Na2SeO3(cr) and a solution of magnesium sulphate with formation 
of MgSeO3⋅6H2O(cr). Their data have been re-evaluated in Appendix A with new auxil-
iary data and a minor correction for incomplete conversion in the studied reaction. The 
result is: 

f mH ο∆ (MgSeO3⋅6H2O, cr, 298.15 K) = – (2707.21 ± 1.30) kJ⋅mol–1. 

The selected data yield: 

f mGο∆ (MgSeO3⋅6H2O, cr, 298.15 K) = – (2273.83 ± 2.60) kJ⋅mol–1, 

mS ο (MgSeO3⋅6H2O, cr, 298.15 K) = (328.5 ± 9.8) J⋅K–1⋅mol–1. 

V.14.2.2.2 MgSeO3(cr) 

Leshchinskaya and Selivanova [66LES/SEL] prepared MgSeO3(cr) and measured the 
enthalpy of dissolution of MgSeO3(cr), – (70.00 ± 0.17), and MgSeO3⋅6H2O(cr), 
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(21.88 ± 0.33) kJ⋅mol–1 in 8% HNO3. The data combine with o
f mH∆ (MgSeO3⋅6H2O, cr, 

298.15 K) to give o
f mH∆ (MgSeO3, cr, 298.15 K) = – (900.34 ± 1.35) kJ⋅mol–1. 

 Bakeeva, Buketov, and Pashinkin [69BAK/BUK] investigated the equilibrium: 

 MgSeO3(cr, l)  MgO(cr) + SeO2(g) (V.174) 

by the dew point technique in the temperature range 921 to 1175 K. Magnesium selenite 
melts at about 1060 K. The vapour pressure relationship used to calculate 

2SeOp is not 
presented in the paper. From data in [71PAS/ARO] it could be deduced that the vapour 
pressure expression in [62MAR/GET] had been used for this purpose. The published 
pressures have been recalculated accordingly with the selected expression for the satu-
rated vapour pressure of SeO2(cr), see [71PAS/ARO] in Appendix A. The result for 
MgSeO3(cr) and the temperature interval 921 to 1060 K is 10log p (SeO2, g T ) = 
(9.786 ± 0.172) − (11600 ± 167) T −1 and for MgSeO3(l) 10log p (SeO2, g T )= 
(8.710 ± 0.199) − (10455 ± 225) T −1 in the temperature interval 1067 to 1175 K. The 
uncertainties are entered here as twice the standard deviations from the least-squares 
calculation. The data yield Tfus = 1063 K and:  

fus mH ο∆ (MgSeO3, cr, 1063 K) = (21.9 ± 5.4) kJ⋅mol–1. 

 The high temperature data have been extrapolated to standard conditions with 
,mpCο  values in [73BAR/KNA] (no phase transitions assumed) leading to r ,mpCο∆  =  

(25.1 – 41.0 × 10–3 T – 21.3 × 105 T –2) J⋅K–1⋅mol–1 and the following estimates, 
f mH ο∆ (MgSeO3, cr, 298.15 K) = – (938.0 ± 4.6) kJ⋅mol–1 and mS ο (MgSeO3, cr, 

298.15 K) = (93.4 ± 4.5) J⋅K–1⋅mol–1. The corresponding values calculated in 
[71PAS/ARO] with unknown auxiliary data are – (941.4 ± 5.9) kJ⋅mol–1 and 
(86.2 ± 5.9) J⋅K–1⋅mol–1, respectively. Pashinkin and Gospodinov [94PAS/GOS] ob-
tained mS ο (MgSeO3, cr, 298.15 K) = (84.2 ± 9.2) J⋅K–1⋅mol–1 from their reconsideration 
of the data. By subtracting the entropy difference between MgSO3⋅6H2O(cr) and 
MgSO3(cr), 234.3 J⋅K–1⋅mol–1, in [82WAG/EVA] from mS ο (MgSeO3⋅6H2O, cr, 
298.15 K) the review obtains mS ο (MgSeO3, cr, 298.15 K) = 95.4 J⋅K–1⋅mol–1. The 
original results in [69BAK/BUK] were f mH ο∆ (MgSeO3, cr, 298.15 K) = – 913.8 
kJ⋅mol–1 and mS ο (MgSeO3, cr, 298.15 K) = 94.6 J⋅K–1⋅mol–1. 

 The review concludes that the revised data lead to an unresolved discrepancy 
between the enthalpy of formation of MgSeO3(cr) obtained from the calorimetric 
(− 900 kJ⋅mol–1) and vapour pressure measurements (– 940 kJ⋅mol–1). The calorimetric 
value is selected with the uncertainty assigned by the review:  

f mH ο∆ (MgSeO3, cr, 298.15 K) = – (900.3 ± 2.5) kJ⋅mol–1. 

 The unselected mean value of the entropy of MgSeO3(cr) from the various es-
timates is mS ο (MgSeO3, cr, 298.15 K) = (90.0 ± 10.0) J⋅K–1⋅mol–1. 
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V.14.2.3 Magnesium selenates 
Klein [40KLE] studied the solubility of magnesium selenate in water as a function of 
temperature. A heptahydrate, MgSeO4⋅7H2O, is the stable phase below 276.8 K. In the 
temperature range 276.8 to 362.7 K, MgSeO4⋅6H2O represents the stable phase and 
above 362.7 K this compound transforms to MgSeO4⋅4.5H2O. The solubilities reported 
in a similar study by Meyer and Aulich [28MEY/AUL] appear to be in error, but the 
reference agrees on the formation of the hepta- and hexahydrates. 

 The solubility of MgSeO4⋅6H2O(cr) in water at 298.15 K has been measured in 
many papers. The selected solubility: 

m(MgSeO4⋅6H2O(cr), aq sat, 298.15 K) = (3.29 ± 0.05) mol(MgSeO4)⋅kg–1 

is based on [40HIL/SOT], [84SER/SER], [89VOJ/EBE], [95STO/OJK] reporting a 
solubility of 3.325, 3.305, 3.245, 3.280 mol(MgSeO4)⋅kg–1, respectively. The references 
are chosen so that only one contribution is included from each research group. The se-
lected value agrees with the interpolated value in [40KLE]. 

 A phase diagram and related information are available for the system: 
MgSeO4-H2SeO4-H2O at 303.15 K in [44FUR/KIN]; MgSeO4-(NH4)2SeO4-H2O at 
303.15 K in [38LAW/KIN] and at 298.15 K in [89VOJ/EBE]; MgSeO4-Li2SeO4-H2O at 
298.15 K in [89VOJ/EBE], [93OJK/MIC]; MgSeO4-Na2SeO4-H2O at 298.15 K in 
[28MEY/AUL]; MgSeO4-K2SeO4-H2O at 298.15 K in [28MEY/AUL], [40HIL/SOT]; 
MgSeO4-Rb2SeO4-H2O at 298.15 K in [87VOJ/EBE2]; MgSeO4-Cs2SeO4-H2O at 
298.15 K in [87VOJ/EBE2]. 

 The value of solubiliy product of MgSeO4⋅6H2O(cr), 

 MgSeO4⋅6H2O(cr)  Mg2+ + 2
4SeO −  + 6H2O(l) (V.175) 

at 298.15 K has been reported by Christov [97CHR] to be 10 ,0log sK ο = – 1.133 and by 
Kumov and Batyreva [90KUM/BAT] to be – 1.20, see Appendix A. The results are 
based on the same isopiestic data by Ojkova and Staneva [89OJK/STA]. The former 
value: 

10 ,0log sK ο ((V.175), 298.15 K) = – (1.133 ± 0.044) 

will be selected as it has been evaluated with the Pitzer ion interaction approach. The 
uncertainty added by the review corresponds to an uncertainty in the mean activity coef-
ficient of 5%. 

 Parker, Tice, and Thomson [97PAR/TIC] cite the value of the equilibrium con-
stant of the reaction: 

 Mg2+ + 2
4SeO −   MgSeO4(aq) (V.176) 

10 1log οb (V.176) = 2.2 from the thesis by Quinn. This work does not seem to have been 
published elsewhere and has not been available to the review. The authors attempted to 
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verify this result by a measurement similar to that described in Section V.14.3.3 for 
Ca2+. However, they were not able to obtain data of sufficiently high quality to either to 
refute or verify the reported value. As no other value is available and it is consistent 
with the value of the stability constant of the sulphate complex, the review selects: 

10 1log οb ((V.176), 298.15 K) = (2.2 ± 0.2). 

The uncertainty has been added by the review. 

 Selivanova, Shneider, and Ryabova [61SEL/SHN] measured the enthalpy 
change of the reaction MgSeO4⋅6H2O(cr) + 2AgNO3(aq, 1:800) Æ Ag2SeO4(cr) + 
Mg(NO3)2(aq, 1:1600) + 6H2O(l) in a calorimeter. They also determined the integral 
enthalpies of dissolution to (aq, 1:1500) of MgSeO4⋅6H2O(cr), MgSeO4⋅4H2O(cr), 
MgSeO4⋅H2O(cr), and MgSeO4(cr). The data were recalculated with new auxiliary data 
in Appendix A and the selected result: 

f mH ο∆ (MgSeO4⋅6H2O, cr, 298.15 K) = – (2781.4 ± 2.4) kJ⋅mol–1, 

f mH ο∆ (MgSeO4⋅4H2O, cr, 298.15 K) = – (2192.67 ± 2.65) kJ⋅mol–1, 

f mH ο∆ (MgSeO4⋅H2O, cr, 298.15 K) = – (1298.24 ± 2.58) kJ⋅mol–1, 

f mH ο∆ (MgSeO4, cr, 298.15 K) = – (971.32 ± 2.62) kJ⋅mol–1 

was obtained. The present selection agrees with [82WAG/EVA]. 

 The standard Gibbs energy of formation of MgSeO4⋅6H2O(cr) is calculated 
from the Gibbs energy of Reaction (V.175) and the selected values of o

f mG∆  for the ions 
and water to be: 

f mGο∆ (MgSeO4⋅6H2O, cr, 298.15 K) = – (2324.20 ± 2.00) kJ⋅mol–1. 

The standard entropy of MgSeO4⋅6H2O then becomes 

mS ο (MgSeO4⋅6H2O, cr, 298.15 K) = (351.1 ± 10.5) J⋅K–1⋅mol–1. 

V.14.3 Calcium compounds 

V.14.3.1 Calcium selenides 
The phase CaSe(cr) is the only compound reported in the system calcium-selenium. 

V.14.3.1.1 CaSe(cr) 

Fabre [1887FAB] determined the enthalpy of formation of CaSe(cr) to be f mH ο∆ (CaSe, 
cr, 298.15 K) = – 284 kJ·mol–1 from solution calorimetry measurements. The review has 
re-assessed the work by Fabre in Appendix A and obtained f mH ο∆ (CaSe, cr, 
298.15/K) = – (383.1 ± 3.4) kJ·mol–1. This value is more uncertain than indicated by the 
experimental accuracy since the specimen of CaSe(cr) was of somewhat  doubtful qual-
ity. 
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Marx and Petzel [92MAR/PET] measured the total pressure of the vapour in 
equilibrium with stoichiometric CaSe(cr) in the temperature range 1832 to 2138 K using 
the Knudsen effusion weight-loss method. The vapour was assumed to predominantly 
contain Ca(g) and Se(g) based on results from calculations using estimated thermody-
namic properties of CaSe(g). The enthalpy change for the reaction 

CaSe(cr)  Ca(g) + Se(g) 

was determined to be at mH ο∆ (CaSe, cr, 298.15 K) = (830.0 ± 28.0) kJ·mol–1 from the 
second law and to be (858.0 ± 43.7) kJ·mol–1 from the third law using an estimated heat 
capacity and Gibbs energy function of CaSe(cr). The second law entropy change was 
determined to be at mS ο∆ (CaSe, cr, 298.15 K) = (248.3 ± 22.7) J·K–1·mol–1. The corre-
sponding values of the enthalpy of formation and the entropy of CaSe(cr) are calculated 
to be f mH ο∆ (CaSe,cr, 298.15 K) = – (416.1 ± 28.1) kJ·mol–1 from the second law and 
− (444.1 ± 43.7) kJ·mol–1 from the third law, and mS ο (CaSe, cr, 298.15 K) = 
(83.3 ± 22.7) J·K–1·mol–1 employing the selected values of Se(g) and the data of Ca(g) in 
[89COX/WAG]. The selected value of the enthalpy of formation is the mean of the sec-
ond and third law values and the calorimetric result with the uncertainty limits covering 
the range of data: 

f mH ο∆ (CaSe, cr 298.15 K) = – (414.4 ± 35.0) kJ·mol–1. 

Mills [74MIL] estimated the entropy of CaSe(cr) to be mS ο (CaSe, cr, 
298.15 K) = (69.0 ± 6.0) J·K–1·mol–1. No value was selected for the entropy of CaSe(cr) 
because of the large difference between the experimental value in [92MAR/PET] and 
the estimated value in [74MIL]. 

V.14.3.2 Calcium selenites 
Dumm and Brown [97DUM/BRO] studied phase formation in the system 
CaO-SeO2-H2O at 296.2 and 353.2 K by solubility measurements. Only results at the 
lower temperature will be cited, since the study at 353.2 K is incomplete. The calcium 
containing phases formed are CaSeO3⋅H2O and Ca(HSeO3)2⋅H2O. The same compounds 
were found by Ebert and Havlicek [81EBE/HAV] to be the calcium containing phases 
formed in the system CaSeO3-SeO2-H2O system at 298 K. 

 The solid phases studied in the solubility experiments are assumed by the re-
view to have the composition CaSeO3⋅H2O and the solubility equilibrium is written: 

 CaSeO3⋅H2O(cr)  Ca2+ + 2
3SeO −  + H2O(l) (V.177) 

 Chukhlantsev [56CHU] prepared calcium selenite by mixing 0.1 M solutions 
of calcium chloride and sodium selenite solution in stoichiometric amounts. Chemical 
analysis confirmed the 1:1 ratio between Ca(II) and Se(IV). No X-ray diffraction meas-
urements were performed. The solubility of the specimen in dilute solution of nitric or 
hydrochloric acid was measured at 293 K. The data have been recalculated as described 
in Appendix A, [56CHU], to yield 10 ,0log sK ο ((V.177), 293.15 K) = − (6.15 ± 0.22). The 
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reported conditional constant is – (5.50 ± 0.14). Ripan and Vericeanu [68RIP/VER] 
studied the solubility of CaSeO3(s) by conductivity measurements as described in Ap-
pendix A. Hydrolysis can be neglected for Ca2+, [76BAE/MES], and the original data, 
mean value 1.33 × 10–3 M, were assumed to provide a measure of the solubility of 
CaSeO3⋅H2O(cr) in pure water. The solubility product calculated from the data with a 
correction for the protolysis of the selenite ion and extrapolated to I = 0 by the SIT ex-
pression (∆ε = 0 kg·mol−1) is 10 ,0log sK ο ((V.177), 291 K) = – (6.04 ± 0.35). Savenko 
[95SAV] measured the solubility of crystalline calcium selenite in water. The pH was 
adjusted between 8.1 and 7.3 by small additions of strong acid or base. Both the total 
selenium(IV) and calcium concentrations were determined at equilibrium. The experi-
mental temperature was 293.15 K. The data have been recalculated with the protonation 
constant of the selenite ion selected here and activity coefficients were found from the 
SIT expression with ε = 0 kg·mol−1. The result was 10 ,0log sK ο ((V.177), 293.15 K) = 
− (6.55 ± 0.03). No trend in the value of the solubility product with pH was observed. 

 Sharmasakar, Reddy, and Vance [96SHA/RED] obtained 10 ,0log sK ο ((V.177), 
298.2 K) = – 7.76 from measurements of the solubility of crystalline CaSeO3⋅H2O in 
aqueous media. For reasons presented in Appendix A, this result has been given zero 
weight. 

 The review considers the measurements by Savenko to be the most satisfactory 
and selects: 

10 ,0log sK ο ((V.177), 298.15 K) = – (6.40 ± 0.25). 

 Leshchinskaya and Selivanova [63LES/SEL3] made a calorimetric measure-
ment of the reaction between Ca(NO3)2⋅4H2O(cr) and a solution of sodium selenite. The 
data were evaluated with CaSeO3⋅2H2O as reaction product, while equilibrium studies 
show that the stable phase is CaSeO3⋅H2O under the conditions of the calorimetric 
measurement. Their data have been re-evaluated in Appendix A with new auxiliary data 
and the assumption that CaSeO3⋅H2O is indeed formed. The result is               

f mH ο∆ (CaSeO3⋅H2O, cr, 298.15 K) = – (1324.83 ± 2.81) kJ⋅mol–1. With CaSeO3⋅2H2O 
as reaction product f mH ο∆ (CaSeO3⋅2H2O, cr, 298.15 K) = – (1610.6 ± 2.8) kJ⋅mol–1 is 
obtained, which is close to the value found for this compound in [82WAG/EVA]. 

 The review adopts: 

f mH ο∆ (CaSeO3⋅H2O, cr, 298.15 K) = – (1324.83 ± 2.81) kJ⋅mol–1 

and from the solubility product: 

f mGο∆ (CaSeO3⋅H2O, cr, 298.15 K) = – (1188.90 ± 2.50) kJ⋅mol–1. 

 These results yield: 

mS ο (CaSeO3⋅H2O, cr, 298.15 K) = (168.8 ± 12.6) J⋅K–1⋅mol–1. 
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 This value appears to be somewhat too large. The review therefore concludes 
that additional measurements would be desirable, preferably with better control of the 
solid phase. Note that the enthalpy value was calculated with non-TDB auxiliary data 
and therefore included in Appendix E. 

V.14.3.3 Calcium selenates 
The solubility of CaSeO4⋅2H2O(cr) in water between 270 and 375 K was studied by 
Selivanova and Shneider [59SEL/SHN4], see Appendix A. The result at 298.15 K was 
0.3557 m. This value differs considerably from the value of 0.404 m obtained by Meyer 
and Aulich [28MEY/AUL] in a similar study. The data from the latter source are consis-
tently 10 to 15% larger. The measurement at 303 K by Welton and King [39WEL/KIN] 
agrees best with [28MEY/AUL]. The mean value is selected: 

m(CaSeO4⋅2H2O(cr), aq sat, 298.15 K) = (0.380 ± 0.025) mol(CaSeO4)⋅kg–1. 

 A phase diagram or related information is available for the system: CaSeO4-
(NH4)2SeO4-H2O at 303.15 K in [39WEL/KIN]; CaSeO4-Na2SeO4-H2O at 298.15 K in 
[28MEY/AUL]; CaSeO4-K2SeO4-H2O at 298.15 K in [28MEY/AUL]. 

 The selected solubility will be used for an estimate of the solubility product of 
calcium selenate dihydrate: 

 CaSeO4⋅2H2O(cr)  Ca2+ + 2
4SeO −  + 2H2O(l) (V.178) 

 The mean activity coefficients of the sulphates of Cd, Cu, Mg, Mn, Ni, and Zn 
are quite similar [50HAR/OWE]. The variation at a concentration of 0.5 m is less than 
10%. Ojkova and Staneva [89OJK/STA] made isopiestic measurement on aqueous solu-
tions of the selenates of Co, Cu, Mg, Ni, and Zn. The mean activity coefficients ob-
tained from these measurements also show a moderate variation between the salts. The 
value of ±γ  for MgSeO4, ±γ  = 0.12, will be used to extrapolate the conditional solubil-
ity product to I = 0. The selected result is: 

10 ,0log sK ο ((V.178), 298.15 K) = – (2.68 ± 0.25). 

The estimated uncertainty corresponds to an uncertainty in ±γ  of 25%. 

 Parker, Tice, and Thomason [97PAR/TIC] measured the Ca2+ activity in solu-
tions containing total Ca2+ concentrations in the range 20 × 10–6 to 200 × 10–6 M and the 
selenate concentration 0.004, 0.01, or 0.03 M with a carefully calibrated ion-selective 
Ca2+ electrode. Activity coefficient corrections were made by Davies’ equation. The 
equilibrium constant of the reaction: 

 Ca2+ + 2
4SeO −   CaSeO4(aq)  (V.179) 

was found by trial and error. The stability constant was varied systematically and the 
agreement between calculated and measured Ca2+ activities tested. The best agreement 
was found for: 
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10 1log οb ((V.179), 298.15 K) = (2.00 ± 0.10). 

 This value is selected and the uncertainty has been estimated by the review. 
The quality of the work is supported by the parallel determination of the value of the 
constant for the sulphate complex, which agreed with literature data. 

 Selivanova and Shneider [59SEL/SHN3] determined the enthalpy change of 
the reaction CaSeO4⋅2H2O(cr) + 2AgNO3(aq, 1:800) → Ag2SeO4(cr) + Ca(NO3)2(aq, 
1:1600) + 2H2O(l) by a calorimetric measurement. They also determined the integral 
enthalpies of dissolution of CaSeO4⋅2H2O(cr) and CaSeO4(cr) to CaSeO4(aq, 1:1600). 
The data were recalculated in Appendix A to provide the selected values: 

f mH ο∆ (CaSeO4
.2H2O, cr, 298.15 K) = – (1709.0 ± 2.6) kJ⋅mol–1 , 

f mH ο∆ (CaSeO4, cr, 298.15 K) = – (1112.1 ± 2.6) kJ⋅mol–1 

and from the stability constant of Reaction (V.179) : 

f mGο∆ (CaSeO4, aq, 298.15 K) = – (1003.7 ± 1.9) kJ⋅mol–1. 

 The temperature variation of the solubility product of CaSeO4
.2H2O(cr) meas-

ured in [59SEL/SHN4] results in r mH ο∆ ((V.178), 298.15 K) = – (5.31 ± 0.59) kJ⋅mol–1, 
see Appendix A. With accepted auxiliary data this value leads to f mH ο∆ (CaSeO4

.2H2O, 
cr, 298.15 K) = – (1712.85 ± 3.69) kJ⋅mol–1. The calorimetric determination of this 
quantity has been preferred and it agrees with [82WAG/EVA]. 

 The standard Gibbs energy of formation of calcium selenate dihydrate is calcu-
lated from the Gibbs energy of Reaction (V.178) and the selected values of o

f mG∆  for 
the ions and water to be: 

f mGο∆ (CaSeO4⋅2H2O, cr, 298.15 K) = – (1481.9 ± 2.3) kJ⋅mol–1. 

 The value in [82WAG/EVA] is – 1486.8 kJ⋅mol–1. This result apparently origi-
nates from 10 ,0log sK ο ((V.178), 298.15 K) = – 3.08 reported in [59SEL/SHN4] and calcu-
lated with an activity coefficient for MgSO4(aq), see Appendix A. The standard entropy 
of CaSeO4⋅2H2O becomes from the selections: 

mS ο (CaSeO4⋅2H2O, cr, 298.15 K) = (198.8 ± 11.7) J⋅K–1⋅mol–1. 

V.14.4 Strontium compounds 

V.14.4.1 Strontium selenides 

The phases SrSe3(cr), SrSe2(cr), Sr2Se3(cr), and SrSe(s) are stable compounds according 
to the phase diagram reported by Lyskova and Vakhobov [75LYS/VAK]. Thermody-
namic information is available for SrSe(cr) and SrSe(g). 
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V.14.4.1.1 SrSe(cr) 

The enthalpy of formation of SrSe(cr) was determined to be f mH ο∆ (SrSe, cr, 
298.15 K) = – 285.1 kJ·mol–1 in the early work of Fabre [1887FAB] using solution  
calorimetry. The review has re-assessed the work by Fabre in Appendix A and obtained 

f mH ο∆ (SrSe, cr, 298.15 K) = – (395.8 ± 3.3) kJ·mol–1. Berkowitz and Chupka 
[66BER/CHU] determined the partial pressures of both Sr(g) and Se(g) to be 
(1.2 ± 0.3) × 10–5 bar in equilibrium with SrSe(cr) at 1853 K using mass spectrometry. 
A third law evaluation made by the review as discussed in Appendix A yielded 

f mH ο∆ (SrSe, cr, 298.15 K) = – (415.8 ± 65.0) kJ·mol–1 from these measurements. Marx 
and Petzel [92MAR/PET] measured the saturated vapour pressure in equilibrium with 
SrSe(cr) in the temperature range 1862 to 2122 K using the Knudsen effusion weight-
loss method. It was assumed (see Section V.14.3.1.1) that SrSe(s) vaporises according 
to reaction  

SrSe(cr)  Sr(g) + Se(g). 

The enthalpy of reaction was evaluated to be r mH ο∆ (298.15 K) = 
(893.7 ± 28.0) kJ·mol–1 from the second law and (851.0 ± 42.0) kJ·mol–1 from the third 
law using an estimated heat capacity and Gibbs energy function of SrSe(cr). The en-
tropy of reaction was determined to be r mS ο∆ (298.15 K) = (281.8 ± 22.9) J·K–1·mol–1. 
On combining the reaction quantities with the data of Sr(g) in [98CHA], f mH ο∆ (Sr, g, 
298.15 K) = (164.0 ± 1.7) kJ·mol–1, and the selected values of Se(g), the corresponding 
enthalpy of formation values f mH ο∆ (SrSe, cr, 298.15 K) = − (493.6 ± 28.0) kJ·mol–1 and 

f mH ο∆ (SrSe, cr, 298.15 K) = – (450.9 ± 42.0) kJ·mol–1 and entropy mS ο (SrSe, cr, 
298.15 K) = (59.5 ± 22.9) J·K–1·mol–1 are obtained. However, according to the phase 
diagram in [75LYS/VAK], SrSe(cr) melts at 1873 K. The vaporisation reaction in the 
experiments in [92MAR/PET] was therefore presumably 

SrSe(l)  Sr(g) + Se(g) 

and the enthalpies and entropies at 298.15 K should be corrected accordingly. The en-
thalpy of fusion of SrSe(cr) is estimated by the review to be of the order of 50 kJ·mol–1, 
rendering the values of the enthalpy of formation of SrSe(cr) still more negative by the 
same amount. The second law entropy of SrSe(s) after correction for the entropy of fu-
sion is approximately 32 J·K–1·mol–1 which can be compared with the value mS ο (SrSe, 
cr, 298.15 K) = (80.8 ± 6.3) J·K–1·mol–1 estimated by Mills [74MIL]. The review as-
signs zero weight to the results in [92MAR/PET] and selects the mean of the other two 
determinations with a large uncertainty: 

f mH ο∆ (SrSe, cr, 298.15 K) = − (406.0 ± 35.0) J·mol–1. 

V.14.4.1.2 SrSe(g) 

The dissociation energy of SrSe(g) at 1853 K was determined by Berkowitz and Chupka 
[66BER/CHU] in vaporisation studies at this temperature. A recalculation of the value 
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by the review using the selected properties of Se(g) and Se2(g), and the Gibbs energy 
function of SrSe(g) calculated from molecular parameters estimated in [66BER/CHU] 
to the standard temperature yielded at mH ο∆ (SrSe, g, 298.15 K) = (282 ± 25) kJ·mol–1. 
No value of the enthalpy of formation of SrSe(g) has been selected from this result since 
it is based on only one experimental point.  

V.14.4.2 Strontium selenites 
Ebert and Havlicek [82EBE/HAV] investigated the system SrSeO3-H2SeO3-H2O by 
solubility measurements at 298.15 K. The solids identified in the phase diagram were 
SrSeO3⋅nH2O n = 0.6 to 1.0, Sr(HSeO3)2 and H2SeO3. The formation of a hydrogen se-
lenite was confirmed by its infrared spectrum. It is incongruently soluble. No solubility 
data are included in the paper except the compositions of the invariant points. 

 The solid phase denoted SrSeO3⋅nH2O n = 0.6 to 1.0 in [82EBE/HAV] is not 
accompanied by any analytical data. Strontium selenite was prepared by reacting 
equivalent amounts of strontium chloride and sodium selenite solutions in 
[65LES/AVE], and SrCl2⋅6H2O(cr) with a 0.055 M solution of Na2SeO3 in 
[63SEL/LES]. The strontium selenite formed was crystalline in both instances. Chemi-
cal analyses of Sr and Se are lower than expected for the composition SrSeO3. However, 
the values of n calculated from the analytical data are n = 0.13 from the determination 
of Sr and n = 0.06 from the determination of Se. These values are thus much lower than 
those reported in [82EBE/HAV]. Based on the Russian work, the review will assume 
that the solid phase present in the solubility and calorimetric measurements discussed 
below was SrSeO3(cr). 

 Chukhlantsev [56CHU] prepared strontium selenite by mixing 0.1 M solution 
of strontium chloride and sodium selenite solution in stoichiometric amounts. Chemical 
analysis confirmed the 1:1 ratio between Sr and Se(IV). No X-ray diffraction measure-
ments were performed. The solubility of the specimen in dilute solution of nitric or hy-
drochloric acid was measured at 293 K. The data have been recalculated as described in 
Appendix A, [56CHU]. The result for: 

 SrSeO3(cr)  Sr2+ + 2
3SeO −  (V.180) 

was 10 ,0log sK ο ((V.180), 293.15 K) = – (6.33 ± 0.19). The reported conditional constant 
is – (5.68 ± 0.08). The solubility in water was also measured. The data have been cor-
rected for the hydrolysis of the selenite ion and extrapolated to I = 0. The result was 

10 ,0log sK ο ((V.180), 293.15 K) = – (6.32 ± 0.05). The reported conditional constant is 
− (6.07 ± 0.05). Ripan and Vericeanu [68RIP/VER] studied the solubility of SrSeO3(s) 
by conductivity measurements as described in Appendix A. Hydrolysis can be neglected 
for Sr2+, [76BAE/MES], and the original solubility data, mean value 2.82 × 10–3 M, 
were assumed to provide a measure of the solubility of SrSeO3(s) in pure water. The 
solubility product calculated from the data with a correction for the protolysis of the 
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selenite ion and extrapolated to I = 0 by the SIT expression (∆ε = 0 kg·mol−1) is 
10 ,0log sK ο ((V.180), 291 K) = – (5.48 ± 0.05). 

 The review selects the result by Chukhlantsev and proposes:  

10 ,0log sK ο ((V.180), 298.15 K) = – (6.30 ± 0.50). 

 Selivanova and Leshchinskaya [63SEL/LES] measured the enthalpy change of 
the reaction between equimolar quantities of SrCl2⋅6H2O and Na2SeO3(aq, 1:1000) with 
formation of crystalline SrSeO3. Their data have been re-evaluated with new auxiliary 
data in Appendix A. The selected result is: 

f mH ο∆ (SrSeO3, cr, 298.15 K) = – (1051.9 ± 2.7) kJ⋅mol–1. 

 Reference [82WAG/EVA] reports – 1047.7 kJ⋅mol–1. The difference between 
the two values can be accounted for by the change in the data for strontium made in 
[92GRE/FUG]. The selected data further yield: 

f mGο∆ (SrSeO3, cr, 298.15 K) = – (962.2 ± 3.4) kJ⋅mol–1, 

mS ο (SrSeO3, cr, 298.15 K) = (104.7 ± 14.6) J⋅K–1⋅mol–1. 

V.14.4.3 Strontium selenates 
Selivanova and Zubova [58SEL/ZUB], [59SEL/ZUB3] measured the solubility of 
SrSeO4(cr) at temperatures between 273 and 373 K, see [59SEL/ZUB3] in Appendix A. 
The solubility at 298.15 K was (1.937 ± 0.070) × 10–2 M. The solubility product ob-
tained from this fairly high equilibrium concentration is substantially affected by the 
selection of the activity coefficient. The value of ±γ  = 0.40 was calculated by SIT with 
ε(Sr2+, 2

4SeO − ) ≈ 0 kg·mol−1 as suggested by the data for MgSeO4 in [89OJK/STA]. The 
same datum for sulphates of divalent metal ions is 0.30 from [50HAR/OWE]. The value 
of the solubility product of SrSeO4(cr): 

 SrSeO4(cr)  Sr2+ + 2
4SeO −   (V.181) 

has been calculated with ±γ  = 0.30 and 0.40, respectively, and the mean is 
10 ,0log sK ο ((V.181), 298.15 K) = – (4.35 ± 0.15). 

 The enthalpy change of Reaction (V.181) was studied in [59SEL/ZUB3]. Two 
values were evaluated in Appendix A from the data, namely r mH ο∆ ((V.181), 
298.15 K) = – (0.98 ± 0.17) kJ⋅mol–1 from the temperature variation of the solubility 
product and −(2.49 ± 0.86) kJ⋅mol–1 from the calorimetric measurements. The review 
therefore adopts r mH ο∆ ((V.181), 298.15 K) = – (1.70 ± 1.50) kJ⋅mol–1. The value com-
bines with the ionic enthalpies to yield f mH ο∆ (SrSeO4, cr, 298.15 K) = 
− (1152.70 ± 3.84) kJ⋅mol–1. 

The value in [82WAG/EVA] is – 1142.7 kJ⋅mol–1. Most of the difference, 9.5 
kJ⋅mol–1, is probably caused by the selection of new auxiliary data. 
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 The standard Gibbs energy of formation of strontium selenate is obtained from 
the Gibbs energy of Reaction ((V.181)) and the selected values of o

f mG∆  for the ions to 
be f mGο∆ (SrSeO4, cr, 298.15 K) = – (1028.20 ± 1.90) kJ⋅mol–1. 

 The formation data yield mS ο (SrSeO4, cr, 298.15 K) = (90.5 ± 14.4)              
J⋅K–1⋅mol–1. 

 The value of the standard entropy is smaller than expected from a comparison 
with data for alkaline earth sulphates in [82WAG/EVA] and indicates a systematic error 
in the formation data, which could not be traced from the experimental data available. 
No formation values for strontium selenate have therefore been selected. 

V.14.5 Barium compounds 

V.14.5.1 Barium selenides 
The phases BaSe3(cr), BaSe2(cr), Ba2Se3(cr), and BaSe(cr) are stable compounds ac-
cording to the phase diagram reported by Lyskova and Vakhobov [75LYS/VAK2]. 
Thermodynamic information is available for BaSe(cr). 

V.14.5.1.1 BaSe(cr) 

The early solution calorimetry work of Fabre [1887FAB] has been re-assessed in Ap-
pendix A yielding f mH ο∆ (BaSe, cr, 298.15 K) = – (378.7 ± 4.1) kJ·mol–1. Marx and 
Petzel [92MAR/PET] supposedly measured the saturated vapour pressure in equilibrium 
with BaSe(cr) in the temperature range 1860 to 2158 K using the Knudsen effusion 
weight-loss method. It was assumed (see Section V.14.3.1.1) that BaSe(cr) vaporises 
according to reaction  

BaSe(cr)  Ba(g) + Se(g) 

under these conditions. The enthalpy of reaction was evaluated to be 
r mH ο∆ (298.15 K) = (887.3 ± 25.4) kJ·mol–1 from the second law and (881.5 ± 43.5) 

kJ·mol–1 from the third law using an estimated heat capacity and Gibbs energy function 
of BaSe(cr). The entropy of reaction was determined to be r mS ο∆ (298.15 K) = 
(258.8 ± 21.7) J·K–1·mol–1. However, according to the phase diagram in 
[75LYS/VAK2], BaSe(cr) melts at 2053 K. The vaporisation reaction was therefore 
presumably 

BaSe(l)  Ba(g) + Se(g) 

in the upper part of the temperature range. Hence the evaluation was made across the 
fusion transition making the results doubtful. A correct treatment of the fusion would 
lead to a still larger value of the atomisation enthalpy of BaSe(cr). Since the difference 
between the high and low temperature results is almost 100 kJ·mol−1, the review does 
not select a value of the standard enthalpy of formation of BaSe(cr). 
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V.14.5.2 Barium selenites 
Neal and McCrosky [38NEA/CRO] established the phase diagram of the system 
BaSeO3-SeO2-H2O at 273.15, 298.15, and 323.15 K by solubility measurement in the 
range 0 to about 70 mass-% SeO2 in the liquid phase. The solids BaSeO3 and BaSe2O5 
were formed at all temperatures. 

 Ripan and Vericeanu [68RIP/VER] studied the solubility of BaSeO3(s) by con-
ductivity measurements as described in Appendix A. Hydrolysis can be neglected for 
Ba2+ [76BAE/MES] and the original data, mean solubility value 7.92 × 10–4 M, were 
assumed to provide a measure of the solubility of BaSeO3(s) in pure water. The equilib-
rium constant (solubility product) of the reaction:  

 BaSeO3(cr)  Ba2+ + 2
3SeO −   (V.182) 

calculated from the data with a correction for the protolysis of the selenite ion and ex-
trapolated to I = 0 by the SIT expression (∆ε = 0 kg·mol−1) is 10 s,0log K ο ((V.182), 
291 K) = − (6.43 ± 0.10). Leshchinskaya, Averbukh, and Selivanova [65LES/AVE] 
prepared crystalline barium selenite and measured its solubility in water at 298.15 K. 
The time of equilibration was about two weeks with constant stirring. The solubility 
product has been recalculated with allowance for the hydrolysis of the selenite ion and 
extrapolated to I = 0 with the SIT expression. The result was 10 s,0log K ο ((V.182), 298.15 
K) = − 6.58. No uncertainty can be assigned to this value as there was only one experi-
ment performed. The conditional constant reported in the paper is – 6.37. 

 The review selects: 

10 ,0log sK ο ((V.182), 298.15 K) = – (6.50 ± 0.25). 

 Leshchinskaya, Selivanova, and Strel’tsov [63LES/SEL] measured the en-
thalpy change of the reaction between equimolar quantities of BaCl2⋅2H2O(cr) and 
Na2SeO3(aq, 1:1000) with formation of crystalline BaSeO3. Their data have been re-
evaluated with new auxiliary data in Appendix A. The selected result is: 

f mH ο∆ (BaSeO3, cr, 298.15 K) = – (1036.7 ± 2.9) kJ⋅mol–1. 

 Reference [82WAG/EVA] reports – 1040.6 kJ⋅mol–1. The major part of the 
difference between the two values is due to the change in the data for barium made in 
[92GRE/FUG]. The selected data further yield: 

f mGο∆ (BaSeO3, cr, 298.15 K) = – (957.2 ± 3.4) kJ⋅mol–1, 

mS ο (BaSeO3, cr, 298.15 K) = (145.6 ± 15.0) J⋅K–1⋅mol–1. 

V.14.5.3 Barium selenates 
The solubility of BaSeO4(cr) in water in the temperature interval 288 to 368 K was de-
termined by Selivanova and Shneider [58SEL/SHN3], see Appendix A. The solubility is 



V Discussion of data selection for selenium 

 

408

(1.87 ± 0.01) × 10–4 M at 298.15 K. From this selected value the solubility product of 
BaSeO4(cr), 

BaSeO4(cr)  Ba2+ + 2
4SeO −   (V.183) 

is calculated to be: 

10 ,0log sK ο ((V.183), 298.15 K) = – (7.56 ± 0.10), 

with ±γ  = 0.884 from SIT.  

 Selivanova, Kapustinskii, and Zubova [59SEL/KAP] determined the enthalpy 
of reaction of BaCl2(aq, 1:500) + H2SeO4(7.07 M) → BaSeO4(cr) + 2HCl(aq, 1: 250). 
Their measurements are evaluated in Appendix A resulting in r mH ο∆ (V.183) = 
(5.70 ± 2.54) kJ⋅mol–1. With the selected enthalpies of formation of the ions, the stan-
dard enthalpy of formation of BaSeO4(cr) becomes: 

f mH ο∆ (BaSeO4, cr, 298.15 K) = – (1144.0 ± 5.0) kJ⋅mol–1. 

Reference [82WAG/EVA] reports – 1146.4 kJ⋅mol–1 and the value reported in 
the paper is – 1168.2 kJ⋅mol–1.  

 The standard Gibbs energy of formation of barium selenate is calculated from 
the Gibbs energy of Reaction (V.183) and the selected values of f mGο∆  for the ions to 
be: 

f mGο∆ (BaSeO4, cr, 298.15 K) = – (1040.3 ± 3.0) kJ⋅mol–1. 

 The value in [82WAG/EVA] is – 1044.7 kJ⋅mol–1. It has apparently been cal-
culated from the data in [58SEL/SHN3]. The difference from the result of the review is 
caused by the new ionic Gibbs energies introduced. 

 The selected data yield: 

mS ο (BaSeO4, cr, 298.15 K) = (167.0 ± 19.6) J⋅K–1⋅mol–1. 

V.14.6 Radium compounds 

V.14.6.1 Radium selenides 
No experimental thermodynamic information is available for radium selenides. Esti-
mated thermodynamic properties of RaSe(cr) are available in [85LOW]. 
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V.15   Ammonium and group 1 compounds and complexes 

V.15.1 Ammonium compounds 

V.15.1.1 NH4HSe(cr) 
Ammonium hydrogen selenide, NH4HSe(cr), is at room temperature a white crystalline 
solid, which can be prepared by reacting gaseous ammonia with gaseous hydrogen se-
lenide. It is highly susceptible to oxidation and decomposes in the presence of traces of 
air [49MIK/POS]. 

Mikus and Poss [49MIK/POS] studied the reaction:  

NH4HSe(cr)  NH3(g) + H2Se(g); Kp = 
3NHp ×

2H Sep  (V.184) 

by means of vapour pressure measurements over the temperature range 288 to 303 K. 
The measurements were performed both at stoichiometric conditions, as well as in the 
presence of excess ammonia or hydrogen selenide gas, and yielded consistent results. 

The plot of 10 plog K  versus 1/T resulted in a straight line 

10 plog K (V.184) = (16.14 ± 0.61) – (6011 ± 182) T −1  

from which the selected data: 

r mH ο∆ ((V.184), 298.15 K) = (115.1 ± 3.5) kJ·mol–1 

r mGο∆ ((V.184), 298.15 K) = (23.0 ± 4.9) kJ·mol–1 

r mS ο∆ ((V.184), 298.15 K) = (309.0 ± 11.7) J·K–1·mol–1 

are derived. 

These data combine with CODATA [89COX/WAG] for NH3(g) and the se-
lected data for H2Se(g) to the selected data: 

f mH ο∆ (NH4HSe, cr, 298.15 K) = – (132.0 ± 4.0) kJ·mol–1 

mS ο (NH4HSe, cr, 298.15 K) = (102.8 ± 11.7) J·K–1·mol–1 

f mGο∆ (NH4HSe, cr, 298.15 K) = – (24.2 ± 5.3) kJ·mol–1. 

V.15.1.2 Ammonium selenites 
Micka, Pikal, and Ebert [85MIC/PIK] studied the system (NH4)2SeO3-H2SeO3-H2O at 
298.15 and 303.15 K and established the phase diagrams from solubility measurements. 
The crystalline phases (NH4)2SeO3

.H2O, NH4HSeO3, and NH4H3(SeO3)2 were identified 
at 298.15 K, while at 303.15 K (NH4)2SeO3, (NH4)2Se2O5, and NH4H3(SeO3)2 were re-
ported. The intermediate phases are congruently soluble, but no solubility data are pre-
sented. The diagrams indicate that two phase transitions, viz.,  
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2NH4HSeO3(cr) Æ (NH4)2Se2O5(cr) + H2O(l) 
and  

(NH4)2SeO3
.H2O(cr) Æ (NH4)2SeO3(cr) + H2O(l) 

take place between 298 and 303 K. 

V.15.1.2.1 (NH4)2SeO3
.H2O(cr) 

Janickis [34JAN] determined the solubility of ammonium selenite in water over the 
temperature interval 253.2 to 343.2 K and found that (NH4)2SeO3

.H2O(cr) was the only 
solid phase formed. Above about 343 K oxidation of +

4NH  to N2 begins. The solubility 
of (NH4)2SeO3

.H2O(cr) in water at 298.15 K was reported to be 7.40 
mol((NH4)2SeO3)⋅kg–1. 

 Measured distances in the small phase diagrams in [85MIC/PIK] yielded the 
same solubility at 298.15 and 303.15 K, namely 7.1 mol((NH4)2SeO3)⋅kg–1. The ap-
proximate agreement with the measurements by Janickis might therefore indicate the 
presence of metastabile phases as he used (NH4)2SeO3

.H2O as starting material, while 
(NH4)2SeO3 was used in [85MIC/PIK]. The review selects: 

m((NH4)2SeO3
.H2O(cr), aq sat, 298.15 K) = (7.4 ± 0.2) mol((NH4)2SeO3)⋅kg–1. 

V.15.1.2.2 NH4HSeO3(cr) and (NH4)2Se2O5(cr) 

Janickis [34JAN] could not prepare NH4HSeO3 and the various efforts at its preparation 
always yielded the diselenite. The solubility of ammonium diselenite in water was 
measured over the temperature range 253.2 to 343.3 K. The compound crystallises with 
three moles of water below about 305 K and is anhydrous above this temperature. The 
solubility of (NH4)2Se2O5

.3H2O(cr) was 9.97 mol((NH4)2Se2O5)⋅kg–1 at 298.15 K. The 
transition temperature agrees with the phase diagrams in [85MIC/PIK] in so far as these 
indicate that (NH4)2Se2O5 is the stable phase above 303 K. Micka, Pikal, and Ebert ob-
tained NH4HSeO3(cr) at 298 K and the composition found by chemical analysis was 
confirmed by the infrared spectrum, which did not contain frequencies from the 
−Se−O–Se– group. The review concludes that the phase relationship between the hy-
drogen selenite and diselenite cannot be settled at present and no figure for the solubil-
ity will be selected. 

V.15.1.2.3 NH4H3(SeO3)2(cr) 

Janickis [34JAN] prepared ammonium trihydrogen selenite by crystallisation from an 
aqueous mixture of selenious acid and ammonia in the molar ratio 2:1. He studied the 
solubility of the compound over the temperature interval from 258.4 to 303.2 K. Only 
anhydrous NH4H3(SeO3)2(cr) is present as solid and melting occurs at 313.5 K. 

 The solubility in water estimated by interpolation in [34JAN] is selected: 

m(NH4H3(SeO3)2(cr), aq sat, 298.15 K) = (32 ± 1) mol(NH4H3(SeO3)2)⋅kg–1. 
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 No enthalpies or Gibbs energies of formation of ammonium selenites have 
been found. 

V.15.1.3 Ammonium selenates 
The solubility of ammonium selenate, (NH4)2SeO4(cr), at 298.15 K has been recorded in 
[45KIN/BEC], [80KAD/TAN], [89VOJ/EBE], [89VOJ/EBE2], [94SER] to be 6.565, 
6.378, 6.712, 6.686, and 6.613 mol⋅kg–1, respectively, after recalculation from mass-% 
to molality. The mean of the three most recent measurements will be selected yielding: 

m((NH4)2SeO4(cr), aq sat, 298.15 K) = (6.67 ± 0.02) mol((NH4)2SeO4)⋅kg–1. 

 A phase diagram or similar information is available for the system: 
(NH4)2SeO4-H2SeO4-H2O at 303.15 K in [37KIN]; (NH4)2SeO4-Li2SeO4-H2O at 
303.15 K in [95HAV/MIC]; (NH4)2SeO4-Na2SeO4-H2O at 303.15 K in [77ORL]. 

 The solubility product of (NH4)2SeO4(cr): 

 (NH4)2SeO4(cr)  2NH4
+ + 2

4SeO −  (V.185) 

was determined at 298.15 K by Ojkova, Christov, and Mihov [99OJK/CHR] to be 
10 ,0log sK ο = 0.920 and by Kumok and Batyreva [90KUM/BAT] to be 0.45, see Appen-

dix A. The former value is adopted by the review as it is based on isopiestic data treated 
by the Pitzer ion interaction approach. It was calculated using a solubility of 
(NH4)2SeO4(cr) = 6.715 mol·kg–1 in [99OJK/CHR]. A recalculation with the selected 
solubility results in the selected value: 

10 ,0log sK ο ((V.185), 298.15 K) = (0.911 ± 0.065). 

The uncertainty added by the review corresponds to an uncertainty in the mean activity 
coefficient of 5%. 

 Selivanova, Prymova, and Kravchenko [71SEL/PRY] measured the enthalpy 
change of the reaction (NH4)2SeO4(cr) + Pb(NO3)2(aq, 1:1600) → PbSeO4(cr) + 
2NH4NO3(aq, 1:800) and the enthalpy of dissolution of (NH4)2SeO4(cr) to 
(NH4)2SeO4(aq, 1:1600) in a calorimeter. The review has recalculated the data to stan-
dard conditions and obtained for: 

 (NH4)2SeO4(cr) + Pb2+ → PbSeO4(cr) + +
42NH  (V.186) 

r mH ο∆ ((V.186), 298.15 K) = (3.67 ± 1.51) kJ⋅mol–1 

and for Reaction (V.185): 

r mH ο∆ ((V.185), 298.15 K) = (8.48 ± 0.52) kJ⋅mol–1. 

 The standard enthalpy of formation of (NH4)2SeO4(cr) found from the enthal-
pies of reaction and selected enthalpies of formation is – (878.41 ± 4.62) and 
− (878.50 ± 3.57) kJ⋅mol–1, respectively. The average will be selected: 
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f mH ο∆ ((NH4)2SeO4, cr, 298.15 K) = – (878.45 ± 3.50) kJ⋅mol–1. 

 The value in [82WAG/EVA] is – 874.5 and in the paper – 881.6 kJ⋅mol–1. 

 The standard Gibbs energy of formation of ammonium selenate is calculated 
from the Gibbs energy of Reaction (V.185) and the selected values of f mGο∆  for the ions 
to be: 

f mGο∆ ((NH4)2SeO4, cr, 298.15 K) = – (593.10 ± 1.60) kJ⋅mol–1. 

The selected data yield: 

mS ο ((NH4)2SeO4, cr, 298.15 K) = (209.6 ± 12.9) J⋅K–1⋅mol–1. 

V.15.2 Lithium compounds 

V.15.2.1 Lithium selenides 
Only anhydrous lithium selenides have been considered. 

The phase diagram of the lithium-selenium system was assessed by Sangster 
and Pelton [97SAN/PEL3]. Li2Se(cr) is the only intermediary compound and it melts at 
1575 K. 

V.15.2.1.1 Li2Se(cr) 

There is no experimental information available on the heat capacity and entropy of 
Li2Se(cr). The heat capacity was estimated to be o

,mpC (Li2Se, cr, (298.15 - 700) K) = 
(74.81 + 10.293 × 10–3 T ) J·K–1·mol–1 by Smith and Moser [76SMI/MOS] and 

o
,mpC (Li2Se, cr, (298.15 - 1575) K) = (66.1 + 18.0 × 10–3 T ) J·K–1·mol–1 by Barin 

[95BAR]. The entropy at 298.15 K has been estimated by Ader [74ADE] to be 
mS ο (Li2Se, cr, 298.15 K) = (96.2 ± 21.0) J·K–1·mol–1 using Latimer’s rule, by Voronin 

[70VOR] to be mS ο (Li2Se, cr, 298.15 K) = 69.9 J·K–1·mol–1 using a semi-empirical rela-
tionship involving vibrational contributions to the entropy and by Mills [74MIL] to be 

mS ο (Li2Se, cr, 298.15 K) = (71.1 ± 12.6) J·K–1·mol–1 by comparison with Li2S(cr). No 
values of the entropy and heat capacity are selected by the review. 

 The Gibbs energy of formation of Li2Se(cr) was determined at 633 K by 
Cairns, Kucera and Cunningham [73CAI/KUC] and at 693 K by [78CHE/MOR] using 
electrochemical cells. The values obtained were f mGο∆ (Li2Se, cr, 633 K) = – 393.3 
kJ·mol–1 and f mGο∆ (Li2Se, scr, 693 K) = – 402.4 kJ·mol–1, respectively. The Gibbs en-
ergy values cannot be recalculated to 298.15 K with sufficient accuracy for a selection 
by the review because reliable thermal functions are unavailable. 

 The enthalpy of formation of Li2Se(cr) was determined to be f mH ο∆ (Li2Se, cr, 
298.15 K) = – (425.9 ± 9.0) kJ·mol–1 in [74ADE] using bomb calorimetry. The value is 
less negative than the value f mH ο∆ (Li2Se, cr, 298.15 K) = – (442.3 ± 4.0) kJ·mol–1 re-
calculated from the solution calorimetry measurements of Fabre [1887FAB] as dis-
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cussed in Appendix A. The average of the two measurements is selected with error bars 
estimated by the review: 

f mH ο∆ (Li2Se, cr, 298.15 K) = – (434.1 ± 15.0) kJ·mol–1. 

V.15.2.2 Lithium selenites 
A phase diagram and related information of the system Li2SeO3-H2SeO3-H2O at 
298.15 K are available in [86MIC/EBE], [86MIC/EBE2]. The crystalline compounds 
Li2SeO3

.H2O, LiHSeO3, and LiH3(SeO3)2 were found. No solubility data are provided 
of the intermediate phases. 

V.15.2.2.1 Li2SeO3(cr) and Li2SeO3
.H2O(cr) 

Rosenheim and Krause [21ROS/KRA] determined the solubility of lithium selenite in 
water in the temperature range 273.2 to 373.2 K. The composition of the solid phase 
was Li2SeO3

.¾H2O over the whole temperature interval according to a chemical analy-
sis of Li and Se. Klushina, Selivanova, and Poltavtseva [67KLU/SEL] prepared the salt 
from a concentrated aqueous solution of LiOH and H2SeO3 in stoichiometric propor-
tions. The lithium and selenium contents of the product agreed well with the composi-
tion Li2SeO3

.H2O. The same composition was found by Micka and co-workers 
[86MIC/EBE]. The review therefore adopts the formula Li2SeO3

.H2O for the lithium 
selenite phase in contact with water. 

 The solubility of Li2SeO3
.H2O in water at 298.15 K is reported to be 1.43 

mol(Li2SeO3).kg–1 in [21ROS/KRA] and 1.92 mol(Li2SeO3).kg–1 in [86MIC/EBE2]. 
The review selects: 

m(Li2SeO3
.H2O(cr), aq sat, 298.15 K) = (1.92 ± 0.10) mol(Li2SeO3)⋅kg–1. 

 Klushina, Selivanova, and Poltavtseva [67KLU/SEL] measured the enthalpy 
change of the reaction between Li2SeO3

.H2O(cr) and a solution of lead nitrate. Their 
data have been corrected and evaluated to furnish the enthalpy change of the reaction 
Li2SeO3

.H2O(cr) + Pb2+ → PbSeO3(cr) + 2Li+ + H2O(l), cf. Appendix A. The result is 
− (47.17 ± 1.61) kJ⋅mol–1, which combines with selected standard enthalpies of forma-
tion to the selected value:  

∆f
o
mH (Li2SeO3

.H2O, cr, 298.15 K) = – (1328.60 ± 2.43) kJ⋅mol–1. 

 The value in [82WAG/EVA] is – 1334.3 kJ⋅mol–1. This value is probably 
based on the data in [67KLU/SEL], but the mistake made there (see Appendix A) was 
apparently not detected. 

 Klushina, Selivanova, and Artem’eva [68KLU/SEL3] determined the integral 
heats of dissolution to aq(1:800) of Li2SeO3

.H2O, – (20.25 ± 0.21) kJ⋅mol–1, and 
Li2SeO3, – (31.21 ± 0.33) kJ⋅mol–1. These data yield the selected value: 

f mH ο∆ (Li2SeO3, cr, 298.15 K) = – (1031.81 ± 2.46) kJ⋅mol–1. 
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V.15.2.2.2 Li2Se2O5(cr) 

Roshchina and Selivanova [68ROS/SEL2] prepared crystalline Li2Se2O5(cr) from 
LiHSeO3(cr) by heating. The specimen was reacted with a solution of Pb(NO3)2 with 
formation of crystalline PbSeO3 in a calorimeter. The calorimetric data were used to 
estimate the enthalpy change of the reaction Li2Se2O5(cr) + 2Pb2+ + H2O(l) → 
2PbSeO3(cr) + 2Li+ + 2H+ in Appendix A to be – (26.24 ± 3.00) kJ⋅mol–1. The standard 
enthalpy of formation of Li2Se2O5(cr) is calculated from this datum to the selected 
value: 

f mH ο∆ (Li2Se2O5, cr, 298.15 K) = – (1310.87 ± 4.70) kJ⋅mol–1 

with selected auxiliary data. 

V.15.2.2.3 LiHSeO3(cr) and LiH3(SeO3)2(cr) 

Roshchina and Selivanova [68ROS/SEL] reacted a solution of LiHSeO3 with crystalline 
Pb(NO3)2 and measured the enthalpy change of the reaction in which PbSeO3(cr) is 
formed. The result together with the measured enthalpy of dissolution of LiHSeO3(cr) in 
water was used in Appendix A to estimate the enthalpy change of the reaction 
LiHSeO3(cr) + Pb2+ → PbSeO3(cr) + Li+ + H+ to be (6.38 ± 0.25) kJ⋅mol–1. This datum 
combines with selected standard enthalpies of formation to the selected value: 

f mH ο∆ (LiHSeO3, cr, 298.15 K) = – (817.85 ± 1.84) kJ⋅mol–1. 

 The same authors [70ROS/SEL2] made an analogous study of LiH3(SeO3)2(cr). 
The experimental results obtained are used in Appendix A to estimate the enthalpy 
change of the reaction LiH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + Li+ + 3H+ to be 
(27.23 ± 0.53) kJ⋅mol–1. This value then yields the selected value:  

f mH ο∆ (LiH3(SeO3)2, cr, 298.15 K) = – (1371.7 ± 3.7) kJ⋅mol–1 

with selected auxiliary standard enthalpies of formation. 

Water vapour measurements of saturated solutions in the system 
Li2SeO3-H2SeO3-H2O were used in [86MIC/EBE2] to obtain the selected Gibbs ener-
gies of the reactions: 

LiHSeO3(cr) + H2SeO3(cr)  LiH3(SeO3)2(cr) (V.187) 

r mGο∆ ((V.187), 298.15 K) = – (15.35 ± 0.90) kJ⋅mol–1. 

Li2SeO3
.H2O(cr) + LiH3(SeO3)2(cr)  3LiHSeO3(cr) + H2O(l) (V.188) 

r mGο∆ ((V.188), 298.15 K) = – (0.93 ± 0.10) kJ⋅mol–1. 
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V.15.2.3 Lithium selenates 
The review selects the consistent result of the solubility of the stable lithium selenate, 
Li2SeO4⋅H2O, at standard conditions obtained in [89TAT/SER], [89VOJ/EBE], 
[98OJK/CHR]: 

m(Li2SeO4⋅H2O(cr), aq sat, 298.15 K) = (4.275 ± 0.020) mol(Li2SeO4)⋅kg–1. 

 A phase diagram or similar information is available for the systems: 
Li2SeO4-H2SeO4-H2O at 303.15 K in [95HAV/MIC]; Li2SeO4-Cs2SeO4-H2O at 
303.15 K in [2000HAV/MIC]. 

 The solubility product of Li2SeO4⋅H2O(cr), 

 Li2SeO4⋅H2O(cr)  2Li+ + 2
4SeO −  + H2O(l) (V.189) 

was determined at 298.15 K by Ojkova, Christov, and Mihov [98OJK/CHR] to be 
10 ,0log sK ο = 1.762 and by Kumok and Batyreva [90KUM/BAT] to be 2.05, see Appen-

dix A. The former value: 

10 ,0log sK ο ((V.189), 298.15 K) = (1.762 ± 0.087) 

is selected by the review as it based on isopiestic data treated by the Pitzer ion interac-
tion approach. The uncertainty added by the review corresponds to an uncertainty in the 
mean activity coefficient of 5%. 

 Selivanova, Shneider and Sazykina [62SEL/SHN] measured the enthalpy 
change of the reaction Li2SeO4⋅H2O(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + 2LiCl(aq, 
1:400) + H2O(l) in a calorimeter. With the same calorimeter the enthalpies of dissolu-
tion of Li2SeO4⋅H2O(cr) and Li2SeO4(cr) to Li2SeO4(aq, 1:800) were also determined. 
Their results were recalculated with new auxiliary data in Appendix A to the selected 
values: 

f mH ο∆ (Li2SeO4
.H2O, cr, 298.15 K) = – (1420.0 ± 5.6) kJ⋅mol–1, 

f mH ο∆ (Li2SeO4, cr, 298.15 K) = – (1127.7 ± 5.6) kJ⋅mol–1, 

which overlap the same quantities in [82WAG/EVA]. 

 The standard Gibbs energy of formation of lithium selenate is calculated from 
the Gibbs energy of Reaction (V.189) and the selected values of o

f mG∆  for the ions and 
water to be: 

f mGο∆ (Li2SeO4⋅H2O, cr, 298.15 K) = – (1252.4 ± 1.5) kJ⋅mol–1. 

 The selected data yield: 

mS ο (Li2SeO4⋅H2O, cr, 298.15 K) = (181.8 ± 19.4) J⋅K–1⋅mol–1. 
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V.15.3 Sodium compounds 

V.15.3.1 Sodium selenides 
Only anhydrous sodium selenides have been considered. 

The phase diagram of the sodium-selenium system was assessed by Sangster 
and Pelton [97SAN/PEL4]. The intermediary compounds Na2Se(cr), Na2Se2(cr), 
Na2Se3(cr), Na2Se4(cr), Na2Se5(cr) and Na2Se6(cr) have been reported, but the existence 
of the last two compounds is questionable. Na2Se(cr) and Na2Se2(cr) are the only so-
dium selenides which have been characterised by X-ray diffraction and for which ther-
modynamic information is available. 

V.15.3.1.1 Na2Se(cr) 

The entropy at 298.15 K was estimated by Voronin [70VOR] to be mS ο (Na2Se, cr, 
298.15 K) = 104.2 J·K–1⋅mol–1 using a semi-empirical relationship involving vibrational 
contributions to the entropy and by Mills [74MIL] to be mS ο (Na2Se, cr, 298.15 K) = 
(92.0 ± 12.6) J·K–1⋅mol–1 by comparison with Na2S(cr). No value for the entropy is se-
lected. 

 The enthalpy of formation of Na2Se(cr) was determined to be f mH ο∆ (Na2Se, 
cr, 265 K) = – 343.1 kJ⋅mol–1 by Mulder and Schmidt [51MUL/SCH] using solution 
calorimetry in liquid ammonia. The value is reasonably close to f mH ο∆ (Na2Se, cr, 
298.15 K) = − (332.2 ± 5.9) kJ⋅mol–1 recalculated from the solution calorimetry meas-
urements of Fabre [1887FAB] as discussed in Appendix A. The average of the two 
measurements is selected with error bars estimated by the review: 

f mH ο∆ (Na2Se, cr, 298.15 K) = – (337.7 ± 10.0) kJ⋅mol–1. 

V.15.3.1.2 Na2Se2(cr) 

The enthalpy of the reaction 2Na(in NH3(l)) + 2Se(trigonal) Æ Na2Se2(in NH3(l)) was 
determined to be r mH ο∆ (265 K) = – 418.4 kJ·mol–1 in [51MUL/SCH]. Mills [74MIL] 
estimated the enthalpy of dissolution of Na2Se2(cr) in liquid ammonia to be 

sol mH ο∆ (Na2Se2(cr), NH3(l), 298.15 K) = 18.4 kJ·mol–1 by comparison with the analo-
gous reaction for Na2Te2(cr) and employed the experimental value of the enthalpy of 
dissolution of sodium in liquid ammonia in [51MUL/SCH] to calculate f mH ο∆ (Na2Se2, 
cr, 298.15 K) = – (388.3 ± 42.0) kJ·mol–1. Sangster and Pelton [97SAN/PEL4] errone-
ously assigned the enthalpy of the reaction above to the enthalpy of formation of 
Na2Se2(cr) in their review. No value is selected for the enthalpy of formation of 
Na2Se2(cr) since it involves an estimated value for the enthalpy of dissolution in ammo-
nia. 
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The entropy at 298.15 K was estimated by Mills [74MIL] to be mS ο (Na2Se2, cr, 
298.15 K) = (125.5 ± 20.9) J·K–1·mol–1 by comparison with the values for Na2S2(cr) and 
Na2Se(cr). No value for the entropy is selected. 

V.15.3.2 Sodium selenites 
Sabbah and Périnet [65SAB/PER], and Micka and Ebert [86MIC/EBE2] determined the 
phase diagram and related data of the system Na2SeO3-H2SeO3-H2O at 298.15 K. The 
two data sets agree well. The salts Na2SeO3

.5H2O, Na2SeO3, NaHSeO3, NaH3(SeO3)2, 
and NaH7(SeO3)4 were isolated as solid phases. 

 Solubility data for the system Na2SeO3-Na2SeO4-H2O at 273.2, 293.2, 298.2, 
303.2, and 313.2 K are presented in [70YAN/PAT]. No intermediate phases are formed. 

V.15.3.2.1 Na2SeO3(cr), Na2SeO3
.5H2O(cr), and Na2SeO3

.8H2O(cr) 

Masson et al. have reviewed the system Na2SeO3-H2O in [86MAS/LUT] and found 
published data to be in reasonable agreement. Three compounds, Na2SeO3

.8H2O(cr), 
Na2SeO3

.5H2O(cr), and Na2SeO3(cr), have been identified in the temperature range 253 
to 393 K as stable phases in contact with water. According to [32JAN] the transitions 
Na2SeO3

.8H2O(cr) → Na2SeO3
.5H2O(cr) and Na2SeO3

.5H2O(cr) → Na2SeO3(cr) occur 
at (264.5 ± 0.3) K and (309.1 ± 0.2) K, respectively. Masson derived the following rela-
tionships for the temperature dependence of the solubility, S, in mass-% of Na2SeO3. 
The symbol s(S) denotes the standard deviation of S about the regression line. 

Na2SeO3
.8H2O (253 - 264) K: S = 48.2 + 0.821 (T – 273.2) + 0.0176 (T – 273.2)2;  

 s(S) = 0.19, 

Na2SeO3
.5H2O (264 - 310) K: S = 43.2 + 0.108 (T – 273.2) + 0.00205 (T – 273.2)2;  

 s(S) = 0.15, 

Na2SeO3 (310 - 373) K:  S = 54.0 – 0.133 (T – 273.2) + 0.000483 (T – 273.2)2;  
 s(S) = 0.21. 

 The calculated solubility of Na2SeO3
.5H2O(cr) at 298.15 K is:  

m(Na2SeO3
.5H2O(cr), aq sat, 298.15 K) = (5.15 ± 0.30) mol(Na2SeO3).kg–1. 

 Amitin, Klushina, Lebedeva, and Paukuv [80AMI/KLU] determined the heat 
capacity of Na2SeO3(cr) in the temperature range 6 to 300 K. The selected results are: 

,mpCο (Na2SeO3, cr, 298.15 K) = (126.1 ± 0.3) J⋅K–1⋅mol–1, 

mS ο (Na2SeO3, cr, 298.15 K) = (147.4 ± 0.3) J⋅K–1⋅mol–1, 

mH ο (Na2SeO3, cr, 298.15 K) – mH ο (Na2SeO3, cr, 0 K) = (23.00 ± 0.05) kJ⋅mol–1. 

 The standard enthalpy of formation of Na2SeO3(cr) is evaluated from the data 
by Thomsen [1882THO] in Appendix A to be – (959.62 ± 0.95) kJ⋅mol–1. This value 
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agrees reasonably well with the same datum in [82WAG/EVA], – 958.6 kJ⋅mol–1, 
probably also derived from [1882THO]. The selected values is: 

f mH ο∆ (Na2SeO3, cr, 298.15 K) = – (959.62 ± 0.95) kJ⋅mol–1. 

 Carre et al. [79CAR/GER] determined the enthalpy of formation of 
Na2SeO3(aq, 1 M, 298.15 K) to be – (984.7 ± 3.4) kJ⋅mol–1 from the enthalpy of reac-
tion of SeO2(cr) with a sodium hydroxide solution. This implies a heat of dissolution to 
1 M solution of – (25.1 ± 3.5) kJ⋅mol–1, which is compatible with known heats of solu-
tion of sodium selenite. 

 Klushina, Selivanova, Lapin, and Artem’eva [69KLU/SEL] measured the heat 
of dissolution of Na2SeO3(cr) and Na2SeO3

.5H2O(cr) in water to the same concentration 
(aq, 1:800). The standard enthalpy of formation of the pentahydrate is calculated from 
the known standard enthalpy of formation of the anhydrous salt in Appendix A. The 
selected result is: 

f mH ο∆ (Na2SeO3
.5H2O, cr, 298.15 K) = – (2404.67 ± 1.00) kJ⋅mol–1, 

which is almost identical with the value in [82WAG/EVA]. 

 Shkodin, Malyshev, and Makhmetov [71SHK/MAL] measured the vapour 
pressure of SeO2(g) above solid and molten sodium selenite by the dew point method. 
The paper is discussed in Appendix A. No thermodynamic quantities will be derived 
from it. 

V.15.3.2.2 Na2Se2O5(cr) 

The solubility of Na2Se2O5(cr) has been studied by Janitzki [32JAN]. The compound is 
stable only above (366.2 ± 0.5) K in the aqueous environment. Below this temperature it 
transforms to hydrogen selenites. The solubility at the transition temperature is about 
11.0 mol·kg–1. 

 Roshchina and Selivanova [69ROS/SEL4] prepared Na2Se2O5(cr) and reacted 
it with a solution of Pb(NO3)2 in a calorimeter. The enthalpy change of the reaction 
Na2Se2O5(cr) + H2O(l) + 2Pb2+ → 2PbSeO3(cr) + 2Na+ + 2H+ is estimated from the 
calorimetric data to be – (41.21 ± 3.00) kJ⋅mol–1 in Appendix A. This datum combines 
with selected standard enthalpies of formation to give the selected value: 

f mH ο∆ (Na2Se2O5, cr, 298.15 K) = – (1219.64 ± 4.71) kJ⋅mol–1. 

 Shkrodin, Makhmetov, and Malyshev [75SHK/MAK] studied the thermal be-
haviour of sodium diselenite. The compound melts at (653 ± 10) K and dissociates 
above the melting point according to the reaction: 

 Na2Se2O5(l)  Na2SeO3(cr) + SeO2(g) (V.190) 

 The vapour pressure of SeO2(g) was measured by the dew point method in the 
temperature range 703 to 963 K yielding 

210 SeOlog p = (8.239 ± 0.500) – (7848 ± 500) 
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T/−1. The uncertainties have been added by the review as no primary data are furnished. 
No experimental data are available for an extrapolation to the standard state. 

V.15.3.2.3 NaHSeO3(cr) and NaH3(SeO3)2(cr) 

Janitzki [32JAN] studied the system NaHSeO3-H2O in the temperature interval 263.9 to 
382.7 K. Three solid phases were identified, NaHSeO3

.3H2O(cr), NaHSeO3(cr), and 
Na2Se2O5(cr). The transition NaHSeO3

.3H2O(cr) → NaHSeO3(cr) occurs at 
(300.3 ± 0.3) K and the transition NaHSeO3(cr) → Na2Se2O5(cr) at (366.2 ± 0.5) K. The 
solubility of NaHSeO3

.3H2O(cr) in water at 298.15 K is calculated by interpolation 
from data in [32JAN] to be: 

m(NaHSeO3
.3H2O(cr), aq sat, 298.15 K) = (10.6 ± 0.2) mol(NaHSeO3).kg–1. 

 Janitzki [32JAN] investigated the system NaH3(SeO3)2-H2O in the temperature 
range 266.3 to 361.2 K. Only one solid phase, NaH3(SeO3)2(cr), is present. Its solubility 
in water at 298.15 K is calculated by interpolation from the data in [32JAN] to be: 

m(NaH3(SeO3)2(cr), aq sat, 298.15 K) = (4.31 ± 0.15) mol(NaH3(SeO3)2).kg–1. 

 Thomsen [1882THO] measured the heat of neutralisation of selenious acid to 
give sodium hydrogen selenite. The result is used to estimate the standard enthalpy of 
formation of NaHSeO3(cr) to be – (758.20 ± 1.10) kJ⋅mol–1 in Appendix A. Selivanova 
and Roshchina [68SEL/ROS] measured the enthalpy of reaction between NaHSeO3(cr) 
and a lead nitrate solution with formation of lead selenite. Their data were used to esti-
mate the enthalpy change of the reaction NaHSeO3(cr) + Pb2+ → PbSeO3(cr) + H+ + 
Na+ to be − (11.48 ± 1.50) kJ⋅mol–1 in Appendix A. This datum yields with selected 
standard enthalpies of formation f mH ο∆ (NaHSeO3, cr, 298.15 K) = – (761.86 ± 2.35) 
kJ⋅mol–1. The value in [82WAG/EVA] is – 759.23 and believed to be based on the data 
in [1882THO]. The review selects: 

f mH ο∆ (NaHSeO3, cr, 298.15 K) = – (760.10 ± 2.50) kJ⋅mol–1. 

 The enthalpies of dissolution of NaHSeO3(cr) and NaHSeO3
.3H2O(cr) in water 

to aq(1:800) have been measured to be (5.67 ± 0.01) kJ⋅mol–1 in [68SEL/ROS] and 
(30.63 ± 0.04) kJ⋅mol–1 in [69ROS/SEL], respectively. These data yield in combination 
with the standard enthalpy of formation of the anhydrous salt the selected value: 

f mH ο∆ (NaHSeO3
.3H2O, cr, 298.15 K) = – (1642.55 ± 2.50) kJ⋅mol–1. 

 Roshchina, Selivanova, and Anan’ina [69ROS/SEL2] prepared NaH3(SeO3)2 
and reacted it with an equivalent amount of a lead nitrate solution in a calorimeter. The 
enthalpy data were used to calculate the enthalpy change of the reaction 
NaH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + Na+ + 3H+ to be (10.30 ± 3.00) kJ⋅mol–1 in 
Appendix A. Combined with selected enthalpies of formation this datum results in the 
selected value: 
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f mH ο∆ (NaH3(SeO3)2, cr, 298.15 K) = – (1316.64 ± 4.71) kJ⋅mol–1. 

Micka and Ebert [86MIC/EBE2] measured the water vapour pressure of the 
saturated solutions in the system Na2SeO3-H2SeO3-H2O. From these measurements they 
calculated the selected Gibbs energies of the reactions: 

NaH3(SeO3)2(cr) + 2H2SeO3(cr)  NaH7(SeO3)4(cr) (V.191) 

r mGο∆ ((V.191), 298.15 K) = – (6.20 ± 0.40) kJ⋅mol–1, 

NaHSeO3(cr) + H2SeO3(cr)  NaH3(SeO3)2(cr)  (V.192) 

r mGο∆ ((V.192), 298.15 K) = – (18.05 ± 1.10) kJ⋅mol–1, 

Na2SeO3(cr) + NaH3(SeO3)2(cr)  3NaHSeO3(cr) (V.193) 

r mGο∆ ((V.193), 298.15 K) = – (6.33 ± 0.40) kJ⋅mol–1. 

V.15.3.3 Sodium selenates 
Funk [00FUN], Meyer and Aulich [28MEY/AUL], and Yanitskii and Patkauskas 
[70YAN/PAT] determined the solubility of sodium selenate in water as a function of 
temperature with concordant results. Na2SeO4⋅10H2O(cr) is the stable phase below 
305.0 K and Na2SeO4(cr) above this temperature. 

 A phase diagram or similar information is available for the system: 
Na2SeO4-H2SeO4-H2O at 298.15 K in [71SEL/SOB]; Na2SeO4-NaOH-H2O at 291.15 K 
in [51WIN/STO]; Na2SeO4-Na2SO4-H2O at 298.15 K in [51WIN/STO]; 
Na2SeO4-Na2SeO3-H2O at 273 to 333 K in [70YAN/PAT]; Na2SeO4-K2SeO4-H2O at 
298.15 K in [28MEY/AUL]. 

V.15.3.3.1 Na2SeO4(cr) 

Selivanova and Sazykina [64SEL/SAZ] determined the enthalpy change of the reaction 
Na2SeO4(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + 2NaCl(aq, 1:400) by a calorimetric 
measurement. Their enthalpy of reaction has been recalculated with new auxiliary data 
to be – (15.53 ± 0.24) kJ⋅mol–1 at standard conditions in Appendix A. This value was 
combined with selected standard enthalpies of formation to obtain f mH ο∆ (Na2SeO4, cr, 
298.15 K) = – (1074.35 ± 5.60) kJ⋅mol–1. 

 The value of f mH ο∆ (Na2SeO4, aq, 298.15 K) calculated from the selected ionic 
enthalpies is – (1084.18 ± 3.50) kJ⋅mol–1. This implies a total enthalpy of dissolution of 
Na2SeO4(cr) to the aqueous standard state of – 9.8 kJ⋅mol–1. The heat of dissolution of 
the salt to Na2SeO4(aq, 1:800) determined in [62SEL/SAZ3] is – (4.06 ± 0.17) kJ⋅mol–1. 
The enthalpy of dilution of Na2SeO4(aq, 1:800) to the standard state would then be 
about – 5.7 kJ⋅mol–1, which appears too large in comparison with the corresponding 
value for Na2SO4, – 1.02 kJ⋅mol–1. This comparison thus indicates that the value of 

f mH ο∆ (Na2SeO4, cr, 298.15 K) should be somewhat more exotermic than calculated 
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from the data in [64SEL/SAZ]. On the other hand, the enthalpies of formation in 
[82WAG/EVA] yield – 8.4, respectively, – 10.1 kJ⋅mol–1 for the enthalpies of dissolu-
tion of Na2SeO4(cr) to (aq, 1:500) and (aq, 1:5000). These figures thus support the result 
in [64SEL/SAZ]. The review calculates f mH ο∆ (Na2SeO4, cr, 298.15 K) = 
− (1079.10 ± 3.50) kJ⋅mol–1 from the ionic enthalpies, the heat of dissolution in 
[62SEL/SAZ3] and the estimated enthalpy of dilution to the aqueous standard state and 
selects: 

f mH ο∆ (Na2SeO4, cr, 298.15 K) = – (1076.50 ± 3.50) kJ⋅mol–1. 

The value in [82WAG/EVA] is – 1069.0 kJ⋅mol–1. 

 Vasilev and Kruchina [91VAS/KRU] determined the heat capacity of solutions 
of sodium selenate (m < 1.50 mol⋅kg–1) at 298.15 K: 

,mpCο  (Na2SeO4, aq, 298.15 K) = (4.1795 – 0.8386 × m + 0.3143 × m2 – 0.0679 × m3) 
J⋅K–1⋅mol–1. 

V.15.3.3.2 Na2SeO4⋅10H2O(cr) 

The selected value of the solubility of Na2SeO4⋅10H2O(cr) in water at 298.15 K: 

m(Na2SeO4⋅10H2O(cr), aq sat, 298.15 K) = (3.05 ± 0.05) mol(Na2SeO4)⋅kg–1 

is based on work in [28MEY/AUL], [71SEL/SOB], [90TAT/SER], [98CHR/OJK] re-
porting 3.030, 3.074, 3.070, and 3.029 mol⋅kg–1, respectively. 

 The solubility product of Na2SeO4⋅10H2O(cr), 

Na2SeO4⋅10H2O(cr)  2Na+ + 2
4SeO −  + 10H2O(l) (V.194) 

was determined at 298.15 K by Christov, Ojkova, and Mihov [98CHR/OJK] to be 
10 ,0log sK ο  = – 0.690 and by Kumok and Batyreva [90KUM/BAT] to be – 0.41. The for-

mer value is selected by the review as it based on isopiestic data treated by the Pitzer 
ion interaction approach. With the selected value of the solubility the value is changed 
to be: 

10 ,0log sK ο ((V.194), 298.15 K) = – (0.681 ± 0.087). 

The uncertainty added by the review corresponds to an uncertainty in the mean activity 
coefficient of 5%. 

 The standard enthalpy of formation of Na2SeO4⋅10H2O(cr) is calculated from 
the standard enthalpy of formation of Na2SeO4(cr) and the enthalpies of dissolution of 
the two salts to Na2SeO4(aq, 1:800). The two latter quantities were determined by Seli-
vanova and Sazykina [62SEL/SAZ3] to be – (4.06 ± 0.17) kJ⋅mol–1 for the anhydrous 
salt and (74.73 ± 0.63) kJ⋅mol–1 for the hydrate. The selected result is: 

f mH ο∆ (Na2SeO4⋅10H2O, cr, 298.15 K) = – (4013.6 ± 3.6) kJ⋅mol–1. 



 

 

422

 The standard Gibbs energy of formation of Na2SeO4⋅10H2O is calculated from 
the Gibbs energy of Reaction (V.194) and the selected values of o

f mG∆  for the ions and 
water to be: 

f mGο∆ (Na2SeO4⋅10H2O, cr, 298.15 K) = – (3338.70 ± 1.60) kJ⋅mol–1. 

 The selected data yield: 

mS ο (Na2SeO4⋅10H2O, cr, 298.15 K) = (624.0 ± 13.2) J⋅K–1⋅mol–1. 

V.15.3.3.3 Na2Se2O7(cr) 

Sobol and Selivanova [70SOB/SEL] prepared crystalline sodium diselenate, Na2Se2O7, 
by gradual heating of NaHSeO4 to 475 K. Its standard enthalpy of formation was ob-
tained from calorimetric measurements and three thermochemical cycles, see Appen-
dix A. The mean: 

f mH ο∆ (Na2Se2O7, cr, 298.15 K) = – (1322.0 ± 5.0) kJ⋅mol–1 

is selected. 

V.15.3.3.4 NaHSeO4(cr) 

Sobol and Selivanova [73SOB/SEL] measured the enthalpy change of the reaction 
NaHSeO4(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + NaCl(aq, 1:800) + HCl(aq, 1:800) in 
a calorimeter. The result has been recalculated with new auxiliary data in Appendix A 
to be: 

f mH ο∆ (NaHSeO4, cr, 298.15 K) = – (822.23 ± 5.59 ) kJ⋅mol–1. 

 The selected value agrees with the value in [82WAG/EVA] within the error 
limits. 

V.15.4 Potassium compounds 

V.15.4.1 Potassium selenides 
Only anhydrous potassium selenides have been considered.  

The phase diagram of the potassium-selenium system was assessed by Sangster 
and Pelton [97SAN/PEL2]. The intermediary compounds K2Se(cr), K2Se2(cr), 
K2Se3(cr), K2Se4(cr), and K2Se5(cr) have been reported, but thermodynamic information 
is only available for K2Se(cr). 

V.15.4.1.1 K2Se(cr) 

The entropy of K2Se(cr) was estimated by Voronin [70VOR] to be mS ο (K2Se, cr, 
298.15 K) = 117.15 J·K–1·mol–1 using a semi-empirical relationship involving vibra-
tional contributions to the entropy and by Mills [74MIL] to be mS ο (K2Se, cr, 
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298.15 K) = (125.5 ± 12.6) J·K–1·mol–1 by comparison with K2S(cr). No value for the 
entropy is selected. 

 The enthalpy of formation of K2Se(cr) at 298.15 K was determined by Fabre 
[1887FAB]. The measurements were recalculated by the review using recent data for 
some reactions as discussed in Appendix A. The value obtained is selected with an un-
certainty estimated by the review: 

f mH ο∆ (K2Se, cr, 298.15 K) = – (398.7 ± 10.0) kJ·mol–1. 

V.15.4.2 Potassium selenites 
Sabbah and Périnet [66SAB/PER] and Micka and Ebert [86MIC/EBE2] determined the 
phase diagram and related data at 298.15 K of the system K2SeO3-H2SeO3-H2O. The 
two studies agree reasonably well except around 50 mass-% H2SeO3, where large 
changes in the concentration of K2SeO3 occur. The agreement is only moderate between 
the two sets of data in this region. The crystalline phases K2SeO3 K5H3(SeO3)4, 
KHSeO3, and KH3(SeO3)2 were isolated in both studies. The phase diagrams at 293.15 
and 303.15 K are available in [86MIC/EBE3], but the only solubility data reported are 
the compositions at the invariant points. The diselenite, K2Se2O5, forms at 303.15 K 
instead of the hydrogen selenite. 

V.15.4.2.1 K2SeO3(cr) and K2SeO3
.4H2O(cr) 

Masson et al. have reviewed the system K2SeO3-H2O in [86MAS/LUT] and found pub-
lished data to be in reasonable agreement. Two solid phases, K2SeO3

.4H2O(cr) and 
K2SeO3(cr), have been identified as stable phases in contact with water in the tempera-
ture range 253 to 393 K. The transition K2SeO3

.4H2O(cr) → K2SeO3(cr) occurs at 
(297.5 ± 0.3) K according to Janitzki [32JAN]. Masson derived the following relation-
ships for the temperature dependence of the solubility, S, in mass-% of K2SeO3. The 
symbol s(S) denotes the standard deviation of S about the regression line: 

K2SeO3
.4H2O (253 - 297) K: S = 62.8 + 0.182 (T – 273.2) + 0.00198 (T – 273.2)2;  

 s(S) = 0.11, 

K2SeO3 (297 - 353) K:  S = 68.42 + 0.0000749 (T – 273.2)2;  
 s(S) = 0.04. 

 The calculated solubility of K2SeO3(cr) at 298.15 K is:  

m(K2SeO3(cr), aq sat, 298.15 K) = (10.58 ± 0.10) mol(K2SeO3).kg–1 

which agrees with the value of 10.66 mol(K2SeO3).kg–1 in [86MIC/EBE2]. (This datum 
was not included in the regression by Masson et al. ). 

 Klushina, Selivanova, Lapin, and Novikova [68KLU/SEL] prepared crystalline 
anhydrous potassium selenite. The compound was reacted with a lead nitrate solution in 
a calorimeter. The measured enthalpy change of the reaction was used in Appendix A to 
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calculate the enthalpy change of the reaction K2SeO3(cr) + Pb2+ → PbSeO3(cr) + 2K+ to 
be – (56.19 ± 1.50) kJ⋅mol–1. From this value: 

f mH ο∆ (K2SeO3, cr, 298.15 K) = – (981.09 ± 2.36) kJ⋅mol–1 

is obtained with selected standard enthalpies of formation. The selected result agrees 
with [82WAG/EVA] within the estimated uncertainty. 

V.15.4.2.2 K2Se2O5(cr) and KHSeO3(cr) 

Janitzki [32JAN] studied the system KHSeO3-H2O in the temperature interval 252.6 to 
376.0 K. Two solid phases were identified, KHSeO3(cr) and K2Se2O5(cr). The transition 
KHSeO3(cr) → K2Se2O5(cr) occurs at (298 ± 1) K in agreement with the phase dia-
grams established in [86MIC/EBE2], [86MIC/EBE3] and is very sluggish. The solubil-
ity of K2Se2O5(cr) in water at 298.15 K is calculated by interpolation from data in 
[32JAN] to be:  

m(K2Se2O5(cr), aq sat, 298.15 K) = (10.6 ± 0.2) mol(K2Se2O5).kg–1. 

 Roshchina and Selivanova [70ROS/SEL] reacted a solution of KHSeO3 with 
crystalline Pb(NO3)2 and measured the enthalpy change of the reaction in which 
PbSeO3(cr) is formed. The result together with the measured enthalpy of dissolution of 
KHSeO3(cr) in water was used in Appendix A to estimate the enthalpy change of the 
reaction KHSeO3(cr) + Pb2+ → PbSeO3(cr) + K+ + H+ to be – (11.65 ± 0.25) kJ⋅mol–1. 
This datum combines with selected standard enthalpies of formation to give the selected 
value: 

f mH ο∆ (KHSeO3, cr, 298.15 K) = – (773.49 ± 1.84) kJ⋅mol–1. 

 In the same reference the authors prepared crystalline K2Se2O5(cr) from 
KHSeO3(cr) by heating. The specimen was reacted with a solution of Pb(NO3)2 in a 
calorimeter with formation of crystalline PbSeO3. The calorimetric data were used to 
calculate the enthalpy change of the reaction K2Se2O5(cr) + 2Pb2+ + H2O(l) → 
2PbSeO3(cr) + 2K+ + 2H+ in Appendix A to be – (34.40 ± 3.00) kJ⋅mol–1. The standard 
enthalpy of formation of K2Se2O5(cr) is calculated from this datum to the selected 
value: 

f mH ο∆ (K2Se2O5, cr, 298.15 K) = – (1250.05 ± 4.72) kJ⋅mol–1 

with selected auxiliary data. 

V.15.4.2.3 KH3(SeO3)2(cr) 

Janitzki [32JAN] investigated the system KH3(SeO3)2-H2O in the temperature range 
266.3 to 332.6 K. Only one solid phase, KH3(SeO3)2(cr), is present. The compound 
melts at about 350 K and its solubility in water at 298.15 K is estimated by interpolation 
from the data in [32JAN] to be:  
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m(KH3(SeO3)2(cr), aq sat, 298.15 K) = (8.75 ± 0.25) mol(KH3(SeO3)2).kg–1. 

 Roshchina and Selivanova [70ROS/SEL3] prepared and reacted KH3(SeO3)2 
with an equivalent amount of a lead nitrate solution in a calorimeter. The enthalpy data 
were used to calculate the enthalpy change of the reaction KH3(SeO3)2(cr) + 2Pb2+ → 
2PbSeO3(cr) + K+ + 3H+ to be (10.94 ± 3.00) kJ⋅mol–1 in Appendix A. Combined with 
selected enthalpies of formation this datum results in the selected value: 

f mH ο∆ (KH3(SeO3)2, cr, 298.15 K) = – (1329.08 ± 4.71) kJ⋅mol–1. 

Micka and Ebert [86MIC/EBE2] measured the water vapour pressure of satu-
rated solutions in the system K2SeO3-H2SeO3-H2O. From these measurements they cal-
culated the selected Gibbs energy of the reaction: 

 K2SeO3(cr) + KH3(SeO3)2(cr)  3KHSeO3(cr) (V.195) 

r mGο∆ ((V.195), 298.15 K) = – (6.24 ± 0.40) kJ⋅mol–1. 

V.15.4.3 Potassium selenates 
Meyer and Aulich [28MEY/AUL] studied the solubility of potassium selenate in water 
as a function of temperature up to about 335 K and found the anhydrous salt, 
K2SeO4(cr), to be the stable phase. A similar study by Friend [29FRI] between 273.2 
and 370.0 K yielded a 1 to 2% higher solubility in the overlapping range. 

The selected value of the solubility of K2SeO4(cr) in water at 298.15 K:  

m(K2SeO4(cr), aq sat, 298.15 K) = (5.14 ± 0.02) mol(K2SeO4)⋅kg–1 

is based on the measurements in [28MEY/AUL], [40HIL/SOT], [89VOJ/EBE2], 
[93SER/KUC] reporting 5.142, 5.152, 5.130, and 5.140 mol⋅kg–1, respectively. 

The solubility product of K2SeO4(cr), 

 K2SeO4(cr)  2K+ + 2
4SeO −  (V.196) 

was determined by and Ojkova, Christov, and Mihov [99OJK/CHR], see Appendix A, to 
be 10 ,0log sK ο = 0.902. Kumov and Batyreva [90KUM/BAT] obtained – (0.73 ± 0.04) for 
this datum from their isopiestic measurements, which differ greatly from those in 
[99OJK/CHR]. As the measurements by Christov and co-workers of osmotic coeffi-
cients of other alkali metal selenates are close to those obtained for potassium, the result 
of Kumov and Batyreva is not considered. The solubility selected by the review changes 
the value of the solubility product to be: 

10 ,0log sK ο ((V.196), 298.15 K) = (0.904 ± 0.065). 

The uncertainty added by the review to the selected value corresponds to an 
uncertainty in the mean activity coefficient of 5%. 
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The standard Gibbs energy of formation of potassium selenate is calculated 
from the Gibbs energy of Reaction (V.196) and the selected values of f mGο∆  for the ions 
to be: 

f mGο∆ (K2SeO4, cr, 298.15 K) = – (999.3 ± 1.5) kJ⋅mol–1 

The unreferenced value in [82WAG/EVA] is – 1002.8 kJ⋅mol–1. 

Atake et al. [83ATA/NOM2] measured the heat capacity of K2SeO4(cr) be-
tween 3 and 300 K. The thermodynamic functions are given in a table for this tempera-
ture range and contains the selected values: 

,mpCο (K2SeO4, cr, 298.15 K) = (142.64 ± 1.00) J⋅K–1⋅mol–1 

mS ο (K2SeO4, cr, 298.15 K) = (202.1 ± 1.0) J⋅K–1⋅mol–1. 

The uncertainties have been estimated by the review. The selected data yield 
f mH ο∆ (K2SeO4, cr, 298.15 K) = – (1112.5 ± 1.5) kJ⋅mol–1. 

An experimental value of standard enthalpy of formation of K2SeO4(cr) was 
calculated in Appendix A from the calorimetric measurement by Sazikina and Seli-
vanova [63SAZ/SEL] of the reaction K2SeO4(cr) + 2AgNO3(aq, 1:400) → Ag2SeO4(cr) 
+ 2KNO3(aq, 1:400) to be – (1121.29 ± 2.15) kJ⋅mol–1. The experimental value is thus 
considerably more negative than the calculated value. The enthalpy of dissolution of 
K2SeO4(cr) to K2SeO4(aq, 1:440) is reported to be (6.82 ± 0.04) kJ⋅mol–1 in 
[62SEL/ZUB]. The enthalpies of dilution of Na2SO4, K2SO4, and Rb2SO4 from (aq, 
1:440) to the aqueous standard state are all about – 1 kJ⋅mol–1. If the enthalpy of dilution 
of K2SeO4(aq, 1:440) to the aqueous standard state is assumed to be the same as for the 
sulphate, the ionic enthalpies yield f mH ο∆ (K2SeO4, cr, 298.15 K) = – (1113.62 ± 3.50) 
kJ⋅mol–1. The calorimetric result thus appears to be in error and it is not accepted. 

For consistency, 

f mH ο∆ (K2SeO4, cr, 298.15 K) = – (1112.5 ± 1.5) kJ⋅mol–1 

is selected. The value reported in [82WAG/EVA] is – 1110.02 kJ⋅mol–1 and of unknown 
origin. 

V.15.5 Rubidium compounds 

V.15.5.1 Rubidium selenides 
The phase diagram of the rubidium-selenium system was assessed by Sangster and Pel-
ton [97SAN/PEL5]. The intermediary compounds Rb2Se(cr), Rb2Se2(cr), Rb2Se3(cr), 
Rb2Se4(cr), and Rb2Se5(cr) have been reported, but Rb2Se(cr) is the only rubidium se-
lenide for which thermodynamic information is available. 
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V.15.5.1.1 Rb2Se(cr) 

The heat capacity of Rb2Se(cr) has been measured in the temperature range 310 to 800 
K using differential scanning calorimetry by Kohli [97KOH]. The heat capacity was 
described by the expression ,mpCο (Rb2Se, cr, (298.15 - 800) K) = (66.801 + 25.85 × 
10−3 T + 0.129 × 105 T −2) J·K−1·mol−1 and the value at 298.15 K calculated from this 
expression is selected: 

,mpCο (Rb2Se, cr, 298.15 K) = (74.7 ± 2.0) J·K−1·mol−1. 

The enthalpy of formation of Rb2Se(cr) was given as f mH ο∆ (Rb2Se, cr, 298.15 K) = 
− (326.4 ± 12) kJ·mol–1 by Yatsenko, Kuznetsov and Chuntov [77YAT/KUZ], referring 
to unpublished results. The experimental technique was not mentioned. No value for the 
enthalpy of formation of Rb2Se(cr) has been selected.  

V.15.5.2 Rubidium selenites 
Micka and Ebert have investigated the system Rb2SeO3-H2SeO3-H2O at 298.15 K. The 
solubility measurement is presented in [86MIC/EBE2] and the phase diagram in 
[87MIC/EBE]. The crystalline phases RbH3(SeO3)2, RbHSeO3, and Rb2SeO3 were iden-
tified. The solubility of Rb2SeO3(cr) is reported to be: 

m(Rb2SeO3(cr), aq sat, 298.15 K) = 7.86 mol(Rb2SeO3)⋅kg–1. 

 Klushina, Selivanova, Lapin, and Fedyainov [69KLU/SEL3] reacted 
Rb2SeO3(cr) with a lead nitrate solution in a calorimeter with formation of crystalline 
lead selenite. The measured enthalpy change was used in Appendix A to estimate the 
enthalpy change of the reaction Rb2SeO3(cr) + Pb2+ → PbSeO3(cr) + 2Rb+ to be 
− (62.07 ± 1.56) kJ⋅mol–1. This value combines with selected standard enthalpies of 
formation to give the selected value: 

f mH ο∆ (Rb2SeO3, cr, 298.15 K) = – (973.17 ± 2.40) kJ⋅mol–1. 

Within the estimated uncertainty this value agrees with [82WAG/EVA]. 

 Micka and Ebert [86MIC/EBE2] measured the water vapour pressure of satu-
rated solutions in the system Rb2SeO3-H2SeO3-H2O. From these measurements they 
calculated the selected Gibbs energy of the reaction: 

Rb2SeO3(cr) + RbH3(SeO3)2(cr)  3RbHSeO3(cr) (V.197) 

r mGο∆ ((V.197), 298.15 K) = – (8.55 ± 0.50) kJ⋅mol–1. 

V.15.5.3 Rubidium selenates 
Kadoshnikova, Deichman, and Tananaev [77KAD/DEI] determined the solubility of 
Rb2SeO4(cr) in water at 298.15 K to be 5.448 mol⋅kg–1. Vojtisek and Ebert 
[87VOJ/EBE2] report 5.20 mol⋅kg–1 for the same datum. This value is confirmed in 
[2003BAR/CHR] and the review selects: 



 

 

428

m(Rb2SeO4, aq sat, 298.15 K) = (5.20 ± 0.05) mol(Rb2SeO4)⋅kg–1. 

 Barkov, Christov, and Ojkova [2003BAR/CHR] determined the solubility 
product of: 

Rb2SeO4(cr)  2Rb+ + 2
4SeO −   (V.198) 

to be 10 ,0log sK ο ((V.198), 298.15 K) = (0.430 ± 0.065) and Kumok and Batyreva 
[90KUM/BAT] report 10 ,0log sK ο  = – 0.97, see Appendix A. The result obtained in 
[2003BAR/CHR] is selected and corresponds to f mGο∆ (Rb2SeO4, cr, 298.15 K) = 
− 1005.10 kJ⋅mol–1 calculated with the selected values of f mGο∆  for the ions.  

 The standard enthalpy of formation of Rb2SeO4(cr) was evaluated from the 
measurement by Selivanova and Sazikina [63SEL/SAZ] of the reaction 
Rb2SeO4(cr) + 2AgNO3(aq, 1:400) → Ag2SeO4(cr) + 2RbNO3(aq, 1:400) in Appen-
dix A. The value obtained was f mH ο∆ (Rb2SeO4, cr, 298.15 K) = – 1116.50 kJ⋅mol–1 and 
agrees with [82WAG/EVA]. 

 The data yield mS ο (Rb2SeO4, cr, 298.15 K) = (232.3 ± 9.0) J⋅K–1⋅mol–1. This 
entropy value appears to be too large compared with the accepted value for K2SeO4(cr) 
(202.1 ± 1.0) J·K·mol–1, and Cs2SeO4(cr), (220.7 ± 13.2) J·K·mol–1, for reasons that 
cannot be settled with the experimental information at hand. The values selected are 
thus:  

f mH ο∆ (Rb2SeO4, cr, 298.15 K) = – (1116.5 ± 2.2) kJ⋅mol–1, 

f mGο∆ (Rb2SeO4, cr, 298.15 K) = – (1005.1 ± 1.5) kJ⋅mol–1, 

mS ο (Rb2SeO4, cr, 298.15 K) = (232.3 ± 9.0) J⋅K–1⋅mol–1. 

V.15.6 Caesium compounds 

V.15.6.1 Caesium selenides 
The phase diagram of the caesium-selenium system was assessed by Sangster and Pel-
ton [97SAN/PEL]. A number of intermediary selenides exist but thermodynamic infor-
mation is only available for Cs2Se(cr). 

V.15.6.1.1 Cs2Se(cr) 

The heat capacity of Cs2Se(cr) has been measured in the temperature range 310 to 
800 K using differential scanning calorimetry by Kohli [97KOH]. The heat capacity 
was described by the expression ,mpCο (Cs2Se, cr, (298.15 - 800) K) = (67.975 + 26.49 × 
10−3 T + 0.143 × 105 T −2) J⋅K–1⋅mol–1 and the value at 298.15 K calculated from this 
expression is selected: 

,mpCο (Cs2Se, cr, 298.15 K) = (76.0 ± 2.0) J⋅K–1⋅mol–1. 
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V.15.6.2 Caesium selenites 
Micka and Ebert have investigated the system Cs2SeO3-H2SeO3-H2O at 298.15 K. The 
solubility measurement is presented in [86MIC/EBE2] and the phase diagram in 
[87MIC/EBE]. The crystalline phases CsH5(SeO3)3, CsH3(SeO3)2, CsHSeO3, and 
Cs2SeO3⋅H2O were identified. The solubility of Cs2SeO3⋅H2O(cr) is reported to be:  

m(Cs2SeO3⋅H2O, aq sat, 298.15 K) = 9.88 mol(Cs2SeO3)⋅kg–1. 

 Klushina et al. [70KLU/SEL] prepared Cs2SeO3
.H2O(cr) and reacted it with a 

lead nitrate solution in a calorimeter. The enthalpy data have been used in Appendix A 
to estimate the enthalpy change of the reaction Cs2SeO3

.H2O(cr) + Pb2+ → PbSeO3(cr) 
+ 2Cs+ + H2O(l). The value obtained was – (23.00 ± 1.50) kJ⋅mol–1, which furnishes the 
standard enthalpy of formation of caesium selenite: 

f mH ο∆ (Cs2SeO3
.H2O, cr, 298.15 K) = – (1311.83 ± 2.55) kJ⋅mol–1 

with selected standard enthalpies of formation. The selected result differs somewhat 
from the value in [82WAG/EVA], 1314.61 kJ⋅mol–1. 

 Micka and Ebert [86MIC/EBE2] measured the water vapour pressure of satu-
rated solutions in the system Cs2SeO3-H2SeO3-H2O. From these measurements they 
calculated the selected Gibbs energy changes of the reactions: 

CsH3(SeO3)2(cr) + H2SeO3(cr)  CsH5(SeO3)3(cr) (V.199) 

r mGο∆ ((V.199), 298.15 K) = – (7.70 ± 0.50) kJ⋅mol–1, 

CsHSeO3(cr) + H2SeO3(cr)  CsH3(SeO3)2(cr) (V.200) 

r mGο∆ ((V.200), 298.15 K) = – (19.25 ± 1.20) kJ⋅mol–1, 

Cs2SeO3⋅H2O(cr) + CsH3(SeO3)2(cr)  3CsHSeO3(cr) + H2O(l) (V.201) 

r mGο∆ ((V.201), 298.15 K) = – (14.46 ± 0.90) kJ⋅mol–1. 

V.15.6.3 Caesium selenates 
Information on the solubility of Cs2SeO4(cr) in water at 298.15 K can be found in 
[77KAD/DEI3], [87VOJ/EBE2], [2001BAR/CHR], which report 6.449, 6.340, and 
6.353 mol⋅kg–1, respectively. The review selects the mean of the three results: 

m(Cs2SeO4(cr),aq sat, 298.15 K) = (6.38 ± 0.07) mol(Cs2SeO4)⋅kg–1. 

 A phase diagram and related information are available for the system Cs2SeO4-
H2SeO4-H2O at 303.15 K in [2000HAV/MIC]. 

 The solubility product of Cs2SeO4(cr): 

Cs2SeO4(cr)  2Cs+ + 2
4SeO −  (V.202) 
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was determined by Barkov, Christov, and Ojkova [2001BAR/CHR], see Appendix A, to 
be 10 ,0log sK ο = 0.630. With the selected value of the solubility the value of s,0K ο  is 
changed to the selected value: 

10 ,0log sK ο ((V.202), 298.15 K) = (0.636 ± 0.065). 

The uncertainty added by the review corresponds to an uncertainty in the mean activity 
coefficient of 5%. 

 The standard Gibbs energy of formation of caesium selenate is calculated from 
the Gibbs energy of Reaction (V.202) and the selected values of f mGο∆  for the ions to 
be: 

f mGο∆ (Cs2SeO4, cr, 298.15 K) = – (1018.8 ± 1.8) kJ⋅mol–1. 

 Selivanova and Sazykina [62SEL/SAZ5] measured the enthalpy changes of the 
reactions Cs2SeO4(aq, 1:1000) + BaCl2

.2H2O(cr) → BaSeO4(cr) + 2CsCl2(aq, 1:500) + 
2H2O(l) and Cs2SeO4(cr) + aq → Cs2SeO4(aq, 1:1000) in a calorimetric study. The re-
sults were recalculated with new auxiliary data and discussed in Appendix A. The re-
view selects: 

f mH ο∆ (Cs2SeO4, cr, 298.15 K) = – (1138.7 ± 3.5) kJ⋅mol–1. 

 The selected data yield: 

mS ο (Cs2SeO4, cr, 298.15 K) = (220.7 ± 13.2) J⋅K–1⋅mol–1. 
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Chapter VI 

Discussion of auxiliary data     
selection  
Equation Section 6 

 

VI.1 Group 17 auxiliary species 

VI.1.1 Chlorine auxiliary species 

VI.1.1.1 Hypochlorous acid and the hypochlorite anion 
Neumann and Müller [29NEU/MUL] extensively studied the enthalpy of the reaction 

 Cl2(g) + 2OH–  ClO– + Cl– + H2O(l) (VI.1) 

by calorimetry in lithium, sodium, potassium, calcium, strontium, or barium hydroxide 
medium. The mean value of the enthalpy change was – (101.04 ± 0.34) kJ·mol–1. The 
temperature of the experiments is not mentioned but is most likely to be in the range 
291 to 293 K. The mole ratio ClO– to H2O(l) varied between 1:750 and 1:3200 in the 
experiments. Concurrently the enthalpy of the reaction 

 HClO(aq) + OH–  ClO– + H2O(l) (VI.2) 

was measured using the above alkali and alkaline earth hydroxides. The mean value of 
r mH∆ 0 ((VI.2), 291 K) was – (37.40 ± 0.12) kJ·mol–1. The review calculates from these 

data f mH∆ 0 (ClO–, 291 K) = – (108.17 ± 0.37) kJ·mol–1 and f mH∆ 0 (HClO, aq, 291 K) =         
– (126.58 ± 0.38) kJ·mol–1. The same reactions had earlier been studied by Thomsen 
[1882THO] employing sodium hydroxide solutions. The review obtains from his data 

f mH∆ 0 (ClO–, 291 K) = – (110.2 ± 0.8) kJ·mol–1 and f mH∆ 0 (HClO, aq, 291 K) =             
– (124.3 ± 1.0) kJ·mol–1. 

The enthalpy of the reaction ClO– + H2O2(aq)  Cl– + O2(g) + H2O(l) was 
measured by Flis, Mishchenko, and Pakhomova [58FLI/MIS] in calorimetric experi-
ments. The review finds from their data f mH∆ 0 (ClO–, 298.15 K) = – (107.22 ± 0.50)     
kJ·mol–1. 
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The enthalpy of formation of HClO(aq) has also been evaluated from the en-
thalpy change of the reaction HClO(aq) + H+ + 2I–  I2(cr) + Cl– + H2O(l), 

r mH∆ 0 (291 K) = – (215.2 ± 0.8) kJ·mol–1 measured by Thomsen [1882THO] and of the 
reaction Cl2(aq) + H2O(l)  HClO(aq) +H+ + Cl–, r mH∆ 0 (298.15 K) = (21.1 ± 0.5)     
kJ·mol–1, measured by Connick and Chia [59CON/CHI]. The former quantity was de-
termined by calorimetry and the latter from the temperature variation of the equilibrium 
constant of the reaction determined by conductometric measurements. The enthalpies of 
formation calculated from the data were – (124.1 ± 0.8) and – (123.4 ± 0.7) kJ·mol–1, 
respectively. 

The review selects the mean of all data 

f mH∆ 0 (HClO, aq, 298.15 K) = – (125.7 ± 1.5) kJ·mol-1 

f mH∆ 0 (ClO–, 298.15 K) = – (108.3 ± 1.5) kJ·mol-1 

The error bars have been increased to include the uncertainty from the influ-
ence of temperature. The selections lead to an enthalpy change of the reaction 

 H+ + ClO–  HClO(aq) (VI.3) 

amounting to r mH∆ 0 ((VI.3), 298.15 K) = – (17.4 ± 2.1) kJ·mol-1, which is compatible 
with the previously selected value – (19 ± 9) kJ·mol-1 in [92GRE/FUG]. 

The determinations of the enthalpy of dilution of HClO(aq) in [29NEU/MUL] 
indicate that it is negligible for solutions more dilute than HClO(aq, 1:200). 

The selection of f mH∆ 0 (ClO–, 298.15 K) = – (108.3 ± 1.5) kJ·mol–1 agrees with 
the value in [82WAG/EVA], which is – 107.1 kJ·mol-1, whereas the selection 

f mH∆ 0 (HClO, aq, 298.15 K) = – (125.7 ± 1.5) kJ·mol–1 disagrees with the NBS value of 
– 120.9 kJ·mol–1. Since the NBS data are not referenced the origin of the discrepancy 
cannot be identified. The selection in [82WAG/EVA] corresponds to an enthalpy 
change of Reaction (VI.3) of – 13.8 kJ·mol–1. The evaluation of this reaction enthalpy in 
[92GRE/FUG] found that the data fell into two groups at (15 ± 2) kJ·mol–1 and 
(22.2 ± 6) kJ·mol–1, respectively, and the value cited above (19 ± 9) kJ·mol–1 was se-
lected. This evaluation did not include the extensive measurements in [29NEU/MUL], 
which result in an enthalpy change of Reaction (VI.3) of – 18.41·kJ·mol–1. The determi-
nations of the enthalpy of neutralisation of HClO(aq) thus indicate that the enthalpy of 
formation of HClO(aq) should be more negative than shown by the selections in 
[82WAG/EVA]. This conclusion is supported by the two determinations of 

f mH∆ 0 (HClO, aq, 298.15 K) in [1882THO] and [59CON/CHI] that do not involve the 
enthalpy change of Reaction (VI.3). 
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VI.2 Group 14 auxiliary species 

VI.2.1 Carbon auxiliary species 

VI.2.1.1 Hydrocyanic acid and the cyanide ion 
The evaluation of the thermodynamic quantities of HCN(aq, 298.15 K) and CN–(aq, 
298.15 K) will start from the corresponding quantities for HCN(g, 298.15 K). 

Thomsen [1882THO] measured the enthalpy change of the reaction 
HCN(g) + 2.5O2(g) → CO2(g) + 0.5N2(g) + H2O(l) by burning a stream of HCN(g) in 
oxygen at 293 K. The measured enthalpy of reaction, corrected to 298.15 K by the re-
view, was – (663.77 ± 1.67) kJ⋅mol–1. Gordon [37GOR] suggested that a correction 
amounting to – 3.15 kJ⋅mol–1 should be applied to Thomsen’s result from the formation 
of some nitric oxide during the combustion. A second correction stems from the slight 
association of the hydrogen cyanide molecules in the gaseous phase. Data for the po-
lymerisation reactions have been provided by Giauque and Ruehrwein [39GIA/RUE]. 
The partial pressure of HCN(g) in the combustion mixture is estimated to be 0.3 bar by 
the review and the calculated correction for polymerisation is – 0.27 kJ⋅mol–1. The two 
corrections have been applied and the calorimetric measurement results in f mH ο∆ (HCN, 
g, 298.15 K) = (130.76 ± 1.67) kJ⋅mol–1 with auxiliary data from [89COX/WAG]. 

The value of f mH ο∆ (HCN, g, 298.15 K) listed in the JANAF Tables [98CHA] 
and NBS [82WAG/EVA] is 135.14 kJ⋅mol–1. It is based on Thomsen’s experiment. The 
reason for the large difference from the value obtained here is unknown, but might indi-
cate that the combustion reaction was considered to have been carried out as a bomb 
calorimetric measurement at constant volume. 

Badger [24BAD] studied the reaction NH3(g) + C(cr)  HCN(g) + H2(g) and 
Horiuchi, Yano, and Kanai [51HOR/YAN] investigated the reaction 2CO(g) + 
NH3(g)  HCN(g) + CO2(g) + H2(g). The data were re-evaluated in [98CHA] and the 
results obtained there are accepted. Badger’s data yielded an enthalpy of reaction at 
298.15 K that differed by about 50 kJ⋅mol–1 between the evaluations by the second and 
by the third law, respectively. Hence his results will not be considered further. The data 
for the second equilibrium reaction lead to an enthalpy of reaction at 298.15 K of 
(12.1 ± 10.9) kJ⋅mol–1 from the second law and (4.60 ± 2.10) kJ⋅mol–1 from the third 
law. From the last result f mH ο∆ (HCN, g, 298.15 K) = (131.11 ± 2.16) kJ⋅mol–1 is ob-
tained. 

Several evaluations of f mH ο∆ (HCN, g, 298.15 K) from spectroscopic determi-
nations of the enthalpy of atomisation of HCN(g) and from quantum mechanical ab 
initio calculations of enthalpies of reactions are available. Martin [96MAR] calculated 

f mH ο∆ (HCN, g, 298.15 K) = (128.24 ± 2.54) kJ⋅mol–1 from experimental spectroscopic 
data. From ab initio calculations of the enthalpy of atomisation of HCN(g) at 0 K and 
the enthalpy of the reaction 2HCN(g) → (CN)2(g) + N2(g) he obtained with auxiliary 
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data f mH ο∆ (HCN, g, 298.15 K) = (130.0 ± 0.2) kJ⋅mol–1 and (129.50 ± 0.50) kJ⋅mol–1, 
respectively. Finch et al. [93FIN/GAR] report evaluations of spectroscopic data and 
quantum mechanical calculations yielding f mH ο∆ (HCN, g, 298.15 K) = (129.8 ± 2.2) 
kJ⋅mol–1 and (129 ± 7) kJ⋅mol–1, respectively. Gardner [92GAR] found f mH ο∆ (HCN, g, 
298.15 K) = (137 ± 10) kJ⋅mol–1 from an ab initio calculation of the enthalpy of the re-
action H2(g) + (CN)2(g) → 2HCN(g) and auxiliary data. 

The review selects with equal weight the estimates of the standard enthalpy of 
formation of HCN(g) from [1882THO], [51HOR/YAN], the spectroscopic data in 
[96MAR] and [93FIN/GAR], and the quantum mechanical calculations in [96MAR] 
and obtains 

f mH ο∆ (HCN, g, 298.15 K) = (129.90 ± 2.50) kJ⋅mol–1 

The review selects from the concordant calculations of the entropy of HCN(g) 
at 298.15 K by statistical mechanics the value in [61MCB/GOR] 

mS ο (HCN, g, 298.15 K) = (201.71 ± 0.10) J·K–1·mol–1 

The Gibbs energy of formation is hence 

f mGο∆ (HCN, g, 298.15 K) = (119.52 ± 2.50) kJ⋅mol–1 

The equilibrium constant of the reaction 

HCN(aq)  HCN(g) (VI.4) 

has been determined by static and dynamic methods. No direct measurement of the en-
thalpy of the reaction has been made and it has been obtained from the temperature de-
pendence of the equilibrium constant. The available information is contained in Table 
VI-1 after recalculation of the data in [51HOR/TAN] and [74KOT/LEB2] to the unit 
bar⋅kg⋅mol–1. 

The data in [79ROD/ROB] have not been considered since they differ substan-
tially from those in the other references. The enthalpy change given by the authors in 
[51HOR/TAN] is (21.3 ± 1.7) kJ⋅mol–1. This result has also been ignored. 

The association of HCN(g) was not considered by the authors in the derivation 
of the equilibrium constant. However, the measurements in [83AVE/SPI] were carried 
out at low pressures where the association is negligible and the extrapolation procedure 
in [92RUM/MAU] would at least remove most of the influence of the association. No 
experimental information is available in the other references for an application of a cor-
rection, which is estimated to be 10% at most. The review selects the mean of the values 
in the Table and obtains 

log10 Kp((VI.4), 298.15 K) = – (0.902 ± 0.050). 

 



VI.2 Group 14 auxiliary species  

 

435

Table VI-1: Thermodynamic data for Reaction (VI.4) at 298.15 K. The quantities were 
obtained by inter- or extrapolation of experimental results or functions in the cited pa-
pers.  

Reference Kp((VI.4), 298.15 K) 
(bar·kg·mol–1) 

r mH ο∆ ((VI.4), 298.15) 
(kJ·mol–1) 

Remark 

[51HOR/TAN] 0.122 26.70 log10 Kp((VI.4), T ) = f (1/T ) 

(284 – 313) K 

[74KOT/LEB2] 0.132 24.36 log10 Kp((VI.4), T ) = f (1/T ) 

(293 – 368) K 

[83AVE/SPI] 0.116 - 298.15 K 

[92RUM/MAU] 0.124 27.29 ln Kp((VI.4), T ) = f (1/T, T ) 

(313 – 413) K 

[92RUM/MAU] 0.132 23.48 log10 Kp((VI.4), T ) = f (1/T ) 

(313 – 353) K 

The vapour pressure of HCN(l) is close to 1 bar at the standard temperature. 
Thus the Gibbs energy of formation of HCN(l) and HCN(g) are almost equal at 
298.15 K. The enthalpy of vaporisation to HCN(g) can be calculated from the entropy 
of HCN(l), 112.9 J·K–1·mol–1, in [39GIA/RUE] and of HCN(g) selected here to be 

vap mH ο∆ (HCN, l, 298.15 K) = 26.47 kJ⋅mol–1. This result is somewhat larger than the 
experimental value, 25.22 kJ⋅mol–1, obtained for the evaporation to a total hydrogen 
cyanide pressure of 1 atm in [39GIA/RUE]. Combined with the enthalpy of dissolution 
of HCN(l) in water in [1875BER], – 1.6 kJ⋅mol–1, r mH ο∆ ((VI.4), 298.15 K) = 28.1 
kJ⋅mol–1 is obtained. This datum is combined with the mean from Table VI-1, 
(25.5 ± 2.50) kJ⋅mol–1 in the weight ratio 1:3 to provide the selected result 

r mH ο∆ ((VI.4), 298.15 K) = (26.15 ± 2.50) kJ⋅mol–1. 

The selected reaction data yield the selected thermodynamic quantities for un-
dissociated HCN in aqueous solution 

f mH ο∆ (HCN, aq, 298.15 K) = (103.75 ± 3.54) kJ⋅mol–1 

f mGο∆ (HCN, aq, 298.15 K) = (114.37 ± 2.52) kJ⋅mol–1 

mS ο (HCN, aq, 298.15 K) = (131.3 ± 8.4) J·K–1·mol–1. 

For the protonation of the cyanide ion 

H+ + CN–  HCN(aq) (VI.5) 

the consistent result for the enthalpy of reaction from calorimetric determinations in 
[62IZA/CHR], [70CHR/JOH], and [96SOL/MAY] is selected 



VI Discussion of auxiliary data selection 

 

436

r mH ο∆ ((VI.5), 298.15 K) = – (43.60 ± 0.20) kJ⋅mol–1. 

The IUPAC recommended value of the equilibrium constant at infinite dilution 
evaluated by Beck in [87BEC] is selected 

log10 K((VI.5), 298.15 K) = (9.21 ± 0.02) 

r mGο∆ ((VI.5), 298.15 K) = – (52.57 ± 0.11) kJ⋅mol–1. 

The selections result in: 

f mH ο∆ (CN–, 298.15 K) = (147.35 ± 3.55) kJ⋅mol–1 

f mGο∆ (CN–, 298.15 K) = (166.94 ± 2.52) kJ⋅mol–1 

mS ο (CN–, 298.15 K) = (101.2 ± 8.4) J·K–1·mol–1. 

Finch et al. [93FIN/GAR] determined the enthalpy of formation of the cyanide 
ion from the enthalpies of combustion of tetramethyl- and tetraethylammonium cyanide. 
The molar enthalpies of formation so obtained were combined with experimental de-
terminations of the enthalpies of dissolution of the salts and the enthalpies of formation 
of (CH3)4N+ and (C2H5)4N+ as auxiliary data. The consistent results so obtained yielded 

f mH ο∆ (CN–, 298.15 K) = (140.3 ± 2.2) kJ⋅mol–1 as the mean. As this result is signifi-
cantly smaller than the result obtained from the hydrogen cyanide route it was not in-
cluded in the selection. 
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Appendix A Equation Section  1 
 

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. 

[1882THO] 

The only experiment, which leads to a determination of the standard enthalpy of forma-
tion of sodium selenite, appears to be that of Thomsen [1882THO]. He measured the 
enthalpy of the reaction between one mole of selenious acid and two moles of sodium 
hydroxide in solution. The data are used to calculate the standard enthalpy of formation 
of NaSeO3(cr) in Table A-1. 

Table A-1: Evaluation of the standard enthalpy of formation of NaSeO3(cr). The sources 
of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 2NaOH(aq, 1:200) + H2SeO3(aq, 1:400) → 2H2O(l) 
+ Na2SeO3(aq, 1:800) 

– (113.07 ± 0.30) [1882THO] 

2 NaOH(aq, 1:200) + aq → Na+ + OH– – (0.50 ± 0.05) [82WAG/EVA] 

3 H2SeO3(cr) + aq → H2SeO3(aq, 1:400)    (17.90 ± 0.60) [61SEL/PAK] 

4 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

5 Na(cr) + 0.5O2(g) + 0.5H2(g) + aq → Na+ + OH– – (470.36 ± 0.07) [89COX/WAG] 

6 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:800) – (28.33 ± 0.08) [69KLU/SEL] 

7 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

8 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (result) 

r 8H∆  = r mH ο∆ (Na2SeO3, cr, 298.15 K) = r 1H∆ – r 22 H∆ + r 3H∆ + r 4H∆ + r 52 H∆ – r 6H∆ – r 72 H∆  
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 Thomsen also measured the enthalpy of reaction between one mole of selen-
ious acid and one mole of sodium hydroxide in solution. His data are used in Table A-2 
to estimate the standard enthalpy of formation of NaHSeO3(cr).  

Table A-2: Estimate of the standard enthalpy of formation of NaHSeO3(cr). The sources 
of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 NaOH(aq, 1:200) + H2SeO3(aq, 1:400) → H2O(l) + 
NaHSeO3(aq, 1:600) 

– (61.81 ± 0.30) [1882THO] 

2 NaOH(aq, 1:200) + aq → Na+ + OH– – (0.50 ± 0.05) [82WAG/EVA] 

3 H2SeO3(cr) + aq → H2SeO3(aq, 1:400)    (17.90 ± 0.60) [61SEL/PAK] 

4 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

5 Na(cr) + 0.5O2(g) + 0.5H2(g) + aq → Na+ + OH– – (470.36 ± 0.07) [89COX/WAG] 

6 NaHSeO3(cr) + aq → NaHSeO3(aq, 1:800) ≅ 
NaHSeO3(aq, 1:600) 

   (5.67 ± 0.50) [68SEL/ROS] 

7 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

8 Na(cr) + Se(cr) + 0.5H2(g) + 1.5O2(g) → NaHSeO3(cr) – (758.20 ± 1.10) (result) 

r 8H∆ = r mH ο∆ (NaHSeO3, cr, 298.15 K) = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ + r 5H∆ – r 6H∆ – r 7H∆  

[1887FAB] 

Fabre determined the enthalpy of formation of the metal selenides Li2Se(s), Na2Se(s), 
K2Se(s), CaSe(s), SrSe(s), BaSe(s), FeSe(s), MnSe(s), NiSe(s), CoSe(s), ZnSe(s), 
CdSe(s), CuSe(s), Tl2Se(s), PbSe(s), HgSe(s), and Ag2Se(s) using aqueous solution 
calorimetry. The work was excellent at that time but the characterisation of the materi-
als does not meet the standards of today. The investigation by Fabre is still the only 
source of experimental thermochemical information for some systems. Recalculations 
of the results are necessary since more accurate auxiliary data are now available. Re-
assessments of Fabre’s work have been made by Mills in [74MIL] and by Rossini, 
Wagman, Evans, and Levine in [52ROS/WAG]. In the present evaluation, the alkaline 
and alkaline earth selenides are considered to be crystalline. 

The enthalpies of formation of the alkali metal selenides were re-evaluated by 
the review from the enthalpy changes of Reactions #1 and #2 exemplified for lithium in 
Table A-3. The temperature of the experiments was about 288 K. The reactions com-
bine to Reaction #3 from which the enthalpy of formation of the alkali metal selenide 
was calculated with selected auxiliary data at 298.15 K. A correction for the formation 
of some Se2– in Reaction #2 cannot be made due to lack of data. This also pertains to the 
correction of the data from the experimental temperature to 298.15 K. The results are 
assumed to be valid at standard conditions within the error limits and the following val-
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ues were obtained: f mH ο∆ (Li2Se, cr, 298.15 K) = − (442.3 ± 4.0) kJ·mol–1, 
f mH ο∆ (Na2Se, cr, 298.15 K) = − (332.2 ± 5.9) kJ·mol–1, and f mH ο∆ (K2Se, cr, 

298.15 K) = − (398.7 ± 5.0) kJ·mol–1. 

Table A-3: Evaluation of the standard enthalpy of formation of alkali metal (Reactions 
#1 to #3) and alkaline earth metal (Reaction #4) selenides. The sources of the data are 
indicated. 

# Reaction f mH ο∆  (kJ⋅mol–1) Reference 

1 Li2Se(cr) + H2O(l) + aq → 2Li+ + HSe- + OH- − (44.6 ± 2.5) (paper) 

2 H2Se(g) + OH- → HSe- + H2O(l) − (70.6 ± 2.5) (paper) 

3 H2Se(g) + 2OH- + 2Li+ → Li2Se(cr) + 2H2O(l) − (26.0 ± 3.5) (calculated) 

4 CaSe(cr) + 2H+ → Ca2+ + H2Se(aq) − (145.6 ± 2.5) (paper) 

The enthalpies of formation of the alkaline earth metal selenides can be calcu-
lated from Reaction #4 of Table A-3 exemplified for CaSe. The dissolution was carried 
out with 0.25 M HCl at about 288 K. A simplified evaluation with selected auxiliary 
data yields: f mH ο∆ (CaSe, cr, 298.15 K) = − (383.1 ± 3.4) kJ·mol–1, f mH ο∆ (SrSe, cr, 
298.15 K) = − (395.8 ± 3.3) kJ·mol–1, and f mH ο∆ (BaSe, cr, 298.15 K) = − (378.7 ± 4.1) 
kJ·mol–1. 

The enthalpies of dissolution in water saturated with bromine and in the pres-
ence of Br2(l) were measured for the other metal selenides mentioned. Since the infor-
mation on experimental details is scarce, no re-evaluation of these measurements was 
attempted. 

Concordant results were obtained for Reaction #2 with the lithium, sodium, 
and potassium hydroxides. The data yield with selected auxiliary data the following 
estimate of the standard enthalpy of formation of the hydrogen selenide ion, 

f mH ο∆ (HSe−, 298.15 K) = (14.3 ± 3.2) kJ·mol–1. 

[13BRU] 

The experimental technique used in [13BRU] and [23HLA] to evaluate the first acidity 
constant of H2Se(aq) is identical. The ionic conductivity of HSe– is first determined 
from a series of NaHSe(aq) solutions, prepared by neutralising NaOH(aq) with H2Se(g). 
This value (Λ∞ = 70, no unit provided) is then used, in combination with the ionic con-
ductivity of H+ and the measured conductivity of H2Se(aq) solutions, to deduce the de-
gree of dissociation in these solutions. The acidity constant was calculated from these 
data with an assumed concentration of H2Se(aq) of 0.1 M at

2H Sep = 1 atm. 
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The procedure has been accepted by the review, but the data have been recal-
culated with the presently evaluated value of 0.0838 M for the sum of the concentration 
of H2Se(aq) and HSe– at 

2H Sep  = 1 bar. The results are presented in Chapter V.  

[13PRE/BRO] 

The vapour pressure of liquid selenium was measured with a Bourdon gage manometer 
in the temperature range 663 to 983 K. A third law evaluation of the enthalpy of forma-
tion of Se2(g) at 298.15 K was made by the review using the thermal functions of Se(l), 
Se(trig) and Se2(g) and mole fractions of Se2(g) estimated from the selected selenium 
data. The enthalpy of formation derived was f mH ο∆ (Se2, g, 298.15 K) = (136.7 ± 2.5) 
kJ·mol–1.  

[28SCH/SWI] 

The equilibrium constant of the reaction: 

 Se(cr) + 2I2(cr) + 3H2O(l)  H2SeO3(aq) + 4H+ + 4I– (A.1) 

has been determined from a chemical analysis of the equilibrium mixture. Five mixtures 
of the components were employed with Se(cr) and I2(cr) present from the start. The ini-
tial compositions of the test solutions are contained in Table A-4. 

Table A-4: Initial concentrations (mM) of the test solutions. 

# KI HClO4 H2SeO3 

1 4.15 50.15 0.00 

2 87.88 39.67 10.00 

3 0.00 0.00 0.00 

4 0.00 9.87 14.00 

5 58.88 26.50 25.00 

The equilibrium was always approached from the left to the right. 

Chemical analysis: 
Although the analytical methods used are described at some length, details are 

lacking. 

 Total iodine, i.e., It(0) = [I2(aq)] + [ 3I
− ] was determined by titration with +

2 5N H  
(called hydrazine here and in the paper for convenience) after neutralisation. Then the 
solution was acidified, an excess of hydrazine added, and the mixture heated. This 
treatment reduces Se(IV) to Se(0), which was filtered off. The evaluator believes that 
the selenium was collected and weighed and thus that the determination of selenium 
was made in this way, although it is not explicitly mentioned in the paper. 
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 After removal of Se(0) the solution was treated with hypochlorous acid and 
liberated iodine titrated with hydrazine. This was intended to yield total iodine plus io-
dide in the equilibrium mixture. This analytical step is not understood. It may be men-
tioned, however, that this determination was not used in the calculation of the equilib-
rium constant or elsewhere in the paper. 

 The analytical concentration of strong acid was determined by a back-titration 
of an added excess of standard hydrogen carbonate with standard hydrochloric acid. 
Iodine was first reduced by thiosulphate in order to allow visual indication of the end 
point in the titration. The end point corresponds to the titration of strong acid plus al-
most all of the selenious acid. Hence, a blank titration was carried out on a solution of 
selenious acid of the same concentration as the test solution. 

Calculations of the equilibrium concentrations: 
 The results of the calculation of the concentrations at equilibrium from the 
analytical data are found in Table II of the paper. The same notations as used there will 
be used here. 

• ΣI3(deter) = [I2(aq)] + [ 3I − ] is the total iodine concentration determined by 
titration with hydrazine. 

• (I3
–)(calcd.) is ΣI3(deter) – [I2(aq)]. [I2(aq)] is the solubility of iodine in wa-

ter and a value of 1.33 mM is mentioned in the text. This value has been 
used in experiments 2, 4, and 5. Why slightly different values were used in 
experiments 1 and 3 is not known. 

• (I –)(calcd.) has been found from (I3
–)(calcd.) using the known extent of the 

reaction I2(cr) + I–  3I
− . The equilibrium constants used in the calculation 

of the iodine and iodide concentrations were close to more recent values in 
[55KAT/GEB] and a recalculation makes little or no difference. 

• Strong acid(deter.) is the analytical concentration of strong acid determined 
by titration: 

(H+)(calcd.) is Strong acid(deter.) + 3HSeO−    

 and 

(ΣH2SeO3)(deter.) – (H2SeO3)(calc.) = 3HSeO−   . 

 The concentrations of the Se(IV) species were calculated without corrections 
for activity coefficients with 10 1,2log K  = 2.57. A recalculation with 10 1,2log K  = 2.64 
and introduction of activity coefficients resulted in only minor changes (< 3%) in the 
concentrations of H+ and H2SeO3. Since the solutions are strongly acid almost all Se(IV) 
is present as H2SeO3. 
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Stoichiometry: 
The observed changes in concentration from the initial solution to the equilib-

rium solution are entered in Table A-5. 

The expected changes in the concentrations of H+ and I(− I) are 4∆[Se(IV)]. 
Agreement with the expectation is found only for experiment 3. The other experiments 
deviate (Dev.) substantially and oxidation of iodide by oxygen was proposed as the 
cause of the discrepancy. 

Table A-5: Concentration changes during equilibration, mM. 

# ∆[Se(IV)] 4∆[Se(IV)] ∆[H+] Dev. [H+] ∆[I(– I)] Dev.[I(–I)] 

1 9.33 37.32 24.19 13.13 36.4 1.0 

2 1.65 6.60 – 5.65 12.25 – 2.3 8.9 

3 13.03 52.12 51.62 0.50 52.2 0.1 

4 12.62 50.48 40.90 9.57 42.7 7.8 

5 5.82 23.28 5.44 17.84 8.5 14.8 

 

[32SHE/LYO] 

The emf of the cell: 

Pt | quinhydrone, H2SO4 (m) | H2SeO4 (m), quinhydrone | Pt 

E = g ln
+

+

(Se)
H
(S)
H

a
a

 + Ej 

was measured at (25 ± 0.05)°C and at equal concentrations of the acids. +
(Se)
H

a  and +
(S)
H

a  
represent the activity of the hydrogen ion in the selenic acid and sulphuric acid solu-
tions, respectively, and g is the Nernstian coefficient. The concentration of acid was 
varied from 0.01 m to 0.4 m at seven different levels. The electrode potential of the se-
lenium half-cell became unstable above the latter concentration. The emf of the cell 
seldom differed from zero by more than one or two tenths of a millivolt and the authors 
concluded that the activities of hydrogen ion in solutions of selenic and of sulphuric 
acid of the same concentration are very nearly equal. 

 This result is at variance with the accepted values of the second dissociation 
constants of the acids. Reference [92GRE/FUG] selects 10 2log K ο  = – 1.80 for selenic 
and 10 2log K ο  = − 1.98 for sulphuric acid. The expected potential difference would 
therefore be about 1 to 2 mV from these data if the liquid junction potential (Ej) is ig-
nored, and not a few tenths of a millivolt. The contradiction can probably be traced to 
the neglect of Ej. An estimate of Ej by the Henderson equation indicates that the first 
term in the above expression for E is largely cancelled by the second term. The same 
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conclusion is reached if the cell is regarded as a pseudo-concentration cell. The much 
larger mobility of H+ in comparison with the other ions present reduces the expected 
potential difference to the order of a few tenths of a millivolt as observed. 

 The review thus concludes that, despite the simplicity of the experiments, the 
results of the investigation do not show that the second dissociation constants of selenic 
and sulphuric acid have the same value. 

[42GEL/KIN] 

The emf of the cell (Q, QH2 = quinhydrone): 

Pt | Q, QH2, C m H2SeO4(sat’d Q, QH2) | C m H2SeO4(sat’d Ag2SeO4) | Ag2SeO4,Ag 

E = 
2 4

o
Ag/Ag SeOE –

2

o
Q,QHE – 0.5 g { } { }2 2

10 4log H SeO+ −

− +
= Eo – 0.5 g { } { }2 2

10 4log H SeO+ −

− +
 

was measured at 298.15 K. Curled brackets represent activities and g = RTF –1 ln 10. 
The + and – signs are introduced here to stress that the activities pertain to different 
parts of the galvanic cell. The authors derived equation (9) in the paper from the 
stoichiometry of the test solution and the expression for the emf of the cell and ob-
tained: 

E = Eo – 0.5 g [2�(1(+(()(+(�(cS/C(+(()(+(�(+(3�C] 

α is the degree of protolysis of the hydrogen selenate ion, β the activity coefficient cor-
rection calculated from the Debye-Hückel equation, and cS the solubility of silver sele-
nate at the appropriate selenic acid concentration. The last quantity was found in a sepa-
rate measurement in which the solubility of Ag2SeO4 in selenic acid solution with con-
centrations between 0.00 and 0.1218 M was determined. This was the range in C cov-
ered by the potentiometric measurements. 

 The value of the protonation constant of the selenate ion, K1, was varied sys-
tematically until a (reasonably) constant value of Eo, independent of C, was obtained 
from the above equation. The result was 10 1log K  = 2.0 and Eo = – 0.1295 V. However, 
the equation is not quite correct as the degree of dissociation of the hydrogen selenate 
ion is substantially different in the two half-cells, cf. [35HAR/HAM]. The value ob-
tained for K1 will therefore not be accepted. A recalculation of the data by the review 
has not been attempted. 

[52BRO] 

The vapour pressure of liquid selenium was measured with Bourdon gauges in the tem-
perature range 536 to 961 K. A third law evaluation of the enthalpy of formation of 
Se2(g) at 298.15 K was made by the review using the vapour pressure at 950 K and the 
thermal functions of Se(l), Se(trig), Se2(g). A mole fraction of Se2(g), 

2Se (g)x  = 0.64 was 
estimated from the selected selenium data. The enthalpy of formation derived was 

f mH ο∆ (Se2, g, 298.15 K) = (140.1 ± 1.6) kJ·mol–1. 
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[56CHU] 

The solubility products of a number of metal selenites were determined from solubility 
measurements in dilute mineral acids at 293.2 K. 

 The selenites were generally prepared by mixing a 0.1 to 0.2 M solution of the 
metal ion and a 0.1 M solution of sodium selenite in stoichiometric proportions. In some 
cases the precipitate was aged in the mother liquor before separation and drying. The 
specimens were analysed but only the ratio metal:selenium is reported. X-ray diffraction 
patterns were not registered. It is therefore not clearly established whether the prepara-
tions were crystalline or (aged) amorphous phases. 

 The solubility in a 1 × 10−3 to 1 × 10−2 M solution of sulphuric, nitric, or 
hydrochloric acid was determined after equilibration for 8 hours with continuous 
stirring. Two acids were used for each selenite with two or three experiments performed 
with each acid. The solid and solution were separated by centrifugation and the metal 
ion concentration in the saturated solution was determined. The total selenite 
concentration was calculated from the total metal ion concentration. The pH values of 
the start and equilibrium solutions were measured with a glass electrode calibrated 
against the quinhydrone electrode. The pH scale is somewhat undefined but can 
probably be regarded as an activity scale. 

 The 2
3SeO −  concentration was calculated from the total selenite concentration 

using the protonation constants from Rumpf [33RUM]. No activity coefficient or side 
reaction corrections were included in the calculation of the solubility product. The re-
sults are presented in the appropriate Sections in Chapter V. 

 The procedure outlined above is fairly typical for a number of determinations 
of solubility products of metal selenites. Data from such investigations have been re-
evaluated by the review with the accepted protonation constants of the selenite ion, cor-
rected for the hydrolysis of the metal ion when necessary, and the value of the solubility 
product extrapolated to standard state conditions. It has been observed that the initial 
and final pH values in cases are in conflict. This has been ignored and the calculations 
have been based solely on the data for the equilibrium solution. Complexation of the 
metal ion by the anions and temperature effects were neglected, which probably intro-
duces a negligible error compared with other sources of error. Activity coefficients were 
calculated by the SIT expression with ε = 0 kg·mol−1, which is a reasonable simplifica-
tion due to the low ionic concentrations. The ionic strength was obtained by an iterative 
procedure from knowledge of the total metal concentration and the pH of the equilib-
rium solution. The results of the recalculations are entered in Chapter V. 

[57ILL/LAP] 

The vapour pressure of liquid selenium was measured by a static method in the 
temperature range 823 to 1173 K. The total vapour pressure at equilibrium was given as 

10log (p/bar) = 5.203 – 4987 T –1. A third law evaluation by this review of the enthalpy 
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of formation of Se2(g) at 298.15 K was made using the vapour pressure at 1150 K and 
the selected data for the heat capacities and entropies of Se(l) and Se2(g). A mole frac-
tion of Se2(g), 

2Se (g)x  = 0.80 was estimated from the selected selenium data. The en-
thalpy of formation derived was f mH ο∆ (Se2, g, 298.15 K) = (141.1 ± 2.1) kJ·mol–1.  

[57KIU/WAG] 

The Gibbs energy of formation of Ag2Se(cr) was obtained from emf measurements in 
the temperature range 433 to 643 K using the cell: 

(−) Ag(cr) | AgI(cr) | β-Ag2Se, Se(cr,l) (+). 

The enthalpy and entropy change for the reaction: 

 2Ag(cr) + Se(l)  Ag2Se(cr)  (A.2) 

at 500 K were evaluated to be r mH ο∆ ((A.2), 500 K) = – 40.836 kJ·mol–1 and 
r mS ο∆ ((A.2), 500 K) = 30.962 J·K–1·mol–1, respectively.  

 The above values were recalculated to 298.15 K by the review using the sec-
ond and third laws and necessary selected data. The value of f mH ο∆ (Ag2Se, α, 
298.15 K) obtained from the second law was – 43.6 and – 40.0 kJ·mol–1 from the third 
law. The result for the entropy mS ο (Ag2Se, α, 298.15 K) was 148.5 J·K–1·mol–1. 

[57TOR] 

Toropova measured the solubility of a mercury(II) selenite specimen, HgSeO3(cr?), in 
acidified 1 M NaNO3 at (298.15 ± 0.05) K. The experimental results are entered in 
Table A-6. 

 At the low pH values used in the investigation the dissolution equilibrium is 
best described by the reaction: 

 HgSeO3(cr) + 2H+  Hg2+ + H2SeO3(aq). (A.3) 

Table A-6: Experimental results and the equilibrium constant of Reaction (A.3). 

pH log10 [Hg2+] log10 K 

1.00 – 3.04 – 4.08 

1.26 – 3.30 – 4.08 

1.30 – 3.33 – 4.07 

1.80 – 3.80 – 4.07 

 The mixed conditional equilibrium constant of this reaction was calculated 
with neglect of complexation of Hg2+ by 3NO− . A correction for the presence of small 
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amounts of hydrogen selenite was made with 10 1,2log K = 2.36 [77FOW/STR], 
[88OZE/YAG] valid in 1 M Na+ medium. The result is:  

10log K ((A.3), 1 M NaNO3, 298.15 K) = 
2+ 2 4

+

H SeOHg
10 2

H

log
m m

a

 
 
 
 

= – (4.07 ± 0.02). 

 Extrapolation to I = 0 was made by the SIT expression with ε(Hg2+, 3NO− ) = 
− (0.1 ± 0.1) kg·mol−1 [92GRE/FUG]. The result is 10log K ο ((A.3), 298.15 K) = 
− (4.98 ± 0.10). In combination with the accepted protonation constants of the selenite 
ion this datum yields for the solubility product of mercury(II) selenite: 

 HgSeO3(cr)  Hg2+ + 2
3SeO −  (A.4) 

10 ,0log sK ο ((A.4), 298.15 K) = – (15.98 ± 0.30). 

[58KUL/SHA] 

The vapour pressure of solid selenium presented in this paper is about ten times higher 
than in other investigations and the equation for the vapour pressure does not fit the line 
in Figure 2 of the paper. The results of this investigation are therefore rejected.  

[58SEL] 

The original data used by Selivanova for the calculation of the standard Gibbs energy 
and enthalpy of formation of Tl2SeO4(cr) are contained in Table A-7. 

Table A-7: Experimental values of the solubility of Tl2SeO4(cr). 

t (oC) Solubility g Tl2SeO4/100 g H2O Reference 

9.3 2.13 [07TUT] 

12 2.4 [07TUT] 

20 2.8 [10GLA] 

80 8.5 [10GLA] 

100 10.86 [07TUT] 

The data in Table A-7 were used to construct Table A-8. 
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Table A-8: Interpolated values of the solubility of Tl2SeO4(cr). 

t (oC) 
2 4Tl SeOm  

10 0.0390 

20 0.0500 

25 0.0570 

30 0.0645 

40 0.0800 

 

[58SEL/SHN3] 

The concentration of barium in water solutions saturated with BaSeO4(cr) was deter-
mined by a polarographic method (E1/2 = – 1.8 V with 0.1 M LiCl as supporting electro-
lyte). The measured solubilities are reported in Table A-9. There is no description of the 
method used to test for equilibrium and no thermodynamic data were calculated in the 
paper. 

Table A-9: Solubility of barium selenate in water, results from two parallel experiments. 

Temperature 
K (± 0.2 K) 

Run number Time of stirring, days Results 
g/L 

288 
1 
2 

36 
36 

0.0482 
0.0482 

298 
1 
2 

20 
20 

0.0523 
0.0526 

303 
1 
2 

15 
15 

0.0543 
0.0533 

313 
1 
2 

12 
12 

0.0426 
0.0421 

323 
1 
2 

10 
10 

0.0367 
0.0375 

348 
1 
2 

8 
8 

0.0324 
0.0330 

368 
1 
2 

4 
4 

0.0280 
0.0280 

 



A Discussion of selected references 

 

448 

[58TRZ] 

This paper contains no new experimental data but cites the otherwise unavailable ex-
perimental results of Tuma [57TUM]. 

 Trzil calculates the enthalpy of formation of selenic acid. The first step com-
prises the thermochemical cycle in Table A-10. The table contains, however, the auxil-
iary data used by the review and not the data used by Trzil. Changes in some of the 

r mH∆  values between 293 and 298 K have been ignored as the necessary quantities for 
temperature corrections are not available. 

Table A-10: Determination of o
f mH∆ (H2SeO4, aq 1:1200, 298.15 K). The sources of the 

data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 
SeO2(aq, 1:500) + HClO(aq, 1:700) → H2SeO4(aq, 
1:1200) + HCl(aq, 1:1200) 

– (125.03 ± 0.40) [1882THO] 

2 
0.5H2(g) + 0.5Cl2(g) + aq → HCl(aq, 1:1200) – (166.68 ± 0.05) [89COX/WAG] 

[82WAG/EVA] 

3 
0.5H2(g) + 0.5Cl2(g) + 0.5O2(g) + aq → HClO(aq, 
1:700) 

– (125.70 ± 1.50) (review) 

4 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

5 SeO2(cr) + aq → SeO2(aq, 1:500)    (4.47 ± 0.17) [61SEL/PAK] 

6 Se(cr) + O2(g) → SeO2(cr) – (225.39 ± 0.60) (review) 
o

f mH∆ (H2SeO4, aq 1:1200, 298.15 K) = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ + r 5H∆ + r 6H∆ = – (590.80 ± 1.67) 
kJ⋅mol–1 

 The value found by Trzil was – 601.6 kJ⋅mol–1. The earlier accepted enthalpy 
of formation of SeO2(cr), which was about 10 kJ⋅mol–1 too exothermic, mainly causes 
the difference.  

The integral enthalpy of dissolution of H2SeO4(cr) to H2SeO4(aq, 1:2000) was 
determined as well as the enthalpies of dilution of H2SeO4(aq, 1:750). The latter meas-
urements are only presented as a small graph. As this reference may be difficult to find 
some enthalpies of dissolution of H2SeO4(cr) estimated from the data are presented 
here: (dilution, o

dis mH∆ (H2SeO4(cr), aq dilution)) kJ·mol–1 (750, − 58.6); (1000, − 59.6); 
(1200, − 60.3); (2000, − 62.3); (5000, − 66.0); (7000, − 67.0). The dilution 1:7000 was 
the largest one measured. No error limits are provided in the paper but are estimated 
here to be ± 0.8 kJ·mol–1. 
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[58WOO] 

Three different methods are used in the paper to determine the second dissociation con-
stant, Ka2, of H2Se: (1) ordinary potentiometric titration employing KOH(aq) and a glass 
electrode, (2) addition of small amounts of H2Se(aq) to KOH(aq) and subsequent pH 
determination with a KOH(aq)-calibrated glass electrode, and (3) the determination of 
the solubility of Na2Se(cr) in solutions of known initial concentrations of sodium hy-
droxide/acetate. For each technique only a very limited number of data (4, 2, and 5, re-
spectively) are presented. 

The potentiometric titration data (295 K?, pH-buffer scale) were all collected at 
an analytical composition of the solution very close to HSe–, which make them highly 
vulnerable to experimental errors. The evaluated value of pKa2, 11.7, is also claimed to 
be “much too low because of the formation of polyselenide ions”. 

The second series of data (273.6 K, I = 0.2 M) uses a two-point KOH(aq)-
calibrated glass electrode to determine the concentration of OH– and, from that informa-
tion, the fractions of HSe– and Se2– are calculated. The equilibrium constant, KH, of the 
reaction Se2– + H2O  HSe– + OH– is determined to be (1.1 ± 0.4) and “usual thermo-
dynamic equations”, not defined in the paper, are used to reach a pKa2 value of 
(14.5 ± 0.4) at 295 K and I = 0. 

The third set of data (295 K, I = 4.2 M) is used to simultaneously evaluate the 
solubility product of Na2Se(cr) and KH and the values obtained were (0.040 ± 0.002) M3 
and (0.25 ± 0.09) M, respectively. Again, the application of undefined “usual thermo-
dynamic equations” is referred to and the KH value is claimed to correspond to a pKa2 
value of (15.9 ± 0.8) at I = 0. 

In view of the much more precise investigation presented by Levy and Myers 
[90LEV/MYE], these data are given zero weight. 

[59GOL/KOS3] 

Golub and Kosmatyi [59GOL/KOS3] studied the complex formation between Pb2+ and 
SeCN– by potentiometric measurements, and Golub [59GOL] performed solubility 
measurements on Pb(SeCN)2(cr). The concentration of selenocyanate was varied 
between 0.7 and 3.6 M and the experiments were carried out at 293 to 303 K. 

In one series of the potentiometric measurements an undefined amount of 
NaNO3 was added “to maintain the ionic strength constant”. The value of the ionic 
strength is not mentioned, but obviously the ionic environment varied substantially 
since a sodium and a potassium salt were mixed. Other experiments were carried out 
without the addition of a supporting ionic medium. 

The lead amalgam electrode was standardised in a 0.005 M Pb(NO3)2 solution 
and supposed to provide a measure of the Pb2+ concentration in the test solutions. Total 
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aqueous lead and selenium were determined by chemical analysis in the solubility 
study. 

The potentiometric measurements were used to calculate the equilibrium 
constant of the reaction: 

 Pb2+ + 6SeCN–  4
6Pb(SeCN) −  (A.5) 

to be 10log K ((A.5), 293 K) = 3.85 and 10log K ((A.5), 303 K) = 2.97. 

The solubility measurements resulted in the equilibrium constant 
10log K ((A.6), 293 K) = – 2.63 for the reaction: 

 Pb(SeCN)2(cr) + 4SeCN–  4
6Pb(SeCN) −  (A.6) 

and corresponds to 10 ,0log sK = – 6.48 for Pb(SeCN)2(cr). This value is not in harmony 
with an observation in [59GOL] that the solubility of Pb(SeCN)2(cr) in water at 293 K 
is 0.00239 M.  

In both papers the stoichiometry of the predominating aqueous species, 
4
6Pb(SeCN) − , was made probable from the approximate constancy of the equilibrium 

constants evaluated. However, the lack of ionic medium control in the experiments, 
which significantly influences the activities of appearing species, seriously affects the 
validity of this conclusion. Furthermore, the calibration routine of the lead amalgam 
electrode is inadequate for measuring free Pb2+ concentrations in concentrated solutions 
of SeCN–. The formation constant of 4

6Pb(SeCN) −  is comparatively small. From a 
statistical point of view it therefore appears very unlikely that this species would 
predominate over the whole concentration range of the ligand from 0.7 to 3.6 M. Hence, 
these data cannot be accepted by this review. 

[59GUL/PET] 

The heat capacities of α-HgSe and α-Ag2Se were measured in the temperature range 80 
to 300 K. The values at 298.15 K were not stated. The values ,mpCο (HgSe, α, 
298.15 K) = (49.79 ± 2.50) J·K–1·mol–1 and ,mpCο (Ag2Se, α, 298.15 K) = (79.2 ± 5.0)                  
J·K–1·mol–1 were interpolated by the review from data in Tables 6 and 4 of the paper.  

[59MIT] 

Mityureva determined the solubilities of thallium selenite, Tl2(SeO3)3(cr), and indium 
selenite, In2(SeO3)3⋅6H2O(cr), in hydrochloric, nitric, and sulphuric acids at 293.2 K. 

 The indium concentration was determined by polarographic and colorimetric 
methods after previous removal of the selenium, and the thallium concentration by a 
volumetric titration. The attainment of a constant solubility was checked. 

 Only the protolysis of the selenite ion was considered in the evaluation of the 
measurements, which are presented in Table A-11 and Table A-12. The protonation 
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constants published by Rumpf [33RUM] were used without introduction of activity co-
efficients. 

Table A-11: Solubility product of indium selenite. 

Solvent pH of saturated solution Concentration of In3+ (M) – log10 [In3+]2[SeO3
2–]3 

0.1 M H2SO4 1.36 9.49 × 10–3 32.54 

0.05 M HCl 1.81 2.74 × 10–3 32.69 

Table A-12: Solubility product of thallium selenite. 

Solvent pH of saturated solution Concentration of Tl3+ (M) – log10 [Tl3+]2[SeO3
2–]3 

0.1 M H2SO4 1.29 6.47 × 10–4 38.78 

0.1 M HNO3 1.28 6.84 × 10–4 38.66 

 Side reactions of the metal ions were not considered in the paper. In the case of 
In(III) a major part of the dissolved In(III) would be expected to be present as com-
plexes with the ions of the medium, while Tl(III) would be present mainly as hydroxo 
complexes. The review has not found it possible to derive solubility products from the 
limited data at hand due to uncertainties about the extent of the side reactions and the 
large corrections from the activity coefficients involved. 

[59SEL/KAP] 

Selivanova, Kapustinskii, and Zubova measured the solubility of PbSeO4(cr) at 5 tem-
peratures between 273.15 and 323.15 K. Their data have been transformed to the mo-
lality scale and ,0sK ο  calculated for reaction:  

 PbSeO4(cr)  Pb2+ + 2
4SeO − ,  (A.7) 

using the SIT equation with ∆ε = 0 kg·mol−1. From the temperature dependence of ,0sK ο , 
o

r mH∆ ((A.7), 298.15 K) = (15.29 ± 0.52) kJ⋅mol–1 was calculated by the review. The 
enthalpy change of the reaction was also determined from a calorimetric measurement 
at 298.15 K of the heat of precipitation of Pb2+ by an equivalent amount of selenic acid 
according to the reaction: 

Pb(NO3)2(aq, 1:850) + H2SeO4(7.07 M) → PbSeO4(cr) + 2HNO3(aq, 1: 425). 

 The lead selenate was shown to be crystalline by X-ray diffraction. 

 The experimental results and the evaluation of r mH ο∆ ((A.7), 298.15 K) from 
the experimental data are presented in Table A-13. The evaluation requires a value of 
the enthalpy of dilution of Pb(NO3)2(aq, 1:850) to the aqueous standard state. The value 
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of the integral enthalpy of dissolution of Pb(NO3)2(cr) to the aqueous standard state, 
sol mH ο∆ (Pb(NO3)2, cr, 298.15 K), calculated from data in [82WAG/EVA] is 

35.60 kJ⋅mol–1. This figure appears to be too large. The standard enthalpy of formation 
of Pb(NO3)2(cr) determined by Steele et al. [73STE/CAR] together with the ionic en-
thalpies of Pb2+ and 3NO−  result in sol mH ο∆ (Pb(NO3)2, cr, 298.15 K) = (27.88 ± 1.04) 
kJ⋅mol–1. The two values are thus significantly different. Muldrow and Hepler 
[58MUL/HEP] determined the integral enthalpy of dissolution of Pb(NO3)2(cr) to 
Pb(NO3)2(aq, 1:3200 – 4500, 298.15 K) to be (32.9 ± 0.5) kJ⋅mol–1. By a similar meas-
urement Payne [95PAY] obtained sol mH ο∆ (Pb(NO3)2, cr, aq 1:7500 – 18000, 
298.15 K) = (33.76 ± 0.13) kJ⋅mol–1. In analogy with the behaviour of strontium and 
barium nitrate on dissolution, sol mH ο∆ (Pb(NO3)2, cr, 298.15 K) is assumed to be very 
close to this result. From the data in [82WAG/EVA] the enthalpy of dissolution of 
Pb(NO3)2(cr) to (aq, 1:850) is estimated to be (31.90 ± 1.50) kJ⋅mol–1. This results in an 
enthalpy of dilution of Pb(NO3)2(aq, 1:850) to the aqueous standard state amounting to 
(1.85 ± 1.50) kJ⋅mol–1. 

Table A-13: Evaluation of r mH ο∆ ((A.7), 298.15 K). The sources of the data are indi-
cated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 H2SeO4(7.07 M) + aq → H2SeO4(aq, 1:850) – (24.77 ± 0.04) (paper) 

2 
Pb(NO3)2(aq, 1:850) + H2SeO4(7.07 M) → 
PbSeO4(cr) + 2HNO3(aq, 1: 425) 

– (40.84 ± 0.29) (paper) 

3 H2SeO4(aq, 1:850) + aq → 2H+ + 2

4SeO −  – (14.00 ± 2.00) (review) 

4 Pb(NO3)2(aq, 1:850) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50) (review, see text) 

5 HNO3(aq, 1:425) + aq → H+ + 3NO−  – (0.40 ± 0.10) [82WAG/EVA] 

6 PbSeO4(cr) → Pb2+ + 2

4SeO −     (4.72 ± 2.53) (result) 

r 6H∆ = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ – 2 r 5H∆  

 The value of r 6H∆  = r mH ο∆ ((A.7), 298.15 K) thus disagrees with the value 
obtained from the temperature dependence of the solubility product. The calorimetric 
value will be preferred. 

The authors also determined the enthalpy of reaction: 

 BaSeO4(cr)  Ba2+ + 2
4SeO −  (A.8) 

from a calorimetric measurement of the reaction: BaCl2(aq, 1:500) + H2SeO4(7.07 
M) → BaSeO4(cr) + 2HCl(aq, 1: 250). 

The experimental data have been re-evaluated in Table A-14. 
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Table A-14: Evaluation of r mH ο∆ ((A.8), 298.15 K). The sources of the data are indi-
cated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 H2SeO4(7.07 M) + aq → H2SeO4(aq, 1:500) – (24.06 ± 0.04) (paper) 

2 BaCl2(aq, 1:500) + H2SeO4(7.07 M) → BaSeO4(cr) + 
2HCl(aq, 1:250) 

– (45.98 ± 0.21) (paper) 

3 H2SeO4(aq, 1:500) + aq → 2H+ + 2

4SeO −  – (16.00 ± 2.50) (review) 

4 HCl(aq, 1:250) + aq → H+ + Cl– – (0.81 ± 0.19) [82WAG/EVA] 

5 BaCl2(aq, 1:500) + aq → Ba2+ + 2Cl– – (1.84 ± 0.10) [82WAG/EVA] 

6 Ba2+ + 2

4SeO −  → BaSeO4(cr) – (5.70 ± 2.54) (result) 

r 6H∆ = – r 1H∆ + r 2H∆ – r 3H∆ + 2 r 4H∆ – r 5H∆  

[59SEL/SHN3] 

Selivanova and Shneider determined the enthalpy change of the reaction 
CaSeO4⋅2H2O(cr) + 2AgNO3(aq, 1:800) → Ag2SeO4(cr) + Ca(NO3)2(aq, 1:1600) + 
2H2O(l) by a calorimetric measurement. The result has been recalculated to standard 
conditions in Table A-15. 

Table A-15: Enthalpy change of the reaction CaSeO4⋅2H2O(cr) + 2Ag+ → Ag2SeO4(cr) 
+ Ca2+ + 2H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 CaSeO4⋅2H2O(cr) + 2AgNO3(aq, 1:800) → Ag2SeO4(cr) + 
Ca(NO3)2(aq, 1:1600) + 2H2O(l) 

– (38.74 ± 1.00) (paper) 

2 AgNO3(aq, 1:800) + aq → Ag+ + 3NO−     (0.05 ± 0.10) [82WAG/EVA] 

3 Ca(NO3)2(aq, 1:1600) + aq → Ca2+ + 2 3NO−  – (0.92 ± 0.10) [82WAG/EVA] 

4 CaSeO4⋅2H2O(cr) + 2Ag+ → Ag2SeO4(cr) + Ca2+ + 2H2O(l) – (39.76 ± 1.01) (result) 

r 4H∆ = r 1H∆ – 2 r 2H∆ + r 3H∆  

The integral enthalpies of dissolution to (CaSeO4, aq 1:1600) of 
CaSeO4⋅2H2O(cr) and CaSeO4(cr) were also measured and found to be – (8.49 ± 0.21) 
and – (33.68 ± 0.21) kJ⋅mol–1, respectively. These results combine with accepted stan-
dard enthalpies of formation to f mH ο∆ (CaSeO4

.2H2O, cr, 298.15 K) = 
− (1708.99 ± 2.56) kJ⋅mol–1 and f mH ο∆ (CaSeO4, cr, 298.15 K) = – (1112.14 ± 2.58) 
kJ⋅mol–1. 
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[59SEL/SHN4] 

The solubility of CaSeO4⋅2H2O(cr) in water was determined between 270.6 and 
375.4 K. The calcium concentration was found by the oxalate-permanganate method 
and by a complexometric titration. As the solubility data are not readily available they 
are reproduced in Table A-16. 

Table A-16: Solubility of CaSeO4⋅2H2O(cr) in water. 

T 
(K) 

Time of stirring 
(days) 

Density of the saturated solution 
(g⋅cm–3) 

Solubility 
(mol⋅kg–1) 

Solubility 
(mol⋅L–1) 

270.6 – – – 0.4405 

283.15 8 1.093 0.4159 0.4224 

288.15 6 1.087 0.3890 0.3947 

293.15 6 1.082 0.3759 0.3805 

298.15 6 1.076 0.3557 0.3593 

303.15 6 1.073 0.3358 0.3395 

313.15 4 1.062 0.3275 0.3281 

333.15 4 1.053 0.2847 0.2849 

243.15 3 1.048 0.2482 0.2488 

353.15 2 1.042 0.2229 0.2232 

363.15 1.5 1.038 0.1955 0.1959 

375.35 1.5 1.035 0.1757 0.1762 

The original molalities have been recalculated as an erroneous molecular 
weight was used. 

 The treatment of the solubility data in the paper for the determination of the 
standard enthalpy of dissolution could not be fully understood and the following treat-
ment was resorted to by the evaluator. The data in the temperature interval 283 to 313 K 
were selected. Approximate activity coefficients were taken from the data for MgSO4 in 
[50HAR/OWE]. A second order polynomial was fitted to these data and mean activity 
coefficients for CaSeO4 in the saturated solutions obtained by interpolation. No attempt 
was made to correct for the temperature variation of the activity coefficient. 

For the equilibrium: 

CaSeO4⋅2H2O(cr)  Ca2+ + 2
4SeO − + 2H2O(l) (A.9) 

the solubility product 10 ,0log sK ο ((A.9), 298.15 K) = – 3.09 and the enthalpy of reaction 
r mH ο∆ ((A.9), 298.15 K) = – (5.31 ± 0.59) kJ⋅mol–1 were obtained. 
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[59SEL/ZUB] 

Solubility measurements 
 Ag2SeO4 was prepared by mixing stoichiometric quantities of silver nitrate and 
selenic acid. The salt contained 60.04% Ag which is close to the theoretical value of 
60.14%. The preparation was shown to be crystalline by X-ray diffraction. The solubil-
ity was measured after 15 to 20 days in a thermostat. No increase in solubility was ob-
served between day 15 and day 20. The silver concentration was determined by a tur-
bidimetric method. 

 The solubilities are presented in a table under the heading Ag2SeO4 without 
stating the concentration scale. The mean value is (1.24 ± 0.01) × 10–3. If this value, c, 
refers to Ag2SeO4, then the concentration solubility product, Lp, would be 4c3, which is 
four times the value presented in the table, 1.91 × 10–9. If, on the other hand, the 
concentration figure refers to that of the silver ion, Lp becomes c3/2, which is half of the 
value in the table. It is hence concluded that some mistake has been made. 

 The solubility product is calculated as La = 3
±γ  Lp, which is correct only if Lp = 

4c3. The mean activity coefficent ±γ  was obtained from the limiting Debye-Hückel law 
as ±γ  = 0.866. This value is consistent with the solubility data only if the concentration 
refers to Ag2SeO4 and is expressed in mol⋅L–1 (M). The solubility product is therefore 
most likely 4 times larger than reported. 

Calorimetric measurement 
 The heat of precipitation silver selenate was measured by mixing 0.04241 
moles of silver nitrate dissolved in 325 g of water with 0.02122 moles of selenic acid in 
an isothermal calorimeter equipped with a sensitive thermometer. The acid (7.07 M) 
was contained initially in a bulb that was broken in order to start the reaction. The 
Ag2SeO4 formed was shown to be crystalline by X-ray diffraction. The water equivalent 
was determined after each run. The experimental results and the evaluation of the stan-
dard enthalpy of formation of Ag2SeO4(cr) are shown in Table A-17. 
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Table A-17: Evaluation of the standard enthalpy of formation of Ag2SeO4(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 H2SeO4(7.07 M) + aq → H2SeO4(aq, 1:850) – (24.85 ± 0.08) (paper) 

2 2AgNO3(aq, 1:425) + H2SeO4(7.07 M) → Ag2SeO4(cr) + 
2HNO3(aq, 1:425) 

– (68.24 ± 0.10) (paper) 

3 H2(g) + 2O2(g) + Se(cr) + aq → H2SeO4(aq, 1:850) – (589.50 ± 2.10) (review) 

4 AgNO3(aq, 1:425) + aq → Ag+ + 3NO−     (0.20 ± 0.05) [82WAG/EVA] 

5 HNO3(aq, 1:425) + aq → H+ + 3NO−  – (0.40 ± 0.10) [82WAG/EVA] 

6 Ag(cr) + H+ → Ag+ + 0.5H2(g)    (105.79 ± 0.08) [89COX/WAG] 

7 2Ag(cr) + Se(cr) + 2O2(g) →Ag2SeO4(cr) – (422.51 ± 2.12) (result) 

r 7H∆  = – r 1H∆ + r 2H∆ + r 3H∆ – 2 r 4H∆ + r 5H∆ + 2 r 6H∆  

[59SEL/ZUB3] 

The solubility of SrSeO4(cr) in water has been determined over the temperature interval 
273 to 373 K. Crystalline strontium selenate was prepared by mixing stoichiometric 
amounts of strontium nitrate and selenic acid. Under the light microscope the crystals 
appear as very thin needles. The strontium concentration in saturated solution was ob-
tained by polarographic (half-wave potential at – 2.1 V) and gravimetric measurements. 
Both methods gave concordant results, Table A-18. 

Table A-18: Solubility of strontium selenate in water at 298.15 K. 

Solubility (g(SrSeO4)⋅L–1) Time of stirring (hours) 

Polarographic method Gravimetric method 

13 4.2826 – 

90 4.4210 4.540 

13 4.668 – 

104 4.5130 4.514 

The solubility data reported in Table A-19 are taken from [58SEL/ZUB]. 

The enthalpy change of the reaction:  

 SrSeO4(cr)  Sr2+ + 2
4SeO −   (A.10),  

at temperatures around 300 K was estimated from the variation of the solubility product 
with temperature to be – (0.98 ± 0.17) kJ⋅mol–1 by the review. 
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Table A-19: Solubility of strontium selenate in water in the temperature interval 273 to 
373 K. Equilibration times 3 to 33 days. 

Temperature (K) Solubility (g(SrSeO4)⋅L–1) 

273.15 2.031 × 10–2 

288.15 2.031 × 10–2 

303.15 1.932 × 10–2 

313.15 1.798 × 10–2 

325.15 1.617 × 10–2 

338.15 1.258 × 10–2 

358.15 9.984 × 10–3 

373.15 7.767 × 10–3 

 The authors determined the standard enthalpy of formation of SrSeO4(cr) from 
a measurement of the enthalpy change of the reaction SrCl2⋅6H2O(cr) + K2SeO4(aq, 
1:240) → SrSeO4(cr) + 2KCl(aq, 1:120) + 6H2O(l). The data have been recalculated 
with new auxiliary data in Table A-20. 

Table A-20: Calculation of the enthalpy change of the reaction Sr2+ + 
2
4SeO −  SrSeO4(cr). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 SrCl2
.6H2O(cr) + K2SeO4(aq, 1:240) → SrSeO4(cr) + 

2KCl(aq, 1:120) + 6H2O(l)  
   (30.92 ± 0.59) (paper) 

2 SrCl2
.6H2O(cr) + aq → SrCl2(aq, 1:240) + 6H2O(l)    (31.51 ± 0.29) (paper) 

3 SrCl2(aq, 1:240) + aq → Sr2+ + 2Cl– – (2.30 ± 0.10) [82WAG/EVA] 

4 KCl(aq, 1:120) + aq → K+ + Cl– – (0.26 ± 0.10) [82WAG/EVA] 

5 K2SeO4(aq, 1:240) + aq → 2K+ + 2

4SeO −  − (1.30 ± 0.50) (review) 

6 Sr2+ + 2

4SeO −  → SrSeO4(cr).    (2.49 ± 0.86) (result) 

r 6H∆ = r 1H∆ – r 2H∆ – r 3H∆ + 2 r 4H∆ – r 5H∆  

The review observed that the reaction in the calorimeter is not complete. 
Equivalent amounts of the reactants were mixed and at the ionic strength of the final 
solution, I  0.45 M, a rough calculation indicates that only about 80% of the selenate 
had reacted. Since r mH ο∆ (A.10) is close to zero, the correction for the incompleteness of 
the reaction is small and was neglected in Table A-20. 
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[59ZLO/POP] 

The evaporation of PbSe(cr) was studied in the temperature range 774 to 941 K using 
the Langmuir method and in the range 914 to 991 K using the Knudsen effusion weight 
loss technique. The original evaluation employed auxiliary data different from those 
used by the review and the vapour pressure expression was therefore re-evaluated using 
the selected values of the entropies and heat capacities of PbSe(cr) and PbSe(g). The 
results from the two series of measurements agree well and the new evalution was based 
on a combination of both series of measurements. The second law entropy of PbSe(g) 
and the enthalpy of sublimation of PbSe(cr) were calculated to be mS ο (PbSe, g, 
298.15 K) = (259.8 ± 9.0) J⋅K–1⋅mol–1 and sub mH ο∆ (PbSe, cr, 298.15 K) = (222.6 ± 9.0) 
kJ⋅mol–1, respectively. The third law enthalpy of sublimation was calculated to be 

sub mH ο∆ (PbSe, cr, 298.15 K) = (226.0 ± 3.0) kJ⋅mol–1.  

[60FIN/WAG] 

The Gibbs energy of formation of PbSe(cr) was measured in the temperature range 473 
to 573 K using an electrochemical cell. The reaction studied was  

 Pb(cr) + Se(l)  PbSe(cr).  (A.11) 

The enthalpy and entropy of reaction were calculated to be r mH ο∆ ((A.11), 523 K) = 
− (106.4 ± 3.0) kJ⋅mol–1 and r mS ο∆ ((A.11), 523 K) = – (15.9 ± 6.0) J⋅K–1⋅mol–1 by the 
review from Eq. (II) of the paper. A recalculation to 298.15 K employing the selected 
heat capacity of PbSe(cr), the selected data of selenium and the data for Pb(cr) in 
[89COX/WAG] yielded f mH ο∆ (PbSe, cr, 298.15 K) = – (99.5 ± 3.0) kJ⋅mol–1 and 

f mS ο∆ (PbSe, cr, 298.15 K) = (1.8 ± 6.0) J⋅K–1⋅mol–1. The corresponding entropy of 
PbSe(cr) was calculated to be mS ο (PbSe, cr, 298.15 K) = (108.7 ± 6.0) J⋅K–1⋅mol–1 using 
the selected entropy of selenium and the entropy of Pb(cr) in [89COX/WAG]. 

[60KOR/SOK] 

The saturated vapour pressure of α-ZnSe and α-CdSe were measured using Knudsen 
effusion cells in the temperature range 913 to 1093 K and 813 to 1013 K, respectively. 
Apparent sublimation enthalpies for the average temperatures were derived but no 
evaluations of thermodynamic properties at 298.15 K were made. The experimental data 
were therefore evaluated by the review using the second and the third law, and assum-
ing the reactions α-ZnSe  Zn(g) + ½Se2(g) and α-CdSe  Cd(g) + ½Se2(g). The 
results are given in Table A-21. The evaluations used the selected thermodynamic func-
tions of selenium, the data for Zn and Cd in [89COX/WAG], the heat capacity expres-
sion of α-ZnSe in Section V.9.1.1.1, the selected heat capacity of α-CdSe and the se-
lected entropy of α-ZnSe and α-CdSe at 298.15 K in the case of the third law. 
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Table A-21: Enthalpy of formation and entropy of α-ZnSe and α-CdSe at 298.15 K 
evaluated by the review from the data in [60KOR/SOK]. 

Compound f mH ο∆ (298.15 K) (kJ·mol–1) mS ο (298.15 K) (J·K–1·mol–1) Temperature (K) 

 2nd law 3rd law   

α-ZnSe – (215.9 ± 35.0) – (175.2 ± 12.0) (31.6 ± 20.0) 913 – 1093 

α-CdSe – (139.0 ± 15.0) – (141.9 ± 8.0) (90.9 ± 10.0) 813 – 1013 

 

[60POR/SPE] 

The equilibrium constant of the reaction  

 Bi2(g) + Se2(g)  2BiSe(g) (A.12) 

was determined at 1050 K to be 10log K ((A.12), 1050 K) = (40 ± 10) using mass spec-
troscopy and Knudsen effusion from a Bi-Se mixture of varying composition. The result 
corresponds to f mGο∆ (1050 K) = − (32.2 ± 8.1) kJ·mol−1 and using the selected proper-
ties of BiSe(g) and Se2(g) and thermodynamic properties of Bi2(g) calculated from the 
molecular constants given in [96BAR/TAH], the enthalpy of reaction at 298.15 K is 
calculated to be r mH ο∆ ((A.12), 298.15 K) = − (24.4 ± 8.0) kJ·mol−1 from the third law. 
This yields f mH ο∆ (BiSe, g, 298.15 K) = (167.5 ± 9.0) kJ·mol−1 using f mH ο∆ (Bi2, g, 
298.15 K) = 219.7 kJ·mol−1 in [82WAG/EVA] and the selected enthalpy of formation of 
Se2(g).  

[61HAM] 

Hamada studied the reaction 

 SeCN– + H+  Se(s, red) + HCN(aq). (A.13) 

Dilute solutions, 0.001 to 0.05 M, of hydrochloric acid were added to aliquots 
of a solution of KSeCN in flasks. The reaction flasks were purged with nitrogen, capped 
and left in a thermostated bath for one day to reach equilibrium. The precipitate of red 
selenium was weighed, which together with a pH determination yields sufficient infor-
mation for the calculation of the equilibrium constant. 

Checks for the reversibility of the reaction and equilibration times are not men-
tioned. 

Measurements were carried out at four temperatures in the narrow temperature 
range of 273.5 to 285.7 K. Low concentrations were used in the experiments and the 
results are considered to refer to standard conditions. The enthalpy of reaction was 
evaluated from the temperature variation of the equilibrium constant to be: 

r mH ο∆ ((A.13), 298.15 K) = 29.7 kJ⋅mol–1. 
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The equilibrium constant determined at 280.5 K was then extrapolated to 
298.15 K to yield 10log K ο ((A.13), 298.15 K) = 3.57 equivalent to: 

r mGο∆ ((A.13), 298.15 K) = – 20.4 kJ⋅mol–1. 

These values were finally combined to yield: 

r mS ο∆ ((A.13), 298.15 K) = 168.0 J⋅K–1⋅mol–1. 

By combining these data with the accepted data for Se(monoclinic, 298.15 K) 
( f mH ο∆  = 2.14 kJ⋅mol–1, f mGο∆  = 1.28 kJ⋅mol–1, and mS ο  = 44.97 J⋅K–1⋅mol–1) and the 
data evaluated for HCN(aq) ( f mH ο∆  = (103.75 ± 3.54) kJ⋅mol–1, f mGο∆  = 
(114.37 ± 2.52) kJ⋅mol–1, and mS ο  = (131.3 ± 8.4) J⋅K–1⋅mol–1),  

f mH ο∆ (SeCN–, 298.15 K) = 76.2 kJ⋅mol–1, 

f mGο∆ (SeCN–, 298.15 K) = 136.1 kJ⋅mol–1, 

and mS ο (SeCN–, 298.15 K) = 8.3 J⋅K–1⋅mol–1, 

can be calculated. 

However, this value of the entropy for SeCN– appears to be inconsistent with 
the corresponding values in [82WAG/EVA] for OCN– and SCN–, 106.7 and 144.3    
J⋅K–1⋅mol–1, respectively, and cannot, therefore, be accepted. It is highly probable that 
this inconsistency predominantly originates from an erroneously determined value of 
the reaction enthalpy and hence the enthalpy of formation for SeCN– will not be ac-
cepted. The determination of the equilibrium constant for the reaction can be judged as 
being less influenced by experimental uncertainties and is, as such, accepted. To ac-
count for the uncertainties of the determination, and of the temperature extrapolation 
made, it is, however, ascribed an uncertainty of 0.5 logarithmic units. This results in the 
selected value: 

f mGο∆ (SeCN–, 298.15 K) = (136.1 ± 3.8) kJ⋅mol–1. 

[61LIN/PAN] 

Measurements were made at 298.15 K of the cells: 

Hg,Hg2Cl2(s) | KCl (sat.) | KNO3 (m) | NaHSeO3 (m), Ag2SeO3 (sat) | Ag2SeO3, Ag  (I) 

Hg,Hg2Cl2(s) | KCl (sat.) | KNO3 (m) | NaHSeO3 (m), Q, QH2 | Pt (II) 

and combined to yield the emf of the cell: 

Pt | QH2, Q, NaHSeO3 (m), Ag2SeO3 (sat.) | Ag2SeO3, Ag (III) 

that could not be measured directly, probably due to a reaction between quinhydrone 
and silver selenite. The emf of cell (I) was stable for 12 to 24 hours and the reproduci-
bility was about 1 mV. The corresponding figures for cell (II) were 4 to 6 hours and 
0.5 mV, respectively. It can be noted that cell (II) is unbuffered. The combination of 
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cells (I) and (II) to represent cell (III) assumes that the solubility of silver selenite is 
small. 

 Silver selenite was prepared by addition of a selenious acid solution to a solu-
tion of silver nitrate. The product was recrystallised three times from nitric acid (?). 
Sodium hydrogen selenite solution was prepared by neutralisation of recrystallised se-
lenious acid by carbonate-free sodium hydroxide. The silver-silver selenite electrodes 
were obtained by first electroplating silver onto a platinum foil and then converting 
some of the silver to silver selenite by further anodic electrolysis. The procedure was 
apparently the same as used for the preparation of silver-silver chloride electrodes. The 
experiments were carried out in the dark or in subdued daylight. 

 The authors report 10 ,0log sK (298.15 K) = – 14.74, for the reaction: 

 Ag2SeO3(cr)  2Ag+ + 2
3SeO − .  (A.14)  

This value cannot be accepted since a number of mistakes were made in the 
evaluation of the constant and a recalculation has therefore been attempted. 

 The emf of cell (I) as written can be expressed by the relationship: 

EI = 
2 3

o
Ag/Ag SeOE  – Eref – 2

3SeO
ln

2
RT a

F
− . 

However, the measured emf of the cell increases with m, which would indicate 
a reversed sign of the cell potential. EI was therefore combined with the emf of cell (II): 

EII = 
2

o
Q,QHE  – Eref + +H

lnRT a
F

 

in two ways: 

EIII = EI – EII = 
2 3

o
Ag/Ag SeOE  – 

2

o
Q,QHE  – + 2

3

2
H SeO

ln
2
RT a a

F
− , 

EIV = EI + EII = 
2

o
Q,QHE  – 

2 3

o
Ag/Ag SeOE  + + 2

3

2
H SeO

ln
2
RT a a

F
− . 

 The activity product was calculated with the accepted protonation constants of 
the selenite ion using the SIT approach for the activity coefficient correction. The value 
of 

2 3

o
Ag/Ag SeOE  obtained from EIII was (309.5 ± 18.9) mV with a systematic trend in the 

value with m. The value from EIV was – (137.4 ± 3.5) mV with no significant trend. 
Hence a reversal of the sign of the potentials from cell (I) is indicated. The values were 
calculated with 

2

o
Q,QHE  = 699.4 mV. With +

o
Ag /Ag

E  = 799.1 mV the corresponding solu-
bility products are 10 ,0log sK ((A.14), 298.15 K) = – (16.6 ± 0.6) and – (31.7 ± 0.1). 
These findings were confirmed by a similar data treatment considering the silver/silver 
selenite electrode as a probe of the silver ion activity. This evaluation used data from 
cell (I) in conjunction with a value of 241.5 mV for the potential of the reference elec-
trode. 
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 The review finds that it is not possible to derive a reliable value of the solubil-
ity product from the data. The value 10 ,0log sK ((A.14), 298.15 K)= – 31.7 is numeri-
cally too negative and the other value, which is closer to literature values, shows an un-
acceptable trend. Apparently Masson et al. [86MAS/LUT] experienced the same prob-
lems as they write “attempted recalculations gave nonsensical figures, so the work is 
rejected”. 

[61NES/PAS] 

The total pressure of the vapour in equilibrium with β-SnSe was measured in the tem-
perature range 862 to 920 K using the Knudsen effusion technique. The enthalpy and 
entropy of sublimation according to the reaction α-SnSe  SnSe(g) were calculated by 
the review from the reported vapour pressure expression and the selected heat capacities 
of SnSe(g) and α-SnSe, the enthalpy of transformation α-SnSe → β-SnSe being 
1.28 kJ·mol–1 (cf V.7.4.1.2), and a heat capacity expression of β-SnSe being identical to 
that of α-SnSe, yielding sub mH ο∆ (SnSe, α, 298.15 K) = (188.2 ± 20.0) kJ⋅mol–1 and 

sub mS ο∆ (SnSe, α, 298.15 K) = (133.0 ± 25.0) J·K–1·mol–1, respectively. 

The error limits are rather large in this investigation due to the small tempera-
ture range. 

[61SEL/PAK] 

Selivanova and Pakhorukov measured the integral heat of dissolution of H2SeO3(cr) in a 
conventional calorimeter. The heat equivalent of the equipment was obtained by electri-
cal calibration. The accuracy of the instrumentation was checked by a measurement of 
the enthalpy of dissolution of KCl to KCl(aq, 1:200).  

 The results are entered in Table A-22, as they are not readily available. The 
uncertainty of the data is estimated to be ± 150 J⋅mol–1. 

Table A-22: Integral enthalpies of solution of H2SeO3(cr) in water. 

Dilution sol mH∆ (kJ⋅mol–1) Dilution sol mH∆ (kJ⋅mol–1) Dilution sol mH∆ (kJ⋅mol–1) 

1:100 16.88 1:1000 18.20 1:2000 18.47 

1:200 17.68 1:1200 18.21 1:2500 18.51 

1:400 17.90 1:1400 18.23 1:3000 18.56 

1:600 18.03 1:1600 18.31 1:3500 18.59 

1:800 18.10 1:1800 18.38 1:4000 18.64 

The integral enthalpies of dissolution of SeO2(cr) in water can be calculated by 
adding the enthalpy change of the reaction SeO2(cr) + H2O(l)  H2SeO3(cr), 
− (13.50 ± 0.18) kJ·mol–1, adopted in Section V.3.2.1. 
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[61SEL/SHN] 

Selivanova, Shneider, and Ryabova measured the enthalpy change of the reaction: 
MgSeO4⋅6H2O(cr) + 2AgNO3(aq, 1:800) → Ag2SeO4(cr) + Mg(NO3)2(aq, 1:1600) + 
6H2O(l) in a calorimeter. The result has been recalculated to standard conditions in 
Table A-23. 

Table A-23: Enthalpy change of the reaction MgSeO4⋅6H2O(cr) + 2Ag+ Æ Ag2SeO4(cr) 
+ Mg2+ + 6H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 MgSeO4⋅6H2O(cr) + 2AgNO3(aq, 1:800) → Ag2SeO4(cr) + 
Mg(NO3)2(aq, 1:1600) + 6H2O(l) 

– (33.30 ± 1.00) (paper) 

2 AgNO3(aq, 1:800) + aq → Ag+ + 3NO−     (0.05 ± 0.10) [82WAG/EVA] 

3 Mg(NO3)2(aq, 1:1600) + aq → Mg2+ + 2 3NO−  – (1.29 ± 0.10) [82WAG/EVA] 

4 MgSeO4⋅6H2O(cr) + 2Ag+ → Ag2SeO4(cr) + Mg2+ + 6H2O(l) – (34.69 ± 1.01) (result) 

r 4H∆  = r 1H∆ – 2 r 2H∆ + r 3H∆  

 The enthalpies of dissolution to (aq, 1:1500) were measured for 
MgSeO4⋅6H2O(cr), – (0.40 ± 0.20) kJ⋅mol–1, MgSeO4⋅4H2O(cr), – (17.45 ± 1.05)   
kJ⋅mol–1, MgSeO4⋅H2O(cr), – (54.39 ± 0.84) kJ⋅mol–1, and MgSeO4(cr), – (95.48 ± 0.96) 
kJ⋅mol–1. The experimental data in combination with accepted auxiliary data yield: 

f mH ο∆ (MgSeO4
.6H2O, cr, 298.15 K) = – (2781.38 ± 2.43) kJ⋅mol–1, 

f mH ο∆ (MgSeO4
.4H2O, cr, 298.15 K) = – (2192.67 ± 2.65) kJ⋅mol–1, 

f mH ο∆ (MgSeO4
.H2O, cr, 298.15 K) = – (1298.24 ± 2.58) kJ⋅mol–1, 

and f mH ο∆ (MgSeO4, cr, 298.15 K) = – (971.32 ± 2.62) kJ⋅mol–1. 

[61SEL/SHN3] 

Selivanova and Shneider measured the enthalpy of the reaction BeSeO4⋅4H2O(cr) + 
BaCl2(aq, 1:900) → BaSeO4(cr) + BeCl2(aq, 1:900) + 4H2O(l) in a calorimeter. They 
also measured the enthalpy of dissolution of BeSeO4⋅4H2O(cr) and BeSeO4⋅2H2O(cr) in 
water (1:900) to be – (9.96 ± 0.33) and – (43.76 ± 0.41) kJ⋅mol–1, respectively, as well 
as the enthalpies of dissolution of BeSeO4⋅2H2O(cr) and BeSeO4(cr) in 1 M KOH 
(1:3600) to be – (109.75 ± 0.63) and – (155.44 ± 0.84) kJ⋅mol–1, respectively. The ex-
perimental results were used to calculate the standard enthalpy of formation of         
BeSeO4(cr) and its hydrates. The data have been recalculated by the review with new 
auxiliary data in Table A-24. 

The value of f mH ο∆ (BeCl2, aq 1:900, 298.15 K) was obtained from the en-
thalpy of formation of BeCl2(cr) and its enthalpy of dissolution in water. The enthalpy 
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of formation was reported to be − (493.85 ± 2.35) kJ⋅mol–1 from direct synthesis calo-
rimetry in [61JOH/GIL] and to be − (494.76 ± 2.10) kJ⋅mol–1 from the enthalpy of dis-
solution of beryllium metal in hydrochloric acid in [62THO/SIN]. The mean value, 

f mH ο∆ (BeCl2, cr, 298.15 K) = − (494.30 ± 3.30) kJ⋅mol–1, is adopted. 

Table A-24: Evaluation of the standard enthalpy of formation of BeSeO4⋅4H2O(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 BeSeO4
.4H2O(cr) + BaCl2(aq, 1:900) → BaSeO4(cr) + 

BeCl2(aq, 1:900) + 4H2O(l) 
– (21.25 ± 0.33) (paper) 

2 Ba(cr) + Cl2(g) + aq → BaCl2(aq, 1:900) – (866.97 ± 2.50) (see text) 

3 Be(cr) + Cl2(g) + aq → BeCl2(aq, 1:900) – (708.3 ± 3.9) (see text) 

4 Ba(cr) + Se(cr) + 2O2(g) → BaSeO4(cr) – (1144.00 ± 5.00) (review) 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

6 Be(cr) + Se(cr) + 4H2(g) + 4O2(g) → BeSeO4
.4H2O(cr) – (2107.0 ± 6.8) (result) 

r 6H∆ = f mH ο∆ (BeSeO4
.4H2O, cr, 298.15 K) = – r 1H∆ – r 2H∆  + r 3H∆ + r 4H∆ + 4 r 5H∆  

The enthalpies of solution of the two polymorphs of BeCl2(cr) in 0.01 M HCl 
to a dilution of 1:6000, − (216.7 ± 0.1) kJ⋅mol–1 for α-BeCl2 and − (213.8 ± 0.1)   
kJ⋅mol–1 for β-BeCl2, were determined in [95SPU/FIN]. Since the formation data appar-
ently refer to mixtures of the two forms [65DON/OET] the mean of the two dissolution 
data, − (215.3 ± 1.5) kJ⋅mol–1, is used. Matignon and Marchal [26MAT/MAR] obtained 
− 213.8 kJ⋅mol–1 for dilutions to 1:900 and 1:2700. Dilution effects in the range 1:900 to 
1:6000 thus appear to be small and the review adopts − (214.0 ± 2.0) kJ⋅mol–1 for the 
enthalpy of dissolution to aq 1:900 which gives f mH ο∆ (BeCl2, aq 1:900, 298.15 K) = 
− (708.3 ± 3.9) kJ⋅mol–1. 

 The value of f mH ο∆ (BaCl2, aq 1:900, 298.15 K) is found from the standard 
enthalpy of formation of BaCl2(cr) in [92GRE/FUG] and its enthalpy of dissolution in 
[82WAG/EVA] to be – (866.97 ± 2.50) kJ⋅mol–1. 

 The standard enthalpies of formation of the other two selenates are found from 
the enthalpies of dissolution to be f mH ο∆ (BeSeO4

.2H2O, cr, 298.15 K) = 
− (1501.9 ± 6.8) kJ⋅mol–1 and f mH ο∆ (BeSeO4, cr, 298.15 K) = – (884.6 ± 6.9) kJ⋅mol–1. 

[61SOM] 

The saturated vapour pressure of α-CdSe was measured in the temperature range 975 to 
1210 K using Bourdon gauge and dew point techniques. The two methods gave identi-
cal results. The total vapour pressure was described by the expression 10log (p/bar) = 
6.92 − 10020 T –1. No evaluations of thermodynamic properties at 298.15 K were made. 
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The pressure relation was therefore used by the review in deriving second and third law 
quantities assuming the reaction α-CdSe(s)  Cd(g) + ½Se2(g). The evaluations used 
the selected thermodynamic functions of selenium, the data for Cd in [89COX/WAG], 
the selected heat capacity of α-CdSe, and the selected entropy of α-CdSe at 298.15 K in 
the case of the third law. The results were f mH ο∆ (CdSe, α, 298.15 K) = – (121.1 ± 8.0) 
kJ·mol–1, f mH ο∆ (CdSe, α, 298.15 K) = – (119.4 ± 6.0) kJ·mol–1 and mS ο (CdSe, α, 
298.15 K) = (84.5 ± 8.0) J·K–1·mol–1 for the second and third law enthalpy of formation 
and the entropy, respectively. 

[61WOS] 

The saturated vapour pressure of α-CdSe was measured in the temperature range 1016 
to 1170 K using a gas flow method. Values for the entropy and the enthalpy of forma-
tion of α-CdSe at 298.15 were derived using the second law and an estimated heat 
capacity of α-CdSe. The experimental results were therefore re-evaluated by the review 
using both the second and the third law, the selected thermodynamic functions of sele-
nium, the data for Cd in [89COX/WAG], the selected heat capacity of α-CdSe, and the 
selected entropy of α-CdSe in the case of the third law. The vaporisation was assumed 
to occur according to the reaction α-CdSe  Cd(g) + ½Se2(g). The results were 

f mH ο∆ (CdSe, α, 298.15 K) = – (158.0 ± 15.0) kJ·mol–1, f mH ο∆ (CdSe, α, 298.15 K) = 
− (146.2 ± 3.0) kJ·mol–1, and mS ο (CdSe, α, 298.15 K) = (75.4 ± 15.0) J·K–1·mol–1 for the 
second and third law enthalpy of formation and the entropy, respectively.  

[62ALE/SER] 

Aleksandrovich and Serebrennikov measured the solubility of the selenites of Ce3+, 
La3+, Nd3+, Pr3+ and Sm3+ in HCl, HNO3, and H2SO4 of unspecified concentration. The 
quality of the solid phases is not described. The experiments were carried out in closed 
vessels at (298.15 ± 0.05) K in a nitrogen atmosphere. The phases were separated after 8 
hours by centrifugation and the total metal ion concentration and pH were measured in 
the aqueous phase. The primary data were evaluated according to [56CHU] in this 
Appendix and the results are entered in Chapter V. 

[62KUD/UST] 

The total vapour pressure of liquid selenium at equilibrium was measured by a static 
method in the temperature range 715 to 958 K and given as 10log (p/bar) = 5.230           
– 5011 T –1. A third law evaluation of the enthalpy of formation of Se2(g) at 298.15 K 
was made by this review using the vapour pressure at 950 K and the selected data for 
the heat capacities and entropies of Se(l) and Se2(g). A mole fraction of Se2(g), 

2Se (g)x  = 0.64 was estimated from the selected selenium data. The enthalpy of 
formation derived was f mH ο∆ (Se2, g, 298.15 K) = (140.1 ± 1.6) kJ·mol–1. 
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[62SEL/LES] 

Crystalline Ag2SeO3 was prepared by mixing 0.1 M solutions of AgNO3 and Na2SeO3 
in stoichiometric proportions. The solubility of the specimen in water at 
(298.15 ± 0.10) K was determined. Periods of mixing between 6 to 10 days were em-
ployed and the solubility changed little during this period and equilibrium is thus as-
sumed to prevail. The solubility was determined by a turbidimetric method to be 
(8.31 ± 0.03) × 10–6 M. No measurement of the pH of the equilibrium solution was 
made. From this datum the review calculated 10 ,0log sK ο ((A.14), 298.15 K) = 
− (15.87 ± 0.02) after allowance for side reactions, see [68RIP/VER] in this Appendix. 

 The authors also measured the enthalpy change of the reaction between 
AgNO3(cr) and a solution of sodium selenite with formation of crystalline silver selenite 
as verified by chemical analysis and X-ray diffraction. The calorimeter was calibrated 
by electrical resistance heating. The calorimetric data are evaluated in Table A-25. 

Table A-25: Calculation of the standard enthalpy of formation of Ag2SeO3(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 2AgNO3(cr) + Na2SeO3(aq, 1:800) → Ag2SeO3(cr) + 
2NaNO3(aq, 1:400)  

– (22.13 ± 0.21)  (paper) 

2 AgNO3(cr) + aq Æ Ag+ + 3NO−  (22.73 ± 0.04) [89COX/WAG] 

3 NaNO3(aq, 1:400) Æ Na+ + 3NO−  – (0.08 ± 0.10)  [82WAG/EVA] 

4 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:800) – (28.33 ± 0.08)  [69KLU/SEL] 

5 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95)  (review) 

6 Ag(cr) + Na+ → Ag+ + Na(cr) – (346.13 ± 0.10) [89COX/WAG] 

7 2Ag(cr) + Se(cr) + 1.5O2(g) → Ag2SeO3(cr) – (363.44 ± 1.02) (result) 

r 7H∆ = f mH ο∆ (Ag2SeO3, cr, 298.15 K) = r 1H∆ + 2 r 2H∆ + 2 r 3H∆ + r 4H∆ + r 5H∆ + 2 r 6H∆  

[62SEL/LES3] 

The enthalpy change of the reaction between Na2SeO3(cr) and a lead nitrate solution 
with formation of crystalline lead selenite was measured in a calorimeter. The data have 
been used to calculate the standard enthalpy change of the reaction Na2SeO3(cr) + 
Pb2+ → PbSeO3(cr) + 2Na+ in Table A-26. 

 The value of the standard enthalpy of formation of lead selenite obtained from 
r 4H∆ and accepted standard enthalpies of formation is: 

f mH ο∆ (PbSeO3, cr, 298.15 K) = – (532.08 ± 1.80) kJ·mol–1. 
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[82WAG/EVA] reports – 537.6 kJ·mol–1. Changes in the accepted standard enthalpies 
of formation of the ions account for 2.5 kJ·mol–1 of the difference. The remainder of the 
difference is most likely due mainly to the change in the values of the heat of dilution of 
Pb(NO3)2(aq) made by the review and discussed in Appendix A, [59SEL/KAP]. 

Table A-26: Calculation of the standard enthalpy change of the reaction Na2SeO3(cr) + 
Pb2+ → PbSeO3(cr) + 2Na+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2SeO3(cr) + Pb(NO3)2(aq, 1:1200) → PbSeO3(cr) + 
2NaNO3(aq, 1:600)  

– (52.26 ± 0.17)  (paper) 

2 Pb(NO3)2(aq, 1:1200) + aq → Pb2+ + 2 3NO−     (1.50 ± 1.50)  (review) 

3 NaNO3(aq, 1:600) + aq → Na+ + 3NO−  – (0.15 ± 0.05)  [82WAG/EVA] 

4 Na2SeO3(cr) + Pb2+ → PbSeO3(cr) + 2Na+ – (54.06 ± 1.50)  (result) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

[62SEL/SAM] 

Selivanova, Samplavskaya, and Maier [62SEL/SAM] determined the enthalpy change 
of the reaction of a copper selenate solution with solid silver nitrate by a calorimetric 
measurement. They similarly measured the heat of dissolution of CuSeO4

.5H2O(cr) and 
CuSeO4(cr) to CuSeO4(aq, 1:700). The data have been recalculated with new auxiliary 
data to obtain the enthalpies of formation of the copper selenates as shown in Table A-
27. The enthalpy of formation of AgNO3(cr) was calculated from the enthalpy of disso-
lution of AgNO3(cr) to the aqueous standard state in [89COX/WAG] and the standard 
ionic enthalpies of formation in the same reference. 

Table A-27: Evaluation of the standard enthalpy of formation of CuSeO4(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 2AgNO3(cr) + CuSeO4(aq, 1:700) → Ag2SeO4(cr) + 
Cu(NO3)2(aq, 1:700) 

   (8.58 ± 0.13) (paper) 

2 CuSeO4(cr) + aq → CuSeO4(aq, 1:700) – (54.98 ± 0.33) (paper) 

3 2Ag(cr) + Se(cr) + 2O2(g) → Ag2SeO4(cr) – (422.51 ± 2.12) (review) 

4 Ag(cr) + 0.5N2(g) + 1.5O2(g) → AgNO3(cr) – (123.79 ± 0.41) (see text) 

5 Cu(cr) + N2(g) + 3O2(g) +aq → Cu(NO3)2(aq,1:700) – (351.80 ± 1.62) [89COX/WAG] 

[82WAG/EVA] 

6 Cu(cr) + Se(cr) + 2O2(g) → CuSeO4(cr) – (480.33 ± 2.81) (result) 

r 6H∆ = – r 1H∆ – r 2H∆ + r 3H∆ – 2 r 4H∆ + r 5H∆  
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The result from the table is f mH ο∆ (CuSeO4, cr, 298.15 K) = – (480.33 ± 2.81) 
kJ⋅mol–1. 

 The enthalpy of dissolution of CuSeO4
.5H2O(cr) was determined to be 

(8.87 ± 0.13) kJ⋅mol–1. The enthalpy of hydration of CuSeO4(cr) is thus – (63.85 ± 0.35) 
kJ⋅mol–1, which yields f mH ο∆ (CuSeO4

.5H2O, cr, 298.15 K) = – (1973.33 ± 2.83)  
kJ⋅mol–1. 

 The present results differ from those in the paper by about 20 kJ⋅mol–1, which 
is mainly caused by the new value of the standard enthalpy of formation of 
Ag2SeO4(cr). 

[62SEL/SAZ5] 

The enthalpy changes of the reactions Cs2SeO4(aq, 1:1000) + BaCl2
.2H2O(cr) → 

BaSeO4(cr) + 2CsCl2(aq, 1:500) + 2H2O(l) and Cs2SeO4(cr) + aq → Cs2SeO4(aq, 
1:1000) were determined by Selivanova and Sazykina by calorimetric measurements. 
Their data have been recalculated with new auxiliary data in Table A-28. The standard 
enthalpy of formation of BaCl2

.2H2O(cr) needed was obtained from the standard en-
thalpy of BaCl2 in [92GRE/FUG] and the enthalpy of hydration of BaCl2 from 
[82WAG/EVA]. 

Table A-28: Calculation of the standard enthalpy of formation of Cs2SeO4(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Cs2SeO4(aq, 1:1000) + BaCl2
.2H2O(cr) → BaSeO4(cr) + 

2CsCl2(aq, 1:500) + 2H2O(l) 
   (14.27 ± 0.63) (paper) 

2 Cs2SeO4(cr) + aq → Cs2SeO4(aq,1:1000)    (17.49 ± 0.42) (paper) 

3 Ba(cr) + Se(cr) +2O2(g) → BaSeO4(cr) – (1144.00 ± 5.00) (review) 

4 Cs(cr) + 0.5Cl2(g) + aq → CsCl(aq,1:500) – (424.85 ± 0.50) [89COX/WAG] 

[82WAG/EVA] 

5 Ba(cr) + Cl2(g) + 2H2(g) + O2(g) → BaCl2
.2H2O(cr) – (1456.70 ± 2.50) (see text) 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

7 2Cs(cr) + Se(cr) + 2O2(g) → Cs2SeO4(cr) – (1140.42 ± 5.82) (result) 

r 7H∆  = – r 1H∆ – r 2H∆ + r 3H∆ + 2 r 4H∆ – r 5H∆ + 2 r 6H∆  

The enthalpy of formation has also been estimated from Reaction #2 on the as-
sumption that the enthalpy of dilution of Cs2SeO4(aq, 1:1000) to the aqueous standard 
state is close to zero as for the sulphate. With the accepted ionic enthalpies the result is 
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− (1137.00 ± 2.50) kJ⋅mol–1. The review selects the mean of the two estimates 
− (1138.70 ± 3.50) kJ⋅mol–1. 

[62SEL/SHN] 

Selivanova, Shneider, and Sazykina measured the enthalpy change of the reaction 
Li2SeO4⋅H2O(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + 2LiCl(aq, 1:400) + H2O(l) in a 
calorimeter. With the same calorimeter the enthalpies of dissolution of Li2SeO4⋅H2O(cr) 
and Li2SeO4(cr) to Li2SeO4(aq, 1:800) were determined to be – (25.02 ± 0.25) and 
− (31.51 ± 0.29) kJ⋅mol–1, respectively. The enthalpy of reaction has been recalculated 
with new auxiliary data to standard conditions in Table A-29.  

Table A-29: Enthalpy change of the reaction Li2SeO4⋅H2O(cr) + Ba2+ → BaSeO4(cr) + 
2Li+ + H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Li2SeO4⋅H2O(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + 
2LiCl(aq, 1:400) + H2O(l) 

– (32.59 ± 0.17) (paper) 

2 BaCl2(aq, 1:800) + aq → Ba2+ + 2Cl– – (1.63 ± 0.10) [82WAG/EVA] 

3 LiCl(aq, 1:400) + aq → Li+ + Cl– – (0.50 ± 0.10) [82WAG/EVA] 

4 Li2SeO4⋅H2O(cr) + Ba2+ → BaSeO4(cr) + 2Li+ + H2O(l) – (31.96 ± 0.28) (result) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

 The experimental data in combination with accepted standard enthalpies of 
formation result in f mH ο∆ (Li2SeO4

.H2O, cr, 298.15 K) = – (1420.01 ± 5.60) kJ⋅mol–1 
and f mH ο∆ (Li2SeO4, cr, 298.15 K) = – (1127.69 ± 5.60) kJ⋅mol–1. 

The calculated enthalpy of formation of Li2SeO4 in the aqueous standard state 
is − (1160.44 ± 3.50) kJ·mol–1. On the assumption that the enthalpy of dilution of 
Li2SeO4(aq, 1:800 to Li2SeO4(aq, 1:•) is the same as for the corresponding sulphate 
(− 1.89 kJ·mol–1 [82WAG/EVA]) the review calculates f mH ο∆ (Li2SeO4, cr, 298.15 K) = 
− (1127.04 ± 3.50) kJ·mol–1 from the data. The calorimetric result is selected. 

[62WOS/GEE] 

The saturated vapour pressure of α-ZnSe was measured in the temperature range 1060 
to 1393 K using a gas flow method. Values for the entropy and the enthalpy of forma-
tion of α-ZnSe at 298.15 were derived using the second law and an estimated heat ca-
pacity of α-ZnSe. The experimental results were therefore re-evaluated by the review 
using both the second and the third law, the selected thermodynamic functions of sele-
nium, the data for Zn in [89COX/WAG], the heat capacity expression of α-ZnSe in Sec-
tion V.9.1.1.1, and the selected entropy of α-ZnSe in the case of the third law. The va-
porisation was assumed to occur according to the reaction α-ZnSe  Zn(g) + ½Se2(g). 
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The results were f mH ο∆ (ZnSe, α, 298.15 K) = – (198.6 ± 19.0) kJ·mol–1, f mH ο∆ (ZnSe, 
α, 298.15 K) = − (182.8 ± 6.0) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = (58.9 ± 15.0) 
J·K–1·mol–1 for the second and third law enthalpy of formation and the entropy, respec-
tively.  

[63HIR/ICH] 

The total pressure of the vapour in equilibrium with β-SnSe was measured in the tem-
perature range 773 to 898 K using the Knudsen effusion technique. The enthalpy of and 
entropy of sublimation according to the reaction α-SnSe  SnSe(g) were calculated by 
the review from the reported vapour pressure expression and the selected heat capacities 
of SnSe(g) and α-SnSe, the enthalpy of transformation α-SnSe → β-SnSe being 
1.28 kJ·mol–1 (cf V.7.4.1.2), and a heat capacity expression of β-SnSe being identical to 
that of α-SnSe yielding sub mH ο∆ (SnSe, α, 298.15 K) = (210.8 ± 12.0) kJ·mol–1 and 

sub mS ο∆ (SnSe, α, 298.15 K) = (158.9 ± 13.0) J·K–1·mol–1, respectively. 

[63LES/SEL] 

The authors reacted BaCl2⋅2H2O(cr) with a solution of sodium selenite in an electrically 
calibrated calorimeter. Crystalline barium selenite was formed. The measured enthalpy 
change is combined with new auxiliary data in Table A-30 to estimate the standard en-
thalpy of formation of BaSeO3(cr). The standard enthalpy of formation of 
BaCl2⋅2H2O(cr) was calculated as described in this Appendix, [62SEL/SAZ5]. 

Table A-30: Estimation of the standard enthalpy of formation of BaSeO3(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 BaCl2
.2H2O(cr) + Na2SeO3(aq, 1:1000) → BaSeO3(cr) + 

2NaCl(aq, 1:500) + 2H2O(l) 
   (23.51 ± 0.13) (paper) 

2 Ba(cr) + Cl2(g) + 2H2(g) + O2(g) → BaCl2
.2H2O(cr)  – (1456.70 ± 2.70)  (see text) 

3 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:1000) – (29.66 ± 0.13)  [63SEL/LES] 

4 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

5 Na(cr) + 0.5Cl2(g) + aq → NaCl(aq, 1:500) – (407.07 ± 0.15)  [89COX/WAG] 

[82WAG/EVA] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

7 Ba(cr) + Se(cr) + 1.5O2(g) → BaSeO3(cr) – (1036.67 ± 2.89) (result) 

r 7H∆  = f mH ο∆ (BaSeO3, cr, 298.15 K) = r 1H∆ + r 2H∆ + r 3H∆ + r 4H∆ – 2 r 5H∆ – 2 r 6H∆  
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[63LES/SEL3] 

The authors determined the enthalpy change of the reaction between crystalline 
Ca(NO3)2⋅4H2O and a solution of sodium selenite in an electrically calibrated calorime-
ter. The reaction product was crystalline and assigned the composition CaSeO3⋅2H2O 
from chemical analysis. According to [81EBE/HAV], [97DUM/BRO] and other 
sources, however, the stable phase has the composition CaSeO3⋅H2O. A comparison of 
the diffraction pattern of the reaction product in the calorimeter with that of 
CaSeO3⋅H2O in [81EBE/HAV] seems to indicate that the monohydrate was formed in 
the calorimetric experiment. At least this possibility cannot be ruled out. The calorimet-
ric data have therefore been evaluated on the assumption that CaSeO3⋅H2O was formed. 

 The rather large solubility product of calcium selenite suggests that the reac-
tion in the calorimeter was not complete. It is estimated that a few per cent of the com-
ponents remained unreacted. No correction has been applied for this fact. The calcula-
tion of the standard enthalpy of formation of CaSeO3⋅H2O with new auxiliary data is 
shown in Table A-31. 

Table A-31: Calculation of the standard enthalpy of formation of CaSeO3⋅H2O. The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ.mol–1) Reference 

1 Ca(NO3)2
.4H2O(cr) + Na2SeO3(aq, 1:1000) → 

CaSeO3
.H2O(cr) + 2NaNO3(aq, 1:500) + 3H2O(l) 

   (45.15 ± 0.13) (paper) 

2 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:1000) – (29.66 ± 0.13) [63SEL/LES] 

3 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

4 Ca(cr) + 4H2(g) + 5O2(g) + N2(g) → 
Ca(NO3)2

.4H2O(cr) 
– (2132.33 ± 2.50)  [82WAG/EVA] 

5 Na(cr) + 1.5O2(g) + 0.5N2(g) + aq → NaNO3(aq, 
1:500) 

– (447.07 ± 0.42) [89COX/WAG] 

[82WAG/EVA] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

7 Ca(cr) + Se(cr) + H2(g) + 2O2(g)→ CaSeO3
.H2O(cr) – (1324.83 ± 2.81) (result) 

r 7H∆  = f mH ο∆ (CaSeO3
.H2O, cr, 298.15 K) = r 1H∆ + r 2H∆ + r 3H∆ + r 4H∆ – 2 r 5H∆ – 3 r 6H∆  

[63LES/SEL4] 

The authors made a calorimetric determination of the enthalpy change of the reaction 
between Co(NO3)2

.6H2O(cr) and a solution of sodium selenite with formation of 
CoSeO3

.2H2O(cr) as established by chemical analysis and X-ray diffraction. The stan-
dard enthalpy of formation of cobalt selenite is calculated in Table A-32 with new 
auxiliary data. 
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Table A-32: Calculation of the standard enthalpy of formation of CoSeO3
.2H2O(cr). 

The sources of the data are indicated.  

# Reaction r mH∆ (kJ.mol–1) Reference 

1 Co(NO3)2
.6H2O(cr) + Na2SeO3(aq, 1:1200) → 

CoSeO3
.2H2O(cr) + 2NaNO3(aq, 1:600) + 4H2O(l) 

   (47.57 ± 0.13) (paper) 

2 Co(cr) + 6H2(g) + 6O2(g) + N2(g) → Co(NO3)2
.6H2O(cr) – (2211.20 ± 2.50)  [82WAG/EVA] 

3 Na(cr) + 1.5O2(g) + 0.5N2(g) + aq → NaNO3(aq, 1: 600) – (447.04 ± 0.42)  [89COX/WAG] 

[82WAG/EVA] 

4 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

5 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:1200) – (29.71 ± 0.15)  [63SEL/LES5] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

7 Co(cr) + Se(cr) + 2H2(g) + 2.5O2(g) → CoSeO3
.2H2O(cr) – (1115.56 ± 2.81) (result) 

r 7H∆  = f mH ο∆ (CoSeO3
.2H2O, cr, 298.15 K) = r 1H∆ + r 2H∆ – 2 r 3H∆ + r 4H∆ + r 5H∆ – 4 r 6H∆   

[63MIJ] 

Mijlhoff calculated the enthalpy of formation of SeO3(cr) by a procedure that starts 
from the enthalpy change of reaction: 

H2SeO3(aq, 1:500) + HClO(aq, 1:700) → H2SeO4(aq, 1:1200) + HCl(aq, 1:1200) 

as determined by Thomsen [1882THO]. This quantity was combined with auxiliary 
enthalpy data all taken from [1882THO] except the heat of dissolution of SeO3(cr), 
which was obtained from [62JER/MEN]. The outcome of the calculation was: 

f mH ο∆ (SeO3, cr, 298.15 K) = – 184.5 kJ⋅mol–1. 

 This result will not be considered since the auxiliary data used have been su-
perseded by new data. 

[63SAZ/SEL] 

The enthalpy change of the reaction K2SeO4(cr) + 2AgNO3(aq, 1:400) → Ag2SeO4(cr) + 
2KNO3(aq, 1:400) was measured by Sazykina and Selvanova. Their results have been 
recalculated to standard conditions with new auxiliary data in Table A-33. 

 In combination with accepted standard enthalpies of formation r 4H∆  yields 
f mH ο∆ (K2SeO4, cr, 298.15 K) = – (1121.29 ± 2.15) kJ⋅mol–1. 
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Table A-33: Calculation of the enthalpy change of the reaction K2SeO4(cr) + 2Ag+ Æ 
Ag2SeO4(cr) + 2K+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ.mol–1) Reference 

1 K2SeO4(cr) + 2AgNO3(aq, 1:400) → Ag2SeO4(cr) + 
2KNO3(aq, 1:400) 

– (17.28 ± 0.13) (paper) 

2 AgNO3(aq, 1:400) + aq → Ag+ + 3NO−     (0.20 ± 0.10) [82WAG/EVA] 

3 KNO3(aq, 1:400) + aq → K+ + 3NO−     (0.30 ± 0.10) [82WAG/EVA] 

4 K2SeO4(cr) + 2Ag+ → Ag2SeO4(cr) + 2K+ – (17.08 ± 0.31) (result) 

r 4H∆  = r 1H∆ – 2 r 2H∆ + 2 r 3H∆  

[63SEL/LES] 

The authors reacted SrCl2⋅6H2O(cr) with a solution of sodium selenite in an electrically 
calibrated calorimeter. Crystalline strontium selenite was formed. The integral enthalpy 
of dilution of Na2SeO3 to (aq, 1:1000) was also measured. The measured enthalpy 
changes are combined with new auxiliary data in Table A-34 to estimate the standard 
enthalpy of formation of SrSeO3(cr). The standard enthalpy of formation of 
SrCl2⋅6H2O(cr) used was calculated from the enthalpy of hydration of SrCl2(cr) in 
[82WAG/EVA] and its enthalpy of formation in [92GRE/FUG]. 

Table A-34: Estimation of the standard enthalpy of formation of SrSeO3(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ.mol–1) Reference 

1 SrCl2
.6H2O(cr) + Na2SeO3(aq, 1:1000) → SrSeO3(cr) + 

2NaCl(aq, 1:500) + 6H2O(l) 
  (37.07 ± 0.13) (paper) 

2 Sr(cr) + Cl2(g) + 6H2(g) + 3O2(g) → SrCl2
.6H2O(cr)  – (2628.74 ± 0.50) (see text) 

3 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:1000) – (29.66 ± 0.13) (paper) 

4 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

5 Na(cr) + 0.5Cl2(g) + aq → NaCl(aq, 1:500) – (407.07 ± 0.15) [89COX/WAG] 
[82WAG/EVA] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

7 Sr(cr) + Se(cr) + 1.5O2(g) → SrSeO3(cr) – (1051.83 ± 2.70) (result) 

r 7H∆  = f mH ο∆ (SrSeO3, cr, 298.15 K) = r 1H∆ + r 2H∆ + r 3H∆ + r 4H∆ – 2 r 5H∆ – 6 r 6H∆   

[63SEL/LES5] 

The authors reacted a solution of cadmium chloride with Na2SeO3(cr) in an electrically 
calibrated calorimeter. The precipitate of CdSeO3 was amorphous. Additional meas-
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urements were made in [63LES/SEL6] of the enthalpies of dissolution of CdSeO3(am) 
and CdSeO3(cr) to the same concentration in nitric acid (aq, 1:50 and denoted sln). The 
data are combined in Table A-35 and used to calculate the enthalpy of formation of cad-
mium selenite. 

Table A-35: Calculation of the standard enthalpy of formation of CdSeO3. The sources 
of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2SeO3(cr) + CdCl2(aq, 1:1000) → CdSeO3(am) + 
2NaCl(aq, 1:500)  

– (22.59 ± 0.13)  (paper) 

2 Na(cr) + 0.5Cl2(g) + aq → NaCl(aq, 1:500)  – (407.07 ± 0.15)  [89COX/WAG] 
[82WAG/EVA] 

3 Cd(cr) + Cl2(g) + aq → CdCl2(aq, 1:1000)  – (406.53 ± 0.66) [89COX/WAG] 
[82WAG/EVA] 

4 2Na(cr) + Se(cr) + 1.5O2(g) →Na2SeO3(cr) – (959.62 ± 0.95)  (review) 

5 Cd(cr) + Se(cr) + 1.5O2(g) → CdSeO3(am) – (574.60 ± 1.17) (result) 

6 CdSeO3(am) + sln →CdSeO3(sln) – (9.10 ± 0.10) [63LES/SEL6] 

7 CdSeO3(cr) + sln → CdSeO3(sln) – (7.70 ± 0.12) [63LES/SEL6] 

8 Cd(cr) + Se(cr) + 1.5O2(g) → CdSeO3(cr) – (576.00 ± 1.18) (result) 

r 5H∆  = f mH ο∆ (CdSeO3, am, 298.15 K) = r 1H∆ – 2 r 2H∆ + r 3H∆ + r 4H∆  

r 8H∆  = f mH ο∆  (CdSeO3, cr, 298.15 K) = r 5H∆ + r 6H∆ – r 7H∆   

[63SEL/MAI] 

Selivanova, Maier, and Luk’yanova [63SEL/MAI] prepared CdSeO4
.H2O(cr) and 

CdSeO4(cr) and measured their heats of dissolution in water (1:1200) in a calorimeter. 
They also measured the enthalpy change of the reaction between the monohydrate and a 
barium chloride solution with formation of BaSeO4(cr). The result of the last reaction 
has been re-evaluated in Table A-36. 

 The standard enthalpy of formation of CdSeO4
.H2O(cr) is calculated from 

r 4H∆  and accepted enthalpies of formation to be – (943.05 ± 5.62) kJ⋅mol–1. The en-
thalpies of dissolution of the salts were − (23.89 ± 0.21) and – (46.99 ± 0.25) kJ⋅mol–1, 
respectively. With these enthalpies the standard enthalpy of formation of CdSeO4(cr) 
becomes − (634.12 ± 5.63) kJ⋅mol–1. 

 The standard enthalpies of formation obtained by the review differ from those 
in the paper by about 20 kJ⋅mol–1 mainly due to a change in the value of 

f mH ο∆ (BaSeO4, cr, 298.15 K). 
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Table A-36: Enthalpy change of the reaction CdSeO4
.H2O(cr) + Ba2+ → BaSeO4(cr) + 

Cd2+ + H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 CdSeO4
.H2O(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + 

CdCl2(aq, 1:800) + H2O(l) 
– (25.82 ± 0.08) (paper) 

2 BaCl2(aq, 1:800) + aq → Ba2+ + 2Cl– – (1.63 ± 0.10) [82WAG/EVA] 

3 CdCl2(aq, 1:800) + aq → Cd2+ + 2Cl– – (3.71 ± 0.10) [82WAG/EVA] 

4 CdSeO4
.H2O(cr) + Ba2+ → BaSeO4(cr) + Cd2+ + H2O(l) – (27.90 ± 0.16) (result) 

r 4H∆  = r 1H∆ – r 2H∆ + r 3H∆  

[63SEL/MAI3] 

Selivanova, Maier, and Luk’yanova prepared ZnSeO4
.6H2O(cr), ZnSeO4

.H2O(cr), and 
ZnSeO4(cr) and measured their heats of dissolution in water (1:1200) in a calorimeter. 
They also measured the enthalpy change of the reaction between the monohydrate and a 
barium chloride solution with formation of BaSeO4(cr). The result of the last reaction 
has been re-evaluated in Table A-37. 

Table A-37: Enthalpy change of the reaction ZnSeO4
.H2O(cr) + Ba2+ Æ BaSeO4(cr) + 

Zn2+ + H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 ZnSeO4
.H2O(cr) + BaCl2(aq, 1:1200) → BaSeO4(cr) + 

ZnCl2(aq, 1:1200) + H2O(l) 
– (64.43 ± 0.38)  (paper) 

2 BaCl2(aq, 1:1200) + aq → Ba2+ + 2Cl– – (1.43 ± 0.10) [82WAG/EVA] 

3 ZnCl2(aq, 1:1200) + aq → Zn2+ + 2Cl– – (2.35 ± 0.10) [82WAG/EVA] 

4 ZnSeO4
.H2O(cr) + Ba2+ → BaSeO4(cr) + Zn2+ + H2O(l) – (65.35 ± 0.40) (result) 

r 4H∆  = r 1H∆ – r 2H∆ + r 3H∆   

 The standard enthalpy of formation of ZnSeO4
.H2O(cr) is calculated from 

r 4H∆  and accepted enthalpies of formation to be – (983.07 ± 5.61) kJ⋅mol–1. The en-
thalpies of dissolution of the salts were (5.94 ± 0.04), – (40.38 ± 0.17), and 
− (72.89 ± 0.42) kJ⋅mol–1, respectively. With these enthalpies the standard enthalpies of 
formation of ZnSeO4

.6H2O(cr) and ZnSeO4(cr) become – (2458.54 ± 5.61) and 
− (664.73 ± 5.63) kJ⋅mol–1. 

 The standard enthalpies of formation obtained by the review differ from those 
in the paper by about 20 kJ⋅mol–1 mainly due to the change in the accepted value of 

f mH ο∆ (BaSeO4, cr, 298.15 K). 
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[63SEL/SAZ] 

The enthalpy change f the reaction Rb2SeO4(cr) + 2AgNO3(aq, 1:400) → Ag2SeO4(cr) + 
2RbNO3(aq, 1:400) was measured by Selvanova and Sazykina. Their results have been 
recalculated to standard conditions with new auxiliary data in Table A-38. 

Table A-38: Calculation of the enthalpy change of the reaction Rb2SeO4(cr) + 2Ag+ → 
Ag2SeO4(cr) + 2Rb+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Rb2SeO4(cr) + 2AgNO3(aq, 1:400) → Ag2SeO4(cr) + 
2RbNO3(aq, 1:400) 

– (20.21 ± 0.08) (paper) 

2 AgNO3(aq, 1:400) + aq → Ag+ + 3NO−     (0.20 ± 0.10) [82WAG/EVA] 

3 RbNO3(aq, 1:400) + aq → Rb+ + 3NO−     (0.39 ± 0.10) [82WAG/EVA] 

4 Rb2SeO4(cr) + 2Ag+ → Ag2SeO4(cr) + 2Rb+ – (19.83 ± 0.29) (result) 

r 4H∆  = r 1H∆ – 2 r 2H∆ + 2 r 3H∆  

 In combination with accepted standard enthalpies of formation r 4H∆  yields 
o

f mH∆ (Rb2SeO4, cr, 298.15 K) = – (1116.50 ± 2.20) kJ⋅mol–1. 

[64BON/SHU] 

The total vapour pressure of liquid selenium at equilibrium was measured by a static 
method in the temperature range 573 to 1167 K and given as 10log (p/bar) = 5.722 
− 5468 T –1. A third law evaluation of the enthalpy of formation of Se2(g) at 298.15 K 
was made by this review using the vapour pressure at 1150 K and the selected data for 
the heat capacities and entropies of Se(l) and Se2(g). A mole fraction of Se2(g), 

2Se (g)x  = 0.80 was estimated from the selected selenium data. The enthalpy of 
formation derived was f mH ο∆ (Se2, g, 298.15 K) = (139.9 ± 3.4) kJ·mol–1.  

[64COL/DRO] 

The partial pressures of the gaseous species in equilibrium with β-SnSe were measured 
in the temperature range 792 to 979 K using mass spectroscopy and the Knudsen effu-
sion technique. The observed species were Sn(g), Se(g), Se2(g), SnSe(g), and Sn2Se2(g) 
and thermodynamic properties were derived for SnSe(g) and Sn2Se2(g). The enthalpy of 
the reaction β-SnSe  SnSe(g) was calculated in the paper by combining the meas-
urements there with those reported in [61NES/PAS] and [63HIR/ICH]. The measure-
ments in these references are treated separately by the review. In order to obtain results 
representing the measurements in [64COL/DRO] only, the enthalpy and entropy of the 
reaction were re-evaluated by the review from the experimental values reported in Table 
3 of the paper. The selected heat capacities of SnSe(g) and α-SnSe were employed, the 
enthalpy of transformation α-SnSe → β-SnSe was set to 1.28 kJ·mol–1 (cf V.7.4.1.2), 
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and the heat capacity expression of β-SnSe was assumed to be identical to that of 
α-SnSe yielding r mH ο∆ (298.15 K) = (150.8 ± 45.0) kJ·mol–1 and r mS ο∆ (298.15 K) = 
(92.7 ± 40.0) J·K–1·mol–1 from the second law. The authors calculated a third law value 
to r mH ο∆ (298.15 K) = (220.1 ± 12.0) kJ·mol–1 using estimated entropies and heat ca-
pacities of SnSe(s) and SnSe(g). The difference between the second and third law re-
sults is thus very large. The third law result is likely to be more correct and agrees much 
better with the results obtained in the other investigations. 

 The authors also evaluated the enthalpy of the dimerisation reaction 
2SnSe(g)  Sn2Se2(g) to be r mH ο∆ (298.15 K) = − (194.6 ± 22.0) kJ·mol–1 in a third 
law analysis of measurements made in the temperature range 936 to 991 K. No evalua-
tion was made according to the second law because of the short temperature range. The 
third law evaluation employed Gibbs energy functions calculated from parameters esti-
mated by comparison with the isoelectronic molecules As4(g) and Sb4(g). In the absence 
of better values of the molecular parameters, no recalculation was made by the review. 

[64LES/SEL] 

The authors measured the enthalpy change of the reaction between ZnSO4⋅7H2O(cr) and 
a sodium selenite solution in an electrically calibrated calorimeter. The reaction product 
is assigned the composition ZnSeO3⋅H2O from the X-ray diffraction pattern and a 
chemical analysis, which shows moderate agreement with the expected composition of 
the compound. The standard enthalpy of formation of the monohydrate is evaluated in 
Table A-39. 

Table A-39: Calculation of the standard enthalpy of formation of ZnSeO3⋅H2O. The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 ZnSO4
.7H2O(cr) + Na2SeO3(aq, 1:1000) → 

ZnSeO3
.H2O(cr) + Na2SO4(aq, 1:1000) + 6H2O(l) 

   (32.05 ± 0.21) (paper) 

2 2Na(cr) + S(cr) + 2O2(g) + aq → Na2SO4(aq, 1:1000) – (1388.99 ± 0.43) [89COX/WAG] 

[82WAG/EVA] 

3 Zn(cr) + S(cr) + 7H2(g) + 5.5O2(g) → ZnSO4
.7H2O(cr)  – (3077.75 ± 2.50)  [82WAG/EVA] 

4 Na2SeO3(cr) + aq →Na2SeO3(aq, 1:1000) – (29.66 ± 0.13)  [63SEL/LES] 

5 2Na(cr) + Se(cr) + 1.5O2(g) →Na2SeO3(cr) – (959.62 ± 0.95) (review) 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

7 Zn(cr) + Se(cr) + H2(g) + 2O2(g) → ZnSeO3
.H2O(cr) – (931.01 ± 2.73) (result) 

r 7H∆  = f mH ο∆ (ZnSeO3
.H2O, cr, 298.15 K) = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ + r 5H∆ – 6 r 6H∆   
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[64MAS/WEI] 

The temperature dependence of the magnetic susceptibilities of liquid selenium and its 
saturated vapour was measured in the temperature range 800 to 1100 K. The partial 
pressure of Se2(g) was calculated assuming Se2(g) to be the only paramagnetic species 
in the system. The results were only presented graphically and the expression 

210 Selog ( / bar)p  = 10.824 – 11064 T –1 was evaluated by the review from the graph in 
Fig 2 of the paper. The enthalpy of formation at 298.15 K of Se2(g) was calculated from 
this expression using the second and the third laws and the selected thermal functions of 
Se(l), Se(trig), and Se2(g) yielding the values f mH ο∆ (Se2, g, 298.15 K) = (121.0 ± 4.6) 
kJ·mol–1 and f mH ο∆ (Se2, g, 298.15 K) = (143.5 ± 3.4) kJ·mol–1, respectively. 

[64MIJ/BLO] 

The vapour pressure of SeO3(g) over SeO3(cr) was measured in the temperature range 
350 to 390 K by a membrane null manometer. A few measurements were also made 
with SeO3(l). Several series of experiments were performed but the reproducibility was 
poor, which inevitably casts some doubts on the thermodynamic data obtained. The 
authors selected two series of experiments (C1 and C2) that showed concordant vapour 
pressure curves for the calculations. 

 A linear regression of 10log
3SeOp  on 1/T was carried out by the review on the 

data below 390 K, a temperature close to the melting point. The calculation yielded 

310 SeOlog p = (4.84 ± 0.53) – (2783 ± 197) T –1 corresponding, for the reaction: 

 SeO3(cr)  SeO3(g),  (A.15) 

to sub mH ο∆ ((A.15), 370 K) = (53.3 ± 3.8) kJ⋅mol–1 and sub mS ο∆ ((A.15), 370 K) = 
(92.7 ± 1.0) J⋅K–1⋅mol–1. 

 The 
310 SeOlog p versus 1/T curve is, however, clearly non-linear. Inclusion of 

r ,mpCο∆  in the regression results in an excellent fit but an unreasonable value of r ,mpCο∆ . 
If the experimental data below 380 K are used, then 

310 SeOlog p = (2.67 ± 0.38) 
− (1977 ± 139) T –1 is obtained, corresponding to sub mH ο∆ ((A.15), 365 K) = (37.8 ± 2.7)        
kJ mol–1 and sub mS ο∆ ((A.15), 365 K) = (51.1 ± 7.3) J⋅K–1⋅mol–1. The experimental points 
fall within twice the estimated standard deviation in 

310 SeOlog p .  

 In the paper, the curvature of the 
310 SeOlog p = f (1/T) graph was interpreted as 

an indication of a tetramer-monomer equilibrium in the gaseous phase. The data were 
analysed under this assumption and produced the following enthalpy values 
(350 K < T < 391 K): 

(SeO3)4(s)  (SeO3)4(g)  r mH ο∆  = 37.7 kJ⋅mol–1;  

(SeO3)4(s)  4SeO3(g) r mH ο∆  = 536 kJ⋅mol–1. 
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 This interpretation needs confirmation and for the time being the data obtained 
from the linear approximation will be adopted. This position was also taken by Mills 
[74MIL]. 

 The few data above the melting point yield 
310 SeOlog p  = (5.19 ± 0.28) 

− (2886 ± 111) T –1 corresponding, for the reaction: 

 SeO3(l)  SeO3(g),  (A.16) 

to vap mH ο∆ ((A.16), 398 K) = (55.3 ± 2.1) kJ⋅mol–1 and vap mS ο∆ ((A.16), 398 K) = 
(99.3 ± 5.3) J⋅K–1⋅mol–1. 

[64SEL/LES] 

Nickel selenite was prepared by mixing 0.1 M solutions of sodium selenite and nickel 
nitrate in stoichiometric proportions at room temperature. The amorphous precipitate 
crystallised on boiling the reaction mixture for 2 hours. X-ray diffraction showed that 
the preparation was crystalline and chemical analysis agreed with the formula 
NiSeO3⋅2H2O. 

 The calorimetric measurements comprised determinations of the enthalpies of 
dissolution in 70 mass-% H2SO4, H2SO4(aq, 1:2.33), as shown in Table A-40. This solu-
tion will be denoted by sln. The partial standard molar enthalpies of formation of H2O 
and H2SO4 were estimated from data in [82WAG/EVA]. 

Table A-40: Calculation of the standard enthalpy of formation of NiSeO3⋅2H2O. The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ mol–1) Reference 

1 NiSeO3
.2H2O(cr) + H2SO4(sln) + sln → NiSO4(sln, 1:1100) 

+ H2SeO3(sln, 1:1100) + 2H2O(l, sln) 
– (38.61 ± 0.10) (paper) 

2 NiSO4
.7H2O(cr) + sln → NiSO4(sln, 1:1100) + 7H2O(l, sln)    (31.61 ± 0.22) (paper) 

3 H2SeO3(cr) + sln → H2SeO3(sln, 1:1100)    (11.21 ± 0.10) (paper) 

4 S(cr) + H2(g) + 2O2(g) + sln → H2SO4(sln) – (842.30 ± 0.50)  [82WAG/EVA] 

5 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

6 Ni(cr) + S(cr) + 7H2(g) + 5.5O2(g) → NiSO4
.7H2O(cr) – (2977.33 ± 0.98) [2005GAM/BUG] 

7 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (293.80 ± 0.50) [82WAG/EVA] 

8 Ni(cr) + Se(cr) + 2H2(g) + 2.5O2(g) → NiSeO3
.2H2O(cr) – (1109.33 ± 2.83) (result) 

r 8H∆  = – r 1H∆ + r 2H∆ + r 3H∆ – r 4H∆ + r 5H∆ + r 6H∆ – 5 r 7H∆  

 The result in [82WAG/EVA] is – 1134.32 kJ mol–1 and has probably been cal-
culated from the same basic data with apparent molar enthalpies of formation.  
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[64SEL/SAZ] 

Selivanova and Sazykina determined the enthalpy change of the reaction Na2SeO4(cr) + 
BaCl2(aq, 1:800) → BaSeO4(cr) + 2NaCl(aq, 1:400) by a calorimetric measurement. 
The enthalpy change at standard conditions is evaluated in Table A-41. 

Table A-41: Enthalpy change of the reaction Na2SeO4(cr) + Ba2+ → BaSeO4(cr) + 2Na+. 
The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2SeO4(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + 
2NaCl(aq, 1:400) 

– (16.44 ± 0.08) (paper) 

2 BaCl2(aq, 1:800) + aq → Ba2+ + 2Cl– – (1.63 ± 0.10) [82WAG/EVA] 

3 NaCl(aq, 1:400) + aq → Na+ + Cl– – (0.36 ± 0.10) [82WAG/EVA] 

4 Na2SeO4(cr) + Ba2+ → BaSeO4(cr) +2Na+ – (15.53 ± .24) (result) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

[64TER/RAT] 

The Gibbs energy of formation of α-CdSe was measured in the temperature range 600 
to 700 K using the electrochemical cell  

(−) Cd(l) | 5 weight-% CdBr2(in LiBr + KBr melt) | α-CdSe, Se(l) (+). 

The cell reaction is Cd(l) + Se(l)  α-CdSe. The Gibbs energy of formation was evalu-
ated by linear regression of the emf on temperature. The Gibbs energy of formation in 
the temperature range was described by f mGο∆ (CdSe, α, Τ ) = (– 157318 + 34.73 T )   
J·mol–1. Thermodynamic quantities at 298.15 K were calculated but a set of auxiliary 
data different from that used by the review was applied. The Gibbs energy expression 
was therefore recalculated to 298.15 K by the review according to the second and the 
third law using the selected thermodynamic functions of selenium, the data of Cd in 
[89COX/WAG], the selected heat capacity of α-CdSe, and the selected entropy of 
α-CdSe in the case of the third law. The results were f mH ο∆ (CdSe, α, 298.15 K) = 
− (136.6 ± 4.0) kJ·mol–1, f mH ο∆ (CdSe, α, 298.15 K) = – (136.4 ± 2.0) kJ·mol–1, and 

mS ο (CdSe, α, 298.15 K) = (86.3 ± 2.0) J·K·mol–1 for the second and third law enthalpy 
of formation and the entropy, respectively.  

[65AND/KAR] 

Andreeva and Karapet’yants mixed a solution of sodium selenite and 
Bi(NO3)3

.5H2O(cr) in an electrically calibrated calorimeter and measured the enthalpy 
change of the reaction. The reaction product was identified as crystalline (BiO)2SeO3. 
Its standard enthalpy of formation is estimated in Table A-42.  
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Table A-42: Calculation of the standard enthalpy of formation of (BiO)2SeO3. The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 2Bi(NO3)3
.5H2O(cr) + Na2SeO3(aq, 1:3000) → 

(BiO)2SeO3(cr) + 2NaNO3(aq, 1:1500) + 4HNO3(aq, 1:750) 
+ 8H2O(l) 

   (31.84 ± 0.08)  (paper) 

2 Bi(cr) + 5H2(g) + 7O2(g) + 1.5N2(g) → Bi(NO3)3
.5H2O(cr) – (2005.05 ± 2.80) (paper, review) 

3 2Na(cr) + Se(cr) + 1.5O2(g) + aq → Na2SeO3(aq, 1:3000) ≅ 
2Na+ + 2

3SeO −  
– (987.85 ± 1.14)  (review) 

[89COX/WAG] 

4 Na(cr) + 0.5N2(g) + 1.5O2(g) + aq → NaNO3(aq, 1:1500) – (447.01 ± 0.40) [89COX/WAG] 

[82WAG/EVA] 

5 0.5H2(g) + 1.5O2(g) + 0.5N2(g) + aq → HNO3(aq, 1:750)  – (206.49 ± 0.40)  [89COX/WAG] 

[82WAG/EVA] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

7 2Bi(cr) + Se(cr) + 2.5O2(g) → (BiO)2SeO3(cr) – (959.49 ± 5.99) (result) 

r 7H∆  = f mH ο∆ ((BiO)2SeO3, cr, 298.15 K) = r 1H∆ + 2 r 2H∆ + r 3H∆ – 2 r 4H∆ – 4 r 5H∆ – 8 r 6H∆     

The standard enthalpy of formation of Bi(NO3)3
.5H2O(cr) determined in the 

paper has been re-evaluated in Table A-43. 

Table A-43: Calculation of the standard enthalpy of formation of Bi(NO3)3
.5H2O(cr). 

The sources of the data are indicated. 

# Reaction r mH∆ (kJ mol–1) Reference 

1 Bi(NO3)3
.5H2O(cr) + 3NaOH(aq, 1:1000) → Bi(OH)3(cr) + 

3NaNO3(aq, 1:1000) + 5H2O(l) 
– (66.40 ± 0.42)  (paper) 

2 Bi(cr) + 1.5H2(g) + 1.5O2(g) → Bi(OH)3(cr) – (711.3 ± 2.50) [82WAG/EVA] 

3 Na(cr) + 0.5O2(g) + 0.5H2(g) + aq → NaOH(aq, 1:1000) – (470.01 ± 0.09) [89COX/WAG] 

[82WAG/EVA] 

4 Na(cr) + 0.5N2(g) + 1.5O2(g) + aq → NaNO3(aq, 1:1000) – (447.01 ± 0.40) [89COX/WAG] 

[82WAG/EVA] 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

6 Bi(cr) + 5H2(g) + 7O2(g) + 1.5N2(g) → Bi(NO3)3
.5H2O(cr) – (2005.05 ± 2.80) (result) 

r 6H∆  = f mH ο∆ (Bi(NO3)3
.5H2O, cr, 298.15 K) = – r 1H∆ + r 2H∆ – 3 r 3H∆ + 3 r 4H∆ + 5 r 5H∆  



A Discussion of selected references 

 

482 

 The calculated value of the standard enthalpy of formation of 
Bi(NO3)3

.5H2O(cr) is f mH ο∆ (Bi(NO3)3
.5H2O, cr, 298.15 K) = – (2005.05 ± 2.80) 

kJ⋅mol–1 and will be accepted. The value in the paper is – 2002.9 kJ⋅mol–1, calculated 
with another set of auxiliary data. 

[65BRE] 

The vapour pressure of Hg(g) in equilibrium with congruently vaporising α-HgSe was 
measured in the temperature range 623 to 873 K using optical density techniques. 
Thermodynamic quantities for α-HgSe were derived using auxiliary data for the gase-
ous selenium species and assuming stoichiometric composition of the gas phase. The 
auxiliary data applied to the selenium species differ from those selected by the review 
and the results were therefore re-evaluated using the selected set of thermodynamic data 
of the selenium species. 

The equilibrium Hg(g) partial pressure was reported to be 10log (pHg/bar) = 
6.226 − 5900 T –1. The evaluation made by the review involved the matching of the 
concentrations of the elements mercury and selenium in the gas phase assuming a 
stoichiometric composition. All species in the series Se(g)-Se8(g) and Hg(g) were con-
sidered. The selected thermodynamic data for the selenium species and the CODATA 
[89COX/WAG] values for mercury were applied. The mole fractions of the most impor-
tant selenium species are given in Table A-44. 

Table A-44: Mole fractions of the most important gaseous selenium species in equilib-
rium with α-HgSe. 

T (K) Se2(g) Se5(g) Se6(g) 

723 0.63 0.25 0.09 

873 0.76 0.17 0.04 

The expression r mGο∆ (T ) = (175.3 – 0.1801 T ) kJ⋅mol–1 for the reaction 
α-HgSe  Hg(g) + ½Se2(g) was derived from the calculated partial pressures. No error 
limits were assigned because no information about the accuracy of the measurements 
was given. Recalculation to 298.15 K using the selected heat capacity of α-HgSe yields 

f mH ο∆ (HgSe, α, 298.15 K) = – 51.2 kJ⋅mol–1 and mS ο (HgSe, α, 298.15 K) = 103.3   
J⋅K–1⋅mol–1. The corresponding third law value of the enthalpy is f mH ο∆ (HgSe, α, 
298.15 K) = – 55.0 kJ⋅mol–1 and was calculated using the selected values for the heat 
capacity and entropy of α-HgSe. 

[65KEL/CRU] 

The heat capacity of α-HgSe was measured in the temperature range 293 to 513 K using 
a heat pulse method. The result is only presented in a graph and the heat capacity at 
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298.15 K, ,mpCο (HgSe, α, 298.15 K) = (55.15 ± 1.00) J⋅K–1⋅mol–1, and the heat capacity 
expression ,mpCο (HgSe, α, (293 – 513) K) = (52.31 + 9.52 × 10–3 T ) J⋅K–1⋅mol–1 were 
evaluated by the review from Figure 3 of the paper. 

[65LES/SEL] 

The authors reacted Na2SeO3(cr) with a copper sulphate solution in an electrically cali-
brated calorimeter and measured the enthalpy change of the reaction. The product was 
CuSeO3⋅2H2O(cr) as shown by chemical analysis and X-ray diffraction. Crystalline an-
hydrous copper selenite was also prepared and the integral enthalpies of dissolution of 
the two selenites in 8% HNO3 (HNO3, aq 1:40, and denoted sln below) were deter-
mined. The data have been used in Table A-45 to calculate standard enthalpies of for-
mation of the copper selenites. 

Table A-45: Calculation of the standard enthalpies of formation of CuSeO3⋅2H2O(cr) 
and CuSeO3(cr). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2SeO3(cr) + CuSO4(aq, 1:800) + 2H2O → 
CuSeO3

.2H2O(cr) + Na2SO4(aq, 1:800)  
– (16.40 ± 0.13)  (paper) 

2 Cu(cr) + S(cr) + 2O2(g) + aq →CuSO4(aq, 1:800)  – (839.92 ± 1.08)  [89COX/WAG] 

[82WAG/EVA] 

3 2Na(cr) + S(cr) + 2O2(g) + aq → Na2SO4(aq, 1:800)  – (1389.00 ± 0.43) [89COX/WAG] 

[82WAG/EVA] 

4 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr)  – (959.62 ± 0.95)  (review) 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

6 Cu(cr) + Se(cr) + 2H2(g) + 2.5O2(g) → CuSeO3
.2H2O(cr) – (998.60 ± 1.51) (result) 

7 CuSeO3
.2H2O(cr) + sln → CuSeO3(sln, 0.05 M) + 

2H2O(l, sln) 
   (15.86 ± 0.08)  (paper) 

8 CuSeO3(cr) + sln → CuSeO3(sln, 0.05 M) – (24.18 ± 0.08)  (paper) 

9 H2O(l) + sln → H2O(l, sln)    (0.00 ± 0.05) [82WAG/EVA] 

10 Cu(cr) + Se(cr) + 1.5O2(g) → CuSeO3(cr) – (386.90 ± 1.52) (result) 

r 6H∆  = f mH ο∆ (CuSeO3
.2H2O, cr, 298.15 K) = r 1H∆ + r 2H∆ – r 3H∆ + r 4H∆ + 2 r 5H∆  

r 10H∆  = f mH ο∆ (CuSeO3, cr, 298.15 K) = –2 r 5H∆ + r 6H∆ + r 7H∆ – r 8H∆ – 2 r 9H∆  

[65SIL/KAR] 

The apparent vapour pressure of α-HgSe was measured in the temperature range 613 to 
753 K using a gas flow method. The thermodynamic quantities were evaluated by the 
review because no values were reported in the original paper. 
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The result of the measurements was given in the form of an apparent total va-
pour pressure corresponding to the total pressure which would be obtained if no disso-
ciation occurred in the gas phase. The expression 10log (papp/bar) = 6.898 – 6505 T –1 
was derived from the data given in Table 2. The evaluation involved the matching of 
observed and calculated apparent pressures by varying the total pressure of the mercury 
and selenium species and assuming a stoichiometric composition of the gas phase. All 
species in the series Se(g)-Se8(g) and Hg(g) were considered. The selected thermody-
namic data of the selenium species and the CODATA [89COX/WAG] values for mer-
cury were employed. The mole fractions of the most important selenium species are 
given in Table A-46. 

Table A-46: Mole fractions of the most important gaseous selenium species in equilib-
rium with α-HgSe. 

T (K) Se2(g) Se5(g) Se6(g) 

613 0.67 0.22 0.09 

753 0.77 0.16 0.05 

 The expression r mGο∆ (T ) = (189.0 − 0.1919 T ) kJ⋅mol–1 for the reaction 
α-HgSe  Hg(g) + ½Se2(g) was derived from the calculated partial pressures. No error 
limits were assigned because of the limited information about the experiments. A 
recalculation to 298.15 K using the selected heat capacity of HgSe yields f mH ο∆ (HgSe, 
α, 298.15 K) = – 62.9 kJ⋅mol–1 and mS ο (HgSe, α, 298.15 K) = 94.4 J⋅K–1⋅mol–1. The 
corresponding third law value of the enthalpy is f mH ο∆ (HgSe, α, 298.15 K) = − 60.0 
kJ⋅mol–1 and was calculated using the selected heat capacity and entropy of α-HgSe. 

[66AND/KAR] 

Andreeva and Karapet’yants prepared crystalline bismuth selenite and measured in a 
calorimeter its enthalpy of dissolution in HNO3(aq, 1:9) denoted sln. The enthalpies of 
dissolution of bismuth nitrate and selenious acid in the same solvent were also deter-
mined. The numerical values used in the thermochemical cycle in the paper indicate that 
the compound denoted there by Bi(NO3)3(cr) is in fact Bi(NO3)3

.5H2O (cr). The data 
were evaluated on this assumption in Table A-47. The partial standard molar enthalpies 
of formation of H2O and HNO3 were estimated from [82WAG/EVA]. 

The result in the paper is – 1403.7 kJ⋅mol–1, calculated with a different set of 
auxiliary data. 
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Table A-47: Calculation of the standard enthalpy of formation of Bi2(SeO3)3(cr). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Bi2(SeO3)3(cr) + 6HNO3(sln) + sln → 2Bi(NO3)3(sln, aq 
1:1000) + 3H2SeO3(sln, aq 1:700) 

   (19.41 ± 0.08)  

 

(paper) 

2 Bi(NO3)3
.5H2O(cr) + sln → Bi(NO3)3(sln, aq 1:1000) + 

5H2O(sln) 
   (37.57 ± 0.38)  (paper) 

3 H2SeO3(cr) + sln → H2SeO3(sln, aq 1:700)    (15.94 ± 0.13) (paper) 

4 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr)  – (524.72 ± 0.65)  (review) 

5 Bi(cr) + 5H2(g) + 1.5N2(g) + 7O2(g) → Bi(NO3)3
.5H2O(cr) – (2005.05 ± 2.80)  [65AND/KAR] 

6 0.5H2(g) + 1.5O2(g) + 0.5N2(g) + sln → HNO3(sln)  – (203.10 ± 0.50)  [89COX/WAG] 

[82WAG/EVA] 

7 H2(g) + 0.5O2(g) + sln → H2O(sln) – (286.03 ± 0.10)  [89COX/WAG] 

[82WAG/EVA] 

8 2Bi(cr) + 3Se(cr) + 4.5O2(g) → Bi2(SeO3)3(cr) – (1401.81 ± 6.77) (result) 

r 8H∆  = f mH ο∆ (Bi2(SeO3)3, cr, 298.15 K) = – r 1H∆ + 2 r 2H∆ + 3 r 3H∆ + 3 r 4H∆ + 2 r 5H∆ – 6 r 6H∆ – 
10 r 7H∆   

[66BER/CHU] 

The compositions of the gaseous phases in equilibrium with SrSe(cr), CdSe(cr), 
HgSe(cr), and trigonal and liquid selenium were studied by mass-spectrometry using 
Knudsen cells. In the equilibrium with solid or liquid selenium all the ions 
Se+(g)- +

8Se (g) were observed, but the temperature dependence could not be obtained for 
the Se+(g) and +

4Se (g) ions because of their weak intensities. The primary results for the 
equilibria are given in the Table A-48. 

Table A-48: Reaction enthalpies and temperatures used for the calculation of thermody-
namic quantities of gaseous selenium molecules at standard conditions. 

Reaction no Reaction Temperature (K) r mH ο∆ (T) (kJ·mol–1) 

1 2Se3(g)  3Se2(g) 850 107.5 

2 Se6(g)  3Se2(g) 475 272.0 

3 5Se6(g)  6Se5(g) 500 231.0 

4 6Se7(g)  7Se6(g) 500 58.9 

5 3Se8(g)  4Se6(g) 500 69.0 

6 6Se(cr)  Se6(g) 460 141.0 

7 6Se(l)  Se6(g) 525 83.3 
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 From Reactions #6 and #7 the authors calculated the enthalpy of fusion to be 
fus mH ο∆ (Se, trigonal) = 9.623 kJ·mol–1 and noted that it is considerably larger than the 

generally accepted value fus mH ο∆ (Se, trigonal) = 5.439 kJ·mol–1 at that time. The se-
lected value of fus mH ο∆ (Se, trigonal) is 6.159 kJ·mol–1. No explanation for the discrep-
ancy was given, but it was concluded that the difference was much larger than the ex-
perimental error. The data for the reactions above were recalculated to 298.15 K by the 
present review using the second and third laws with the selected values for heat capaci-
ties and entropies of the Sen(g) molecules and Se(s, l). Because Reactions #6 and #7 
lead to different values for the enthalpy of formation of Se6(g), the evaluation has been 
made separately for the vaporisation of the solid and the liquid, using the appropriate 
enthalpies of formation of Se6(g). The results are given in the Table A-49. 

Table A-49: Standard entropy and enthalpy of formation of gaseous selenium species 
evaluated from data in [66BER/CHU]. 

Species Evaluation state f mH ο∆ (298.15 K) (kJ·mol–1) mS ο (298.15 K) (J·K–1·mol–1) 

  2nd law 3rd law  

Se2(g) Trigonal (139.4 ± 0.7) (141.2 ± 1.4) (243.9 ± 1.4) 

Se2(g) Liquid (133.8 ± 1.7) (141.2 ± 1.4) (232.6 ± 3.2) 

Se3(g) Trigonal (157.3 ± 2.1) (170.0 ± 7.0) (292.2 ± 4.3) 

Se3(g) Liquid (149.0 ± 5.1) (170.0 ± 7.0) (275.4 ± 9.6) 

Se5(g) Trigonal (160.4 ± 1.4) (145.3 ± 3.1) (430.6 ± 3.1) 

Se5(g) Liquid (146.7 ± 4.1) (145.3 ± 3.1) (402.5 ± 7.8) 

Se6(g) Trigonal (145.5 ± 0.8) (138.3 ± 0.4) (444.3 ± 1.7) 

Se6(g) Liquid (128.9 ± 2.4) (138.3 ± 0.5) (410.6 ± 4.6) 

Se7(g) Trigonal (159.4 ± 1.9) (151.2 ± 0.9) (505.1 ± 4.2) 

Se7(g) Liquid (140.1 ± 5.7) (151.2 ± 1.3) (465.8 ± 10.9) 

Se8(g) Trigonal (169.8 ± 2.2) (157.0 ± 1.2) (553.7 ± 4.8) 

Se8(g) Liquid (147.8 ± 6.6) (157.0 ± 1.6) (508.7 ± 12.4) 

The difference between the results obtained by the second law for a particular 
gaseous selenium species from the equilibria with solid and liquid selenium, respec-
tively, is of the order of 10 to 20 kJ·mol–1, while the third law evaluation made by re-
view brings the difference down to less than 0.1 kJ·mol–1. The temperature ranges of the 
experiments therefore seem to be too small to provide accurate values using the second 
law. 

 An inconsistency was noted by Brebrick [68BRE] in the equilibrium constants 
given in Table X of the paper and the partial pressures of Se2(g) given in column 4 of 
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Table VIII of the paper. This inconsistency was due to a calculation error and was cor-
rected in [68BER/CHU]. These changes do not affect the results obtained by this re-
view. 

 The dissociation energy of Se2(g) at 298.15 K obtained from the measurements 
on the Sr-Se system was re-evaluated by this review using the third law and the selected 
heat capacities and entropies for the Se(g) and Se2(g) molecules. The value obtained, 
319.1 kJ·mol–1, differs from the original value in the paper, 299.6 kJ·mol–1, due to the 
different heat capacities and entropies used. 

The enthalpy of formation of SrSe(cr) was calculated by the review from the 
observation that the partial pressures of Sr(g) and Se(g) were both determined to be 
(1.2 ± 0.3) × 10–5 bar in equilibrium with SrSe(cr) at 1853 K. The third law evaluation 
was made according to the reaction SrSe(cr)  Sr(g) + Se(g) employing the selected 
thermodynamic properties of Se(g), the data of Sr(g) in [98CHA], the entropy value 

mS ο (SrSe, cr, 298.15 K) = (80.8 ± 6.0) J⋅K–1⋅mol–1 estimated by Mills [74MIL] and the 
heat capacity expression 

,mpCο (SrSe, cr, (298.15 – 2000) K) = (49.9709 + 8.534 × 10–3 T– 0.9429 × 10–6 T 2 
 – 2.9351 × 105 T –2) J⋅K–1⋅mol–1. 

which was estimated by assuming the heat capacity to be equal to that of SrS(cr) as re-
ported in the JANAF Tables [98CHA] plus the difference in heat capacity between 
EuSe(cr) and EuS(cr) as obtained by McMasters and Gschneidner [74MCM/GSC]. The 
calculated value of the enthalpy of formation of SrSe(cr) was f mH ο∆ (SrSe, cr, 
298.15 K) = – (416 ± 65) kJ⋅mol–1. 

[66FUJ/WES] 

The mass spectrum of the species Se2(g)-Se8(g) in equilibrium with condensed selenium 
was measured in the temperature range 375 to 460 K using a Knudsen cell and a mass 
spectrometer. It was concluded that at the experimental conditions only the ions 

+
5Se (g) - +

8Se (g) were formed as the direct result of ionisation of the corresponding par-
ent molecules. The apparatus used did not allow for the measurement of absolute va-
pour pressures and the evaluation of the experiments involved a normalisation against 
the vapour pressure of Se6(g) as given by Stull and Sinke [56STU/SIN]. The enthalpies 
of formation at 448 K in Table III of the paper were recalculated by the present review 
to 298.15 K using the selected data of the heat capacities to provide for a comparison 
with other investigations. Similarly, third law enthalpies of formation and second law 
entropies were evaluated by combining the data of Table III of the paper, the total pres-
sure measurements of Niwa and Shibata [40NIW/SHI], and the selected values for heat 
capacities and entropies of Se5(g)-Se8(g) and Se(trig). The results are summarised in the 
Table A-50. 
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Table A-50: Entropies and enthalpies of formation of the species Se5(g)-Se8(g). 

Species f mH∆ (448 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) mS ο (298.15 K) (J·K–1·mol–1) 

 Original values 2nd law 3rd law  

Se5(g) (151.5 ± 4.1) (155.5 ± 4.1) (145.3 ± 4.1) (421.0 ± 9.2) 

Se6(g) (141.4 ± 4.1) (145.6 ± 4.1) (137.4 ± 4.1) (446.9 ± 9.2) 

Se7(g) (160.7 ± 4.1) (165.2 ± 4.1) (150.7 ± 4.1) (519.3 ± 9.2) 

Se8(g) (166.9 ± 5.7) (171.8 ± 5.7) (155.8 ± 5.7) (561.7 ± 12.8) 

 

[66LES/SEL] 

The authors reacted 9 × 10–3 moles of MgSO4(aq, 1:2000) with an equivalent amount of 
Na2SeO3(cr) in 325 grams of water in an electrically calibrated calorimeter. Crystalline 
MgSeO3⋅6H2O was formed. From the solubility product of magnesium selenite the re-
view estimates that about 6% of the Mg2+ remained in solution after the reaction. A cor-
rection has been applied, which changes the enthalpy of Reaction #1 in Table A-51 
from – (47.49 ± 0.13) in the paper to – (48.25 ± 0.25) kJ⋅mol–1. 

 The authors also determined the enthalpies of dissolution of MgSeO3⋅6H2O(cr) 
and MgSeO3(cr) in nitric acid. 

Table A-51: Calculation of the standard enthalpy of formation of MgSeO3⋅6H2O. The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 MgSO4(aq, 1:2000) + Na2SeO3(cr) + 6H2O(l) → 
MgSeO3

.6H2O(cr) + Na2SO4(aq, 1:2000)  
– (48.25 ± 0.25) (see text) 

2 Mg(cr) + S(cr) + 2O2(g) + aq → MgSO4(aq, 1:2000)  – (1373.42 ± 0.73)  [89COX/WAG] 

[82WAG/EVA] 

3 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

4 2Na(cr) + S(cr) + 2O2(g) + aq → Na2SO4(aq, 1:2000) – (1389.06 ± 0.43)  [89COX/WAG] 

[82WAG/EVA] 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

6 Mg(cr) + Se(cr) + 6H2(g) + 4.5O2(g) → MgSeO3
.6H2O(cr) – (2707.21 ± 1.30) (result) 

r 6H∆  = f mH ο∆ (MgSeO3
.6H2O, cr, 298.15 K) = r 1H∆ + r 2H∆ + r 3H∆ – r 4H∆ + 6 r 5H∆  

[66LES/SEL3] 

Leshchinskaya and Selivanova [66LES/SEL] measured the enthalpy of dissolution of 
MnSeO3

.2H2O(cr), MnSO4(cr), and H2SeO3 in H2SO4(aq, 1:30) denoted sln. Their data 
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have been recalculated with new auxiliary data in Table A-52. The partial standard en-
thalpies of formation of H2O and H2SO4 were estimated from [82WAG/EVA].  

Table A-52: Calculation of the standard enthalpy of formation of MnSeO3
.2H2O(cr). 

The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 MnSeO3
.2H2O(cr) + H2SO4(sln) + sln → MnSO4(sln, 

1:1000) + H2SeO3(sln, 1:1000) + 2H2O(l, sln) 
– (22.71 ± 0.13) (paper) 

2 MnSO4(cr) + sln → MnSO4(sln, 1:1000) – (44.10 ± 0.17) (paper) 

3 H2SeO3(cr) + sln → H2SeO3(sln, 1:1000)    (17.82 ± 0.17) (paper) 

4 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

5 S(cr) + H2(g) + 2O2(g) + sln → H2SO4(sln) – (884.60 ± 0.30) [89COX/WAG] 

[82WAG/EVA] 

6 Mn(cr) + S(cr) + 2O2(g) → MnSO4(cr) – (1065.25 ± 2.50) [82WAG/EVA] 

7 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (285.88 ± 0.04) [89COX/WAG] 

8 Mn(cr) + Se(cr) + 2H2(g) + 2.5O2(g) → MnSeO3
.2H2O(cr) – (1280.70 ± 2.62) (result) 

r 8H∆  = f mH ο∆ (MnSeO3
.2H2O, cr, 298.15 K) = – r 1H∆ + r 2H∆ + r 3H∆ + r 4H∆ – r 5H∆ + r 6H∆ + 2 r 7H∆  

[66PYA/DUR] 

Pyatniskii and Durdyev measured the solubility of CoSeO3⋅2H2O in water and as a func-
tion of the total selenite concentration at a pH of about 8.5. The temperature of the ex-
periments is not mentioned. The primary data of the water solubility, which included the 
pH of the equilibrium solutions, have been used in a recalculation that yielded 

10 ,0log sK ο  = – (8.17 ± 0.05), for the reaction CoSeO3⋅2H2O(cr)  Co2+ + 2
3SeO − + 

2H2O. The result in the paper is – 7.64 calculated with an unspecified value of the pro-
tonation constant of the selenite ion. 

 The study of the variation of the solubility with the selenite concentration is 
stated to have been carried at the constant ionic strengths 0.01 and 0.3 M. How this was 
accomplished was not clear from the information in the paper. The data in the tables 
rather seem to indicate that the ionic strength varied and reached 0.03 and 0.5 M, re-
spectively, in the solution with the highest selenite concentrations. The analysis of the 
data was made with an equilibrium model that comprised the solubility equilibrium and 
the formation of the complex 2

3 2Co(SeO ) − . Thus the formation of CoSeO3(aq) was not 
included in the model. The analysis led to values of the solubility product at the two 
ionic strengths that appear to be inconsistent with the value obtained from the solubility 
in water. This result together with the improbable model made the review reject the out-
come of the equilibrium analysis. 
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 The variation of the solubility of CoSeO3⋅2H2O with selenite concentration is 
only moderate. A more likely model of the system would therefore include CoSeO3(aq) 
instead of (or in addition to) 2

3 2Co(SeO ) − . The vague description of the experiments and 
compositions of the test solutions detracted the review from further analysis of the data 
in the paper. 

[66RAW/TOG] 

Rawling and Toguri studied the formation of H2Se(g) via the transpiration method, 
where H2(g) was slowly bubbled through Se(l) in the temperature range of 800 to 
900 K. By varying the gas flow, it was ascertained that equilibrium was attained and by 
positioning two selenium crucibles in series with the first one at a higher temperature, 
the reversibility of the reaction was verified. 

The gases leaving the furnace were first passed through a cold trap where ele-
mental selenium was condensed. The partial pressure of H2Se(g) was then determined 
via the absorption in an alkaline potassium bromate solution and analysis, while the 
partial pressure of H2(g) was calculated from the volume of hydrogen passing the sys-
tem and the weight of the selenium analysed in the bromate solution. 

A total number of 8 determinations of the equilibrium constant K is reported 
and the uncertainty in the individual determination seem to be in the range of ± 0.02. 

[66SAD/SEM] 

The Gibbs energy of formation of PbSe(cr) was measured in the temperature range 673 
to 873 K using an electrochemical cell. Both selenium and lead are liquids at these tem-
peratures and the reaction studied was  

Pb(l) + Se(l)  PbSe(cr).  (A.17) 

The enthalpy and entropy of reaction, r mH ο∆ ((A.17), 723 K) = – (108.8 ± 3.0) 
kJ⋅mol–1 and r mS ο∆ ((A.17), 723 K) = − (25.1 ± 4.0) J⋅K–1⋅mol–1, were determined by the 
review from Eq. (II) of the paper. A recalculation to 298.15 K employing the selected 
heat capacity of PbSe(cr), the selected data of selenium and the data for Pb(cr, l) in 
[89COX/WAG] yielded f mH ο∆ (PbSe, cr, 298.15 K) = – (95.1 ± 3.0) kJ⋅mol–1 and 

f mS ο∆ (PbSe, cr, 298.15 K) = – (0.1 ± 4.0) J·K–1·mol–1. The corresponding entropy of 
PbSe(cr) was calculated to be mS ο (PbSe, cr, 298.15 K) = (106.7 ± 4.0) J·K–1·mol–1 using 
the selected entropy of selenium and the entropy of Pb(cr) in [89COX/WAG]. 

[66SAP/MAR] 

Sapozhnikov and Markovskii measured at 298.15 K the enthalpy of dissolution of a 
number of zinc, cadmium, and mercury selenites in mineral acid in a calorimeter. Sul-
phuric acid (aq, 1:50) was used for the zinc and cadmium compounds, while hydrochlo-
ric acid (aq, 1:35) was used for the mercury salts. The experimental details are few and 
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it is estimated by the review that the concentrations of the dissolved salts were in a dilu-
tion range of about (aq, 1:500). 

 The enthalpy of dissolution of SeO2(cr) to (aq, 1:500 – 1:600) in the acids (sln) 
was determined to be (2.68 ± 0.04) kJ⋅mol–1 from which the review calculates an en-
thalpy of formation of H2SeO3(sln, 1:500) of – (508.5 ± 1.0) kJ⋅mol–1. The evaluation in 
the paper used – 514.6 kJ⋅mol–1. The enthalpies of formation of the metal sulphates and 
mercury chloride in the media were not determined and the values at infinite dilution 
were used. The review employs enthalpies of formation at a dilution of (aq, 1:500) and 
assumes that 2

4HgCl −  is formed rather than HgCl2(aq). This introduces a correction of 
− 3.4 kJ⋅mol–1. The results are entered in Table A-53. 

Table A-53: Measured enthalpies of dissolution of zinc and cadmium selenites in 
H2SO4(aq, 1:50) and mercury selenites in HCl(aq, 1:35). The enthalpies of formation 
have been estimated from these data. The uncertainties stem from the original publica-
tion. The data for the compounds provided with an asterisk are given for information 
only as they do not seem to form under normal aqueous conditions (cf. phase diagram 
studies reported in Chapter V). 

Substance o
dis mH∆  (kJ⋅mol–1) – o

f mH∆  (kJ⋅mol–1) 

ZnSeO3⋅2H2O* – (8.91 ± 0.42) (1243.5 ± 10.5) 

ZnSeO3⋅H2O – (22.67 ± 0.42) (943.9 ± 10.5) 

α-ZnSeO3 – (43.89 ± 1.26) (636.8 ± 11.3) 

β-ZnSeO3 – (28.07 ± 0.63) (652.7 ± 10.9) 

Zn(HSeO3)2⋅2H2O    (14.43 ± 0.63) (1775.3 ± 12.6) 

ZnSe2O5 – (15.10 ± 0.63) (888.3 ± 12.6) 

CdSeO3⋅2/3H2O* – (6.69 ± 0.42) (785.0 ± 6.3) 

CdSeO3⋅½H2O* – (7.61 ± 0.63) (736.4 ± 6.7) 

α-CdSeO3 – (17.61 ± 0.63) (583.5 ± 6.7) 

β-, γ-CdSeO3 – (14.48 ± 0.84) (586.7 ± 7.1) 

Cd3H2(SeO3)4 – (6.27 ± 1.88) (2305.6 ± 22.6) 

CdSe2O5    (3.89 ± 0.63) (827.7 ± 8.4) 

α-HgSeO3 – (27.86 ± 1.05) (375.0 ± 5.4) 

β-HgSeO3 – (30.46 ± 0.63) (372.4 ± 5.0) 

γ-HgSeO3 – (29.62 ± 0.63) (373.3 ± 5.0) 

Hg3H2(SeO3)4 – (64.38 ± 1.89) (1652.8 ± 16.3) 
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 The uncertainties are transferred from the paper. The enthalpies of formation 
are approximate, but comparisons with other data suggest that the correct values fall 
within twice the stated uncertainties. 

[66SED/AGU] 

The total pressure was measured in systems containing α-ZnSe and I2(cr) as starting 
materials in the temperature range 900 to 1200 K using a Bourdon gauge. The results 
were analysed assuming the equilibria α-ZnSe + I2(g)  ZnI2(g) + ½Se2(g) and 
I2(g)  2I(g) to be dominant. The calculation of thermodynamic quantities at 298.15 K 
from the high temperature data involved an estimated heat capacity and entropy of 
ZnI2(g). The obtained results were adjusted by the review to the selected entropy and 
enthalpy of formation of Se2(g) yielding f mH ο∆ (ZnSe, α, 298.15 K) = – (185.8 ± 16.0) 
kJ⋅mol–1 and mS ο (ZnSe, α, 298.15 K) = (62.2 ± 20.0) J·K–1·mol–1. The error limits of the 
entropy and the enthalpy of formation were obtained by considering the standard devia-
tion of the experiments and the uncertainties in the thermodynamic properties of solid 
and gaseous ZnI2 to be the main error contributions. 

[67CHA/BEV] 

The enthalpy of formation of the supposed compound Bi2Se(s) was determined using 
metal solution calorimetry. However, Bi2Se(s) is not a stable compound in the bismuth-
selenium system and the results are not considered by the review. 

[67KLU/SEL] 

Klushina, Selivanova, and Poltavtseva prepared crystalline Li2SeO3
.H2O and measured 

the enthalpy of the reaction of the salt with a lead nitrate solution in an electrically cali-
brated calorimeter. Crystalline lead selenite is formed. In the evaluation of the calo-
rimetric measurements the authors divided the heat evolved by the number of moles of 
Li2SeO3

.H2O taken. This is incorrect as the amount of Pb(NO3)2 used limits the amount 
of lead selenite that can be formed. The data have been recalculated to find the enthalpy 
change of the reaction Li2SeO3

.H2O(cr) + Pb2+ → PbSeO3(cr) + 2Li+ + H2O(l) in Table 
A-54. 
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Table A-54: Calculation of the enthalpy change of the reaction Li2SeO3
.H2O(cr) + 

Pb2+ → PbSeO3(cr) + 2Li+ + H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ.mol–1) Reference 

1 Li2SeO3
.H2O(cr) + Pb(NO3)2(aq, 1:800) → PbSeO3(cr) + 

2LiNO3(aq, 1:400) + H2O(l)  
– (44.44 ± 0.59)  (paper) 

2 Pb(NO3)2(aq, 1:800) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50)  (review) 

3 LiNO3(aq, 1:400) + aq → Li+ + 3NO−  – (0.44 ± 0.05)  [82WAG/EVA] 

4 Li2SeO3
.H2O(cr) + Pb2+ → PbSeO3(cr) + 2Li+ + H2O(l) – (47.17 ± 1.61)  (review) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

[67KOL/IVA] 

The complex formation between Sc3+ and 2
4SeO − was studied by measurement of the 

distribution of Sc3+ between the aqueous phase and a cation exchanger at selenate con-
centrations in the range 0 to 0.167 M. Sodium perchlorate was added to keep the ionic 
strength at I = 0.5 M. The radioactive nuclide 46Sc was used to follow the distribution 
ratio at a total scandium concentration of 2 × 10–5 M. Measurements were carried out at 
298.15, 308.15, and 318.15 K and the pH was adjusted to 4.0 to 4.5. No disturbance 
from the hydrolysis of Sc3+ occurs at this pH according to the paper although this would 
be expected from the data in [76BAE/MES]. 

 In each experiment 2.40 ml (V) of Sc3+ solution, activity no, were equilibrated 
with 10 to 30 mg (m) of the resin. The loading of the resin is low. The activity (nL) of 
the aqueous phase was measured and the distribution coefficient calculated as: 

3 o L
D 3+

Laq,tot

[R Sc]
[Sc ]

n n VK
n m
−

= = . 

 Preliminary calculations indicated that the resin only sorbs Sc3+ and the stabil-
ity constants were calculated from: 

( o
D D/K K  – 1)/[ 2

4SeO − ] = β1 + β2 [ 2
4SeO − ] + ⋅ ⋅ ⋅ 

o
DK  is the distribution coefficient in the absence of the ligand, i e. in 0.5 M NaClO4.The 

results presented for 298.15 K are β1 = (60.8 ± 2.4) M–1 and β2 = (435 ± 17) M–2. 

 The review suspects that the equation used to calculate β1 and β2 requires that 
+Na

a  is kept constant. This is not the case as [Na+] varies from 0.5 to 0.33 M with in-
creasing concentration of the ligand. The value of β2 is therefore not accepted and the 
value of β1 evaluated from the data at selenate concentrations below 0.025 M. The result 
is 10 1log β (0.5 M NaClO4, 298.15 K) = (1.65 ± 0.20). 

 The extent of side-reactions from the hydrolysis of Sc3+ increases with tem-
perature and may be the reason for the anomalous quotient between the stepwise stabil-
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ity constants obtained at 308.15 and 318.15 K. The quotient is 0.95 at 318.15 K. The 
results for these temperatures are not accepted. 

 The related paper by the same research group [71KOL/TET] does not contain 
quantitative information on the complexation. 

[67MAI/SUP] 

The authors reacted a solution of cerium(III) or neodymium chloride with Na2SeO3(cr) 
in an electrically calibrated calorimeter. The selenites precipitated were amorphous and 
contained 10 and 8 molecules of water, respectively, when dried at 298 K. These num-
bers have been used in the re-evaluation of the measurements. The recalculation used 
the values of the standard enthalpies of formation of Ce3+(aq) and Nd3+(aq) proposed in 
the critical evaluation by Cordfunke and Konings [2001COR/KON], see Appendix E, 
and of Cl−(aq) in [89COX/WAG]. A correction for the enthalpy of dilution from (aq 
1:1500) to the aqueous standard state of – (3.5 ± 1.0) kJ⋅mol–1 was applied. 

Table A-55: Calculation of the enthalpies of formation of Ce2(SeO3)3⋅10H2O(am) and 
Nd2(SeO3)3⋅8H2O(am). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1a 2CeCl3(aq, 1:1500) + 3Na2SeO3(cr) + 10H2O(l) → 
Ce2(SeO3)3⋅10H2O(am) + 6NaCl(aq, 1:500) 

– (37.95 ± 0.33) (paper) 

1b 2NdCl3(aq, 1:1500) + 3Na2SeO3(cr) + 8H2O(l) → 
Nd2(SeO3)3⋅8H2O(am) + 6NaCl(aq, 1:500) 

– (33.93 ± 0.38) (paper) 

2 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

3a Ce + 1.5Cl2 + aq → CeCl3(aq, 1:1500) – (1200.1 ± 2.2) (see text) 

3b Nd + 1.5Cl2 + aq → NdCl3(aq, 1:1500) – (1192.5 ± 2.2) (see text) 

4 Na(cr) + 0.5Cl2(g) + aq → NaCl(aq, 1:500) – (407.09 ± 0.15) [89COX/WAG] 

[82WAG/EVA] 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

6a 2Ce(cr) + 3Se(cr) + 10H2(g) + 9.5O2(g) → 
Ce2(SeO3)3⋅10H2O(am) 

– (5732.8 ± 5.3)  (result) 

6b 2Nd(cr) + 3Se(cr) + 8H2(g) + 8.5O2(g) → 
Nd2(SeO3)3⋅8H2O(am) 

– (5141.9 ± 5.3)  (result) 

r 6H∆  = r 1H∆ + 3 r 2H∆ + 2 r 3H∆ – 6 r 4H∆ + 10(8) r 5H∆  
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[67RAU2] 

Measurements of the selenium vapour density in the temperature range 712 to 1147 K 
are presented. The results were re-evaluated by the author in [74RAU] using new in-
formation about the species in the gas phase.  

[67TER/RAT] 

The Gibbs energy of formation of α-ZnSe was measured in the temperature range 360 
to 420 K using the cell 

(−) Zn(cr) | ZnCl2(in glycerol) | α-ZnSe, Se(trig) (+) 

and the reaction Zn(cr) + Se(cr)  α-ZnSe. The enthalpy and entropy of formation at 
298.15 K were evaluated by linear regression on emf versus temperature. The entropy 
of α-ZnSe at 298.15 K was calculated by the review from the entropy of formation and 
the selected entropy of selenium and the entropy of Zn(cr) at 298.15 K in 
[89COX/WAG] yielding mS ο (ZnSe, α, 298.15 K) = (69.9 ± 6.0) J·K–1·mol–1. The value 
of the enthalpy of formation f mH ο∆ (ZnSe, α, 298.15 K) = − (166.1 ± 9.0) kJ·mol–1 was 
retained. The error limits of the entropy and the enthalpy of formation were considered 
to be those of the original paper multiplied by three. 

[68BAK] 

The vapour pressure of liquid selenium was measured by a static method in the 
temperature range 663 to 1693 K and the total vapour pressure was given as 

10log (p/bar) = 5.271 – 5043 T –1. A third law evaluation of the enthalpy of formation of 
Se2(g) at 298.15 K was made by this review using the vapour pressure at 1500 K and the 
selected data for the heat capacities and entropies of Se(cr, l) and Se2(g). A mole 
fraction of Se2(g), 

2Se (g)x , = 0.90 was estimated from the selected selenium data. The 
enthalpy of formation derived was f mH ο∆ (Se2, g, 298.15 K) = (140.5 ± 2.2) kJ·mol–1. 

[68BER/CHU] 

The calculated partial pressures presented in Table X of [66BER/CHU] are corrected. 
No changes were made to the thermodynamic properties derived in the previous paper. 

[68BON/PAS] 

The saturated vapour pressure of Bi2Se3(cr) was measured in the temperature range 735 
to 879 K using the Knudsen effusion technique. The total vapour pressure was de-
scribed by the expression 10log (p/bar) = (9.347 ± 1.036) – (11890 ± 818) T –1. Thermo-
dynamic data were evaluated according to the reaction Bi2Se3(cr)  BiSe(g) + Se2(g). 
However, the mass spectrometric investigation by Porter and Spencer [60POR/SPE] 
shows that selenium-rich bismuth-selenium alloys evaporate primarily by giving off 
Se2(g) leading to an accumulation of bismuth in the condensed phase. The correct reac-
tion should therefore involve Bi2Se3(cr), BiSe(cr) of the composition at the selenium-
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rich limit of the homogeneity range (approximately Bi0.45Se0.55), and Se2(g). The ther-
modynamic values derived for Bi2Se3(cr) in this paper are inappropriate and rejected. 

[68COL/DRO] 

Mass spectrometry and effusion cells were used to measure the partial pressures of 
In(g), Se(g), Se2(g), InSe(g), In2Se(g), and In2Se2(g) in In-Se gas mixtures. The 
temperature ranges of the reactions studied are summarised in Table A-56. The 
evaluation used estimated free energy functions of the indium selenides and because 
better values are available, the experiments were re-evaluated by the review. The 
procedure utilized the partial pressures listed in Table 5 of the paper, the selected 
properties of the selenium species, entropies and heat capacities of the indium selenides 
calculated from the molecular parameters obtained by Erkoc, Katircioglu, and Yilmaz 
[2001ERK/KAT] in quantum mechanical studies of In-Se clusters, the enthalpy of In(g) 
in [82WAG/EVA], and the entropy and heat capacity of In(g) calculated from the 
atomic data listed by Moore [71MOO2]. The results are presented in Table A-57 and 
compared with the original results in Table A-58. The relatively large difference 
between the original enthalpy of reaction of the third reaction and the new value 
originates in significantly lower values of the Gibbs energy function of In2Se2(g) in 
[68COL/DRO] than used by the review.   

Table A-56: Reactions and temperature ranges studied in [68COL/DRO]. 

Reaction Temperature range (K) 

InSe(g)  In(g) + Se(g) 1495 − 1815 

In2Se(g)  2In(g) + Se(g) 1495 − 1815 

In2Se2(g)  In2Se(g) + ½Se2(g) 1030 − 1134 

Table A-57: Thermodynamic properties of the gaseous indium selenides at standard 
conditions as re-evaluated by the review from the investigation in [68COL/DRO]. The 
enthalpy values of In2Se2(g) were calculated using the third law value of In2Se(g). 

Species mS ο (298.15 K), 2nd law 

(J·K–1·mol–1) 
f mH ο∆ (298.15 K), 2nd law 

(kJ·mol–1) 
f mH ο∆ (298.15 K), 3rd law 

(kJ·mol–1) 

InSe(g) 251.7 216.7 226.6 

In2Se(g) 334.8 167.6 147.3 

In2Se2(g) 371.6 139.8 159.4 
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Table A-58: Comparison between the re-evaluation made by the review and the original 
results for the reaction enthalpies. 

Reaction r mH ο∆ (298.15 K),  
2nd law 

(kJ·mol–1) 

r mH ο∆ (298.15 K), 
3rd law 

(kJ·mol–1) 

r mH ο∆ (298.15 K), 
original value 

(kJ·mol–1) 

InSe(g)  In(g) + Se(g) 262.7 252.8 (242.7 ± 14.6) 

In2Se(g)  2In(g) + Se(g) 555.1 575.4 (556.5 ± 16.7) 

In2Se2(g)  In2Se(g) + ½ Se2(g) 78.0 58.4 (129.7 ± 16.7) 

 

[68FIC/HAS] 

The partial pressures of the species in gaseous aluminium-selenium mixtures were de-
termined in the temperature range 1232 to 1352 K using mass spectrometry and Knud-
sen effusion cells. The measured ion intensities were converted to partial pressures by 
normalising the ion intensity of Al(g) in equilibrium with Al(l) to the known total va-
pour pressure. The derived thermodynamic quantities were recalculated by the review 
using the selected thermodynamic properties of Se2(g), the CODATA [89COX/WAG] 
properties of Al(g), and the entropies and heat capacity expressions of the aluminium 
selenides given in Sections V.8.2.1.1 to V.8.2.1.3. The results are summarised in Table 
A-59. 

Table A-59: Second and third law enthalpies of reactions involving the species AlSe(g), 
Al2Se(g), and Al2Se2(g). 

Reaction r mH ο∆ (298.15 K) 
2nd law, (kJ·mol−1) 

r mH ο∆ (298.15 K) 
3rd law, (kJ·mol−1) 

r mS ο∆ (298.15 K) 
2nd law, (J·K−1·mol−1) 

Al(g) + ½Se2(g)  AlSe(g) − (220 ± 13) − (138 ± 9) − (115 ± 7) 

2 Al(g) + ½Se2(g)  Al2Se(g) − (507 ± 30) − (433 ± 25) − (220 ± 13) 

2 Al(g) + Se2(g)  Al2Se2(g) − (768 ± 45) − (978 ± 60)    (58 ± 19) 

 

[68KLU/SEL] 

Crystalline K2SeO3 was prepared and chemical analysis of the very hygroscopic sub-
stance agreed reasonably well with the expected composition for K2SeO3. A specimen 
of the preparation was reacted with a lead nitrate solution in an electrically calibrated 
calorimeter. Crystalline PbSeO3 was formed. The calorimetric data have been used to 
estimate the enthalpy change of the reaction K2SeO3(cr) + Pb2+ → PbSeO3(cr) + 2K+ in 
Table A-60. 
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Table A-60: Calculation of the enthalpy change of the reaction K2SeO3(cr) + Pb2+ → 
PbSeO3(cr) + 2K+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 K2SeO3(cr) + Pb(NO3)2(aq, 1:800) → PbSeO3(cr) + 
2KNO3(aq, 1:400) 

– (54.94 ± 0.04) (paper) 

2 Pb(NO3)2(aq, 1:800) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50)  (review) 

3 KNO3(aq, 1:400) + aq → K+ + 3NO−     (0.30 ± 0.05) [82WAG/EVA] 

4 K2SeO3(cr) + Pb2+ → PbSeO3(cr) + 2K+ – (56.19 ± 1.50)  (result) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

[68MAI/SUP] 

The enthalpies of formation of Sc2(SeO3)3(am) and Y2(SeO3)3(cr) have been determined 
from calorimetric experiments and auxiliary data. The primary data are available in four 
tables containing the amount of substance used, the voltage, current and time used in the 
electrical calibration of the calorimeter, and the observed temperature changes during 
reaction and calibration. For Sc3+ the review could not obtain an agreement between the 
reported enthalpy changes of the reactions and the primary data in the tables. For the 
reactions involving yttrium agreement was found. 

 The scandium selenite formed in the reaction between an aqueous solution of 
ScCl3 and Na2SeO3(cr) was amorphous and contained 10 molecules of water. The en-
thalpy of formation of Sc2(SeO3)3⋅10H2O(am) is evaluated in Table A-61 both with the 
reported enthalpy changes and those calculated by the review from the primary data. 

 The largest discrepancy between the primary data and the reported enthalpy 
change occurs for Reaction #4. The review has exchanged the result for this reaction 
with auxiliary data by Leonidov and Furkaluk [99LEO/FUR] in Table A-62.  

Crystalline yttrium selenite was prepared and its enthalpy of dissolution in the 
solvent HCl(aq, 1:18.5), denoted sln, as well as the enthalpy of dissolution of selenious 
acid in the same solvent were determined. The enthalpy of dissolution in the medium of 
yttrium chloride, which is needed as an auxiliary datum, was not measured. The review 
has therefore estimated the enthalpy change of Reaction #3 in Table A-63 from dissolu-
tion data of YCl3(cr) in HCl(aq) in [88XIA/ZHU] and [97OPP/EHR]. The evaluation 
also uses the mean value of the enthalpy of formation of YCl3(cr) in these references. 

The result presented in the paper is f mH ο∆ (Y2(SeO3)3, cr, 298.15 K) = – 3235 
kJ.mol–1 but the evaluation contains a number of errors. The result was later changed to 
– 2808 kJ.mol–1 in a footnote in the VINITI document No. 2968-71 without comments. 
Reference [82WAG/EVA] reports – 3020.0 kJ.mol–1 of unknown origin. This value 
appears to be too negative in view of the results for some of the lanthanide selenites. 
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Table A-61: Calculation of the enthalpy of formation of Sc2(SeO3)3⋅10H2O(am). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 2ScCl3(aq, 1:2500) + 3Na2SeO3(cr) + 10H2O(l) → 
Sc2(SeO3)3⋅10H2O(am) + 6NaCl(aq, 1:850) 

– (65.19 ± 0.46)  

– (71.55 ± 0.46)  

(paper) 

(review) 

2 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

3 Sc + 6H2(g) + 3O2(g) + 1.5Cl2(g) → ScCl3
.6H2O(cr) – (2789.10 ± 2.50) [82WAG/EVA] 

4 ScCl3
.6H2O(cr) + aq → ScCl3(aq, 1:2500) + 6H2O(l) – (29.54 ± 0.10)  

– (50.63 ± 0.15)  

(paper) 

(review) 

5 Na(cr) + 0.5Cl2(g) + aq → NaCl(aq, 1:850) – (407.10 ± 0.15)  [89COX/WAG] 

[82WAG/EVA] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

7 2Sc(cr) + 3Se(cr) + 10H2(g) + 9.5O2(g) → 
Sc2(SeO3)3⋅10H2O(am) 

– (5567.10 ± 5.90) 

– (5615.60 ± 5.90) 

(paper) 

(result) 

r 7H∆  = r 1H∆ + 3 r 2H∆ + 2 r 3H∆ + 2 r 4H∆ – 6 r 5H∆ – 2 r 6H∆  

Table A-62: Calculation of the enthalpy of formation of Sc2(SeO3)3⋅10H2O(am) with 
additional auxiliary data. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 2ScCl3(aq, 1:2500) + 3Na2SeO3(cr) + 10H2O(l) → 
Sc2(SeO3)3⋅10H2O(am) + 6NaCl(aq, 1:850) 

– (68.37 ± 4.00) (paper, review) 

2 2Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

3 Sc + 1.5Cl2(g) → ScCl3(cr) – (944.8 ± 0.6) [99LEO/FUR] 

4 ScCl3(cr) + aq → ScCl3(aq, 1:2500) – (197.0 ± 3.0) [99LEO/FUR] 

5 Na(cr) + 0.5Cl2(g) + aq → NaCl(aq, 1:850) – (407.10 ± 0.15  [89COX/WAG] 

[82WAG/EVA] 

6 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04)  [89COX/WAG] 

7 2Sc(cr) + 3Se(cr) + 10H2(g) + 9.5O2(g) → 
Sc2(SeO3)3⋅10H2O(am) 

– (5646.5 ± 7.9) (result) 

r 7H∆  = r 1H∆ + 3 r 2H∆ + 2 r 3H∆ + 2 r 4H∆ – 6 r 5H∆ + 10 r 6H∆  
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Table A-63: Calculation of the standard enthalpy of formation of Y2(SeO3)3(cr). The 
sources of the data are indicated. The concentrations employed are small and denoted as 
dilute (dil) only. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Y2(SeO3)3(cr) + 6HCl(sln) + sln → 2YCl3(sln, dil) + 
3H2SeO3(sln, dil) 

– (71.13 ± 0.84) (paper) 

2 H2SeO3(cr) + sln → H2SeO3(sln, dil)    (18.62 ± 0.13) (paper) 

3 YCl3(cr) + sln → YCl3(sln, dil) – (197.0 ± 3.0) (see text) 

4 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

5 Y(cr) + 1.5Cl2(g) → YCl3(cr) – (1012.1 ± 9.0) (see text) 

6 0.5H2(g) + 0.5Cl2(g) + sln → HCl(sln) – (160.90 ± 0.05) [2000RAN/FUG] 

7 2Y(cr) + 3Se(cr) + 4.5O2(g) → Y2(SeO3)3(cr) – (2900.0 ± 19.1) (result) 

r 7H∆  = – r 1H∆ + 3 r 2H∆ + 2 r 3H∆ + 3 r 4H∆ + 2 r 5H∆ – 6 r 6H∆  

[68RAT/TER] 

The Gibbs energy of formation of α-HgSe was measured in the temperature range 320 
to 420 K using a galvanic cell employing the reaction Hg(l) + Se(cr)  α-HgSe. The 
enthalpy and entropy of formation at 298.15 K were evaluated by linear regression of 
the emf on temperature. The entropy of α-HgSe at 298.15 K was calculated by the re-
view from the entropy of formation of α-HgSe, the selected entropy of selenium and the 
entropy of Hg(l) at 298.15 K in [89COX/WAG] to be mS ο (HgSe, α, 298.15 K) = 
(93.7 ± 9.0) J·K–1·mol–1. The value of the enthalpy of formation f mH ο∆ (HgSe, α, 
298.15 K) = – (45.2 ± 9.0) kJ.mol–1 was retained. The error limits of the entropy and the 
enthalpy of formation are those of the original paper multiplied by two. 

[68REZ/ISA] 

The vapour pressure of α-HgSe was measured in the temperature range 573 to 823 K 
using a gas flow method. No thermodynamic quantities were evaluated in the paper and 
this was therefore performed by the review. 

The result of the measurements was given in the form of an apparent total va-
pour pressure corresponding to the total vapour pressure which would have been ob-
tained if no dissociation occurred in the gas phase. The temperature dependence of the 
apparent pressure was 10log (papp/bar) = (4.444 ± 0.150) – 4681 T –1. The evaluation 
involved the matching of observed and calculated apparent pressures by varying the 
total pressure of the mercury and selenium species and assuming stoichiometric compo-
sition of the gas phase. All species in the series Se(g)-Se8(g) and Hg(g) were considered. 
The selected thermodynamic data of the selenium species and the CODATA 
[89COX/WAG] values of mercury were employed. The mole fractions of the most im-
portant selenium species are given in Table A-64. 
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Table A-64: Mole fractions of the most important gaseous selenium species in equilib-
rium with α-HgSe. 

T (K) Se2(g) Se5(g) Se6(g) 

573 0.32 0.36 0.26 

823 0.88 0.09 0.02 

The expression r mGο∆  (T )= (143.8 − 0.1305 T ) kJ.mol–1 for the reaction 
α-HgSe  Hg(g) + ½Se2(g) was derived from the calculated partial pressures. No error 
limits were assigned because of the limited information about the experiments. A recal-
culation to 298.15 K using the selected heat capacity of α-HgSe yields f mH ο∆ (HgSe, α, 
298.15 K) = – 17.9 kJ.mol–1 and mS ο (HgSe, α, 298.15 K) = 155.5 J·K–1·mol–1. The cor-
responding third law value of the enthalpy is f mH ο∆ (HgSe, α, 298.15 K) = – 57.6 
kJ.mol–1 and was calculated using the selected heat capacity and entropy of α-HgSe. 
The large discrepancy between the second and third law values indicate serious system-
atic errors. 

[68RIP/VER] 

Ripan and Vericeanu [68RIP/VER] attempted to determine the solubility product of the 
selenites of Zn, Cd, Cu, Ni, Co, Be, Mg, Ca, Sr, and Ba from conductivity measure-
ments of saturated aqueous solutions. The experimental temperature was 
(291.2 ± 0.5) K. The evaluation of the data is based on the thorough presentation of the 
paper by Masson et al. in [86MAS/LUT]. 

 The ionic conductivity of the selenite ion in water was determined by measur-
ing the molar conductivities of a series of aqueous solutions of lithium selenite with 
concentrations below 2 × 10–3 M. The molar conductivity at infinite dilution was found 
by extrapolation to be (172.0 ± 2.9) ohm–1⋅cm2⋅mol–1. With the ionic conductivity of Li+ 
equal to 33.4 ohm–1⋅cm2⋅mol–1, the ionic conductivity of the selenite ion becomes 
105.2 ohm–1⋅cm2⋅mol–1. This value was then combined with the ionic conductivity of the 
metal ion to find the molar conductivity of the dissolved selenite. 

 The selenite salts were prepared by precipitation from aqueous solution and 
well washed. Whether the specimen so obtained was crystalline or amorphous is not 
mentioned. The selenite was mixed with water and agitated intermittently for 1 h and 
the conductivity measured. The sampling and measurement were repeated until a con-
stant value of the conductivity was obtained. No pH measurements were apparently 
made. 

 Masson points out that the protolysis of the selenite ion was not taken into ac-
count in the determination of the ionic conductivity of the selenite ion or in the evalua-
tion of the solubility product. An entirely satisfactory correction cannot be found for 
this omission. However, as pointed out by Masson, because the calibration and sample 
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solutions had concentrations of about the same magnitude, the errors would cancel to 
some extent. The review agrees with Masson and adds another source of uncertainty 
caused by the hydrolysis of the metal ion. In order to obtain a measure of the extent of 
the side reactions calculations were made on the assumption that the selenite had been 
dissolved in pure water free from carbon dioxide to the concentration calculated in 
[68RIP/VER]. Allowance was made for the protolysis of the selenite ion and the hy-
drolysis of the metal ion. Equilibrium constants from the review and [76BAE/MES] 
were used without a temperature correction. Activity coefficients were estimated by the 
SIT expression with ∆ε = 0 kg·mol–1. The results are entered at the appropriate Sections 
in Chapter V. 

[68ROS/SEL] 

Crystalline lithium hydrogen selenite was prepared and checked by X-ray and chemical 
analysis. The enthalpy of the reaction between a solution of the salt and Pb(NO3)2(cr) 
was determined as well as the heat of dissolution of LiHSeO3. The experimental find-
ings are furnished in Table A-65, in which the enthalpy change of the reaction 
LiHSeO3(cr) + Pb2+ → PbSeO3(cr) + Li+ + H+ is calculated. 

Table A-65: Calculation of the enthalpy change of the reaction LiHSeO3(cr) + Pb2+ Æ 
PbSeO3(cr) + Li+ + H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 LiHSeO3(aq, 1:800) + Pb(NO3)2(cr) → PbSeO3(cr) + 
LiNO3(aq, 1:800) + HNO3(aq, 1:800)  

   (22.58 ± 0.01)  (paper) 

2 Pb(NO3)2(cr) + aq → Pb2+ + 2 3NO−     (33.80 ± 0.25) [95PAY] 

3 LiNO3(aq, 1: 800) + aq → Li+ + 3NO−  – (0.35 ± 0.05) [82WAG/EVA] 

4 HNO3(aq, 1:800) + aq → H+ + 3NO−  – (0.36 ± 0.05) [82WAG/EVA] 

5 LiHSeO3(cr) + aq → LiHSeO3(aq, 1:800)    (18.31 ± 0.01) (paper) 

6 LiHSeO3(cr) + Pb2+ → PbSeO3(cr) + Li+ + H+    (6.38 ± 0.25) (result) 

r 6H∆  = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ + r 5H∆  

[68ROS/SEL2] 

Crystalline lithium diselenite was obtained by heating LiHSeO3(cr) to constant weight 
at 373 K. Chemical analysis and X-ray diffraction confirmed the crystalline state and 
composition of the salt. A specimen of the compound was reacted in an electrically 
calibrated calorimeter with a solution of Pb(NO3)2. Crystalline PbSeO3 was formed. The 
measured enthalpy change was used to calculate the enthalpy change of the reaction 
Li2Se2O5(cr) + 2Pb2+ + H2O(l) → 2PbSeO3(cr) + 2Li+ + 2H+ in Table A-66. 
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Table A-66: Calculation of the enthalpy change of the reaction Li2Se2O5(cr) + 2Pb2+ + 
H2O(l) → 2PbSeO3(cr) + 2Li+ + 2H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Li2Se2O5(cr) + 2Pb(NO3)2(aq, 1:400) + H2O(l) → 2PbSeO3(cr) 
+ 2LiNO3(aq, 1:400) + 2HNO3(aq, 1:400)  

– (19.54 ± 0.04) (paper) 

2 Pb(NO3)2(aq, 1:400) + aq → Pb2+ + 2 3NO−     (2.50 ± 1.50) (review) 

3 LiNO3(aq, 1:400) + aq → Li+ + 3NO−  – (0.44 ± 0.05) [82WAG/EVA] 

4 HNO3(aq, 1:400) + aq → H+ + 3NO−  – (0.41 ± 0.05) [82WAG/EVA] 

5 Li2Se2O5(cr) + 2Pb2+ + H2O(l) → 2PbSeO3(cr) + 2Li+ + 2H+ – (26.24 ± 1.50) (result) 

r 5H∆  = r 1H∆ – 2 r 2H∆ + 2 r 3H∆ + 2 r 4H∆  

[68SEL/ROS] 

Sodium hydrogen selenite was prepared and the specimen checked by X-ray and chemi-
cal analysis. The enthalpy of reaction between solid NaHSeO3 and a solution of lead 
nitrate with formation of crystalline lead selenite was measured in an electrically cali-
brated calorimeter. The result is used in Table A-67 to calculate the enthalpy of the 
reaction NaHSeO3(cr) + Pb2+ → PbSeO3(cr) + H+ + Na+. 

Table A-67: Calculation of the enthalpy change of the reaction NaHSeO3(cr) + Pb2+ → 
PbSeO3(cr) + H+ + Na+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 NaHSeO3(cr) + Pb(NO3)2(aq, 1:800) → PbSeO3(cr) + 
NaNO3(aq, 1:800) + HNO3(aq, 1:800)  

– (9.10 ± 0.01)  (paper) 

2 Pb(NO3)2(aq, 1:800) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50)  (review) 

3 NaNO3(aq, 1:800) + aq → Na+ + 3NO−  – (0.17 ± 0.05)  [82WAG/EVA] 

4 HNO3(aq, 1:800) + aq → H+ + 3NO−  – (0.36 ± 0.05)  [82WAG/EVA] 

5 NaHSeO3(cr) + Pb2+ → PbSeO3(cr) + H+ + Na+ – (11.48 ± 1.50)  (result) 

r 5H∆  = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆  

[68TAN/GOR] 

Tananaev et al. prepared a crystalline hydrate of gallium selenate by evaporating a solu-
tion of gallium selenate until a solid began to form. The crystals formed upon cooling 
were washed with 70% ethanol and left to dry in air. The salt was analysed for selenium 
and gallium. The water of crystallisation was obtained by difference on the basis of the 
result of the chemical analyses. The findings were, in mass-% with the expected result 
for 18 molecules of water within parentheses, Ga 15.40 (15.62); Se 26.62 (26.53); H2O 
36.42 (36.33). The agreement with the formulae Ga2(SeO4)3◊18H2O is thus good. No 
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discussion is made of the stability of the hydrate. The review assumes that the specimen 
used in the calorimetric measurements had the assigned composition and hence that no 
loss of water had occurred. 

The authors mixed Ga2(SeO4)3
.18H2O(cr) with a solution of barium chloride in 

a calorimeter and measured the enthalpy of the reaction: Ga2(SeO4)3
.18H2O(cr) + 

3BaCl2(aq, 1:1600) → 3BaSeO4(cr) + 2GaCl3(aq, 1:2400) + 18H2O(l) 

 In their evaluation of the result, the authors did not consider the hydrolysis of 
Ga3+, which is not negligible. Although the details of the hydrolysis of the ion are not 
well understood, the equilibrium constants in [76BAE/MES] can be used to estimate 
with fair reliability that about 20% of the Ga(III) will be converted to hydroxo com-
plexes under the conditions of the calorimetric experiment. The reaction mixture should 
then be about 4.3 × 10–3 M in H+, but the effect of the low pH on the solubility of 
BaSeO4(cr) can be ignored. From the enthalpy data in the same reference, the enthalpy 
change per mole of OH– bound is estimated to be (38.0 ± 8.0) kJ. The evaluation of the 
data by the review is shown in Table A-68. The enthalpy of dilution of GaCl3(aq, 
1:2400) is assumed here to be the same as for AlCl3(aq, 1:2400). It was neglected in the 
paper. 

Table A-68: Calculation of the enthalpy change of the reaction Ga2(SeO4)3
.18H2O(cr) + 

3Ba2+ → 3BaSeO4(cr) + 2Ga3+ + 18H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Ga2(SeO4)3
.18H2O(cr) + 3BaCl2(aq, 1:1600) → 3BaSeO4(cr) 

+ 2GaCl3(aq, 1:2400, hydrolysed) + 18H2O(l) 
– (60.04 ± 0.33) (paper) 

2 GaCl3(aq, 1:2400, hydrolysed) → GaCl3(aq, 1:2400) – (7.00 ± 1.50) (review) 

3 GaCl3(aq, 1:2400) + aq → Ga3+ + 3Cl–    (2.50 ± 0.50) (review) 

4 BaCl2(aq, 1:1600) + aq → Ba2+ +2Cl– – (1.38 ± 0.10) [82WAG/EVA] 

5 Ga2(SeO4)3
.18H2O(cr) + 3Ba2+ → 3BaSeO4(cr) + 

2Ga3++18H2O(l)  
– (64.90 ± 3.19) (result) 

r 5H∆  = r 1H∆ + 2 r 2H∆ + 2 r 3H∆ – 3 r 4H∆  

 The standard enthalpy of formation of Ga2(SeO4)3
.18H2O(cr) is found from 

r 5H∆  and accepted enthalpies of formation to be – (7331.1 ± 17.8) kJ⋅mol–1. The result 
in the paper is – 7401.0 kJ⋅mol–1. An analysis reveals that the main cause of the 
discrepancy between the two results originates from the selection of the standard heat of 
formation of BaSeO4(cr). The paper uses the original value in [59SEL/KAP], – 1168.2 
kJ⋅mol–1, which differs from the accepted value by 24.2 kJ⋅mol–1, see Section V.14.5.3. 

 The enthalpies of dissolution of Ga2(SeO4)3
.18H2O(cr) and Ga2(SeO4)3(cr) in 

0.2 M KOH to aq 1:7200 were also measured and resulted in an enthalpy of hydration 
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of − (277.80 ± 1.48) kJ⋅mol–1. From this datum the standard enthalpy of formation of 
the anhydrous salt becomes – (1908.4 ± 17.9) kJ⋅mol–1. 

[68UY/MUE] 

The vapour pressure of Ga2Se3(cr) was measured in the temperature range 931 to 
1094 K using mass spectrometry and Knudsen effusion cells. It was found that the va-
porisation reaction is: 

 Ga2Se3(cr)  Ga2Se(g) + Se2(g) (A.18) 

with an average second law enthalpy of reaction of r mH ο∆ ((A.18), 1010 K) = 
(627.6 ± 17.0) kJ⋅mol–1. No primary data or information on the temperature dependence 
of the total pressure was reported. The enthalpy of reaction was recalculated to 
298.15 K by the review using the selected data of selenium and the heat capacities of 
Ga2Se(g) and Ga2Se3(cr) in Sections V.8.3.1.2 and V.8.3.1.3, yielding r mH ο∆ ((A.18), 
298.15 K) = (649.6 ± 20.0) kJ⋅mol–1.  

[68WEL/SAL] 

Wells and Salam have made extensive studies of the kinetics of the reaction between 
Fe2+ and hydrogen peroxide in the presence of various anions. It was observed that the 
oxidation rate was unaffected by perchlorate and nitrate ions, whereas a large number of 
other anions including selenate changed the rate. These anions were all potential ligands 
and the following reaction scheme, somewhat simplified here, was proposed to account 
for the findings. It is written for 2

4SeO −  but the same scheme applies to other anions as 
well: 

 Fe2+ + 2
4SeO −  1β  FeSeO4(aq), 

 Fe2+ +H2O2 1k→  Fe3+ + OH– + OH⋅, 

 FeSeO4(aq) + H2O2 2k→  +
4FeSeO  + OH– + OH⋅, 

 Fe(II) + OH⋅ rapid→  Fe(III) + OH–. 

The rate of formation of Fe(III) measured by spectrophotometry followed: 

o 2 2
d[Fe(III)] 2 [Fe(II)][H O ]

d
k

t
=  

which yields with the proposed mechanism: 
2

1 2 1 4
o 2

1 4

[SeO ]
1 [SeO ]

k kk
−

−

+
=

+
b

b
. 

 The value of β1 determined in a medium containing 4 × 10–3 M HClO4 and I = 
1 M adjusted with NaClO4 was 12 M–1 at 298.15 K. 
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 No primary data are provided, which does not permit an assessment of the re-
sult. Such data are, however, provided in [64WEL/SAL] for the sulphate ion, which 
apparently behaves very similar to the selenate ion with β1 = 10 M–1. The data are re-
produced in Table A-69 and Figure A-1. The value of k1 was determined to be 49.5       
mol–1⋅L⋅s–1 from the value of ko at [ 2

4SO − ] = 0 and k2 was assigned to the limiting value 
of ko at high sulphate concentrations, 74 mol–1⋅L⋅s–1. 

Table A-69: Primary data for the reaction between Fe2+ and 2
4SO − . ko in mol–1⋅L⋅s–1. 

[ 2

4SO − ] / M ko [ 2

4SO − ] / M ko 

0 49.5 0.122 68.2 

0.024 53.0 0.147 73.0 

0.0482 57.9 0.197 74.4 

0.0733 60.0 0.299 72.5 

0.0975 65.7 0.347 73.0 

Figure A-1: Comparison between the experimental value of the rate constant taken from 
Table A-69 (+) and the rate constant calculated from the parameters given in 
[64WEL/SAL] (line) at different sulphate concentrations.  
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The value of the stability constant was calculated by iteration (i is the number 
of the iteration) by plotting yi = ko(1 + β1(i–1) [ 2

4SO − ]) against x = [ 2
4SO − ]. Starting from 

β1(0) = 0, β1(i) was found from the slope of yi = f(x) and k2. In this way the authors found 
β1 = 10.2 M–1. However, with this value of the equilibrium constant β1 [ 2

4SO − ] is too 
small for ko to reach its limiting value. This is demonstrated in Figure A-1, which com-
pares the ko values calculated with the parameters presented and the experimental re-
sults. Hence k2 must be in error. 

The authors state that the iteration method used converges to an accurate value 
of β1. In fact, the iteration method does not converge and cannot be used to find β1. 
Other methods must be used such as non-linear least squares optimisation, but a good fit 
can hardly be expected between the model and the experimental data over the whole 
range of sulphate concentrations. 

The data for selenate have been evaluated in the same way as described for 
sulphate with similar numerical results. With no primary data available and in view of 
the objections to the method used in the sulphate calculations, the reported value β1 = 
12 M–1 at 298.15 K and I = 1 will not be accepted. 

[68WIE/GOY] 

The total pressure of the saturated vapour in equilibrium with solid MnSe was measured 
in the temperature range 1414 to 1610 K using the Knudsen effusion method. The va-
porisation process can be described by the reaction 

 α-MnSe → Mn(g) + xSe(g) + 0.5(1 – x)Se2(g) (A.19) 

leading to congruent effusion, which was verified by X-ray powder diffractograms of 
the residues after vaporisation. Se(g) and Se2(g) were both considered in the evaluation 
of the thermodynamic properties of α-MnSe by employing auxiliary data for the Mn(g), 
Se(g), and Se2(g) molecules. The thermodynamic properties of the species Se(g) and 
Se2(g) selected by the review are different from those used in the paper and the evalua-
tion was therefore remade. 

The vapour pressure expression 10log (p/bar) = 9.5579 – 26420 T –1 was calcu-
lated from a least-squares fit of the data in Table I of the paper. The total vapour pres-
sure calculated from the reactions α-MnSe  Mn(g) + Se(g) and α-MnSe  Mn(g) + 
½Se2(g) was subsequently matched to the pressure expression at 1414 K and 1610 K by 
adjusting the Gibbs energy of formation of α-MnSe while maintaining a correct 
Se(g)/Se2(g) equilibrium. The new values of x in Reaction (A.19), x = 0.43 at 1414 K 
and x = 0.44 at 1610 K, agree well with the values of about x = 0.45 obtained in the pa-
per for the whole temperature range. Second law entropy and enthalpy values were 
evaluated from the Gibbs energy values at 1414 K and 1610 K and recalculated to 
298.15 K yielding mS ο (MnSe, α, 298.15 K) = (94.3 ± 9.0) J·K–1·mol–1 and f mH ο∆ (MnSe, 
α, 298.15 K) = – (169.5 ± 10.0) kJ⋅mol–1. The selected heat capacity of α-MnSe, the 
selected values of the selenium species and the data of Mn(g) in [82WAG/EVA] were 
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employed in the calculations. The corresponding third law enthalpy of formation was 
evaluated to be f mH ο∆ (MnSe, α, 298.15 K) = – (174.7 ± 8.0) kJ⋅mol–1 from the Gibbs 
energy at the mean temperature of 1512 K.  

[68YAM/POR] 

The composition of the selenium vapour evaporating from liquid selenium was studied 
in the temperature range 578 to 667 K using a mass spectrometer and Knudsen effusion 
cells. The ions +

3Se (g) and +
4Se (g) were found to be formed as a result of the fragmenta-

tion of Se5(g) and Se6(g) molecules and were excluded from the thermodynamic evalua-
tion. It was also found that at lower temperatures, the +

2Se (g) ion intensities contained 
contributions from the fragmentation of Se5(g) (< 14%) and Se6(g) (< 29%) molecules. 
The evaluation of the data in the paper did not correct for this and the result for the 
Se2(g) molecules is more uncertain than for the other molecules as shown by the large 
discrepancy between the second and third law values in the Table A-70.  

In the present review, the enthalpies of formation at 625 K in Table III of the 
paper were recalculated to 298.15 K using the selected heat capacities of Se(cr, l), 
Se2(g), and Se5(g)-Se8(g) to provide for a comparison with other investigations. Simi-
larly, third law enthalpies of formation and second law entropies were evaluated by 
combining the data of Table III in the paper and the total pressure measurements by the 
Knudsen torsion-effusion method in the same paper with the selected values for the heat 
capacities and entropies. The results are summarised in the Table A-70. 

Table A-70: Entropies and enthalpies of formation of gaseous selenium species. 

Species f mH∆ (625 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se2(g) (95.4 ± 8.9) (113.1 ± 6.3) (131.5 ± 6.3) (216.5 ± 10.5) 

Se5(g) (96.7 ± 11.8) (140.2 ± 8.4) (142.7 ± 8.4) (394.2 ± 13.9) 

Se6(g) (83.7 ± 11.8) (134.8 ± 8.4) (134.4 ± 8.4) (429.1 ± 13.9) 

Se7(g) (84.5 ± 11.8) (143.3 ± 8.4) (149.1 ± 8.4) (477.4 ± 13.9) 

Se8(g) (90.4 ± 11.8) (156.8 ± 8.4) (155.6 ± 8.4) (528.2 ± 13.9) 

 

[69BER/STR] 

The vapour pressure of Ga2Se3(cr) was measured in the temperature range 970 to 
1180 K using mass spectrometry and Knudsen cells. It was found that the vaporisation 
reaction is 

 Ga2Se3(cr)  Ga2Se(g) + Se2(g). (A.20) 
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Both the Ga2Se(g) and Se2(g) partial pressures were recorded resulting in the 
expression 10 plog K = 19.945 – 34055 T –1. The enthalpy and entropy of reaction were 
evaluated by the review using the second and the third law and the selected data of sele-
nium and the heat capacities of Ga2Se(g) and Ga2Se3(cr) in Sections V.8.3.1.2 and 
V.8.3.1.3. The changes in the thermodynamic quantities of Reaction (A.20) at 298.15 K 
were r mH ο∆ ((A.20), 298.15 K) = (678.6 ± 42.0) kJ·mol–1 and r mS ο∆ ((A.20), 298.15 K) = 
(421.2 ± 40.0) J·K–1·mol–1 from the second law and r mH ο∆ ((A.20), 298.15 K) = 
(636.9 ± 30.0) kJ·mol−1 from the third law.  

The vapour pressure of In2Se3(cr) was measured in the temperature range 900 
to 1120 K using mass spectrometry and Knudsen cells. It was found that the vaporisa-
tion reaction is 

 In2Se3(cr)  In2Se(g) + Se2(g). (A.21) 

Both the In2Se(g) and Se2(g) partial pressures were recorded resulting in the 
expression 10 plog K = 5.816 – 19069 T –1. The enthalpy and entropy of reaction were 
evaluated by the review using the second and the third law , the selected properties of 
Se2(g), the heat capacity  and entropy of In2Se(g) calculated by the review from the mo-
lecular parameters obtained by Erkoc, Katircioglu, and Yilmaz [2001ERK/KAT] in 
quantum mechanical studies of In-Se clusters, and the heat capacity, transition enthal-
pies, and entropy of solid In2Se3 given in Section V.8.4.1.5. The changes in the thermo-
dynamic quantities of Reaction (A.21) at 298.15 K were r mH ο∆ ((A.21), 298.15 K) = 
400.2 kJ·mol–1 and r mS ο∆ ((A.21), 298.15 K) = 168.4 J·K–1·mol–1 from the second law 
and r mH ο∆ ((A.21), 298.15 K) = 598.4 kJ·mol–1 from the third law. The second and third 
law values differ wildly indicating serious systematic errors and the anticipated congru-
ent vaporisation reaction is probably not correct. The results are therefore rejected. 

[69BOE/BEN]  

The total pressure of evaporating species during the congruent vaporisation of α-ZnSe 
was measured at the temperatures 1423 K, 1473 K, and 1513 K using a transpiration 
method with Ar(g) as the carrier gas. The vaporisation reaction 2α-ZnSe  2Zn(g) + 
Se2(g) was assumed and the relation 10log (Kp/atm3) = 13.510 – 31078 T –1 was derived 
from the measurements using a vapour pressure of Se2(g) equal to one half that of 
Zn(g). The Gibbs energy of formation f mGο∆ (ZnSe, α, 298.15 K) = – 149.3 kJ·mol–1 
was evaluated from the second law and the enthalpy of formation f mH ο∆ (ZnSe, α, 
298.15 K) = – 156.7 kJ·mol–1 was then calculated by estimating the entropy of forma-
tion of α-ZnSe. The review was not able to reproduce those values from the data and the 
expressions given in the paper. The vapour pressure reported in Table 2 of the paper 
was therefore evaluated by the review yielding the expression 10log (Kp/bar3) = 16.784 
− 29263 T –1 for the vaporisation reaction. A recalculation to 298.15 K using the se-
lected thermodynamic functions of selenium, the data for Zn in [89COX/WAG], the 
heat capacity expression of α-ZnSe in Section V.9.1.1.1, and the selected entropy of 
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α-ZnSe in the case of the third law, yielded the values f mH ο∆ (ZnSe, α, 298.15 K) = 
− (383 ± 51) kJ·mol–1, f mH ο∆ (ZnSe, α, 298.15 K) = – (193.0 ± 18.0) kJ·mol–1, and 

mS ο (ZnSe, α, 298.15 K) = − (58 ± 43) J·K–1·mol–1 for the second and third law enthalpy 
of formation and the entropy, respectively. The large discrepancy between the second 
and third law enthalpy of formation and the negative entropy indicate serious errors in 
the measurements. The results were therefore rejected. 

[69BOE/BEN2] 

The total pressure of evaporating species during the congruent vaporisation of α-CdSe 
was measured in the temperature range 1094 to 1240 K using a transpiration method 
with Ar(g) as the carrier gas. The vaporisation reaction 2α-CdSe  2Cd(g) + Se2(g) 
was assumed and the relation 10log (Kp/bar3) = 13.53 – 27928 T –1 was derived from the 
measurements using a vapour pressure of Se2(g) equal to one half that of Cd(g). The 
enthalpy of formation f mH ο∆ (CdSe, α, 298.15 K) = – 132.9 kJ·mol–1 was evaluated 
from the second law. 

 The vapour pressure measurements are of very low quality as shown by the 
condition that the pressures measured at 1473 K vary by a factor of 18. Furthermore, the 
pressure expression above does not reproduce the measured vapour pressures listed in 
Table 2 of the paper. The pressures in this table were used by the review in a re-
evaluation which yielded completely unreasonable results. The work is therefore re-
jected. 

[69FLO] 

The equilibrium vapour pressure of Zn(g) was measured during the congruent vaporisa-
tion of α-ZnSe at the temperatures 1173 K, 1273 K, and 1413 K by a transpiration 
method using N2(g) as a carrier gas. The vaporisation reaction 2α-ZnSe  2Zn(g) + 
Se2(g) was assumed and the relation 10log (Kp/atm3) = 22.373 – 39978 T –1 was derived 
from the measurements using a vapour pressure of Se2(g) equal to one half that of 
Zn(g). No thermodynamic quantities for α-ZnSe were calculated. The vapour pressure 
reported in Table 1a of the paper was therefore evaluated by the review according to the 
second and the third law using the selected thermodynamic functions of selenium, the 
data for Zn in [89COX/WAG], the heat capacity expression of α-ZnSe in Section 
V.9.1.1.1, and the selected entropy of α-ZnSe in the case of the third law. The values 
obtained were f mH ο∆ (ZnSe, α, 298.15 K) = – (192.5 ± 23.0) kJ·mol–1, f mH ο∆ (ZnSe, α, 
298.15 K) = – (170.5 ± 4.9) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = (54.9 ± 12.0)     
J·K–1·mol–1 for the second and third law enthalpy of formation and the entropy, respec-
tively.  

 The measurement method was also applied to the α-CdSe system. The results 
were re-evaluated by the review in the same manner as for the α-ZnSe system yielding 

f mH ο∆ (CdSe, α, 298.15 K) = – (143.8 ± 15.0) kJ·mol–1, f mH ο∆ (CdSe, α, 298.15 K) = 
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− (142.3 ± 3.0) kJ·mol–1, and mS ο (CdSe, α, 298.15 K) = (85.0 ± 12.0) J·K–1·mol–1 for the 
second and third law enthalpy of formation and the entropy, respectively. 

[69HAN/MUN] 

The evaporation of PbSe(cr) was studied in the temperature range 887 to 948 K using 
the torsion-Langmuir method and in the range 936 to 1106 K using the torsion-effusion 
technique. The original evaluation employed auxiliary data different from those used by 
the review. The vapour pressure expression was therefore re-evaluated using the se-
lected values of the entropies and heat capacities of PbSe(cr) and PbSe(g). The free sur-
face results agree less well with other studies ([59ZLO/POP], [69SOK/PAS], 
[93BRU/PIA]) and the new evaluation was based on the torsion-effusion measurements 
only. The second law entropy of PbSe(g) and the second law enthalpy of sublimation of 
PbSe(cr) were calculated to be mS ο (PbSe, g, 298.15 K) = (274.7 ± 7.0) J·K–1·mol–1 and 

sub mH ο∆ (PbSe, cr, 298.15 K) = (242.6 ± 7.0) kJ·mol–1, respectively. The third law en-
thalpy of sublimation was calculated to be sub mH ο∆ (PbSe, cr, 298.15 K) = (231.0 ± 4.0) 
kJ·mol–1.  

[69KLU/SEL] 

Crystalline (checked by X-ray diffraction) Na2SeO3 and Na2SeO3
.5H2O were prepared 

and the compositions confirmed by chemical analysis. The integral enthalpies of disso-
lution of the salts to the same concentration were measured in a calorimeter calibrated 
electrically. The results are used in Table A-71 to calculate the enthalpy of formation of 
Na2SeO3

.5H2O from the corresponding quantity for Na2SeO3. 

Table A-71: Evaluation of the standard enthalpy of formation of Na2SeO3
.5H2O. The 

sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2SeO3(cr) + aq → Na2SeO3(aq, 1:800) – (28.33 ± 0.08)  (paper) 

2 Na2SeO3
.5H2O(cr) + aq → Na2SeO3(aq, 1:800) + 5H2O(l)  – (12.43 ± 0.21)  (paper) 

3 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04 ) [89COX/WAG] 

4 Na(cr) + Se(cr) + 1.5O2(g) → Na2SeO3(cr) – (959.62 ± 0.95) (review) 

5 2Na(cr) + Se(cr) + 5H2(g) + 4O2(g) → Na2SeO3
.5H2O(cr) – (2404.67 ± 1.00) (result) 

r 5H∆  = f mH ο∆ (Na2SeO3
.5H2O, cr, 298.15 K) = r 1H∆ – r 2H∆ + 5 r 3H∆ + r 4H∆  

[69KLU/SEL3] 

Rubidium selenite was prepared and the very hygroscopic substance was dried in a vac-
uum desiccator over phosphorus pentoxide. The crystalline state was controlled by 
X-ray diffraction and chemical analyses agreed with the expected composition for 
Rb2SeO3. A specimen of the preparation was reacted with a lead nitrate solution in an 
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electrically calibrated calorimeter. Crystalline PbSeO3 was formed. The calorimetric 
data have been used to estimate the enthalpy change of the reaction Rb2SeO3(cr) + 
Pb2+ → PbSeO3(cr) + 2Rb+ in Table A-72. 

Table A-72: Calculation of the enthalpy change of the reaction Rb2SeO3(cr) + Pb2+ Æ 
PbSeO3(cr) + 2Rb+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Rb2SeO3(cr) + Pb(NO3)2(aq, 1:800) → PbSeO3(cr) + 
2RbNO3(aq, 1:400) 

– (61.00 ± 0.42) (paper) 

2 Pb(NO3)2(aq, 1:800) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50)  (review) 

3 RbNO3(aq, 1:400) + aq → Rb+ + 3NO−     (0.39 ± 0.05)  [82WAG/EVA] 

4 Rb2SeO3(cr) + Pb2+ → PbSeO3(cr) + 2Rb+ – (62.07 ± 1.56)  (result) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

[69LAF/CER] 

The system cobalt-selenium was studied in the temperature range 673 to 873 K using 
the solid state electrochemical cells 

 (−) Co(cr), CoCl2(cr) | BaCl2(cr) | CoCl2(cr), Co1−xSe(cr) (+) 

and  (−) Co(cr), CoCl2(cr) | BaCl2(cr) | CoCl2(cr), CoSe2(cr) (+). 

Thermodynamic quantities were only derived at the temperatures of the measurements 
by the authors and not recalculated to standard conditions. The values reported for 
CoSe2(cr) were f mH ο∆ (CoSe2, cr, 678 K) = − 179.9 kJ·mol–1 and f mS ο∆ (CoSe2, cr, 
678 K) = − 154.4 J·K–1·mol–1. The value of the entropy change is much too negative and 
the enthalpy of formation is about twice as negative as in other investigations. Mills 
[74MIL] reassessed the measurements and calculated the enthalpy of formation to 

f mH ο∆ (CoSe2, cr, 298.15 K) = − (93.7 ± 8.4) kJ·mol–1 using the third law and an esti-
mated value of ( mGο (CoSe2, cr, 678 K) − mH ο (CoSe2, cr, 298.15 K)) / 678 K = 
(118.4 ± 12.6) J·K–1·mol–1. No attempt was made by the review to recalculate the value 
by Mills because the change would be very small, a proper heat capacity of CoSe2(cr) is 
unavailable above 298.15 K, and the results would still be dubious. 

The values reported for the enthalpy and entropy of formation of Co1−xSe(s) in 
table 3 of the paper are also unrealistic and similar to those of CoSe2(cr). The measure-
ments were re-evaluated by Mills [74MIL] yielding f mH ο∆ (Co0.90Se, cr, 298.15 K) = 
− 58.8 kJ·mol–1. 
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[69MAI/SOL] 

The compound Pr2(SeO3)3⋅H2SeO3⋅5H2O was prepared by mixing 10% solutions of 
PrCl3 and H2SeO3 (the amount of H2SeO3 taken exceeded the stoichiometric ratio by a 
factor of three) at room temperature. Crystalline Pr2(SeO3)3⋅H2SeO3⋅5H2O formed on 
standing. The chemical analysis of Pr and Se agreed with the formula, but water was not 
determined. Pr2(SeO3)3⋅H2SeO3 was obtained by heating the hydrate to 525 K. The 
product was apparently crystalline and the composition determined by chemical analy-
sis was in fair agreement with the calculated composition. 

The calorimetric measurements comprised the determination of the enthalpies 
of dissolution of Pr2(SeO3)3⋅H2SeO3⋅5H2O, Pr2(SeO3)3⋅H2SeO3, and H2SeO3 in HCl(aq, 
1:18.5) and denoted sln. The standard enthalpies of formation of the two compounds are 
evaluated in Table A-73. The origin of the value of f mH ο∆ (PrCl3·7H2O, cr, 298.15 K) 
used in Table A-73 is found in this Appendix, [71MAI/SUP]. 

Table A-73: Calculation of the standard enthalpies of formation of 
Pr2(SeO3)3⋅H2SeO3⋅5H2O and Pr2(SeO3)3⋅H2SeO3. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Pr2(SeO3)3
.H2SeO3

.5H2O(cr) + 6HCl(sln) + sln → 2PrCl3(sln, 
aq 1:2000) + 4H2SeO3(sln, aq 1:1000) + 5H2O(l, sln) 

(9.46 ± 0.17) (paper) 

2 PrCl3⋅7H2O(cr) + sln → PrCl3(sln, aq 1:2000) + 7H2O(l, sln) – (8.79 ± 0.88) [71MAI/SUP] 

3 Pr(cr) + 7H2(g) + 3.5O2(g) + 1.5Cl2(g) → PrCl3⋅7H2O(cr) – (3181.0 ± 2.0) (see text) 

4 H2SeO3(cr) + sln → H2SeO3(sln, aq 1:1000)) (21.05 ± 0.17) (paper) 

5 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

6 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (285.98 ± 0.04) [2000RAN/FUG] 

7 0.5H2(g) + 0.5Cl2(g) + sln → HCl(sln) – (160.90 ± 0.10) [2000RAN/FUG] 

8 2Pr(cr) + 4Se(cr) + 6H2(g) + 8.5O2(g) → 
Pr2(SeO3)3

.H2SeO3
.5H2O(cr) 

– (4864.5 ± 5.2) (result) 

9 Pr2(SeO3)3
.H2SeO3(cr) + 6HCl(sln) + sln → 2PrCl3(sln, aq 

1:2000) + 4H2SeO3(sln, aq 1:1000)  
– (58.95 ± 0.54) (paper) 

10 2Pr(cr) + 4Se(cr) + H2(g) + 6O2(g) → Pr2(SeO3)3
.H2SeO3(cr) – (3366.2 ± 5.2) (result) 

r 8H∆ = f mH ο∆ (Pr2(SeO3)3
.H2SeO3

.5H2O, cr, 298.15 K) = – r 1H∆ + 2 r 2H∆ + 2 r 3H∆ + 4 r 4H∆ + 4 r 5H∆ – 
9 r 6H∆ – 6 r 7H∆  

r 10H∆ = f mH ο∆ (Pr2(SeO3)3
.H2SeO3, cr, 298.15 K) = − r 9H∆ + 2 r 2H∆ + 2 r 3H∆ + 4 r 4H∆ + 4 r 5H∆ – 

14 r 6H∆ – 6 r 7H∆  

 The results reported in the paper and in [82WAG/EVA] are – 4833.9 and 
4880.1 kJ·mol–1, respectively, for Pr2(SeO3)3

.H2SeO3
.5H2O, and – 3336.2 and – 3382.6 
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kJ·mol–1 for Pr2(SeO3)3
.H2SeO3. Most of the discrepancies between the three sets of 

results are caused by different selections of auxiliary data for praseodymium and the 
solvent. The present evaluation uses the experimental heat of dissolution of 
PrCl3·7H2O(cr) in the solvent as determined in [71MAI/SUP] and the standard enthalpy 
of formation of PrCl3·7H2O(cr). The other evaluations used the enthalpy of formation of 
PrCl3(aq, 1:2000). Further partial instead of apparent molar enthalpies have been used 
here. The two changes cause the difference of about 25 kJ·mol–1 from the result in 
[82WAG/EVA]. 

[69MAM] 

This thesis was not available to the review. Mills [74MIL] used the galvanic cell data 
reported for Ga2Se(cr), GaSe(cr), and Ga2Se3(cr) in second and third law evaluations 
and corrected several serious errors. It can be noted that the alleged Ga2Se(cr) phase 
does not exist. The values reported by the review rely on the work of Mills. 

[69MEH/GUB] 

This section also includes a discussion of Reference [68MEH]. 

 The solubility of Ag2SeO3(cr) at 298.15 K in aqueous solution was studied as a 
function of pH and selenite concentration. The ionic strength of the test solutions is 
stated to have been kept at 1.0 M by the addition of NaClO4. From an examination of 
the original data in [68MEH] the reviewers rather believe that the solutions contained 
1 M NaClO4 in addition to the sodium selenite concentration. Three series of experi-
ments were conducted. 

 In the first series solutions of silver nitrate and sodium selenite were mixed to 
the total concentrations 5.0 × 10–3 and 48.0 × 10–3 M, respectively. The pH was adjusted 
by addition of HClO4 or NaOH to values between 1.2 and 13.1 (53 experimental 
points). After equilibration for 6 days, the phases were separated. The pH and pAg were 
obtained from potentiometric measurements with a glass and a silver electrode. The 
latter electrode was calibrated on the concentration scale. The following equilibrium 
constants were evaluated from the data on the molar scale: 

 Ag2SeO3(cr)  2Ag+ + 2
3SeO −  (A.22) 

 10 ,0log sK ((A.22), 298.15 K) = – (15.58 ± 0.12),  

 2
3SeO −  + H+  3HSeO−  (A.23) 

 10 1log K ((A.23), 298.15 K) = (8.12 ± 0.28),  

 3HSeO−  + H+  H2SeO3 (A.24) 

 10 1,2log K ((A.24), 298.15 K) = (2.26 ± 0.09).  
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Closely agreeing values were obtained by the review from the same data. The 
protonation constants obtained are consistent with those reported in Table V-5. These 
constants are mixed conditional constants.  

 In series 2 a silver nitrate solution spiked with the radioactive nuclide 110Ag 
was mixed with a sodium selenite solution. The pH was again adjusted from about 1.2 
to 12.5 in the mixtures. After equilibration the phases were separated and the pH deter-
mined. The total concentration of dissolved silver was found by scintillation spectrome-
try. The solubility determinations were performed at total concentrations of selenite at 
6.45 × 10–3, 0.10, and 0.20 M. 

 The design of the experiment is not well suited for an equilibrium analysis, but 
definitely showed that Ag2SeO3(cr) is dissolved by an excess of 2

3SeO − . No equilibrium 
constants were derived in the paper from these data. The review calculated ,0sK ((A.22), 
298.15 K) from the data at the lowest total selenite concentration and pH < 6. The pro-
tonation constants from the first series were used in the calculation. The result was 

10 ,0log sK ((A.22), 298.15 K) = – (15.20 ± 0.15). Hence there is a significant difference 
between the values of the solubility product determined by the two techniques, which 
cannot be accounted for and apparently not observed by the authors. 

 In series 3 mixtures containing a total silver concentration of 4.0 × 10–4 M and 
a total concentration of selenite between 0.001 and 0.90 M were prepared. The pH was 
adjusted to about 9.5. After equilibration and phase separation the total dissolved silver 
concentration was measured by scintillation spectrometry. A plot of 10log [Ag+] against 

10log [ 2
3SeO − ] has two linear branches with slopes 0.5 and 1.5 suggesting the formation 

of 3AgSeO−  (β1) and 3
3 2Ag(SeO ) −  (β2). The values of the formation constants calculated 

from the data were 10 1log β  = (2.42 ± 0.12) and 10 2log β  = (3.76 ± 0.05). 

 The β2 was calculated from data obtained at selenite concentrations in the 
range 0.40 to 0.90 M. Thus the ionic strength could not have been kept constant at 1 M 
as stated in the paper. The value of the constant is not accepted. 

 The value of β1 has been recalculated by the review using the data obtained 
below 0.03 M selenite where the correction for the presence of 3

3 2Ag(SeO ) −  is moder-
ate. The concentration of Ag+ was calculated with 10 ,0log sK = – 15.58 from the first 
series of experiment and – 15.20 obtained from the measurement of the total solubility 
in the second series. The result was 10 1log β = (2.46 ± 0.10) and (2.16 ± 0.10), respec-
tively. The first value agrees with the paper in which 10 ,0log sK = – 15.58 was used to 
find the silver ion concentration. 

 As there is no obvious reason to prefer one of the values of the solubility prod-
uct the mean is chosen, which results in 10 ,0log sK ((A.22), 1 M NaClO4, 298.15 K) = 
− (15.40 ± 0.35) and 10 1log β (1 M NaClO4, 298.15 K) = (2.30 ± 0.25). Note that it is not 
possible to derive values of the protonation constants from the solubility measurements. 
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[69PAS/UST] 

The saturated vapour pressure of α-HgSe was measured in the temperature range 756 to 
951 K using a quartz manometer. The results were combined with previous investiga-
tions made by the same authors and evaluated considering the species Se2(g), Se4(g), 
Se6(g), Se8(g) and Hg(g). However, the thermodynamic data used for the selenium spe-
cies were different from those selected by the review and the results were therefore re-
evaluated. 

The total vapour pressure expression given in the paper is 10log (p/bar) = 
(6.735 ± 0.050) − (6445 ± 24) T –1 for the temperature range 613 to 1043 K and includes 
the result of previous investigations. The results of the manometer measurements are 
only given in a graph and it is not possible to separate them from previous results. How-
ever, it can be concluded that the expression satisfactorily describes the new measure-
ments. 

The re-evaluation involved the matching of observed and calculated pressures 
considering all species in the series Se(g)-Se8(g) and Hg(g). The selected thermody-
namic data of the selenium species and the CODATA [89COX/WAG] values of mer-
cury were used in the procedure. Stoichiometric composition of the gas phase was as-
sumed. The calculated mole fractions of Se2(g) were 0.80 and 0.87 at the temperatures 
756 K and 951 K, respectively. The expression r mGο∆ (T ) = ((186.4 ± 8.0) – 
(0.1862 ± 0.008) T ) kJ·mol–1 for the reaction α-HgSe  Hg(g) + ½Se2(g) was derived 
from the calculated partial pressures. The error limits correspond to those given in the 
vapour expression multiplied by a factor of two and increased to account for the re-
duced number of measurements actually stemming from the manometer measurements. 
Recalculation to 298.15 K using the selected heat capacity of α-HgSe yields 

f mH ο∆ (HgSe, α, 298.15 K) = – (63.3 ± 10.0) kJ·mol–1 and mS ο (HgSe, α, 298.15 K) = 
(96.0 ± 10.0) J·K–1·mol–1. The corresponding third law value of the enthalpy is 

f mH ο∆ (HgSe, α, 298.15 K) = − (61.1 ± 10.0) kJ·mol–1 and was calculated using the se-
lected heat capacity and entropy of α-HgSe. 

[69ROS/SEL2] 

Crystalline sodium trihydrogen selenite was prepared and reacted in stoichiometric pro-
portions with a solution of lead nitrate in an electrically calibrated calorimeter. The lead 
selenite formed was crystalline and the reaction was quantitative. The calorimetric data 
have been used to calculate the enthalpy change of the reaction NaH3(SeO3)2(cr) + 
2Pb2+ → 2PbSeO3(cr) + Na+ + 3H+ in Table A-74. 
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Table A-74: Calculation of the enthalpy change of the reaction NaH3(SeO3)2(cr) + 
2Pb2+ → 2PbSeO3(cr) + Na+ + 3H+. The sources of the data are indicated. 

# Reaction r mH ο∆ (kJ⋅mol–1) Reference 

1 NaH3(SeO3)2(cr) + 2Pb(NO3)2(aq, 1:400) → 2PbSeO3(cr) + 
NaNO3(aq, 1:800) + 3HNO3(aq, 1:267) 

   (16.82 ± 0.02) (paper) 

2 Pb(NO3)2(aq, 1:400) + aq → Pb2+ + 2 3NO−     (2.50 ± 1.50)  (review) 

3 NaNO3(aq, 1:800) + aq → Na+ + 3NO−  – (0.17 ± 0.05)  [82WAG/EVA] 

4 HNO3(aq, 1:267) + aq → H+ + 3NO−  – (0.45 ± 0.05)  [82WAG/EVA] 

5 NaH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + Na+ + 3H+    (10.30 ± 3.00)  (result) 

r 5H∆  = r 1H∆ – 2 r 2H∆ + r 3H∆ + 3 r 4H∆  

[69ROS/SEL4] 

Sodium diselenite was prepared from NaHSeO3 by heating at 383 K. The quality of the 
specimen was controlled by X-ray and chemical analysis. The salt was reacted with a 
solution of lead nitrate in an electrically calibrated calorimeter with formation of crys-
talline lead selenite. The enthalpy change of the reaction Na2Se2O5(cr) + H2O(l) + 
2Pb2+ → 2PbSeO3(cr) + 2Na+ + 2H+ is estimated in Table A-75. 

Table A-75: Calculation of the enthalpy change of the reaction Na2Se2O5(cr) + H2O(l) + 
2Pb2+ → 2PbSeO3(cr) + 2Na+ + 2H+. The sources of the data are indicated. 

# Reaction r mH ο∆ (kJ⋅mol–1) Reference 

1 Na2Se2O5(cr) + 2Pb(NO3)2(aq, 1:400) + H2O(l) → 2PbSeO3(cr) 
+ 2NaNO3(aq, 1:400) + 2HNO3(aq, 1:400) 

– (35.23 ± 0.01) (paper) 

2 Pb(NO3)2(aq, 1:400) + aq → Pb2+ + 2 3NO−     (2.50 ± 1.50) (review) 

3 NaNO3(aq, 1:400) + aq → Na+ + 3NO−  – (0.08 ± 0.05) [82WAG/EVA] 

4 HNO3(aq, 1:400) + aq → H+ + 3NO−  – (0.41 ± 0.05) [82WAG/EVA] 

5 Na2Se2O5(cr) + H2O(l) + 2Pb2+ → 2PbSeO3(cr) + 2Na+ + 2H+ – (41.21 ± 3.00) (result) 

r 5H∆  = r 1H∆  – 2 r 2H∆  + 2 r 3H∆  + 2 r 4H∆  

[69SEM/MEL] 

The experimental results reported for Bi2Se3(cr) are identical to those reported in 
[68MAL/SEM].  

[69SOK/PAS] 

The evaporation of PbSe(cr) was studied in the temperature range 936 to 1016 K using 
the Knudsen weight loss technique. The original evaluation employed auxiliary data 
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different from those used by the review and the vapour pressure expression was there-
fore re-evaluated using the selected values of the entropies and heat capacities of 
PbSe(cr) and PbSe(g). The second law entropy of PbSe(g) and the second law enthalpy 
of sublimation of PbSe(cr) were calculated to be mS ο (PbSe, g, 298.15 K) = (270.5 ± 7.0) 
J·K–1·mol–1 and sub mH ο∆ (PbSe, cr, 298.15 K) = (234.9 ± 7.0) kJ·mol–1, respectively. The 
third law enthalpy of sublimation was calculated to be sub mH ο∆ (PbSe, cr, 298.15 K) = 
(227.1 ± 3.0) kJ·mol–1.  

[69SUP/MAI] 

Suponitskii et al. [69SUP/MAI] calculated enthalpies of formation of the selenates of 
Pr, Nd, and Sm (Ln) from a calorimetric determination of the enthalpy change of the 
reaction Ln2(SeO4)3

.nH2O(cr) + 3BaCl2(aq) → 3BaSeO4(cr) + 2LnCl3(aq) + nH2O(l).  

 An inspection of the primary data suggests that the enthalpy of this reaction 
has been expressed per mole of selenate and not per mole of the salt. The published 

r H∆  values should therefore be multiplied by a factor of three before they are entered 
into thermochemical cycles. This was not done in the paper. The correction is supported 
by the results for Nd2(SeO4)3

.5H2O(cr) in [73SMO/EFR].  

 The details of the calculation of the standard enthalpies are not shown in the 
paper. The evaluation made by the review is exemplified for Pr in Table A-76. The re-
calculation used the values of the standard enthalpy of formation of Pr3+(aq), Nd3+(aq), 
and Sm3+(aq) from the critical assessment of Cordfunke and Konings [2001COR/KON], 
see Appendix E, and of Cl-(aq) in [89COX/WAG]. A correction for the enthalpy of dilu-
tion from (aq, 1:5000) to the aqueous standard state of − (2.4 ± 0.5) kJ·mol–1 was ap-
plied. 

Table A-76: Evaluation of the standard enthalpy of formation of Pr2(SeO4)3
.5H2O(cr). 

The sources of the data are indicated. 

# Reaction r mH ο∆ (kJ⋅mol–1) Reference 

1 Pr2(SeO4)3
.5H2O(cr) + 3BaCl2(aq, 1:3300) → 3BaSeO4(cr) + 

2PrCl3(aq, 1:5000) + 5H2O(l) 
– (121.60 ± 2.80) (paper) 

2 Ba(cr) + Cl2(g) + aq → BaCl2(aq, 1:3300) – (867.86 ± 2.50) [92GRE/FUG] 

[82WAG/EVA] 

3 Pr(cr) + 1.5Cl2(g) + aq → PrCl3(aq, 1:5000)  – (1204.5 ± 2.1) (see text) 

4 Ba(cr) + Se(cr) + 2O2(g) → BaSeO4(cr) – (1144.00 ± 5.00) (review) 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

6 2Pr(cr) + 3Se(cr) + 5H2(g) + 8.5O2(g) → Pr2(SeO4)3
.5H2O(cr) – (4545.0 ± 17.6) (result) 

r 6H∆  = f mH ο∆ (Pr2(SeO4)3
.5H2O, cr, 298.15 K) = – r 1H∆  – 3 r 2H∆  + 2 r 3H∆  + 3 r 4H∆  + 5 r 5H∆  
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 Analogous calculations were made for the other two salts resulting in: 

f mH ο∆ (Nd2(SeO4)3
.5H2O, cr, 298.15 K) = – (4511.1 ± 17.5) kJ⋅mol–1 

and 

f mH ο∆ (Sm2(SeO4)3
.8H2O, cr, 298.15 K) = – (5395.0 ± 17.8) kJ⋅mol–1, 

with r 1H∆  = – (132.70 ± 2.00) and – (96.60 ± 3.90) kJ⋅mol–1, respectively. 

[69UY/DRO] 

The exchange reaction  

 Pb(g) + BiSe(g)  PbSe(g) + Bi(g)  (A.25) 

was studied in the temperature range 864 to 1020 K using Knudsen effusion and mass 
spectroscopy. The result was represented by the expression 10log K ((A.25), T ) = 
(0.715 ± 0.243) + (5397 ± 227) T –1. This corresponds to the mean values r mH ο∆ ((A.25), 
942 K) = − (39.5 ± 1.9) kJ·mol–1 and r mS ο∆ ((A.25), 942 K) = (5.9 ± 2.0) J·K–1·mol–1. 
The values were recalculated to 298.15 K by the review using the selected properties of 
BiSe(g) and PbSe(g), the properties of Pb(g) in [89COX/WAG], and Bi(g) in 
[56STU/SIN] yielding f mH ο∆ (BiSe, g, 298.15 K) = (172.5 ± 7.2) kJ·mol–1 and 

f mH ο∆ (BiSe, g, 298.15 K) = (174.8 ± 7.2) kJ·mol–1 from the second and the third law, 
respectively.  

[70BLA/MUN] 

The total pressure of the vapour in equilibrium with β-SnSe was measured in the tem-
perature range 789 to 975 K using the torsion effusion technique. The enthalpy of and 
entropy of sublimation according to the reaction α-SnSe  SnSe(g) were calculated by 
the review from the reported vapour pressure expression and the selected heat capacities 
of SnSe(g) and α-SnSe, the enthalpy of transformation α-SnSe → β-SnSe being 
1.28 kJ·mol–1 (cf V.7.4.1.2), and a heat capacity expression of β-SnSe being identical to 
that of α-SnSe yielding sub mH ο∆ (SnSe, α, 298.15 K) = (217.0 ± 7.0) kJ⋅mol–1 and 

sub mS ο∆ (SnSe, α, 298.15 K) = (164.7 ± 8.0) J·K–1·mol–1, respectively. 

[70BOG/BEZ] 

The heat capacity of α-HgSe was measured in the temperature range 15 to 290 K. The 
result is only presented in a graph and the heat capacity value ,mpCο (HgSe, α, 
298.15 K) = (54.28 ± 0.50) J·K–1·mol–1, and the standard entropy mS ο (HgSe, α, 
298.15 K) = (100.65 ± 2.00) J·K–1·mol–1 were evaluated by the review from Figure 1 of 
the paper.  

[70CHA/TIK] 

The enthalpy of formation of α-ZnSe was determined by heating mixtures of the ele-
ments using a calibrated DTA apparatus. The reaction was complete at 800 K. The 
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value f mH ο∆ (ZnSe, α, 298.15 K) = – (156 ± 4) kJ⋅mol–1 was determined as the result of 
nine measurements. The error limits were increased by the review to be ± 12 kJ⋅mol–1 to 
allow for systematic errors and a confidence interval of 95%.  

[70GHO/NAI] 

Ghosh and Nair made careful measurements of the cell: 

H2, Pt | S | AgCl, Ag. 

 Three main types of the test solution were studied: S1; HCl(m1), Na2SeO4(m2), 
S2; HCl(m1), H2SeO4(m2), S3; HCl(m1), H2SeO4(m2), MCl2(m3) with M2+ = Co2+, Mn2+, 
or Ni2+. Solutions S1 and S2 were used to determine the protonation constant of the sele-
nate ion. The evaluation of these measurements is presented in Section V.3.3.2. 

 The equilibrium constant of the reaction: 

 M2+ + 2
4SeO −   MSeO4(aq) (A.26) 

was found from the measurements on S3 at six different compositions. Typical concen-
trations contained in S3 were: m1 = 0.5 × 10–3 mol⋅kg–1, m2 = (2 – 6) × 10–3 mol⋅kg–1, and 
m3 = 5 × 10–3 mol⋅kg–1. Measurements were made between 273.15 and 318.15 K includ-
ing 298.15 K. 

 In the evaluation of the data, the complexation between M2+ and Cl– was 
neglected, which is acceptable, and only the 1:1 complex assumed to form. The 
hydrogen ion concentration, +H

m , was calculated from the measured potential as: 

– 10log +H
m  = (E – Eo) / ( 10log RT/F) + 10log 2

(HCl)±γ + 10log (m1 + 2 m3), 

by an iterative procedure. The activity coefficients were calculated by Davies’ equation 
with the coefficient of the linear term in I equal to 0.3. The value of the protonation 
constant, KH, employed in the calculations is not stated, but most likely the value 

10log KH = 1.70 was used as obtained from the measurements with S1 and S2. Very con-
sistent values of the stability constant were obtained from the six compositions meas-
ured for each metal and temperature. 

 The stability constants at 298.15 K have been recalculated from the original 
data by the review with the accepted value of 10log KH = 1.75 and various expressions 
for the estimate of the activity coefficients. The calculations resulted in mean values 
close to those reported in the paper but suggested that the uncertainty should be in-
creased. 

 The enthalpy of Reaction (A.26) was found from the temperature variation of 
the stability constant. The plots of 10 1log β  as a function of 1/T are linear and comprise 
6 or 7 points. A least squares treatment of the data by the review resulted in slightly dif-
ferent values from those reported in the paper, but no revision of the data there has been 
made. 
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 Nair and Nancollas determined by the same technique the equilibrium con-
stants and enthalpy changes for ion-pair formation between the sulphate ion and Mg2+ 
and Zn2+ [58NAI/NAN2], and Co2+, Mn2+, and Ni2+ [59NAI/NAN]. Powell [73POW] 
has summarised and critically evaluated the enthalpy changes on formation of these ion 
pairs obtained from calorimetric measurements. Agreement between the results from the 
temperature variation of the equilibrium constant and calorimetry is observed only for 
Co2+, while for the other ions the results are larger by about 6 to 15 kJ·mol–1 (average 
9.7 kJ·mol–1). Hence it is concluded that the reported values for the enthalpy changes of 
the selenates are most likely too large and they have not been selected. 

 The numerical results from this reference are reported in Chapter V at the ap-
propriate places. 

[70KAR/MAI] 

Praseodymium hydrogen selenite was prepared by mixing a 10% solution of praseo-
dymium carbonate with a 40% solution of selenious acid. The amount of acid taken was 
eight times the stoichiometric amount. The crystalline product had the composition 
Pr(HSeO3)3⋅2H2O as established by determinations of Pr and Se by chemical analysis, 
and water by drying the sample. The compounds Pr(HSeO3)3, Pr2(SeO3)3⋅3SeO2, 
Pr2(SeO3)3⋅SeO2, Pr2(SeO3)3, and Pr2O3⋅SeO2 were prepared by heat treatment of 
Pr(HSeO3)3⋅2H2O at increasingly higher temperatures. The compounds were analysed 
for Pr and Se and the ratios Pr:Se obtained were consistent with the above formulas. 
X-ray diffraction patterns are presented of Pr(HSeO3)3⋅2H2O, Pr(HSeO3)3, and 
Pr2(SeO3)3⋅3SeO2. The number of lines listed is only three except for the parent com-
pound. The quality of the preparations is hence doubtful. 

 The enthalpies of dissolution of the compounds in HCl(aq, 1:18.5), denoted 
sln, at 298.15 K were measured. The dilution was 1:2000 or 1:4000 (dil). The calorime-
ter was calibrated by electric resistance heating. The evaluator has been unable to reach 
the same figures of the heat equivalent of the calorimeter as the authors from the pub-
lished V, I, t data. This problem has been encountered several times in Russian papers. It 
is believed that the heat equivalent is some constant fraction of the true heat equivalent 
and used only as an intermediate figure in the calculation of the enthalpy change. Hence 
the data will be accepted. The result for Pr(HSeO3)3⋅2H2O is evaluated in Table A-77 
with new auxiliary data. The results for the other compounds were evaluated similarly. 
As the compound Pr2(SeO3)3 has been re-measured in [71MAI/SUP] it is not considered 
here. The origin of the value of f mH ο∆ (PrCl3·7H2O, cr, 298.15 K) used in Table A-77 is 
found in this Appendix, [71MAI/SUP]. 
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Table A-77: Calculation of the standard enthalpy of formation of Pr(HSeO3)3⋅2H2O. 
The sources of the data are indicated. 

# Reaction r mH ο∆ (kJ⋅mol–1) Reference 

1 Pr(HSeO3)3
.2H2O(cr) + 3HCl(sln) + sln → PrCl3(sln, dil) + 

3H2SeO3(sln, dil) + 2H2O(l, sln) 
   (28.12 ± 0.50) (paper) 

2 PrCl3⋅7H2O(cr) + sln → PrCl3(sln, dil) + 7H2O(l, sln) – (8.79 ± 0.88) [71MAI/SUP] 

3 Pr(cr) + 1.5Cl2(g) + 7H2(g) + 3.5O2(g) → PrCl3⋅7H2O(cr) – (3181.0 ± 2.0) (see text) 

4 H2SeO3(cr) + sln → H2SeO3(sln, dil)    (18.62 ± 0.13) [68MAI/SUP] 

5 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

6 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (285.98 ± 0.04) [2000RAN/FUG] 

7 0.5H2(g) + 0.5Cl2(g) + sln → HCl(sln) – (160.90 ± 0.10) [2000RAN/FUG] 

8 Pr(cr) + 3Se(cr) + 3.5H2(g) + 5.5O2(g) → 
Pr(HSeO3)3

.2H2O(cr) 
– (2823.6 ± 3.0)  (result) 

r 8H∆  = f mH ο∆ (Pr(HSeO3)3
.2H2O, cr, 298.15 K) = – r 1H∆ + r 2H∆ + r 3H∆ + 3 r 4H∆ + 3 r 5H∆ – 5 r 6H∆ – 

3 r 7H∆   

 The results for the other compounds are: 

f mH ο∆ (Pr(HSeO3)3, cr, 298.15 K) = – (2212.5 ± 2.9) kJ⋅mol–1, 

f mH ο∆ (Pr2(SeO3)3⋅3SeO2, cr, 298.15 K) = – (3545.2 ± 4.5) kJ⋅mol–1, 

f mH ο∆ (Pr2(SeO3)3⋅SeO2, cr, 298.15 K) = – (3108.3 ± 3.5) kJ⋅mol–1, 

f mH ο∆ (Pr2O3⋅SeO2, cr, 298.15 K) = – (2302.4 ± 3.1) kJ⋅mol–1. 

[70KEL] 

The vapour pressures of the gaseous species Se2-Se8 were measured in the temperature 
range 473 to 723 K using an electrochemical Knudsen cell and a mass spectrometer. 
The electrochemical cell has the advantage that the selenium activity can be varied and 
allows for an extraordinary large temperature range to be investigated. This study is 
unique because the activity of selenium can be set sufficiently low to provide conditions 
where Se3(g) and Se4(g) are the primary species and not the result of fragmentation. 

 Enthalpies of formation at 0 K for the species Se2(g)-Se8(g) were derived using 
Gibbs energy functions calculated from estimated molecular parameters. In the present 
review, the experimental results presented in Tables 11 and 15 to 20 of the paper were 
re-evaluated using the second and third laws and the selected data for the heat capacities 
and entropies. The results are summarised in the Table A-78. No evaluation using the 
second law can be made for Se4(g) because the measurements were made at a single 
temperature only. 
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Table A-78: Entropies and enthalpies of formation of gaseous selenium species. The 
error limits at 298.15 K are based only on the experimental values and do not reflect 
contributions from systematic errors. 

Species f mH∆ (0 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se2 (146.1 ± 1.7) (145.8 ± 2.6) (144.0 ± 1.0) (250.0 ± 4.1) 

Se3 (184.5 ± 8.4) (181.0 ± 2.1) (178.0 ± 0.8) (313.3 ± 3.0) 

Se4 (190.8 ± 8.4)  (163.0 ± 3.4)  

Se5 (143.9 ± 10.5) (145.2 ± 4.5) (148.6 ± 1.6) (392.6 ± 7.2) 

Se6 (140.2 ± 10.5) (142.5 ± 8.3) (134.3 ± 2.4) (441.7 ± 14.2) 

Se7 (151.5 ± 10.5) (158.8 ± 8.5) (148.0 ± 2.4) (505.2 ± 14.8) 

Se8 (160.7 ± 10.5) (161.7 ± 7.7) (155.4 ± 2.3) (537.7 ± 14.4) 

 The selenium activity was adjusted by the EMF applied to the electrochemical 
cell Pt, Ag | AgI | Ag2Se, Pt. 

 According to the Ag-Se phase diagram of [90KAR/THO] the silver selenide 
has a homogeneity range above 405 K spanning the compositions between Ag2Se and 
Ag2Se0.98. In the evaluations by Keller, the ideal stoichiometry was assumed and the 
results can be slightly distorted. The total pressures calculated from the data by Keller 
are somewhat low at higher temperatures compared to most other investigations. 

[70KLU/SEL] 

The authors prepared crystalline Cs2SeO3
.H2O and measured the enthalpy of the reac-

tion of the salt with a lead nitrate solution in an electrically calibrated calorimeter. Crys-
talline lead selenite is formed. The data have been recalculated to find the enthalpy 
change of the reaction Cs2SeO3

.H2O(cr) + Pb2+ → PbSeO3(cr) + 2Cs+ + H2O(l) in Table 
A-79. 

Table A-79: Calculation of the enthalpy change of the reaction Cs2SeO3
.H2O(cr) + 

Pb2+ Æ PbSeO3(cr) + 2Cs+ + H2O(l). The sources of the data are indicated. 

# Reaction r mH ο∆ (kJ⋅mol–1) Reference 

1 Cs2SeO3
.H2O(cr) + Pb(NO3)2(aq, 1:800) → PbSeO3(cr) + 

2CsNO3(aq, 1:400) + H2O(l)  
– (20.13 ± 0.16) (paper) 

2 Pb(NO3)2(aq, 1:800) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50)  (review) 

3 CsNO3(aq, 1:400) + aq → Cs+ + 3NO−  – (0.51 ± 0.05)  [82WAG/EVA] 

4 Cs2SeO3
.H2O(cr) + Pb2+ → PbSeO3(cr) + 2Cs+ + H2O(l) – (23.00 ± 1.50)  (review) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  
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[70ROS/SEL] 

Crystalline potassium hydrogen selenite was prepared and the product was checked by 
X-ray and chemical analysis. The enthalpy of the reaction between a solution of the salt 
and Pb(NO3)2(cr) was determined as well as the heat of dissolution of KHSeO3. The 
experimental findings are furnished in Table A-80, in which the enthalpy change of the 
reaction KHSeO3(cr) + Pb2+ → PbSeO3(cr) + K+ + H+ is estimated. 

Table A-80: Calculation of the enthalpy change of the reaction KHSeO3(cr) + Pb2+ → 
PbSeO3(cr) + K+ + H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 KHSeO3(aq, 1:800) + Pb(NO3)2(cr) → PbSeO3(cr) + 
KNO3(aq, 1:800) + HNO3(aq, 1:800)  

   (12.43 ± 0.01)  (paper) 

2 Pb(NO3)2(cr) + aq → Pb2+ + 2 3NO−     (33.80 ± 0.25) [95PAY] 

3 KNO3(aq, 1: 800) + aq → K+ + 3NO−     (0.04 ± 0.05) [82WAG/EVA] 

4 HNO3(aq, 1:800) + aq → H+ + 3NO−  – (0.36 ± 0.05) [82WAG/EVA] 

5 KHSeO3(cr) + aq → KHSeO3(aq, 1:800)    (10.04 ± 0.04) (paper) 

6 KHSeO3(cr) + Pb2+ → PbSeO3(cr) + K+ + H+ – (11.65 ± 0.25) (result) 

r 6H∆  = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ + r 5H∆  

Crystalline K2Se2O5 was prepared by heating KHSeO3 at 343 K. Chemical and 
X-ray analysis confirmed the composition and crystalline state of the preparation. The 
salt was reacted with a lead nitrate solution in an electrically calibrated calorimeter. The 
calorimetric result is used in Table A-81 to calculate the enthalpy change of the reaction 
K2Se2O5(cr) + 2Pb2+ + H2O(l) → 2PbSeO3(cr) + 2K+ + 2H+. 

Table A-81: Calculation of the enthalpy change of the reaction K2Se2O5(cr) + 2Pb2+ + 
H2O(l) Æ 2PbSeO3(cr) + 2K+ + 2H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 K2Se2O5(cr) + 2Pb(NO3)2(aq, 1:400) + H2O(l) → 
2PbSeO3(cr) + 2KNO3(aq, 1:400) + 2HNO3(aq, 1:400)  

– (29.18 ± 0.04)  (paper) 

2 Pb(NO3)2(aq, 1:400) + aq → Pb2+ + 2 3NO−     (2.50 ± 1.50) (review) 

3 KNO3(aq, 1:400) + aq → K+ + 3NO−     (0.30 ± 0.05) [82WAG/EVA] 

4 HNO3(aq, 1:400) + aq → H+ + 3NO−  – (0.41 ± 0.05) [82WAG/EVA] 

5 K2Se2O5(cr) + 2Pb2+ + H2O(l) Æ 2PbSeO3(cr) + 2K+ + 2H+ – (34.40 ± 3.00) (result) 

r 5H∆  = r 1H∆ – 2 r 2H∆ + 2 r 3H∆ + 2 r 4H∆  
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[70ROS/SEL2] 

Crystalline lithium trihydrogen selenite was prepared and checked by X-ray and chemi-
cal analysis. The enthalpy of the reaction between a solution of the salt and 
Pb(NO3)2(cr) was determined as well as the heat of dissolution of LiH3(SeO3)2(cr). The 
experimental findings are furnished in Table A-82, in which the enthalpy change of the 
reaction LiH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + Li+ + 3H+ is calculated. 

Table A-82: Calculation of the enthalpy change of the reaction LiH3(SeO3)2(cr) + 
2Pb2+ → 2PbSeO3(cr) + Li+ + 3H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 LiH3(SeO3)2(aq, 1:800) + 2Pb(NO3)2(cr) → 2PbSeO3(cr) + 
LiNO3(aq, 1:800) + 3HNO3(aq, 1:267)  

   (56.12 ± 0.04)  (paper) 

2 Pb(NO3)2(cr) + aq → Pb2+ + 2 3NO−     (33.80 ± 0.25) [95PAY] 

3 LiNO3(aq, 1: 800) + aq → Li+ + 3NO−  – (0.35 ± 0.05) [82WAG/EVA] 

4 HNO3(aq, 1:267) + aq → H+ + 3NO−  – (0.46 ± 0.05) [82WAG/EVA] 

5 LiH3(SeO3)2(cr) + aq → LiH3(SeO3)2(aq, 1:800)    (40.44 ± 0.08) (paper) 

6 LiH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + Li+ + 3H+    (27.23 ± 0.53) (result) 

r 6H∆  = r 1H∆ – 2 r 2H∆ + r 3H∆ + 3 r 4H∆ + r 5H∆  

[70ROS/SEL3] 

Crystalline potassium trihydrogen selenite was prepared and subjected to chemical and 
X-ray analysis for confirmation of the composition and crystalline state. The compound 
was reacted in stoichiometric proportions with a solution of lead nitrate in an electri-
cally calibrated calorimeter. The lead selenite formed was crystalline and the reaction 
was quantitative. The calorimetric data have been used to calculate the enthalpy change 
of the reaction KH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + K+ + 3H+ in Table A-83. 

Table A-83: Calculation of the enthalpy change of the reaction KH3(SeO3)2(cr) + 
2Pb2+ → 2PbSeO3(cr) + K+ + 3H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 KH3(SeO3)2(cr) + 2Pb(NO3)2(aq, 1:400) → 2PbSeO3(cr) + 
KNO3(aq, 1:800) + 3HNO3(aq, 1:267) 

   (17.28 ± 0.02) (paper) 

2 Pb(NO3)2(aq, 1:400) + aq → Pb2+ + 2 3NO−     (2.50 ± 1.50)  (review) 

3 KNO3(aq, 1:800) + aq → K+ + 3NO−     (0.04 ± 0.05)  [82WAG/EVA] 

4 HNO3(aq, 1:267) + aq → H
+ + 3NO−  – (0.46 ± 0.05)  [82WAG/EVA] 

5 KH3(SeO3)2(cr) + 2Pb2+ → 2PbSeO3(cr) + K+ + 3H+    (10.94 ± 1.50) (result) 

r 5H∆  = r 1H∆ – 2 r 2H∆ + r 3H∆ + 3 r 4H∆  
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[70SOB/SEL] 

Sobol and Selivanova prepared crystalline sodium diselenate by gradually heating crys-
talline NaHSeO4 up to 475 K. The crystalline state and composition of the specimen 
were confirmed by X-ray diffraction and chemical analysis. The authors made a number 
of calorimetric measurements from which the standard enthalpy of formation of 
Na2Se2O7(cr) can be derived. The measurements and the calculations by the review are 
summarised in the following three tables. 

Table A-84: Determination of enthalpy change of the reaction Na2Se2O7(cr) + 2Pb2+ + 
H2O(l) → 2PbSeO4(cr) + 2Na+ + 2H+. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2Se2O7(cr) + 2Pb(NO3)2(aq, 1:800) +H2O(l) → 
2PbSeO4(cr) + 2NaNO3(aq, 1:800) + 2HNO3(aq, 1:800) 

– (79.39 ± 0.11) (paper) 

2 NaNO3(aq, 1:800) + aq → Na+ + 3NO−  – (0.18 ± 0.10) [82WAG/EVA] 

3 HNO3(aq, 1:800) + aq → H+ + 3NO−  – (0.36 ± 0.05) [82WAG/EVA] 

4 Pb(NO3)2 (aq, 1:800) + aq → Pb2+ + 2 3NO−     (1.85 ± 1.50) (review) 

5 Na2Se2O7(cr) + 2Pb2+ +H2O(l) → 2PbSeO4(cr) + 2Na+ + 2H+ – (84.17 ± 3.01) (result) 

r 5H∆  = r 1H∆ + 2 r 2H∆ + 2 r 3H∆ – 2 r 4H∆  

The enthalpy of reaction, ∆rH5 in Table A-84, combined with accepted stan-
dard enthalpies of formation and neglect of the enthalpy of mixing leads to 

f mH ο∆ (Na2Se2O7, cr, 298.15 K) = − (1327.12 ± 9.18) kJ⋅mol–1. 

Table A-85: Determination of f mH ο∆ (Na2Se2O7, cr, 298.15 K) from the enthalpy of dis-
solution of Na2Se2O7(cr) in water. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2Se2O7(cr) + H2O(l) + aq → 2NaHSeO4(aq, 1:800) – (55.65 ± 0.12) (paper) 

2 NaHSeO4(cr) + aq → NaHSeO4(aq, 1:800) – (8.10 ± 0.03) [73SOB/SEL] 

3 Na(cr) + Se(cr) + 0.5H2(g) + 2O2(g) → NaHSeO4(cr) – (822.23 ± 5.59) (review) 

4 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

5 2Na(cr) + 2Se(cr) + 3.5O2(g) → Na2Se2O7(cr) – (1319.18 ± 11.18) (result) 

r 5H∆  = – r 1H∆ + 2 r 2H∆ + 2 r 3H∆ – r 4H∆  
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Table A-86: Determination of f mH ο∆ (Na2Se2O7, cr, 298.15 K) from the heat of neutrali-
sation of Na2Se2O7(cr) with NaOH(aq). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Na2Se2O7(cr) + 2NaOH(aq, 1:800) → 2Na2SeO4(aq, 1:800) 
+ H2O(l) 

– (186.82 ± 0.13) (paper) 

2 Na2SeO4(cr) + aq → Na2SeO4(aq, 1:800) – (4.06 ± 0.17) [62SEL/SAZ3] 

3 2Na(cr) + Se(cr) + 2O2(g) → Na2SeO4(cr) – (1076.50 ± 3.50) (review) 

4 Na + 0.5H2(g) + 0.5O2(g) + aq → NaOH(aq, 1:800) – (469.99 ± 0.12) [89COX/WAG] 

[82WAG/EVA] 

5 H2(g) + 0.5O2(g) → H2O(l) – (285.83 ± 0.04) [89COX/WAG] 

6 2Na(cr) + 2Se(cr) + 3.5O2(g) → Na2Se2O7(cr) – (1320.15 ± 7.01) (result) 

r 6H∆  = – r 1H∆ + 2 r 2H∆ + 2 r 3H∆ – 2 r 4H∆ + r 5H∆  

[71GLA/KOR] 

The total pressure of the vapour in equilibrium with Cu2Se(cr) was measured in the 
temperature range 1133 to 1293 K using the Knudsen effusion technique. The enthalpy 
and entropy of the assumed reaction Cu2Se(cr)  2Cu(cr) + ½Se2(g) were evaluated at 
the mean temperature only and no recalculations to 298.15 K were made because of 
missing enthalpy and entropy increments of Cu2Se(cr). The results were therefore 
recalculated by the review using the entropy and enthalpy increments of Cu2Se(cr) in 
[78BLA/GUN], the selected thermodynamic properties of Se2(g), and the data of Cu(cr) 
in [89COX/WAG] yielding the values f mH ο∆ (Cu2Se, α, 298.15 K) = − (26.5 ± 10.0) 
kJ⋅mol–1 and mS ο (Cu2Se, α, 298.15 K) = (90.1 ± 20.0) J·K–1·mol–1. 

[71GRI/BOR] 

The saturated vapour pressure of liquid InSe was measured at ten temperatures in the 
temperature range 1113 to 1253 K. On the assumption that the gas phase consisted of 
the molecules In(g), Se(g), Se2(g), InSe(g), In2Se(g), and In2Se2(g) the enthalpies and 
entropies of formation of InSe(g), In2Se(g), and In2Se2(g), in all six parameters, were 
determined by a least-squares procedure. Considering the uncertainties in the pressure 
measurements and the neglect of the other Sen(g) species, it is not possible to determine 
six unknown parameters from ten measured points with any degree of accuracy. The 
results of this investigation are therefore rejected. 

[71KEL/RIC] 

The paper is a shortened version of the dissertation by Keller [70KEL] and does not 
provide new information.  
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[71MAI/SUP] 

Maier, Suponitskii, and Karapet’yants prepared anhydrous crystalline lanthanum, pra-
seodymium, and neodymium selenite by keeping the amorphous salts at an elevated 
temperature in a sealed tube. The salts are denoted by M2(SeO3)3. The standard enthal-
pies of formation of the compounds have been calculated from the experimental results 
and auxiliary data in Table A-87. The solvent (sln) employed in the calorimetric disso-
lution experiments was HCl(aq, 1:18.5). Dissolution was made to the appropriate con-
centrations and the composition of the solutions will be denoted simply as dilute (dil).  

Table A-87: Calculation of the standard enthalpies of formation of the anhydrous se-
lenites of La, Pr, and Nd. The sources of the data are indicated and entered in the order 
La, Pr, Nd. n is 7 for La and Pr, and 6 for Nd. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 M2(SeO3)3(cr) + 6HCl(sln) + sln → 2MCl3(sln, dil) + 
3H2SeO3(sln, dil) 

– (71.50 ± 2.13) 
– (71.96 ± 1.13) 
– (62.13 ± 0.63) 

(paper) 

2 H2SeO3(cr) + sln → H2SeO3(sln, dil)    (18.62 ± 0.13) [68MAI/SUP] 

3 MCl3
.nH2O(cr) + sln → MCl3(sln, dil) + nH2O(l, sln) – (8.37 ± 0.67) 

– (8.79 ± 0.88) 
– (20.00 ± 0.21) 

(paper) 

4 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

5 M(cr) + 1.5Cl2(g) + nH2(g) + 0.5nO2(g) → MCl3
.nH2O(cr) – (3178.9 ± 2.5) 

– (3181.0 ± 2.0) 
– (2874.2 ± 2.0) 

(see text) 

6 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (285.98 ± 0.04) [2000RAN/FUG] 

7 0.5H2(g) + 0.5Cl2(g) + sln → HCl(sln) – (160.90 ± 0.10) [2000RAN/FUG] 

8 2M(cr) + 3Se(cr) + 4.5O2(g) →M2(SeO3)3(cr) – (2852.2 ± 6.0) 
– (2856.8 ± 5.0) 
– (2848.2 ± 4.6) 

(results) 

r 8H∆ = ∆f mH ο (M2(SeO3)3, cr, 298.15 K) = – r 1H∆ + 3 r 2H∆ + 2 r 3H∆ + 3 r 4H∆ + 2 r 5H∆ – 2n r 6H∆ – 
6 r 7H∆   

The value of f mH ο∆ (NdCl3·6H2O, cr, 298.15 K) was calculated from the 
weighted mean of the enthalpy of dissolution in water of NdCl3·6H2O(cr) to infinite 
dilution as determined by Spedding, Naumann, and Eberts [58SPE/NAU], 
− (38.9 ± 0.4) kJ·mol–1, and by Seifert and Funke [98SEI/FUN], − (36.5 ± 0.2) kJ⋅mol–1. 
The value of sol mH ο∆ (NdCl3·6H2O, cr, 298.15 K) so obtained, − (36.8 ± 0.2) kJ⋅mol–1, 
was combined with the standard enthalpy of formation of Nd3+(aq) in [2001COR/KON] 
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and of Cl-(aq) and H2O(l) in [89COX/WAG] to give f mH ο∆ (NdCl3·6H2O, cr, 298.15 K). 
The standard enthalpies of formation of the other two salts were calculated in the same 
way. The values of sol mH ο∆ (LaCl3·7H2O, cr, 298.15 K), − (30.8 ± 0.4) kJ⋅mol–1, ob-
tained from [70HIN/COB2] and sol mH ο∆ (PrCl3·7H2O, cr, 298.15 K), − (26.8 ± 0.2) 
kJ⋅mol–1, obtained from [70HIN/COB2] and [98SEI/FUN] were used. 

 The results from the table: 

f mH ο∆ (La2(SeO3)3, cr, 298.15 K) = – (2852.0 ± 6.0) kJ mol–1, 

f mH ο∆ (Pr2(SeO3)3, cr, 298.15 K) = – (2856.8 ± 5.0) kJ mol–1, 

f mH ο∆ (Nd2(SeO3)3, cr, 298.15 K) = – (2848.2 ± 4.6) kJ mol–1, 

agree with the values in the paper, which were calculated in the same way, after allow-
ance for the changes in the auxiliary data and the fact that partial molar enthalpies of 
formation were not used for H2O and HCl. The auxiliary data used in the paper can be 
found in the deposited document VINITI No. 2968-71. 

[71MEH/GUB] 

In the early 1970’s, Mehra and Gubeli published a series of papers [70MEH/GUB], 
[70MEH/GUB2], [71MEH/GUB] on selenide complexation and precipitation with Ag+, 
Mn2+ and Hg2+. The three works all originate from a thesis by M. C. Mehra, “Studies on 
the stabilities of some metal selenite, sulphide, and selenide complexes in solution” 
[68MEH], and constitute the only studies in the literature where soluble selenide com-
plexes have been indicated. 

The experimental set-up was common for all three metal ions. It included the 
mixing, under a nitrogen gas atmosphere, of a (0.5 – 1) × 10–3 M radioactively labelled 
metal ion solution with a 0.015 to 0.08 M solution of Se(− II) at different pH. After 
equilibration for five days the solid formed was separated from the aqueous phase by 
means of a sintered glass filter of undefined pore size. The aqueous phase was analysed 
with respect to pH (glass electrode), pMe (Ag+ and Hg2+, ion selective electrode), 
[Me(aq)]tot (γ-ray scintillation) and [Se(− II)] (iodometric titration). 

The solubility products of the three metal selenides were calculated from the 
experimental data, but included the use of erroneous acidity constants for H2Se(aq). The 
review has accepted the measurements and recalculated the experimental data with se-
lected values for the acidity constants of hydrogen selenide. 

For all three systems, and in certain parts of the pH interval, the γ-ray scintilla-
tion data indicated significantly higher total metal solubility than expected from the 
solubility product. This finding was interpreted as being due to the formation of soluble 
complexes. An alternative explanation, however, is that the glass filter used was ineffi-
cient in separating out colloidally sized metal selenide particles. These measurements 
might therefore not prove the existence of true aqueous complexes. This is a concern 
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which is especially valid for the regions where low 3 × 10–7 to 1 × 10–8 M and pH-
independent solubilities were recorded and interpreted as due to the existence of un-
charged metal selenide complexes. These complexes and their corresponding equilib-
rium constants have therefore not been accepted by the review. 

In the Hg2+-Se2– system, and at pH ≥ 7, a significant solubilisation of HgSe(s) 
was recorded. These data cannot be questioned by the experimental uncertainty dis-
cussed above, and clearly indicate the formation of a soluble complex, ( 2

2HgSe − ). This 
species has therefore been accepted with an equilibrium constant recalculated by the 
review. 

Also in the Ag+-Se2– system a significant solubilisation of Ag2Se(s) was re-
corded, although only at a pH well above 11. The species suggested to explain the in-
creased solubility, Ag(Se)2(OH)4–, is, however, highly questionable in view of the well-
known tendency of Ag+ for linear coordination. This complex and its corresponding 
equilibrium constant have therefore not been accepted by the review. 

[71PAS/ARO] 

The vapour pressures obtained from dew point measurements will depend on the rela-
tionship used for the temperature dependence of the saturated vapour pressure. A num-
ber of relationships, 

2SeOp  = f (T ), have been proposed for the equilibrium SeO2(cr)  
SeO2(g), see Section V.2.2.3. in Chapter V. In order to obtain consistency it is necessary 
to revise previous vapour pressures calculated from the dew point temperature, Tdew, to 
conform with the accepted 

2SeOp  = f (T ) function. The problem met in this revision has 
been the fact that in some instances only 

2SeOp  values have been published, while the 
dew point temperatures and the relationship used to obtain 

2SeOp  are absent. 

 Pashinkin et al. reported revised values of f mH ο∆  and mS ο  for a number of se-
lenites. The values were derived from previously published vapour pressures in 
[64BAK/BUK], [68BAK/BUK], [68BAK/BUK3], [69BAK/BUK], [69BAK/BUK2]. 
The new values together with data deposited in VINITI (No. 2710-71) made it possible 
to deduce that the vapour pressure expression in [62MAR/GET] had been used in the 
original publications. The re-evaluation of the original data starts with a calculation of 
Tdew from published vapour pressures and the relationship in [62MAR/GET]. The re-
vised pressures are obtained from Tdew and the selected relationship; 10log (

2SeOp /bar) = 
15.893 – 6250.2 × T –1 – 1.960 × 10log T. The correction is substantial. For instance, the 
enthalpy change of the reaction MgSeO3(cr) Æ MgO(cr) + SeO2(g) is altered from 
189.1 to 222.0 kJ⋅mol–1. 

[71SEA/MUN] 

The saturated vapour pressure of α-CdSe was measured in the temperature range 942 to 
1041 K using the Knudsen torsion effusion technique. A value for the enthalpy of for-
mation of α-CdSe at 298.15 K was derived using an undocumneted set of auxiliary data. 
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The experimental results given in Table 3 of the paper were therefore re-evaluated by 
the review using both the second and the third law, the selected thermodynamic func-
tions of selenium, the data for Cd in [89COX/WAG], the selected heat capacity of 
α-CdSe, and the selected entropy of α-CdSe in the case of the third law. The vaporisa-
tion was assumed to occur according to the reaction α-CdSe  Cd(g) + ½Se2(g). The 
results were f mH ο∆ (CdSe, α, 298.15 K) = – (144.1 ± 12.0) kJ·mol–1, f mH ο∆ (CdSe, α, 
298.15 K) = – (142.0 ± 2.0) kJ·mol–1, and mS ο (CdSe, α, 298.15 K) = (84.1 ± 8.0)       
J·K–1·mol–1 for the second and third law enthalpy of formation and the entropy, respec-
tively.  

[71SEL/PRY] 

Selivanova, Prymova, and Kravchenko [71SEL/PRY] measured the enthalpy change of 
the reaction: 

(NH4)2SeO4(cr) + Pb(NO3)2(aq, 1:1600) → PbSeO4(cr) + 2NH4NO3(aq,1:800), 

in a calorimeter. They also measured the integral enthalpy of dissolution of 
(NH4)2SeO4(cr) to (NH4)2SeO4(aq, 1:1600). Their data have been re-evaluated in Table 
A-88 and Table A-89. 

Table A-88: Enthalpy change of the reaction (NH4)2SeO4(cr) + Pb2+ → PbSeO4(cr) + 
2 +

4NH . The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 (NH4)2SeO4(cr) + Pb(NO3)2(aq, 1:1600) → PbSeO4(cr) + 
2NH4NO3(aq,1:800) 

   (5.61 ± 0.08) (paper) 

2 Pb(NO3)2(aq, 1:1600) + aq → Pb2+ + 2 3NO−     (1.50 ± 1.50) (review) 

3 NH4NO3(aq,1:800) + aq → +

4NH  + 3NO−  – (0.22 ± 0.10) [82WAG/EVA] 

4 (NH4)2SeO4(cr) + Pb2+ → PbSeO4(cr) + 2 +

4NH     (3.67 ± 1.51) (result) 

r 4H∆  = r 1H∆ – r 2H∆ + 2 r 3H∆  

Table A-89: Integral enthalpy of dissolution of (NH4)2SeO4(cr) to the standard state. 
The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 (NH4)2SeO4(cr) + aq → (NH4)2SeO4(aq, 1:1600)    (10.33 ± 0.13) (paper) 

2 (NH4)2SeO4(aq, 1:1600) + aq → 2 +

4NH  + 2

4SeO −  – (1.85 ± 0.50) (estimated) 

3 (NH4)2SeO4(cr) + aq → 2 +

4NH  + 2

4SeO −     (8.48 ± 0.52) (result) 

r 3H∆  = r 1H∆ + r 2H∆  
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 The standard enthalpy of formation of (NH4)2SeO4(cr) is found from r 4H∆  
and accepted enthalpies of formation to be – (879.33 ± 4.64) kJ⋅mol–1. 

 The dissolution data were evaluated on the assumption that the enthalpy of 
dilution of the ammonium selenate solution was the same as for the corresponding sul-
phate solution with data from [82WAG/EVA]. 

 The heat of dissolution to the aqueous standard state and the accepted enthal-
pies of the ions combine to give – (878.50 ± 3.57) kJ⋅mol–1 as an estimate of the en-
thalpy of formation of (NH4)2SeO4(cr). 

[71SHK/MAL] 

Shkodin, Malyshev, and Makhmetov measured the vapour pressure of SeO2(g) above 
solid and molten sodium selenite by the dew point method. The vapour pressure for 
Na2SeO3(cr) and the temperature interval 967 to 1009 K was 

210 SeOlog p  = 
(15.87 ± 1.10) − (17700 ± 1120) T –1 and for Na2SeO3(l) and the temperature interval 
1015 to 1171 K 

210 SeOlog p  = (13.01 ± 1.02) – (14810 ± 1110) T –1. The uncertainties 
have been calculated by the review from an evaluation of the experimental data pre-
sented in the deposited VINITI document (No. 3040-71). The review failed to obtain a 
reasonable agreement between the published primary data and the vapour pressure 
equation for molten sodium selenite. 

 The authors write “the dissociation of sodium selenite occurs stepwise” and 
describe the process by the expression xNa2SeO3(cr, l) → xNa2O(x–y)SeO2(cr) + 
ySeO2(g). The decomposition of Na2SeO3 is also discussed in [67KLU/SEL3]. 

 The review does not find it possible to extract thermodynamic quantities from 
this paper. 

[71UY/DRO] 

The relative abundances of the species in gaseous aluminium-selenium mixtures were 
studied in the temperature range 1520 to 1758 K by measuring the ion intensities of the 
gaseous species in a mass spectrometer. The derived thermodynamic quantities were 
recalculated by the review using the selected thermodynamic properties of Se(g) and 
Se2(g), the CODATA [89COX/WAG] properties of Al(g), and the entropies and heat 
capacity expressions of the aluminium selenides given in Sections V.8.2.1.1 to 
V.8.2.1.3. The results are summarised in Table A-90.  
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Table A-90: Second and third law enthalpies of reactions involving the species AlSe(g), 
Al2Se(g), and Al2Se2(g).  

Reaction ∆rHºm     (298.15 K) 

2nd law, (kJ·mol−1) 

∆rHºm     (298.15 K) 

3rd law, (kJ·mol−1) 

AlSe(g) + Se(g)  Al(g) + Se2(g) − (6 ± 25) − (39 ± 20) 

Al2Se(g) + Se(g)  2AlSe(g)    (3 ± 13)    (14 ± 36) 

Al2Se2(g) + 2Se(g)  2AlSe(g) + Se2(g)    (58 ± 38)    (61 ± 50) 

 

[72CHE/KUZ] 

The total vapour pressure of liquid selenium at equilibrium was measured by a static 
method in the temperature range 673 to 958 K and given as 10log (p/bar) = 5.217  
− 4991 T –1. A third law evaluation of the enthalpy of formation of Se2(g) at 298.15 was 
made by this review using the vapour pressure at 940 K and the selected data for the 
heat capacities and entropies of Se(l) and Se2(g). A mole fraction of Se2(g), 

2Se (g)x  = 
0.63 was estimated from the selected selenium data. The enthalpy of formation derived 
was f mH ο∆ (Se2, g, 298.15 K) = (140.8 ± 1.5) kJ·mol–1.  

[72FLO] 

In two papers, [69FLO] and [72FLO], Flögel exposed powders of HgSe(cr), CdSe(cr), 
and ZnSe(cr) to slowly passing nitrogen and hydrogen gas at 1 atm pressure. By meas-
uring the flow of gas, and the weight loss of the powders per time unit, the partial pres-
sures of the metal and selenium vapours were calculated. These partial pressures were 
found to be independent of the flow rate of the gas over the range of 1 to 6 dm3/h, and 
therefore a state of equilibrium could be assumed. 

The nitrogen gas experiments were used to evaluate equilibrium constants for 
the reaction 2MeSe(cr)  2Me(g) + Se2(g). 

In the hydrogen gas experiments, a partial formation of H2Se(g) was assumed 
to take place according to the reaction MeSe(cr) + (1 – α)H2(g)  Me(g) + (1 – 
α)H2Se(g) + 0.5αSe2(g). The data were used, in combination with the nitrogen gas data, 
to deduce an equilibrium constant for the reaction H2(g) + ½Se2(g)  H2Se(g). In these 
calculations, the approximations Mep >>

2Sep and
2Hp >> Mep +

2Sep were made. 

Due to the different properties of the selenide phases studied, different tem-
perature spans were employed, viz. 620 to 810 K for HgSe(cr), 970 to 1370 K for 
CdSe(cr), and 1170 to 1410 K for ZnSe(cr). The expression for the temperature-
dependent equilibrium constant presented in [72FLO] is based on the combined infor-
mation from all three systems studied. 
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[72GRI/BOR] 

The saturated vapour pressure in equilibrium with In2Se3(cr) was studied in the tempera-
ture range 600 to 1200 K using a Bourdon gauge manometer. The enthalpy of formation 
of γ-In2Se3 was determined to be f mH ο∆ (In2Se3, γ, 298.15 K) = – 216.3 kJ·mol–1 from 
the the vapour pressure in the temperature range 923 to 1013 K assuming the vaporisa-
tion reaction:  

 γ-In2Se3  In2Se(g) + Se2(g).  (A.27) 

The vapour pressure data given in Table 3 of the paper were re-evaluated by 
the review using the selected properties of Se2(g), the heat capacity and entropy of 
In2Se(g) calculated by the review from the molecular parameters obtained by Erkoc, 
Katircioglu, and Yilmaz [2001ERK/KAT], and the heat capacity, transition enthalpies, 
and entropy of solid In2Se3 given in Section V.8.4.1.5, yielding r mH ο∆ ((A.27), 
298.15 K) = 451.8 kJ·mol–1 and r mS ο∆ ((A.27), 298.15 K) = 373.6 J·K–1·mol–1 from the 
second law and r mH ο∆ ((A.27), 298.15 K) = 444.8 kJ·mol–1 from the third law. 

[72MAE/YOK] 

The enthalpy of mixing in the liquid state was measured at the temperatures 736 K, 
828 K, and 998 K for various compositions in system bismuth-selenium. No enthalpies 
of formation at 298.15 K were determined in the paper. The enthalpy of formation of 
Bi2Se3(cr) at 298.15 K was therefore calculated by the review from the value reported 
for the enthalpy of mixing of Bi0.4Se0.6 at 998 K, f mH ο∆ (Bi0.4Se0.6, l, 998 K) = – 22.43  
kJ·mol–1, the selected value of the enthalpy of fusion and the heat capacity of Bi2Se3(cr), 
the selected properties of selenium, and the properties of bismuth in [56STU/SIN] yield-
ing f mH ο∆ (Bi2Se3, cr, 298.15 K) = – 188.8 kJ·mol–1. The value is about 40 kJ·mol–1 
more negative than in other investigations for unknown reasons. 

Analogous measurements were also made in the system antimony-selenium at 
935 K yielding mix mH ο∆ (Sb0.40Se0.60, l, 935 K) = − (29.3 ± 0.5) kJ·mol−1. No enthalpy of 
formation of Sb2Se3(cr) was derived but by combining the value of the enthalpy of mix-
ing with the heat capacities of solid and liquid Sb2Se3, the enthalpy of fusion of 
Sb2Se3(cr), the data for antimony in [73HUL/DES], and the selected data of selenium, 
the enthalpy of formation of Sb2Se3(cr) was calculated to be f mH ο∆ (Sb2Se3, cr, 
298.15 K) = − (133.0 ± 8.0) kJ·mol–1 by the review. 

[72MAT/GEI] 

The thermodynamic properties of the γ phase Co1−xSe(cr) was studied as a function of 
composition in the temperature range 633 to 818 K using the electrochemical cell  

(−) Co(cr) | 0.5 weight-% CoCl2 (in KCl + LiCl melt) | Co1−xSe(cr) (+). 

The reported values of the enthalpy and entropy of formation were only tabulated at a 
temperature of 700 K and a recalculation to 298.15 K has been made by the review. 
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Two compositions, approximately corresponding to the limits of the homogeneity range 
of Co1−xSe(cr), were considered. The recalculation employed the selected properties of 
selenium, the data of cobalt in [98CHA], and the estimated mean heat capacity of 
Co1−xSe(cr) in the temperature range 298.15 to 700 K. The calculated values are tabu-
lated in Table A-91. 

Table A-91: Enthalpy and entropy of formation of Co1−xSe(cr). The last column gives 
the estimated value of the mean heat capacity in the temperature interval 298.15 to 
700 K. 

Composition f mH ο∆ (Co1−xSe, cr, 298.15 K) 

(kJ·mol–1) 
f mS ο∆ (Co1−xSe, cr, 298.15 K)

(J·K–1·mol–1) 
,mpCο (Co1−xSe, cr, (298.15 – 700) K) 

(J·K–1·mol–1) 

Co0.75Se – (54.5 ± 4.0) (2.3 ± 6.0) 48 

Co0.93Se – (52.7 ± 4.0) (8.3 ± 6.0) 53 

 

[72MAT/GEI2] 

The thermodynamic properties of Co0.72Se(cr) were studied in the temperature range 
633 to 821 K using the electrochemical cell  

(−) Co(cr) | 0.5 weight-% CoCl2 (in KCl + LiCl melt) | Co0.72Se(cr) + CoSe2(cr) (+). 

The values reported for the enthalpy and entropy of formation at 700 K were 
f mH ο∆ (Co0.72Se, cr, 700 K) = – (61.1 ± 3.0) kJ·mol–1 and f mS ο∆ (Co0.72Se, cr, 700 K) = 

− (13.4 ± 4.0) J·K–1·mol–1. These values were recalculated to 298.15 K by the review 
using the selected properties of selenium, the data of cobalt in [98CHA], and an esti-
mated effective heat capacity in the temperature range 298.15 to 700 K of 

,mpCο (Co0.72Se, cr, (298.15 – 700) K) = 48 J·K–1·mol–1. The calculated values are 
f mH ο∆ (Co0.72Se, cr, 298.15 K) = – (53.8 ± 4.0) kJ·mol–1 and f mS ο∆ (Co0.72Se, cr, 

298.15 K) = (0.6 ± 4.0) J·K–1·mol–1. 

[72MUN/MES] 

The vapour pressure of α-HgSe was measured in the temperature range 530 to 570 K 
using the torsion-effusion technique. The results were analysed considering all the spe-
cies in the series Se(g)-Se8(g) and Hg(g). However, the thermodynamic data applied for 
the selenium species were different from those selected by the review and the results 
were therefore re-evaluated. 

The total vapour pressure measured was given as 10log (p/bar) = 
(8.242 ± 0.402) − (6963 ± 220) T –1. The expression was used in the re-evaluation by 
matching the observed and calculated total pressures considering all species in the series 
Se(g)-Se8(g) and Hg(g). The selected data of the selenium species and the CODATA 
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[89COX/WAG] values for mercury were used. The composition of the gas phase was 
assumed to correspond to congruent evaporation of stoichiometric α-HgSe. The mole 
fractions of the most important selenium species are given in Table A-92. 

Table A-92: Mole fractions of the most important gaseous selenium species in equilib-
rium with α-HgSe. 

T (K) Se2(g) Se5(g) Se6(g) 

530 0.37 0.33 0.26 

570 0.39 0.34 0.23 

The expression r mGο∆ (T ) = ((201.8 ± 27.0) – (0.2274 ± 0.021) T ) kJ·mol–1 for 
the reaction α-HgSe  Hg(g) + ½Se2(g) was derived for the temperature range 530 to 
570 K from the calculated partial pressures. A recalculation to 298.15 K using the se-
lected heat capacity of HgSe yields f mH ο∆ (HgSe, α, 298.15 K) = – (73.5 ± 20.0) 
kJ·mol–1 and mS ο (HgSe, α, 298.15 K) = (62.6 ± 15.0) J·K–1·mol–1. The corresponding 
third law value of the enthalpy is f mH ο∆ (HgSe, α, 298.15 K) = – (57.0 ± 20.0) kJ·mol–1 
and was calculated using the selected values for the heat capacity and entropy of 
α-HgSe. The error limits correspond to those given in the vapour expression multiplied 
by a factor of two.  

[72SIG/WIE] 

The saturated vapour pressure of α-CdSe was measured in the temperature range 866 to 
1035 K using the Knudsen effusion technique. The congruency of the sublimation was 
studied in detail and it was found that Se2(g) evaporates preferentially in the initial 
stages of the evaporation until the stoichiometry becomes CdSe0.998. The selenide then 
evaporates congruently without further change in stoichiometry. Thermodynamic prop-
erties at 298.15 K were evaluated but a set of auxiliary data different from that used by 
the review was applied. The experimental results given in Table 1 and 3 of the paper 
were therefore re-evaluated by the review using both the second and the third law, the 
selected thermodynamic functions of selenium, the data for Cd in [89COX/WAG], the 
selected heat capacity of α-CdSe, and the selected entropy of α-CdSe in the case of the 
third law. The vaporisation was assumed to occur according to the reaction α-CdSe  
Cd(g) + ½Se2(g). The results were f mH ο∆ (CdSe, α, 298.15 K) = – (147.7 ± 5.0)   
kJ·mol–1, f mH ο∆ (CdSe, α, 298.15 K) = – (147.1 ± 2.0) kJ·mol–1, and mS ο (CdSe, α, 
298.15 K) = (85.6 ± 5.0) J·K–1·mol–1 for the second and third law enthalpy of formation 
and the entropy, respectively.  
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[73HAS/MUN] 

The saturated vapour pressure of α-ZnSe was measured in the temperature range 952 to 
1209 K using the torsion-effusion Knudsen cell technique. The results were evaluated 
according to the second law assuming the reaction 2α-ZnSe  2Zn(g) + Se2(g) giving 
the dissociation enthalpy sub mH ο∆ (ZnSe, α, 298.15 K) = (710 ± 12) kJ·mol–1. No ther-
modynamic quantities were derived for α-ZnSe. The vapour pressure expression given 
in Eq. (1) of the paper was therefore evaluated by the review according to the second 
and the third law using the selected thermodynamic functions of selenium, the data for 
Zn in [89COX/WAG], the heat capacity expression of α-ZnSe in Section V.9.1.1.1, and 
the selected entropy of α-ZnSe in the case of the third law. The values obtained were 

f mH ο∆ (ZnSe, α, 298.15 K) = – (157.8 ± 13.0) kJ·mol–1, f mH ο∆ (ZnSe, α, 298.15 K) = 
− (175.9 ± 6.6) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = (88.7 ± 12.0) J·K–1·mol–1 for the 
second and third law enthalpy of formation and the entropy, respectively.  

[73PIN/NES] 

The authors prepared zirconium(IV) selenite by reacting a 0.1 M solution of ZrOCl2 
with a large excess of 2.5 M selenious acid. The composition was checked by chemical 
analysis, but as no X-ray diffraction measurement is reported the specimen will be de-
noted as Zr(SeO3)2(s). The enthalpies of dissolution of ZrO2(cr), SeO2(cr), and 
Zr(SeO3)2(s) in 11.28 M HF (sln) were measured. The resulting solutions will be de-
noted as dilute (dil) as concentrations used were somewhat variable. The results are 
used in Table A-93 to calculate the standard enthalpy of formation of Zr(SeO3)2(s). 

Table A-93: Calculation of the standard enthalpy of formation of Zr(SeO3)2(s). The 
sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 ZrO2(cr) + 4HF(sln) + sln → ZrF4(sln, dil) + 2H2O(l, sln) – (131.80 ± 2.00) (paper) 

2 SeO2(cr) + H2O(l, sln) + sln → H2SeO3(sln, dil)    (4.39 ± 0.38) (paper) 

3 Zr(SeO3)2(s) + 4HF(sln) + sln → ZrF4(sln, dil) + 
2H2SeO3(sln, dil) 

– (64.85 ± 1.30) (paper) 

4 Zr(cr) + O2(g) → ZrO2(cr) – (1100.60 ± 0.70) [2004BRO] 

5 Se(cr) + O2(g) → SeO2(cr) – (225.39 ± 0.60) (review) 

6 Zr(cr) + 2Se(cr) + 3O2(g) → Zr(SeO3)2(s) – (1609.55 ± 2.69) (result) 

r 6H∆ = ∆f mH ο (Zr(SeO3)2, s, 298.15 K) = r 1H∆ + 2 r 2H∆ – r 3H∆ + r 4H∆ + 2 r 5H∆  

 The result in the paper is – 1603.3 kJ⋅mol–1. The difference between the two 
estimates is caused by a change in the enthalpy of formation of ZrO2(cr). 
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[73SEL/ZAL] 

Selivanova, Zalogina, and Gorokhov mixed Al2(SeO4)3
.18H2O(cr) with a solution of 

barium chloride in a calorimeter and measured the enthalpy change of the reaction 
Al2(SeO4)3

.18H2O(cr) + 3BaCl2(aq, 1:1600) → 3BaSeO4(cr) + 2AlCl3(aq, 1:2400) + 
18H2O(l). 

 The hydrolysis of Al3+ was not considered in the evaluation of the result in 
[73SEL/ZAL]. The equilibrium constants in [76BAE/MES] were used to estimate the 
concentrations of the hydroxo complexes formed under the conditions of the calorimet-
ric experiment. Thus only formation of AlOH2+, 4+

2 2Al (OH) , and 5+
3 4Al (OH) was con-

sidered. Of the total Al(III), Al3+ comprised 98.4%. The enthalpy change per mole of 
OH– bound is about (40.0 ± 5.0) kJ according to the same Reference. The evaluation of 
the experimental data by the review is shown in Table A-94. 

Table A-94: Enthalpy change of the reaction Al2(SeO4)3
.18H2O(cr) + 3Ba2+ Æ 

3BaSeO4(cr) + 2Al3+ + 18H2O(l). The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Al2(SeO4)3
.18H2O(cr) + 3BaCl2(aq, 1:1600) Æ 3BaSeO4(cr) 

+ 2AlCl3(aq, 1:2400, hydrolysed) + 18H2O(l) 
– (87.26 ± 0.50) (paper) 

2 AlCl3(aq, 1:2400, hydrolysed) → AlCl3(aq, 1:2400) – (0.60 ± 0.20) (review) 

3 AlCl3(aq, 1:2400) + aq → Al3+ + 3Cl–    (2.50 ± 0.25) [82WAG/EVA] 

4 BaCl2(aq, 1:1600) + aq → Ba2+ +2Cl– – (1.38 ± 0.10) [82WAG/EVA] 

5 Al2(SeO4)3
.18H2O(cr) + 3Ba2+ → 3BaSeO4(cr) + 2Al3+ + 

18H2O(l) 
– (79.32 ± 0.87) (result) 

r 5H∆  = r 1H∆ + 2 r 2H∆ + 2 r 3H∆ – 3 r 4H∆  

 The standard enthalpy of formation of Al2(SeO4)3
.18H2O(cr) is found from 

r 5H∆  and accepted enthalpies of formation to be – (7970.02 ± 17.06) kJ⋅mol–1. 

 The authors also prepared anhydrous aluminium selenate by heating 
AlH(SeO4)2

.nH2O to 600 K. The product will be denoted as solid only, as a check of its 
crystalline state is not mentioned. The enthalpy of dissolution of the two aluminium 
selenates in 0.5 M KOH to the same unspecified concentration was measured to be 
− (178.90 ± 0.92) kJ⋅mol–1 and – (442.30 ± 1.02) kJ⋅mol–1 with the result for the anhy-
drous compound mentioned last. From these data the standard enthalpy of formation of 
Al2(SeO4)3(s) is calculated to be – (2561.68 ± 17.11) kJ⋅mol–1. 
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[73SHA/MIS] 

The Gibbs energy of formation of PbSe(cr) was measured in the temperature ranges 490 
to 600 K and 650 to 858 K using electrochemical cells. The determined enthalpies and 
entropies of reaction at the mean temperatures of the temperature intervals are given in 
Table A-95. The quantities were recalculated to 298.15 K by the review and are tabu-
lated in Table A-96. In addition, the corresponding values of the absolute entropy of 
PbSe(cr) at 298.15 K were calculated. All calculations employed the selected heat ca-
pacity of PbSe(cr), the selected thermodynamic properties of selenium, and the data for 
Pb(cr, l) in [89COX/WAG].  

Table A-95: Enthalpies and entropies of formation of PbSe(cr) at the mean reaction 
temperatures. 

Temperature 
(K) 

Reaction f mH ο∆ (PbSe, cr) 

(kJ·mol–1) 
f mS ο∆ (PbSe, cr) 

(J·K–1·mol–1) 

545 Pb(cr) + Se(l)  PbSe(cr) – (107.5 ± 3.0) – (17.2 ± 4.0) 

754 Pb(l) + Se(l)  PbSe(cr) – (108.8 ± 3.0) – (26.5 ± 4.0) 

Table A-96: Standard enthalpies and entropies of formation and the standard entropy of 
PbSe(cr). 

Temperature 
(K) 

f mH ο∆ (PbSe, cr, 298.15 K) 

(kJ·mol–1) 
f mS ο∆ (PbSe, cr, 298.15 K) 

(J·K–1·mol–1) 
mS ο (PbSe, cr, 298.15 K) 

(J·K–1·mol–1) 

545 – (100.3 ± 3.0) (2.7 ± 4.0) (109.6 ± 4.0) 

754 – (94.9 ± 4.0) (1.0 ± 4.0) (107.9 ± 4.0) 

 

[73SMO/EFR] 

Smolyakova, Efremov, and Serebrennikov calculated the enthalpies of formation of the 
selenates of La, Nd, Eu, Gd, Tb, and Dy (Ln) from a determination of the enthalpy 
change of the reaction Ln2(SeO4)3

.nH2O(cr) + 3BaCl2(aq) → 3BaSeO4(cr) + 2LnCl3(aq) 
+ nH2O(l) at 298.15 K, r H∆ . No primary experimental results or other details are pre-
sented in the paper and the standard enthalpies of formation were assigned the wrong 
sign. 

 The deposited material in VINITI (No. 6103-73) contains a table of the enthal-
pies of the precipitation reaction but no primary experimental data. These enthalpies 
carry a positive sign, which contradicts the findings in [69SUP/MAI] for neodymium 
that is common to both investigations. Since the primary experimental data there show 
that the precipitation reaction is exothermic, the review has changed the sign of r H∆  



A Discussion of selected references 

 

540 

before entering it into the thermochemical calculations. An inspection of the VINITI 
document further revealed that the standard enthalpies of formation have been calcu-
lated with auxiliary enthalpies of formation of BaCl2(cr) and LnCl3(cr) instead of the 
appropriate values for aqueous solution. The published results are therefore unaccept-
able. 

 A recalculation of f mH ο∆ (Ln2(SeO4)3
.nH2O, cr, 298.15 K) was made from the 

relationship f mH ο∆ (Ln2(SeO4)3
.nH2O(cr)) = f m3 H ο∆ (BaSeO4(cr)) + f m2 H ο∆ (Ln3+) + 

f mn H ο∆ (H2O, l) – f m3 H ο∆ (Ba2+) – r mH ο∆ . This approximation is estimated to cause 
only a minor systematic error. Auxiliary data were taken from [2001COR/KON] and the 
review. The results are summarised in Table A-97. 

Table A-97: Results of and data used for the calculation of the standard enthalpy of 
formation of Ln2(SeO4)3

.nH2O(cr). 

Salt – o

f mH∆ (Ln3+) (kJ⋅mol–1) – r mH ο∆  (kJ⋅mol–1) – o

f mH∆ (salt) (kJ⋅mol–1) 

La2(SeO4)3
.5H2O(cr) (707.6 ± 2.5) (117.0 ± 0.80) (4555.0 ± 17.5) 

Nd2(SeO4)3
.5H2O(cr) (694.8 ± 2.0) (122.2 ± 0.54) (4524.2 ± 17.5) 

Eu2(SeO4)3
.8H2O(cr) (605.4 ± 4.0) (89.83 ± 1.59) (5235.2 ± 17.5) 

Gd2(SeO4)3
.8H2O(cr) (698.4 ± 2.0) (66.52 ± 1.30) (5444.5 ± 17.5) 

Tb2(SeO4)3
.8H2O(cr) (699.8 ± 4.0) (87.70 ± 1.13) (5426.1 ± 17.5) 

Dy2(SeO4)3
.8H2O(cr) (700.2 ± 3.0) (143.2 ± 0.59) (5371.4 ± 17.5) 

 

[73SOB/SEL] 

Sobol and Selivanova measured the enthalpy change of the reaction NaHSeO4(cr) + 
BaCl2(aq, 1:800) → BaSeO4(cr) + NaCl(aq, 1:800) + HCl(aq, 1:800) in a calorimeter. 
The result has been recalculated to standard conditions with new auxiliary data in Table 
A-98. The enthalpy of mixing was evaluated separately. 

 With accepted standard enthalpies of formation r 6H∆  yields: 

f mH ο∆ (NaHSeO4, cr, 298.15 K) = – (822.23 ± 5.59) kJ⋅mol–1. 
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Table A-98: Determination of the enthalpy change of the reaction: NaHSeO4(cr) + 
Ba2+ → BaSeO4(cr) + Na+ + H+ under standard conditions. The sources of the data are 
indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 NaHSeO4(cr) + BaCl2(aq, 1:800) → BaSeO4(cr) + {NaCl(aq, 
1:800) + HCl(aq, 1:800)} 

– (27.41 ± 0.13) (paper) 

2 BaCl2(aq, 1:800) + aq → Ba2+ + 2Cl– – (1.63 ± 0.10) [82WAG/EVA] 

3 NaCl(aq, 1:800) + aq → Na+ + Cl– – (0.32 ± 0.10) [82WAG/EVA] 

4 HCl(aq, 1:800) + aq → H+ + Cl– – (0.47 ± 0.05) [82WAG/EVA] 

5 NaCl(aq, 1:800) + HCl(aq, 1:800) → {NaCl(aq, 1:800) + 
HCl(aq, 1:800)} 

   (0.74 ± 0.10) (paper) 

6 NaHSeO4(cr) + Ba2+ → BaSeO4(cr) + Na+ + H+ – (27.31 ± 0.22) (result) 

r 6H∆ = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ – r 5H∆  

 [74JEL/KOM] 

The thermodynamic properties of the γ phase Co1−xSe(cr) was studied as a function of 
composition in the temperature range 873 to 1273 K by measuring the vapour pressure 
of selenium using an isopiestic method. The reported values of the enthalpy and entropy 
of formation were tabulated at a temperature of 873 K and a recalculation to 298.15 K 
was made by review. Two compositions, approximately corresponding to the limits of 
the homogeneity range of Co1−xSe(cr), were considered. The recalculation employed the 
selected properties of selenium, the data for cobalt in [98CHA], and the estimated mean 
heat capacity of Co1−xSe(cr) in the temperature range 298.15 to 873 K. The calculated 
values are tabulated in Table A-99. 

Table A-99: Enthalpy and entropy of formation of Co1−xSe. The last column gives the 
estimated value of the mean heat capacity in the temperature interval 298.15 to 873 K. 

Composition f mH ο∆ (Co1−xSe, cr, 298.15 K) 
(kJ⋅mol–1) 

f mS ο∆ (Co1−xSe, cr, 298.15 K) 
(J·K–1·mol–1) 

,mpCο (Co1−xSe, cr, (298.15 – 873) K) 
(J·K–1·mol–1) 

Co0.75Se – 71.4 – 2.1 49 

Co0.92Se – 57.4 20.9 55 

 

[74KUL2] 

Kullberg measured the heat evolved when small amounts of red HgO(cr) were dissolved 
in solutions of 0.3 and 1 M KSeCN in a reaction solution calorimeter. The HgO(cr) was 
contained in a thin-walled glass ampoule, which could be broken inside the calorimeter 
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and the initial temperature of the solution in the calorimeter was adjusted to give an 
almost constant temperature after the reaction. Due to the slowness of the reaction, this 
was a necessary precaution to obtain good data. To ascertain that the effects registered 
were not due to the presence of contaminating CN– ions, a suitable amount of Hg2+ ions 
was added to the solution immediately prior to the experiments. 

The heats evolved in a series of 8 experimental runs were found to be directly 
proportional to the amount of HgO(cr) dissolved and independent of the SeCN– concen-
tration. Based on the work of Toropova [56TOR], Kullberg assumed that 2

4Hg(SeCN) −  
was formed and calculated the reaction enthalpy for  

HgO(cr) + 4SeCN– + H2O → 2
4Hg(SeCN) −  + 2OH– 

to be – (102.5 ± 1.4) kJ⋅mol–1. 

By using the same experimental set-up, Kullberg also determined the reaction 
enthalpy for the reaction HgO(cr) + 2H+ → Hg2+ + H2O in 1 M HClO4, – (22.8 ± 0.4) 
kJ⋅mol–1. He then combined the two values with the reaction enthalpy for the formation 
of water at I = 1 M, – 56.11 kJ⋅mol–1, to yield the reaction enthalpy for  

Hg2+ + 4SeCN–  2
4Hg(SeCN) − ; r H∆ = – (191.9 ± 1.5) kJ⋅mol–1. 

[74RAU] 

New density and total pressure measurements of selenium vapour are presented. A pre-
vious investigation by the same author, [67RAU], is re-evaluated and combined with 
the new data in an evaluation of the thermodynamic properties of the molecules 
Se2(g)-Se8(g). The enthalpies of formation and entropies were varied in a procedure to 
obtain a good fit to the observed densities. The procedure contains many parameters 
that can be varied and different sets may fit the experimental data almost equally well. 
The thermodynamic properties derived for the species Se2(g)-Se8(g) are too dependent 
on the choices made by the author in order to be considered by the review. However, 
the new measurements of the total vapour pressure in the temperature range 1073 to 
1373 K were evaluated by the review for the thermodynamic properties of Se2(g) using 
the third law and mole fractions of Se2(g) estimated from the selected selenium data. 
The enthalpy of formation derived was f mH ο∆ (Se2, g, 298.15 K) = (138.9 ± 1.9)   
kJ·mol–1.  

[75HOA/REY] 

The vapour pressures of the species Se2(g), and Se5(g)-Se8(g) in equilibrium with sele-
nium were determined for the temperature range 429 to 575 K using a mass spectrome-
ter and a Knudsen cell. The data were divided into two sets, one for the equilibrium 
with solid selenium and one for the equilibrium with liquid selenium. In the evaluation 
of the experimental data in Figure 3 of the paper, the straight lines should intersect at 
the melting point of selenium. However, the intersection is at 479 K and not at the true 
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melting point (494 K) indicating either an offset in the temperature values or a mistake 
made in the selection of the experimental points for the linear regressions. In the latter 
case, points from the first set have been incorporated in the second set and used in the 
least squares calculations on the equilibrium with liquid selenium. The misplaced data 
would then be missing in the corresponding calculation on the equilibrium with solid 
selenium. It can also be noted that the heat of fusion (10.878 kJ·mol–1) obtained from 
the slopes of the lines in Figure 3 is almost twice as large as the correct value, 6.159 
kJ·mol–1. These observations taken together indicate systematic errors in the data. In-
deed, the enthalpies obtained from the second and third law evaluations made by the 
review show an unacceptable large difference for the equilibria with the liquid phase, 
while the difference is reasonable for the equilibria with solid selenium (see Table A-
100 and Table A-101). 

Table A-100: Second and third law evaluations of equilibria with solid selenium. 

Species f mH∆ (445 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se5(g) (147.3 ± 8.4) (151.2 ± 8.4) (145.5 ± 5.9) (411.2 ± 18.8) 

Se6(g) (136.4 ± 8.4) (140.5 ± 8.4) (137.8 ± 5.9) (434.6 ± 18.8) 

Se7(g) (147.3 ± 8.4) (151.7 ± 8.4) (148.6 ± 5.9) (494.1 ± 18.8) 

Table A-101: Second and third law evaluations of equilibria with liquid selenium. 

Species f mH∆ (525 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se2(g) (123.4 ± 8.4) (138.9 ± 8.4)   

Se5(g) (90.8 ± 8.4) (129.3 ± 8.4) (142.5 ± 8.4) (373.2 ± 15.9) 

Se6(g) (73.6 ± 8.4) (118.9 ± 8.4) (136.2 ± 8.4) (395.6 ± 15.9) 

Se7(g) (69.5 ± 8.4) (121.7 ± 8.4) (147.0 ± 8.4) (438.7 ± 15.9) 

Se8(g) (60.7 ± 8.4) (119.8 ± 8.4)   

The results obtained at 445 K and 525 K were recalculated to 298.15 K using 
the second and third laws and the heat capacities and entropies selected by this review. 
For the third law evaluation, relative ion intensities were taken from Figure 3 of the 
paper and combined with the total pressures reported by Niwa and Shibata 
[40NIW/SHI] for the lower and by Yamdagni and Porter [68YAM/POR] for the higher 
temperature range. A third law evaluation for Se2(g) and Se8(g) could not be made be-
cause of the lack of partial pressure data. 
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[76CHA/CHE] 

Chao and Cheng [76CHA/CHE] studied the determination of a number of anions, single 
or in mixtures, by a stepwise potentiometric titration with silver nitrate at pH = 11. The 
silver ion activity was measured with a silver ion selective electrode based on silver 
sulphide. The data were also used to estimate the solubility products of the silver salts 
formed during a titration. The method is only sketched in the paper but appears to have 
proceeded along the following course. The potential of incipient precipitation (Eprec) 
was estimated graphically from the shape of the titration curve. Eprec would thus be a 
measure of the silver ion activity at the nominal and known concentration of the anion 
in the presence of its silver salt. 

 The calibration of the electrode was accomplished by mixing the sample with a 
known concentration of sulphide ion. The first (Ag2S, S2–) and last (Ag2O, pH = 11) 
points of the titration were then used to calibrate the electrode by calculating the corre-
sponding pAg values from the relevant solubility products (no details presented). Inter-
mediate pAg values were calculated from the measured Eprec by assuming a linear rela-
tionship between the electrode potential and pAg between the two calibration points. 
The numerical value of the slope of the calibration curve is not mentioned. The proce-
dure is described in the Ph. D. thesis by one of the authors, but this source was not con-
sulted by the review. 

 Although the method of the paper is of doubtful accuracy most of the presented 
solubility products agree within an order of magnitude or better with published values. 
The solubility product of Ag2SeO3 was reported to be 10 ,0log sK (Ag2SeO3(s), 
293.15 K) = – (15.45 ± 0.15) at I = 0.1 (medium not stated). The value at I = 0 is esti-
mated to be – (15.85 ± 0.30) by the SIT approach. 

[76GLA/MIK] 

The vapour pressure of Se2(g) in equilibrium with MoSe2(cr) and TaSe2(cr) were meas-
ured in this study. Only the measurements on MoSe2(cr) are discussed here. The results 
for TaSe2(cr) are discussed in Section V.11.18. The vapour pressure of Se2(g) in equilib-
rium with MoSe2(cr) and Mo(cr) was determined in the temperature range 1233 to 
1353 K using mass spectrometry and Knudsen effusion cells. The results were evaluated 
according to the reaction 

MoSe2(cr)  Mo(cr) + Se2(g). 

 In [69SPI/ROU] it was shown that the homogeneity range of MoSe2 extends to 
MoSe1.91 and, therefore, it is more appropriate to make the evaluation using the reaction 
MoSe1.91(cr)  Mo(cr) + 0.955Se2(g) as basis. This was done in a similar study by 
Viksman, Gordienko, Yanaki, and Klochkov [86VIK/GOR]. 

 The results presented in Table 1 of the paper were re-evaluated by the present 
review using both the second and third laws. The necessary data were taken from the 
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selected data in this review except for molybdenum for which data in [98CHA] were 
used. The selected heat capacity of MoSe2(cr) was rescaled to the composition MoSe1.91 
according to the stoichiometry. The second law results are f mH ο∆ (MoSe1.91, cr, 
298.15 K) = – (264.1 ± 13.0) kJ·mol–1 and mS ο (MoSe1.91, cr, 298.15 K) = (42.0 ± 10.0) 
J·K–1·mol–1. The third law enthalpy of formation is f mH ο∆ (MoSe1.91, cr, 298.15 K) = 
− (209.4 ± 13.0) kJ·mol–1. The error limits correspond to one standard deviation in the 
linear regression on the experimental data. 

[76KIR/RAV] 

The saturated vapour pressure of α-ZnSe was measured in the temperature range 923 to 
1123 K using a weight loss technique and mass spectrometry. The results were pre-
sented as 10log Kp for the reaction 2α-ZnSe  2Zn(g) + Se2(g). No thermodynamic 
quantities were derived for α-ZnSe. The values of 10log Kp reported in Table 1 of the 
paper were therefore evaluated by the review according to the second and the third law 
using the selected thermodynamic functions of selenium, the data for Zn in 
[89COX/WAG], the heat capacity expression of α-ZnSe in Section V.9.1.1.1, and the 
selected entropy of α-ZnSe in the case of the third law. The values obtained were 

f mH ο∆ (ZnSe, α, 298.15 K) = – (164.5 ± 6.0) kJ·mol–1, f mH ο∆ (ZnSe, α, 298.15 K) = 
− (179.1 ± 4.2) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = (86.2 ± 9.0) J·K–1·mol–1 for the 
second and third law enthalpy of formation and the entropy, respectively.  

[76PET/KOF] 

The heat capacity of α-CdSe was measured in the temperature range 4.2 to 300 K. The 
heat capacity showed no anomalies except in the range 45 to 50 K where a small devia-
tion from smooth behaviour was observed. The absolute entropy was presented only in 
a graph of poor resolution and no value was given at 298.15 K. The entropy was there-
fore evaluated by the review from the heat capacity values given in Table 1 of the paper. 
The resulting absolute entropy at 298.15 K was mS ο (CdSe, α, 298.15 K) = 
(86.76 ± 1.00) J·K–1·mol–1. The error limit was estimated from the general accuracy for 
this type of measurements and includes the effect of estimated systematic errors.  

[76PIA/BAR] 

The vapour pressure of GaSe(cr) was measured in the temperature range 1053 to 
1143 K using mass spectrometry, thermogravimetry, and torsion-effusion Knudsen 
cells. It was found that the vaporization reaction is  

 4GaSe(cr)  Ga2Se(g) + Ga2Se3(cr)  (A.28) 

and the total pressure was reported to be log10 (p/bar) = (12.61 ± 0.5)       
− (19800 ± 500) T –1. The expression was re-evaluated by the review using the second 
and the third law and the data for the gallium selenides given in Sections V.8.3.1.1, 
V.8.3.1.2, and V.8.3.1.3. The changes in the thermodynamic quantities for Reaction 
(A.28) at 298.15 K were r mH ο∆ ((A.28), 298.15 K) = 400.8 kJ·mol–1 and r mS ο∆ ((A.28), 



A Discussion of selected references 

 

546 

298.15 K) = 241.4 J·K–1·mol–1 from the second law and r mH ο∆ ((A.28), 298.15 K) = 
334.3 kJ·mol–1 from the third law. The large difference between the second and third 
law values of the enthalpy of formation indicates systematic errors. 

[76TAN/VOL] 

Tananaev et al. [76TAN/VOL] prepared crystalline GaH(SeO3)2
.2H2O and GaH(SeO3)2. 

The enthalpies of dissolution of the salts in HCl(aq, 1:8), denoted sln, were measured at 
298.15 K and with auxiliary data used to calculate the standard enthalpies of formation 
of the gallium acid selenites in Table A-102. 

Table A-102: Calculation of the standard enthalpies of formation of GaH(SeO3)2
.2H2O 

and GaH(SeO3)2. The sources of the data are indicated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 GaH(SeO3)2
.2H2O(cr) + 3HCl(sln) + sln → GaCl3(sln, aq 

1:3100) + 2H2SeO3(sln, aq 1:1550) + 2H2O(l, sln) 
   (47.24 ± 0.71) (paper) 

2 GaH(SeO3)2(cr) + 3HCl(sln) + sln → GaCl3(sln, aq 1:3100) 
+ 2H2SeO3(sln, aq 1:1550)  

   (8.95 ± 1.25) (paper) 

3 GaCl3(cr) + sln → GaCl3(sln, aq 1:3100) – (103.22 ± 1.67) [76TAN/VOL2] 

4 H2SeO3(cr) + sln → H2SeO3(sln, aq 1:2070)    (24.98 ± 0.42) [76TAN/VOL2] 

5 0.5H2 + 0.5Cl2 + sln → HCl(sln) – (153.21 ± 0.11) [2000RAN/FUG] 

6 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

7 Ga(cr) + 1.5Cl2(g) → GaCl3(cr) – (524.70 ± 2.50) [82WAG/EVA] 

8 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (286.67 ± 0.04) [2000RAN/FUG] 

9 Ga(cr) + 2Se(cr) + (n+0.5)H2(g) + (0.5n+3)O2(g) → 
GaH(SeO3)2

.nH2O(cr) 
– (1788.35 ± 3.47)  

– (1176.72 ± 3.62) 

(result) 

r 9H∆  = – r 1-2H∆ + r 3H∆ + 2 r 4H∆ – 3 r 5H∆ + 2 r 6H∆ + r 7H∆ + n r 8H∆   

The results:  

f mH ο∆ (GaH(SeO3)2
.2H2O, cr, 298.15 K) = – (1788.4 ± 3.5) kJ·mol–1, 

f mH ο∆ (GaH(SeO3)2, cr, 298.15 K) = – (1176.7 ± 3.5) kJ·mol–1, 

obtained here differ substantially from those in the paper, which did not use partial mo-
lar enthalpies of formation for H2O and HCl in the calculations. Furthermore, the pub-
lished value for the anhydrous salt disagrees with the primary data. 
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[76TAN/VOL2] 

Tananaev et al. [76TAN/VOL2] prepared crystalline Ga2(SeO3)3
.6H2O, 

Ga2(SeO3)3
.H2O, and Ga2(SeO3)3. The enthalpies of dissolution of the salts in HCl(aq, 

1:8), denoted sln, were measured at 298.15 K. The enthalpies of dissolution of 
GaCl3(cr) and H2SeO3(cr) in the same medium were also determined. The standard en-
thalpies of formation of the gallium selenites are calculated from the measurements with 
new auxiliary data in Table A-103. 

 The results are f mH ο∆ (Ga2(SeO3)3
.6H2O, cr, 298.15 K) = – (3682.3 ± 6.6) 

kJ·mol–1, f mH ο∆ (Ga2(SeO3)3
.H2O, cr, 298.15 K) = – (2138.4 ± 6.6) kJ·mol–1, 

f mH ο∆ (Ga2(SeO3)3, cr, 298.15 K) = – (1823.7 ± 6.5) kJ·mol–1. They differ substantially 
from those in the paper, which did not use partial molar enthalpies of formation for H2O 
and HCl in the calculations. 

Table A-103: Calculation of the standard enthalpies of formation of Ga2(SeO3)3
.6H2O, 

Ga2(SeO3)3
.H2O, and Ga2(SeO3)3. The sources of the data are indicated. 

# Reaction    r mH∆ (kJ⋅mol–1) Reference 

1 Ga2(SeO3)3
.6H2O(cr) + 6HCl(sln) + sln → 2GaCl3(sln, aq 

1:3100) + 3H2SeO3(sln, aq 1:2070) + 6H2O(l, sln) 
   (126.44 ± 1.34) (paper) 

2 Ga2(SeO3)3
.H2O(cr) + 6HCl(sln) + sln → 2GaCl3(sln, aq 

1:3100) + 3H2SeO3(sln, aq 1:2070) + H2O(l, sln) 
   (15.94 ± 1.25) (paper) 

3 Ga2(SeO3)3(cr) + 6HCl(sln) + sln → 2GaCl3(sln, aq 
1:3100) + 3H2SeO3(sln, aq 1:2070) 

– (12.09 ± 0.25) (paper) 

4 GaCl3(cr) + sln → GaCl3(sln, aq 1:3100) – (103.22 ± 1.67) (paper) 

5 H2SeO3(cr) + sln → H2SeO3(sln, aq 1:2070)    (24.98 ± 0.42) (paper) 

6 0.5H2 + 0.5Cl2 + sln → HCl(sln) – (153.21 ± 0.11) [2000RAN/FUG] 

7 Se(cr) + H2(g) + 1.5O2(g) → H2SeO3(cr) – (524.72 ± 0.65) (review) 

8 Ga(cr) + 1.5Cl2(g) → GaCl3(cr) – (524.70 ± 2.50) [82WAG/EVA] 

9 H2(g) + 0.5O2(g) + sln → H2O(l, sln) – (286.67 ± 0.04) [2000RAN/FUG] 

10 2Ga(cr) + 3Se(cr) + nH2(g) + 0.5(n+9)O2(g) → 
Ga2(SeO3)3

.nH2O(cr) 
– (3682.26 ± 6.62) 
– (2138.37 ± 6.59) 
– (1823.71 ± 6.48) 

(result) 

r 10H∆  = – r 1-3H∆ + 2 r 4H∆ + 3 r 5H∆ – 6 r 6H∆ + 3 r 7H∆ + 2 r 8H∆ + n r 9H∆   

[77DUT/TIS] 

Mass spectrometry and Knudsen effusion cells were used to measure the partial pres-
sure of Se2(g) in equilibrium with solid and liquid Ag2Se. For this work, the results were 
re-evaluated using the second and third laws, the selected values for the heat capacity 
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and entropy of Ag2Se, and the selected data for selenium and silver. The result is given 
in Table A-104. 

Table A-104: Re-evaluated enthalpy of formation and entropy of α-Ag2Se at 298.15 K. 
The evaluations were made at 1100 K and 1200 K in the lower and higher temperature 
range, respectively. The uncertainties are based on the standard deviations of the coeffi-
cients in the linear regressions. 

o
f mH∆ (298.15 K) (kJ·mol–1) mS ο (298.15 K) (J⋅K–1⋅mol–1) Temperature (K) 

2nd law 3rd law   

– (36.7 ± 8.0) – 40.9 (153.1 ± 6.0) 1070 – 1170 

– (14.5 ± 8.0) – 40.8 (175.8 ± 6.0) 1170 – 1270 

 

[77MIK/GLA] 

The pressure of the vapour in equilibrium with WSe2(cr) was studied in the temperature 
range 1138 to 1503 K using mass spectroscopy and a Knudsen cell. The ion intensities 
were recorded in the temperature range 1138 to 1428 K and the enthalpy change of the 
reaction  

WSe2(cr)  W(cr) + Se2(g)  (A.29) 

was derived from the change in the ion intensity with temperature to be r mH ο∆ ((A.29), 
1300 K) = (259.4 ± 9.0) kJ·mol–1. In contrast, the absolute pressures listed for the range 
1268 to 1503 K in Table 1 of the paper yield a value of r mH ο∆ ((A.29), 1400 K) = 
(109.3 ± 25.0) kJ·mol–1 for the same reaction. The former enthalpy of reaction results in 
an enthalpy of formation at 298.15 K of f mH ο∆ (WSe2, cr, 298.15 K) = − (134.1 ± 10.0) 
kJ·mol–1 and the latter yields a value of f mH ο∆ (WSe2, cr, 298.15 K) = (14.0 ± 25.0) 
kJ·mol–1. The selected thermodynamic values for Se2(g) and W(cr), and the heat capac-
ity of WSe2(cr) were employed in the calculations. Similarly, the standard entropy at 
298.15 K becomes mS ο (WSe2, cr, 298.15 K) = (245.9 ± 20.0) J·K–1·mol–1 from the va-
pour pressure measurements. A third law evaluation results in f mH ο∆ (WSe2, cr, 
298.15 K) = – (209.7 ± 10.0) kJ·mol–1. The large inconsistencies between the values 
make this investigation highly questionable. 

[77OGA/NIS] 

The heat capacity of CoSe2(cr) was measured in the temperature range 0 to 282 K. No 
values of the heat capacity or entropy at 298.15 K were given in the paper. These prop-
erties were therefore evaluated by the review from the graph in Figure 3 of the paper. 
The values derived from the slightly extrapolated heat capacity data were ,mpCο (CoSe2, 
cr, 298.15 K) = (75.6 ± 1.0) J·K–1·mol–1 and mS ο (CoSe2, cr, 298.15 K) = (97.2 ± 2.0)   
J·K–1·mol–1. 
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[77PIS/MIK] 

The vapour pressure of WSe2(cr) was determined thermogravimetrically using a Knud-
sen cell. The vapour pressure was summarised by the formula 10log (p/mm Hg) = 
13.550 − 19850 T –1 where the decimal point in the first constant is missing in the origi-
nal paper. The pressure calculated from this expression is smaller by a factor of 10 
compared to that presented in Figures 1 and 2 in the paper. The equation was assumed 
to be correct by this review and entropy and enthalpy values at 298.15 K were derived 
using the selected thermodynamic properties for Se2(g) and W(cr), and the heat capacity 
of WSe2(cr). The second law results were f mH ο∆ (WSe2, cr, 298.15 K) = – 252.4  
kJ·mol–1 and mS ο (WSe2, cr, 298.15 K) = 40.8 J·K–1·mol–1. The third law enthalpy of 
formation was f mH ο∆ (WSe2, cr, 298.15 K) = – 198.3 kJ·mol–1. Considering the general 
uncertainties in this investigation no error limits were assigned. 

[78ARU] 

Aruga [78ARU] determined the enthalpy of the reactions: 

Zn2+ + 2
4SeO −   ZnSeO4(aq) (A.30) 

Cd2+ + 2
4SeO −   CdSeO4(aq)  (A.31) 

from calorimetric titrations at 298.15 K. Successive amounts of a 0.17 M tetraethylam-
monium selenate solution were added to a 0.17 M metal nitrate solution. The measure-
ments were made with an LKB Precision Calorimeter System, but only three points 
were measured for each reaction. 

 The data were evaluated on the assumption that only the 1:1 complex was 
formed, which is reasonable. The stability constants determined by Banks [34BAN] 
were used and recalculated to I = 0.5 M by Davies’ equation with the coefficient of the 
linear term equal to 0.2. The result was β1(ZnSeO4) = 8.13 M–1 and β1(CdSeO4) = 
9.77 M–1. Since the complex formation is rather weak, the calculated concentration 
changes during the titration will be sensitive to the β1-values employed. The uncertainty 
in these values is estimated to be ± 2 M–1. 

 The enthalpy changes obtained were: 

r mH∆ ((A.30), I = 0.5 M, 298.15 K) = (0.20 ± 0.04) kJ⋅mol–1, 

r mH∆ ((A.31), I = 0.5 M, 298.15 K) = (3.90 ± 0.40) kJ⋅mol–1. 

 The uncertainty for the cadmium complex has been increased considerably by 
the review due to the uncertainty in the value of the equilibrium constant. Aruga concur-
rently determined the corresponding quantities for the sulphate complexes and calcu-
lated theoretically the difference between the enthalpy change at I = 0 and 0.5 M to be 
4.05 kJ⋅mol–1. The correction was estimated by the review to be (4.40 ± 0.20) kJ⋅mol–1. 
A comparison of the sulphate data extrapolated to standard conditions with other calo-
rimetric data in [73POW] indicates that the results reported by Aruga are low by about 
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4 kJ⋅mol–1. With a correction to standard conditions amounting to 4.40 kJ⋅mol–1 as for 
sulphate, the following selected results are found for the selenates: 

r mH ο∆ ((A.30), 298.15 K) = (4.6 ± 4.0) kJ⋅mol–1, 

r mH ο∆ ((A.31), 298.15 K) = (8.3 ± 4.0) kJ⋅mol–1. 

The assigned error limits reflect a possible systematic error in the evaluation of 
the data. 

[78BLA/GUN] 

The heat content of Ag2Se(cr) and Cu2Se(cr) were measured in the temperature range 
350 to 1500 K using a drop calorimeter. Tables with thermodynamic properties at dif-
ferent temperatures were presented but no analytical expressions for the temperature 
dependence of the heat capacity were given. The following expressions were derived by 
this review from least-squares refinements using the data in Tables 1 and 3 of the paper, 

,mpCο (Cu2Se, α, (298.15 – 395) K) = (− 10.6639 + 286.3173 × 10−3 T ) J·K–1·mol–1,  

 ,mpCο (Cu2Se, β, (395 – 1390) K) = (75.9761 + 5.5020 × 10–3 T 
 + 10.1346 × 105 T –2) J·K–1·mol–1,  

 ,mpCο (Ag2Se, α, (298.15 – 407) K) = (37.709 + 107.819 × 10–3 T 
 + 9.85077 × 105 T –2) J·K–1·mol–1,  

and 

 ,mpCο (Ag2Se, β, (407 – 1170) K) = (82.4368 + 7.003 × 10–3 T ) J·K–1·mol–1. 

[78GER/GLA] 

The paper is a compilation of vapour pressure expressions for a large number of ele-
ments. No new experimental information on selenium is given. 

[78ROL/HOC] 

The saturated vapour pressure of α-ZnSe was measured in the temperature range 875 to 
1100 K using Knudsen cells and mass spectrometry. The results were evaluated by ap-
plying the second and third law and assuming the reaction α-ZnSe  Zn(g) + ½Se2(g). 
The sublimation enthalpies sub mH ο∆ (298.15 K) = 408 kJ·mol–1 and sub mH ο∆ (298.15 K) = 
416 kJ·mol–1 were derived for the second and third law enthalpy of reaction, respec-
tively. No quantities were derived for α-ZnSe at 298.15 K and no vapour pressure ex-
pression was given. The experimental vapour pressure data reported in Table 1 of the 
paper were therefore evaluated by the review according to the second and the third law 
using the selected thermodynamic functions of selenium, the data for Zn in 
[89COX/WAG], the heat capacity expression of α-ZnSe in Section V.9.1.1.1, and the 
selected entropy of α-ZnSe in the case of the third law. The values obtained were 

f mH ο∆ (ZnSe, α, 298.15 K) = – (215.5 ± 19.0) kJ·mol–1, f mH ο∆ (ZnSe, α, 298.15 K) = 
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− (169.7 ± 15.0) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = (25.4 ± 16.0) J·K–1·mol–1 for 
the second and third law enthalpy of formation and the entropy, respectively. The large 
difference between the second and third law values indicate serious systematic errors 
and the entropy value is much too low. The result of this investigation was disregarded 
while selecting thermodynamic values for α-ZnSe. 

[78SMO/PAT] 

This is a thorough study of the evaporation of α-MnSe in the temperature range 1225 to 
1780 K using the mass-spectrometric Knudsen-cell method. The predominant vaporisa-
tion process is 

α-MnSe → Mn(g) + xSe(g) + 0.5(1 – x)Se2(g) 

leading to congruent effusion which was verified by running the experiments to com-
plete vaporisation, observing no residues or reaction with the crucible, and noting that 
all ion intensities decreased abruptly at the end of the experiments. It was found that the 
difference δ in the composition of MnSe1+δ was less than 1 × 10–4 for a temperature 
change from 1330 K to 1550 K. Ion intensities originating from the gaseous molecules 
Mn(g), Se(g), Se2(g), MnSe(g), Mn2Se(g), MnSe2(g) and Mn2Se2(g) were measured and 
transformed into partial pressure values. The second and third laws were used to evalu-
ate enthalpies of formation and dissociation energies. The heat capacity of α-MnSe was 
calculated from the expression 

,mpCο (MnSe, α, (298.15 – 1600) K) = (49.036 + 6.736 × 10–3 T ) J·K–1·mol–1 

estimated by Wiedemeier and Goyette [68WIE/GOY]. The Gibbs energy functions and 
the enthalpy functions were calculated from estimated molecular parameters for the 
gaseous manganese selenides. The values of these functions in Table 3 of the paper 
were used by the review to calculate the standard entropy values at 298.15 K in Table 
A-105. The estimated molecular constants in Table 3 of the paper were used by the re-
view to calculate heat capacities using statistical mechanics and to derive heat capacity 
expressions from least-squares regressions. The expressions are listed in Table A-106. 

Table A-105: Standard entropies calculated from the enthalpy and Gibbs energy func-
tions in Table 3 of [78SMO/PAT]. The error limits have been set by the review. 

Species mS ο (298.15 K) (J·K–1·mol–1) 

MnSe(g) (262 ± 5) 

Mn2Se(g) (307 ± 8) 

MnSe2(g) (326 ± 10) 

Mn2Se2(g) (365 ± 12) 
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Table A-106: Heat capacity expressions derived by least-squares regressions on heat 
capacity values calculated using statistical mechanics and estimated molecular parame-
ters. The expressions describe the results from statistical mechanics to within ± 0.04 
J·K–1·mol–1 in the temperature range 298.15 to 2000 K. 

Species Heat capacity expression (J·K–1·mol–1) 

MnSe(g) ,mpCο = 37.215 + 0.7302 × 10–3 T – 6.9 × 10–8 T 2 – 1.48257 × 105 T –2 

Mn2Se(g) ,mpCο = 57.792 + 0.4718 × 10–3 T – 1.42 × 10–7 T 2 – 3.29577 × 105 T –2 

MnSe2(g) ,mpCο = 57.795 + 0.4579 × 10–3 T – 1.41 × 10–7 T 2 – 3.25757 × 105 T –2 

Mn2Se2(g) ,mpCο = 82.846 + 0.3437 × 10–3 T – 1.033 × 10–7 T 2 – 3.90602 × 105 T –2 

The atomisation energies of the gaseous species were recalculated from 0 to 
298.15 K using the values of H ο (T ) – H ο (0 K) given in Table 3 of the paper. Enthal-
pies of formation were calculated from the atomisation energies at 298.15 K and the 
selected data of Se(g) and the enthalpy of formation of Mn(g) in [82WAG/EVA]. The 
results are given in Table A-107. 

Table A-107: Atomisation energies and enthalpies of formation derived from measure-
ments in [78SMO/PAT].  

Species at mH ο∆ (0 K) (kJ·mol–1) at mH ο∆ (298.15 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) 

α-MnSe (697.9 ± 10.0) (697.5 ± 10.0) – (180.7 ± 10.0) 

MnSe(g) (235.6 ± 10.0) (238.4 ± 10.0) (278.4 ± 10.0) 

Mn2Se(g) (528.0 ± 20.0) (533.2 ± 20.0) (264.3 ± 20.0) 

MnSe2(g) (516.3 ± 20.0) (521.4 ± 20.0) (231.5 ± 20.0) 

Mn2Se2(g) (892.4 ± 25.0) (898.1 ± 25.0) (135.5 ± 25.0) 

 

[78SMO/SER] 

The authors measured the enthalpy change of the reaction between aqueous solutions of 
the chlorides of Lu, Yb, Er, Ho, Dy, Tb, Gd, and Nd (Ln) and Na2SeO3(cr). No experi-
mental details of the calorimetric measurements are presented. From other sources it is 
concluded that the selenites formed were amorphous. The chemical formulas of the se-
lenites are written with 8 molecules of water except for neodymium selenite, which is 
written with 4 molecules of water. No analytical results are, however, provided in the 
paper. 

 Maier, Suponitski, and Karapet’yants [67MAI/SUP] studied the same reaction 
for neodymium and state that the amorphous selenite formed contained 8 molecules of 
water. The enthalpy change of the reaction found by the two groups is the same. Neo-
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dymium selenite will therefore also be written with 8 molecules of water. As the ex-
perimental conditions are unknown in [78SMO/SER] the data have been recalculated 
assuming that they were similar to those in [67MAI/SUP], see Appendix A. The recal-
culation used the values of the enthalpies of formation of LnCl3(aq) obtained from the 
values of the enthalpies of formation of the aqueous lanthanide ions proposed in the 
critical assessment by Cordfunke and Konings [2001COR/KON], see Appendix E, and 
the enthalpy of formation of Cl−(aq) in [89COX/WAG]. The value of f mH ο∆ (LnCl3, aq 
1:1500) was obtained by applying a correction for the enthalpy of dilution to the stan-
dard state of − (3.5 ± 1.0) kJ·mol−1. 

Table A-108: Calculation of the enthalpy of formation of Ln2(SeO3)3⋅8H2O(am). The 
uncertainties are those found in the paper. 

Lanthanide r mH ο∆  

(kJ·mol–1) 
f mH ο∆ (Ln2(SeO3)3, am, 298.15 K) 

(kJ·mol–1) 

Lu – (51.04 ± 2.60) – (5176.0 ± 11.5) 

Yb – (43.60 ± 0.80) – (5114.6 ± 6.7) 

Er – (41.13 ± 1.00) – (5175.9 ± 10.9) 

Ho – (40.38 ± 0.94) – (5174.2 ± 8.7) 

Dy – (39.58 ± 0.82) – (5158.4 ± 9.4) 

Tb – (38.12 ± 0.92) – (5156.1 ± 8.5) 

Gd – (52.84 ± 0.10) – (5168.0 ± 6.7) 

Nd – (33.43 ± 0.36) – (5141.4 ± 8.0) 

 

[79BEN/PAS] 

The vapour pressure of Ga2Se3(cr) was measured in the temperature range 1121 to 
1269 K using the weight-loss Knudsen method. The measured total vapour pressure was 
given by the expression 10log (p/bar) = (9.435 ± 1.000) – (16352 ± 1200) T –1. This re-
sult was evaluated by the review using the second and third laws, the selected data of 
selenium and the heat capacities of Ga2Se(g) and Ga2Se3(cr) in Sections V.8.3.1.2 and 
V.8.3.1.3, and assuming the congruent vaporisation reaction: 

Ga2Se3(cr)  Ga2Se(g) + Se2(g). (A.32) 

The thermodynamic quantities for the reaction at 298.15 K derived from the 
second law were r mH ο∆ ((A.32), 298.15 K) = (657.6 ± 46.0) kJ·mol–1 and r mS ο∆ ((A.32), 
298.15 K) = (393.3 ± 38.0) J·K–1·mol–1. The corresponding third law value of the en-
thalpy of reaction was r mH ο∆ ((A.32), 298.15 K) = (645.6 ± 30.0) kJ·mol–1.  
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[79KUL/ZLO] 

The partial pressures of the gaseous species in equilibrium with SnSe2(cr) were meas-
ured in the temperature range 550 to 690 K using mass spectroscopy and effusion cells. 
The observed species were Sn(g), Se(g), Se2(g), Se3(g), SnSe(g), SnSe2(g), Sn2Se(g), 
Sn2Se2(g), and Sn2Se3(g). Thermodynamic quantities were derived for reactions involv-
ing SnSe2(cr), SnSe(g), SnSe2(g), and Sn2Se2(g) from the second and third laws and 
employing estimated thermal functions. It can be noted that the reported second law 
enthalpy of the dimerisation reaction 2SnSe(g)  Sn2Se2(g), r mH ο∆ (620 K) = 
− (193.8 ± 16.7) kJ·mol–1, was only calculated at the mean temperature of the measure-
ments and not recalculated to 298.15 K. The third law value, r mH ο∆ (298.15 K) = 
− (196.4 ± 12.8) kJ·mol–1, was obtained using the free energy functions calculated from 
molecular parameters estimated by Colin and Drowart [64COL/DRO]. No attempt was 
made by the review to recalculate the results for the dimerisaton reaction because im-
proved thermal functions only exist for SnSe(g). 

[79SUL/PRU] 

This is a thorough study of the thermodynamics of the gaseous species in the antimony-
selenium system using mass spectroscopy and effusion cells in the temperature range 
765 to 885 K. The results are tested and cross-examined for reasonableness in system-
atic comparisons and appear to be reliable. Previous investigations of the gas phase are 
discussed and compared with the current results. However, no quantities were calcu-
lated at 298.15 K and they were therefore evaluated by the review in the following 
manner. The enthalpies of the reactions at 825 K in Table 4 of the paper were rear-
ranged such that the enthalpies of formation of the various species (at 298.15 K) could 
be calculated from the enthalpies of reaction and the enthalpies of formation of 
Sb2Se3(cr) and Se2(g) only. The enthalpies of formation at 298.15 K of SbSe(g), 
Sb2Se2(g), Sb3Se3(g), and Sb4Se4(g) were then calculated using the selected data of se-
lenium and Sb2Se3(cr) and enthalpy functions calculated from the molecular data given 
in Tables 5, 8, and 10 of the paper using the common methods of statistical mechanics. 
The enthalpy of formation at 298.15 K of the other antimony selenides were calculated 
in the same manner, but with enthalpy increments interpolated from those of the 
SbSe(g) polymers, since molecular parameters were not available. The procedure adds 
some minor errors to the enthalpies of formation at 298.15 K, compared to those at 
825 K and the error limits were adjusted accordingly. The results are summarised in 
Table A-109. 

A similar procedure could be applied to obtain absolute entropies of the species 
at 298.15 K, but such calculations were omitted in this review because of the large un-
certainties of the heat capacities. 
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Table A-109: Enthalpies of formation derived by the review from the measurements in 
[79SUL/PRU]. 

Species f mH ο∆ (g, 298.15 K) (kJ·mol–1) 

SbSe(g) (177.0 ± 20.0) 

Sb2Se2(g) (127.2 ± 30.0) 

Sb2Se3(g) (83.5 ± 30.0) 

Sb2Se4(g) (58.3 ± 30.0) 

Sb3Se(g), (171.3 ± 40.0) 

Sb3Se2(g) (141.4 ± 30.0) 

Sb3Se3(g) (88.6 ± 30.0) 

Sb4Se3(g) (81.2 ± 40.0) 

Sb4Se4(g) (35.6 ± 40.0) 

 

[79VEN/PAS] 

The saturated vapour pressure in equilibrium with In2Se3(cr) was studied in the tempera-
ture range 1055 to 1167 K using Knudsen cells and mass spectroscopy. It was found 
that the vaporisation reaction is 

In2Se3(cr)  In2Se(g) + Se2(g). (A.33) 

Both the In2Se(g) and Se2(g) partial pressures were recorded resulting in the 
expression 10log K = (13.388 ± 2.880) – (25844 ± 3240) T –1. The enthalpy and entropy 
of reaction were evaluated by the review using the second and the third law , the se-
lected properties of Se2(g), the heat capacity  and entropy of In2Se(g) calculated by the 
review from the molecular parameters obtained by Erkoc, Katircioglu, and Yilmaz 
[2001ERK/KAT] in quantum mechanical studies of In-Se clusters, and the heat capac-
ity, transition enthalpies, and entropy of solid In2Se3 given in Section V.8.4.1.5. The 
calculated changes in the thermodynamic quantities of Reaction (A.33) at 298.15 K 
were r mH ο∆ (298.15 K) = (536.2 ± 62.0) kJ·mol–1 and r mS ο∆ (298.15 K) = (319.4 ± 55.0) 
J·K–1·mol–1 from the second law and r mH ο∆ (298.15 K) = (588.1 ± 40.0) kJ·mol–1 from 
the third law.  

[80SIR/PET] 

The heat capacity of α-ZnSe was measured in the temperature range 4.2 to 300 K. The 
heat capacity showed no anomalies in the studied temperature range. The absolute en-
tropy was presented only in a graph of poor resolution and no value was given at 
298.15 K. The entropy was therefore evaluated by the review from the heat capacity 
values given in Table 1 of the paper. The resulting absolute entropy at 298.15 K was 

mS ο (ZnSe, α, 298.15 K) = (71.94 ± 1.00) J·K–1·mol–1. The error limit was estimated 
from the general accuracy for this type of measurements and includes systematic errors. 
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[80UML/WAL] 

The polarographic behaviour of the selenite ion in slightly acidic solution was studied in 
the presence of a number of metal ions that form slightly soluble selenides. In the ab-
sence of such cations the selenite ion is reduced in an irreversible step according to the 
reaction H2SeO3(aq) + 4H+ + 4e– → HgSe(s) + 3H2O(l). At more negative potentials the 
mercury selenide formed is reduced in a reversible step, HgSe(s) + 2H+ +2e–  Hg(l) + 
H2Se(aq). In presence of the studied metal ions the position of the second reduction step 
is shifted towards more positive potentials and the reduction is assumed to follow (for a 
divalent metal ion) HgSe(s) + Me2+ + 2e–  MeSe(s) + Hg(l). 

The authors derived the following equation for the half-wave potential, E1/2, on 
the assumption that the process was reversible 

E1/2 = 2+
o
Hg /HgE  + (g/2) 10 ,0log sK (HgSe(s)) – (g/2q) 10 ,0log sK (MepSeq(s)) 

+ (g p/2q) 10log ([Mez+]/2) 

2+
o
Hg /HgE is the standard potential of the Hg2+/Hg electrode and g equals (RT 

ln10)/F and p and q represent the stoichiometric composition of the MepSeq(s) solid 
phase. 

The paper does not indicate that the derived relationship was thoroughly tested, 
but it is accepted by the review. Only one composition of the test solution appears to 
have been measured for each metal ion. The solubility products obtained from the data 
and calculated with the accepted solubility product of α-HgSe, 10 ,0log sK (α-HgSe) = 
− (60 ± 2), are entered in Chapter V. No recalculations of the polarographic measure-
ments to standard conditions from the ionic strength 0.1 or 0.3 M have been made due 
to the large uncertainties involved in the primary results. 

[81KOS/GRI] 

The heat capacities of α-In2Se3 and β-In2Se3 were measured in the temperature range 5 
to 303 K and the absolute entropies were evaluated. There is an error in the integration 
of the heat capacity of α-In2Se3 in the temperature range 90 to 100 K leading to a minor 
error in the entropy above these temperatures (see Table 3 of the paper). The entropy 
value at 298.15 K should read mS ο (In2Se3, α, 298.15 K) = (203.2 ± 0.6) J·K–1·mol–1. The 
supercooling of the β-In2Se3 phase below 330 K has not been observed in any other 
investigation and Boehnke, Kühn, Berezovskii, and Spassov [87BOE/KUH] suggested 
that the β-In2Se3 phase used in the measurements actually was the rhombohedral form 
of α-In2Se3.  

[81STE] 

It was observed that the values of both the heat capacities and the entropies of the sul-
phur ring compounds S6(g), S7(g), S8(g), and S12(g) vary linearly with the number of 
atoms in the molecule. Even the S2(g) molecule fits the linear relationship if its entropy 
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is lowered by the contribution of the two unpaired electrons. Assuming an analogous 
relationship to be valid for gaseous selenium ring compounds, the heat capacities and 
entropies were calculated for the species Se5(g), Se6(g), Se7(g), Se9(g), Se10(g), Se11(g), 
and Se12(g) from a linear relationship based on the properties of Se2(g) and Se8(g). The 
structures of the species (except Se2(g)) have not been experimentally verified and the 
properties of the Se8(g) molecule were derived from data of the Se8 molecule in the 
solid state. Considering these circumstances, the proposed values of the heat capacities 
and entropies can be expected to suffer from systematic errors that are difficult to esti-
mate. 

[82GRI/GRI] 

Information on the fragmentation and ionisation, which result from the bombardment of 
selenium vapour in the ion source of a mass spectrometer, was obtained for the tempera-
ture range 463 to 483 K. All ions from Se+(g) to +

8Se (g) were observed. However, it was 
concluded that the intensities of the ions Se+(g) - +

4Se (g) contained substantial contribu-
tions from fragmentation. The evaluation of thermodynamic quantities was therefore 
limited in the original paper to what was considered as “apparent” enthalpies of forma-
tion. The results are summarised in the Table A-110 and have been converted to 
298.15 K using the values of the heat capacities selected in this review. Third law en-
thalpies of formation were evaluated by the review by combining the “apparent” enthal-
pies of formation with (i) the ions intensities in Table I of the paper and (ii) the suppos-
edly corrected mole fractions in Table V of the paper together with the total pressure 
measurements of Niwa and Shibata [40NIW/SHI] and the adopted values of the heat 
capacities and entropies of the molecules Se(g)-Se8(g). Second law entropies were cal-
culated similarly. The enthalpy obtained from the ion intensities for the molecules 
Se(g)-Se4(g) can be considered as extreme lower limit values.  
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Table A-110: Standard entropies and enthalpies of formation of gaseous selenium spe-
cies. The second value in a column is calculated from the mole fractions in Table V of 
the paper. All other values are derived from the “apparent” enthalpy of sublimation and 
the relative intensities in Table I of the paper. 

Species f mH∆ (483 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se(g) (130.5 ± 4.1) (133.1 ± 4.1) (140.9 ± 4.1) (160.5± 8.5) 

Se2(g) (133.5 ± 4.1) (135.5 ± 4.1) (136.5 ± 4.1), 
(143.3 ± 4.1) 

(245.2 ± 8.5),      
(231.1 ± 8.5) 

Se3(g) (139.3 ± 4.1) (143.6 ± 4.1) (146.7 ± 4.1) (302.6 ± 8.5) 

Se4(g) (128.9 ± 4.1) (133.7 ± 4.1) (141.9 ± 4.1), 
(148.6 ± 4.1) 

(323.7 ± 8.5),        
(309.8 ± 8.5) 

Se5(g) (143.9 ± 4.1) (149.1 ± 4.1) (147.0 ± 4.1), 
(143.5 ± 4.1) 

(402.5 ± 8.5),         
409.8 ± 8.5) 

Se6(g) (130.1 ± 4.1) (135.5 ± 4.1) (139.3 ± 4.1), 
(138.3 ± 4.1) 

(420.6 ± 8.5),          
(422.8 ± 8.5) 

Se7(g) (143.5 ± 4.1) (149.3 ± 4.1) (152.8 ± 4.1), 
(153.7 ± 4.1) 

(479.8 ± 8.5),      
(477.8 ± 8.5) 

Se8(g) (144.8 ± 4.1) (150.9 ± 4.1) (158.3 ± 4.1), 
(159.4 ± 4.1) 

(511.0 ± 8.5),        
(508.6 ± 8.5) 

 

[82RAO] 

This paper presents the FORTRAN code of a small computer program used for the cal-
culation of partial pressures of selenium species in saturated selenium vapour. The data 
used for the calculations are mainly those in [74RAU] and no new information is given. 

[82SCH/FRA] 

The incongruent vaporisation of WSe2(cr) was investigated using a weight-loss Knud-
sen technique and mass spectrometry. The temperature range 1290 to 1720 K was stud-
ied. The simultaneous formation of Se2(g) and Se(g) was considered and for the reac-
tion:  

½WSe2(cr)  ½W(cr) + Se(g)  (A.34) 

the results r mH ο∆ ((A.34), 1500 K) = (317 ± 7) kJ·mol–1 and r mS ο∆ ((A.34), 1500 K) = 
(159 ± 5) J·K–1·mol–1 were obtained. The thermodynamic properties of WSe2(cr) at 
298.15 K were calculated by this review from these quantities and the thermodynamic 
values for Se(g) and W(cr), and the heat capacity of WSe2(cr). The second law results 
were f mH ο∆ (WSe2, cr, 298.15 K) = – (175.0 ± 12.0) kJ·mol–1 and mS ο (WSe2, cr, 
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298.15 K) = (53.2 ± 5.0) J·K–1·mol–1 and the third law enthalpy of formation was 
f mH ο∆ (WSe2, cr, 298.15 K) = – (125.6 ± 12.0) kJ·mol–1.  

[82VEN/GOR] 

This is a very accurate calculation of thermodynamic functions of Se2(g) from spectro-
scopic data using the wavenumber ∆νe = 509.95 cm–1 for the important splitting of 
ground electronic state X3Σ+ into the components +

gXO  and X1g. Calculated values were 
tabulated at 100 K intervals in the temperature range 100 to 3000 K. The presented ana-
lytical relationship of the temperature dependence of the heat capacity does not extend 
all the way down to 300 K due to the curvature of the heat capacity at low temperatures. 
Corresponding expressions were evaluated by this review from the tabulated values 
divided into three different temperature intervals, whereby the whole temperature range 
298.15 to 3000 K could be described. The three expressions are:  

 ,mpCο (Se2, g, (298.15 – 700) K) = (54.7611 – 38.147 × 10–3 T + 26.0538 × 10–6 T 2 
 – 0.35225 × 105 T –2) J·K–1·mol–1, 

 ,mpCο (Se2, g, (700 – 1700) K) = (34.2410 + 7.2440 × 10–3 T – 1.9539 × 10–6 T 2  
 + 0.85196 × 105 T –2) J·K–1·mol–1, 

 ,mpCο (Se2, g, (1700 – 3000) K) = (45.4581 – 2.4932 × 10–3 T + 0.4510 × 10–6 T 2 
 – 3.78247 × 105 T –2) J·K–1·mol–1. 

[83WIE/PUL] 

The total pressure of the vapour in equilibrium with SnSe(cr) was measured in the tem-
perature range 736 to 967 K using the Knudsen effusion technique. The enthalpy of and 
entropy of sublimation according to the reaction SnSe(cr)  SnSe(g) were calculated 
by the review from the reported vapour pressure expression and the selected heat capac-
ity expressions for SnSe(g) and SnSe(cr) yielding sub mH ο∆ (SnSe, α, 298.15 K) = 
(219.7 ± 10.0) kJ·mol–1 and sub mS ο∆ (SnSe, α, 298.15 K) = (166.7 ± 7.0) J·K–1·mol–1, 
respectively. 

[83ZEL/KOL] 

The enthalpy of formation of WSe2(cr) was measured by direct synthesis calorimetry, 
and by the Knudsen effusion method in the temperature range 1173 to 1423 K. The 
calorimetric result was f mH ο∆ (WSe2, cr, 298.15 K) = – (154.2 ± 2.0) kJ·mol–1. The es-
timated error is based on the standard deviation of six experiments. The reaction was 
incomplete and 10 to 15% of the selenium remained unreacted. 

 The vapour pressure measurements gave an enthalpy of reaction 
r mH ο∆ (1300 K) = (259.6 ± 4.0) kJ·mol–1 for the reaction WSe2(cr)  W(cr) + Se2(g). 

This value does not agree with the partial pressures given in Table 2 of the paper. The 
review re-evaluated the data and derived the thermodynamic properties of WSe2(cr) at 
298.15 K using the thermodynamic values for Se2(g) and W(cr), and the heat capacity of 



A Discussion of selected references 

 

560 

WSe2(cr). The second law results were f mH ο∆ (WSe2, cr, 298.15 K) = − (98.0 ± 50.0) 
kJ·mol–1 and mS ο (WSe2, cr, 298.15 K) = (146.3 ± 30.0) J·K–1·mol–1 and the third law 
enthalpy of formation was f mH ο∆ (WSe2, cr, 298.15 K) = – (190.2 ± 10.0) kJ·mol–1.  

[84DRO/SMO] 

The partial pressures of the species Se5(g), Se6(g), and Se7(g) in equilibrium with trigo-
nal selenium were determined for the temperature range 430 to 490 K using a mass 
spectrometer and a Knudsen cell. The results obtained at 473 K were recalculated to 
298.15 K by this review using the second and third laws and the selected heat capacities 
and entropies of Se(trig), Se5(g), Se6(g), and Se7(g). The results are summarised in 
Table A-111. 

Table A-111: Standard entropies and enthalpies of formation of gaseous selenium spe-
cies. 

Species f mH∆ (473 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se5(g) (150.6 ± 4.2) (155.4 ± 4.2) (145.3 ± 4.2) (419.7 ± 8.8) 

Se6(g) (138.9 ± 3.8) (144.0 ± 3.8) (137.0 ± 3.8) (443.3 ± 8.0) 

Se7(g) (149.4 ± 5.4) (154.8 ± 5.4) (151.0 ± 5.4) (495.0 ± 11.5) 

 

[84HUA/GIL] 

The partial pressures of the gaseous species in equilibrium with liquid selenium were 
determined in the temperature range 485 to 503 K using a mass spectrometer and a 
Knudsen cell. The results were evaluated at 500 K and are summarised in Table A-112. 
The values were recalculated by this review to 298.15 K using the second and third laws 
and the selected heat capacities and entropies for the species Se2(g)-Se8(g) and Se(cr, l). 
No fragmentation was considered. Since this has been a problem in other investigations, 
particularly for Se3(g) and Se4(g), the results for those species could be in error. The 
values given here may be considered as lower limits for the enthalpies of formation be-
cause the recorded pressures are probably too high. 
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Table A-112: Standard entropies and enthalpies of formation of gaseous selenium spe-
cies. 

Species f mH∆ (500 K) (kJ·mol–1) f mH ο∆ (298.15 K) (kJ·mol–1) o
mS (298.15 K) (J·K–1·mol–1) 

 original values 2nd law 3rd law  

Se2(g) (133.9 ± 7.1) (148.6 ± 7.1) (140.6 ± 10.0) (263.6 ± 14.2) 

Se3(g) (115.5 ± 4.2) (138.8 ± 4.2) (149.3 ± 7.7) (288.2 ± 8.4) 

Se4(g) (104.2 ± 3.8) (134.4 ± 3.8) (141.4 ± 11.4) (326.9 ± 8.0) 

Se5(g) (115.5 ± 4.2) (152.2 ± 4.2) (140.1 ± 8.0) (422.8 ± 8.8) 

Se6(g) (100.0 ± 3.3) (143.2 ± 3.3) (133.0 ± 7.1) (449.3 ± 7.1) 

Se7(g) (109.6 ± 3.8) (159.5 ± 3.8) (146.2 ± 6.2) (513.5 ± 8.0) 

Se8(g) (105.9 ± 3.3) (162.4 ± 3.3) (154.9 ± 5.8) (541.2 ± 7.1) 

 

[84IMP/PIA] 

The vapour pressure of α-HgSe was measured in the temperature range 541 to 602 K 
using the torsion-effusion technique and in the temperature range 538 to 568 K using 
the Knudsen-effusion technique. The results were analysed assuming that Se2(g) was the 
only selenium species in the vapour phase. Therefore, the results have been re-evaluated 
by the review. 

The total vapour pressure measured by the torsion-effusion method was given 
as 10log (p/bar) = (6.84 ± 0.12) – (6350 ± 70) T –1. The expression was re-evaluated by 
matching observed and calculated total pressures considering all species in the series 
Se(g)-Se8(g) and Hg(g). The selected thermodynamic data of the selenium species and 
the CODATA [89COX/WAG] values of mercury were used. A stoichiometric composi-
tion of the gas phase was assumed. The mole fractions of the most important selenium 
species are given in Table A-113. 

Table A-113: Mole fractions of the most important gaseous selenium species in equilib-
rium with α-HgSe. 

T (K) Se2(g) Se5(g) Se6(g) 

541 0.49 0.29 0.19 

602 0.57 0.27 0.13 

The expression r mGο∆ (T ) = ((186.5 ± 6.0) – (0.1927 ± 0.010) T ) kJ·mol–1 for 
the reaction α-HgSe  Hg(g) + ½Se2(g) was derived for the temperature range 541 to 
602 K from the calculated partial pressures. A recalculation to 298.15 K using the se-
lected heat capacity of α-HgSe yields f mH ο∆ (HgSe, α, 298.15 K) = – (58.5 ± 5.5) 
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kJ·mol–1 and mS ο (HgSe, α, 298.15 K) = (96.6 ± 8.0) J·K–1·mol–1. The corresponding 
third law value of the enthalpy is f mH ο∆ (HgSe, α, 298.15 K) = – (57.0 ± 5.5) kJ·mol–1 
using the selected heat capacity and entropy of α-HgSe. The error limits correspond to 
those given in the vapour expression multiplied by a factor of two.  

[84PUP/RUS] 

The authors performed a theoretical analysis of the available structural data of mole-
cules of the group 16 elements using the MOLCAO model and motivated a simple scal-
ing procedure for the calculation of the vibrational frequencies and moments of inertia 
of the species Se3(g)-Se8(g) from those of the corresponding sulphur species. Subse-
quently, the entropy and heat content of the selenium species were calculated using the 
common statistical mechanics expressions except for Se5(g) for which the vibrational 
contribution was interpolated from that of Se4(g) and Se6(g). The thermodynamic func-
tions were tabulated at 100 K intervals in the temperature range 300 to 1500 K. No heat 
capacities were calculated. Expressions describing the temperature dependence of the 
heat capacity were evaluated by the review by fitting the standard heat capacity expres-
sion (cf. Section II.6) to heat capacities calculated from the molecular parameters given 
in Table 1 of the paper. The expressions are given in Section V.1. 

[84SLA/POP] 

The authors prepared Ge(SeO3)2(s), Sn(SeO3)2(s), and PbSeO3(s) and measured their 
solubilities in dilute mineral acids at 293 K. The initial pH of the acids ranged from 1.2 
to 2.1. This is the only primary datum furnished in the paper. 

 The solubility products for germanium(IV) ( 10log sK = – 25.5) and tin(IV) 
( 10log sK = – 30.6) will not be accepted as the equilibrium reactions that define the 
solubility products are absent. These reactions are not self-evident. 

 The result for lead selenite is accepted, but a recalculation with the protonation 
constants of the selenite ion and the activity coefficient expression selected by the re-
view is not possible. 

 The published solubilities in water are clearly wrong. They have been obtained 
as the square root of the solubility product and, in the case of tin and germanium, by a 
further division by a factor of two. This observation further supports the rejection of the 
proposed solubility products of Ge(SeO3)2 and Sn(SeO3)2. 

[84SMO/DRO] 

Smoes and Drowart studied the equilibrium reaction: 

SeO(g) + SeS(g)  SO(g) + Se2(g). (A.35) 

 The equilibrium was established over the temperature range 1300 to 1800 K in 
a Knudsen cell containing a mixture of MnSe(cr), EuS(cr), and Fe2O3(cr). The partial 
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pressures of the species partaking in the reaction were taken as proportional to the ion 
beam intensities in the mass spectrometer. Linear regression of 10log K ο (A.35) on 1/T 
yielded r mH ο∆ ((A.35), T ) = – (52.7 ± 1.5) kJ⋅mol–1. The enthalpy and Gibbs functions 
for SeO(g), SeS(g), SO(g), and Se2(g) were calculated by statistical-mechanical meth-
ods and tabulated in the temperature interval 298.15 to 2000 K. These data yield 

r mH ο∆ ((A.35), 0 K) = – (53.14 ± 5.40) kJ⋅mol–1 by the second-law approach. The esti-
mated inaccuracy in this value is introduced by the authors and includes errors in ionisa-
tion cross-sections and electron multiplier yields. The same data yielded r mH ο∆ ((A.35), 
0 K) = – (52.64 ± 5.20) kJ⋅mol–1 by the third-law approach. The statistical uncertainty in 
the value was ± 0.71 kJ⋅mol–1. The authors selected the third-law value of r mH ο∆ ((A.35), 
0 K). 

 The primary aim of the investigation was a determination of the dissociation 
energy of SeO(g). The selected enthalpy of reaction was combined with selected values 
of the dissociation energies of SO(g), SeS(g), and Se2(g) in order to arrive at this datum, 
see Table A-114.  

Table A-114: Thermochemical cycle for the calculation of the dissociation energy of 
SeO(g), T = 0 K. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 SO(g) → S(g) + O(g)    (517.1 ± 0.4) Sources selected in [84SMO/DRO] 

2 SeS(g) → Se(g) + S(g)    (366.9 ± 6.7) Sources selected in [84SMO/DRO] 

3 Se2(g) → 2Se(g)    (329.07 ± 0.25) Sources selected in [84SMO/DRO] 

4 SeO(g) + SeS(g) → Se2(g) + SO(g) – (52.64 ± 0.71) [84SMO/DRO] 

5 SeO(g) → Se(g) + O(g)    (426.63 ± 6.30) (result) 

at mH ο∆ (SeO, g, 0 K) = r 1H∆ – r 2H∆ + r 3H∆ + r 4H∆ = 426.63 kJ⋅mol–1    

The thermochemical result was compared with results from spectroscopic 
measurements. After a long discussion, the authors concluded that the best estimate of 
the dissociation energy of SeO(g) could be made from the spectroscopic information 
available and adopted at mH ο∆ (SeO, g, 0 K) = ( 0.6

6.0424.7+
− ) kJ⋅mol–1. This result is ac-

cepted by the review with symmetrical error bars, thus: at mH ο∆ (SeO, g, 0 K) = 
(424.7 ± 6.0) kJ⋅mol–1. 

The enthalpy of formation of SeO(g) under standard conditions is found from 
the data in the following table. 
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Table A-115: Calculation of o
f mH∆ (SeO, g, 298.15 K). The sources of the data are indi-

cated. 

# Reaction r mH∆ (kJ⋅mol–1) Reference 

1 Se(g, 0 K) + O(g, 0 K) → SeO(g, 0 K) – (424.70 ± 6.00) (review) 

2 Se(g, 0 K) → Se(g, 298.15 K)    (6.199 ± 0.010) [82WAG/EVA] 

3 Se(cr, 298.15 K) → Se(g, 298.15 K)    (236.1 ± 1.6) (review) 

4 O(g, 0 K) → O(g, 298.15 K)    (6.725 ± 0.001) [89COX/WAG] 

5 0.5O2(g, 298.15 K) → O(g, 298.15 K)    (249.18 ± 0.10) [89COX/WAG] 

6 SeO(g, 0 K) → SeO(g, 298.15 K)     9.746 [84SMO/DRO] 

7 Se(cr) + 0.5O2(g) → SeO(g)    (57.40 ± 6.21) (result) 
o

f mH∆ (SeO, g, 298.15 K) = r 1H∆ – r 2H∆ + r 3H∆ – r 4H∆ + r 5H∆ + r 6H∆  

[86GLO/LOM] 

Selenium electrodes were obtained by electroplating selenium onto various substrates 
from a 10.45 M solution of potassium selenite. They were measured against a calomel 
electrode and the substrate did not affect the potentials. The emf of the selenium-
calomel cell was measured with test solutions of potassium selenite of concentrations 
0.1, 1, 2, 4, 6, 8, and 10.45 M. The solutions also contained 1 M KOH. The dependence 
of the emf on pH was studied in another series of experiments. 

 The main analysis of the data centers on the half-cell reaction:  
2
3SeO −  + 3H2O(l) + 4e–  Se(s) + 6OH– (A.36) 

E = Eo + 
2 23

3
H OSeO
6

OH

ln
4

a aRT
F a

−

−

. 

Plots of E = f 2
10 3 pH(log  [SeO ])−  and E = f (pH)Se(IV) at 293 K were linear and 

had the slopes 14.5 and 87.5 mV, respectively. These values are close to the Nernstian 
slopes required by Reaction (A.36) and the authors concluded that the half-cell was re-
versible. The potential, recalculated to the standard hydrogen electrode scale, measured 
at 2

3[SeO ]−  = 1 M and [OH–] = 1 M was – 0.364 V and assigned as the standard poten-
tial of the redox–couple in alkaline solution. The authors noted this value is close to the 
value in [56LAT], but they did obviously not know that this datum is in error by about 
0.03V. 

 The review finds it difficult to assess this paper as experimental conditions and 
primary data are lacking. There can be no doubt that the authors have used concentra-
tions instead of activities in their calculations. The activity of water was set equal to 1 
despite the high concentration of solutes and any liquid junction potentials have been 
neglected. It appears fortuitous that Nernstian slopes were observed. The large concen-
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trations used in the investigation and the way the experimental data have been treated 
preclude the incorporation of the results of this paper in the review. 

[86LYO/YOU] 

Lyons and Young employed elemental high-purity selenium to electrolytically produce 
a 0.01 M solution of HSe–/Se2– in 1 M KOH. Part of this solution was then saturated 
with elemental selenium, which was found to result in a solution of the average compo-
sition 2

3.8Se − . The two stock solutions were finally mixed in various proportions (n = 26). 
The UV/VIS-spectra at 220 to 540 nm and redox-potentials vs. the Saturated Calomel 
Electrode of the mixtures were measured at 300 and 304 K, respectively. 

The spectrophotometric data were first used to evaluate the number of species 
formed in the system and it was found that four significant components were needed to 
reproduce the data. 

The redox-potential data were then modelled under the assumption that Se2–, 
2
2Se − , 2

3Se − , and 2
4Se −  ions were gradually formed with increasing proportions of 

Se(0). A good fit to the measured potentials was obtained with the data presented in 
Chapter V and the root-mean square error was 0.0031V. 

Finally, the spectrophotometric data were analysed under the same assumption 
in order to obtain the absorption spectra of the different species and their distribution as 
a function of the mean composition of the solution. The result of this analysis was found 
to be in good agreement with the evaluation from the redox-potential data. 

It was also shown in the paper by ESR measurements that none of the species 
formed contain unpaired electrons, and 77Se-NMR data indicate that the exchange kinet-
ics between the species is fast on the NMR time scale. 

[86POP/SLA] 

The authors prepared Al2(SeO3)3(s), Ga2(SeO3)3(s), In2(SeO3)3(s), and Tl2(SeO3)3(s). 
The solubilities of the salts were measured in nitric, perchloric, or sulphuric acid at 
298 K. No primary experimental data are furnished and the review assumes that the pH 
values, 1.7 to 2.0, reported refer to the saturated solutions. The solubility products were 
calculated from the analytical concentration of dissolved metal ion with corrections for 
the protonation of the selenite ion and the activity coefficients. No recalculation with 
the values of these quantities accepted by the review is possible. 

 Hydrolysis of the metal ions was neglected. This is acceptable except for 
Tl(III). For this ion, the hydrolysis is so extensive at pH 2 [76BAE/MES] that the value 
of the solubility product of Tl2(SeO3)3(cr) cannot be accepted. The results for the other 
salts are entered in the appropriate Sections in Chapter V. 

 The solubilities in water of the salts published in the paper are not correct. 
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[86VIK/GOR] 

The vapour pressures of the species in equilibrium with MoSe1.91(cr) were measured in 
the temperature range 1459 to 1570 K using mass spectrometry and Knudsen cells. The 
results were evaluated assuming that the decomposition followed the reaction scheme 
MoSe1.91(cr)  Mo(cr) + 0.955Se2(g). The authors obtained an enthalpy of reaction of 

r mH ο∆ (MoSe1.91, cr, 298.15 K) = – (404.4 ± 30.0) kJ·mol–1 using the third law. The sec-
ond law was not used. The result does not agree with the pressures presented in Table 1 
of the paper. The experimental data were re-evaluated by the present review using both 
the second and third laws. Necessary data were taken from the selected data in this re-
view except for molybdenum for which data in [98CHA] were used. The selected heat 
capacity of MoSe2 was rescaled to the composition MoSe1.91 according to the 
stoichiometry. The second law results are f mH ο∆ (MoSe1.91, cr, 298.15 K) = – 70.2 
kJ·mol–1 and mS ο (MoSe1.91, cr, 298.15 K) = 210.2 J·K–1·mol–1. The third law enthalpy of 
formation is f mH ο∆ (MoSe1.91, cr, 298.15 K) = – (259.2 ± 35.0) kJ·mol–1. The second law 
values are very much in error and no error limits were assigned. The error limits of the 
third law value are retained from the paper. The total pressure measured for MoSe1.91 is 
of the right order of magnitude, but its temperature dependence is apparently in error. 
Similarly, the vapour pressure of the species in equilibrium with WSe1.87(cr) were 
measured in the temperature range 1512 to 1556 K. The temperature range is too narrow 
and the measured values too few and scattered to make a second law evaluation mean-
ingful. The third law evaluation made by this review yields an enthalpy of formation 

f mH ο∆ (WSe1.87, cr, 298.15 K) = – (265.2 ± 35.0) kJ·mol–1 using the thermodynamic 
functions for Se2(g) and W(cr), and the heat capacity of WSe2(cr). The enthalpy of 
WSe2(cr) was obtained to f mH ο∆ (WSe2, cr, 298.15 K) = − (283.6 ± 35.0) kJ·mol–1 by 
rescaling the value of WSe1.87(cr) according to stoichiometry. 

[87BOE/KUH] 

The heat capacity of hexagonal αH-In2Se3 was measured in the temperature range 7 to 
285 K and of both hexagonal αH-In2Se3 and rhombohedral αR-In2Se3 in the temperature 
range 333 to 463 K. No expressions for the temperature dependence of the heat capacity 
were given and no thermodynamic properties at 298.15 K were evaluated. The follow-
ing quantities were therefore calculated by the review. The heat capacity at 298.15 K 
was calculated to be ,mpCο (In2Se3, αH, 298.15 K) = (121.1 ± 0.4) J·K–1·mol–1 by extrapo-
lating the values in Table 1 of the paper. Similarly, the entropy was calculated to be 

mS ο (In2Se3, α, 298.15 K) = (203.0 ± 0.6) J·K–1·mol–1 by a third law integration of the 
data in the same table. The heat capacity at 298.15 K is about 4 J·K–1·mol–1 smaller in 
this investigation than in the investigations in [75DEM/KOS], [76MIL], and 
[81KOS/GRI], and it was therefore not considered meaningful to derive heat capacity 
expressions from the values listed in Table 2 of the paper. 
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[87BOL/TRO] 

The enthalpy of NbSe2(cr), NbSe1.75(cr), and MoSe2(cr) were measured in the tempera-
ture range 1180 to 1656 K, 1162 to 1738 K, and 1219 to 1806 K, respectively. The 
composition NbSe1.75 is not a single phase and is not considered here. Analytical ex-
pressions for the enthalpy and heat capacity as a function of temperature were derived 
by a least-squares refinement on the enthalpy data. Unfortunately, the expressions pre-
sented in the paper do not reproduce the experimental results.  

 The enthalpies given in Table 2 of the paper were used in a new least-squares 
procedure by this review to evaluate heat capacities using the analytical expression 

,mpCο (T ) = (a + b T + c T 2 + d T –2) J·K–1·mol–1. The heat capacities at 298.15 K were 
fixed to the selected values. The set of parameters in the heat capacity expression, 
which best fitted the experimental enthalpy values for NbSe2(cr), led to a physically 
impossible behaviour of the temperature dependence of the heat capacity because of the 
scatter in the enthalpy values. A rescaling of the heat capacity expression for WSe2(cr) 
in [90BOL/TRO] to match the heat capacity of NbSe2(cr) at 298.15 K did not give an 
acceptable result. The selected expression for NbSe2(cr) was derived by slightly modify-
ing the least–squares result obtained using only the parameters a and b by the addition 
of a small contribution from a d term. In this way, the shape of the ,mpCο  = f (T ) curve is 
adequate and a reasonable fit to the enthalpy at high temperatures is maintained. The 
resulting expression is 

,mpCο (NbSe2, cr, (298.15 – 1700) K) = (68.763 + 0.0235 T – 2.0 × 105 T –2) J·K–1·mol–1. 

 The enthalpy of MoSe2(cr) was analysed using the same procedure as for 
NbSe2(cr) and gave the same type of problems. In this case, the heat capacity expression 
for WSe2(cr) in [90BOL/TRO] gave a reasonable fit to the enthalpy at high tempera-
tures after rescaling to match the selected heat capacity of MoSe2(cr) at 298.15 K. The 
resulting heat capacity expression for MoSe2(cr) is 

,mpCο (MoSe2, cr, (298.15 – 1800) K) = (69.112 + 0.014221 T 
– 2.4621 × 105 T –2) J·K–1·mol–1. 

[87HON/IID] 

The specific heat of Ag2Se(cr) was measured in the temperature range 120 to 520 K. 
The experimental heat capacity is shown only in figures and a value at 298.15 K was 
derived from Figure 1 of the paper, ,mpCο (Ag2Se, α, 298.15 K) = (83.68 ± 3.00)         
J·K–1·mol–1. The uncertainty has been estimated by this review because no error analysis 
was made by the authors nor were any estimated experimental errors given. The entropy 
change for the α to β transition was found to be 16.48 J·K–1·mol–1 and corresponds to an 
enthalpy of transformation of (6.69 ± 1.00) kJ·mol–1. The uncertainty has been assessed 
by this review.  
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[87SRI/EDW] 

This is a careful study of the vaporisation chemistry of the indium-selenium system us-
ing simultaneous Knudsen effusion and torsion effusion methods, by X-ray powder dif-
fraction, and by sealed tube and closed cell methods. It was found that In2Se3(cr) vapor-
ises incongruently according to the simultaneous reactions 4In2Se3(cr)  2In4Se5(l) + 
Se2(g) and 2In4Se5(l)  3In2Se3(cr) + In2Se(g) at the temperatures of the measurements 
1042 to 1156 K. However, the actual composition of the liquid phase varies with tem-
perature. The latter condition poses a special problem in evaluating thermochemical 
data from the reactions and the agreement between second and third law results was 
poor. To circumvent the problem, the results for two sets of reactions, (i) 4In2Se3(cr)  
2In4Se5(l) + Se2(g), 10In4Se5(l)  8In5Se6(l) + Se2(g), and 4/17In5Se6(l)  
10/17In2Se(g) + 7/17Se2(g), and (ii) 10/3In2Se3(cr)  4/3In5Se6(l) + Se2(g) and 
4/17In5Se6(l)  10/17In2Se(g) + 7/17Se2(g), were individually combined to form the 
hypothetical reaction In2Se3(cr)  In2Se(g) + Se2(g) which does not involve liquids of 
variable stoichiometry. In this way, errors for the reactions involving the liquids cancel 
to a large extent and the results from second and third law evaluations agree well. The 
results for the two reactions were summarised to r mH ο∆ (298.15 K) = (604.2 ± 2.4) 
kJ·mol–1 and 

r mH ο∆ (298.15 K) = (600.4 ± 2.4) kJ·mol–1), respectively. Unfortunately, 
any numerical values were only given for the thermodynamic quantities as recalculated 
to 298.15 K without specifying the employed auxiliary data. The experimental data ac-
tually measured at the high temperatures can therefore not be re-evaluated using the 
auxiliary data set employed by the review. 

[88BAR/IER] 

The saturated vapour pressure of α-CdSe was measured in the temperature range 873 to 
1115 K using the Knudsen effusion and torsion-effusion techniques. The enthalpy and 
entropy of sublimation at 298.15 K were merely derived from the measurements using a 
set of auxiliary data different from that used by the review. The results given in Table 2 
of the paper were therefore re-evaluated by the review using both the second and the 
third law, the selected thermodynamic functions of selenium, the data for Cd in 
[89COX/WAG], the selected heat capacity of α-CdSe, and the selected entropy of 
α-CdSe in the case of the third law. The vaporisation was assumed to occur according 
to the reaction α-CdSe(s)  Cd(g) + ½Se2(g). The results were f mH ο∆ (CdSe, α, 
298.15 K) = – (142.6 ± 3.0) kJ·mol–1, f mH ο∆ (CdSe, α, 298.15 K) = – (146.8 ± 2.0) 
kJ·mol–1, and mS ο (CdSe, α, 298.15 K) = (90.5 ± 4.0) J·K–1·mol–1 for the second and third 
law enthalpy of formation and the entropy, respectively.  

[88BAR/PIA] 

The vaporisation of In2Se3(cr) was studied by measuring the total vapour pressure in the 
temperature range 984 to 1159 K using the Knudsen effusion and torsion effusion tech-
niques. The results were evaluated assuming the reaction In2Se3(cr)  In2Se(g) + 
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Se2(g) and using auxiliary data different from those used by the review. The results 
were therefore re-evaluated using the selected properties of Se2(g), the heat capacity  
and entropy of In2Se(g) calculated by the review from the molecular parameters ob-
tained by Erkoc, Katircioglu, and Yilmaz [2001ERK/KAT], and the heat capacity, tran-
sition enthalpies, and entropy of solid In2Se3 given in Section V.8.4.1.5, yielding 

r mH ο∆ (298.15 K) = 549 kJ·mol–1 and r mS ο∆ (298.15 K) = 332 J·K–1·mol–1 from the sec-
ond law and r mH ο∆ (298.15 K) = 596 kJ·mol–1 from the third law. 

[88OZE/YAG] 

Ozeki, Yagasaki, Ichida and Sasaki studied the H+ - 2
4MoO − - 2

3SeO −  system at 298.15 K 
by potentiometric and 77Se NMR measurements. The data covered the ranges 
5.8 > − 10log h (ph) > 2.0, 58.9 > B/mM > 33.2, 48.8 > C/mM > 4.3, and 0.8 < B/C < 
10.0, where h is the concentration of free hydrogen ions. B stands for the total concen-
tration of molybdate and C that of selenite. The equilibria will be written as: 

pH+ + q 2-
4MoO  + r 2

3SeO −   (H+)p( 2
4MoO − )q( 2

3SeO − )r. 

 At B/C < 2.5 the data were well explained by the species 4
2 5 21Se Mo O − ; (p,q,r) = 

(10,5,2). This anion has been found in the solid state and its structure has been deter-
mined. In the following complexes will be identified by their (p, q, r) values. Minor 
amounts of (11,5,2) formed at low ph. 

 At B/C > 2.5 it was necessary to introduce additional complexes. The equilib-
rium analysis suggested several possible sets of complexes. The simplest model, which 
satisfactorily explained the experimental data, added the species (14,8,2) and (15,8,2). 
This model was selected and yielded the formation constants in the Table A-116. 

Table A-116: Formation constants of heteropoly anions in the system H+ - 2
4MoO − -

2
3SeO − . 

(p,q,r) log10βpqr 

(10,5,2) (71.38 ± 0.02) 

(11,5,2) (72.73 ± 0.04) 

(14,8,2) (97.97 ± 0.02) 

(15,8,2) (101.04 ± 0.03) 

 This work appears to be the only equilibrium study of heteropoly anions con-
taining selenium. 

[88PAS/ZHA] 

The saturated vapour pressure in equilibrium with In2Se3(cr) was studied in the tempera-
ture range 980 to 1100 K using the Knudsen effusion method. The vapour pressure was 
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given by the expression 10log (p/bar) = (8.05 ± 0.75) – (13189 ± 790) T –1 and thermo-
dynamic quantities were evaluated assuming the reaction 

In2Se3(cr)  In2Se(g) + Se2(g) (A.37) 

The vapour pressure expression was re-evaluated by the review using the se-
lected properties of Se2(g), the heat capacity  and entropy of In2Se(g) calculated by the 
review from the molecular parameters obtained by Erkoc, Katircioglu, and Yilmaz 
[2001ERK/KAT], and the heat capacity, transition enthalpies, and entropy of solid 
In2Se3 given in Section V.8.4.1.5. in order to obtain a consistent set of evaluations. The 
calculated changes in the thermodynamic quantities of Reaction (A.37) at 298.15 K 
were r mH ο∆ ((A.37), 298.15 K) = (546.4 ± 16.0) kJ·mol–1 and r mS ο∆ ((A.37), 298.15 K) = 
360 J·K–1·mol–1 from the second law and r mH ο∆ ((A.37), 298.15 K) = (563.2 ± 14.0) 
kJ·mol–1 from the third law.  

[90BAR/TRI] 

The saturated vapour pressure of α-ZnSe was measured using the thermogravimetric 
Knudsen effusion method in the temperature range 1025 to 1288 K. The results were 
evaluated by applying the second and third law and assuming the reaction α-ZnSe  
Zn(g) + ½Se2(g). The sublimation enthalpies sub mH ο∆ (ZnSe, α, 298.15 K) = (377 ± 4) 
kJ·mol–1 and sub mH ο∆ (ZnSe, α, 298.15 K) = (332 ± 4) kJ·mol–1 were derived for the sec-
ond and third law enthalpy of reaction, respectively. No quantities were derived for 
α-ZnSe at 298.15 K. The experimental data given by the vapour pressure expression 

10log (p/kPA) = (9.15 ± 0.06) − (12798 ± 73) T –1 were therefore re-evaluated by the re-
view according to the second and the third law using the selected thermodynamic func-
tions of selenium, the data for Zn in [89COX/WAG], the heat capacity expression of α-
ZnSe in Section V.9.1.1.1, and the selected entropy of α-ZnSe in the case of the third 
law. The values obtained were f mH ο∆ (ZnSe, α, 298.15 K) = – (183.4 ± 14.0) kJ·mol–1, 

f mH ο∆ (ZnSe, α, 298.15 K) = − (181.8 ± 7.0) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = 
(66.1 ± 9.0) J·K–1·mol–1 for the second and third law enthalpy of formation and the en-
tropy, respectively.  

[90BOL/TRO] 

There are some errors in the equations. Equations (1) and (3) of the paper should read: 

mH ο (T ) – mH ο (298.15 K) = (71.086 T + 7.313 × 10–3 T 2 
 + 253246 T –1 – 22693) kJ·mol–1 

and 

,mpCο (T ) = (71.086 + 14.627 × 10–3 T – 253246 T –2) J·K–1·mol–1, respectively. 
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[90KUM/BAT] 

Kumok and Batyreva have published calculations of the solubility product of a consid-
erable number of selenates at 298.15 K. The variation of the mean activity coefficient of 
a salt was approximated by an equation proposed by Kusik and Meissner 
[78KUS/MEI]. This equation contains only one adjustable parameter, q. q-values are 
presented for a number of selenates, but details of their calculation and references to the 
experimental data are generally lacking. 

 The way in which the solubility products were evaluated from the primary data 
could not be followed in such detail that a critical evaluation could be made. This com-
ment applies in particular to the calculations performed on data from ternary solubility 
diagrams. The results obtained by Kumok and Batyreva are therefore mentioned in 
Chapter V but not accepted. 

[90LEV/MYE] 

To study the second dissociation constant of H2Se(aq), Levy and Myers utilised the dif-
ference in the UV-absorbance of HSe− (λmax ≈ 250 nm; εmax = 8030 M–1⋅cm–1) and Se2− 
(λmax ≈ 270 nm; εmax = 12290 M–1⋅cm–1). Also considered in the evaluation was the 
observation that the values of λmax were somewhat blue-shifted when the ionic strength 
of the solution increased. 

The samples were prepared by dissolving measured volumes of H2Se(g) in de-
gassed solutions of NaOH, which were held in 0.1 mm quartz cells. The cells were then 
filled with a slight overpressure of N2(g) and a colourless sample was taken to indicate 
that no selenide oxidation had occurred. 

The experimental data cover the range from 0.12 to 2.5 molal NaOH at 
[Se(−II)] = 0.01 M (n = 12) and in each point, the ratio 2Se HSe/m m− −  and the position of 
λmax for Se2– were optimised in an iterative manner. Together with the known initial 
concentration of OH–, these ratios were used to evaluate the equilibrium constant, Km, 
of the reaction HSe– + OH–  Se2– + H2O. 

Linear regression of 10log Km on m½, i.e. the square root of the molality of 
NaOH, yielded 10log Km = – 0.997 + 0.793⋅m½, which fitted the data well. It was also 
found that the evaluated frequency shift of the Se2– spectrum varied linearly with the 
square root of the molality of NaOH, which lends credibility to the evaluation made. 

The value of Km at m = 0 was further extrapolated to I = 0 by applying activity 
coefficient functions for NaHSeγ  and 

2Na Seγ  according to Guggenheim. In this way, a 
“best” value of Km(I = 0) = (0.0877 ± 0.004) was obtained which, combined with 

10 wlog K ο  = – 13.997 results in 10log K ο (HSe–  Se2– + H+, 298.15 K) = 
− (15.05 ± 0.04). 
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[90NAS/SHA] 

The Gibbs energy of formation of α-ZnSe was measured in the temperature range 635 
to 825 K using the cell  

(−) Zn(cr, l) | 5 weight-% ZnCl2 (in LiCl + KCl melt) | α-ZnSe, Se(l) (+). 

The cell reaction was Zn(cr, l) + Se(l)  α-ZnSe. Zinc melts at 693 K within the ex-
perimental temperature range and the data were separated into two different temperature 
ranges. The Gibbs energy of formation was evaluated by linear regression of the emf on 
temperature. Equation 4 of the paper for the high temperature range (equilibrium with 
molten zinc) is in error and does not fit the data given in Figure 1 of the paper, neither 
does the Gibbs energy of formation given in Eqs.(3, 4) of the paper match at the melting 
point of zinc. A new expression for the Gibbs energy of formation yielding 

f mGο∆ (ZnSe, α, Τ ) = (− 191479 + 36.62 T ) J·mol–1, was therefore derived by the re-
view from the graph in Figure 1 of the paper. This equation and Equation 3 of the paper 
were recalculated to 298.15 K by the review according to the second and the third law 
using the selected thermodynamic functions of selenium, the entropy of Zn(cr) at 
298.15 K in [89COX/WAG], the heat capacity and enthalpy of fusion of Zn in 
[98CHA], the the heat capacity expression of α-ZnSe in Section V.9.1.1.1, and the se-
lected entropy of α-ZnSe in the case of the third law. The results are given in Table A-
117. 

The enthalpy of formation of α-ZnSe was also measured direcly in a quantita-
tive DTA calorimeter by the reaction of the powdered elements. The value obtained at 
707 K was recalculated by the review to 298.15 K using the selected thermodynamic 
functions of selenium, the heat capacity of Zn in [89COX/WAG], and the heat capacity 
expression of α-ZnSe in Section V.9.1.1.1 because a different set of auxiliary data was 
employed for the calculations in the paper. The value obtained was f mH ο∆ (ZnSe, α, 
298.15 K) = − (177.1 ± 8.0) kJ·mol–1. 

Table A-117. Enthalpy of formation and entropy of α-ZnSe at 298.15 evaluated by the 
review from the data in [90NAS/SHA]. 

f mH ο∆ (298.15 K) (kJ·mol–1) mS ο (298.15 K) (J·K·mol–1) Temperature (K) 

2nd law 3rd law   

– (177.5 ± 6.0) – (177.3 ± 4.2) (59.4 ± 12.0) 635 – 693 

– (175.0 ± 6.0) – (177.5 ± 4.2) (63.9 ± 9.0) 693 – 825 

 

[90SCA/PIA] 

The temperature dependence of the total vapour pressure in equilibrium with Ag2Se was 
measured by the torsion Knudsen technique. The data were evaluated assuming the re-
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action to be Ag2Se(cr, l)  2Ag(g) + ½Se2(g). The partial pressure of silver was as-
sumed to be the same as for pure silver because the vaporisation is incongruent and me-
tallic silver is formed. The measurements were re-evaluated using the second and third 
laws, the selected heat capacity and entropy of Ag2Se, and the selected data of selenium 
and silver. The result is given in Table A-118.  

Table A-118: Re-evaluated enthalpy of formation and entropy of α-Ag2Se at 298.15 K. 
The evaluations were made at 1100 K and 1200 K in the lower and higher temperature 
range, respectively. The error limits are based on the standard deviations of the coeffi-
cients in the linear regressions. 

o
f mH∆ (298.15 K) (kJ·mol–1) mS ο (298.15 K) (J·K–1·mol–1) Temperature (K) 

2nd law 3rd law   

– (58.9 ± 8.0) – 38.7 (131.9 ± 5.0) 1045 – 1166 

– (67.9 ± 6.0) – 40.9 (127.6 ± 4.0) 1187 – 1305 

 

[92SEM/KUL] 

The vapour pressure of MoSe2(cr) was studied in the temperature range 1600 to 1750 K 
but the decomposition products are unknown. Therefore, the measured vapour pressures 
cannot be used for an evaluation of thermodynamic properties. 

 The evaporation of WSe2(cr) was investigated using a gas flow reactor in the 
temperature range 1000 to 1600 K. The vapour pressure in the temperature range 1460 
to 1600 K was described by the equation 10log (p/Pa) = (13.189 ± 1.729) – 
(1.858 ± 0.264) × 104 T −1. The thermodynamic properties of the reaction WSe2(cr)  
W(cr) + Se2(g) at 298.15 K were evaluated from this expression by this review using the 
thermodynamic properties of Se(g), Se2(g), and W(cr) and heat capacity of WSe2(cr). At 
equilibrium the partial pressure of Se(g) is 22% of the Se2(g) partial pressure at the rele-
vant temperatures and total pressures and this was taken into account in the evaluation. 
The second law results were f mH ο∆ (WSe2, cr, 298.15 K) = − (234.7 ± 50.0) kJ·mol–1 
and mS ο (WSe2, cr, 298.15 K) = (103.2 ± 33.0) J·K–1·mol–1 and the third law enthalpy of 
formation was f mH ο∆ (WSe2, cr, 298.15 K) = – (256.1 ± 50.0) kJ·mol–1.  

[93BRU/PIA] 

The evaporation of PbSe(cr) was studied in the temperature range 835 to 1047 K using 
the torsion effusion technique. The original evaluation employed auxiliary data different 
from those used by the review and the vapour pressure expression was therefore re-
evaluated using the selected values of the entropies and heat capacities of PbSe(cr) and 
PbSe(g). The second law entropy of PbSe(g) and the second law enthalpy of sublima-
tion of PbSe(cr) were calculated to be mS ο (PbSe, g, 298.15 K) = (260.6 ± 7.0)             
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J·K–1·mol–1 and sub mH ο∆ (PbSe, cr, 298.15 K) = (224.4 ± 7.0) kJ·mol–1, respectively. The 
third law enthalpy of sublimation was calculated to be sub mH ο∆ (PbSe, cr, 298.15 K) = 
(227.1 ± 3.0) kJ·mol–1.  

[95RAI/FEL3] 

This paper presents a serious attempt to determine the solubility product of iron(III) 
selenite. 

 The experiments show that Fe2(SeO3)3⋅6H2O is the stable form of iron(III) se-
lenite at pH < 4. Above this pH other, but not identified, solid phases are formed. The 
specimen, prepared from solutions of FeCl3 and Na2SeO3 and aged at 360 K, was well 
crystallised as demonstrated by the sharp X-ray diffraction pattern. 

 Several series of solubility measurements were conducted at (296 ± 2) K. In 
one series the solubility of the specimen in solutions of HCl with a pH ranging from 
0.77 to 5.1 was followed. Another series was conducted at a constant pH of about 1.4 
and with the total selenite concentration varied from 0.0002 to 0.01 M. In two experi-
ments equilibrium was approached from supersaturation achieved by a pH change. The 
test solutions were continuously agitated and analysed after intervals ranging from 1 to 
about 1700 days. The phases were separated by centrifugation and the supernatants 
passed through a 0.0018 µm pore size filter before instrumental analysis. Solubility 
equilibrium is slowly established and the results indicate that more than 30 days are 
needed to reach a steady state. The measured concentrations show that Fe2(SeO3)3⋅6H2O 
dissolves congruently below pH 4. No change in the oxidation state of selenium was 
observed. 

 The equilibrium constant (solubility product) of the reaction 

Fe2(SeO3)3⋅6H2O(cr)  2Fe3+ + 2
33SeO −  + 6H2O(l)  (A.38) 

was calculated by a non-linear least squares program based on a minimisation of the 
Gibbs energy change of the reaction. Known side-reactions of Fe(III) and Se(IV) were 
included in the model and the activity coefficients were calculated from the Pitzer 
model. The standard Gibbs energy of formation of the known species and the ion-
interaction parameters are included in the paper as well as the primary data. In order to 
obtain a reasonably good fit to the experimental data at increasing selenite concentration 
it was necessary to introduce a complex between Fe(III) and Se(IV) into the equilibrium 
model. The simplest model that best represented the experimental findings included 

+
3FeSeO .The standard Gibbs energies of formation found for this model yielded: 

10 ,0log sK ο ((A.38), 296 K) = – (41.58 ± 0.11)  

and 

10 1log οb ((A.38), 296 K) = (11.15 ± 0.11). 
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 A calculation without +
3FeSeO  included in the model on 4 data points at low 

pH and low total selenite concentrations yielded 10 ,0log sK ο (A.38) = – 41.04, which indi-
cates that the value of the solubility product is not critically dependent on the equilib-
rium model. 

 The review noted that an erroneous value of o
f mG∆ ( 2

3SeO − ) was used. No re-
calculation has been attempted. 

[95ZOC/PIA] 

The total pressure of the vapour in equilibrium with SnSe(cr) was measured in the tem-
perature range 739 to 1040 K using the Knudsen torsion effusion technique in this accu-
rate study. The enthalpy and entropy of sublimation according to the reaction 
SnSe(cr)  SnSe(g) were calculated by the review from the reported vapour pressure 
expression and the selected heat capacity expressions for SnSe(g) and SnSe(cr) yielding 

sub mH ο∆ (SnSe, α, 298.15 K) = (222.5 ± 3.4) kJ·mol–1 and sub mS ο∆ (SnSe, α, 298.15 K) = 
(168.9 ± 4.2) J·K–1·mol–1, respectively. 

[96BRE/LIU2] 

This is a thorough study of the vapour pressures of Zn(g) and Se2(g) in equilibrium with 
α-ZnSe using optical density techniques. The Gibbs energy for the reaction  

α-ZnSe  Zn(g) + ½Se2(g)  (A.39) 

was evaluated to be r mGο∆ ((A.39), T ) = (– 361807 + 191.485 T ) J·mol–1, in the tem-
perature range 1260 to 1410 K. The enthalpy of formation of α-ZnSe at 298.15 K was 
evaluated to be f mH ο∆ (ZnSe, α, 298.15 K) = – (177.8 ± 2.1) kJ·mol–1 using the third 
law, but applying a set of auxiliary data differing from the values selected by the re-
view. The expression for the Gibbs energy of reaction was therefore recalculated ac-
cording to the second and the third law using the selected thermodynamic functions of 
selenium, the data for Zn in [89COX/WAG], the heat capacity expression of α-ZnSe in 
Section V.9.1.1.1, and the selected entropy of α-ZnSe in the case of the third law. The 
values obtained were f mH ο∆ (ZnSe, α, 298.15 K) = – (175.4 ± 8.0) kJ·mol–1, 

f mH ο∆ (ZnSe, α, 298.15 K) = − (178.2 ± 3.6) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = 
(74.0 ± 6.0) J·K–1·mol–1 for the second and third law enthalpy of formation and the en-
tropy, respectively.  

[96SCH/FRE] 

The saturated vapour pressure of α-ZnSe was measured using Knudsen effusion cells in 
the temperature range 1190 to 1310 K. The results were evaluated by applying the sec-
ond and third law and assuming the reaction  

α-ZnSe  Zn(g) + ½Se2(g).  (A.40) 
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The reaction quantities r mS ο∆ ((A.40), 298.15 K) = (215.0 ± 2.0) J·K–1·mol–1, 
r mH ο∆ ((A.40), 298.15 K) = (382.0 ± 3.0) kJ·mol–1, and r mH ο∆ ((A.40), 298.15 K) = 

(369.4 ± 0.5) kJ·mol–1 were obtained for the entropy of reaction and the second and 
third law enthalpy of reaction, respectively. No quantities were derived for α-ZnSe at 
298.15 K. The experimental data given by the vapour pressure expression 

10log (p/kPa) = (9.19 ± 0.08) – (12896 ± 96) T –1 were therefore re-evaluated by the re-
view according to the second and the third law using the selected thermodynamic func-
tions of selenium, the data for Zn in [89COX/WAG], the heat capacity expression of 
α-ZnSe in Section V.9.1.1.1, and the selected entropy of α-ZnSe in the case of the third 
law. The values obtained were f mH ο∆ (ZnSe, α, 298.15 K) = – (182.4 ± 14.0) kJ·mol–1, 

f mH ο∆ (ZnSe, α, 298.15 K) = – (177.6 ± 3.8) kJ·mol–1, and mS ο (ZnSe, α, 298.15 K) = 
(68.1 ± 14.0) J·K–1·mol–1 for the second and third law enthalpy of formation and the 
entropy, respectively.  

[96SHA/RED] 

The solubility of the crystalline phases CaSeO3⋅H2O, MgSeO3, MnSeO3, and 
ZnSeO3⋅H2O were determined at (298.2 ± 1.0) K in water, 0.01 M NaCl, 0.03 M NaCl, 
and 0.02 M Na2SeO3. The mixture of solid and solution was agitated continuously for 
40 weeks. Samples were withdrawn at regular intervals and analysed for selenite. The 
determinations showed that equilibrium had been established after 40 weeks. The final 
separation of the aqueous phase was made by centrifugation followed by filtration 
through a 0.45 µm membrane filter. The filtrate was analysed for total soluble cations 
and anions but the analytical techniques used are not revealed. The pH of the equilib-
rium solution was not measured. 

 The primary solubility data and the calculation of the solubility products, de-
fined in the usual way, are presented. This presentation contains some unexpected re-
sults. The total solubility of the metal ion and selenite are approximately equal in water 
and in the inert salt solutions for the magnesium and manganese selenites. This is the 
expected result for a simple dissolution reaction. For calcium selenite, the metal ion 
concentration was about 100 times greater than the total selenite concentration whereas 
for zinc selenite the opposite was found. There is no comment in the paper on these re-
sults, which contradict the equilibrium reactions used in the paper to define the reported 
solubility products for calcium and zinc selenite. The review also noted that the calcula-
tion of the magnesium and selenite activities from the total concentrations introduces 
activity coefficients between 0.1 to 0.01 at moderate ionic strengths. Thus the values of 
these coefficients appear unreasonably small. On the whole, the activity coefficient cor-
rections introduced appear to vary in an erratic way between the various systems stud-
ied. 

 Another unexpected result is the decrease in the total selenite concentration 
with time in the experiments with dissolution in 0.02 M Na2SeO3 solution. The explana-
tion given by the authors is not tenable. The statement in the paper that control of pH is 
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unnecessary because H+ does not enter into the solubility expression, together with the 
remarks made above, forces the review to attach zero weight to the results obtained in 
the paper. 

[97BAH/PAR] 

Ion interaction coefficients, εj,k, for the selenocyanate ion and its metal ion complexes 
are not available. Data for the thiocyanate ion have therefore been used as an approxi-
mation for extrapolation by SIT of selenocyanate equilibrium constants to standard con-
ditions. 

Bahta, Parker, and Tuck [97BAH/PAR] have made a critical evaluation of the 
stability constants of complexes of the thiocyanate ion. Their scrutiny of the literature 
leaves rather few data as “Recommended” or “Tentatively recommended”. Sufficient 
data for an evaluation of εj,k values are found only for Cd2+ in NaClO4 medium. These 
data are entered in Table A-119 as mean values at the appropriate NaClO4 concentra-
tion. No data below I = 1 M are in general available. The small values of the stability 
constants require rather high concentrations of the ligand to be added to the test solu-
tions, which in turn requires a high concentration of the inert salt background. 

Table A-119: Stability constants of cadmium thiocyanate complexes (mean values) in 
NaClO4 medium with an extrapolation to I = 0 by the SIT method. The uncertainties 
correspond to twice the standard deviation from the least-squares calculation. 

I (M) log10 β1 log10 β2 log10 β3 log10 β4 

(0) (1.89) (2.78) (2.85) (2.3) 

1 1.35 1.92 2.14 2.13 

2 1.26 2.14 1.9 2.25 

3 1.39 2.02 2.32 2.33 

4 1.26 2.38 2.73 2.91 

10log n
οb  (2.13 ± 0.19) (3.01 ± 0.31) (2.94 ± 0.44) (2.63 ± 0.32) 

∆ε – (0.026 ± 0.058) – (0.145 ± 0.094) – (0.202 ± 0.134) – (0.173 ± 0.099) 

The evaluation of the ∆ε followed the method outlined in [92GRE/FUG]. The 
data presented for I = 0 in [97BAH/PAR], which were generated via a different extrapo-
lation algorithm, were not included in the linear regression. Due to the lack of data, the 
results obtained here will be assumed to be applicable to other divalent metal ions and 
to other ionic media as well. 
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[97CHR] 

Christov calculated the parameters in the Pitzer ion interaction model from isopiestic 
measurements at 298.15 K by Ojkova and Staneva [89OJK/STA]. This reference con-
tains (interpolated) osmotic coefficients of zinc, magnesium, cobalt, and nickel selenate 
solutions from 0.1 mol⋅kg–1 to saturated solution. Sodium chloride standards were used 
and the agreement between duplicate determinations was 0.2% or better. 

 These parameters (see Table A-120) were used to find the mean activity coef-
ficient of the saturated solution and the solubility product. The results were: 

10 ,0log sK ο (ZnSeO4) = – 1.572, solubility 3.05 mol⋅kg–1; 

10 ,0log sK ο (CoSeO4) = – 1.759, solubility 2.82 mol⋅kg–1; 

10 ,0log sK ο (NiSeO4) = – 1.486, solubility 1.73 mol⋅kg–1; 

10 ,0log sK ο (MgSeO4) = – 1.133, solubility 3.28 mol⋅kg–1. 

 The result for nickel selenate has been revised in later publications 
[98OJK/CHR], [2001BAR/CHR]. 

Table A-120: Pitzer coefficients of Zn, Co, Ni, and Mg selenate solutions at 298.15 K.  

Salt α1 fixed α2 fixed (0)

MXβ  (1)

MXβ  MXC φ  σ(φ) 

ZnSeO4 1.4 12 0.2324 3.8156 0.0224 0.0056 

CoSeO4 1.4 12 0.4409 1.4440 – 0.303 0.0045 

NiSeO4 1.4 12 0.5517 3.2103 – 0.0271 0.0050 

MgSeO4 1.4 12 0.3010 4.2720 0.0163 0.0050 

 

[97FER/FIN] 

The interaction between the selenite or selenate ion with Cu2+ and Pb2+ was studied by 
classical polarography. The measurements were carried out in unbuffered solution with 
0.15 M NaNO3 added as supporting electrolyte. The temperature is not mentioned. The 
concentration of Cu2+ was 1 × 10–4 M and that of Pb2+ 1 × 10–5 M. The ligand concen-
tration was varied over the interval 2 × 10–5 to 1 × 10–2 M. 

 With selenate as ligand no decrease in the limiting current or shift in the half-
wave potential, E1/2, was observed. It was concluded that no precipitate was formed and 
that the complex formation was weak. The review assigns the accuracy of the potential 
measurement to be ± 2 mV, which leads to an upper value of the stability constant of the 
1:1 complex of about 20 M–1 in 0.15 M NaNO3. 

 With selenite as ligand a decrease in the limiting current started already at an 
added ligand concentration of 2 × 10–5 M. For Cu2+ no shift in E1/2 was observed, while 
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a shift was present for Pb2+. The primary data are presented only as small graphs. The 
authors calculated from their observations a solubility product for 

 CuSeO3⋅2H2O(cr)  Cu2+ + 2
3SeO −  + 2H2O(l) (A.41) 

10 ,0log sK (A.41) = – 8.42 

and a stability constant for: 

 Pb2+ + 2
3SeO −   PbSeO3(aq) (A.42) 

10 1log β (A.42) = 4.69 

 The absence of primary data and any details of the calculation of the constants 
make the assessment of the correctness of the constants almost impossible. As no pH 
values were apparently measured, the concentration used for the selenite ion must have 
been its total concentration. As discussed in [68RIP/VER] in this Appendix, a major 
part of the copper(II) in solution would be present as hydroxo complexes. Hence the 
solubility product reported in the paper would be expected to be greater than the true 
value. The greater activity of a microscopic phase as compared to a bulk phase also 
leads to this conclusion. 

 The presence of a precipitate in the Pb2+ - 2
3SeO −  system makes the evaluation 

of the data difficult and somewhat arbitrary with the data at hand. As no details of the 
evaluation procedure is disclosed, the data for this system cannot be accepted. A dis-
crepancy between the observed and calculated potential shifts noted by the review con-
tributed to this decision. 

[97LUB/HAV] 

Lubal and Havel studied the complex formation between 2+
2UO  and 2

4SeO −  by spectro-
photometric and potentiometric measurements at (298.2 ± 0.5) K. The spectrophotomet-
ric measurements were carried out in 3 M Na(ClO4, SeO4) medium. The total selenate 
concentration was varied between 0 and 0.6 M and the 2+

2UO  concentration was kept 
constant at 0.0331 M. The potentiometric work used metal ion concentrations in the 
range (1 – 5) × 10–4 M and selenate ion concentrations in the range 0 to 0.3 M. No salt 
background was added, since the ion–selective dioxouranium(VI) electrode did not 
function in the presence of perchlorate ions. 

 Spectrophotometric work in the – 10log [H+] range 1.4 to 3.0 gave no evidence 
for the formation of protonated species. Data collected in the – 10log [H+] range 2.26 to 
2.86 (spectrophotometry) and 3.5 (potentiometry) were evaluated by least squares 
methods. Factor analysis of the spectrophotometric data strongly indicated the presence 
of three absorbing species. Hence the data were interpreted by an equilibrium model 
including 2+

2UO , UO2SeO4(aq), and 2
2 4 2UO (SeO ) − . The equilibrium analysis of the 

0 - 4 derivative spectra yielded consistent results. The following equilibrium constants, 
recalculated here to the molality scale, were reported: 
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2+
2UO  + 2

4SeO −   UO2SeO4(aq) (A.43) 

10 1log b ((A.43), I = 3 M, 298.15 K) = (1.50 ± 0.02), 

10 1log οb ((A.43), I = 0, 298.15 K) = (2.64 ± 0.01), 
2+
2UO  + 2 2

4SeO −   2
2 4 2UO (SeO ) −  (A.44) 

logβ2((A.44), I = 3 M, 298.15 K) = (2.29 ± 0.02). 

 These results will be selected although it is not clear if a correction for the 
formation of hydrogen selenate was applied to the spectrophotometric data and the 
variation of the medium is considerable. The behaviour of the ion-selective electrode 
also poses questions on the reliability of the potentiometric data and hence the value of 

10 1log οb  at I = 0. 

 The cited value of ε( 2
2UO + , 4ClO− ) refers to ε( 2UO+ , 4ClO− ), which affects the 

conclusions drawn in the paper from the application of the SIT approach to the data.  

[98OJK/CHR] 

The osmotic coefficient of Li2SeO4 solutions in the concentration range 0.927 to 3.708 
mol⋅kg–1 was determined by isopiestic measurements at 298.15 K. Sodium chloride so-
lutions were employed as reference standards. An equilibration period of 20 days 
yielded an agreement within 0.2% between duplicates. 

 The osmotic coefficients were used to find the parameters in the Pitzer ion in-
teraction model. These parameters (see Table A-121) were then employed to find the 
activity coefficients in saturated solution. 

Table A-121: Pitzer coefficients of Li2SeO4 solutions. 

α1 α2 
(0)

MXβ  (1)

MXβ  MXC φ  σ(φ) 

2 (fixed) 1 (fixed) 0.18252 1.62841 – 0.00283 0.00476 

 With the solubility of Li2SeO4⋅H2O(cr), 4.275 mol⋅kg–1, determined in the pa-
per, the corresponding solubility product was calculated to be 10 ,0log sK ο  = 1.762.  

 The paper also contains a calculation of the Pitzer coefficients of nickel sele-
nate solutions from isopiestic measurements by Ojkova and Staneva [89OJK/STA]. The 
results contained in Table A-122 also appear in [98CHR/OJK], [2001BAR/CHR]. 

 With the solubility of NiSeO4⋅6H2O(cr), 1.93 mol⋅kg–1, determined in 
[98CHR/OJK] 10 ,0log sK ο  is calculated to be – 1.381. 

 The Pitzer model could successfully reproduce the solubility in the ternary 
system Li2SeO4-NiSeO4-H2O. 
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Table A-122: Pitzer coefficients of NiSeO4 solutions.  

t α2 
(0)

MXβ  (1)

MXβ  MXC φ  σ(φ) 

1.4(fixed) 12 (fixed) 0.58712 2.98530 – 0.004540 0.00243 

 [99OJK/CHR] 

The osmotic coefficient of (NH4)2SeO4 solutions in the concentration range 2.74 to 5.50 
mol⋅kg–1 and of K2SeO4 solutions between 1.09 and 4.74 mol⋅kg–1 were determined by 
isopiestic measurements at 298.15 K. Sodium chloride solutions were employed as ref-
erence standards. An equilibration period of 20 days yielded an agreement within 0.2% 
between duplicates. 

 The osmotic coefficients were used to find the parameters in the Pitzer ion in-
teraction model (see Table A-123). These parameters were then employed to find the 
activity coefficients in saturated solution. 

Table A-123: Pitzer coefficients of (NH4)2SeO4 and K2SeO4 solutions.  

System α (0)

MXβ  (1)

MXβ  MXC φ  σ(φ) 

(NH4)2SeO4–H2O 2 (fixed) 0.04155 0.77095 0.00312 0.00351 

K2SeO4–H2O 2 (fixed) 0.10911 0.71354 – 0.00325 0.00698 

 With the solubility of (NH4)2SeO4(cr), 6.715 mol⋅kg–1, and K2SeO4(cr), 5.13 
mol⋅kg–1, both extracted from the literature the corresponding solubility products were 
calculated to be 10 ,0log sK ο  = 0.920 and 0.902, respectively. 

[99OPP/GOB] 

Oppermann et al. studied the ternary system Bi-O-Se. Six crystalline phases were pre-
pared by high temperature synthesis from Bi2O3(cr) and SeO2(cr). The phases were 
characterised by X-ray powder diffraction and IR spectroscopy. The standard enthalpies 
of formation and entropies of the compounds were obtained from the temperature de-
pendence of the equilibrium constants of the decomposition reactions. The standard 
enthalpies of formation were also found from solution calorimetric work in which the 
enthalpies of dissolution of the compounds, Bi2O3(cr), and SeO2(cr) in 4 M HCl were 
measured. It should benoted that the results in the paper were obtained with a correct 
value of the enthalpy of formation of SeO2(cr) and not the erroneous value in Table II of 
tha paper. 

The results from the calorimetric work for the compounds Bi2Se3O9 of the 
same stoichiometry as Bi2(SeO3)3, and Bi2SeO5 of the same stoichiometry as 
(BiO)2SeO3 are f mH ο∆ (Bi2Se3O9, cr, 298.15 K) = − (1404.6 ± 7.1) kJ·mol–1 and 
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f mH ο∆ (Bi2SeO5, cr, 298.15 K) = − (902.5 ± 5.4) kJ·mol–1. The results from the decom-
position reactions Bi2Se3O9(cr)  Bi2SeO5(cr) + 2SeO2(g) and 8Bi2SeO5(cr)  
Bi16Se5O34(cr) + 3SeO2(g) were f mH ο∆ (Bi2Se3O9, cr, 298.15 K) = − (1389.9 ± 33.5) 
kJ·mol–1, mS ο (Bi2Se3O9, cr, 298.15 K) = (392 ± 38) J·K–1·mol–1, and f mH ο∆ (Bi2SeO5, cr, 
298.15 K) = − (884.5 ± 12.6) kJ·mol–1, mS ο (Bi2SeO5, cr, 298.15 K) = (240 ± 13)        
J·K–1·mol–1. 

[2001BAR/CHR] 

The osmotic coefficient of Cs2SeO4 solutions in the concentration range 1.09 to 
4.59 mol⋅kg–1 was determined by isopiestic measurements at 298.15 K with NaCl solu-
tions as reference standard. An equilibration period of 20 days yielded an agreement 
within 0.2% between duplicates. 

The osmotic coefficients were used to find the parameters in the Pitzer ion in-
teraction model (see Table A-124). These parameters were then employed to find the 
activity coefficient in saturated solution. 

Table A-124: Pitzer coefficients of Cs2SeO4 solutions 

α (0)
MXβ  (1)

MXβ  MXCφ  σ(φ) 

2 (fixed) 0.18234 – 1.64961 – 0.01407 0.0041 

With the solubility of Cs2SeO4(cr) determined in the paper, 6.353 mol⋅kg–1, the 
solubility product was calculated to be 10 ,0log sK ο  = 0.630. 

[2001OPP/SCH] 

Oppermann et al. studied some of the equilibria in the system Se-O-Br by total pressure 
measurements. Thermodynamic quantities were derived from the temperature depend-
ence of the equilibrium constant. The extrapolations of the results to standard conditions 
do not use experimental thermal functions but employ various estimates. 

The vapour pressure of SeOBr2(l) was determined at temperatures below 
475 K. The enthalpy of vaporisation vap mH ο∆ (SeOBr2, l, 298.15 K) = (50.6 ± 1.3) 
kJ·mol–1 was obtained. No formation data can be derived from this measurement since 
selected data for the enthalpy of fusion of SeOBr2(cr) and the enthalpy of formation of 
SeOBr2(g) are lacking. 

The gas phase reaction 2SeOBr2(g)  SeO2(g) + SeBr2(g) +Br2(g) was meas-
ured in the temperature range 570 to 770 K. No primary data are presented and it is not 
understood why an iterative process was necessary for the calculation of the equilibrium 
constant. The data were evaluated by the third law to yield f mH ο∆ (SeOBr2, g, 
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298.15 K) = − (92.9 ± 13.8) kJ·mol–1. A considerable number of estimates of thermo-
chemical data are involved in the calculation of this value. 

The equilibrium Se2Br2(l)  Se(cr) + SeBr2(g) was measured in the tempera-
ture range 325 to 475 K. The data derived in the paper correspond to an enthalpy of 
reaction at standard conditions of r mH ο∆ (298.15 K) = (49 ± 16) kJ·mol–1. This value is 
in reasonable agreement with r mH ο∆ (298.15 K) = (63 ± 20) kJ·mol–1 selected by the 
review from the measurements of the same reaction in [70HOG/LUN]. The latter value 
is preferred since it was obtained in the temperature range 293 to 348 K and hence the 
result calculated for standard conditions is less affected by the uncertainties in estimated 
thermal quantities. However, the values of the standard enthalpy of formation of 
SeBr2(g) derived in the paper and in the review are widely different, − (23.8 ± 12.6) and 
(32 ± 20) kJ·mol–1, respectively. The difference originates mainly in the value of 

f mH ο∆ (Se2Br2, l, 298.15 K) employed in the evaluation. The review selected an experi-
mental value from [78TSV], − (31 ± 3) kJ·mol–1, while Oppermann et al. used a value 
adopted in Mills [74MIL], − 72.8 kJ·mol–1 together with estimated temperature correc-
tions. This value was calculated by Mills from the measurements in [70HOG/LUN] and 
a not referenced NBS value for f mH ο∆ (SeBr2, g, 298.15 K) = − 21 kJ·mol–1. 

[2001OPP/ZHA] 

Oppermann and Zhang-Preβe studied the ternary system Sm-O-Se. A number of crystal-
line phases were prepared by high temperature synthesis from mixtures of Sm2O3(cr) 
and SeO2(cr) as starting materials. The new phases were characterised by X-ray powder 
diffraction and IR spectrometry. Enthalpies of formation, entropies and heat capacities 
as well as a phase diagram are presented. 

The standard enthalpy of formation of the phase Sm2Se3O9(cr), which has the 
same stoichiometric composition as Sm2(SeO3)3, was determined to be − (2921 ± 41) 
kJ·mol–1 from the temperature dependence of the equilibrium constant of the reaction 
2Sm2Se3O9(cr)  2Sm2Se1.5O6(cr) + 3SeO2(g) in the temperature range 875 to 1125 K 
and experimental Cp values. 

The authors used a value for f mH ο∆ (SeO2, g, 298.15 K) that is 16.2 kJ·mol–1 
more negative than the selected value. They also used values of m m( )H T Hο ο− (298.15 K) 
for SeO2(g) that, independent of T, are 16.2 kJ·mol–1 more positive than those calculated 
by the selected expression for the heat capacity of SeO2(g). The two differences cancel 
and no recalculation is necessary. 

[2001SEB/POT] 

Séby et al. attempted to extrapolate K1 and K1,2 data for the protonation of the selenite 
ion from Barcza and Sillén [71BAR/SIL] to I = 0 by the “modified Bromley 
methodology”, which is shortly presented in the paper and contains interaction 
parameters reminiscent of the SIT approach. It is not clear to the review if only data at 
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high ionic strengths were used in the fitting procedure or whether they were 
supplemented by data at I = 0. Anyhow, the extrapolated values, 10log 1,2K ο  = 
(2.70 ± 0.06) and 10log 1K ο  = (8.54 ± 0.04), are quite close to the accepted values. 

 The results obtained have not been selected for two reasons. If the extrapola-
tion was based mainly on the data in [71BAR/SIL] the constants would be affected by 
experimental artifacts as discussed in [76BAE/MES], [92GRE/FUG]. If, on the other 
hand, the data in [71BAR/SIL] are supplemented by data at I = 0, the values of the ex-
trapolated constants would not represent independent information. 

[2002OPP/ZHA] 

Oppermann et al. studied the ternary system Nd-O-Se. A number of crystalline phases 
were prepared by high temperature synthesis from mixtures of Nd2O3(cr) and SeO2(cr) 
as starting materials. The new phases were characterised by X-ray powder diffraction 
and IR spectrometry. Enthalpies of formation, entropies and heat capacities as well as a 
phase diagram are presented. 

The standard enthalpy of formation of the phase Nd2Se3O9(cr), which has the 
same stoichiometric composition as Nd2(SeO3)3, was determined to be − (2846 ± 41) 
kJ·mol–1 from the temperature dependence of the equilibrium constant of the reaction 
2Nd2Se3O9(cr)  2Nd2Se1.5O6(cr) + 3SeO2(g) in the range 875 to 1175 K and experi-
mental Cp values. 

The authors used a value for f mH ο∆ (SeO2, g, 298.15 K) that is 16.2 kJ·mol–1 
more negative than the selected value. They also used values of m m( )H T Hο ο− (298.15 K) 
for SeO2(g) that, independent of T, are 16.2 kJ·mol–1 more positive than those calculated 
by the selected expression for the heat capacity of SeO2(g). The two differences cancel 
and no recalculation is necessary. 

[2002OPP/ZHA2] 

This paper contains a thermochemical study of the system Yb2O3-SeO2. The experimen-
tal approach and the thermochemical quantities derived are the same as those presented 
in [2001OPP/ZHA] and [2002OPP/ZHA]. The standard enthalpy of formation of the 
phase Yb2Se3O9(cr), which is of the same stoichiometric composition as Yb2(SeO3)3, 
was determined to be − (2779 ± 42) kJ·mol–1 from the temperature dependence of the 
equilibrium constant of the reaction Yb2Se3O9(cr)  Yb2SeO5(cr) + 2SeO2(g) in the 
temperature range 825 to 1050 K. 

[2002ZHA/OPP] 

Zhang-Preβe and Oppermann prepared crystalline phases of the general composition 
Me2SexO3+2x for Me = Nd, Sm, and Y by high temperature synthesis using Me2O3(cr) 
and SeO2(cr) as starting materials. These materials were mixed in stoichiometric 
amounts corresponding to the x values 1, 1.5, 3, 3.5, and 4. The details of the prepara-
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tion and characterisation of the compounds are described, for instance, in References 
[2001OPP/ZHA] and [2002OPP/ZHA]. 

The standard enthalpies of formation of the compounds were found from solu-
tion calorimetric measurements of the enthalpy of dissolution in 4 M HCl of 
Me2SexO3+2x, Me2O3(cr) and SeO2(cr), respectively. The results obtained for 
Me2Se3O9(cr), which has the same stoichiometric composition as Me2(SeO3)3, are; 

f mH ο∆ (Y2Se3O9, cr, 298.15 K) = − (2828.0 ± 8.4) kJ·mol–1, f mH ο∆ (Sm2Se3O9, cr, 
298.15 K) = − (2827.1 ± 5.9) kJ·mol–1, f mH ο∆ (Nd2Se3O9, cr, 298.15 K) = 
− (2833.8 ± 5.4) kJ·mol–1. 

[2002ZHA/OPP2] 

This paper contains a thermochemical study of the system Y2O3-SeO2. The experimen-
tal approach and the thermochemical quantities derived are the same as those presented 
in [2001OPP/ZHA] and [2002OPP/ZHA]. The standard enthalpy of formation of the 
phase Y2Se3O9(cr), which is of the same stoichiometric composition as Y2(SeO3)3, was 
determined to be − (2893 ± 50) kJ·mol–1 from the temperature dependence of the equi-
librium constant of the reaction Y2Se3O9(cr)  Y2SeO5(cr) + 2SeO2(g) in the tempera-
ture range 875 to 1100 K. 

The authors used a value for f mH ο∆ (SeO2, g, 298.15 K) that is 16.2 kJ·mol–1 
more negative than the selected value. They also used values of m m( )H T Hο ο− (298.15 K) 
for SeO2(g) that, independent of T, are 16.2 kJ·mol–1 more positive than those calculated 
by the selected expression for the heat capacity of SeO2(g). The two differences cancel 
and no recalculation is necessary. 

[2003BAR/CHR] 

The osmotic coefficient of Rb2SeO4 solutions in the concentration range 1.07 to 5.20 
mol⋅kg–1 was determined by isopiestic measurements at 298.15 K with NaCl solutions 
as reference standard. An equilibration period of 20 days yielded an agreement within 
0.2% between duplicates. 

 The osmotic coefficients were used to find the parameters in the Pitzer ion in-
teraction model (see Table A-125). These parameters were then employed to find the 
activity coefficient in saturated solution. 

Table A-125: Pitzer coefficients of Rb2SeO4 solutions 

α (0)

MXβ  (1)

MXβ  MXC φ  σ(φ) 

2 (fixed) 0.12672 – 0.25052 – 0.00860 0.0034 
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 With the solubility of Rb2SeO4(cr) determined in the paper, 5.20 mol⋅kg–1, the 
solubility product was calculated to be 10 ,0log sK ο  = 0.430. 
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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], and [2005GAM/BUG]. The equations presented here 
are an essential part to the review procedure and are required to use the selected thermodynamic 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 
holds to a lesser extent also for uncharged species. 

Eq. (B.1) will allow fairly accurate estimates of the activity coefficients in 
mixtures of electrolytes if the ion interaction coefficients are known. Ion interaction 
coefficients for simple ions can be obtained from tabulated data of mean activity 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. In order to accurately reproduce their activity coeffi-
cient 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 managed to describe measured activity coefficients of a large number of 
electrolytes with high precision over a large concentration range. Pitzer’s model gener-
ally contains three parameters as compared to one in the specific ion interaction theory. 
The use of the theory requires the knowledge of all these parameters. The derivation of 
Pitzer coefficients for many complexes such as those of the actinides would require a 
very large amount of additional experimental work, since few data of this type are cur-
rently available. 

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 co-
effi-cients 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 
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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], Gif-
faut et al. [93GIF/VIT2] and Grenthe and Plyasunov [97GRE/PLY]. The absolute val-
ues for the reported ion interaction parameters differ in these studies due to the fact that 
the Debye-Hückel term used by these authors is not exactly the same. Nevertheless, 
common to all these studies is the fact that values of ( 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 correc-
tions, the error in 10log /j mIγ  will be ≤ 0.13. It is clear that in order to reduce the un-
certainties 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 2 log ) 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 59.16 log  = [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)  

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)   
2+Zn   (0.33 ± 0.03) (0.16 ± 0.02) 

2
3ZnCO +  (0.35 ± 0.05)(a)   

 (Continued on next page) 
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Table B-4 (continued) 

j   k → 
↓ Cl−  4ClO−  3NO−  

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
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)  

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)  

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) 

   (Continued on next page) 
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Table B-4 (continued) 

 j   k → 
↓ Cl−  4ClO−  3NO−  

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) 
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)  

3PuSCN +   (0.39 ± 0.04)(B)  
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)  
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)  

4
2 3Y CO +   (0.80 ± 0.04)(b)  

      (Continued on next page) 
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Table B-4: (continued) 

 j   k → 
↓ Cl−  4ClO−  3NO−  

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)  

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 . 

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. 
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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. 

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]. 
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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). 
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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 uncertainties 
represent the 95% confidence level. The ion interaction coefficients marked with † can 
be described more accurately with an ionic strength dependent function, listed in Table 
B-6.  

    j   k → 

   ↓ 

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)  

4 2Am(SO )−   − (0.05 ± 0.05)(c)  

(Continued on next page) 
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Table B-5 (continued) 

    j   k → 

   ↓ 

Li+ Na+ K+ 

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
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)  

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)  

(Continued on next page) 
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Table B-5 (continued) 

    j   k → 

   ↓ 

Li+ Na+ K+ 

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
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). 
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 . 
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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 this review by analogy with 4(Na , HSO )+ −ε . 
z Estimated in this review by analogy with (Na ),SCN+ −ε . 
# Estimated in this review by analogy with 2

4(Na , SO )+ −ε . 
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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] and 
[2005GAM/BUG] 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 fulfill the second condition. If the estimated errors in a1i, a2i … are smaller than 
the error in yi the second condition is reasonably well fulfilled. The choice of 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, also in this case 
there is a weighting of the data by the number of experimental determinations in the 
parameter range where the different complexes are formed. In order to have comparable 
uncertainty estimates for the different complexes one should therefore try to have the 
same number of experimental data points in the concentration ranges where these com-
plexes are predominant, a procedure very rarely used. 

As indicated above the assignment of uncertainties to equilibrium constants is 
not a straightforward procedure and it is complicated further when there is lack of 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 un-
certainty 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 calcu-
lation 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). 
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 (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) re-
duce to Eqs. (C.8) and (C.9). 
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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
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where 
22
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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 
known reactions of the same charge type, rather than to estimate single ε values. The 
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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) 

Eq. (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 
uncertainty. 

C.6.3 Rounding  
The standard rules to be used for rounding are:  

1. When the digit following the last digit to be retained is less than 5, the last digit 
retained is kept unchanged.  

2. When the digit following the last digit to be retained is greater than 5, the last 
digit retained is increased by 1.  

3. When the digit following the last digit to be retained is 5 and  
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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 Equation Section  1 

Selenium minerals 
 

 

This Appendix presents two lists of naturally occurring compounds containing 
selenium. The first list contains minerals ratified by the International Mineralogical 
Association (IMA). The minerals in this table are subdivided into the groups; Native 
element, Oxides, Selenides, Selenites, and Selenates. Within each subgroup the minerals 
are presented in alphabetical order according to their assigned names. The second list 
contains unnamed minerals and naturally occurring compounds, which have been 
incompletely investigated. For instance, the space group is usually missing. At present 
some of the minerals in this list have not been ratified by IMA, or ratified as unnamed 
minerals, or denoted as naturally occurring compounds incompletely investigated. They 
are arranged in alphabetical order according to the chemical formulae assigned to a 
particular phase. Minerals and mineral varieties containing selenium in which selenium 
is present as an isomorphic admixture (1 to 2 mass %) were not considered. 

In order to keep the number of references within bounds, only one reference is 
provided for each entry in the tables. In general this reference is to the most recent work 
available. That is why the earliest reference is dated as late as 1937. In cases of 
conflicting data, preference has been given to the results published in regular 
mineralogical journals and reviews such as “The American Mineralogist”, “The 
Canadian Mineralogist”, and “Zapiski Vserossiiskogo Mineralogicheskogo 
Obshchestva”. 

The lists do not pretend to be critical compilations of the available information 
and they should rather be understood to inform that published material exists on the 
listed minerals and naturally occurring compounds. 

No thermodynamic data were found during the search of the mineralogical 
literature. 
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Table D-1: Minerals of selenium ratified by the International Mineralogical Association. 

Mineral name Chemical formula Space Group Reference 

NATIVE ELEMENT 

Selenium Se P3121 [83KRU/RYA] 

OXIDES 

Downeyite SeO2 P42/mbc [77FIN/MRO] 

SELENIDES 

Achavalite FeSe P63/mmc [59SIN] 
Aguilarite Ag4SeS P212121 [74PET/OWE] 
Antimonselite Sb2Se3 Pnma [95MIN/LI] 
Athabascaite Cu5Se4 P21212 [70HAR/CAB] 
Babkinite Pb2Bi2(S,Se)3 P 3  or P 3 m1 [96BRY/SPI] 
Bambollaite Cu(Te,Se)2 I41/amd [72HAR/NUF] 
Bellidoite Cu2Se P42/n [75MON] 
Berzelianite Cu2Se F 43m [50EAR] 
Bohdanowiczite AgBiSe2 P 3 m1 [79BAN/ATK] 
Bornhardtite Co3Se4 Fd3m [55RAM/SCH] 
Brodtkorbite Cu2HgSe2 P21/c [2002PAA/TOP] 

Bukovite Cu3Tl2FeSe4 Tetragonal [71JOH/KVA2] 

Cadmoselite CdSe P63/mc [57BUR/KOV] 
Chameanite (Cu,Fe)4As(Se,S)4 I 43m [82JOH/PIC] 
Chrisstanleyite Ag2Pd3Se4 P21/m or P21 [98PAA/ROB] 
Clausthalite PbSe Fm3m [89NIK/AND] 
Crookesite (Cu,Tl,Ag)2Se or 

Cu7TlSe4 
I4/mmm 
I4, I4/m or I 4  

[50EAR] 
[87JOH] 

Drysdallite Mo(Se,S)2 P63/mmc [73CEC/RIE] 
Dzharkenite FeSe2 Pa3 [95YAS/RYA] 
Eskebornite CuFeSe2 P42/mmc [88JOH] 
Eucairite AgCuSe Pmmn [50EAR] 
Ferroselite FeSe2 Pnnm or P2nn [56BUR] 
Fischesserite Ag3AuSe2 I4132 or I432 [71JOH/PIC2] 
Freboldite CoSe P63/mmc [55RAM/SCH] 
Geffroyite (Cu,Fe,Ag)9(S,Se)8 Fm3m [82JOH/PIC] 
Giraudite (Cu,Zn,Ag)12(As,Sb)4(Se,S)13 I 43m [82JOH/PIC] 
Guanajuatite Bi2(Se,S)3 Pnma [50EAR] 
Hakite (Cu,Hg)12Sb4(Se,S)13 I 43m [71JOH/KVA] 
Hastite CoSe2 Pnnm [55RAM/SCH] 
Jolliffeite NiAsSe Pa3 [91CAB/LAF] 

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

Mineral name Chemical formula Space Group Reference 

SELENIDES 

Junoite Cu2Bi8Pb3(S,Se)16 C2/m [75MUM] 
Kawazulite Bi2Te2Se R 3 m, R3m or R32 [81MIL] 
Kitkaite NiTeSe P 3 m1 [65HAK/VUO] 
Klockmannite CuSe P63/mmc [49EAR] 
Krutaite CuSe2 Pa3 [72JOH/PIC] 
Kullerudite NiSe2 Pnnm [64VUO/HUH] 
Laitakarite Bi4Se2S R 3 m, R32 or R3m [60VOR] 
Laphamite As2(Se,S)3 P21/c [86DUN/PEA] 
Luberoite Pt5Se4 P21/c [92JED/CER] 
Makinenite γ-NiSe R3m [64VUO/HUH] 
Mgriite (Cu,Fe)3AsSe3 Fd3m [82DYM/LOS] 
Naumannite Ag2Se P212121 [74PET/OWE]] 
Nevskite Bi(Se,S) P 3 m1, P3m1 or P321 [84NEC/CHI] 
Nordstromite Pb3CuBi7(S,Se)14 P21/m [80MUM] 
Oosterboschite (Pd,Cu)7Se5 Orth [70JOH/PIC] 
Padmaite PdBiSe P4132 or P4332 [91POL/VOL] 
Palladseite Pd17Se15 Pm3m [77DAV/CLA] 

Paraguanajuatite Bi2Se3 R 3 m [89NIK/AND] 
Penroseite (Ni,Co,Cu)Se2 Pa3 [37BAN/HEY]  
Permingeatite Cu3SbSe4 I 42m [71JOH/PIC] 
Petrovicite PbHgCu3BiSe5 Pna21 or Pnma [76JOH/KVA] 
Poubaite PbBi2(Se,Te,S)4 R 3 m [78CEC/VAV] 
Proudite Cu0 -1Pb7.5Bi9.67(S,Se)22 C2/m [76MUM] 
Sabatierite Cu6TlSe4 Orth [78JOH/KVA] 
Sederholmite β-NiSe P63/mmc [64VUO/HUH] 
Selenostephanite Ag5Sb(Se,S)4 P212121 [85BOT/SAN] 
Skippenite Bi2TeSe2 R3m or R 3 m or R32 [87JOH/PIC] 
Soucekite PbCuBi(S,Se)3 Pn21m [79CEC/VAV] 
Stilleite ZnSe F 43m [56RAM] 
Sudovikovite PtSe2 P 3 m1 [97POL/TAR] 
Telluronevskite Bi3TeSe2 P 3 m1 [2001RID/SKA] 
Tiemannite HgSe F 43m [50EAR] 
Trogtalite CoSe2 Pa3 [55RAM/SCH] 
Trustedtite Ni3Se4 Fd3m [64VUO/HUH] 
Tyrrellite (Cu,Co,Ni)3Se4 Fd3m [70HAR] 
Umangite Cu3Se2 P421m [66MOR/KOT] 

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

Mineral name Chemical formula Space Group Reference 

SELENITES 

Verbeekite PdSe2 C2/m [2002ROB/PAA] 
Watkinsonite Cu2PbBi4(Se,S)8 P2, Pm or P2/m [87JOH/PIC] 
Weibullite Pb6Bi8(S,Se)18 Pnma [80MUM] 
Wilkmanite Ni3Se4 C2/m [64VUO/HUH] 
Wittite Pb9Bi12(S,Se)27 P2/m and C2/m [80MUM] 
Ahlfeldite NiSeO3⋅2H2O P21/c [94MAN]] 
Chalcomenite CuSeO3⋅2H2O P212121 [94MAN] 
Chloromenite Cu9O2(SeO3)4Cl6 C2/m [99VER/KRI] 
Clinochalcomenite CuSeO3⋅2H2O P21/c [94MAN] 
Cobaltomenite CoSeO3⋅2H2O P21/c [94MAN] 
Demesmaekerite Pb2Cu5(UO2)2(SeO3)6(OH)6⋅2H2O P 1  or P1 [65CES/BAC] 
Derriksite Cu4(UO2)(SeO3)2(OH)6⋅H2O 

Cu4(UO2)(SeO3)2(OH)6 
Pnmm or Pmn21 
Pn21m 

[71CES/PIE] 
[83GIN/CES] 

Francisite Cu3Bi(SeO3)2O2Cl Pmmn [90PRI/GAT] 
Georgbokiite Cu5O2(SeO3)2Cl2 P21/c [99VER/SEM] 
Guilleminite Ba(UO2)3(SeO3)2(OH)4⋅3H2O 

Ba(UO2)3(SeO3)2 O2⋅3H2O 
Pnma 
Pmn21 

[65PIE/TOU] 
[95COO/HAW] 

Haynesite (UO3)2(OH)2(SeO3)2⋅5H2O Pnc2 or Pmna [91DEL/PIR] 
Ilinskite NaCu5O2(SeO3)2Cl3 Pnma or Pna21 [97VER/SEM] 
Mandarinoite Fe2Se3O9⋅4H2O P21/c [78DUN/PEA] 
Marthozite Cu(UO2)4(SeO3)4(OH)2⋅10H2O Pnma or Pna21 [69CES/OOS] 
Molybdomenite PbSeO3 P21/m or P21 [65MAN] 
Orlandiite Pb3Cl4(SeO3) ⋅H2O P 1  [99CAM/GRA] 
Piretite Ca(UO2)3(SeO3)2(OH)4⋅4H2O Pmn21 or Pmmn [96VOC/BLA] 
Sophiite Zn2(SeO3)Cl2 Pccn [89VER/FIL] 

SELENATES 

Carlosruizite K6(Na,K)4Na6Mg10(SeO4)12 (IO3)12 

⋅12H2O 
P 3 c1 [94KON/EVA] 

Olsacherite Pb2(SO4)(SeO4) P2221 [69HUR/ARI] 
Schmiederite Pb2Cu2(SeO3)(SeO4)(OH)4 P21/m [87EFF] 

Clinochalcomenite K6(Na,K)4Na6Mg10(SeO4)12 (IO3)12 

⋅12H2O 
rrrrrrrrrrrrrrrrrrrrrrrrrrrr  
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Table D-2: Minerals of selenium not specified by name and naturally occurring 
selenium compounds, which have been incompletely investigated. 

Formula Reference 

(Ag,Bi)2Se [88PAR] 
(Ag,Cu)Bi3(Se,S)5 [89KOV/NEK] 
Ag11FeAs4(Se,S)12,5 [89KOV/NEK] 
Ag3BiSe3 [98PRI] 
(Bi2.47Pb0.90Cu0.57Ag0.03Fe0.01)3.98(S3.11Se1.89)5.00 [76THO/PRI] 
Bi3.76Pb0.74Cu0.02Fe0.02Ag0.01Se2.78S1.00 [76THO/PRI] 
(Bi,Pb)2(Se,Te,S)3 [87JOH/PIC] 
Bi2SeS [83SPI/BAD] 
Bi4Se3Te3 [81MIL] 
Bi2(Se,Te,S)2 [87JOH/PIC] 
Bi3(Te,Se,S)4 [95SHI/SCH] 
Bi4Se3 [92PIE] 
Bi3(Se2TeS)4 [88EFI/NEN] 
Bi9Cu4Pb2Se18 [81MIL] 
Bi4Te2Se [2001GU/WAT] 
Bi6(Te,Se)3 [2001GU/WAT] 
(Co,Fe)Se2 [74MON] 
CoAsSe [91CAB/LAF] 
CuSbSe2 [95CHE/LI] 
CuPbSe [83DYM/LOS] 
(Cu,Hg)1-xSbx(Se,S) [95CHE/LI] 
HgPd2Se3 [98PAA/ROB] 
Ir(As,Se,S)2 [97TOL/KRI] 
Mo3Se4 [93PAS/SUL] 
Ni3As3(S,Se)4 [95LIU/ZHE] 
NiSe2 [85FRA/WET] 
(Pb,Bi)3(S,Se)4 [93SAK/BRY] 
Pb2Bi2(S,Se)3 [93SAK/BRY] 
PbBi2(Se,S)3 [99HOL/SOD] 
Pd3Se2 [95RUD/KNA] 
PtBiSe [97POL/TAR] 
SeSx   (x = 1 – 7) [97SER/BUS] 
Te,Se [95SPI/SPI] 
Te3Se4 [89KOV/NEK] 
KCdCu7O2(SeO3)2Cl9 [2001GRI/FER] 
Pb4CuCl3(SeO3)3(OH) [99CAM/GRA] 
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Appendix E 
 

Additional values of 
thermodynamic properties for 
Se compounds 
 

 

This Appendix contains two tables.  

Table E-1 lists the values of the properties for a large number of selenium 
species which have been evaluated using auxiliary data (themselves listed in Table E-2) 
that have not been critically reviewed following the NEA-TDB Guidelines. The original 
experimental sources reporting the thermodynamic cycles leading to the values listed in 
Table E-1 have been submitted to a critical review following the NEA-TDB Guidelines, 
as discussed in Chapter V, and have been found to be acceptable according to such 
criteria. While the data contained in Tables E-1 and E-2 are not selected values, it is 
considered that they are the best values currently available, and further critical reviews 
would benefit from the information they provide.  

Table E-1. Values of the properties for selenium species at 298.15 K and 0.1 MPa 
pressure, which have been evaluated using auxiliary data (listed in Table E-2) that have 
not been critically reviewed following the NEA-TDB Guidelines. Thus, the data 
contained are not selected data, and should be used with this in mind. 

 Compound  f mGο∆   f mH ο∆   mS ο    

   (kJ·mol–1)  (kJ·mol–1)  (J·K–1·mol–1)   
TeSe(g)      104.681

± 3.396
      154.350

± 3.391
 (a)   

As2Se3(cr)      – 83.941
± 4.222

     – 81.100
± 4.100

   

BiSe(g)       172.200
± 4.400

   

(Continued on next page) 
 



E Additional values of thermodynamic properties for Se compounds 

 

640 

Table E-1: (continued) 
 Compound  f mGο∆  f mH ο∆  mS ο    

   (kJ·mol–1)  (kJ·mol–1)  (J·K–1·mol–1)   
Bi2(SeO3)3(cr)      – 1403.200

± 5.000
   

BSe(g)        342.500
± 20.000

   

Al2(SeO4)3(cr)      – 2561.700
± 17.100

   

Al2(SeO4)3·18H2O(cr)      – 7970.000
± 17.100

   

GaSe(cr)    – 141.200
± 15.000

     

Ga2(SeO3)3(cr)      – 1823.700
± 6.500

   

Ga2(SeO3)3·H2O(cr)      – 2138.400
± 6.600

   

Ga2(SeO3)3·6H2O(cr)   – 3039.200
± 14.700

 (a)    – 3682.300
± 6.600

      373.682 
± 54.056 

 

Ga2(SeO4)3(cr)      – 1908.400
± 17.900

   

Ga2(SeO4)3·18H2O(cr)      – 7331.100
± 17.800

   

GaH(SeO3)2(cr)   − 1176.700
± 3.500

   

GaH(SeO3)2·2H2O(cr)      – 1788.400
± 3.500

   

InSe(g)        221.600
± 20.000

   

α-In2Se3     – 306.000
± 20.000

    

α-TlSe      – 55.700
± 7.100

     – 56.700
± 7.100

   

Tl2Se(cr)      – 88.500
± 9.800

      – 87.200
± 9.800

   

Tl2SeO4(cr)      – 635.800
± 6.400

 (a)      214.400 
± 22.300 

 (a) 

ZnSeO3·H2O(cr)       – 931.000
± 2.700

   

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

 Compound  f mGο∆  f mH ο∆  mS ο    

   (kJ·mol–1)  (kJ·mol–1)  (J·K–1·mol–1)   
AuSe(g)  344.800

± 14.600
   

Co0.84Se(cr)    70.300 
± 8.000 

 

CoSe2(cr)     – 100.400
± 15.000

     

CoSeO3·2H2O(cr)     – 936.280
± 4.800

     – 1115.56
± 2.810

      245.100 
± 18.600 

 

CoSeO4(aq) − 509.407
± 4.173

 (a)     

CoSeO4·6H2O(cr) − 1926.877
± 4.178

 (a)     

CoSeCN+       72.979
± 5.715

 (a)     

FeSe2(cr)     – 101.300
± 15.000

     

β-Fe1.04Se      – 70.100
± 4.000

     

γ-Fe3Se4     – 244.000
± 30.000

     

α-Fe7Se8     – 489.000
± 20.000

     

Fe2(SeO3)3·6H2O(cr) − 2756.750
± 7.300

 (a)    

RuSe2(cr)      – 175.300
± 8.600

   

OsSe2(cr)       – 128.600
± 11.000

   

α-MnSe     – 182.900
± 12.000

     – 177.900
± 12.000

   

MnSe(g)     278.400
± 10.000

   

MnSe2(cr)     – 187.700
± 10.600

    – 180.500
± 10.000

      140.300 
± 12.000 

 

MnSeO3·2H2O(cr)    – 1108.200
± 6.700

 (a)    – 1280.700
± 2.600

      269.300 
± 24.100 

 

MnSeO4(aq) − 681.460
± 3.340

 (a)    

 (Continued on next page) 



E Additional values of thermodynamic properties for Se compounds 

 

642 

Table E-1: (continued) 

 Compound  f mGο∆     f mH ο∆     mS ο    

   (kJ·mol–1)  (kJ·mol–1)  (J·K–1·mol–1)   
γ-Cr2Se3     – 247.900

± 20.000
     – 246.700

± 20.000
   

MoSe2(cr)       – 234.400
± 3.500

   

Mo6Se6(cr)       – 478.400
± 8.600

   

WSe2(cr)       – 185.500
± 5.500

   

VSe(g)        405.000
± 16.000

   

Zr(SeO3)2(cr)        1609.600
± 2.700

   

ScSe(g)        228.100
± 13.700

   

YSe(g)        226.300
± 15.600

   

LuSe(g)        240.200
± 14.900

   

YbSe(cr)      – 443.900
± 31.300

   

Yb2(SeO3)3(cr)  − 2780.000
± 50.000

   

HoSe(g)        206.000
± 20.000

   

Dy2(SeO4)3·8H2O(cr)      – 5371.400
± 17.500

   

Tb2(SeO4)3·8H2O(cr)      – 5426.100
± 17.500

   

GdSe(g)        198.200
± 14.900

   

Gd2(SeO4)3·8H2O(cr)      – 5444.500
± 17.500

   

EuSe(cr)       – 450.400
± 10.000

 99.600 
± 7.300 

 

EuSe(g)        108.900
± 15.600

   
 

Eu2(SeO4)3·8H2O(cr)     – 5235.200
± 17.500

   

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

 Compound  f mGο∆     f mH ο∆     mS ο    

   (kJ·mol–1)  (kJ·mol–1)  (J·K–1·mol–1)   
SmSe(cr)       – 447.000

± 20.000
   

SmSe(g)        112.000
± 20.000

   

Sm2(SeO3)3(cr)      – 2827.000
± 6.000

   

Sm2(SeO4)3·8H2O(cr)      – 5395.000
± 17.800

   

NdSe(cr)       – 409.900
± 19.800

   

NdSe(g)        168.400
± 15.000

   

Nd2(SeO3)3(cr)      – 2841.000
± 15.000

   

Nd2(SeO4)3·5H2O(cr)     – 4517.700
± 15.000

   

PrSe(cr)       – 428.600
± 22.700

   

PrSe(g)        145.000
± 20.000

   

Pr2(SeO3)3(cr)     – 2856.800
± 5.000

   

Pr(HSeO3)3(cr)      – 2212.500
± 2.900

   

Pr(HSeO3)3·2H2O(cr)      – 2823.500
± 3.000

   

Pr2(SeO4)3·5H2O(cr)      – 4545.000
± 17.600

   

Pr2H2(SeO3)4(cr)      – 3366.200
± 5.200

   

Pr2H2(SeO3)4·5H2O(cr)      – 4864.500
± 5.200

   

CeSe(cr)       – 414.000
± 22.000

   

CeSe(g)        165.000
± 25.000

   

LaSe(cr)       – 398.500
± 20.600

   

(Continued on next page) 
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Table E-1: (continued) 
 Compound  f mGο∆     f mH ο∆     mS ο    

   (kJ·mol–1)  (kJ·mol–1)  (J·K–1·mol–1)   
LaSe(g)        190.000

± 5.000
   

La2(SeO3)3(cr)      – 2852.200
± 6.000

   

La2(SeO4)3·H2O(cr)      – 4555.000
± 17.500

   

BeSeO4(cr)       – 884.600
± 6.900

   

BeSeO4·2H2O(cr)     – 1501.900
± 6.800

   

BeSeO4·4H2O(cr)     – 2107.400
± 6.800

   

CaSeO3·H2O(cr)      – 1324.800
± 2.800

      168.754 
± 12.589 

 

 a Value calculated from an NEA-TDB selected reaction data. 
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Table E-2. This table lists the values of auxiliary data that have been used to calculate 
the values reported in Table E-1. They are given for information purposes only, since 
these data have not been critically reviewed following the NEA-TDB Guidelines. All 
data are deemed to correspond to the reference temperature of 298.15 K and to the 
standard state, i.e., a pressure of 0.1 MPa and, for the aqueous species, infinite dilution 
(I = 0). The error bars are the uncertainties used in the calculation of the propagated 
error in the data presented in Table E-1. 
Property and species Value Reference Compound(s) to which it 

applies 

f mH ο∆ (Te2, g)    (163.2 ± 1.0) 
   (kJ·mol–1) 

[95DAV/RAN] TeSe(g) 

f mH ο∆ (AsF5, g) − (1234.2 ± 0.7) 
   (kJ·mol–1) 

[93OHA] As2Se3(cr) 

f mH ο∆ (Bi, g)    (198.7 ± 4.0) 
   (kJ·mol–1) 

[56STU/SIN] BiSe(g) 

f mH ο∆ (Bi(OH)3, cr) − (711.3 ± 2.5) 
   (kJ·mol–1) 

[82WAG/EVA] Bi2(SeO3)3(cr) 

r mH ο∆ (Al3+, hydrolysis)    (40.0 ± 5.0) 
   (kJ·mol–1) 

[76BAE/MES] Al2(SeO4)3(cr) 
Al2(SeO4)3·18H2O(cr) 

mS ο (Ga, cr)    (40.88 ± 0.30) 
   (J·K–1·mol–1) 

[82WAG/EVA] GaSe(cr) 

f mGο∆ (Ga3+) − (159.0 ± 4.0) 
   (kJ·mol–1) 

[82WAG/EVA] Ga2(SeO3)3·6H2O(cr) 

f mH ο∆ (Ga3+) − (211.7 ± 2.5) 
   (kJ·mol–1) 

[82WAG/EVA] Ga2(SeO4)3(cr) 
Ga2(SeO4)3·18H2O(cr) 

f mH ο∆ (GaCl3, cr) − (524.70 ± 2.50) 
   (kJ·mol–1) 

[82WAG/EVA] Ga2(SeO3)3(cr) 
Ga2(SeO3)3·H2O(cr) 
Ga2(SeO3)3·6H2O(cr) 
GaH(SeO3)2(cr) 
GaH(SeO3)2·2H2O(cr) 

f mH ο∆ (In, g)    (243.30 ± 1.30) 
   (kJ·mol–1) 

[82WAG/EVA] InSe(g) 

mS ο (In, cr)    (57.82 ± 0.30) 
   (J·K–1·mol–1) 

[82WAG/EVA] α-In2Se3 

f mH ο∆ (Tl, l)    (3.72 ± 0.10) 
   (kJ·mol–1) 

[91DIN] α-TlSe, 
Tl2Se(cr) 

mS ο (Tl, cr)    (64.18 ± 0.30) 
   (J·K–1·mol–1) 

[82WAG/EVA] α-TlSe, 
Tl2Se(cr) 

f mH ο∆ (Tl+)    (5.36 ± 1.00) 
   (kJ·mol–1) 

[82WAG/EVA] Tl2SeO4(cr) 

(Continued on next page) 
 
 



E Additional values of thermodynamic properties for Se compounds 

 

646 

Table E-2: (continued). 

Property and species  Value Reference Compound(s) to which it 
applies 

mS ο (Tl+)    (125.5 ± 3.5) 
   (J·K–1·mol–1) 

[82WAG/EVA] Tl2SeO4(cr) 

f mH ο∆ (ZnSO4·7H2O, cr) − (3077.75 ± 2.50) 
   (kJ·mol–1) 

[82WAG/EVA] ZnSeO3·H2O 

f mH ο∆ (Au, g)    (366.1 ± 2.5) 
   (kJ·mol–1) 

[82WAG/EVA] AuSe(g) 

mS ο (Co, cr)    (30.07 ± 0.10) 
   (J·K–1·mol–1) 

[98CHA] Co0.84Se(cr) 
CoSe2(cr) 
CoSeO3·2H2O(cr) 

f mH ο∆ (Co(NO3)3·6H2O, cr) − (2211.20 ± 2.50) 
   (kJ·mol–1) 

[82WAG/EVA] CoSeO3·2H2O(cr) 

f mGο∆ (Co2+) − (54.4 ± 3.9) 
   (kJ·mol–1) 

[82WAG/EVA] CoSeO3·2H2O(cr) 
CoSeO4·6H2O(cr) 
CoSeO4(aq) 
CoSeCN+ 

mS ο (Fe, cr)    (27.32 ± 0.13) 
   (J·K–1·mol–1) 

[98CHA] All iron selenides 

mS ο (Ru, cr)    (28.61 ± 0.25) 
   (J·K–1·mol–1) 

[73HUL/DES] RuSe2(cr) 
OsSe2(cr) 

f mGο∆ (Fe3+) − (4.70 ± 2.50) 
   (kJ·mol–1) 

[82WAG/EVA] Fe2(SeO3)3·6H2O(cr) 

mS ο (Mn, cr)    (32.01 ± 0.40) 
   (J·K–1·mol–1) 

[82WAG/EVA] α-MnSe 
MnSe2(cr) 
MnSeO3·2H2O(cr) 

f mGο∆ (Mn2+) − (228.1 ± 3.0) 
   (kJ·mol–1) 

[82WAG/EVA] α-MnSe 
MnSeO4(aq) 
MnSeO3·2H2O(cr) 

f mH ο∆ (Mn, g)    (280.7 ± 1.7) 
   (kJ·mol–1) 

[82WAG/EVA] α-MnSe 
MnSe(g) 

f mH ο∆ (MnSO4, cr) − (1065.25 ± 2.50) 
   (kJ·mol–1) 

[82WAG/EVA] MnSeO3·2H2O(cr) 

mS ο (Cr, cr)    (23.77 ± 0.21) 
   (J·K–1·mol–1) 

[82WAG/EVA] γ-Cr2Se3 

f mH ο∆ (MoF6, g) − (1557.9 ± 0.9) 
   (kJ·mol–1) 

[87OHA/TAS] MoSe2(cr) 
Mo6Se6(cr) 

f mH ο∆ (WF6, g) − (1721.7 ± 1.7) 
   (kJ·mol–1) 

[88OHA/LEW2] WSe2(cr) 

f mH ο∆ (V, g)    (514.21 ± 1.30) 
   (kJ·mol–1) 

[82WAG/EVA] VSe(g) 
HoSe(g) 
LaSe(g) 

(Continued on next page) 



E Additional values of thermodynamic properties for Se compounds 

 

647

Table E-2: (continued). 
Property and species  Value Reference Compound(s) to which it 

applies 

f mH ο∆ (ZrO2, cr) − (1100.5 ± 0.7) 
   (kJ·mol–1) 

[2004BRO] Zr(SeO3)2(cr) 

f mH ο∆ (Sc, g)    (377.8 ± 2.1) 
   (kJ·mol–1) 

[82WAG/EVA] ScSe(g) 
LuSe(g) 
GdSe(g) 
NdSe(g) 

f mH ο∆ (Y, g)    (421.3 ± 2.1) 
   (kJ·mol–1) 

[82WAG/EVA] YSe(g) 
BSe(g) 

f mH ο∆ (Lu, g)    (427.6 ± 9.0) 
   (kJ·mol–1) 

[82WAG/EVA] LuSe(g) 

f mH ο∆ (Yb, g)    (152.3 ± 3.0) 
   (kJ·mol–1) 

[82WAG/EVA] YbSe(cr) 

f mH ο∆ (Yb2O3, cr)    (1814.6 ± 2.5) 
   (kJ·mol–1) 

[82WAG/EVA] Yb2(SeO3)3(cr) 

f mH ο∆ (Ho, g)    (300.8 ± 9.0) 
   (kJ·mol–1) 

[82WAG/EVA] HoSe(g) 

f mH ο∆ (Dy3+) − (700.2 ± 3.0) 
   (kJ·mol–1) 

[2001COR/KON] Dy2(SeO4)3·8H2O(cr) 

f mH ο∆ (Tb3+) − (699.8 ± 4.0) 
   (kJ·mol–1) 

[2001COR/KON] Tb2(SeO4)3·8H2O(cr) 

f mH ο∆ (Gd, g)    (397.5 ± 9.0) 
   (kJ·mol–1) 

[82WAG/EVA] GdSe(g) 

f mH ο∆ (Gd3+)    (698.4 ± 2.0) 
   (kJ·mol–1) 

[2001COR/KON] Gd2(SeO4)3·8H2O(cr) 

f mH ο∆ (Eu, g)    (175.3 ± 4.0) 
   (kJ·mol–1) 

[82WAG/EVA] EuSe(cr) 
EuSe(g) 

f mH ο∆ (Eu3+) − (605.4 ± 4.0) 
   (kJ·mol–1) 

[2001COR/KON] Eu2(SeO4)3·8H2O(cr) 

f mH ο∆ (Sm, g)    (206.7 ± 4.0) 
   (kJ·mol–1) 

[82WAG/EVA] SmSe(cr) 
SmSe(g) 

f mH ο∆ (Sm2O3, cr) − (1823.0 ± 2.5) 
   (kJ·mol–1) 

[82WAG/EVA] Sm2(SeO3)3(cr) 

f mH ο∆ (Sm3+) − (690.0 ± 2.0) 
   (kJ·mol–1) 

[2001COR/KON] Sm2(SeO4)3·8H2O(cr) 

f mH ο∆ (Nd, g)    (327.6 ± 4.0)  
   (kJ·mol–1) 

[82WAG/EVA] NdSe(cr) 
NdSe(g) 

f mH ο∆ (NdCl3·6H2O, cr) − (2874.2 ± 2.0) 
   (kJ·mol–1) 

See Appendix A 
[71MAI/SUP] 

Nd2(SeO3)3(cr) 

(Continued on next page) 
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Table E-2: (continued). 
Property and species  Value Reference Compound(s) to which it 

applies 

f mH ο∆ (Nd2O3, cr) − (1807.9 ± 2.5) 
   (kJ·mol–1) 

[82WAG/EVA] Nd2(SeO3)3(cr) 

f mH ο∆ (Nd3+) − (694.8 ± 2.0) 
   (kJ·mol–1) 

[2001COR/KON] Nd2(SeO4)3·5H2O(cr) 

f mH ο∆ (Pr, g)    (355.6 ± 9.0) 
   (kJ·mol–1) 

[82WAG/EVA] PrSe(cr) 
PrSe(g) 

f mH ο∆ (PrCl3·7H2O, cr) − (3180.0 ± 2.0) 
   (kJ·mol–1) 

See Appendix A 
[71MAI/SUP] 

Praseodymium selenites 

f mH ο∆ (Pr3+) 
− (705.7 ± 2.0) 
   (kJ·mol–1) 

[2001COR/KON] Pr2(SeO4)3·5H2O(cr) 

f mH ο∆ (Ce, g) 
   (423 ± 10) 
   (kJ·mol–1) 

[82WAG/EVA] CeSe(cr) 
CeSe(g) 

f mH ο∆ (La, g) 
   (431.0 ± 3.0) 
   (kJ·mol–1) 

[82WAG/EVA] LaSe(cr) 
LaSe(g) 

f mH ο∆ (LaCl3·7H2O, cr) 
− (3178.9 ± 2.5) 
   (kJ·mol–1) 

See Appendix A 
[71MAI/SUP] 

La2(SeO3)3(cr) 

f mH ο∆ (La3+) 
− (707.6 ± 2.5) 
   (kJ·mol–1) 

[2001COR/KON] La2(SeO4)3·5H2O(cr) 

f mH ο∆ (BeCl2, aq 1:900) 
− (708.3 ± 3.9) 
   (kJ·mol–1) 

See Appendix A 
[61SEL/SHN3] 

BeSeO4·4H2O(cr) 
BeSeO4·2H2O(cr) 
BeSeO4(cr) 

f mH ο∆ (Ca(NO3)2·4H2O, cr) 
− (2132.33 ± 2.50) 
   (kJ·mol–1) 

[82WAG/EVA] CaSeO3·H2O(cr) 
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Appendix F 

Solubility of metal selenates 
and alkali metal selenites in 
water 
 

 

This Appendix contains the solubility in water of metal selenates and alkali metal 
selenites. The solubility of most metal selenites in water is a less well-defined 
quantity due to the protolysis of the selenite ion and as a consequence metal-
hydroxide ion complexation and, in cases, transformation of the normal solid phase 
to a basic selenite phase occur. Most solubilities of metal selenites have therefore 
been determined in solutions with an adjusted pH value, mainly in the range pH 2 to 
4. Such data have been used to calculate the solubility product of the usually 
slightly or moderately soluble metal selenites as described in Chapter V and 
Appendix A. 

Table F-1. Solubility of metal selenates and alkali metal selenites in water. The 
comment “ accepted” indicates that only one experimental source was available. 
The footnote (a) indicates that the data were not obtained at 298.15 K. 

Compound Solubility in water Comment 

PbSeO4(cr) (4.7 ± 1.0) × 10–4 mol(PbSeO4 )⋅kg–1 Selected 

Al2(SeO4)3
.16H2O(cr) 0.603 mol(Al2(SeO4)3).kg–1 Accepted 

In2(SeO4)3⋅9H2O(cr) (a) 1.87 mol(In2(SeO4)3)⋅kg–1 Accepted 

Tl2SeO4(cr) (0.058 ± 0.010) mol(Tl2SeO4 )⋅kg–1 Selected 

ZnSeO4⋅6H2O(cr)  (3.17 ± 0.20) mol(ZnSeO4)⋅kg–1 Selected 

CdSeO4⋅2H2O(cr)  (2.56 ± 0.02) mol(CdSeO4)⋅kg–1 Selected 

CdSeO4⋅H2O(cr)  (2.42 ± 0.05) mol(CdSeO4)⋅kg–1 Selected 

CuSeO4⋅5H2O(cr)  (0.922 ± 0.033) mol(CuSeO4)⋅kg–1 Selected 

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

Compound Solubility in water Comment 

Ag2SeO4(cr) (1.8 ± 0.6) × 10–3 mol(Ag2SeO4 )⋅kg–1 Selected 

NiSeO4⋅6H2O(cr)  (1.93 ± 0.05) mol(NiSeO4)⋅kg–1 Selected 

CoSeO4⋅6H2O(cr)  (2.82 ± 0.02) mol(CoSeO4)⋅kg–1 Selected 

MnSeO4⋅5H2O(cr)  (2.86 ± 0.08) mol(MnSeO4)⋅kg–1 Selected 

Yb2(SeO4)3
.8H2O(cr)  1.289 mol(Yb2(SeO4)3).kg–1 Accepted 

Eu2(SeO4)3
.8H2O  0.608 mol(Eu2(SeO4)3).kg–1 Accepted 

Sm2(SeO4)3⋅8H2O(cr)  0.582 mol(Sm2(SeO4)3)⋅kg–1 Accepted 

Pr2(SeO4)3⋅5H2O(cr)  0.459 mol(Pr2(SeO4)3)⋅kg–1 Accepted 

La2(SeO4)3⋅5H2O(cr)  0.639 mol(La2(SeO4)3)⋅kg–1 Accepted 

UO2SeO4⋅4H2O(cr)  5.31 mol(UO2SeO4)⋅kg–1 Accepted 

BeSeO4⋅4H2O(cr)  (3.73 ± 0.02) mol(BeSeO4)⋅kg–1 Selected 

MgSeO4⋅6H2O(cr) (3.29 ± 0.05) mol(MgSeO4)⋅kg–1 Selected 

CaSeO4⋅2H2O(cr)  (0.380 ± 0.025) mol(CaSeO4)⋅kg–1 Selected 

SrSeO4(cr)  (1.94 ± 0.07) × 10–2 mol(SrSeO4)⋅kg–1 Selected 

BaSeO4(cr)  (1.87 ± 0.01) × 10–4 mol(BaSeO4)⋅kg–1 Selected 

(NH4)2SeO3
.H2O(cr)  (7.4 ± 0.2) mol((NH4)2SeO3)⋅kg–1 Selected 

NH4H3(SeO3)2(cr) (32 ± 1) mol(NH4H3(SeO3)2)⋅kg–1 Selected 

(NH4)2SeO4(cr)  (6.67 ± 0.02) mol((NH4)2SeO4)⋅kg–1 Selected 

Li2SeO3
.H2O(cr) (1.92 ± 0.10) mol(Li2SeO3)⋅kg–1 Selected 

Li2SeO4⋅H2O(cr) (4.275 ± 0.020) mol(Li2SeO4)⋅kg–1 Selected 

Na2SeO3
.5H2O(cr) (5.15 ± 0.30) mol(Na2SeO3).kg–1 Selected 

NaHSeO3
.3H2O(cr)  (10.6 ± 0.2) mol(NaHSeO3).kg–1 Selected 

NaH3(SeO3)2(cr) (4.31 ± 0.15) mol(NaH3(SeO3)2).kg–1 Selected 

Na2SeO4⋅10H2O(cr) (3.05 ± 0.05) mol(Na2SeO4)⋅kg–1 Selected 

K2SeO3(cr) (10.58 ± 0.10) mol(K2SeO3).kg–1 Selected 

K2Se2O5(cr) (10.6 ± 0.2) mol(K2Se2O5).kg–1 Selected 

KH3(SeO3)2(cr) (8.75 ± 0.25) mol(KH3(SeO3)2).kg–1 Selected 

K2SeO4(cr) (5.14 ± 0.02) mol(K2SeO4).kg–1 Selected 

Rb2SeO3(cr) 7.86  mol(Rb2SeO3).kg–1 Accepted 

Rb2SeO4 (5.20 ± 0.05) mol(Rb2SeO4)⋅kg–1 Selected 

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

Compound Solubility in water Comment 

Cs2SeO3⋅H2O 9.88 mol(Cs2SeO3)⋅kg–1 Accepted 

Cs2SeO4(cr)  (6.38 ± 0.07) mol(Cs2SeO4)⋅kg–1 Selected 

a Data obtained at 293.15 K. 
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