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Chapter 1 

1 Introduction 
 
 

1.1 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 products from nuclear reactors. The scientific 
literature on thermodynamic data, mainly on equilibrium constants and redox potentials 
in aqueous solution, has been contradictory in a number of cases, especially in actinide 
chemistry. A critical and comprehensive review of the available literature is necessary 
in order to establish a reliable thermochemical database that fulfils the requirements for 
rigorous modelling of the behaviour of the actinide and fission products in the environ-
ment.  

The International Atomic Energy Agency (IAEA) in Vienna published special 
issues with compilations of physicochemical properties of compounds and alloys of 
elements important in reactor technology: Pu, Nb, Ta, Be, Th, Zr, Mo, Hf and Ti be-
tween 1966 and 1983. In 1976, IAEA also started the publication of the series “The 
Chemical Thermodynamics of Actinide Elements and Compounds”, oriented towards 
nuclear engineers and scientists. This international effort has resulted in the publication 
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4 1 Introduction 

of several volumes, each concerning the thermodynamic properties of a given type of 
compounds for the entire actinide series. These reviews cover the literature approxi-
mately up to 1984. The latest volume in this series appeared in 1992, under Part 12: The 
Actinide Aqueous Inorganic Complexes [92FUG/KHO]. Unfortunately, data of impor-
tance for radioactive waste management (for example, Part 10: The Actinide Oxides) is 
lacking in the IAEA series.  

The Radioactive Waste Management Committee (RWMC) of the OECD Nu-
clear Energy Agency recognised the need for an internationally acknowledged, high-
quality thermochemical database for application in the safety assessment of radioactive 
waste disposal, and undertook the development of the NEA Thermochemical Data Base 
(TDB) project [85MUL], [88WAN], [91WAN]. The RWMC assigned a high priority to 
the critical review of relevant chemical thermodynamic data of compounds and com-
plexes for this area containing the actinides uranium, neptunium, plutonium and ameri-
cium, as well as the fission product technetium. The first four books in this series on the 
chemical thermodynamics of uranium [92GRE/FUG], americium [95SIL/BID], techne-
tium [99RAR/RAN] and neptunium and plutonium [2001LEM/FUG] originated from 
this initiative. Simultaneously with the NEA’s TDB project, other reviews on the physi-
cal and chemical properties of actinides appeared, including the book by Cordfunke et 
al. [90COR/KON2], the series edited by Freeman et al. [84FRE/LAN], [85FRE/LAN], 
[85FRE/KEL], [86FRE/KEL], [87FRE/LAN], [91FRE/KEL], the two volumes edited 
by Katz et al. [86KAT/SEA], and Part 12 by Fuger et al. [92FUG/KHO] within the 
IAEA review series mentioned above.  

In 1998, Phase II of the TDB Project (TDB-II) was started to provide for the 
further needs of the radioactive waste management programs by updating the existing 
database and applying the TDB review methodology to other elements 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 finan-
cial 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 Project 
Guidelines and liaising with the Review Teams. The present volume, the fifth in the 
series, is the first one to be published within this second phase of the TDB Project. 

1.2 Focus of the review 
This first NEA TDB Update is within the scope and the spirit of previous reviews aimed 
at helping model the chemical behaviour of actinides and fission products in the near 
and far field of a radioactive waste repository using consistent data. The present critical 
review deals with U, Np, Pu, Am (Cm) and Tc. The data discussed and selected in some 
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cases complement those of the previous reviews and in other cases revise them; they 
cover both solid compounds and soluble species of these elements. 

The literature has been surveyed since the last NEA TDB reviews on U, Am, 
Tc and Np and Pu up to the end of 2001. This survey has revealed that many of the 
problems pointed out in the previous reviews have been addressed by the scientific 
community and in some cases have been resolved. This is to a large extent due to the 
use of new experimental and theoretical methods, in addition to the “traditional” ther-
modynamic methods such as potentiometric titrations and solubility measurements. The 
net result in that new data have come available that have been analysed together with 
the previous data already considered in the previous specific reviews. In addition this 
review has also used information on the systematics of chemical properties within the 
actinide series, one example being analogies between Am(III) and Cm(III). The policy 
of the NEA TDB is concentred on experimental results but it can not be denied that pre-
dictive papers present lot of interest. Some have been reviewed and quoted in the dis-
cussion of new data selection. Those dealing with thermochemistry are: [92DUC/SAN] 
(containing [62WIL], [92HIS/BEN] (containing [89LIE/GRE])) and [97ION/MAD] 
(containing [85BRA/LAG], [86BRA/LAG]). 

Although the focus of the review is on actinides it is necessary to use data on a 
number of other species during the evaluation process that lead to selected data. These  
auxiliary data are taken both from the publication of CODATA key values 
[89COX/WAG] and from the evaluation of additional auxiliary data in the series of vol-
umes entitled "Chemical Thermodynamics" [92GRE/FUG], [99RAR/RAN], and their 
use is recommended by this review. Care has been taken that all the selected thermody-
namic data at standard state and conditions (cf. section 2.3) and 298.15 K are internally 
consistent. For this purpose, special software within the NEA TDB database system has 
been used; cf. section 2.6. In order to maintain consistency in the application of the val-
ues selected by this review, it is essential to use these auxiliary data when calculating 
equilibrium constants involving actinide compounds and complexes. 

This review does not include any compounds and complexes containing or-
ganic ligands. 

1.3 Review procedure and results 
The objective of the present review is to update the database for the inorganic species of 
those elements that have been the object of previous NEA TDB reviews. This aim is 
achieved by an assessment of the new sources of thermodynamic data published since 
the cut-off dates for the literature searches in the earlier volumes of the series. This as-
sessment is performed in order to decide on the most reliable values that can be recom-
mended. Experimental measurements published in the scientific literature are the main 
source for the selection of recommended data. Previous reviews are not neglected, but 
form a valuable source of critical information on the quality of primary publications. 
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When necessary, experimental source data are re-evaluated by using chemical models 
that are either found to be more realistic than those used by the original author, or are 
consistent with side-reactions discussed in another section of the review (for example, 
data on carbonate complex formation might need to be re-interpreted to take into ac-
count consistent values for hydrolysis reactions). Re-evaluation of literature values 
might be also necessary to correct for known systematic errors (for example, if the junc-
tion 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”. In order to ensure that consistent procedures are used for the evalua-
tion of primary data, a number of guidelines have been developed. They have been up-
dated and improved since 1987, and their most recent versions are available at the NEA 
[2000OST/WAN], [2000GRE/WAN], [99WAN/OST], [2000WAN/OST], [99WAN]. 
Some of these procedures are also outlined in this volume, cf. Chapter 2, Appendix B, 
and Appendix C. Parts of these sections, which were also published in earlier volumes 
[92GRE/FUG], [95SIL/BID], [99RAR/RAN], [2001LEM/FUG] have been revised in 
this review. For example, in Chapter 2, the section on “pH” has been revised. Appendix 
D deals with some limitations encountered in the application of the ionic strength cor-
rection procedures. Once the critical review process in the NEA TDB project is com-
pleted, the resulting manuscript is reviewed independently by qualified experts nomi-
nated by the NEA. The independent peer review is performed according to the proce-
dures 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 literature has been exhaustively considered. The independent peer 
review is performed by persons having technical expertise in the subject matter to be 
reviewed, to a degree at least equivalent to that needed for the original review. The 
thermodynamic data selected in the present review (see Chapters 3, 4, 5, 6, 7 and 8) 
refer to the reference temperature of 298.15 K and to standard conditions, cf. section 
2.3. For the modelling of real systems it is, in general, necessary to recalculate the stan-
dard thermodynamic data to non-standard state conditions. For aqueous species a proce-
dure for the calculation of the activity factors is thus required. This review uses the ap-
proximate 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. The thermodynamic data 
selected in this review are provided with uncertainties representing the 95% confidence 
level. As discussed in Appendix C, there is no unique way to assign uncertainties, and 
the assignments made in this review are to a large extent based on the subjective choice 
by the reviewers, supported by their scientific and technical experience in the corre-
sponding area. The quality of thermodynamic models cannot be better than the quality 
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of the data on which they are based. The quality aspect includes both the numerical val-
ues of the thermodynamic data used in the model and the “completeness” of the chemi-
cal model used, e.g., the inclusion of all the relevant dissolved chemical species and 
solid phases. For the user it is important to consider that the selected data set presented 
in this review (Chapters 3 to 8) is certainly not “complete” with respect to all the con-
ceivable systems and conditions; there are gaps in the information. The gaps are pointed 
out in the various sections of Part III, and this information may be used as a basis for the 
assignment of research priorities.   

 



 

 



   

Chapter 2 

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

2.1 Symbols, terminology and nomenclature 

2.1.1 Abbreviations 
Abbreviations are mainly used in tables where space is limited. Abbreviations for meth-
ods of measurement are listed in Table 2-1. 

Table 2-1: Abbreviations for experimental methods. 

AIX Anion exchange 
AES Atomic Emission Spectroscopy 
CAL Calorimetry 
CHR Chromatography 
CIX Cation exchange 
COL Colorimetry 
CON Conductivity 
COU Coulometry 
CRY Cryoscopy 
DIS Distribution between two phases 
DSC Differential Scanning Calorimetry 
DTA Differential Thermal Analysis 
EDS Energy Dispersive Spectroscopy 
EM Electromigration 
EMF Electromotive force, not specified 

  (Continued on next page) 
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Table 2-1: (continued) 

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 Breakdown Detection 
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 
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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2.1.2  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 2-2.  

Table 2-2: 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) 

T 

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 Bµ  

pressure p 

partial pressure of substance B: xB p pB 

fugacity of substance B fB 

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

Symbols and terminology  

fugacity coefficient: fB/pB γf,B 

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 vol-

ume of the solution) (c) 

cB, [B] 

molality of a solute substance B (amount of B divided by the mass of the solvent) (d) mB 

mean ionic molality (e),  + +(ν ν ) ν νm m− −+
± += m−

a−

m± 

activity of substance B aB 

activity coefficient, molality basis:  B B/a m γB 

activity coefficient, concentration basis:  B B/a c
ν ν

yB 

mean ionic activity (e),  B
+ +(ν ν )a a a− −+

± += =
(ν ν )

a± 

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

−γ  y± 

osmotic coefficient, molality basis φ 

ionic strength: 2 21 1 or 
2 2

i im i i c i iI m z I c z= =∑ ∑  I 

SIT ion interaction coefficient between substance B1 and substance B2, stoichiomet-
ric coefficient of substance B (negative for reactants, positive for products) 

1 2(B ,B )ε  

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 H
pH= log /(mol kg )[ ]a −− ⋅  pH 

electrolytic conductivity κ 

superscript for standard state.(g) ο  
(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 3mol dm−⋅  is called a 0.1 molar solution or a 0.1 M solution. 
(d) A solution having a molality equal to 0.1 1mol kg −⋅  is called a 0.1 molal solution or a 0.1 m solution. 
(e) For an electrolyte  which dissociates into 

+
ν ν

N X
−

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

. A similar definition is used for the anionic symbols. Electrical neutrality requires that 
 

+( ν )m m+ =

+ (γ /a m+ +=

+ +ν νz z− −=

)

(f) Special notations for equilibrium constants are outlined in section 2.1.6. In some cases, cK  is used to 
indicate a concentration constant in molar units, and mK a constant in molal units. 

(g) See section 2.3.1. 
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2.1.3 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 
ligands. For example, 2 2 3 3(UO ) CO (OH)  −  is standard,  is non-
standard and is not used. 

2 2 3 3(UO ) (OH) CO−

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: H e , Am(Hedta)(s) (where edta stands for ethylenediaminetetraacetate). 3 dta−

2.1.4 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,  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. 

4UF

• 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., , . 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 H  (e.g., , 90% etha-

4U(OH) (aq) 2CO (aq)

2O 2D O
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nol/10% ), then (aq) is replaced by a more explicit designator, e.g., “(in 
)” or “(sln)”. In the case of (sln), the composition of the solution is de-

scribed in the text. 

2H O

H

2 2Cl (cr)

2 2Cl 3

(γ) + 

UF−

2D O

2H O(

2H O(

U

α UF−

• 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  in Eqs.(2.2) and (2.3). in Reaction 
(2.2) indicates that  is present as a pure liquid, i.e., no solutes are present, 
whereas Reaction (2.3) involves an HCl solution, in which the thermodynamic 
properties of  may not be the same as those of the pure liquid 

. In dilute solutions, however, this difference in the thermodynamic 
properties of  can be neglected, and  may be regarded as pure 

. 

2H O 2H O(l)
2H O

(sln)2H O

2O
l)

l)
2H O(sln)

Example: 

2UO  + 2 HBr(sln)  UOBr (cr) + 2HCl(sln)  (2.1) 

2 2 2 2 2O H O(cr)   UO Cl H O(cr) + 2 H O(l)⋅ ⋅  (2.2) 

3 2 2UO 2 HCl(sln)  UO Cl (cr) + H O(sln)2  (2.3) 

• 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.,  for quartz and S  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., 

, β . 

2SiO (quar) 2iO (chal)

5  5  

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. 



 2.1  Symbols, terminology and nomenclature 15 

Example: 
+

f m (Na , 298.15 K)Gο∆

(UO (SO ) 2.5H OS ο ⋅

 standard molar Gibbs energy of forma-
tion of aqueous at 298.15 K +Na

m 2 4 2 , cr, 298.15 K)  standard molar entropy of 
2 4 2UO (SO ) 2.5H O(cr)⋅ at 298.15 K 

ο
,m 3(UO ,  , 298.15 K)pC α  standard molar heat capacity of 

α −  at 298.15 K 3UO

f m 2(HF, sln, HF 7.8H O)H∆ ⋅
 tion of HF diluted enthalpy of forma1:7.8 with water. 

2.1.5 Processes 
Chemical processes are denoted by the operator ∆ , written before the symbol for a 
property, as recommended by IUPAC [82LAF]. An exception to this rule is the equilib-
rium constant, cf. section 2.1.6. The nature of the process is denoted by annotation of 
the ∆, e.g., the Gibbs energy of formation, , the enthalpy of sublimation,f mG∆ sub mH∆ , 
etc. The abbreviations of chemical processes are summarised in Table 2-3. 

Table 2-3: 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 2-6). 
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2.1.6 Spectroscopic constants and statistical mechanics calculations 
for gaseous species 

In most cases, the thermal functions for gaseous species have been calculated by well-
known statistical-mechanical relations (see for example Chapter 27 of [61LEW/RAN]). 
The required molecular parameters are given in the current text, see Tables 9-1 and 9-4, 
for example.  

 The parameters defining the vibrational and rotational energy levels of the 
molecule in terms of the rotational (J) and vibrational (v) quantum numbers, and thus 
many of its thermodynamic properties, are: 

• for diatomic molecules (non-rigid rotator, anharmonic oscillator approximation): 
ω (vibrational frequency in wavenumber units), x (anharmonicity constant), B (rota-
tional constant for equilibrium position), D  (centrifugal distortion constant), α (ro-
tational constant correction for excited vibrational states), and σ (symmetry num-
ber), where the energy levels with quantum numbers v  and  J are given by: 

  (2.4) 
2 J( , )

2 2

E / h c   ( 1/ 2)  ( 1/ 2)  ( 1)

                      ( 1) ( 1/ 2)  ( 1)
v J v x v B J

D J J v J J

= ω + − ω + + +

− + − α + +

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

• for non-linear polyatomic molecules (rigid rotator, harmonic oscillator approxima-
tion): 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 mole-
cules are given approximately by the first term of equation (2.4) for each of the 
normal vibrations, the rotational energy levels cannot be expressed as a simple gen-
eral formula. However, the required rotational partition function can be expressed 
with sufficient accuracy simply in terms of the product of the principal moments of 
inertia. As for linear polyatomic molecules, anharmonic contributions are usually 
neglected. 

 In each case, the symmetry number σ, the number of indistinguishable posi-
tions 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. 
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2.1.7 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: 

  (2.5)  M +  L  M Lm qm q
both  and (2.5) would be appropriate, and (2.5) 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). 

,q mb b ,q mb

2.1.7.1 Protonation of a ligand 

  +
1H  + H L  H L    r r− 1, +

1

H L
 = 

H H L
r

r
r

K
−

  
      

 (2.6) 

  + H  + L  H L rr 1, +

H L
 = 

H L

r
r r

  
      

b  (2.7) 

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 re-
view retains, for the sake of consistency, cf. Eqs.(2.8) and (2.9), the older formulation of 

1,rK . 

For the addition of a ligand, the notation shown in Eq.(2.8) is used. 

  1HL  + L  HL   q q−
1

HL
 = 

HL L
q

q
q

K
−

  
     

 (2.8). 

Eq.(2.9) refers to the overall formation constant of the species . H Lr q

  + H  +  L  H L  r qr q , +

H L
 = 

H L

r q
q r r q

  
      

b  (2.9). 
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In Eqs.(2.6), (2.7) and (2.9), the second subscript r can be omitted if r = 1, as 
shown in Eq.(2.8). 

Example: 

  + 3
4 4H  + PO   HPO− −2

2−
4

1,1 1 + 3
4

HPO
  = 

H PO −

  =
      

β β  

  + 3
4 22 H  + PO   H PO− −

4
2 4

1,2 2+ 3
4

H PO
 = 

H PO −

−  
      

β  

2.1.7.2 Formation of metal complexes 

  1ML  + L  ML     q q−
1

ML
 = 

ML L
q

q
q

K
−

  
      

 (2.10) 

  M +  L  ML     qq
ML

 = 
M L

q
q q

  
      

β  (2.11) 

For the addition of a metal ion, i.e., the formation of polynuclear complexes, the follow-
ing notation is used, analogous to Eq.(2.6): 

  1M + M L   M L    m m− 1,
1

M L
 = 

M M L
m

m
m

K
−

  
      

M L . 

 (2.12). 

Eq.(2.13) refers to the overall formation constant of a complex  m q

  M +  L   M L     m qm q ,

M L
 = 

M L

m q
q m m q

  
      

β  (2.13) 

The second index can be omitted if it is equal to 1, i.e., becomes ,q mb 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  occurs as a reactant in the notation of the equilibrium, it 
is treated like a normal ligand L, but in general formulae the index variable n is used 
instead of q. If H  occurs as a reactant to form hydroxide complexes,  is consid-
ered as a protonated ligand, HL, so that the reaction is treated as described below in 

OH−

2O 2H O
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Eqs.(2.14) to (2.16) 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-
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.(2.14) and (2.15) for mononuclear 
and in Eq.(2.16) for polynuclear complexes. 

  +
1ML  + HL  ML  + Hq q−

+

1

* ML H
 = 

ML HL−

     
     

q
q

q

K  (2.14) 

  +M +  HL   ML  + Hqq q
+ q

* ML H
= 

M HL

q
q q

      
      

b  (2.15) 

  + M +  HL  M L  + Hm qm q q
+ q

q,
* M L H

 = 
M HL

m q
q m m

      
      

b  (2.16) 

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

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.(2.17). 

  M +  H L   M(H L)  r rq q

M(H L)
 = 

M H L

r q
q q

r

  
      

b  (2.17) 

Example: 

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

4 3
2 2 4 3

3 32+
2 2 4

UO (H PO )
 = 

UO H PO−

−  
      

b  
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2.1.7.3 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.(2.18) to (2.20). 

   (2.18). M L (s)    M +  L a b a b [ ] [ ],0 = M La
sK b

,0sK  is the conventional solubility product1, 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.(2.13) is used: 

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

 − 
 

b   
(

, ,  = M L L
−

     
mb q
a

s q m m qK
)
 (2.19). 

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

   − −   
   

 

 
( )−
mb q

, ,
( )+

* M L HL
 = 

H
−

     

  

a
m q

s q m mb q
a

K  (2.20) 

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

      
  

. 

                                                           
1 In some cases, most noticeably when dealing with the solubility of actinide oxides, the 

,0sK  notation is customarily applied in NEA TDB reviews to denote the constants for 
equilibria such as AnO2(s) + 2 H2O(l)  An4+ + 4OH–. A reference to the appropriate 
chemical equation is attached to the symbol for the equilibrium constant when there is a 
risk of confusion. 
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2.1.7.4 Equilibria involving the addition of a gaseous ligand 
A special notation is used for constants describing equilibria that involve the addition of 
a gaseous ligand, as outlined in Eq.(2.21). 

  1ML  + L(g)  ML  q q−
L

q
p, 

1

ML
 = MLq

q
K p

 
  

 
−  

 (2.21) 

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

Example: 

  2 2CO (g)  CO (aq)
[ ]

2

2
p

CO

CO (aq)
 K

p
=

6−

 

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

 
2

2 3 3 6
p,6,3 32+ 6

2 CO

* (UO ) (CO ) H
 = 

UO  p

  
  

b

O (cr) + CO (g) + H O(l)  UO (

126 +−     

  2 +
2 3 2 2 2 3 2UO C CO )  2 H− +

 
2

2 3 2
p, s, 2

CO

* UO (CO ) H
 = K

p

22 +−        

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. 

2.1.7.5 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,  is at unit fugacity (an ideal gas at unit 
pressure, 0.1 MPa), and 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, 

2H (g)
+H  

Eο , i.e., the potential of a standard galvanic cell 
relative to the standard hydrogen electrode (all components in their standard state, cf. 
section 2.3.1, and with no liquid junction potential) is related to the standard Gibbs en-
ergy change  and the standard (or thermodynamic) equilibrium constant r mGο∆ K ο .as 
outlined in Eq.(2.22). 

                                                           
1 The definitions of SHE and NHE are given in section 2.1.1. 
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 r m
1 R =  = ln
F F

TE G
n n

Kο ο− ∆ ο  (2.22) 

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

  (2.23). = (R / F) lniE E T n aο − ν∑ i

For example, for the hypothetical galvanic cell: 

Pt H2(g, p = 1 bar) HCl(aq, a
±

= 1, = 1) 
2Hf

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

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

Pt (2.24) 

  

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

 3+ 2+ +
2

1Fe  + H (g)  Fe  + H
2

 (2.25) 

For convenience Reaction (2.25) can be represented by half cell reactions, each 
involving an equal number of “electrons”, (designated “ e− ”), as shown in the following 
equations: 

  (2.26) 3+ 2+Fe  +   Fe−e

 +
2

1 H (g)  H  + 
2

−e . (2.27) 

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

Equilibrium (2.27) and Nernst law can be used to introduce ea − : 

 E = E (2.27) ο
+2H H

ln( /( ))
F e

T f a a −

R
+  (2.28) 

According to the SHE convention Eο (2.27) = 0, = 1, = 1, hence  
2Hf +H

a

 R = ln
F e

TE a −−  (2.29). 

 This equation is used to calculate a numerical value of 
e

a − -from emf meas-
urements vs. the SHE; hence, as for the value of E (V vs. the SHE), the numerical value 
of  depends on the SHE convention. Equilibrium constants may be written for these 
half cell reactions in the following way: 

e
a −

 K ο (2.26) = 
2+

3+

Fe

Fe e

a
a a −⋅

 (2.30) 

 K ο (2.27) = 
+

2

H

H

1e
a a

f
−⋅

=   (by definition) (2.31) 



 2.1  Symbols, terminology and nomenclature 23 

 In addition, ∆  (2.27) = 0, r mGο
r mH ο∆ (2.27) = 0, r mS ο∆ (2.27) = 0 by definition, 

at all temperatures, and therefore rGm
ο∆ (2.26) = r mGο∆ (2.25). From r mGο∆ (2.27) and the 

values given at 298.15 K in Table 8.1 for H2(g) and H+, the corresponding values for e– 

can be calculated to be used in thermodynamic cycles involving half cell reactions. The 
following equations describe the change in the redox potential of Reaction (2.25), if 

and are equal to unity (cf. Eq.(2.23)): 
2Hp +H

a

 E(2.25) = Eο (2.25) – 
2+

3+

Fe

Fe

n
a

T
a

 
  
 

a

R l  (2.32) 

 For the standard hydrogen electrode e−  = 1 (by the convention expressed in 
Eq.(2.31)), while rearrangement of Eq.(2.30) for the half cell containing the iron per-
chlorates in cell (2.24) gives: 

 = 10 e
log a −− 10log K ο (2.26)– 

2+

3+

Fe
10

Fe

log
a
a

 
  
 

 

and from Eq.(2.28): 

 = 10 e
log a −− 10log K ο (2.25)– 

2+

3+

Fe
10

Fe

log
a
a

 

 

  (2.33) 

Fand 10 e
log  =   

R ln(10)
a

T
−− (2.25) (2.34) E

which is a specific case of the general equation (2.29). 

 The splitting of redox reactions into two half cell reactions by introducing the 
symbol“ ”, which according to Eq.(2.28) is related to the standard electrode potential, 
is arbitrary, but useful (this e

e−

– notation does not in any way refer to solvated electrons). 
When calculating the equilibrium composition of a chemical system, both “ ”, and 

can be chosen as components and they can be treated numerically in a similar way: 
equilibrium constants, mass balance, etc. may be defined for both. However, while  
represents the hydrated proton in aqueous solution, the above equations use only the 
activity of “

e−

+H
+H

e− ”, and never the concentration of “ e− ”. Concentration to activity con-
versions (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”( ) by analogy with pH (10log

e
a −= − +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 “ ” (see for example [81STU/MOR], [82DRE], [84HOS], [86NOR/MUN]). HE

 



24 2 Standards, Conventions and Contents of the Tables  

In this review, the symbol 'E ο  is used to denote the so called “formal poten-
tial” [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  

parallels that of “concentration quotients” for equilibria). Therefore, from  

'E ο

' R = ln
F i
TE E c

n
ο − υ∑ i  (2.35) 

'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 mR = ln  
F Fi i

GTE E
n n

ο ο ∆
− υ ρ γ = −∑  (2.36) 

where the  are the molality activity coefficients and iγ mis ( i
ic )

+H

ρ , the ratio of molality 
to molarity (cf. section 2.2). The medium must be specified.  

2.1.8 pH 
Because of the importance that potentiometric methods have in the determination of 
equilibrium constants in aqueous solutions, a short discussion on the definition of “pH” 
and a simplified description of the experimental techniques used to measure pH will be 
given here.  

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

+ +10 10H 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 
as to the values for single ion activities. In this review values of pH are used to describe 
qualitatively the ranges of acidity of experimental studies, and the assumptions de-
scribed 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 (2.37) 

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

 + jH
* R = ln  + 

F
TE E a E

n
−

E

 

where  is a constant, and  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 . An electrolyte solution of high concentration (the “salt bridge”) is a 
requirement of both methods. In the first method, the salt bridge is a saturated (or nearly 
saturated) solution of potassium chloride. A problem with a bridge of high potassium 
concentration is that potassium perchlorate might precipitate

*E j

jE

1 inside the liquid junction 
when the test solution contains a high concentration of perchlorate ions.  

 In the other method the salt bridge contains the same high concentration of the 
same inert electrolyte as the test solution (for example, 3 M NaClO4). However, if the 
concentration of the background electrolyte in the salt bridge and test solutions is re-
duced, the values of  are dramatically increased. For example, if both the bridge and 
the test solution have [C  = 0.1 M as background electrolyte, the dependence of the 
liquid junction at “b” on acidity is ≈ – 440 × [H

jE
4lO ]−

jE +] mV·dm3 mol–1 at 25°C [69ROS] 
(p.110), which corresponds to an error at pH = 2 of ≥ 0.07 pH units.  

 Because of the problems in eliminating the liquid junction potentials and in 
defining individual ionic activity coefficients, an “operational” definition of pH is given 
by 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  and  cancel each other when emf values are sub-
stracted).  

+H
γ jE

 The measurement and use of pH in equilibrium analytical investigations cre-
ates many problems that have not always been taken into account by the investigators, 
as discussed in many reviews in Appendix A. In order to deduce the stoichiometry and 
equilibrium constants of complex formation reactions and other equilibria, it is neces-
sary 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 activity. For experiments in an ionic medium, where the 
concentration of an “inert” electrolyte is much larger than the concentration of reactants 
and products we can ensure that, as a first approximation, their trace activity coeffi-

                                                           
1 KClO4(cr) has a solubility of ≈ 0.15 M in pure water at 25°C 
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cients remain constant even for moderate variations of the corresponding total concen-
trations. 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 constants deduced from measurements in such ionic media 
are therefore conditional constants, because they refer to the given medium, not to the 
standard state. In order to compare the magnitude of equilibrium constants obtained in 
different ionic media it is necessary to have a method for estimating activity coefficients 
of ionic species in mixed electrolyte systems to a common standard state. Such proce-
dures are discussed in Appendix B. 

 Note that the precision of the measurement of – log10[H+] and pH is virtually 
the same, in very good experiments, ± 0.001. However, the accuracy is generally 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, although the stoichiometric – log10[H+] calibration standards can be prepared 
far more accurately than the commercial pH standards. 

2.1.9 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 2-1 below, and shows 
the sequence of the ranks of the elements in this convention. The order follows the ranks 
of the elements. 

For example, for uranium, this means that, after elemental uranium and its 
monoatomic ions (e.g., ), the uranium compounds and complexes with oxygen 
would be listed, then those with hydrogen, then those with oxygen and hydrogen, and so 
on, with decreasing rank of the element and combinations of the elements. Within a 
class, increasing coefficients of the higher rank elements go before increasing coeffi-
cients of the lower rank elements. For example, in the U–O–F class of compounds and 
complexes, a typical sequence would be , , , , 

, , , , 

4+U

UO
2UOF (cr)

2 2F (g) UO
4UOF (cr)

2 3F
4UOF (g) 2UO F(aq)

+
2UO F 2 2UO F (aq) 2 2F (cr) UO − , 2

42UO F − , , etc. 
[92GRE/FUG]. Formulae with identical stoichiometry are in alphabetical order of their 
designators. 

2 3U O 6F (cr)
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Figure 2-1: Standard order of arrangement of the elements and compounds based on the 
periodic classification of the elements (from [ ]82WAG/EVA ). 
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2.1.10 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 
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.

2.2 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 2-4. 

Table 2-4: 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 “ ” 
for molarity, c, and, in Appendices B and C, “m” as an abbreviation of “ ” 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  moles of substance B dissolved in 1000 grams of pure water. Molarity 
is defined as c  moles of substance B dissolved in 

3mol dm−⋅
1l kg−⋅mo

Bm
B B(1000   )c M−ρ  grams of pure wa-

ter, where ρ is the density of the solution and M the molar weight of the solute.  

From this it follows that: 

 B
B

B

1000 = 
1000   

cm
c M−ρ

. 

 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 
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factors at 298.15 K for twenty one electrolytes, calculated using the density equations 
reported by Söhnel and Novotný [85SOH/NOV], are reported in Table 2-5. 
Example: 

  

4 41.00 M NaClO     1.05 m NaClO

4 4

3 3

1.00 M NaCl         1.02 m NaCl
4.00 M NaClO     4.95 m NaClO
6.00 M NaNO      7.55 m NaNO

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

B B0 =  ν B∑
cK or mK  , respectively: 

 
10 B 10 B

B

10 B 10 B
B

log  ν log

c

mK m= ∑

B B ) = m c

= ∑
 

ρ 10 B(log  l−

log  ν logK c

 With ( / , or  10 B 10og ) = logm c ρ , the relationship be-
tween cK and mK  becomes very simple, as shown in Eq.(2.38). 

 10 10 B 10
B

log  log  + ν logm cK K= ∑ ρ  (2.38) 

B B ν∑ is the sum of the stoichiometric coefficients of the reaction, cf. Eq. 
(2.54) and the values of ρ are the factors for the conversion of molarity to molality as 
tabulated in Table 2-5 for several electrolyte media at 298.15 K. The differences be-
tween the values in Table 2-5 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 dm± 3·kg–1, reflecting the accuracy expected in this type of conversion. The un-
certainty introduced by the use of Eq.(2.38) in the values of 10log mK  will be no larger 
than 0.001 . ± B B ν∑
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Table 2-5: Factors for the conversion of molarity, , to molality, , of a substance 
B, in various media at 298.15 K (calculated from densities in [85SOH/NOV]). 

ρ Bc Bm

 3

B B 2= /  (dm  of solution per kg of H O)m cρ  

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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2.3 Standard and reference conditions 

2.3.1  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, = 0.1 MPa (1 bar), has therefore also been adopted, cf. 
section 2.3.2. 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 2.3.3. 

pο

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

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

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

• The standard state for a solute 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 ac-
tivity coefficient  is unity. Bγ

οIt should be emphasised that the use of superscript, , 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 2.3.3) are listed in Table 2-6. 

Table 2-6: 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 

(Continued on next page) 
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Table 2-6: (continued) 

Br2 liquid Ti crystalline, hexagonal 
I2 crystalline, orthorhombic Am crystalline, dhcp 
S crystalline, orthorhombic Pu crystalline, monoclinic 
Se crystalline, hexagonal (“black”) 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 

 

2.3.2  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   ∂ ∂  
 (2.39) 
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2

2 =  p

pT

C VT
p T

∂   ∂
−   ∂ ∂  

 (2.40) 

  =   = 
pT

S VV
p T

 ∂ ∂ − α −   ∂ ∂  
 (2.41) 

  =  
T

G V
p

 ∂
 ∂ 

 (2.42) 

 where 1  
p

V
V T

∂ α ≡  ∂ 
 (2.43) 

For ideal gases, R
 = p

TV  and R
 = 

1
pV Tα = . The conversion equations listed below (Eqs. 

(2.44) to (2.51)) 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 super-
script and those that refer to the new standard state pressure of 1 bar are assigned 
the superscript . 

( ) ,atm

( )bar

For all substances the changes in the enthalpy of formation and heat capacity 
are much smaller than the experimental accuracy and can be disregarded. This is exactly 
true for ideal gases. 

  (2.44) 
(bar) (atm)

f f( )  ( ) = 0H T H T∆ − ∆

  (2.45) (bar) (atm)         ( )  ( ) = 0p pC T C T−

For gaseous substances, the entropy difference is: 

 
(atm)

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

p
 

−  
 

 

  (2.46) -1 -1                                    = 0.1094 J K mol⋅ ⋅

This is exactly true for ideal gases, as follows from Eq.(2.41) 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 R ln pS S

p
 

∆ − ∆ ⋅  
 

× ⋅

 

  (2.47) -1 -1                                = δ 0.1094 J K mol⋅

where δ is the net increase in moles of gas in the process. 
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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 R  ln pG G T
p

 
∆ − ∆ − ⋅  

 
 

  at 298.15 K. (2.48) -1                                = δ 0.03263 kJ mol− ⋅ ⋅

Eq.(2.48) applies also to , 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)
f f G G∆ − ∆  

  at  298.15 K. (2.49). (bar) (atm) -1
f f   = δ 0.03263 kJ molG G∆ − ∆ − × ⋅

The changes in the equilibrium constants and cell potentials with the change in 
the standard state pressure follows from the expression for Gibbs energy changes, 
Eq.(2.48) 

 

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

10 10log   log  = 
R  ln 10

G GK K
T

∆ − ∆
− −

(atm)

(bar) (atm)

10 (bar)

ln
                                         δ  = δ log

ln10

p
p p

p

 
    = ⋅ ⋅  

 

                                         δ 0.005717

 

= ⋅                      (2.50) 

 

(bar) (atm)
(bar) (atm) r r   = G GE E

nF
∆ − ∆

− −

(atm)

(bar)R  ln
                       δ

pT
p

nF

 
 
 = ⋅

 

0.0003382 δ V 
n

= ⋅  at 298.15 K (2.51). 

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

 + 
2

def1H    H (g)                    0.00V
2 =

−+ e Eο  (2.52). 



 2.4 Fundamental physical constants 35 

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

2H (g)

+Ag  +   Ag (cr)−e  

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

+ +
2 

1Ag  + H (g)  Ag (cr) + H
2

 

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:  
+ 2+ (bar) (atm)

2

(bar) (bar

2 2 10 10

Fe(cr) + 2 H  Fe  + H (g)                    = 1                          = 0.00017 V

CO (g)  CO (aq)                                    = 1                  log   log

δ −

δ − −

E E

K K )  = 0.0057−

⋅

)

(bar) (atm) -1

3 2 2 r r

(bar) (atm)

2 2 4 f f

5 3
NH (g) + O   NO(g) + H O(g)     = 0.25                   = 0.008 kJ mol

4 2
1

Cl (g) + 2 O (g) + e   ClO                = 3                      = 
2

− −

δ ∆ − ∆ −

δ − ∆ − ∆

G G

G G -10.098 kJ mol⋅

 

2.3.3  Reference temperature  
The definitions of standard states given in section 2.3 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 = ( oT T−  where T = 273.15 K. o

2.4 Fundamental physical constants 
The fundamental physical constants are taken from a publication by CODATA 
[86COD]. Those relevant to this review are listed in Table 2-7. 
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Table 2-7: 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… 
7 210 N A− −⋅  

     permittivity of vacuum є  ο
21 / c

ο
µ  = 8.854 187 817… 12 2 1 110 C J m− − −⋅ ⋅

34−

  
Planck constant h 6.626 0755(40) 10 J S⋅

19−

 
elementary charge e 1.602 177 33(49) 10 C

23 1mol−
 

Avogadro constant NA 6.022 1367(36) 10
1C mol−⋅

  

Faraday constant F 96 485.309(29)  

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

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

Non-SI units used with SI:    
electron volt, (e/C) J eV 1.602 177 33(49) 1910 J−

27−

 
atomic mass unit, u 1.660 5402(10) 10 kg  

12

u

11u =   ( )
12

m m= C  
   

2.5 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 a few data points. Appendix C de-
scribes 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. 

2.6 The NEA-TDB system 
A database 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 database 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 database. 
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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 database: 

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

their reference state ( kJ 1mol−⋅ ) 

f mH ο∆  the standard molar enthalpy of formation from the elements in their 
reference state ( 1kJ mol−⋅ ) 

mS ο  the standard molar entropy ( 1 1J K mol− −⋅ ⋅ ) 
ο −

,mpC  the standard molar heat capacity ( 1 1J K mol−⋅ ⋅ ). 

 For aqueous neutral species and ions, the values of f mGο∆ , f mH ο∆ ,  and mS ο

,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∆ ( , aq, T) = 0 and that  ( , 
aq, T) = 0. Furthermore, for an ionised solute B containing any number of different ca-
tions and anions: 

+H mS ο +H

  f m + f m f m
+

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

−
∆ υ ∆ υ ∆∑ ∑

ο ο ο  m + m m
+

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

υ υ∑ ∑

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 linear regression method is used in this review to obtain the most sig-
nificant coefficients of the following empirical function for a thermodynamic parameter, 
X: 

 

2 1 2( )  =  ln ln

3 3              + +  + .

X X X X X X X

X
X X X

ih T j T k T
T

−⋅ ⋅ + ⋅
 (2.53) 

X T a b T c T d T e T f T g T T− −+ ⋅ + ⋅ + ⋅ + ⋅ + ⋅ + ⋅

2

Most temperature variations can be described with three or four parameters. In 
the present review, only C , i.e., the thermal functions of the heat capacities of 
individual species are considered and stored in the database. They refer to the relation: 

,m ( )p T

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

(where the subindices for the coefficients have been dropped) and are listed in Tables 
3.3, 4.3, 5.3, 6.3 and 7.3. 

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], 
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[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 database. A chemical reaction “r”, involving reactants and products 
‘B”, can be abbreviated as: 

  (2.54) B
B

0  υ  Br= ∑

where the stoichiometric coefficients B
rυ  are positive for products, and negative for 

reactants. 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 ( 1kJ mol−⋅ ) 

r mH ο∆  the molar enthalpy of reaction ( 1kJ mol−⋅ ) 

r mS ο∆  the molar entropy of reaction ( 1 1J K mol− −⋅ ⋅ ) 

r ,mpCο∆  the molar heat capacity of reaction ( 1 1J K mol− −⋅ ⋅ ) 

The temperature functions of these data, if available, are stored according to Eq.(2.53). 
The equilibrium constant, rK ο , is related to r mGο∆  according to the following 

relation: 
r m

10log   =  
R ln(10)r

GK
T

ο
ο ∆

−  

and can be calculated from the individual values of  (for example, those given 
in Tables 3.1 and 4.1), according to: 

f m (B)Gο∆

 10 B f m
B

1log   =  υ  (B)
R ln(10)

r
rK

T
ο − ∆∑ Gο  (2.55). 

2.7 Presentation of the selected data 
The selected data are presented in Chapters 3, 4, 5, 6 and 7. Unless otherwise indicated, 
they refer to standard conditions (cf. section 2.3) and 298.15 K (25.00°C) and are pro-
vided with an uncertainty which should correspond to the 95% confidence level (see 
Appendix C).  

Chapters 3, 4, 5, 6 and 7 contain tables of selected thermodynamic data for indi-
vidual compounds and complexes of uranium, neptunium, plutonium, americium and 
technetium (Tables 3.1, 4.1, 5.1, 6.1 and 7.1, respectively), tables of selected reaction 
data (Tables 3.2, 4.2, 5.2, 6.2 and 7.2) for reactions concerning uranium, neptunium, 
plutonium, americium and technetium species, respectively, and tables containing se-
lected thermal functions of the heat capacities of individual species of uranium, neptu-
nium, plutonium, americium and technetium (Tables 3.3, 4.3, 5.3, 6.3 and 7.3, respec-
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tively). The selection of these data is discussed in Part III. The fitted heat capacity coef-
ficients for the gaseous species in Tables 3.3, 4.3, 5.3, 6.3 and 7.3 are valid only up to 
the maximum temperatures given. These temperatures vary in order to retain only small 
differences (generally < 0.25 J · K–1 · mol–1) between the fitted and calculated heat ca-
pacities. 

Chapter 14 contains, for auxiliary compounds and complexes that do not con-
tain uranium, neptunium, plutonium, americium or technetium, a table of the thermody-
namic data for individual species (Table 8.1) and a table of reaction data (Table 8.2). 
Most of these values are the CODATA Key Values [89COX/WAG]. The selection of 
the remaining auxiliary data is discussed in [92GRE/FUG], [99RAR/RAN] and 
[2001LEM/FUG].  

All the selected data presented in Tables 3.1, 3.2, 4.1, 4.2, 5.1, 5.2, 6.1, 6.2, 7.1 
and 7.2 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 database system, cf. section 2.6. Therefore, when using the 
selected data for uranium, neptunium, plutonium, americium or technetium species, the 
auxiliary data in Chapter 8 must be used together with the data in Chapter 3, 4, 5, 6 and 
7 to ensure internal consistency of the data set. 

It is important to note that Tables 3.2, 4.2, 5.2, 6.2, 7.2 and 8.2 include only 
those species for which the primary selected data are reaction data. The formation data 
derived there from and listed in Tables 3.1, 4.1, 5.1, 6.1 and 7.1 are obtained using aux-
iliary data, and their uncertainties are propagated accordingly. In order to maintain the 
uncertainties originally assigned to the selected data in this review, the user is advised to 
make direct use of the reaction data presented in Tables 3.2, 4.2, 5.2, 6.2, 7.2 and 8.2, 
rather than taking the derived values in Tables 3.1, 4.1, 5.1, 6.1, 7.1 and 8.1 to calculate 
the reaction data with Eq.(2.55). The latter approach would imply a twofold propagation 
of the uncertainties and result in reaction data whose uncertainties would be considera-
bly larger than those originally assigned. 

The thermodynamic data in the selected set refer to a temperature of 298.15 K 
(25.00°C), but they can be recalculated to other temperatures if the corresponding data 
(enthalpies, entropies, heat capacities) are available [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 (T = 298.15 K), and of the heat ca-
pacity function is: 

0
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and the temperature dependence of the standard equilibrium constant as a function of 
the standard reaction enthalpy and heat capacity is: 
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where R is the gas constant (cf. Table 2-7). 

In the case of aqueous species, for which enthalpies of reaction are selected or 
can be calculated from the selected enthalpies of formation, but for which there are no 
selected heat capacities, it is in most cases possible to recalculate equilibrium constants 
to temperatures up to 100 to 150°C, with an additional uncertainty of perhaps about 1 to 
2 logarithmic units, due to neglecting the heat capacity contributions to the temperature 
correction. However, it is important to observe that “new” aqueous species, i.e., species 
not present in significant amounts at 25°C and therefore not detected, may be significant 
at higher temperatures, see for example the work by Ciavatta et al. [87CIA/IUL]. Addi-
tional high–temperature experiments may therefore be needed in order to ascertain that 
proper chemical models are used in the modelling of hydrothermal systems. For many 
species, experimental thermodynamic data are not available to allow a selection of pa-
rameters describing the temperature dependence of equilibrium constants and Gibbs 
energies of formation. The user may find information on various procedures to estimate 
the temperature dependence of these thermodynamic parameters in [97PUI/RAR]. The 
thermodynamic data in the selected set refer to infinite dilution for soluble species. Ex-
trapolation of an equilibrium constant K, usually measured at high ionic strength, to K ο  
at I = 0 using activity coefficients γ, is explained in Appendix B. The corresponding 
Gibbs energy of dilution is: 

dil m r m r m = G Gο∆ ∆ − ∆ G  (2.56) 

r          =  R  lnT ±− ∆ γ  (2.57) 

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

 2
dil m r = R ( ln ) pH T

T ±
∂∆ ∆

∂
γ  (2.58) 

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  is entirely assigned to the entropy difference. This entropy of reac-
tion is calculated using the Gibbs-Helmholtz equation, the above assumption 

dil mG∆

dil mH∆ = 
0, and . dil∆ mG
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Preface 
This volume is the fifth of the series "Chemical Thermodynamics" edited by the OECD Nu-
clear Energy Agency (NEA). It is an update of the critical reviews published successively in 
1992, as Chemical Thermodynamics of Uranium, in 1995 as Chemical Thermodynamics of 
Americium, in 1999 as Chemical Thermodynamics of Technetium and in 2001 as Chemical 
Thermodynamics of Neptunium and Plutonium. These previous volumes comprise reviews 
of the scientific literature in their areas of scope until 1989, 1993, 1995 and 1996, respec-
tively, although later references are, in some isolated cases, also included. 

This Update was initiated by the Management Board of the NEA Thermochemical 
Database Project Phase II (NEA TDB II). The first meeting of the U/Am/Tc/Np/Pu Update 
Review Group was held in October 1998 and six plenary meetings followed at NEA Head-
quarters at Issy-les-Moulineaux (France) in April 1999, November 1999, March 2000, Sep-
tember 2000 January 2001 and September 2001. The Executive Group of the Management 
Board provided scientific assistance in the implementation of the NEA TDB Project Guide-
lines. Jordi Bruno participated in Review Group meetings as the designated member of the 
Executive Group. 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, Cristina Domènech-Ortí and Katy Ben 
Said. 

The aim of the members of the Review Group was to review all of the papers pub-
lished two years prior to the publication dates of the books cited above in order to assure 
sufficient overlap with previous reviews in collecting and analysing data. The cut-off date 
was set at roughly the end of 2001 for the papers. The critical selection of thermodynamic 
data was made with reference to the previous selections. The Review Group focused on lit-
erature that contained new information, but in some instances material already analysed was 
re-examined in order to include all the data referring to a special problem. In all cases the 
arguments leading to a necessary change in previously selected values were carefully con-
sidered.  

All the members contributed fully to the main text and the discussions, but the 
workload was distributed according to the expertise of each member. Malcolm Rand and 
Jean Fuger reviewed gas and solid-state thermodynamics, while the other members were 
involved in solution thermodynamics. Volker Neck and Thomas Fanghänel carried out the 

 v
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americium update with the help of Ingmar Grenthe, who mainly reviewed the carbonate and 
silicate complexes and compounds of uranium and, together with Volker Neck the carbonate 
complexes and compounds of neptunium and plutonium. Robert Guillaumont reviewed the 
hydrolysis and complexation of uranium, neptunium and plutonium with the help of Ingmar 
Grenthe, Volker Neck and Donald Palmer, who was also in charge of reviewing technetium. 

The uranium section is the largest due to the amount of material published during 
the last ten years. This element has been extensively studied, principally because of its role 
as a nuclear fuel; in addition, it does not present any special radiological risk in laboratory-
scale research and is widely present in the natural environment. In the field of solution 
thermodynamics the classical solubility, potentiometric and spectrophotometric methods to 
obtain data have been customarily used. A problem identified in all previous compilations is 
the assignment of uncertainties to the thermodynamic data obtained by these equilibrium 
analytical methods. During the past ten years scientists have implemented new statistical 
methods for hypothesis testing that are discussed in this review. However, there are few 
investigations that have used these methods; uncertainty estimates in this Update therefore 
follow the methods used in prior volumes. Thermodynamic data have also been obtained 
from new spectroscopic techniques that are applicable in systems with very low total con-
centrations of metal ions. The spectral resolution of these techniques is often better than in 
“traditional” spectrophotometry, allowing for a more accurate peak deconvolution. It is 
gratifying that data obtained by these new techniques in general agrees very well with data 
obtained by more traditional methods. Quantum chemical methods are also emerging as 
tools to understand the coordination chemistry of f-elements, thereby providing a valuable 
tool when discussing speciation. 

In general, the sections dealing with the other elements addressed in this Update 
are shorter (except for the section on americium) because there are fewer experimental in-
vestigations to be reviewed. This situation is explained by the fact that previous reviews of 
these elements are more recent and fewer laboratories are currently working on them. The 
new experimental data concern mostly solution thermodynamics. The section on americium 
also contains reviews of curium data, the reason for this being the chemical similarity be-
tween the two elements and the much higher accuracy of thermodynamic data on Cm(III) 
that are obtained by fluorescence spectroscopy. 

This Update does not substantially change the main body of thermodynamic values 
selected previously by the NEA, but rather supplements it with an appreciable amount of 
new data.  

Palaiseau, France, March 2003 Robert Guillaumont, Chairman

 



 

Acknowledgements 
 

 

For the preparation of this book, the authors have received financial support from the NEA 
TDB Phase II Project.  The following organisations take part in the Project: 

 

ANSTO, Australia 
ONDRAF/NIRAS, Belgium 
RAWRA, Czech Republic 
POSIVA, Finland 
ANDRA, France 
IPSN (now IRSN), France 
FZK, Germany 
JNC, Japan 
ENRESA, Spain 
SKB, Sweden 
SKI, Sweden 
HSK, Switzerland 
NAGRA, Switzerland 
PSI, Switzerland 
BNFL, UK 
NIREX, UK 
DoE, USA 
 

The authors would like to express their gratitude to Rod Ewing for providing pre-
prints of several of his publications related to uranium minerals. Comments from the 
Chairmen of the TDB Phase I Reviews on Americium and Technetium, Robert J. Silva and 
Joseph A. Rard are also gratefully acknowledged. 

Malcolm Rand would like to acknowledge valuable advice on spectroscopic pa-
rameters from Rudy Konings, Federico Mompean and a Peer Reviewer, Vladimir Yungman. 

At the NEA Data Bank, the bibliographical database was maintained by Linda Fu-
ruäng well into 2001. Pierre Nagel and Christian Penon have provided excellent software 
and advice, which have eased the editorial and database work. Cynthia Picot, Solange 
Quarmeau and Amanda Costa from NEA Publications have provided considerable help in 

 vii



ACKNOWLEDGEMENTS viii 

editing the present series. Their contributions and the support of many NEA staff members 
are highly appreciated. 

The entire manuscript of this book has undergone a peer review by an independent 
international group of reviewers, according to the procedures in the TDB-6 Guideline, avail-
able from the NEA. The peer reviewers have seen and approved the modifications made by 
the authors in response to their comments. The peer review comment records may be ob-
tained on request from the OECD Nuclear Energy Agency. The peer reviewers were: 

Prof. Sue B. Clark, Washington State University, Pullman, Washington, USA 

Prof. Diego Ferri, Università Federico II di Napoli, Naples, Italy 

Dr. Robert J. Lemire, Atomic Energy of Canada Ltd., Chalk River Laboratories, Ontario, 
Canada 

Dr. Lester R. Morss, Office of Basic Energy Sciences, US Department of Energy, Washing-
ton DC, USA 

Dr. Dhanpat Rai, Batelle, Pacific Northwest National Laboratory, USA 

Dr. Vladimir Yungman, Glushko Thermocenter, Russian Academy of Sciences, Moscow, 
Russia 

 

Their contributions are gratefully acknowledged.  

 

 

 

 

 

 

 

 

 

 



 

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 as-
sessment of radioactive waste disposal systems prompted the Radioactive Waste Manage-
ment 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, neptu-
nium, 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 pro-
grammes.  

The NEA TDB Phase II Review Teams, comprising internationally recognised ex-
perts in the field of chemical thermodymanics, exercise their scientific judgement in an in-
dependent 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, pluto-
nium, americium and technetium, (ii) extending it to include selected data on inorganic spe-
cies and compounds of nickel, selenium and zirconium, (iii) and further adding data on or-
ganic 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 organi-
sations 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 
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in chemical thermodynamics. In this second phase of the Project, the NEA acts as coordina-
tor, ensuring the application of the Project Guidelines and liaising with the Review Teams. 

The present volume is the first one published within the scope of NEA TDB Phase 
II and contains an update of the existing databases for inorganic species and compounds of 
uranium, neptunium, plutonium, americium and technetium. This update was determined by 
the Project Management Board to be the highest priority task within the established pro-
gramme of work. We trust that the efforts of the reviewers and the peer reviewers merit the 
same high recognition from the broader scientific community as received for previous vol-
umes of this series. 

Mehdi Askarieh  
United Kingdom Nirex limited 
Chairman of TDB Project Phase II Management Board 
On behalf of the NEA TDB Project Phase II Participating Organisations: 

ANSTO, Australia 
ONDRAF/NIRAS, Belgium 
RAWRA, Czech Republic 
POSIVA, Finland 
ANDRA, France 
IPSN (now IRSN), France 
FZK, Germany 
JNC, Japan 
ENRESA, Spain 
SKB, Sweden 
SKI, Sweden  
HSK, Switzerland 
PSI, Switzerland 
BNFL, UK  
Nirex, UK 
DoE, USA 

 



 

 
Editor’s note 
 

 

 

 

This is the fifth 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 
updating the four previously published reviews on U [92GRE/FUG], Am [95SIL/BID], Tc 
[99RAR/RAN] and Np and Pu [2001LEM/FUG]. The tables contained in Chapters 3 to 8 
list the currently selected thermodynamic values within the NEA TDB Project. The database 
system developed at the NEA Data Bank, cf. Section 2.6, assures consistency among all the 
selected and auxiliary data sets.  

The recommended thermodynamic data are the result of a critical assessment of 
published information. In many instances (where updating has not been needed) the critical 
reviews supporting a particular selection will not be found in the present volume, but in the 
preceding one of this series dealing with the particular element involved (or in the volumes 
dealing with uranium and technetium for auxiliary data). In order to assist the reader in find-
ing earlier reviewing information, a cross-reference system has been established between the 
sections of this volume and those of the preceding ones where the same species or group of 
species has been discussed. For this purpose, the relevant sections of the preceding volumes 
for a given element are listed in parentheses after the current volume section headings. In 
this way, for example, “9.4.5.2 Solid uranium iodides (V.4.4.1.3)” refers the reader to sec-
tion V.4.4.1.3 in volume 1 of the series, [92GRE/FUG] and “10.2.1.2 Neptunium (IV) hy-
droxide complexes (8.1.4)” to section 8.1.4 in volume 4 of the series, [2001LEM/FUG]. 
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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 3 

3 Selected Data for Uranium 
 
 

3.1 General considerations 
 

This chapter presents updated chemical thermodynamic data for uranium species, as 
described in detail in Chapter 9 of this volume. The newly selected data represent revi-
sions to those chosen in the previous NEA TDB review [92GRE/FUG]. In this respect, 
it will be found that while new species appear in the Tables, some others have been re-
moved from them. Table 3–1 contains the recommended thermodynamic data of the 
uranium compounds and complexes, Table 3–2 the recommended thermodynamic data 
of chemical equilibrium reactions by which the uranium compounds and complexes are 
formed, and Table 3–3 the temperature coefficients of the heat capacity data of Table 3–
1 where available.  

The species and reactions in Table 3–1, Table 3–2 and Table 3–3 appear in 
standard order of arrangement (cf. Figure 2.1). Table 3–2 contains information only on 
those reactions for which primary data selections are made in this review. These se-
lected reaction data are used, together with data for key uranium species (for example 
U4+) and auxiliary data listed in Table 8–1, to derive the corresponding formation quan-
tities in Table 3–1. The uncertainties associated with values for the key uranium species 
and for some of the auxiliary data are substantial, leading to comparatively large uncer-
tainties in the formation quantities derived in this manner. The inclusion of a table for 
reaction data (Table 3–2) in this report allows the use of equilibrium constants with total 
uncertainties that are directly based on the experimental accuracy. This is the main rea-
son for including both the table for reaction data (Table 3–2) and the table of 

f m f m m,  ,G H Sο ο ο∆ ∆  and ,mpCο  values (Table 3–1). In a few cases, the correlation of small 
uncertainties in values for ligands has been neglected in calculations of uncertainty val-
ues for species in Table 3–1 from uncertainty values in Table 3–2. However, for those 
species the effects are less than 2% of the stated uncertainties. 

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

2 1 2
,m ( )  =  pC T a b T c T d T e T− −+ ⋅ + ⋅ + ⋅ + ⋅  (3.1) 
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No references are given in these tables since the selected data are generally not 
directly attributable to a specific published source. A detailed discussion of the selection 
procedure is presented in [92GRE/FUG] and in Chapter 9 of this volume. 

3.2 Precautions to be observed in the use of the tables 
Geochemical modelling in aquatic systems requires the careful use of the data selected 
in the NEA TDB reviews. The selected data in the tables must not be adopted without 
taking into account the chemical background information discussed in the correspond-
ing sections of this book. In particular the following precautions should be observed 
when using data from the Tables. 

• The addition of any aqueous species and its data to this internally consistent da-
tabase can result in a modified data set which is no longer rigorous and can lead 
to erroneous results. The situation is similar, to a lesser degree, with the addition 
of gases and solids. It should also be noted that the data set presented in this 
chapter may not be “complete” for all the conceivable systems and conditions. 
Gaps are pointed out in both the previous NEA TDB review and the present up-
date. 

• Solubility data for crystalline phases are well defined in the initial state, but not 
necessarily in the final state after “equilibrium” has been attained. Hence, the 
solubility calculated from these phases may be very misleading, as discussed for 
the solubility data of MO2(cr), M = U, Np, Pu.  

• The selected thermodynamic data in [92GRE/FUG], [95SIL/BID] and 
[2001LEM/FUG] contain thermodynamic data for amorphous phases. Most of 
these refer to Gibbs energy of formation deduced from solubility measurements. 
In the present review all such data have been removed. However, the 
corresponding log10K values have been retained. The reasons for these changes 
are: o Thermodynamic data are only meaningful if they refer to well–

defined systems; this is not the case for amorphous phases. It is well 
known that their solubility may change with time, due to re–
crystallisation with a resulting change in water content and surface 
area/crystal size; the time scale for these changes can vary widely. 
These kinetic phenomena are different from those encountered in sys-
tems where there is a very high activation barrier for the reaction, e.g., 
electron exchange between sulphate and sulphide.  

o The solubility of amorphous phases provides useful information for 
users of the database when modelling the behaviour of complex sys-
tems. Therefore, the solubility products have been given with the pro-
viso that they are not thermodynamic quantities. 
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Table 3–1: Selected thermodynamic data for uranium 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 in bold typeface are CODATA Key Val-
ues and are taken directly from reference [89COX/WAG] without further evaluation. 
Values obtained from internal calculation, cf. footnotes (a) and (b), are rounded at the 
third digit after the decimal point and may therefore not be exactly identical to those 
given in Part III. 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. 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

U(cr)        0.000        0.000       50.200
±0.200

       27.660
±0.050

 (c) 

U(g)      488.400
±8.000

 (a)      533.000
±8.000

      199.790
±0.030

       23.690
±0.030

 (c) 

U3+     –476.473
±1.810

 (b)     –489.100
±3.712

 (b)     –188.172
±13.853

 (b)     –150.000
±50.000

 

U4+     –529.860
±1.765

 (b)     –591.200
±3.300

     –416.895
±12.553

 (a)     –220.000
±50.000

 

UO(g)        5.327
±10.018

 (a)       35.000
±10.000

      252.300
±2.000

       39.600
±2.000

 (c) 

UO2(cr)    –1031.833
±1.004

 (a)    –1085.000
±1.000

       77.030
±0.200

       63.600
±0.080

 (c) 

UO2(g)     –481.064
±20.036

 (a)     –477.800
±20.000

      266.300
±4.000

       59.500
±2.000

 (c) 

UO2
+     –961.021

±1.752
 (b)    –1025.127

±2.960
 (a)      –25.000

±8.000
   

UO2
2+     –952.551

±1.747
 (a)    –1019.000

±1.500
      –98.200

±3.000
       42.400

±3.000
 (c) 

β–UO2.25
(d)    –1069.083

±1.702
 (a)    –1127.400

±1.700
       85.400

±0.200
   (c) 

UO2.25(cr)(e)    –1069.125
±1.702

 (a)    –1128.000
±1.700

       83.530
±0.170

       73.340
±0.150

 (c) 

α–UO2.3333           82.170
±0.500

       71.420
±0.300

 (c) 

β–UO2.3333    –1079.572
±2.002

 (a)    –1141.000
±2.000

       83.510
±0.200

       71.840
±0.140

 (c) 

(Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UO2.6667(cr)    –1123.157
±0.804

 (a)    –1191.600
±0.800

       94.180
±0.170

       79.310
±0.160

 (c) 

UO2.86. 0.5 H2O(cr)      –1367.000
±10.000

     

UO2.86. 1.5 H2O(cr)      –1666.000
±10.000

     

α–UO2.95      –1211.280
±1.284

 (b)     

α–UO3    –1135.330
±1.482

 (a)    –1212.410
±1.450

       99.400
±1.000

       81.840
±0.300

 

β–UO3    –1142.301
±1.307

 (a)    –1220.300
±1.300

       96.320
±0.400

       81.340
±0.160

 (c) 

γ–UO3    –1145.739
±1.207

 (a)    –1223.800
±1.200

       96.110
±0.400

       81.670
±0.160

 (c) 

δ–UO3      –1213.730
±1.440

     

ε–UO3      –1217.200
±1.300

     

UO3(g)     –784.761
±15.012

 (a)     –799.200
±15.000

      309.500
±2.000

       64.500
±2.000

 (c) 

β–UH3      –72.556
±0.148

 (a)     –126.980
±0.130

       63.680
±0.130

       49.290
±0.080

 

UOH3+     –763.918
±1.798

 (b)     –830.120
±9.540

 (b)     –199.946
±32.521

 (b)   

UO2OH+    –1159.724
±2.221

 (b)    –1261.371
±15.072

 (a)       17.000
±50.000

   

UO3. 0.393 H2O(cr)      –1347.800
±1.300

     

UO3. 0.648 H2O(cr)      –1424.600
±1.300

     

α–UO3. 0.85 H2O      –1491.900
±1.300

     

α–UO3. 0.9 H2O    –1374.560
±2.460

 (a)    –1506.300
±1.300

      126.000
±7.000

      140.000
±30.000

 

δ–UO3H0.83      –1285.140
±2.020

 (b)     

        (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UO2(OH)2(aq)    –1357.479
±1.794

 (b)       

β–UO2(OH)2    –1398.683
±1.765

 (a)    –1533.800
±1.300

      138.000
±4.000

      141.000
±15.000

 (c) 

γ–UO2(OH)2      –1531.400
±1.300

     

U(OH)4(aq)    –1421.309
±8.189

 (b)    –1624.607
±11.073

 (a)       40.000
±25.000

      205.000
±80.000

 

UO2(OH)3
 –    –1548.384

±2.969
 (b)       

UO3. 2 H2O(cr)    –1636.506
±1.705

 (a)    –1826.100
±1.700

      188.540
±0.380

      172.070
±0.340

 (c) 

UO2(OH)4
2–    –1716.171

±4.260
 (b)       

UO4. 2 H2O(cr)      –1784.000
±4.200

     

UO4. 4 H2O(cr)      –2384.700
±2.100

     

(UO2)2OH3+    –2126.830
±6.693

 (b)       

(UO2)2(OH)2
2+    –2347.303

±3.503
 (b)    –2572.065

±5.682
 (a)      –38.000

±15.000
   

(UO2)3(OH)4
2+    –3738.288

±5.517
 (b)       

(UO2)3(OH)5
+    –3954.594

±5.291
 (b)    –4389.086

±10.394
 (a)       83.000

±30.000
   

(UO2)3(OH)7
 –    –4333.835

±6.958
 (b)       

(UO2)4(OH)7
+    –5345.179

±9.029
 (b)       

UF(g)      –76.876
±20.020

 (a)      –47.000
±20.000

      251.800
±3.000

       37.900
±3.000

 (c) 

UF3+     –865.153
±3.474

 (b)     –932.150
±3.400

 (b)     –269.133
±16.012

 (b)   

UF2(g)     –558.697
±25.177

 (a)     –540.000
±25.000

      315.700
±10.000

       56.200
±5.000

 (c) 

                (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UF2
2+    –1187.431

±4.632
 (b)    –1265.400

±3.597
 (b)     –139.195

±18.681
 (b)   

UF3(cr)    –1432.531
±4.702

 (a)    –1501.400
±4.700

      123.400
±0.400

       95.100
±0.400

 (c) 

UF3(g)    –1062.947
±20.221

 (a)    –1065.000
±20.000

      347.500
±10.000

       76.200
±5.000

 (c) 

UF3
+    –1499.378

±5.466
 (b)    –1596.750

±5.540
 (b)      –37.537

±24.410
 (b)   

UF4(aq)    –1806.302
±6.388

 (b)    –1941.030
±8.565

 (b)        3.905
±21.374

 (b)   

UF4(cr)    –1823.538
±4.201

 (a)    –1914.200
±4.200

      151.700
±0.200

      116.000
±0.100

 (c) 

UF4(g)    –1576.851
±6.698

 (a)    –1605.200
±6.530

 (b)      360.700
±5.000

       95.100
±3.000

 (c) 

α–UF5    –1968.688
±6.995

 (a)    –2075.300
±5.900

      199.600
±12.600

      132.200
±4.200

 (c) 

β–UF5    –1970.595
±5.635

 (a)    –2083.200
±4.200

      179.500
±12.600

      132.200
±12.000

 (c) 

UF5(g)    –1862.083
±15.294

 (a)    –1913.000
±15.000

      386.400
±10.000

      110.600
±5.000

 (c) 

UF5
 –    –2095.760

±5.739
 (b)       

UF6(cr)    –2069.205
±1.842

 (a)    –2197.700
±1.800

      227.600
±1.300

      166.800
±0.200

 (c) 

UF6(g)    –2064.440
±1.893

 (a)    –2148.600
±1.868

 (b)      376.300
±1.000

      129.400
±0.500

 (c) 

UF6
2–    –2389.098

±6.028
 (b)       

U2F9(cr)    –3812.000
±17.000

    –4015.923
±18.016

 (a)      329.000
±20.000

      251.000
±16.700

 (c) 

U2F10(g)      –3993.200
±30.366

 (b)     

U4F17(cr)    –7464.000
±30.000

    –7849.665
±32.284

 (a)      631.000
±40.000

      485.300
±33.000

 (c) 

UOF2(cr)    –1434.127
±6.424

 (a)    –1504.600
±6.300

      119.200
±4.200

   

                (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UOF4(cr)    –1816.264
±4.269

 (a)    –1924.600
±4.000

      195.000
±5.000

   

UOF4(g)    –1704.814
±20.142

 (a)    –1763.000
±20.000

      363.200
±8.000

      108.100
±5.000

 (c) 

UO2F+    –1263.527
±1.911

 (b)    –1352.650
±1.637

 (b)       –7.511
±3.321

 (b)   

UO2F2(aq)    –1565.999
±2.276

 (b)    –1687.600
±1.994

 (b)       50.293
±3.783

 (b)   

UO2F2(cr)    –1557.322
±1.307

 (a)    –1653.500
±1.300

      135.560
±0.420

      103.220
±0.420

 (c) 

UO2F2(g)    –1318.081
±10.242

 (a)    –1352.500
±10.084

 (b)      342.700
±6.000

       86.400
±3.000

 (c) 

UO2F3
 –    –1859.338

±2.774
 (b)    –2022.700

±2.480
 (b)       76.961

±4.417
 (b)   

UO2F4
2–    –2146.226

±3.334
 (b)    –2360.110

±3.038
 (b)       74.248

±5.115
 (b)   

U2O3F6(cr)    –3372.730
±14.801

 (a)    –3579.200
±13.546

 (b)      324.000
±20.000

   

U3O5F8(cr)    –4890.135
±9.771

 (a)    –5192.950
±3.929

 (b)      459.000
±30.000

      304.100
±4.143

 

H3OUF6(cr)      –2641.400
±3.157

 (b)     

UOFOH(cr)    –1336.930
±12.948

 (a)    –1426.700
±12.600

      121.000
±10.000

   

UOFOH. 0.5 H2O(cr)    –1458.117
±6.970

 (a)    –1576.100
±6.300

      143.000
±10.000

   

UOF2. H2O(cr)    –1674.474
±4.143

 (a)    –1802.000
±3.300

      161.100
±8.400

   

UF4. 2.5 H2O(cr)    –2440.282
±6.188

 (a)    –2671.475
±4.277

      263.500
±15.000

      263.700
±15.000

 

UO2FOH. H2O(cr)    –1721.700
±7.500

    –1894.500
±8.400

      178.345
±37.770

 (a)   

UO2FOH. 2 H2O(cr)    –1961.032
±8.408

 (b)    –2190.010
±9.392

 (b)      223.180
±38.244

 (b)   

UO2F2. 3 H2O(cr)    –2269.658
±6.939

 (a)    –2534.390
±4.398

 (b)      270.000
±18.000

   

                        (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UCl(g)      155.945
±20.020

 (a)      187.000
±20.000

      265.900
±3.000

       43.200
±3.000

 (c) 

UCl3+     –670.895
±1.918

 (b)     –777.280
±9.586

 (b)     –391.093
±32.788

 (b)   

UCl2(g)     –174.624
±20.221

 (a)     –155.000
±20.000

      339.100
±10.000

       59.900
±5.000

 (c) 

UCl3(cr)     –796.103
±2.006

 (a)     –863.700
±2.000

      158.100
±0.500

      102.520
±0.500

 (c) 

UCl3(g)     –521.652
±20.221

 (a)     –523.000
±20.000

      380.300
±10.000

       82.400
±5.000

 (c) 

UCl4(cr)     –929.605
±2.512

 (a)    –1018.800
±2.500

      197.200
±0.800

      121.800
±0.400

 (c) 

UCl4(g)     –789.442
±4.947

 (a)     –815.400
±4.717

 (b)      409.300
±5.000

      103.500
±3.000

 (c) 

UCl5(cr)     –930.115
±3.908

 (a)    –1039.000
±3.000

      242.700
±8.400

      150.600
±8.400

 (c) 

UCl5(g)     –849.552
±15.074

 (a)     –900.000
±15.000

 (b)      438.700
±10.000

      123.600
±5.000

 (c) 

UCl6(cr)     –937.120
±3.043

 (a)    –1066.500
±3.000

      285.500
±1.700

      175.700
±4.200

 (c) 

UCl6(g)     –901.588
±5.218

 (a)     –985.500
±5.000

 (b)      438.000
±5.000

      147.200
±3.000

 (c) 

U2Cl10(g)      –1965.300
±10.208

 (b)     

UOCl(cr)     –785.654
±4.890

 (a)     –833.900
±4.200

      102.500
±8.400

       71.000
±5.000

 (c) 

UOCl2(cr)     –998.478
±2.701

 (a)    –1069.300
±2.700

      138.320
±0.210

       95.060
±0.420

 (c) 

UOCl3(cr)    –1045.576
±8.383

 (a)    –1140.000
±8.000

      170.700
±8.400

      117.200
±4.200

 (c) 

UO2Cl(cr)    –1095.253
±8.383

 (a)    –1171.100
±8.000

      112.500
±8.400

       88.000
±5.000

 (c) 

UO2Cl+    –1084.738
±1.755

 (b)    –1178.080
±2.502

 (b)      –11.513
±7.361

 (b)   

UO2Cl2(aq)    –1208.707
±2.885

 (b)    –1338.160
±6.188

 (b)       44.251
±21.744

 (b)   
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UO2Cl2(cr)    –1145.838
±1.303

 (a)    –1243.600
±1.300

      150.540
±0.210

      107.860
±0.170

 (c) 

UO2Cl2(g)     –938.984
±15.106

 (a)     –970.300
±15.000

      373.400
±6.000

       92.600
±3.000

 (c) 

U2O2Cl5(cr)    –2037.306
±4.891

 (a)    –2197.400
±4.200

      326.300
±8.400

      219.400
±5.000

 (c) 

(UO2)2Cl3(cr)    –2234.755
±2.931

 (a)    –2404.500
±1.700

      276.000
±8.000

      203.600
±5.000

 (c) 

UO2ClO3
+     –963.308

±2.239
 (b)    –1126.900

±1.828
 (b)       60.592

±4.562
 (b)   

U5O12Cl(cr)    –5517.951
±12.412

 (a)    –5854.400
±8.600

      465.000
±30.000

   

UO2Cl2. H2O(cr)    –1405.003
±3.269

 (a)    –1559.800
±2.100

      192.500
±8.400

   

UO2ClOH. 2 H2O(cr)    –1782.219
±4.507

 (a)    –2010.400
±1.700

      236.000
±14.000

   

UO2Cl2. 3 H2O(cr)    –1894.616
±3.028

 (a)    –2164.800
±1.700

      272.000
±8.400

   

UCl3F(cr)    –1146.573
±5.155

 (a)    –1243.000
±5.000

      162.800
±4.200

      118.800
±4.200

 

UCl2F2(cr)    –1375.967
±5.592

 (a)    –1466.000
±5.000

      174.100
±8.400

      119.700
±4.200

 

UClF3(cr)    –1606.360
±5.155

 (a)    –1690.000
±5.000

      185.400
±4.200

      120.900
±4.200

 

UBr(g)      199.623
±15.027

 (a)      245.000
±15.000

      278.500
±3.000

       44.500
±3.000

 (c) 

UBr3+     –642.044
±2.109

 (b)       

UBr2(g)      –86.896
±15.294

 (a)      –40.000
±15.000

      359.700
±10.000

       61.400
±5.000

 (c) 

UBr3(cr)     –673.198
±4.205

 (a)     –698.700
±4.200

      192.980
±0.500

      105.830
±0.500

 (c) 

UBr3(g)     –408.115
±20.494

 (a)     –371.000
±20.000

      403.000
±15.000

       85.200
±5.000

 (c) 

UBr4(cr)     –767.479
±3.544

 (a)     –802.100
±2.500

      238.500
±8.400

      128.000
±4.200

 (c) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UBr4(g)     –634.604
±4.951

 (a)     –605.600
±4.717

 (b)      451.900
±5.000

      106.900
±3.000

 (c) 

UBr5(cr)     –769.308
±9.205

 (a)     –810.400
±8.400

      292.900
±12.600

      160.700
±8.000

 (c) 

UBr5(g)     –668.212
±15.295

 (a)     –647.945
±15.000

 (b)      498.700
±10.000

      129.000
±5.000

 (c) 

UOBr2(cr)     –929.648
±8.401

 (a)     –973.600
±8.400

      157.570
±0.290

       98.000
±0.400

 (c) 

UOBr3(cr)     –901.498
±21.334

 (a)     –954.000
±21.000

      205.000
±12.600

      120.900
±4.200

 (c) 

UO2Br+    –1057.657
±1.759

 (b)       

UO2Br2(cr)    –1066.422
±1.808

 (a)    –1137.400
±1.300

      169.500
±4.200

      116.000
±8.000

 (c) 

UO2BrO3
+     –937.077

±1.914
 (b)    –1085.600

±1.609
 (b)       75.697

±3.748
 (b)   

UO2Br2. H2O(cr)    –1328.644
±2.515

 (a)    –1455.900
±1.400

      214.000
±7.000

   

UO2BrOH. 2 H2O(cr)    –1744.162
±4.372

 (a)    –1958.200
±1.300

      248.000
±14.000

   

UO2Br2. 3 H2O(cr)    –1818.486
±5.573

 (a)    –2058.000
±1.500

      304.000
±18.000

   

UBr2Cl(cr)     –714.389
±9.765

 (a)     –750.600
±8.400

      192.500
±16.700

   

UBr3Cl(cr)     –807.114
±9.766

 (a)     –852.300
±8.400

      238.500
±16.700

   

UBrCl2(cr)     –760.315
±9.765

 (a)     –812.100
±8.400

      175.700
±16.700

   

UBr2Cl2(cr)     –850.896
±9.765

 (a)     –907.900
±8.400

      234.300
±16.700

   

UBrCl3(cr)     –893.500
±9.202

 (a)     –967.300
±8.400

      213.400
±12.600

   

UI(g)      288.861
±25.045

 (a)      342.000
±25.000

      286.500
±5.000

       44.800
±5.000

 (c) 

UI3+     –588.719
±2.462

 (b)       
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UI2(g)       40.341
±25.177

 (a)      103.000
±25.000

      376.500
±10.000

       61.900
±5.000

 (c) 

UI3(cr)     –466.122
±4.892

 (a)     –466.900
±4.200

      221.800
±8.400

      112.100
±6.000

 (c) 

UI3(g)     –198.654
±25.178

 (a)     –137.000
±25.000

      431.200
±10.000

       86.000
±5.000

 (c) 

UI4(cr)     –512.671
±3.761

 (a)     –518.300
±2.800

      263.600
±8.400

      126.400
±4.200

 (c) 

UI4(g)     –369.585
±6.210

 (a)     –305.000
±5.731

 (b)      499.100
±8.000

      108.800
±4.000

 (c) 

UO2IO3
+    –1090.305

±1.917
 (b)    –1228.900

±1.819
 (b)       90.959

±4.718
 (b)   

UO2(IO3)2(aq)    –1225.718
±2.493

 (b)       

UO2(IO3)2(cr)    –1250.206
±2.410

 (b)    –1461.281
±3.609

 (a)      279.000
±9.000

   

UClI3(cr)     –615.789
±11.350

 (a)     –643.800
±10.000

      242.000
±18.000

   

UCl2I2(cr)     –723.356
±11.350

 (a)     –768.800
±10.000

      237.000
±18.000

   

UCl3I(cr)     –829.877
±8.766

 (a)     –898.300
±8.400

      213.400
±8.400

   

UBrI3(cr)       –589.600
±10.000

     

UBr2I2(cr)       –660.400
±10.000

     

UBr3I(cr)       –727.600
±8.400

     

US(cr)     –320.929
±12.600

 (a)     –322.200
±12.600

       77.990
±0.210

       50.540
±0.080

 (c) 

US1.90(cr)     –509.470
±20.900

 (a)     –509.900
±20.900

      109.660
±0.210

       73.970
±0.130

 (c) 

US2(cr)     –519.241
±8.001

 (a)     –520.400
±8.000

      110.420
±0.210

       74.640
±0.130

 (c) 

US3(cr)     –537.253
±12.600

 (a)     –539.600
±12.600

      138.490
±0.210

       95.600
±0.250

 (c) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

U2S3(cr)     –879.787
±67.002

 (a)     –879.000
±67.000

      199.200
±1.700

      133.700
±0.800

 (c) 

U2S5(cr)          243.000
±25.000

   

U3S5(cr)    –1425.076
±100.278

 (a)    –1431.000
±100.000

      291.000
±25.000

   

USO4
2+    –1311.423

±2.113
 (b)    –1492.540

±4.283
 (b)     –245.591

±15.906
 (b)   

UO2SO3(aq)    –1477.696
±5.563

 (b)       

UO2SO3(cr)    –1530.370
±12.727

 (a)    –1661.000
±12.600

      157.000
±6.000

   

UO2S2O3(aq)    –1487.824
±11.606

 (b)       

UO2SO4(aq)    –1714.535
±1.800

 (b)    –1908.840
±2.229

 (b)       46.010
±6.173

 (b)   

UO2SO4(cr)    –1685.775
±2.642

 (a)    –1845.140
±0.840

      163.200
±8.400

      145.000
±3.000

 (c) 

U(SO3)2(cr)    –1712.826
±21.171

 (a)    –1883.000
±21.000

      159.000
±9.000

   

U(SO4)2(aq)    –2077.860
±2.262

 (b)    –2377.180
±4.401

 (b)      –69.007
±16.158

 (b)   

U(SO4)2(cr)    –2084.521
±14.070

 (a)    –2309.600
±12.600

      180.000
±21.000

   

UO2(SO4)2
2–    –2464.190

±1.978
 (b)    –2802.580

±1.972
 (b)      135.786

±4.763
 (b)   

UO2(SO4)3
4–    –3201.801

±3.054
 (b)       

U(OH)2SO4(cr)    –1766.223
±3.385

 (b)       

UO2SO4. 2.5 H2O(cr)    –2298.475
±1.803

 (b)    –2607.000
±0.900

      246.053
±6.762

 (a)   

UO2SO4. 3 H2O(cr)    –2416.561
±1.811

 (b)    –2751.500
±4.600

      274.087
±16.582

 (a)   

UO2SO4. 3.5 H2O(cr)    –2535.595
±1.806

 (b)    –2901.600
±0.800

      286.520
±6.628

 (a)   
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

U(SO4)2. 4 H2O(cr)    –3033.310
±11.433

 (a)    –3483.200
±6.300

      359.000
±32.000

   

U(SO4)2. 8 H2O(cr)    –3987.898
±16.735

 (a)    –4662.600
±6.300

      538.000
±52.000

   

USe(cr)     –276.908
±14.600

 (a)     –275.700
±14.600

       96.520
±0.210

       54.810
±0.170

 (c) 

α–USe2     –427.072
±42.000

 (a)     –427.000
±42.000

      134.980
±0.250

       79.160
±0.170

 (c) 

β–USe2     –427.972
±42.179

 (a)     –427.000
±42.000

      138.000
±13.000

   

USe3(cr)     –451.997
±42.305

 (a)     –452.000
±42.000

      177.000
±17.000

   

U2Se3(cr)     –721.194
±75.002

 (a)     –711.000
±75.000

      261.400
±1.700

   

U3Se4(cr)     –988.760
±85.752

 (a)     –983.000
±85.000

      339.000
±38.000

   

U3Se5(cr)    –1130.611
±113.567

 (a)    –1130.000
±113.000

      364.000
±38.000

   

UO2SeO3(cr)      –1522.000
±2.300

     

UO2SeO4(cr)      –1539.300
±3.300

     

UOTe(cr)          111.700
±1.300

       80.600
±0.800

 

UTeO5(cr)      –1603.100
±2.800

     

UTe3O9(cr)      –2275.800
±8.000

     

UN(cr)     –265.082
±3.001

 (a)     –290.000
±3.000

       62.430
±0.220

       47.570
±0.400

 (c) 

β–UN1.466       –362.200
±2.300

     

α–UN1.59     –338.202
±5.201

 (a)     –379.200
±5.200

       65.020
±0.300

   

α–UN1.606       –381.400
±5.000
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

α–UN1.674       –390.800
±5.000

     

α–UN1.73     –353.753
±7.501

 (a)     –398.500
±7.500

       65.860
±0.300

   

UO2N3
+     –619.077

±2.705
 (b)       

UO2(N3)2(aq)     –280.867
±4.558

 (b)       

UO2(N3)3
 –       59.285

±6.374
 (b)       

UO2(N3)4
2–      412.166

±8.302
 (b)       

UNO3
3+     –649.045

±1.960
 (b)       

UO2NO3
+    –1065.057

±1.990
 (b)       

U(NO3)2
2+     –764.576

±2.793
 (b)       

UO2(NO3)2(cr)    –1106.094
±5.675

 (a)    –1351.000
±5.000

      241.000
±9.000

   

UO2(NO3)2. H2O(cr)    –1362.965
±10.524

 (a)    –1664.000
±10.000

      286.000
±11.000

   

UO2(NO3)2. 2 H2O(cr)    –1620.500
±2.000

    –1978.700
±1.700

      327.520
±8.806

 (a)      278.000
±4.000

 

UO2(NO3)2. 3 H2O(cr)    –1864.694
±1.965

 (a)    –2280.400
±1.700

      367.900
±3.300

      320.100
±1.700

 

UO2(NO3)2. 6 H2O(cr)    –2584.213
±1.615

 (a)    –3167.500
±1.500

      505.600
±2.000

      468.000
±2.500

 

UP(cr)     –265.921
±11.101

 (a)     –269.800
±11.100

       78.280
±0.420

       50.290
±0.500

 

UP2(cr)     –294.555
±15.031

 (a)     –304.000
±15.000

      100.700
±3.200

       78.800
±3.500

 

U3P4(cr)     –826.435
±26.014

 (a)     –843.000
±26.000

      259.400
±2.600

      176.900
±3.600

 

UPO5(cr)    –1924.713
±4.990

 (a)    –2064.000
±4.000

      137.000
±10.000

      124.000
±12.000

 (c) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UO2PO4
 –    –2053.559

±2.504
 (b)       

UP2O7(cr)    –2659.272
±5.369

 (a)    –2852.000
±4.000

      204.000
±12.000

      184.000
±18.000

 

(UO2)2P2O7(cr)    –3930.002
±6.861

 (a)    –4232.600
±2.800

      296.000
±21.000

      258.000
±26.000

 (c) 

(UO2)3(PO4)2(cr)    –5115.975
±5.452

 (a)    –5491.300
±3.500

      410.000
±14.000

      339.000
±17.000

 (c) 

UO2HPO4(aq)    –2089.862
±2.777

 (b)       

UO2H2PO4
+    –2108.311

±2.378
 (b)       

UO2H3PO4
2+    –2106.256

±2.504
 (b)       

UO2(H2PO4)2(aq)    –3254.938
±3.659

 (b)       

UO2(H2PO4)(H3PO4)+    –3260.703
±3.659

 (b)       

UO2HPO4. 4 H2O(cr)    –3064.749
±2.414

 (b)    –3469.968
±7.836

 (a)      346.000
±25.000

   

U(HPO4)2. 4 H2O(cr)    –3844.453
±3.717

 (b)    –4334.818
±8.598

 (a)      372.000
±26.000

      460.000
±50.000

 

(UO2)3(PO4)2. 4 H2O(cr)  –6138.968 
±6.355

 (b)    –6739.105
±9.136

 (a)      589.000
±22.000

   

(UO2)3(PO4)2. 6 H2O(cr)  –6613.025 
±13.392

 (a)    –7328.400
±10.700

      669.000
±27.000

   

UAs(cr)     –237.908
±8.024

 (a)     –234.300
±8.000

       97.400
±2.000

       57.900
±1.200

 

UAs2(cr)     –252.790
±13.005

 (a)     –252.000
±13.000

      123.050
±0.200

       79.960
±0.100

 

U3As4(cr)     –725.388
±18.016

 (a)     –720.000
±18.000

      309.070
±0.600

      187.530
±0.200

 

UAsO5(cr)            138.000
±14.000

 (c) 

UO2(AsO3)2(cr)    –1944.911
±12.006

 (a)    –2156.600
±8.000

      231.000
±30.000

      201.000
±20.000

 (c) 

                                (Continued on next page) 
 
 



3 Selected uranium data 

 

58 

Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

(UO2)2As2O7(cr)    –3130.254
±12.006

 (a)    –3426.000
±8.000

      307.000
±30.000

      273.000
±27.000

 (c) 

(UO2)3(AsO4)2(cr)    –4310.789
±12.007

 (a)    –4689.400
±8.000

      387.000
±30.000

      364.000
±36.000

 (c) 

UO2HAsO4(aq)    –1707.994
±4.717

 (b)       

UO2H2AsO4
+    –1726.260

±4.582
 (b)       

UO2(H2AsO4)2(aq)    –2486.326
±8.283

 (b)       

UAsS(cr)          114.500
±3.400

       80.900
±2.400

 

UAsSe(cr)          131.900
±4.000

       83.500
±2.500

 

UAsTe(cr)          139.900
±4.200

       81.300
±2.400

 

USb(cr)     –140.969
±7.711

 (a)     –138.500
±7.500

      104.000
±6.000

       75.000
±7.000

 

USb2(cr)     –173.666
±10.901

 (a)     –173.600
±10.900

      141.460
±0.130

       80.200
±0.100

 

U4Sb3(cr)          379.000
±20.000

   

U3Sb4(cr)     –457.004
±22.602

 (a)     –451.900
±22.600

      349.800
±0.400

      188.200
±0.200

 

UC(cr)      –98.900
±3.000

      –97.900
±4.000

       59.294
±16.772

 (a)       50.100
±1.000

 (c) 

α–UC1.94      –87.400
±2.100

      –85.324
±2.185

 (a)       68.300
±2.000

       60.800
±1.500

 (c) 

U2C3(cr)     –189.317
±10.002

 (a)     –183.300
±10.000

      137.800
±0.300

      107.400
±2.000

 (c) 

UO2CO3(aq)    –1537.188
±1.799

 (b)    –1689.230
±2.512

 (b)       58.870
±7.438

 (b)   

UO2CO3(cr)    –1564.701
±1.794

 (b)    –1691.302
±1.798

 (a)      144.200
±0.300

      120.100
±0.100

 

UO2(CO3)2
2–    –2103.161

±1.982
 (b)    –2350.960

±4.301
 (b)      181.846

±13.999
 (b)   

                                (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

UO2(CO3)3
4–    –2660.914

±2.116
 (b)    –3083.890

±4.430
 (b)       38.446

±14.411
 (b)   

UO2(CO3)3
5–    –2584.392

±2.943
 (b)       

U(CO3)4
4–    –2841.926

±5.958
 (b)       

U(CO3)5
6–    –3363.432

±5.772
 (b)    –3987.350

±5.334
 (b)      –83.051

±25.680
 (b)   

(UO2)3(CO3)6
6–    –6333.285

±8.096
 (b)    –7171.080

±5.316
 (b)      228.926

±23.416
 (b)   

(UO2)2CO3(OH)3
 –    –3139.526

±4.517
 (b)       

(UO2)3O(OH)2(HCO3)+    –4100.695
±5.973

 (b)       

(UO2)11(CO3)6(OH)12
2–   –16698.986

±22.383
 (b)       

UO2CO3F –    –1840.459
±1.987

 (b)       

UO2CO3F2
2–    –2132.371

±2.400
 (b)       

UO2CO3F3
3–    –2418.518

±2.813
 (b)       

USCN3+     –454.113
±4.385

 (b)     –541.800
±9.534

 (b)     –306.326
±35.198

 (b)   

U(SCN)2
2+     –368.776

±8.257
 (b)     –456.400

±9.534
 (b)     –107.174

±42.302
 (b)   

UO2SCN+     –867.842
±4.558

 (b)     –939.380
±4.272

 (b)       83.671
±19.708

 (b)   

UO2(SCN)2(aq)     –774.229
±8.770

 (b)     –857.300
±8.161

 (b)      243.927
±39.546

 (b)   

UO2(SCN)3
 –     –686.438

±12.458
 (b)     –783.800

±12.153
 (b)      394.934

±57.938
 (b)   

USiO4(cr)    –1883.600
±4.000

    –1991.326
±5.367

 (a)      118.000
±12.000

   

UO2SiO(OH)3
+    –2249.783

±2.172
 (b)       

                                (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Tl2U4O11(cr)            360.200
±20.000

 (c) 

Zn0.12UO2.95(cr)   –1938.070
±1.060

   

(UO2)2(PuO2)(CO3)6
6–    –6140.119

±9.582
 (b)       

(UO2)2(NpO2)(CO3)6
6–    –6176.973

±16.977
 (b)       

Be13U(cr)     –165.508
±17.530

 (a)     –163.600
±17.500

      180.100
±3.300

      242.300
±4.200

 

α–Mg0.17UO2.95      –1291.440
±0.990

     

MgUO4(cr)    –1749.601
±1.502

 (a)    –1857.300
±1.500

      131.950
±0.170

      128.100
±0.300

 

MgU3O10(cr)          338.600
±1.000

      305.600
±5.000

 

β–CaUO4            124.700
±2.700

 

CaUO4(cr)    –1888.706
±2.421

 (a)    –2002.300
±2.300

      121.100
±2.500

      123.800
±2.500

 

Ca3UO6(cr)      –3305.400
±4.100

     

CaU6O19. 11 H2O(cr)   –10305.460
±13.964

 (b)       

SrUO3(cr)      –1672.600
±8.600

     

α–SrUO4    –1881.355
±2.802

 (a)    –1989.600
±2.800

      153.150
±0.170

      130.620
±0.200

 

β–SrUO4      –1988.400
±5.400

     

Sr2UO4.5(cr)      –2494.000
±2.800

     

Sr2UO5(cr)      –2632.900
±1.900

     

Sr3UO6(cr)      –3263.500
±3.000

     

Sr3U2O9(cr)      –4620.000
±8.000

        301.800
±3.000

 (c) 

                                        (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Sr2U3O11(cr)      –5243.700
±5.000

     

SrU4O13(cr)      –5920.000
±20.000

     

Sr5U3O14(cr)      –7248.600
±7.500

     

Sr3U11O36(cr)     –15903.800
±16.500

       1064.200
±10.600

 (c) 

BaUO3(cr)      –1690.000
±10.000

     

BaUO4(cr)    –1883.805
±3.393

 (a)    –1993.800
±3.300

      154.000
±2.500

      125.300
±2.500

 

Ba3UO6(cr)    –3044.951
±9.196

 (a)    –3210.400
±8.000

      298.000
±15.000

   

BaU2O7(cr)    –3052.093
±6.714

 (a)    –3237.200
±5.000

      260.000
±15.000

   

Ba2U2O7(cr)    –3547.015
±7.743

 (a)    –3740.000
±6.300

      296.000
±15.000

   

Ba2MgUO6(cr)      –3245.900
±6.500

     

Ba2CaUO6(cr)      –3295.800
±5.900

     

Ba2SrUO6(cr)      –3257.300
±5.700

     

Li0.12UO2.95(cr)      –1254.970
±1.225

 (b)     

γ–Li0.55UO3      –1394.535
±2.779

 (b)     

δ–Li0.69UO3      –1434.525
±2.367

 (b)     

LiUO3(cr)      –1522.300
±1.800

     

Li2UO4(cr)    –1853.190
±2.215

 (a)    –1968.200
±1.300

      133.000
±6.000

   

Li4UO5(cr)      –2639.400
±1.700

     

                                                (Continued on next page) 
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Li2U2O7(cr)      –3213.600
±5.300

     

Li0.19U3O8(cr)      –3632.955
±3.113

 (b)     

Li0.88U3O8(cr)      –3837.090
±3.748

 (b)     

Li2U3O10(cr)      –4437.400
±4.100

     

Na0.12UO2.95(cr)      –1247.372
±1.877

 (b)     

α–Na0.14UO3      –1267.234
±1.804

 (b)     

δ–Na0.54UO3      –1376.954
±5.482

 (b)     

NaUO3(cr)    –1412.495
±10.001

 (a)    –1494.900
±10.000

      132.840
±0.400

      108.870
±0.400

 (c) 

α–Na2UO4    –1779.303
±3.506

 (a)    –1897.700
±3.500

      166.000
±0.500

      146.700
±0.500

 (c) 

β–Na2UO4      –1884.600
±3.600

     

Na3UO4(cr)    –1899.909
±8.003

 (a)    –2024.000
±8.000

      198.200
±0.400

      173.000
±0.400

 (c) 

Na4UO5(cr)      –2457.000
±2.200

     

Na2U2O7(cr)    –3011.454
±4.015

 (a)    –3203.800
±4.000

      275.900
±1.000

      227.300
±1.000

 (c) 

Na0.20U3O8(cr)      –3626.450
±3.252

 (b)     

Na6U7O24(cr)     –10841.700
±10.000

     

Na4UO2(CO3)3(cr)    –3737.836
±2.342

 (b)       

KUO3(cr)      –1522.900
±1.700

        137.000
±10.000

 (c) 

K2UO4(cr)    –1798.499
±3.248

 (a)    –1920.700
±2.200

      180.000
±8.000
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Table 3–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

K2U2O7(cr)      –3250.500
±4.500

        229.000
±20.000

 (c) 

K2U4O13(cr)            425.000
±50.000

 (c) 

K2U6O19. 11 H2O(cr)   –10337.081
±10.956

 (b)       

RbUO3(cr)      –1520.900
±1.800

     

Rb2UO4(cr)    –1800.141
±3.250

 (a)    –1922.700
±2.200

      203.000
±8.000

   

Rb2U2O7(cr)      –3232.000
±4.300

     

Rb2U4O11(cr)            365.600
±25.000

 (c) 

Rb2U4O13(cr)            420.000
±50.000

 (c) 

Rb2U(SO4)3(cr)            348.000
±30.000

 (c) 

Cs2UO4(cr)    –1805.370
±1.232

 (a)    –1928.000
±1.200

      219.660
±0.440

      152.760
±0.310

 (c) 

Cs2U2O7(cr)    –3022.881
±10.005

 (a)    –3220.000
±10.000

      327.750
±0.660

      231.200
±0.500

 (c) 

Cs2U4O12(cr)    –5251.058
±3.628

 (a)    –5571.800
±3.600

      526.400
±1.000

      384.000
±1.000

 (c) 

Cs4U5O17(cr)            750.000
±50.000

 (c) 

(a) Value calculated internally with the Gibbs–Helmholtz equation, f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
(b) Value calculated internally from reaction data (see Table 3–2). 
(c) Temperature coefficients of this function are listed in Table 3–3. 
(d) Stable phase of UO2.25 (≡ U4O9) above 348 K. The thermodynamic parameters, however, refer  

to 298.15 K. 
(e) Stable phase of UO2.25 (≡ U4O9) below 348 K. 
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Table 3–2: Selected thermodynamic data for reactions involving uranium 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 III. 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  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

U3+  U4+ + e –    U3+ 
       –9.353

±0.070
 (b)       53.387

±0.400
      102.100

±1.700
      163.383

±5.857
 (a) 

U4+   4H+ + UO2
2+ + 2 e –   2H2O(l) + U4+ 

        9.038
±0.041

      –51.589
±0.234

     

UO2(am, hyd)  U4+ + 4OH –   2H2O(l) + UO2(am, hyd) 

        54.500
±1.000

      –311.088
±5.708

     

UO2
+  UO2

2+ + e –    UO2
+ 

        1.484
±0.022

 (b)       –8.471
±0.126

     

α–UO2.95   0.15UO2.6667(cr) + 0.85 γ–UO3    α–UO2.95 

           7.690
±0.770

   

UOH3+  H2O(l) + U4+    H+ + UOH3+ 

       –0.540
±0.060

        3.082
±0.342

       46.910
±8.951

 (a)      147.000
±30.000

 

UO2OH+  H2O(l) + UO2
2+    H+ + UO2OH+ 

       –5.250
±0.240

       29.967
±1.370

     

δ–UO3H0.83   0.415H2(g) + δ–UO3    δ–UO3H0.83 

          –71.410
±2.480

   

                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2(OH)2(aq)   2H2O(l) + UO2
2+   2H+ + UO2(OH)2(aq) 

      –12.150
±0.070

       69.353
±0.400

     

U(OH)4(aq)   4OH – + U4+    U(OH)4(aq) 

       46.000
±1.400

     –262.570
±7.991

     

UO2(OH)3
 –   3H2O(l) + UO2

2+   3H+ + UO2(OH)3
 – 

      –20.250
±0.420

      115.588
±2.397

     

UO2(OH)4
2–   4H2O(l) + UO2

2+   4H+ + UO2(OH)4
2– 

      –32.400
±0.680

      184.941
±3.881

     

(UO2)2OH3+  H2O(l) + 2UO2
2+    (UO2)2OH3+ + H+ 

       –2.700
±1.000

       15.412
±5.708

     

(UO2)2(OH)2
2+   2H2O(l) + 2UO2

2+    (UO2)2(OH)2
2+ + 2H+ 

       –5.620
±0.040

       32.079
±0.228

     

(UO2)3(OH)4
2+   4H2O(l) + 3UO2

2+    (UO2)3(OH)4
2+ + 4H+ 

      –11.900
±0.300

       67.926
±1.712

     

(UO2)3(OH)5
+   5H2O(l) + 3UO2

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

      –15.550
±0.120

       88.760
±0.685

     

(UO2)3(OH)7
 –   7H2O(l) + 3UO2

2+    (UO2)3(OH)7
 – + 7H+ 

      –32.200
±0.800

      183.799
±4.566

     

(UO2)4(OH)7
+   7H2O(l) + 4UO2

2+    (UO2)4(OH)7
+ + 7H+ 

      –21.900
±1.000

      125.010
±5.708

     

UF3+  F – + U4+    UF3+ 

        9.420
±0.510

      –53.770
±2.911

       –5.600
±0.500

      161.562
±9.907

 (a) 

                                (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UF2
2+   2F – + U4+    UF2

2+ 

       16.560
±0.710

      –94.525
±4.053

       –3.500
±0.600

      305.300
±13.741

 (a) 

UF3
+   3F – + U4+    UF3

+ 

       21.890
±0.830

     –124.949
±4.738

       0.500
±4.000

      420.758
±20.796

 (a) 

UF4(aq)   4F – + U4+    UF4(aq) 

       26.340
±0.960

     –150.350
±5.480

       –8.430
±7.464

 (a)      476.000
±17.000

 

UF4(g)  UF4(cr)    UF4(g) 

          309.000
±5.000

   

UF5
 –   5F – + U4+    UF5

 – 

       27.730
±0.740

     –158.284
±4.224

     

UF6(g)  UF6(cr)    UF6(g) 

           49.100
±0.500

   

UF6
2–   6F – + U4+    UF6

2– 

       29.800
±0.700

     –170.100
±3.996

     

U2F10(g)   2UF5(g)    U2F10(g) 

         –167.200
±4.700

   

UO2F+  F – + UO2
2+    UO2F+ 

        5.160
±0.060

      –29.453
±0.342

       1.700
±0.080

      104.489
±1.180

 (a) 

UO2F2(aq)   2F – + UO2
2+    UO2F2(aq) 

        8.830
±0.080

      –50.402
±0.457

        2.100
±0.190

      176.093
±1.659

 (a) 

UO2F2(g)  UO2F2(cr)    UO2F2(g) 

          301.000
±10.000

   

                                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2F3
 –   3F – + UO2

2+    UO2F3
 – 

       10.900
±0.100

      –62.218
±0.571

       2.350
±0.310

      216.561
±2.179

 (a) 

UO2F4
2–   4F – + UO2

2+    UO2F4
2– 

       11.840
±0.110

      –67.583
±0.628

       0.290
±0.470

      227.648
±2.631

 (a) 

U2O3F6(cr)   3UOF4(cr)    U2O3F6(cr) + UF6(g) 

          46.000
±6.000

   

U3O5F8(cr)   0.5UF6(g) + 2.5UO2F2(cr)    U3O5F8(cr) 

           15.100
±2.000

(d)   

H3OUF6(cr)   6HF(g) + UF4(cr) + UO2F2(cr)   2H3OUF6(cr) 

          –75.300
±1.700

   

UF4. 2.5H2O(cr)   2.5H2O(l) + UF4(cr)    UF4. 2.5H2O(cr) 
          –42.700

±0.800
   

UO2FOH. 2H2O(cr)  H2O(g) + UO2FOH. H2O(cr)    UO2FOH. 2H2O(cr) 
        1.883

±0.666
 (c)      –10.750

±3.800
      –53.684

±4.200
 (a)     –144.000

±6.000
 

UO2F2. 3H2O(cr)   3H2O(l) + UO2F2(cr)    UO2F2. 3H2O(cr) 
          –23.400

±4.200
   

UCl3+  Cl – + U4+    UCl3+ 

        1.720
±0.130

       –9.818
±0.742

      –19.000
±9.000

      –30.797
±30.289

 (a) 

UCl4(g)  UCl4(cr)    UCl4(g) 

          203.400
±4.000

   

UCl6(g)  UCl6(cr)    UCl6(g) 

           81.000
±4.000

   

                                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

U2Cl10(g)  Cl2(g) + 2UCl4(cr)    U2Cl10(g) 

           72.300
±8.900

   

UO2Cl+  Cl – + UO2
2+    UO2Cl+ 

        0.170
±0.020

       –0.970
±0.114

       8.000
±2.000

       30.087
±6.719

 (a) 

UO2Cl2(aq)   2Cl – + UO2
2+    UO2Cl2(aq) 

       –1.100
±0.400

        6.279
±2.283

       15.000
±6.000

       29.251
±21.532

 (a) 

UO2ClO3
+  ClO3

 – + UO2
2+    UO2ClO3

+ 

        0.500
±0.070

       –2.854
±0.400

       –3.900
±0.300

       –3.508
±1.676

 (a) 

UBr3+  Br – + U4+    UBr3+ 

        1.460
±0.200

       –8.334
±1.142

     

UBr4(g)  UBr4(cr)    UBr4(g) 

          196.500
±4.000

   

UBr5(g)   0.5Br2(g) + UBr4(g)    UBr5(g) 

          –57.800
±2.700

   

UO2Br+  Br – + UO2
2+    UO2Br+ 

        0.220
±0.020

       –1.256
±0.114

     

UO2BrO3
+  BrO3

 – + UO2
2+    UO2BrO3

+ 

        0.630
±0.080

       –3.596
±0.457

       0.100
±0.300

       12.397
±1.833

 (a) 

UI3+  I – + U4+    UI3+ 

        1.250
±0.300

       –7.135
±1.712

     

UI4(g)  UI4(cr)    UI4(g) 

          213.300
±5.000

   

                                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2IO3
+  IO3

 – + UO2
2+    UO2IO3

+ 

        2.000
±0.020

      –11.416
±0.114

       9.800
±0.900

       71.159
±3.043

 (a) 

UO2(IO3)2(aq)   2IO3
 – + UO2

2+    UO2(IO3)2(aq) 

        3.590
±0.150

      –20.492
±0.856

     

UO2(IO3)2(cr)   2IO3
 – + UO2

2+    UO2(IO3)2(cr) 

        7.880
±0.100

      –44.979
±0.571

     

USO4
2+  SO4

2– + U4+    USO4
2+ 

        6.580
±0.190

      –37.559
±1.085

       8.000
±2.700

      152.805
±9.759

 (a) 

UO2SO3(aq)  SO3
2– + UO2

2+    UO2SO3(aq) 

        6.600
±0.600

      –37.673
±3.425

     

UO2S2O3(aq)  S2O3
2– + UO2

2+    UO2S2O3(aq) 

        2.800
±0.300

      –15.983
±1.712

     

UO2SO4(aq)  SO4
2– + UO2

2+    UO2SO4(aq) 

        3.150
±0.020

      –17.980
±0.114

       19.500
±1.600

      125.710
±5.380

 (a) 

U(SO4)2(aq)   2SO4
2– + U4+    U(SO4)2(aq) 

       10.510
±0.200

      –59.992
±1.142

       32.700
±2.800

      310.889
±10.142

 (a) 

UO2(SO4)2
2–   2SO4

2– + UO2
2+    UO2(SO4)2

2– 

        4.140
±0.070

      –23.631
±0.400

       35.100
±1.000

      196.986
±3.612

 (a) 

UO2(SO4)3
4–   3SO4

2– + UO2
2+    UO2(SO4)3

4– 

        3.020
±0.380

      –17.238
±2.169

     

U(OH)2SO4(cr)   2OH – + SO4
2– + U4+    U(OH)2SO4(cr) 

       31.170
±0.500

     –177.920
±2.854

     

                                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2SO4. 2.5H2O(cr)   2.5H2O(l) + SO4
2– + UO2

2+    UO2SO4. 2.5H2O(cr) 
        1.589

±0.019
 (c)       –9.070

±0.110
     

UO2SO4. 3H2O(cr)  UO2SO4. 3.5H2O(cr)   0.5H2O(g) + UO2SO43H2O(cr) 
       –0.831

±0.023
        4.743

±0.131
     

UO2SO4. 3.5H2O(cr)   3.5H2O(l) + SO4
2– + UO2

2+    UO2SO4. 3.5H2O(cr) 
        1.585

±0.019
 (c)       –9.050

±0.110
     

UO2N3
+  N3

 – + UO2
2+    UO2N3

+ 

        2.580
±0.090

      –14.727
±0.514

     

UO2(N3)2(aq)   2N3
 – + UO2

2+    UO2(N3)2(aq) 

        4.330
±0.230

      –24.716
±1.313

     

UO2(N3)3
 –   3N3

 – + UO2
2+    UO2(N3)3

 – 

        5.740
±0.220

      –32.764
±1.256

     

UO2(N3)4
2–   4N3

 – + UO2
2+    UO2(N3)4

2– 

        4.920
±0.240

      –28.084
±1.370

     

UNO3
3+  NO3

 – + U4+    UNO3
3+ 

        1.470
±0.130

       –8.391
±0.742

     

UO2NO3
+  NO3

 – + UO2
2+    UO2NO3

+ 

        0.300
±0.150

       –1.712
±0.856

     

U(NO3)2
2+   2NO3

 – + U4+    U(NO3)2
2+ 

        2.300
±0.350

      –13.128
±1.998

     

UO2PO4
 –  PO4

3– + UO2
2+    UO2PO4

 – 

       13.230
±0.150

      –75.517
±0.856

     

                                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2HPO4(aq)  HPO4
2– + UO2

2+    UO2HPO4(aq) 

        7.240
±0.260

      –41.326
±1.484

     

UO2H2PO4
+  H3PO4(aq) + UO2

2+    H+ + UO2H2PO4
+ 

        1.120
±0.060

       –6.393
±0.342

     

UO2H3PO4
2+  H3PO4(aq) + UO2

2+    UO2H3PO4
2+ 

        0.760
±0.150

       –4.338
±0.856

     

UO2(H2PO4)2(aq)   2H3PO4(aq) + UO2
2+   2H+ + UO2(H2PO4)2(aq) 

        0.640
±0.110

       –3.653
±0.628

     

UO2(H2PO4)(H3PO4)+   2H3PO4(aq) + UO2
2+    H+ + UO2(H2PO4)(H3PO4)+ 

        1.650
±0.110

       –9.418
±0.628

     

UO2HPO4. 4H2O(cr)   4H2O(l) + H3PO4(aq) + UO2
2+   2H+ + UO2HPO4. 4H2O(cr) 

        2.500
±0.090

      –14.270
±0.514

     

U(HPO4)2. 4H2O(cr)   4H2O(l) + 2H3PO4(aq) + U4+   4H+ + U(HPO4)2. 4H2O(cr) 
       11.790

±0.150
      –67.298

±0.856
     

(UO2)3(PO4)2. 4H2O(cr)   4H2O(l) + 2H3PO4(aq) + 3UO2
2+    (UO2)3(PO4)2. 4H2O(cr) + 6H+ 

        5.960
±0.300

      –34.020
±1.712

     

UO2HAsO4(aq)  AsO4
3– + H+ + UO2

2+    UO2HAsO4(aq) 

       18.760
±0.310

     –107.083
±1.769

     

UO2H2AsO4
+  AsO4

3– + 2H+ + UO2
2+    UO2H2AsO4

+ 

       21.960
±0.240

     –125.349
±1.370

     

UO2(H2AsO4)2(aq)   2AsO4
3– + 4H+ + UO2

2+    UO2(H2AsO4)2(aq) 

       41.530
±0.200

     –237.055
±1.142

     

                                        (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2CO3(aq)  CO3
2– + UO2

2+    UO2CO3(aq) 

        9.940
±0.030

      –56.738
±0.171

       5.000
±2.000

      207.070
±6.733

 (a) 

UO2CO3(cr)  CO3
2– + UO2

2+    UO2CO3(cr) 

       14.760
±0.020

      –84.251
±0.114

     

UO2(CO3)2
2–   2CO3

2– + UO2
2+    UO2(CO3)2

2– 

       16.610
±0.090

      –94.811
±0.514

       18.500
±4.000

      380.046
±13.526

 (a) 

UO2(CO3)3
4–   3CO3

2– + UO2
2+    UO2(CO3)3

4– 

       21.840
±0.040

     –124.664
±0.228

      –39.200
±4.100

      286.646
±13.773

 (a) 

UO2(CO3)3
5–   3CO3

2– + UO2
+    UO2(CO3)3

5– 

        6.950
±0.360

      –39.671
±2.055

     

U(CO3)4
4–  U(CO3)5

6–    CO3
2– + U(CO3)4

4– 

        1.120
±0.250

       –6.393
±1.427

     

U(CO3)5
6–   5CO3

2– + U4+    U(CO3)5
6– 

       34.000
±0.900

     –194.073
±5.137

      –20.000
±4.000

      583.845
±21.838

 (a) 

(UO2)3(CO3)6
6–   6CO3

2– + 3UO2
2+    (UO2)3(CO3)6

6– 

       54.000
±1.000

     –308.234
±5.708

      –62.700
±2.400

      823.526
±20.768

 (a) 

(UO2)2CO3(OH)3
 –  CO2(g) + 4H2O(l) + 2UO2

2+    (UO2)2CO3(OH)3
 – + 5H+ 

      –19.010
±0.500

      108.510
±2.854

     

(UO2)3O(OH)2(HCO3)+  CO2(g) + 4H2O(l) + 3UO2
2+    (UO2)3O(OH)2(HCO3)+ + 5H+ 

      –17.500
±0.500

       99.891
±2.854

     

(UO2)11(CO3)6(OH)12
2–   6CO2(g) + 18H2O(l) + 11UO2

2+    (UO2)11(CO3)6(OH)12
2– + 24H+ 

      –72.500
±2.000

      413.833
±11.416
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

UO2CO3F –  CO3
2– + F – + UO2

2+    UO2CO3F – 

       13.750
±0.090

      –78.486
±0.514

     

UO2CO3F2
2–  CO3

2– + 2F – + UO2
2+    UO2CO3F2

2– 

       15.570
±0.140

      –88.874
±0.799

     

UO2CO3F3
3–  CO3

2– + 3F – + UO2
2+    UO2CO3F3

3– 

       16.380
±0.110

      –93.498
±0.628

     

USCN3+  SCN – + U4+    USCN3+ 

        2.970
±0.060

      –16.953
±0.342

      –27.000
±8.000

      –33.698
±26.857

 (a) 

U(SCN)2
2+   2SCN – + U4+    U(SCN)2

2+ 

        4.260
±0.180

      –24.316
±1.027

      –18.000
±4.000

       21.185
±13.852

 (a) 

UO2SCN+  SCN – + UO2
2+    UO2SCN+ 

        1.400
±0.230

       –7.991
±1.313

       3.220
±0.060

       37.603
±4.408

 (a) 

UO2(SCN)2(aq)   2SCN – + UO2
2+    UO2(SCN)2(aq) 

        1.240
±0.550

       –7.078
±3.139

       8.900
±0.600

       53.590
±10.720

 (a) 

UO2(SCN)3
 –   3SCN – + UO2

2+    UO2(SCN)3
 – 

        2.100
±0.500

      –11.987
±2.854

       6.000
±1.200

       60.328
±10.384

 (a) 

UO2SiO(OH)3
+  Si(OH)4(aq) + UO2

2+    H+ + UO2SiO(OH)3
+ 

       –1.840
±0.100

       10.503
±0.571

     

(UO2)2(PuO2)(CO3)6
6–  PuO2(CO3)3

4– + 2UO2(CO3)3
4–    (UO2)2(PuO2)(CO3)6

6– + 3CO3
2– 

       –8.200
±1.300

       46.806
±7.420

     

(UO2)2(NpO2)(CO3)6
6–  NpO2(CO3)3

4– + 2UO2(CO3)3
4–    (UO2)2(NpO2)(CO3)6

6– + 3CO3
2– 

       –8.998
±2.690

       51.364
±15.355

     

                                (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

CaU6O19. 11H2O(cr)  Ca2+ + 18H2O(l) + 6UO2
2+    CaU6O19. 11H2O(cr) + 14H+ 

      –40.500
±1.600

      231.176
±9.133

     

Li0.12UO2.95(cr)   0.12LiUO3(cr) + 0.15UO2.6667(cr) + 0.73 γ–UO3    Li0.12UO2.95(cr) 

           –0.180
±0.820

   

γ–Li0.55UO3   0.55LiUO3(cr) + 0.45 γ–UO3    γ–Li0.55UO3 

           –6.560
±2.540

   

δ–Li0.69UO3   0.69LiUO3(cr) + 0.31 γ–UO3    δ–Li0.69UO3 

           –4.760
±1.980

   

Li0.19U3O8(cr)   0.19LiUO3(cr) + 3UO2.6667(cr)    Li0.19U3O8(cr) + 0.19 γ–UO3 

           –1.440
±1.940

   

Li0.88U3O8(cr)   0.88LiUO3(cr) + 3UO2.6667(cr)    Li0.88U3O8(cr) + 0.88 γ–UO3 

           0.390
±2.160

   

Na0.12UO2.95(cr)   0.12NaUO3(cr) + 0.15UO2.6667(cr) + 0.73 γ–UO3    Na0.12UO2.95(cr) 

           4.130
±1.140

   

α–Na0.14UO3   0.14NaUO3(cr) + 0.86 γ–UO3    α–Na0.14UO3 

           –5.480
±0.480

   

δ–Na0.54UO3   0.54NaUO3(cr) + 0.46 γ–UO3    δ–Na0.54UO3 

           –6.760
±0.770

   

Na0.2U3O8(cr)   0.2NaUO3(cr) + 3UO2.6667(cr)    Na0.2U3O8(cr) + 0.2 γ–UO3 

           2.570
±0.870

   

                                (Continued on next page) 
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Table 3–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

Na4UO2(CO3)3(cr)   4Na+ + UO2(CO3)3
4–    Na4UO2(CO3)3(cr) 

        5.340
±0.160

      –30.481
±0.913

     

K2U6O19. 11H2O(cr)   18H2O(l) + 2K+ + 6UO2
2+   14H+ + K2U6O19. 11H2O(cr) 

      –37.100
±0.540

      211.768
±3.082

     

(a) Value calculated internally with the Gibbs–Helmholtz 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∆ . 

(d) For the reaction 0.5UF6(g) + 2.5 UO2F2(cr) U3O5F8(cr), a heat capacity of  

r ,mpCο∆ (298.15 K) = – (18.7 ± 4.0) J·K–1·mol–1 is selected. 
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Table 3–3: Selected temperature coefficients for heat capacities marked with (c) in Table 
3–1, according to the form 2 2

,m ( )pC T a bT cT eT −= + + + . The functions are valid be-
tween the temperatures Tmin and Tmax (in K). The notation E±nn indicates the power of 
10. ,mpC  units are J · K–1 · mol–1.  
Compound  a    b   c   e  T min T max  
U(cr) 2.69200E+01 –2.50200E–03 2.65560E–05 –7.69860E+04  298  941
U(g) 3.25160E+01 –2.25394E–02 1.46050E–05 –3.02280E+05  298  900
UO(g) 3.00540E+01 5.28803E–02 –4.22663E–05 –2.21060E+05  298  500
UO2(cr) 6.27740E+01 3.17400E–02 0 –7.69300E+05  250  600
UO2(g) 5.78390E+01 9.01050E–03 –9.36370E–07 –7.83110E+04  298 1000
UO2

2+
  (a)   283  328

β–UO2.25 7.90890E+01 1.36500E–02 0 –1.03800E+06  348  600
UO2.25(cr) 1.48760E+03 –6.97370E+00 9.73600E–03 –1.78600E+07  250  348
α–UO2.3333 6.41490E+01 4.91400E–02 0 –6.72000E+05  237  347
β–UO2.3333 6.43380E+01 4.97900E–02 0 –6.55000E+05  232  346
UO2.6667(cr) 8.72760E+01 2.21600E–02 0 –1.24400E+06  233  600
β–UO3 8.61700E+01 2.49840E–02 0 –1.09150E+06  298  678
γ–UO3 8.81030E+01 1.66400E–02 0 –1.01280E+06  298  850
UO3(g) 6.44290E+01 3.17330E–02 –1.51980E–05 –7.14580E+05  298 1000
β–UO2(OH)2 4.18000E+01 2.00000E–01 0 3.53000E+06  298  473
UO3. 2 H2O(cr) 8.42380E+01 2.94590E–01 0 0  298  400
UF(g) 3.68030E+01 3.76720E–02 –3.33230E–05 –6.33380E+05  298  500
UF2(g) 4.30910E+01 4.23483E–02 –1.97810E–05 1.96710E+05  298  900
UF3(cr) 1.06539E+02 7.05000E–04 0 –1.03550E+06  298 1768
UF3(g) 8.13270E+01 –4.30000E–06 2.42700E–06 –4.76300E+05  298 1800
UF4(cr) 1.38865E+02 –3.20680E–02 2.79880E–05 –1.40200E+06  298 1309
UF4(g) 1.03826E+02 9.54900E–03 –1.45100E–06 –1.02132E+06  298 3000
α–UF5 1.25159E+02 3.02080E–02 0 –1.92500E+05  298 1000
β–UF5 1.25159E+02 3.02080E–02 0 –1.92500E+05  298 1000
UF5(g) 1.16738E+02 3.13041E–02 –1.25380E–05 –1.27300E+06  298 1100
UF6(cr) 5.23180E+01 3.83798E–01 0 0  298  337
UF6(g) 1.37373E+02 3.96050E–02 –2.17880E–05 –1.58687E+06  298  700
U2F9(cr) 2.35978E+02 5.99149E–02 0 –2.17568E+05  298  600
U4F17(cr) 4.53546E+02 1.18491E–01 0 –2.67776E+05  298  600
UOF4(g) 1.16407E+02 2.85419E–02 –1.38740E–05 –1.38364E+06  298  900
UO2F2(cr) 1.06238E+02 2.83260E–02 0 –1.02080E+06  298 2000
UO2F2(g) 8.85810E+01 3.46640E–02 –1.76390E–05 –9.74480E+05  298  800
UCl(g) 6.30000E+01 –4.14373E–02 2.89720E–05 –8.93400E+05  298  700
UCl2(g) 5.78070E+01 3.46400E–04 2.38800E–06 1.58480E+05  298 1100
UCl3(cr) 1.06967E+02 –2.08595E–02 3.63890E–05 –1.29994E+05  298 1115
UCl3(g) 8.40180E+01 –3.47320E–03 3.61300E–06 –7.98900E+04  298 1700
UCl4(cr) 1.16320E+02 3.10837E–02 0 –3.40402E+05  298  863
UCl4(g) 1.10634E+02 3.23750E–03 –3.12000E–07 –7.15600E+05  298 3000
UCl5(cr) 1.40164E+02 3.55640E–02 0 0  298  600
UCl5(g) 1.28655E+02 1.06600E–02 –2.66100E–06 –7.10000E+05  298 1900
UCl6(cr) 1.73427E+02 3.50619E–02 0 –7.40568E+05  298  452
UCl6(g) 1.57768E+02 9.73000E–05 –1.10000E–08 –9.46160E+05  298 3000
UOCl(cr) 7.58140E+01 1.43510E–02 0 –8.28430E+05  298  900
UOCl2(cr) 9.88120E+01 2.22100E–02 0 –9.22160E+05  298  700
UOCl3(cr) 1.05270E+02 3.99150E–02 0 –2.09200E+04  298  900
UO2Cl(cr) 9.01230E+01 2.22590E–02 0 –7.74040E+05  298 1000
UO2Cl2(cr) 1.15000E+02 1.82230E–02 0 –1.14180E+06  298  650
UO2Cl2(g) 9.59130E+01 1.96284E–02 –8.92180E–06 –7.46590E+05  298 1000
U2O2Cl5(cr) 2.34300E+02 3.55640E–02 0 –2.26770E+06  298  700
(UO2)2Cl3(cr) 2.25940E+02 3.55640E–02 0 –2.92880E+06  298  900

      (Continued on next page) 
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Table 3–3 :(continued) 
Compound  a    b   c   e  T min T max  
UBr(g) 6.34750E+01 –4.16971E–02 2.94940E–05 –8.16640E+05  298  700
UBr2(g) 5.81290E+01 –1.74200E–04 2.62000E–06 2.70820E+05  298 1100
UBr3(cr) 9.79710E+01 2.63600E–02 0 0  298  600
UBr3(g) 8.44060E+01 –3.95240E–03 3.76800E–06 1.41230E+05  298 1700
UBr4(cr) 1.19244E+02 2.97064E–02 0 0  298  792
UBr4(g) 1.10817E+02 3.13740E–03 –3.02000E–07 –4.30880E+05  298 3100
UBr5(cr) 1.50624E+02 3.34720E–02 0 0  298  400
UBr5(g) 1.27620E+02 1.32749E–02 –4.04900E–06 –2.01280E+05  298 1400
UOBr2(cr) 1.10580E+02 1.36820E–02 0 –1.47900E+06  298  900
UOBr3(cr) 1.30540E+02 2.05020E–02 0 –1.38070E+06  298 1100
UO2Br2(cr) 1.04270E+02 3.79380E–02 0 0  298  500
UI(g) 6.35060E+01 –4.15266E–02 2.95180E–05 –7.94920E+05  298  700
UI2(g) 5.81850E+01 –2.65300E–04 2.66100E–06 3.17020E+05  298 1100
UI3(cr) 1.05018E+02 2.42672E–02 0 0  298  800
UI3(g) 8.44400E+01 –3.99330E–03 3.78200E–06 2.11250E+05  298 1700
UI4(cr) 1.45603E+02 9.95792E–03 0 –1.97486E+06  298  720
UI4(g) 1.10978E+02 2.95700E–03 –2.55000E–07 –2.70780E+05  298 3000
US(cr) 5.28560E+01 6.51570E–03 0 –3.78290E+05  298 2000
US1.90(cr) 7.80570E+01 6.63580E–03 0 –5.38900E+05  298 1900
US2(cr) 7.56630E+01 8.93700E–03 0 –3.27780E+05  298 1800
US3(cr) 1.00670E+02 1.12130E–02 0 –7.44750E+05  298 1100
U2S3(cr) 1.29450E+02 1.46860E–02 0 0  298 2000
UO2SO4(cr) 1.12470E+02 1.08780E–01 0 0  298  820
USe(cr) 5.41470E+01 7.96240E–03 0 –1.52180E+05  298  800
α–USe2 7.96930E+01 8.64870E–03 0 –2.64830E+05  298  800
UN(cr) 5.05400E+01 1.06600E–02 0 –5.23800E+05  298 1000
UPO5(cr) 1.10430E+02 8.52280E–02 0 –1.03790E+06  298  600
(UO2)2P2O7(cr) 2.50670E+02 1.54300E–01 0 –3.40030E+06  298  600
(UO2)3(PO4)2(cr) 3.26370E+02 1.96440E–01 0 –4.08400E+06  298  600
UAsO5(cr) 1.30700E+02 6.42580E–02 0 –1.05420E+06  298  800
UO2(AsO3)2(cr) 2.08460E+02 8.89100E–02 0 –3.03460E+06  298  750
(UO2)2As2O7(cr) 3.07410E+02 1.05820E–01 0 –5.85130E+06  298  850
(UO2)3(AsO4)2(cr) 3.31150E+02 2.11360E–01 0 –2.68180E+06  298  850
UC(cr) 5.55710E+01 9.35940E–03 0 –7.32310E+05  298  600
α–UC1.94 6.57750E+01 2.03740E–02 0 –9.86520E+05  298  600
U2C3(cr) 1.14820E+02 3.10060E–02 0 –1.48450E+06  298  600
Tl2U4O11(cr) 3.68200E+02 2.48860E–02 0 –1.37500E+06  298  673
Sr3U2O9(cr) 3.19180E+02 1.16020E–01 0 –4.62010E+06  298 1000
Sr3U11O36(cr) 9.62720E+02 3.55260E–01 0 –3.95400E+05  298 1000
NaUO3(cr) 1.15490E+02 1.91670E–02 0 –1.09660E+06  415  931
α–Na2UO4 1.62540E+02 2.58860E–02 0 –2.09660E+06  618 1165
Na3UO4(cr) 1.88900E+02 2.51790E–02 0 –2.08010E+06  523 1212
Na2U2O7(cr) 2.62830E+02 1.46530E–02 0 –3.54900E+06  390  540
KUO3(cr) 1.33258E+02 1.25580E–02 0 0  298  714
K2U2O7(cr) 1.49084E+02 2.69500E–01 0 0  391  683
K2U4O13(cr) 4.71068E+02 –4.68900E–02 0 –2.87540E+06  411  888
Rb2U4O11(cr) 3.30400E+02 1.41340E–01 0 –6.19800E+05  396  735
Rb2U4O13(cr) 4.12560E+02 2.50000E–02 0 0  325  805
Rb2U(SO4)3(cr) 3.86672E+02 6.88300E–02 0 –5.25917E+06  298  628
Cs2UO4(cr) 1.64880E+02 1.70230E–02 0 –1.52850E+06  298 1061
Cs2U2O7(cr) 3.55325E+02 8.15759E–02 0 –1.31956E+07  298  852
Cs2U4O12(cr) 4.23726E+02 7.19405E–02 0 –5.43750E+06  361  719
Cs4U5O17(cr) 6.99211E+02 1.71990E–01 0 0  368  906
 (a) The thermal function is 2+

,m 2
5308(UO , ) (350.5 0.8722 )

190pC T T
T

ο = − −
−

 J · K–1 · mol–1 for 
283K  328KT≤ ≤ .
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Chapter 4 

4 Selected Data for Neptunium 
 
 

4.1 General considerations 
This chapter presents updated chemical thermodynamic data for neptunium species, as 
described in detail in Chapter 10 of this volume. The newly selected data represent revi-
sions to those chosen in the previous NEA TDB review [2001LEM/FUG]. In this re-
spect, it will be found that while new species appear in the Tables, some others have 
been removed from them. Table 4–1 contains the recommended thermodynamic data of 
the neptunium compounds and complexes, Table 4–2 the recommended thermodynamic 
data of chemical equilibrium reactions by which the neptunium compounds and com-
plexes are formed, and Table 4–3 the temperature coefficients of the heat capacity data 
of Table 4–1 where available.  

The species and reactions in Table 4–1, Table 4–2 and Table 4–3 appear in 
standard order of arrangement (cf. Figure 2.1). Table 4–2 contains information only on 
those reactions for which primary data selections are made in this review. These se-
lected reaction data are used, together with data for key neptunium species (for example 
Np4+) and auxiliary data listed in Table 8–1, to derive the corresponding formation 
quantities in Table 4–1. The uncertainties associated with values for the key neptunium 
species and for some of the auxiliary data are substantial, leading to comparatively large 
uncertainties in the formation quantities derived in this manner. The inclusion of a table 
for reaction data (Table 4–2) in this report allows the use of equilibrium constants with 
total uncertainties that are directly based on the experimental accuracies. This is the 
main reason for including both the table for reaction data (Table 4–2) and the table of 

f m f m m, ,G H Sο ο ο∆ ∆  and ,mpCο  values (Table 4–1). In a few cases, the correlation of small 
uncertainties in values for ligands has been neglected in calculations of uncertainty val-
ues for species in Table 4–1 from uncertainty values in Table 4–2. However, for those 
species the effects are less than 2% of the stated uncertainties. 

The selected thermal functions of the heat capacities, listed in Table 4–3, refer 
to the relation: 

2 1 2
,m ( )  =  pC T a b T c T d T e T− −+ ⋅ + ⋅ + ⋅ + ⋅  (4.1) 
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No references are given in these tables since the selected data are generally not 
directly attributable to a specific published source. A detailed discussion of the selection 
procedure is presented in [2001LEM/FUG] and in Chapter 10 of this volume. 

4.2 Precautions to be observed in the use of the tables 
Geochemical modelling in aquatic systems requires the careful use of the data selected 
in the NEA TDB reviews. The data in the tables of selected data must not be adopted 
without taking into account the chemical background information discussed in the cor-
responding sections of this book. In particular the following precautions should be ob-
served when using data from the Tables. 

• The addition of any aqueous species and its data to this internally consistent 
database can result in a modified data set which is no longer rigorous and can 
lead to erroneous results. The situation is similar, to a lesser degree, with the 
addition of gases and solids. It should also be noted that the data set presented 
in this chapter may not be “complete” for all the conceivable systems and con-
ditions. Gaps are pointed out in both the previous NEA TDB review and the 
present update. 

• Solubility data for crystalline phases are well defined in the initial state, but not 
necessarily in the final state after “equilibrium” has been attained. Hence, the 
solubility calculated from these phases may be very misleading, as discussed 
for the solubility data of MO2(cr), M = U, Np, Pu.  

• The selected thermodynamic data in [92GRE/FUG], [95SIL/BID] and 
[2001LEM/FUG] contain thermodynamic data for amorphous phases. Most of 
these refer to Gibbs energy of formation deduced from solubility measure-
ments. In the present review all such data have been removed. However, the 
corresponding log10K values have been retained. The reasons for these changes 
are: 

o Thermodynamic data are only meaningful if they refer to well–
defined systems; this is not the case for amorphous phases. It is well 
known that their solubility may change with time, due to re–
crystallisation with a resulting change in water content and surface 
area/crystal size; the time scale for these changes can vary widely. 
These kinetic phenomena are different from those encountered in sys-
tems where there is a very high activation barrier for the reaction, e.g., 
electron exchange between sulphate and sulphide.  

o The solubility of amorphous phases provides useful information for 
users of the database when modelling the behaviour of complex sys-
tems. Therefore, the solubility products have been given with the pro-
viso that they are not thermodynamic quantities. 
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Table 4–1: Selected thermodynamic data for neptunium 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 III. 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.  

f mGο∆ f mH ο∆ mS ο
,mpCο

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

Np(cr)        0.000        0.000       50.460
±0.800

       29.620
±0.800

 (c) 

β–Np     (d) 

γ–Np     (d) 

Np(g)      421.195
±3.009

 (a)      465.100
±3.000

 (b)      197.719
±0.005

       20.824
±0.020

 (c) 

Np3+     –512.866
±5.669

 (b)     –527.184
±2.092

     –193.584
±20.253

   

Np4+     –491.774
±5.586

 (a)     –556.022
±4.185

     –426.390
±12.386

 (b)   

NpO2(cr)    –1021.731
±2.514

 (a)    –1074.000
±2.500

       80.300
±0.400

       66.200
±0.500

 (c) 

NpO2
+     –907.765

±5.628
 (a)     –978.181

±4.629
      –45.904

±10.706
       –4.000

±25.000
 

NpO2
2+     –795.939

±5.615
     –860.733

±4.662
      –92.387

±10.464
 (b)   

Np2O5(cr)    –2031.574
±11.227

 (a)    –2162.700
±9.500

      174.000
±20.000

      128.600
±5.000

 (c) 

NpOH2+     –711.191
±5.922

 (b)       

NpOH3+     –732.053
±5.702

 (b)       

Np(OH)2
2+     –968.052

±5.844
 (b)       

NpO2OH(aq)    –1080.405
±6.902

 (b)    –1199.226
±19.176

 (a)       25.000
±60.000

   

 (Continued on next page) 
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Table 4–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

NpO2OH+    –1003.968
±6.062

 (b)       

NpO2(OH)2(cr)    –1239.000
±6.400

    –1377.000
±5.000

      128.590
±27.252

 (a)      120.000
±20.000

 

NpO2(OH)2
 –    –1247.336

±6.311
 (b)    –1431.230

±30.476
 (a)       40.000

±100.000
   

NpO3. H2O(cr)    –1238.997
±6.062

 (b)       

Np(OH)4(aq)    –1392.927
±8.409

 (b)       

(NpO2)2(OH)2
2+    –2030.369

±11.294
 (b)       

(NpO2)3(OH)5
+    –3475.795

±16.893
 (b)       

NpF(g)     –109.560
±25.046

 (a)      –80.000
±25.000

      251.000
±5.000

       33.800
±3.000

 (c) 

NpF3+     –824.441
±5.686

 (b)     –889.872
±4.684

 (b)     –263.621
±14.361

 (b)   

NpF2(g)     –590.131
±30.149

 (a)     –575.000
±30.000

      304.000
±10.000

       55.900
±5.000

 (c) 

NpF2
2+    –1144.436

±6.005
 (b)       

NpF3(cr)    –1460.501
±8.325

 (a)    –1529.000
±8.300

      124.900
±2.000

       94.200
±3.000

 (c) 

NpF3(g)    –1107.801
±25.178

 (a)    –1115.000
±25.000

      330.500
±10.000

       72.200
±5.000

 (c) 

NpF4(cr)    –1783.797
±16.046

 (a)    –1874.000
±16.000

      153.500
±4.000

      116.100
±4.000

 (c) 

NpF4(g)    –1535.287
±22.202

 (a)    –1561.000
±22.000

 (b)      369.800
±10.000

       95.300
±5.000

 (c) 

NpF5(cr)    –1834.430
±25.398

 (a)    –1941.000
±25.000

      200.000
±15.000

      132.800
±8.000

 (c) 

NpF6(cr)    –1841.872
±20.002

 (a)    –1970.000
±20.000

      229.090
±0.500

      167.440
±0.400

 (c) 

NpF6(g)    –1837.525
±20.002

 (a)    –1921.660
±20.000

 (b)      376.643
±0.500

      129.072
±1.000

 (c) 

NpF6(l)     (c) 

(Continued on next page) 



4 Selected neptunium data 

 

83

Table 4–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

NpO2F(aq)    –1196.138
±5.923

 (b)       

NpO2F+    –1103.548
±5.672

 (b)       

NpO2F2(aq)    –1402.366
±5.801

 (b)       

NpO2F2(cr)       (c) 

NpCl3+     –631.553
±5.844

 (b)       

NpCl3(cr)     –829.811
±3.237

 (a)     –896.800
±3.000

      160.400
±4.000

      101.850
±4.000

 (c) 

NpCl3(g)     –582.357
±10.822

 (a)     –589.000
±10.400

 (b)      362.800
±10.000

       78.500
±5.000

 (c) 

NpCl4(cr)     –895.562
±2.998

 (a)     –984.000
±1.800

      200.000
±8.000

      122.000
±6.000

 (c) 

NpCl4(g)     –765.050
±5.487

 (a)     –787.000
±4.600

 (b)      423.000
±10.000

      105.000
±5.000

 (c) 

NpCl4(l)     (c) 

NpOCl2(cr)     –960.645
±8.141

 (a)    –1030.000
±8.000

      143.500
±5.000

       95.000
±4.000

 (c) 

NpO2Cl+     –929.440
±5.699

 (b)       

NpO2ClO4(aq)            –32.000
±25.000

 (c) 

NpBr3(cr)     –705.521
±3.765

 (a)     –730.200
±2.900

      196.000
±8.000

      103.800
±6.000

 (c) 

NpBr4(cr)     –737.843
±3.495

 (a)     –771.200
±1.800

      243.000
±10.000

      128.000
±4.000

 (c) 

NpOBr2(cr)     –906.933
±11.067

 (a)     –950.000
±11.000

      160.800
±4.000

       98.200
±4.000

 (c) 

NpI3+     –552.059
±6.036

 (b)       

NpI3(cr)     –512.498
±3.715

 (a)     –512.400
±2.200

      225.000
±10.000

      110.000
±8.000

 (c) 

(Continued on next page) 
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Table 4–1: (continued) 

f mGο∆ f mH ο∆ mSο
,mpCο

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

NpO2IO3(aq)    –1036.957
±5.934

 (b)       

NpO2IO3
+     –929.126

±5.922
 (b)       

NpSO4
2+    –1274.887

±5.809
 (b)    –1435.522

±9.796
 (b)     –176.635

±32.277
 (b)   

NpO2SO4(aq)    –1558.666
±5.641

 (b)    –1753.373
±4.706

 (b)       44.920
±10.667

 (b)   

NpO2SO4
 –    –1654.281

±5.850
 (b)    –1864.321

±8.569
 (b)       58.833

±26.920
 (b)   

Np(SO4)2(aq)    –2042.873
±6.360

 (b)    –2319.322
±5.871

 (b)        7.964
±18.924

 (b)   

NpO2(SO4)2
2–    –2310.775

±5.705
 (b)    –2653.413

±4.880
 (b)      121.798

±11.402
 (b)   

NpN(cr)     –280.443
±10.013

 (a)     –305.000
±10.000

       63.900
±1.500

       48.700
±0.900

 (c) 

NpNO3
3+     –613.413

±5.667
 (b)       

NpO2(NO3)2. 6 H2O(s)    –2428.069
±5.565

 (a)    –3008.241
±5.022

      516.306
±8.000

   

NpO2HPO4(aq)    –1927.314
±7.067

 (b)       

NpO2HPO4
 –    –2020.589

±5.870
 (b)       

NpO2H2PO4
+    –1952.042

±6.491
 (b)       

NpO2(HPO4)2
2–    –3042.135

±8.598
 (b)       

NpSb(cr)          101.400
±6.100

       48.900
±2.900

 

NpC0.91(cr)      –76.024
±10.028

 (a)      –71.100
±10.000

       72.200
±2.400

       50.000
±1.000

 (c) 

Np2C3(cr)     –192.427
±19.436

     –187.400
±19.200

      135.000
±10.000

      110.000
±8.000

 

NpO2CO3(aq)    –1377.040
±6.617

 (b)       

(Continued on next page) 
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Table 4–1: (continued) 

f mGο∆ f mH ο∆ mSο
,mpCο

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

NpO2CO3(s)    –1407.156
±6.233

 (b)       

NpO2CO3
 –    –1463.988

±5.652
 (b)       

NpO2(CO3)2
2–    –1946.015

±7.033
 (b)       

NpO2(CO3)2
3–    –2000.861

±5.685
 (b)       

Np(CO3)3
3–    –2185.949

±15.451
 (b)       

NpO2(CO3)3
4–    –2490.208

±5.759
 (b)    –2928.323

±6.254
      –12.070

±17.917
   

NpO2(CO3)3
5–    –2522.859

±5.733
 (b)    –3017.120

±6.893
     –135.050

±20.467
   

Np(CO3)4
4–    –2812.775

±8.240
 (b)       

Np(CO3)5
6–    –3334.567

±8.425
 (b)       

(NpO2)3(CO3)6
6–    –5839.709

±19.185
 (b)       

NpO2(CO3)2OH4–    –2170.417
±8.785

 (b)       

(NpO2)2CO3(OH)3
 –    –2814.914

±14.665
 (b)       

(NH4)4NpO2(CO3)3(s)    –2850.284
±6.106

 (b)       

Np(SCN)3+     –416.198
±7.081

 (b)     –486.622
±6.520

 (b)     –248.165
±25.449

 (b)   

Np(SCN)2
2+     –329.777

±10.166
 (b)     –412.222

±12.748
 (b)      –89.545

±50.953
 (b)   

Np(SCN)3
+     –241.072

±13.541
 (b)     –339.822

±15.573
 (b)       54.707

±66.304
 (b)   

Sr3NpO6(cr)      –3125.800
±5.900

     

Ba3NpO6(cr)      –3085.600
±9.600

     

(Continued on next page) 
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Table 4–1: (continued) 

f mGο∆ f mH ο∆ mSο
,mpCο

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

Ba2MgNpO6(cr)      –3096.900
±8.200

     

Ba2CaNpO6(cr)      –3159.300
±7.900

     

Ba2SrNpO6(cr)      –3122.500
±7.800

     

Li2NpO4(cr)      –1828.200
±5.800

     

α–Na2NpO4      –1763.800
±5.700

     

β–Na2NpO4      –1748.500
±6.100

     

β–Na4NpO5      –2315.400
±5.700

     

Na2Np2O7(cr)      –2894.000
±11.000

     

Na3NpF8(cr)    –3521.239
±21.305

 (a)    –3714.000
±21.000

 (b)      369.000
±12.000

 (b)      272.250
±12.000

 (c) 

Na3NpO2(CO3)2(cr)    –2830.592
±6.365

 (b)       

NaNpO2CO3.3.5 H2O(cr)  –2590.397
±5.808

 (b)       

K2NpO4(cr)      –1784.300
±6.400

     

K2Np2O7(cr)      –2932.000
±11.000

     

KNpO2CO3(s)    –1793.235
±5.746

 (b)       

K3NpO2(CO3)2(s)    –2899.340
±5.765

 (b)       

K4NpO2(CO3)3(s)    –3660.395
±7.641

 (b)       

Rb2Np2O7(cr)      –2914.000
±12.000

     

Cs2NpO4(cr)      –1788.100
±5.700

     

(Continued on next page) 
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Table 4–1: (continued) 

f mGο∆ f mH ο∆ mSο
,mpCο

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

Cs2NpCl6(cr)    –1833.039
±4.871

 (a)    –1976.200
±1.900

      410.000
±15.000

   

Cs2NpO2Cl4(cr)      –2056.100
±5.400

     

Cs3NpO2Cl4(cr)      –2449.100
±4.800

     

Cs2NpBr6(cr)    –1620.121
±3.616

 (a)    –1682.300
±2.000

      469.000
±10.000

   

Cs2NaNpCl6(cr)      –2217.200
±3.100

     

(a)Value calculated internally with the Gibbs–Helmholtz equation, f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
(b)Value calculated internally from reaction data (see Table 4–2). 
(c)Temperature coefficients of this function are listed in Table 4–3. 
(d)A temperature function for the heat capacity is given in Table 4–3. 
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Table 4–2: Selected thermodynamic data for reactions involving neptunium 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 III. 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  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

Np(g)  Np(cr)    Np(g) 

          465.100
±3.000

   

Np3+   0.5H2(g) + Np4+    H+ + Np3+ 

        3.695
±0.169

 (c)      –21.092
±0.965

     

Np4+   3H+ + 0.5H2(g) + NpO2
+   2H2O(l) + Np4+ 

           –305.930
±6.228

 

NpO2(am, hyd)  Np4+ + 4OH –   2H2O(l) + NpO2(am, hyd) 

       56.700
±0.500

     –323.646
±2.854

     

NpO2
+   0.5H2(g) + NpO2

2+    H+ + NpO2
+ 

            –18.857
±2.264

 

NpO2
2+  NpO2(NO3)2. 6H2O(s)   6H2O(l) + 2NO3

 – + NpO2
2+ 

            104.410
±6.695

 

NpOH2+  H2O(l) + Np3+    H+ + NpOH2+ 

       –6.800
±0.300

       38.815
±1.712

     

                                        (Continued on next page) 
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Table 4–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

NpOH3+  H2O(l) + Np4+    H+ + NpOH3+ 
        0.550

±0.200
       –3.139

±1.142
     

Np(OH)2
2+   2H2O(l) + Np4+   2H+ + Np(OH)2

2+ 

        0.350
±0.300

       –1.998
±1.712

     

NpO2OH(am, aged)  H2O(l) + NpO2
+    H+ + NpO2OH(am, aged) 

       –4.700
±0.500

       26.828
±2.854

     

NpO2OH(am, fresh)  H2O(l) + NpO2
+    H+ + NpO2OH(am, fresh) 

       –5.300
±0.200

       30.253
±1.142

     

NpO2OH(aq)  H2O(l) + NpO2
+    H+ + NpO2OH(aq) 

      –11.300
±0.700

       64.501
±3.996

     

NpO2OH+  H2O(l) + NpO2
2+    H+ + NpO2OH+ 

       –5.100
±0.400

       29.111
±2.283

     

NpO2(OH)2
 –   2H2O(l) + NpO2

+   2H+ + NpO2(OH)2
 – 

      –23.600
±0.500

      134.710
±2.854

     

NpO3. H2O(cr)   2H2O(l) + NpO2
2+   2H+ + NpO3. H2O(cr) 

       –5.470
±0.400

       31.223
±2.283

     

Np(OH)4(aq)   4H2O(l) + Np4+   4H+ + Np(OH)4(aq) 

       –8.300
±1.100

       47.377
±6.279

     

(NpO2)2(OH)2
2+   2H2O(l) + 2NpO2

2+    (NpO2)2(OH)2
2+ + 2H+ 

       –6.270
±0.210

       35.789
±1.199

     

(NpO2)3(OH)5
+   5H2O(l) + 3NpO2

2+    (NpO2)3(OH)5
+ + 5H+ 

      –17.120
±0.220

       97.722
±1.256

     

                                        (Continued on next page) 
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Table 4–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

NpF3+  F – + Np4+    NpF3+ 

        8.960
±0.140

      –51.144
±0.799

       1.500
±2.000

      176.570
±7.224

 (a) 

NpF2
2+   2F – + Np4+    NpF2

2+ 

       15.700
±0.300

      –89.616
±1.712

     

NpF4(g)  NpF4(cr)    NpF4(g) 

          313.000
±15.000

   

NpF6(g)  NpF6(cr)    NpF6(g) 

           48.340
±0.070

   

NpO2F(aq)  F – + NpO2
+    NpO2F(aq) 

        1.200
±0.300

       –6.850
±1.712

     

NpO2F+  F – + NpO2
2+    NpO2F+ 

        4.570
±0.070

      –26.086
±0.400

     

NpO2F2(aq)   2F – + NpO2
2+    NpO2F2(aq) 

        7.600
±0.080

      –43.381
±0.457

     

NpCl3+  Cl – + Np4+    NpCl3+ 

        1.500
±0.300

       –8.562
±1.712

     

NpCl3(g)  NpCl3(cr)    NpCl3(g) 

          307.800
±10.000

   

NpCl4(g)  NpCl4(cr)    NpCl4(g) 

          197.000
±3.000

   

NpO2Cl+  Cl – + NpO2
2+    NpO2Cl+ 

        0.400
±0.170

       –2.283
±0.970

     

                                        (Continued on next page) 
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Table 4–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

NpI3+  I – + Np4+    NpI3+ 

        1.500
±0.400

       –8.562
±2.283

     

NpO2IO3(aq)  IO3
 – + NpO2

+    NpO2IO3(aq) 

        0.500
±0.300

       –2.854
±1.712

     

NpO2IO3
+  IO3

 – + NpO2
2+    NpO2IO3

+ 

        1.200
±0.300

       –6.850
±1.712

     

NpSO4
2+  HSO4

 – + Np4+    H+ + NpSO4
2+ 

        4.870
±0.150

      –27.798
±0.856

       7.400
±8.800

      118.055
±29.655

 (a) 

NpO2SO4(aq)  NpO2
2+ + SO4

2–    NpO2SO4(aq) 

        3.280
±0.060

      –18.722
±0.342

       16.700
±0.500

      118.807
±2.033

 (a) 

NpO2SO4
 –  NpO2

+ + SO4
2–    NpO2SO4

 – 

        0.440
±0.270

       –2.512
±1.541

       23.200
±7.200

       86.237
±24.696

 (a) 

Np(SO4)2(aq)   2HSO4
 – + Np4+   2H+ + Np(SO4)2(aq) 

        7.090
±0.250

      –40.470
±1.427

       10.500
±3.600

      170.954
±12.988

 (a) 

NpO2(SO4)2
2–  NpO2

2+ + 2SO4
2–    NpO2(SO4)2

2– 

        4.700
±0.100

      –26.828
±0.571

      26.000
±1.200

      177.185
±4.457

 (a) 

NpNO3
3+  NO3

 – + Np4+    NpNO3
3+ 

        1.900
±0.150

      –10.845
±0.856

     

NpO2HPO4(aq)  HPO4
2– + NpO2

2+    NpO2HPO4(aq) 

        6.200
±0.700

      –35.390
±3.996

     

NpO2HPO4
 –  HPO4

2– + NpO2
+    NpO2HPO4

 – 

        2.950
±0.100

      –16.839
±0.571

     

                                        (Continued on next page) 
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Table 4–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

NpO2H2PO4
+  H2PO4

 – + NpO2
2+    NpO2H2PO4

+ 

        3.320
±0.500

      –18.951
±2.854

     

NpO2(HPO4)2
2–   2HPO4

2– + NpO2
2+    NpO2(HPO4)2

2– 

        9.500
±1.000

      –54.226
±5.708

     

NpO2CO3(aq)  CO3
2– + NpO2

2+    NpO2CO3(aq) 

        9.320
±0.610

 (c)      –53.201
±3.480

     

NpO2CO3(s)  CO3
2– + NpO2

2+    NpO2CO3(s) 

       14.596
±0.469

 (c)      –83.317
±2.678

     

NpO2CO3
 –  CO3

2– + NpO2
+    NpO2CO3

 – 

        4.962
±0.061

      –28.323
±0.348

     

NpO2(CO3)2
2–   2CO3

2– + NpO2
2+    NpO2(CO3)2

2– 

       16.516
±0.729

 (c)      –94.276
±4.162

     

NpO2(CO3)2
3–  CO3

2– + NpO2CO3
 –    NpO2(CO3)2

3– 

        1.572
±0.083

       –8.973
±0.474

     

Np(CO3)3
3–  Np(CO3)5

6– + e –   2CO3
2– + Np(CO3)3

3– 

      –16.261
±2.265

       92.818
±12.929

     

NpO2(CO3)3
4–  NpO2(CO3)3

5–    NpO2(CO3)3
4– + e – 

       –5.720
±0.095

 (c)       32.651
±0.540

     

NpO2(CO3)3
4–   3CO3

2– + NpO2
2+    NpO2(CO3)3

4– 

          –41.900
±4.100

   

NpO2(CO3)3
5–  CO3

2– + NpO2(CO3)2
3–    NpO2(CO3)3

5– 

       –1.034
±0.110

        5.902
±0.628

     

                                        (Continued on next page) 
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Table 4–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

NpO2(CO3)3
5–  NpO2(CO3)3

4– + e –    NpO2(CO3)3
5– 

          –88.800
±2.900

   

Np(CO3)4
4–   4CO3

2– + 2H2O(l) + NpO2(am, hyd)    Np(CO3)4
4– + 4OH – 

      –17.790
±0.220

      101.550
±1.256

     

Np(CO3)5
6–  CO3

2– + Np(CO3)4
4–    Np(CO3)5

6– 

       –1.070
±0.300

        6.108
±1.712

     

(NpO2)3(CO3)6
6–   3NpO2(CO3)3

4–    (NpO2)3(CO3)6
6– + 3CO3

2– 

       –8.272
±1.447

 (c)       47.215
±8.260

     

NpO2(CO3)2OH4–  NpO2(CO3)3
5– + OH –    CO3

2– + NpO2(CO3)2OH4– 

        3.195
±1.164

 (c)      –18.238
±6.644

     

(NpO2)2CO3(OH)3
 –   7H+ + 2NpO2(CO3)3

4–    (NpO2)2CO3(OH)3
 – + 5CO2(g) + 2H2O(l) 

       49.166
±1.586

 (c)     –280.640
±9.053

     

(NH4)4NpO2(CO3)3(s)   4NH4
+ + NpO2(CO3)3

4–    (NH4)4NpO2(CO3)3(s) 

        7.443
±0.297

 (c)      –42.485
±1.698

     

Np(SCN)3+  Np4+ + SCN –    Np(SCN)3+ 

        3.000
±0.300

      –17.124
±1.712

       –7.000
±3.000

       33.956
±11.586

 (a) 

Np(SCN)2
2+  Np4+ + 2SCN –    Np(SCN)2

2+ 

        4.100
±0.500

      –23.403
±2.854

       –9.000
±9.000

       48.308
±31.668

 (a) 

Np(SCN)3
+  Np4+ + 3SCN –    Np(SCN)3

+ 

        4.800
±0.500

      –27.399
±2.854

      –13.000
±9.000

       48.293
±31.668

 (a) 

Na3NpF8(cr)   3NaF(cr) + NpF6(g)   0.5F2(g) + Na3NpF8(cr) 

        7.876
±1.350

 (c)      –44.954
±7.705

 (a)      –62.678
±6.900

      –59.447
±11.500

 

                                        (Continued on next page) 
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Table 4–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

Na3NpO2(CO3)2(cr)   2CO3
2– + 3Na+ + NpO2

+    Na3NpO2(CO3)2(cr) 

       14.220
±0.500

      –81.168
±2.854

     

NaNpO2CO3. 3.5H2O(cr)  CO3
2– + 3.5H2O(l) + Na+ + NpO2

+    NaNpO2CO3. 3.5H2O(cr) 
       11.000

±0.240
      –62.788

±1.370
     

KNpO2CO3(s)  CO3
2– + K+ + NpO2

+    KNpO2CO3(s) 

       13.150
±0.190

      –75.061
±1.085

     

K3NpO2(CO3)2(s)   2CO3
2– + 3K+ + NpO2

+    K3NpO2(CO3)2(s) 

       15.460
±0.160

      –88.246
±0.913

     

K4NpO2(CO3)3(s)   4K+ + NpO2(CO3)3
4–    K4NpO2(CO3)3(s) 

        7.033
±0.876

 (c)      –40.147
±5.001

     

(a) Value calculated internally with the Gibbs–Helmholtz 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 4–3: Selected temperature coefficients for heat capacities marked with (c) in Table 
4–1, according to the form 2 1 2

,m ( )pC T a bT cT dT eT− −= + + + + . The functions are 
valid between the temperatures Tmin and Tmax (in K). The notation E±nn indicates the 
power of 10. ,mpC  units are J·K–1·mol–1. 
Compound  a    b   c   d   e  T min T max  
Np(cr) –4.05430E+00 8.25540E–02 0 0 8.05710E+05  298  553
β–Np 3.93300E+01 0 0 0 0  553  849
γ–Np 3.64010E+01 0 0 0 0  849  912
Np(g) 1.77820E+01 3.35250E–03 6.68070E–06 0 1.28800E+05  298  800
 1.41320E+01 1.55670E–02 –1.59546E–06 0 –3.98870E+05 800 2000
NpO2(cr) 6.75110E+01 2.65990E–02 0 0 –8.19000E+05  220  800
Np2O5(cr) 9.92000E+01 9.86000E–02 0 0 0  298  750
NpF(g) 3.59880E+01 2.30310E–03 –7.30170E–07 0 –2.50010E+05  298 1400
NpF2(g) 6.74740E+01 5.56480E–03 –5.95160E–06 0 –1.12930E+06  298  600
NpF3(cr) 1.05200E+02 8.12000E–04 0 0 –1.00000E+06  298 1735
NpF3(g) 8.16540E+01 1.20840E–03 –2.42780E–07 0 –8.67160E+05  298 3000
NpF4(cr) 1.22640E+02 9.68400E–03 0 0 –8.36470E+05  298 1305
NpF4(g) 1.05840E+02 8.61400E–04 1.57430E–06 0 –9.75640E+05  298 1500
NpF5(cr) 1.26000E+02 3.00000E–02 0 0 –1.90000E+05  298  600
NpF6(cr) 6.23330E+01 3.52550E–01 0 0 0  298  328
NpF6(g) 1.43240E+02 2.44160E–02 –1.13120E–05 0 –1.81740E+06  298 1000
NpF6(l) 1.50340E+02 1.10080E–01 0 0 0  328  350
NpO2F2(cr) 1.06240E+02 2.83260E–02 0 0 –1.02080E+06  298 1000
NpCl3(cr) 8.96000E+01 2.75000E–02 0 0 3.60000E+05  298 1075
NpCl3(g) 7.19890E+01 2.47410E–02 –8.48420E–06 0 –1.15000E+04  298 1000
NpCl4(cr) 1.12500E+02 3.60000E–02 0 0 –1.10000E+05  298  811
NpCl4(g) 1.08770E+02 –2.86580E–03 3.15880E–06 0 –2.80770E+05  298 1800
NpCl4(l) 1.08000E+02 6.00000E–02 0 0 0  811 1000
NpOCl2(cr) 9.88000E+01 2.20000E–02 0 0 –9.20000E+05  298 1000
NpO2ClO4(aq)(a) 3.56770E+03 –4.95930E+00 0 –6.32340E+05 0  291  398
NpBr3(cr, hex) 1.01230E+02 2.06800E–02 0 0 –3.20000E+05  298  975
NpBr4(cr) 1.19000E+02 3.00000E–02 0 0 0  298  800
NpOBr2(cr) 1.11000E+02 1.37000E–02 0 0 –1.50000E+06  298  800
NpI3(cr) 1.04000E+02 2.00000E–02 0 0 0  298  975
NpN(cr) 4.76700E+01 1.31740E–02 0 0 –2.57620E+05  298 2000
NpC0.91(cr) 6.12500E+01 –3.52750E–02 3.62830E–05 0 –3.48420E+05  298 1000
Na3NpF8(cr) 2.70000E+02 5.66000E–02 0 0 –1.30000E+06  298  800

 (a) partial molar heat capacity of solute. 
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Chapter 5  

5 Selected Data for Plutonium 
 

 

5.1 General considerations 
This chapter presents updated chemical thermodynamic data for plutonium species, as 
described in detail in Chapter 11 of this volume. The newly selected data represent revi-
sions to those chosen in the previous NEA TDB review [2001LEM/FUG]. In this re-
spect, it will be found that while new species appear in the Tables, some others have 
been removed from them. Table 5–1 contains the recommended thermodynamic data of 
the plutonium compounds and complexes, Table 5–2 the recommended thermodynamic 
data of chemical equilibrium reactions by which the plutonium compounds and com-
plexes are formed, and Table 5–3 the temperature coefficients of the heat capacity data 
of Table 5–1 where available.  

The species and reactions in Table 5–1, Table 5–2 and Table 5–3 appear in 
standard order of arrangement (cf. Figure 2.1). Table 5–2 contains information only on 
those reactions for which primary data selections are made in this review. These se-
lected reaction data are used, together with data for key plutonium species (for example 
Pu4+) and auxiliary data listed in Table 8–1, to derive the corresponding formation quan-
tities in Table 5–1. The uncertainties associated with values for the key plutonium spe-
cies and for some of the auxiliary data are substantial, leading to comparatively large 
uncertainties in the formation quantities derived in this manner. The inclusion of a table 
for reaction data (Table 5–2) in this report allows the use of equilibrium constants with 
total uncertainties that are directly based on the experimental accuracies. This is the 
main reason for including both the table for reaction data (Table 5–2) and the table of 

f m f m m, ,G H Sο ο ο∆ ∆  and ,mpCο  values (Table 5–1). In a few cases, the correlation of small 
uncertainties in values for ligands has been neglected in calculations of uncertainty val-
ues for species in Table 5–1 from uncertainty values in Table 5–2. However, for those 
species the effects are less than 2% of the stated uncertainties. 

The selected thermal functions of the heat capacities, listed in Table 5–3, refer 
to the relation: 

2 1 2
,m ( )  =  pC T a b T c T d T e T− −+ ⋅ + ⋅ + ⋅ + ⋅  (5.1) 
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No references are given in these tables since the selected data are generally not 
directly attributable to a specific published source. A detailed discussion of the selection 
procedure is presented in [2001LEM/FUG] and in Chapter 11 of this volume. 

5.2 Precautions to be observed in the use of the tables 
Geochemical modelling in aquatic systems requires the careful use of the data selected 
in the NEA TDB reviews. The data in the tables of selected data must not be adopted 
without taking into account the chemical background information discussed in the cor-
responding sections of this book. In particular the following precautions should be ob-
served when using data from the Tables. 

• The addition of any aqueous species and its data to this internally consistent 
database can result in a modified data set which is no longer rigorous and can 
lead to erroneous results. The situation is similar, to a lesser degree, with the 
addition of gases and solids. It should also be noted that the data set presented 
in this chapter may not be “complete” for all the conceivable systems and con-
ditions. Gaps are pointed out in both the previous NEA TDB review and the 
present update. 

• Solubility data for crystalline phases are well defined in the initial state, but not 
necessarily in the final state after “equilibrium” has been attained. Hence, the 
solubility calculated from these phases may be very misleading, as discussed 
for the solubility data of MO2(cr), M = U, Np, Pu.  

• The selected thermodynamic data in [92GRE/FUG], [95SIL/BID] and 
[2001LEM/FUG] contain thermodynamic data for amorphous phases. Most of 
these refer to Gibbs energy of formation deduced from solubility measure-
ments. In the present review all such data have been removed. However, the 
corresponding log10K values have been retained. The reasons for these changes 
are: 

o Thermodynamic data are only meaningful if they refer to well–
defined systems; this is not the case for amorphous phases. It is well 
known that their solubility may change with time, due to re–
crystallisation with a resulting change in water content and surface 
area/crystal size; the time scale for these changes can vary widely. 
These kinetic phenomena are different from those encountered in sys-
tems where there is a very high activation barrier for the reaction, e.g., 
electron exchange between sulphate and sulphide.  

o The solubility of amorphous phases provides useful information for 
users of the database when modelling the behaviour of complex sys-
tems. Therefore, the solubility products have been given with the pro-
viso that they are not thermodynamic quantities. 
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Table 5–1: Selected thermodynamic data for plutonium 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 III. 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.  

f mGο∆ f mH ο∆ mS ο
,mpCο

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

Pu(cr)        0.000        0.000       54.460
±0.800

       31.490
±0.400

 (c) 

β–Pu     (d) 

δ–Pu     (d) 

δ'–Pu     (d) 

γ–Pu     (d) 

ε–Pu     (d) 

Pu(g)      312.415
±3.009

 (a)      349.000
±3.000

 (b)      177.167
±0.005

       20.854
±0.010

 (c) 

Pu3+     –578.984
±2.688

     –591.790
±1.964

     –184.510
±6.154

 (b)   

Pu4+     –477.988
±2.705

     –539.895
±3.103

     –414.535
±10.192

   

PuO1.61(bcc)     –834.771
±10.113

 (a)     –875.500
±10.000

       83.000
±5.000

       61.200
±5.000

 (c) 

PuO2(cr)     –998.113
±1.031

 (a)    –1055.800
±1.000

       66.130
±0.260

       66.250
±0.260

 (c) 

PuO2
+     –852.646

±2.868
 (b)     –910.127

±8.920
 (a)        1.480

±30.013
 (b)   

PuO2
2+     –762.353

±2.821
     –822.036

±6.577
      –71.246

±22.120
   

(Continued on next page) 
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Table 5–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

Pu2O3(cr)    –1580.375
±10.013

 (a)    –1656.000
±10.000

      163.000
±0.600

      117.000
±0.500

 (c) 

PuOH2+     –776.739
±3.187

 (b)       

PuOH3+     –718.553
±2.936

 (b)       

Pu(OH)2
2+     –955.693

±3.203
 (b)       

Pu(OH)3(cr)    –1200.218
±8.975

 (b)       

Pu(OH)3
+    –1176.280

±3.542
 (b)       

PuO2OH(aq) ≥  –1034.247 (b)       

PuO2OH+     –968.099
±4.013

 (b)    –1079.866
±16.378

 (b)      –12.680
±55.786

 (b)   

PuO2(OH)2(aq)    –1161.287
±9.015

 (b)       

Pu(OH)4(aq)    –1378.031
±3.936

 (b)       

PuO2(OH)2. H2O(cr)    –1442.380
±6.368

 (b)    –1632.809
±13.522

 (a)      190.000
±40.000

      170.000
±20.000

 

(PuO2)2(OH)2
2+    –1956.176

±8.026
 (b)       

PuF(g)     –140.967
±10.113

 (a)     –112.600
±10.000

      251.000
±5.000

       33.500
±3.000

 (c) 

PuF3+     –809.970
±2.850

 (b)     –866.145
±3.859

 (b)     –228.573
±12.753

 (b)   

PuF2(g)     –626.151
±6.704

 (a)     –614.300
±6.000

      297.000
±10.000

       51.500
±5.000

 (c) 

PuF2
2+    –1130.651

±3.246
 (b)    –1199.595

±6.026
 (b)     –104.666

±20.058
 (b)   

PuF3(cr)    –1517.369
±3.709

 (a)    –1586.700
±3.700

      126.110
±0.360

       92.640
±0.280

 (c) 

PuF3(g)    –1161.081
±4.758

 (a)    –1167.800
±3.700

 (b)      336.110
±10.000

       72.240
±5.000

 (c) 

(Continued on next page) 
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Table 5–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

PuF4(cr)    –1756.741
±20.002

 (a)    –1850.000
±20.000

      147.250
±0.370

      116.190
±0.290

 

PuF4(g)    –1517.874
±22.202

 (a)    –1548.000
±22.000

 (b)      359.000
±10.000

       92.400
±5.000

 (c) 

PuF6(cr)    –1729.856
±20.174

 (a)    –1861.350
±20.170

 (b)      221.800
±1.100

      168.100
±2.000

 (c) 

PuF6(g)    –1725.064
±20.104

 (a)    –1812.700
±20.100

 (b)      368.900
±1.000

      129.320
±1.000

 (c) 

PuOF(cr)    –1091.571
±20.222

 (a)    –1140.000
±20.000

       96.000
±10.000

       69.400
±10.000

 (c) 

PuO2F+    –1069.905
±3.121

 (b)       

PuO2F2(aq)    –1366.783
±4.059

 (b)       

PuCl2+     –717.051
±2.923

 (b)       

PuCl3+     –619.480
±3.204

 (b)       

PuCl3(cr)     –891.806
±2.024

 (a)     –959.600
±1.800

      161.700
±3.000

      101.200
±4.000

 (c) 

PuCl3(g)     –641.299
±3.598

 (a)     –647.400
±1.868

 (b)      368.620
±10.000

       78.470
±5.000

 (c) 

PuCl4(cr)     –879.368
±5.826

 (a)     –968.700
±5.000

      201.000
±10.000

      121.400
±4.000

 

PuCl4(g)     –764.683
±10.438

 (a)     –792.000
±10.000

 (b)      409.000
±10.000

      103.400
±5.000

 (c) 

PuOCl(cr)     –882.409
±1.936

 (a)     –931.000
±1.700

      105.600
±3.000

 (b)       71.600
±4.000

 (c) 

PuO2Cl+     –894.883
±2.829

 (b)       

PuO2Cl2(aq)    –1018.224
±3.308

 (b)       

PuCl3. 6 H2O(cr)    –2365.347
±2.586

 (a)    –2773.400
±2.100

      420.000
±5.000

   

PuBr3+     –590.971
±3.206

 (b)       

(Continued on next page) 
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Table 5–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

PuBr3(cr)     –767.324
±2.697

 (a)     –792.600
±2.000

      198.000
±6.000

      101.800
±6.000

 (c) 

PuBr3(g)     –529.808
±15.655

 (a)     –488.000
±15.000

 (b)      423.000
±15.000

 (b)       81.600
±10.000

 (c) 

PuOBr(cr)     –838.354
±8.541

 (a)     –870.000
±8.000

 (b)      127.000
±10.000

 (b)       73.000
±8.000

 (c) 

PuI2+     –636.987
±3.529

 (b)       

PuI3(cr)     –579.000
±4.551

 (a)     –579.200
±2.800

      228.000
±12.000

      110.000
±8.000

 (c) 

PuI3(g)     –366.517
±15.655

 (a)     –305.000
±15.000

      435.000
±15.000

       82.000
±5.000

 (c) 

PuOI(cr)     –776.626
±20.495

 (a)     –802.000
±20.000

      130.000
±15.000

       75.600
±10.000

 (c) 

PuSO4
+    –1345.315

±4.599
 (b)    –1483.890

±2.976
 (b)      –33.301

±15.108
 (b)   

PuSO4
2+    –1261.329

±3.270
 (b)       

PuO2SO4(aq)    –1525.650
±3.072

 (b)    –1715.276
±6.616

 (b)       65.963
±22.543

 (b)   

Pu(SO4)2(aq)    –2029.601
±4.225

 (b)       

Pu(SO4)2
 –    –2099.545

±5.766
 (b)    –2398.590

±16.244
 (b)        1.520

±56.262
 (b)   

PuO2(SO4)2
2–    –2275.477

±3.156
 (b)    –2597.716

±11.176
 (b)      194.214

±37.627
 (b)   

PuSe(cr)           92.100
±1.800

       59.700
±1.200

 

PuTe(cr)          107.900
±4.300

       73.100
±2.900

 

PuN(cr)     –273.719
±2.551

 (a)     –299.200
±2.500

       64.800
±1.500

       49.600
±1.000

 

PuNO3
3+     –599.913

±2.868
 (b)       

PuO2(NO3)2. 6H2O(cr)    –2393.300
±3.200

       

(Continued on next page) 
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Table 5–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

PuP(cr)     –313.757
±21.078

 (a)     –318.000
±21.000

       81.320
±6.000

       50.200
±4.000

 

PuPO4(s, hyd)    –1744.893
±5.528

 (b)       

PuH3PO4
4+    –1641.055

±3.569
 (b)       

PuAs(cr)     –241.413
±20.111

 (a)     –240.000
±20.000

       94.300
±7.000

       51.600
±4.000

 

PuSb(cr)     –152.063
±20.126

 (a)     –150.000
±20.000

      106.900
±7.500

       52.800
±3.500

 

PuBi(cr)     –119.624
±20.223

 (a)     –117.000
±20.000

      120.000
±10.000

   

PuBi2(cr)     –124.527
±22.395

 (a)     –126.000
±22.000

      163.000
±14.000

   

PuC0.84(cr)      –49.827
±8.028

 (a)      –45.200
±8.000

       74.800
±2.100

       47.100
±1.000

 (c) 

Pu3C2(cr)     –123.477
±30.046

 (a)     –113.000
±30.000

      210.000
±5.000

      136.800
±2.500

 (c) 

Pu2C3(cr)     –156.514
±16.729

 (a)     –149.400
±16.700

      150.000
±2.900

      114.000
±0.400

 (c) 

PuO2CO3(aq)    –1344.479
±4.032

 (b)       

PuO2CO3(s)    –1373.876
±3.912

 (b)       

PuO2CO3
 –    –1409.771

±3.002
 (b)       

PuO2(CO3)2
2–    –1902.061

±4.088
 (b)    –2199.496

±7.714
 (b)       19.625

±27.657
 (b)   

PuO2(CO3)3
4–    –2448.797

±4.180
 (b)    –2886.326

±6.915
 (b)       –6.103

±25.198
 (b)   

PuO2(CO3)3
5–    –2465.031

±6.096
 (b)    –2954.927

±12.344
 (b)     –116.406

±45.084
 (b)   

Pu(CO3)4
4–    –2800.785

±7.013
 (b)       

Pu(CO3)5
6–    –3320.979

±7.261
 (b)       

(Continued on next page) 
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Table 5–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

PuSCN2+     –493.704
±5.333

 (b)     –515.390
±5.988

 (b)      –15.355
±26.906

 (a)   

Sr3PuO6(cr)      –3042.100
±7.900

     

BaPuO3(cr)      –1654.200
±8.300

     

Ba3PuO6(cr)      –2997.000
±10.000

     

Ba2MgPuO6(cr)      –2995.800
±8.800

     

Ba2CaPuO6(cr)      –3067.500
±8.900

     

Ba2SrPuO6(cr)      –3023.300
±9.000

     

Cs2PuCl6(cr)    –1838.243
±6.717

 (a)    –1982.000
±5.000

      412.000
±15.000

   

Cs3PuCl6(cr)    –2208.045
±9.491

 (b)    –2364.415
±9.040

 (b)      454.925
±10.959

 (b)      258.600
±10.000

 (c) 

CsPu2Cl7(cr)    –2235.119
±5.284

 (b)    –2399.380
±5.734

 (b)      424.000
±7.281

 (b)      254.900
±10.000

 (c) 

Cs2PuBr6(cr)    –1634.326
±6.150

 (a)    –1697.400
±4.200

      470.000
±15.000

   

Cs2NaPuCl6(cr)    –2143.496
±5.184

 (a)    –2294.200
±2.600

      440.000
±15.000

   

(a) Value calculated internally with the Gibbs–Helmholtz equation, f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
(b) Value calculated internally from reaction data (see Table 5–2). 
(c) Temperature coefficients of this function are listed in Table 5–3 . 
(d) A temperature function for the heat capacity is given in Table 5–3. 
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Table 5–2: Selected thermodynamic data for reactions involving plutonium 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 III. 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  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

Pu(g)  Pu(cr)    Pu(g) 

          349.000
±3.000

   

Pu3+  PuCl3. 6H2O(cr)   3Cl – + 6H2O(l) + Pu3+ 
            –15.010

±3.533
 

Pu4+  H+ + Pu3+   0.5H2(g) + Pu4+ 

           –164.680
±8.124

 

PuO2(am, hyd)   4OH – + Pu4+   2H2O(l) + PuO2(am, hyd) 

       58.330
±0.520

     –332.950
±2.968

     

PuO2
+   0.5H2(g) + PuO2

2+    H+ + PuO2
+ 

       15.819
±0.090

 (c)      –90.293
±0.515

      –88.091
±6.026

        7.386
±20.285

 (a) 

PuOH2+  H2O(l) + Pu3+    H+ + PuOH2+ 

       –6.900
±0.300

       39.385
±1.712

     

PuOH3+  H2O(l) + Pu4+    H+ + PuOH3+ 

        0.600
±0.200

       –3.425
±1.142

     

                                        (Continued on next page) 
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Table 5–2: (continued) 

Species  Reaction  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

Pu(OH)2
2+   2H2O(l) + Pu4+   2H+ + Pu(OH)2

2+ 

        0.600
±0.300

       –3.425
±1.712

     

Pu(OH)3(cr)   3H2O(l) + Pu3+   3H+ + Pu(OH)3(cr) 

      –15.800
±1.500

       90.187
±8.562

     

Pu(OH)3
+   3H2O(l) + Pu4+   3H+ + Pu(OH)3

+ 

       –2.300
±0.400

       13.128
±2.283

     

PuO2OH(am)  H2O(l) + PuO2
+    H+ + PuO2OH(am) 

       –5.000
±0.500

       28.540
±2.854

     

PuO2OH(aq)  H2O(l) + PuO2
+    H+ + PuO2OH(aq) 

     ≤  –9.730      ≥ 55.539     

PuO2OH+  H2O(l) + PuO2
2+    H+ + PuO2OH+ 

       –5.500
±0.500

       31.394
±2.854

       28.000
±15.000

      –11.384
±51.213

 (a) 

PuO2(OH)2(aq)   2H2O(l) + PuO2
2+   2H+ + PuO2(OH)2(aq) 

      –13.200
±1.500

       75.346
±8.562

     

Pu(OH)4(aq)   4H2O(l) + Pu4+   4H+ + Pu(OH)4(aq) 

       –8.500
±0.500

       48.518
±2.854

     

PuO2(OH)2. H2O(cr)   3H2O(l) + PuO2
2+   2H+ + PuO2(OH)2. H2O(cr) 

       –5.500
±1.000

       31.394
±5.708

     

(PuO2)2(OH)2
2+   2H2O(l) + 2PuO2

2+    (PuO2)2(OH)2
2+ + 2H+ 

       –7.500
±1.000

       42.810
±5.708

     

PuF3+  F – + Pu4+    PuF3+ 

        8.840
±0.100

      –50.459
±0.571

       9.100
±2.200

      199.762
±7.623

 (a) 

                                        (Continued on next page) 
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Table 5–2: (continued) 

Species  Reaction  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

PuF2
2+   2F – + Pu4+    PuF2

2+ 

       15.700
±0.200

      –89.616
±1.142

       11.000
±5.000

      337.469
±17.202

 (a) 

PuF3(g)  PuF3(cr)    PuF3(g) 

          418.900
±0.500

   

PuF4(g)  PuF4(cr)    PuF4(g) 

          301.800
±3.600

   

PuF6(cr)  PuF6(g)    PuF6(cr) 

          –48.650
±1.000

   

PuF6(g)  F2(g) + PuF4(cr)    PuF6(g) 

           37.300
±2.400

   

PuO2F+  F – + PuO2
2+    PuO2F+ 

        4.560
±0.200

      –26.029
±1.142

     

PuO2F2(aq)   2F – + PuO2
2+    PuO2F2(aq) 

        7.250
±0.450

      –41.383
±2.569

     

PuCl3+  Cl – + Pu4+    PuCl3+ 

        1.800
±0.300

      –10.274
±1.712

     

PuCl3(g)  PuCl3(cr)    PuCl3(g) 

          312.200
±0.500

   

PuCl4(g)   0.5Cl2(g) + PuCl3(cr)    PuCl4(g) 

          167.600
±1.000

   

PuOCl(cr)  H2O(g) + PuCl3(cr)   2HCl(g) + PuOCl(cr) 

            128.710
±0.490

 

                                        (Continued on next page) 
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Table 5–2: (continued) 

Species  Reaction  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

PuO2Cl+  Cl – + PuO2
2+    PuO2Cl+ 

        0.230
±0.030

       –1.313
±0.171

     

PuO2Cl2(aq)   2Cl – + PuO2
2+    PuO2Cl2(aq) 

       –1.150
±0.300

        6.564
±1.712

     

PuBr3+  Br – + Pu4+    PuBr3+ 

        1.600
±0.300

       –9.133
±1.712

     

PuBr3(g)  PuBr3(cr)    PuBr3(g) 

      –41.565
±2.728

 (c)      237.257
±15.570

 (a)      304.400
±15.000

      225.200
±14.000

 

PuOBr(cr)  H2O(g) + PuBr3(cr)   2HBr(g) + PuOBr(cr) 

       –8.893
±0.914

 (c)       50.764
±5.218

 (a)       91.700
±5.000

      137.300
±5.000

 

PuI2+  I – + Pu3+    PuI2+ 

        1.100
±0.400

       –6.279
±2.283

     

PuSO4
+  HSO4

 – + Pu3+    H+ + PuSO4
+ 

        1.930
±0.610

      –11.017
±3.482

       –5.200
±2.000

       19.509
±13.468

 (a) 

PuSO4
2+  HSO4

 – + Pu4+    H+ + PuSO4
2+ 

        4.910
±0.220

      –28.026
±1.256

     

PuO2SO4(aq)  PuO2
2+ + SO4

2–    PuO2SO4(aq) 

        3.380
±0.200

      –19.293
±1.142

       16.100
±0.600

      118.709
±4.326

 (a) 

Pu(SO4)2(aq)   2HSO4
 – + Pu4+   2H+ + Pu(SO4)2(aq) 

        7.180
±0.320

      –40.984
±1.827

     

Pu(SO4)2
 –   2HSO4

 – + Pu3+   2H+ + Pu(SO4)2
 – 

        1.740
±0.760

       –9.932
±4.338

      –33.000
±16.000

      –77.370
±55.602

 (a) 

                                        (Continued on next page) 
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Table 5–2: (continued) 

Species  Reaction  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

PuO2(SO4)2
2–  PuO2

2+ + 2SO4
2–    PuO2(SO4)2

2– 

        4.400
±0.200

      –25.115
±1.142

       43.000
±9.000

      228.460
±30.428

 (a) 

PuNO3
3+  NO3

 – + Pu4+    PuNO3
3+ 

        1.950
±0.150

      –11.131
±0.856

     

PuPO4(s, hyd)  PO4
3– + Pu3+    PuPO4(s, hyd) 

       24.600
±0.800

     –140.418
±4.566

     

PuH3PO4
4+  H3PO4(aq) + Pu4+    PuH3PO4

4+ 

        2.400
±0.300

      –13.699
±1.712

     

Pu(HPO4)2(am, hyd)   2HPO4
2– + Pu4+    Pu(HPO4)2(am, hyd) 

       30.450
±0.510

     –173.810
±2.911

     

PuO2CO3(aq)  CO3
2– + PuO2

2+    PuO2CO3(aq) 

        9.500
±0.500

      –54.226
±2.854

     

PuO2CO3(s)  CO3
2– + PuO2

2+    PuO2CO3(s) 

       14.650
±0.470

      –83.623
±2.683

     

PuO2CO3
 –  CO3

2– + PuO2
+    PuO2CO3

 – 

        5.120
±0.140

      –29.225
±0.799

     

PuO2(CO3)2
2–   2CO3

2– + PuO2
2+    PuO2(CO3)2

2– 

       14.700
±0.500

      –83.908
±2.854

      –27.000
±4.000

      190.871
±16.481

 (a) 

PuO2(CO3)3
4–   3CO3

2– + PuO2
2+    PuO2(CO3)3

4– 

       18.000
±0.500

     –102.745
±2.854

      –38.600
±2.000

      215.143
±11.689

 (a) 

PuO2(CO3)3
5–   3CO3

2– + PuO2
+    PuO2(CO3)3

5– 

        5.025
±0.920

 (c)      –28.685
±5.250

      –19.110
±8.500

       32.115
±33.509

 (a) 

                                        (Continued on next page) 
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Table 5–2: (continued) 

Species  Reaction  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

Pu(CO3)4
4–   4CO3

2– + Pu4+    Pu(CO3)4
4– 

       37.000
±1.100

     –211.198
±6.279

     

Pu(CO3)5
6–   5CO3

2– + Pu4+    Pu(CO3)5
6– 

       35.650
±1.130

     –203.492
±6.450

     

PuSCN2+  Pu3+ + SCN –    PuSCN2+ 

        1.300
±0.400

       –7.420
±2.283

       0.000
±4.000

       24.888
±15.448

 (a) 

Cs3PuCl6(cr)  CsCl(cr) + 0.2CsPu2Cl7(cr)   0.4Cs3PuCl6(cr) 

        3.922
±0.638

 (c)      –22.387
±3.640

 (a)      –23.580
±3.426

       –4.000
±4.130

 

CsPu2Cl7(cr)  CsCl(cr) + 2PuCl3(cr)    CsPu2Cl7(cr) 

        6.605
±0.594

 (c)      –37.700
±3.390

 (a)      –37.870
±3.160

       –0.570
±4.120

 

 (a) Value calculated internally with the Gibbs–Helmholtz 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 5–3: Selected temperature coefficients for heat capacities marked with (c) in Table 
5–1, according to the form 2 2

,m ( )pC T a bT cT eT −= + + + . The functions are valid be-
tween the temperatures Tmin and Tmax (in K). The notation E±nn indicates the power of 
10. for ,mpC  units are J · K–1 · mol–1.  

Compound  a    b   c   e  T min T max  
Pu(cr) 1.81260E+01 4.48200E–02 0 0 298  398
β–Pu 2.74160E+01 1.30600E–02 0 0 398  488
δ–Pu 2.84780E+01 1.08070E–02 0 0 593  736
δ'–Pu 3.55600E+01 0 0 0 736  756
γ–Pu 2.20230E+01 2.29590E–02 0 0 488  593
ε–Pu 3.37200E+01 0 0 0 756  913
Pu(g) 2.05200E+01 –9.39140E–03 2.57550E–05 7.51200E+04 298  500
 4.59200E+00 3.31521E–02 –5.64466E–06 7.01590E+05 500 1100
 –9.58800E+00 4.60885E–02 –8.63248E–06 5.01446E+05 1100 2000
PuO1.61(bcc) 6.59100E+01 1.38500E–02 0 –8.75700E+05 298 2300
PuO2(cr) 8.44950E+01 1.06390E–02 –6.11360E–07 –1.90060E+06 298 2500
Pu2O3(cr) 1.69470E+02 –7.99800E–02 0 –2.54590E+06 298  350
 1.22953E+02 2.85480E–02 0 –1.50120E+05 350 2358
PuF(g) 3.66410E+01 9.20600E–04 –1.44430E–07 –3.02540E+05 298 3000
PuF2(g) 5.73100E+01 7.27000E–04 –1.47210E–07 –5.38960E+05 298 3000
PuF3(cr) 1.04080E+02 7.07000E–04 0 –1.03550E+06 298 1700
PuF3(g) 7.92670E+01 5.60920E–03 –2.20240E–06 –7.55940E+05 298 1300
PuF4(g) 1.05110E+02 2.84120E–03 –6.88730E–07 –1.19680E+06 298 2400
PuF6(cr) 7.23480E+01 3.21300E–01 0 0 298  325
PuF6(g) 1.43990E+02 2.32110E–02 –1.07640E–05 –1.83430E+06 298 1000
PuOF(cr) 7.20000E+01 1.60000E–02 –3.30000E–06 –6.20000E+05 298 1500
PuCl3(cr) 9.13500E+01 2.40000E–02 0 2.40000E+05 298 1041
PuCl3(g) 7.71030E+01 1.29970E–02 –4.31250E–06 –1.88730E+05 298 1100
PuCl4(g) 1.10430E+02 4.08180E–03 –9.76160E–07 –7.23430E+05 298 3000
PuOCl(cr) 7.30300E+01 1.71000E–02 0 –5.83000E+05 298 1100
PuBr3(cr) 1.04500E+02 1.50000E–02 0 –6.38000E+05 298  935
PuBr3(g) 8.31350E+01 3.90000E–06 0 –1.38320E+05 298 1500
PuOBr(cr) 7.37000E+01 1.70000E–02 0 –5.15000E+05 298 1100
PuI3(cr) 1.04000E+02 2.00000E–02 0 0 298  930
PuI3(g) 8.31500E+01 1.40000E–06 0 –1.00000E+05 298 1500
PuOI(cr) 6.70000E+01 3.57000E–02 –1.20000E–05 –9.00000E+04 298 1000
PuC0.84(cr) 7.15910E+01 –5.95040E–02 4.94350E–05 –9.93200E+05 298 1875
Pu3C2(cr) 1.20670E+02 4.68600E–02 0 1.94560E+05 298  850
Pu2C3(cr) 1.56000E+02 –7.98730E–02 7.04170E–05 –2.17570E+06 298 2285
Cs3PuCl6(cr) 2.56600E+02 3.46000E–02 0 –7.40000E+05 298  900
CsPu2Cl7(cr) 2.37800E+02 5.15000E–02 0 1.55000E+05 298  900
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Chapter 6 

6 Selected Data for Americium 
 

 

6.1 General considerations 
This chapter presents updated chemical thermodynamic data for americium species, as 
described in detail in Chapter 12 of this volume. The newly selected data represent revi-
sions to those chosen in the previous NEA TDB review [95SIL/BID]. In this respect, it 
will be found that while new species appear in the Tables, some others have been re-
moved from them. Table 6–1 contains the recommended thermodynamic data of the 
americium compounds and complexes, Table 6–2 the recommended thermodynamic 
data of chemical equilibrium reactions by which the americium compounds and com-
plexes are formed, and Table 6–3 the temperature coefficients of the heat capacity data 
of Table 6–1 where available.  

The species and reactions in Table 6–1, Table 6–2 and Table 6–3 appear in 
standard order of arrangement (cf. Figure 2.1). Table 6–2 contains information only on 
those reactions for which primary data selections are made in this review. These se-
lected reaction data are used, together with data for key americium species (for example 
Am3+) and auxiliary data listed in Table 8–1, to derive the corresponding formation 
quantities in Table 6–1. The uncertainties associated with values for the key americium 
species and for some of the auxiliary data are substantial, leading to comparatively large 
uncertainties in the formation quantities derived in this manner. The inclusion of a table 
for reaction data (Table 6–2) in this report allows the use of equilibrium constants with 
total uncertainties that are directly based on the experimental accuracies. This is the 
main reason for including both the table for reaction data (Table 6–2) and the table of 

f m f m m, ,G H Sο ο ο∆ ∆  and ,mpCο  values (Table 6–1). In a few cases, the correlation of small 
uncertainties in values for ligands has been neglected in calculations of uncertainty val-
ues for species in Table 6–1 from uncertainty values in Table 6–2. However, for those 
species the effects are less than 2% of the stated uncertainties. 

The selected thermal functions of the heat capacities, listed in Table 6–3, refer 
to the relation: 

2 1 2
,m ( )  =  pC T a b T c T d T e T− −+ ⋅ + ⋅ + ⋅ + ⋅  (6.1) 
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No references are given in these tables since the selected data are generally not 
directly attributable to a specific published source. A detailed discussion of the selection 
procedure is presented in [95SIL/BID] and in Chapter 12 of this volume. 

6.2 Precautions to be observed in the use of the tables 
Geochemical modelling in aquatic systems requires the careful use of the data selected 
in the NEA TDB reviews. The data in the tables of selected data must not be adopted 
without taking into account the chemical background information discussed in the cor-
responding sections of this book. In particular the following precautions should be ob-
served when using data from the Tables. 

• The addition of any aqueous species and its data to this internally consistent 
database can result in a modified data set which is no longer rigorous and can 
lead to erroneous results. The situation is similar, to a lesser degree, with the 
addition of gases and solids. It should also be noted that the data set presented 
in this chapter may not be “complete” for all the conceivable systems and con-
ditions. Gaps are pointed out in both the previous NEA TDB review and the 
present update. 

• Solubility data for crystalline phases are well defined in the initial state, but not 
necessarily in the final state after “equilibrium” has been attained. Hence, the 
solubility calculated from these phases may be very misleading, as discussed 
for the solubility data of MO2(cr), M = U, Np, Pu.  

• The selected thermodynamic data in [92GRE/FUG], [95SIL/BID] and 
[2001LEM/FUG] contain thermodynamic data for amorphous phases. Most of 
these refer to Gibbs energy of formation deduced from solubility measure-
ments. In the present review all such data have been removed. However, the 
corresponding log10K values have been retained. The reasons for these changes 
are: 

o Thermodynamic data are only meaningful if they refer to well–
defined systems; this is not the case for amorphous phases. It is well 
known that their solubility may change with time, due to re–
crystallisation with a resulting change in water content and surface 
area/crystal size; the time scale for these changes can vary widely. 
These kinetic phenomena are different from those encountered in sys-
tems where there is a very high activation barrier for the reaction, e.g., 
electron exchange between sulphate and sulphide.  

o The solubility of amorphous phases provides useful information for 
users of the database when modelling the behaviour of complex sys-
tems. Therefore the solubility products have been given, however 
with the proviso that they are not thermodynamic quantities. 
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Table 6–1: Selected thermodynamic data for americium compounds and complexes. All 
ionic species listed in this table are aqueous species. Unless noted otherwise, all data 
refer to the reference temperature of 298.15 K and to the standard state, i.e., a pressure 
of 0.1 MPa and, for aqueous species, infinite dilution (I = 0). The uncertainties listed 
below each value represent total uncertainties and correspond in principle to the 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 III. 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. 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

Am(cr)        0.000        0.000       55.400
±2.000

       25.500
±1.500

 (c) 

β–Am     (d) 

γ–Am     (d) 

Am(l)     (d) 

Am(g)      242.312
±1.614

 (a)      283.800
±1.500

      194.550
±0.050

       20.786
±0.010

 (c) 

Am2+     –376.780
±15.236

 (b)     –354.633
±15.890

 (a)       –1.000
±15.000

   

Am3+     –598.698
±4.755

 (a)     –616.700
±1.500

     –201.000
±15.000

   

Am4+     –346.358
±8.692

 (a)     –406.000
±6.000

     –406.000
±21.000

   

AmO2(cr)     –877.683
±4.271

 (a)     –932.200
±3.000

       77.700
±10.000

       66.170
±10.000

 (c) 

AmO2
+     –739.796

±6.208
 (a)     –804.260

±5.413
 (b)      –21.000

±10.000
   

AmO2
2+     –585.801

±5.715
 (a)     –650.760

±4.839
 (b)      –88.000

±10.000
   

Am2O3(cr)    –1605.449
±8.284

 (a)    –1690.400
±8.000

      133.600
±6.000

      117.500
±15.000

 (c) 

AmH2(cr)     –134.661
±15.055

 (a)     –175.800
±15.000

       48.100
±3.800

       38.200
±2.500

 (c) 

 (Continued on next page) 
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Table 6–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

AmOH2+     –794.740
±5.546

 (b)       

Am(OH)2
+     –986.787

±6.211
 (b)       

Am(OH)3(aq)    –1160.568
±5.547

 (b)       

Am(OH)3(cr)    –1221.073
±5.861

 (b)    –1353.198
±6.356

 (a)      116.000
±8.000

   

AmF2+     –899.628
±5.320

 (b)       

AmF2
+    –1194.851

±5.082
 (b)       

AmF3(cr)    –1519.765
±14.126

 (a)    –1594.000
±14.000

      110.600
±6.000

   

AmF3(g)    –1147.798
±16.771

 (a)    –1156.500
±16.589

 (b)      330.400
±8.000

       72.200
±5.000

 

AmF4(cr)    –1632.503
±17.177

 (a)    –1724.000
±17.000

      154.100
±8.000

   

AmCl2+     –731.285
±4.759

 (b)       

AmCl2
+     –856.908

±4.769
 (b)       

AmCl3(cr)     –905.105
±2.290

 (a)     –977.800
±1.300

      146.200
±6.000

      103.000
±10.000

 

AmOCl(cr)     –897.052
±6.726

 (a)     –949.800
±6.000

 (b)       92.600
±10.000

 (b)       70.400
±10.000

 (c) 

AmBr3(cr)     –773.674
±6.728

 (a)     –804.000
±6.000

      182.000
±10.000

   

AmOBr(cr)     –848.485
±9.794

 (a)     –887.000
±9.000

 (b)      104.900
±12.800

 (b)   

AmI3(cr)     –609.451
±10.068

 (a)     –615.000
±9.000

      211.000
±15.000

   

AmS(cr)           92.000
±12.000

   

AmSO4
+    –1361.538

±4.849
 (b)       

 (Continued on next page) 
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Table 6–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

Am(SO4)2
 –    –2107.826

±4.903
 (b)       

AmSe(cr)          109.000
±12.000

   

AmTe(cr)          121.000
±12.000

   

AmN3
2+     –260.030

±5.190
 (b)       

AmNO3
2+     –717.083

±4.908
 (b)       

AmH2PO4
2+    –1752.974

±5.763
 (b)       

Am2C3(cr)     –156.063
±42.438

 (a)     –151.000
±42.000

      145.000
±20.000

   

AmCO3
+    –1172.262

±5.289
 (b)       

AmO2CO3
 –    –1296.807

±6.844
 (b)       

Am(CO3)2
 –    –1728.131

±5.911
 (b)       

AmO2(CO3)2
3–    –1833.840

±7.746
 (b)       

Am(CO3)3
3–    –2268.018

±7.521
 (b)       

AmO2(CO3)3
5–    –2352.607

±8.514
 (b)       

Am(CO3)5
6–    –3210.227

±7.919
 (b)       

AmHCO3
2+    –1203.238

±5.060
 (b)       

AmCO3OH. 0.5 H2O(cr)   –1530.248
±5.560

 (b)    –1682.900
±2.600

      141.413
±20.683

 (a)   

AmSiO(OH)3
2+    –1896.844

±5.000
 (b)       

AmSCN2+     –513.418
±6.445

 (b)       

 (Continued on next page) 
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Table 6–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο

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

SrAmO3(cr)      –1539.000
±4.100

     

BaAmO3(cr)      –1544.600
±3.400

     

NaAmO2CO3(s)    –1591.867
±6.627

 (b)       

NaAm(CO3)2. 5H2O(cr)    –3222.021
±5.605

 (b)       

Cs2NaAmCl6(cr)    –2159.151
±4.864

 (a)    –2315.800
±1.800

      421.000
±15.000

      260.000
±15.000

 

(a) Value calculated internally with the Gibbs–Helmholtz equation, f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
(b) Value calculated internally from reaction data (see Table 6–2). 
(c) Temperature coefficients of this function are listed in Table 6–3. 
(d) A temperature function for the heat capacity is given in Table 6–3. 
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Table 6–2: Selected thermodynamic data for reactions involving americium compounds 
and complexes. All ionic species listed in this table are aqueous species. Unless noted 
otherwise, all data refer to the reference temperature of 298.15 K and to the standard 
state, i.e., a pressure of 0.1 MPa and, for aqueous species, infinite dilution (I = 0). The 
uncertainties listed below each value represent total uncertainties and correspond in 
principle to the statistically defined 95% confidence interval. Values obtained from 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 III. 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  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

Am(g)  Am(cr)    Am(g) 

          283.800
±1.500

   

Am2+  Am3+ + e –    Am2+ 

      –38.878
±2.536

 (b)      221.920
±14.476

     

AmO2
+  Am3+ + 2H2O(l)    AmO2

+ + 4H+ + 2 e – 

          384.100
±5.200

   

AmO2
2+  Am3+ + 2H2O(l)    AmO2

2+ + 4H+ + 3 e – 

          537.600
±4.600

   

AmOH2+  Am3+ + H2O(l)    AmOH2+ + H+ 

       –7.200
±0.500

       41.098
±2.854

     

Am(OH)2
+  Am3+ + 2H2O(l)    Am(OH)2

+ + 2H+ 

      –15.100
±0.700

       86.191
±3.996

     

AmO2OH(am)  AmO2
+ + H2O(l)    AmO2OH(am) + H+ 

       –5.300
±0.500

       30.253
±2.854

     

Am(OH)3(cr)  Am3+ + 3H2O(l)    Am(OH)3(cr) + 3H+ 

      –15.600
±0.600

       89.045
±3.425

     

                                        (Continued on next page) 
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Table 6–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

Am(OH)3(am)  Am3+ + 3H2O(l)    Am(OH)3(am) + 3H+ 

      –16.900
±0.800

       96.466
±4.566

     

Am(OH)3(aq)  Am3+ + 3H2O(l)    Am(OH)3(aq) + 3H+ 

      –26.200
±0.500

      149.551
±2.854

     

AmF2+  Am3+ + F –    AmF2+ 

        3.400
±0.400

      –19.407
±2.283

     

AmF2
+  Am3+ + 2F –    AmF2

+ 

        5.800
±0.200

      –33.107
±1.142

     

AmF3(g)  AmF3(cr)    AmF3(g) 

          437.500
±8.900

   

AmCl2+  Am3+ + Cl –    AmCl2+ 

        0.240
±0.030

       –1.370
±0.171

     

AmCl2
+  Am3+ + 2Cl –    AmCl2

+ 

       –0.740
±0.050

        4.224
±0.285

     

AmOCl(cr)  AmCl3(cr) + H2O(g)    AmOCl(cr) + 2HCl(g) 

       –8.066
±1.115

 (c)       46.042
±6.364

 (a)       85.213
±5.900

      131.380
±8.000

 

AmOBr(cr)  AmBr3(cr) + H2O(g)    AmOBr(cr) + 2HBr(g) 

       –8.246
±2.661

 (c)       47.070
±15.188

 (a)       86.256
±15.000

      131.430
±8.000

 

AmSO4
+  Am3+ + SO4

2–    AmSO4
+ 

        3.300
±0.150

      –18.837
±0.856

     

Am(SO4)2
 –  Am3+ + 2SO4

2–    Am(SO4)2
 – 

        3.700
±0.150

      –21.120
±0.856

     

                                        (Continued on next page) 
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Table 6–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

AmN3
2+  Am3+ + N3

 –    AmN3
2+ 

        1.670
±0.100

       –9.532
±0.571

     

AmNO2
2+  Am3+ + NO2

 –    AmNO2
2+ 

        2.100
±0.200

      –11.987
±1.142

     

AmNO3
2+  Am3+ + NO3

 –    AmNO3
2+ 

        1.330
±0.200

       –7.592
±1.142

     

AmPO4(am, hyd)  Am3+ + PO4
3–    AmPO4(am, hyd) 

       24.790
±0.600

     –141.500
±3.425

     

AmH2PO4
2+  Am3+ + H2PO4

 –    AmH2PO4
2+ 

        3.000
±0.500

      –17.124
±2.854

     

AmCO3
+  Am3+ + CO3

2–    AmCO3
+ 

        8.000
±0.400

      –45.664
±2.283

     

AmO2CO3
 –  AmO2

+ + CO3
2–    AmO2CO3

 – 

        5.100
±0.500

      –29.111
±2.854

     

Am(CO3)2
 –  Am3+ + 2CO3

2–    Am(CO3)2
 – 

       12.900
±0.600

      –73.634
±3.425

     

AmO2(CO3)2
3–  AmO2

+ + 2CO3
2–    AmO2(CO3)2

3– 

        6.700
±0.800

      –38.244
±4.566

     

Am(CO3)3
3–  Am3+ + 3CO3

2–    Am(CO3)3
3– 

       15.000
±1.000

      –85.621
±5.708

     

Am2(CO3)3(am)   2Am3+ + 3CO3
2–    Am2(CO3)3(am) 

       16.700
±1.100

      –95.324
±6.279

     

                                        (Continued on next page) 
 



6 Selected americium data  

 

122 

 
Table 6–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆  

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

AmO2(CO3)3
5–  AmO2

+ + 3CO3
2–    AmO2(CO3)3

5– 

        5.100
±1.000

      –29.111
±5.708

     

Am(CO3)5
6–  Am(CO3)3

3– + 2CO3
2–    Am(CO3)5

6– + e – 

      –20.100
±0.900

 (b)      114.730
±5.137

     

AmHCO3
2+  Am3+ + HCO3

 –    AmHCO3
2+ 

        3.100
±0.300

      –17.695
±1.712

     

AmCO3OH. 0.5H2O(cr)  Am3+ + CO3
2– + 0.5H2O(l) + OH –    AmCO3OH. 0.5H2O(cr) 

       22.400
±0.500

     –127.860
±2.854

     

AmCO3OH(am, hyd)  Am3+ + CO3
2– + OH –    AmCO3OH(am, hyd) 

       20.200
±1.000

     –115.302
±5.708

     

AmSiO(OH)3
2+  Am3+ + Si(OH)4(aq)    AmSiO(OH)3

2+ + H+ 

       –1.680
±0.180

        9.590
±1.027

     

AmSCN2+  Am3+ + SCN –    AmSCN2+ 

        1.300
±0.300

       –7.420
±1.712

     

NaAmO2CO3(s)  AmO2
+ + CO3

2– + Na+    NaAmO2CO3(s) 

       10.900
±0.400

      –62.218
±2.283

     

NaAm(CO3)2. 5H2O(cr)  Am3+ + 2CO3
2– + 5H2O(l) + Na+    NaAm(CO3)2. 5H2O(cr) 

       21.000
±0.500

     –119.869
±2.854

     

(a) Value calculated internally with the Gibbs–Helmholtz 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 6–3: Selected temperature coefficients for heat capacities marked with (c) in Table 
6–1, according to the form 2 2

,m ( )pC T a bT cT eT −= + + + . The functions are valid be-
tween the temperatures Tmin and Tmax (in K). The notation E±nn indicates the power of 
10. ,mpC  units are J · K–1 · mol–1.  

Compound  a    b   c   e  T min T max  
Am(cr) 2.11870E+01 1.11990E–02 3.24620E–06 6.08500E+04 298 1042
β–Am 1.94410E+01 1.08360E–02 2.25140E–06 5.20870E+05 1042 1350
γ–Am 3.97480E+01 0 0 0 1350 1449
Am(l) 4.18400E+01 0 0 0 1449 3000
Am(g) 2.07860E+01 0 0 0 298 1100
AmO2(cr) 8.47390E+01 1.07200E–02 –8.15900E–07 –1.92580E+06 298 2000
Am2O3(cr) 1.13930E+02 5.93700E–02 –2.30100E–05 –1.07100E+06 298 1000
AmH2(cr) 2.48000E+01 4.50000E–02 0 0 298 1200
AmF3(g) 8.16540E+01 1.20840E–03 –2.42780E–07 –8.67160E+05 298 3000
AmOCl(cr) 6.12840E+01 4.58930E–02 –1.73070E–05 –2.69380E+05 298 1100
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Chapter 7 

7 Selected Data for Technetium 
 

 

7.1 General considerations 
This chapter presents updated chemical thermodynamic data for technetium species, as 
described in detail in Chapter 13 of this volume. The newly selected data represent revi-
sions to those chosen in the previous NEA TDB review [99RAR/RAN]. According to 
the discussion in Chapter 13 of this volume, this update has not resulted in any changes 
to the values selected there. However it should be noted that several typographical er-
rors slipped into the selected value tables published in [99RAR/RAN]. For this reason, 
the tables reproduced here have been recalculated and all the entries in them are now in 
agreement with the discussions presented in [99RAR/RAN] and in this volume. Table 
7–1 contains the recommended thermodynamic data of the technetium compounds and 
complexes, Table 7–2 the recommended thermodynamic data of chemical equilibrium 
reactions by which the technetium compounds and complexes are formed, and           
Table 7–3 the temperature coefficients of the heat capacity data of Table 7–1 where 
available.  

The species and reactions in Table 7–1, Table 7–2 and Table 7–3 appear in 
standard order of arrangement (cf. Figure 2.1). Table 7–2 contains information only on 
those reactions for which primary data selections are made in this review. These se-
lected reaction data are used, together with data for key technetium species (for example 

4TcO− ) and auxiliary data listed in Table 8–1, to derive the corresponding formation 
quantities in Table 7–1. The uncertainties associated with values for the key technetium 
species and for some of the auxiliary data are substantial, leading to comparatively large 
uncertainties in the formation quantities derived in this manner. The inclusion of a table 
for reaction data (Table 7–2) in this report allows the use of equilibrium constants with 
total uncertainties that are directly based on the experimental accuracies. This is the 
main reason for including both the table for reaction data (Table 7–2) and the table of 

f m f m m, ,G H Sο ο ο∆ ∆  and ,mpCο  values (Table 7–1). In a few cases, the correlation of small 
uncertainties in values for ligands has been neglected in calculations of uncertainty val-
ues for species in Table 7–3 from uncertainty values in Table 7–2. However, for those 
species the effects are less than 2% of the stated uncertainties. 
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The selected thermal functions of the heat capacities, listed in Table 7–3, refer 
to the relation: 

2 1 2
,m ( )  =  pC T a b T c T d T e T− −+ ⋅ + ⋅ + ⋅ + ⋅  (7.1) 

No references are given in these tables since the selected data are generally not 
directly attributable to a specific published source. A detailed discussion of the selection 
procedure is presented in [99RAR/RAN] and in Chapter 13 of this volume. 

7.2 Precautions to be observed in the use of the tables 
Geochemical modelling in aquatic systems requires the careful use of the data selected 
in the NEA TDB reviews. The data in the tables of selected data must not be adopted 
without taking into account the chemical background information discussed in the cor-
responding sections of this book. In particular the following precautions should be ob-
served when using data from the Tables. 

• The addition of any aqueous species and its data to this internally consistent 
database can result in a modified data set which is no longer rigorous and can 
lead to erroneous results. The situation is similar, to a lesser degree, with the 
addition of gases and solids. It should also be noted that the data set presented 
in this chapter may not be “complete” for all the conceivable systems and con-
ditions. Gaps are pointed out in both the previous NEA TDB review and the 
present update. 

• Solubility data for crystalline phases are well defined in the initial state, but not 
necessarily in the final state after “equilibrium” has been attained. Hence, the 
solubility calculated from these phases may be very misleading, as discussed 
for the solubility data of MO2(cr), M = U, Np, Pu.  
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Table 7–1: Selected thermodynamic data for technetium compounds and complexes. 
Selected thermodynamic functions for some Tc species are also given in Appendix B. 
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, infinite dilution (I 
= 0). The uncertainties listed below each value represent total uncertainties and corre-
spond in principle to the statistically defined 95% confidence interval. Values obtained 
from internal calculation, cf. footnotes (a) and (b), are rounded at the third digit after the 
decimal point and may therefore not be exactly identical to those given in Chapter V. 
Systematically, all the values are presented with three digits after the decimal point, 
regardless of the significance of these digits. It should be noted that insufficient auxil-
iary data are available in a number of cases to derive formation data from the reactions 
listed in Table 7–2. 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 
(kJ · mol–1) (kJ · mol–1) (J · K–1 · mol–1) (J · K–1 · mol–1)

Tc(cr)        0.000        0.000       32.506
±0.700

       24.879
±1.000

 (c, d) 

Tc(g)      630.711
±25.001

 (a)      675.000
±25.000

 (b)      181.052
±0.010

       20.795
±0.010

 (c, d) 

TcO(g)      357.494
±57.001

 (a)      390.000
±57.000

      244.109
±0.600

       31.256
±0.750

(d) 

TcO2+    > –116.799 (b)       

TcO2(cr)     –401.850
±11.762

 (a)     –457.800
±11.700

       50.000
±4.000

   

TcO4
 –     –637.406

±7.616
 (a)     –729.400

±7.600
      199.600

±1.500
      –15.000

±8.000
 

TcO4
2–     –575.759

±8.133
 (b)       

Tc2O7(cr)     –950.280
±15.562

 (a)    –1126.500
±14.900

      192.000
±15.000

      160.400
±15.000

 (c, d) 

Tc2O7(g)     –904.820
±16.462

 (a)    –1008.100
±16.063

 (b)      436.641
±12.000

      146.736
±5.000

(d) 

TcO(OH)+     –345.377
±9.009

 (b)       

TcO(OH)2(aq)     –568.247
±8.845

 (b)       

TcO2. 1.6 H2O(s)     –758.479
±8.372

 (b)       

(Continued on next page) 
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Table 7–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

TcO(OH)3
 –     –743.170

±9.135
 (b)       

Tc2O7. H2O(s)    –1194.300
±15.500

    –1414.146
±14.905

 (b)      278.933
±72.138

 (a)   

TcF6(cr, cubic)          253.520
±0.510

      157.840
±0.320

 

TcF6(g)          359.136
±4.500

      120.703
±2.629

 

TcO3F(g)          306.879
±0.677

       77.261
±0.308

 (c) 

TcO3Cl(g)          317.636
±0.797

       80.365
±0.308

 (c) 

TcS(g)      491.925
±65.001

 (a)      549.000
±65.000

      255.990
±1.000

       34.474
±1.000

(d) 

NH4TcO4(cr)     –721.998
±7.632

 (b)       

TcC(g)      765.602
±40.250

 (a)      826.500
±40.000

      242.500
±15.000

   

TcCO3(OH)2(aq)     –968.899
±9.010

 (b)       

TcCO3(OH)3
 –    –1158.662

±9.486
 (b)       

TlTcO4(cr)     –700.173
±7.653

 (b)       

AgTcO4(cr)     –578.975
±7.654

 (b)       

NaTcO4. 4 H2O(s)    –1843.411
±7.622

 (b)       

KTcO4(cr)     –932.921
±7.604

 (a)    –1035.100
±7.600

      164.780
±0.330

      123.300
±0.250

 

CsTcO4(cr)     –949.700
±7.700

 (b)       

(a) Value calculated internally with the Gibbs–Helmholtz equation, f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
(b) Value calculated internally from reaction data. 
(c) Temperature coefficients of this function are listed in Table 7–3. 
(d) Tables giving the temperature dependence of thermodynamic functions for this substance or compound 

can be found in appendix B of the NEA TDB review on Tc [99RAR/RAN] 
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Table 7–2: Selected thermodynamic data for reactions involving technetium compounds 
and complexes. 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 spe-
cies, infinite dilution (I = 0). The uncertainties listed below each value represent total 
uncertainties and correspond in principle to the statistically defined 95% confidence 
interval. Values obtained from internal calculation, cf. footnote (a), are rounded at the 
third digit after the decimal point and may therefore not be exactly identical to those 
given in Chapter 13. Systematically, all the values are presented with three digits after 
the decimal point, regardless of the significance of these digits. The data presented in 
this table are available on computer media from the OECD Nuclear Energy Agency. 
Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

Tc(g)  Tc(cr)    Tc(g) 

          675.000
±25.000

   

TcO2+   2H+ + TcO(OH)2(aq)   2H2O(l) + TcO2+ 

       < 4.000     > –22.832     

TcO4
2–  TcO4

 – + e –    TcO4
2– 

      –10.800
±0.500

 (b)       61.647
±2.854

     

Tc2O7(g)  Tc2O7(cr)    Tc2O7(g) 

         118.400
±6.000

   

TcO(OH)+  H+ + TcO(OH)2(aq)    H2O(l) + TcO(OH)+ 

        2.500
±0.300

      –14.270
±1.712

     

TcO(OH)2(aq)  TcO2. 1.6H2O(s)   0.6H2O(l) + TcO(OH)2(aq) 
       –8.400

±0.500
      47.948

±2.854
     

TcO2. 1.6H2O(s)   4H+ + TcO4
 – + 3 e –   0.4H2O(l) + TcO2. 1.6H2O(s) 

       37.829
±0.609

 (b)     –215.930
±3.476

     

TcO(OH)3
 –  H2O(l) + TcO(OH)2(aq)    H+ + TcO(OH)3

 – 

      –10.900
±0.400

       62.218
±2.283

     

                                        (Continued on next page) 
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Table 6–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

Tc2O7. H2O(s)  H2O(g) + Tc2O7(cr)    Tc2O7. H2O(s) 
          –45.820

±0.400
   

TcF6(g)  TcF6(cr, cubic)    TcF6(g) 

       –0.535
±0.327

 (c)        3.055
±1.868

 (a)       34.540
±1.300

      105.600
±4.500

 

TcO2Cl4
3–  H2O(l) + TcOCl5

2–    Cl – + 2H+ + TcO2Cl4
3– 

       –2.950
±0.150

       16.839
±0.856

     

NH4TcO4(cr)  NH4
+ + TcO4

 –    NH4TcO4(cr) 

        0.910
±0.070

       –5.194
±0.400

     

(NH4)2TcCl6(cr)   2NH4
+ + TcCl6

2–    (NH4)2TcCl6(cr) 

        7.988
±1.000

      –45.596
±5.708

     

(NH4)2TcBr6(cr)   2NH4
+ + TcBr6

2–    (NH4)2TcBr6(cr) 

        6.680
±1.000

      –38.130
±5.708

     

TcCO3(OH)2(aq)  CO2(g) + TcO(OH)2(aq)    TcCO3(OH)2(aq) 

        1.100
±0.300

       –6.279
±1.712

     

TcCO3(OH)3
 –  CO2(g) + H2O(l) + TcO(OH)2(aq)    H+ + TcCO3(OH)3

 – 

       –7.200
±0.600

       41.098
±3.425

     

TlTcO4(cr)  TcO4
 – + Tl+    TlTcO4(cr) 

        5.320
±0.120

      –30.367
±0.685

     

AgTcO4(cr)  Ag+ + TcO4
 –    AgTcO4(cr) 

        3.270
±0.130

      –18.665
±0.742

     

NaTcO4. 4H2O(s)   4H2O(l) + Na+ + TcO4
 –    NaTcO4. 4H2O(s) 

       –0.790
±0.040

        4.509
±0.228

     

 (Continued on next page) 
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Table 6–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

KTcO4(cr)  K+ + TcO4
 –    KTcO4(cr) 

        2.288
±0.026

      –13.060
±0.148

      –53.620
±0.420

     –136.039
±1.494

 (a) 

K2TcCl6(cr)   2K+ + TcCl6
2–    K2TcCl6(cr) 

        9.610
±1.000

      –54.854
±5.708

     

K2TcBr6(cr)   2K+ + TcBr6
2–    K2TcBr6(cr) 

        6.920
±1.000

      –39.500
±5.708

     

Rb2TcCl6(cr)   2Rb+ + TcCl6
2–    Rb2TcCl6(cr) 

       11.120
±1.000

      –63.473
±5.708

     

Rb2TcBr6(cr)   2Rb+ + TcBr6
2–    Rb2TcBr6(cr) 

        9.470
±1.000

      –54.055
±5.708

     

CsTcO4(cr)  Cs+ + TcO4
 –    CsTcO4(cr) 

        3.617
±0.047

      –20.646
±0.268

     

Cs2TcCl6(cr)   2Cs+ + TcCl6
2–    Cs2TcCl6(cr) 

       11.430
±1.000

      –65.243
±5.708

     

Cs2TcBr6(cr)   2Cs+ + TcBr6
2–    Cs2TcBr6(cr) 

       11.240
±1.000

      –64.158
±5.708

     

(a) Value calculated internally with the Gibbs–Helmholtz 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 7–3: Selected temperature coefficients for heat capacities marked with (c) in Table 
7–1, according to the form 2 2

,m ( )pC T a bT cT eT −= + + + . The functions are valid be-
tween the temperatures Tmin and Tmax (in K). The notation E±nn indicates the power of 
10. ,mpC  units are J · K–1 · mol–1.  

Compound  a    b   c   e  T min T max  
Tc(cr) 2.50940E+01 4.31450E–03 –2.75460E–07 –1.31300E+05 298 2430
Tc(g) 2.49130E+01 –1.91830E–02 2.51280E–05 –5.61800E+04 298  600
Tc2O7(cr) 1.55000E+02 8.60000E–02 0 –1.80000E+06 298  392
TcF6(cr, cubic) 7.20810E+01 2.87666E–01 0 0 268 311
TcO3F(g) 7.61200E+01 5.34274E–02 –2.53393E–05 –1.11446E+06 298 1000
TcO3Cl(g) 8.03360E+01 4.63950E–02 –2.20086E–05 –1.05321E+06 298 1000
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Chapter 8 

8 Selected auxiliary data  
 
 
 
This chapter presents the chemical thermodynamic data for auxiliary compounds and 
complexes which are used within the NEA TDB project. Most of these auxiliary species 
are used in the evaluation of the recommended uranium, neptunium, plutonium, ameri-
cium and technetium data in Table 3–1, Table 3–2, Table 4–1, Table 4–2, Table 5–1, 
Table 5–2, Table 6–1, Table 6–2, Table 7–1 andTable 7–2. It is therefore essential to 
always use these auxiliary data in conjunction with the selected data for uranium, nep-
tunium, plutonium, americium and technetium. The use of other auxiliary data can lead 
to inconsistencies and erroneous results.  

 The values in the tables of this chapter are either CODATA Key Values, taken 
from [89COX/WAG], or were evaluated within the NEA TDB project, as described in 
Chapter VI of [92GRE/FUG] and [99RAR/RAN], and in Chapter 14 of this review.  

 Table 8–1 contains the selected thermodynamic data of the auxiliary species 
and Table 8–2 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 Chapters 3, 4, 5, 6 and 7, that uncertain-
ties in reaction data are often smaller than those derived for mS ο , f mH ο∆  and f mGο∆ , due 
to uncertainty accumulation during the calculations.  

 All data in Table 8–1 and Table 8–2 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 reference state (I = 0).  

 The uncertainties listed below each reaction value in Table 8–2 are total uncer-
tainties, and correspond mainly to the statistically defined 95% confidence interval. The 
uncertainties listed below each value in Table 8–1 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] or [99RAR/RAN], the ± terms are derived from 
the total uncertainties in the corresponding equilibrium constant of reaction 
(cf. Table 8–2), 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 the experimental determination of the constants. Therefore, reaction data 
for CO2(g), 3HCO− , 2

3CO − , which were originally absent from the corresponding Table 
8–2 in [92GRE/FUG], are included in this table to provide the user of selected data for 
species of uranium, neptunium, plutonium, americium and technetium (cf. Chapters 3, 
4, 5, 6 and 7) with the data needed to obtain the lowest possible uncertainties in the re-
action properties.  

 Note that the values in Table 8–1 and Table 8–2 may contain more digits than 
those listed in either [89COX/WAG] or in Chapter VI of [92GRE/FUG] and 
[99RAR/RAN], because the data in the present chapter are retrieved directly from the 
computerised database and rounded to three digits after the decimal point throughout.  
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Table 8–1: Selected thermodynamic data for auxiliary compounds and complexes, in-
cluding the CODATA Key Values [89COX/WAG] of species not containing uranium, 
neptunium, plutonium, americium or technetium as well as other data that were evalu-
ated in Chapter VI of [92GRE/FUG] and [99RAR/RAN]. All ionic species listed in this 
table are aqueous species. Unless noted otherwise, all data refer to 298.15 K and a pres-
sure of 0.1 MPa and, for aqueous species, a reference state or standard state of infinite 
dilution (I = 0). The uncertainties listed below each value represent total uncertainties 
and correspond in principle to the statistically defined 95% confidence interval. Values 
in bold typeface are CODATA Key Values and are taken directly from reference 
[89COX/WAG] without further evaluation. Values obtained from internal calculation, 
cf. footnotes (a) and (b), are rounded at the third digit after the decimal point and may 
therefore not be exactly identical to those given in Chapter VI of Ref. [92GRE/FUG] or 
[99RAR/RAN]. 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.  

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

O(g)      231.743
±0.100

 (a)      249.180
±0.100

      161.059
±0.003

       21.912
±0.001

 

O2(g)        0.000        0.000      205.152
±0.005

       29.378
±0.003

 

H(g)      203.276
±0.006

 (a)      217.998
±0.006

      114.717
±0.002

       20.786
±0.001

 

H+        0.000        0.000        0.000        0.000 

H2(g)        0.000        0.000      130.680
±0.003

       28.836
±0.002

 

OH –     –157.220
±0.072

 (a)     –230.015
±0.040

      –10.900
±0.200

   

H2O(g)     –228.582
±0.040

 (a)     –241.826
±0.040

      188.835
±0.010

       33.609
±0.030

 

H2O(l)     –237.140
±0.041

 (a)     –285.830
±0.040

       69.950
±0.030

       75.351
±0.080

 

H2O2(aq)       –191.170
±0.100

 (c)     

He(g)        0.000        0.000      126.153
±0.002

       20.786
±0.001

 

Ne(g)        0.000        0.000      146.328
±0.003

       20.786
±0.001

 

Ar(g)        0.000        0.000      154.846
±0.003

       20.786
±0.001

 

 (Continued on next page) 
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Kr(g)        0.000        0.000      164.085
±0.003

       20.786
±0.001

 

Xe(g)        0.000        0.000      169.685
±0.003

       20.786
±0.001

 

F(g)       62.280
±0.300

 (a)       79.380
±0.300

      158.751
±0.004

       22.746
±0.002

 

F –     –281.523
±0.692

 (a)     –335.350
±0.650

      –13.800
±0.800

   

F2(g)        0.000        0.000      202.791
±0.005

       31.304
±0.002

 

HF(aq)     –299.675
±0.702

 (b)     –323.150
±0.716

 (b)       88.000
±3.362

 (a)   

HF(g)     –275.400
±0.700

 (a)     –273.300
±0.700

      173.779
±0.003

       29.137
±0.002

 

HF2
 –     –583.709

±1.200
 (b)     –655.500

±2.221
 (b)       92.683

±8.469
 (a)   

Cl(g)      105.305
±0.008

 (a)      121.301
±0.008

      165.190
±0.004

       21.838
±0.001

 

Cl –     –131.217
±0.117

 (a)     –167.080
±0.100

       56.600
±0.200

   

Cl2(g)        0.000        0.000      223.081
±0.010

       33.949
±0.002

 

ClO –      –37.669
±0.962

 (b)       

ClO2
 –       10.250

±4.044
 (b)       

ClO3
 –       –7.903

±1.342
 (a)     –104.000

±1.000
      162.300

±3.000
   

ClO4
 –       –7.890

±0.600
 (a)     –128.100

±0.400
      184.000

±1.500
   

HCl(g)      –95.298
±0.100

 (a)      –92.310
±0.100

      186.902
±0.005

       29.136
±0.002

 

HClO(aq)      –80.023
±0.613

 (b)       

HClO2(aq)       –0.938
±4.043

 (b)       
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Br(g)       82.379
±0.128

 (a)      111.870
±0.120

      175.018
±0.004

       20.786
±0.001

 

Br –     –103.850
±0.167

 (a)     –121.410
±0.150

       82.550
±0.200

   

Br2(aq)        4.900
±1.000

       

Br2(g)        3.105
±0.142

 (a)       30.910
±0.110

      245.468
±0.005

       36.057
±0.002

 

Br2(l)        0.000        0.000      152.210
±0.300

   

BrO –      –32.095
±1.537

       

BrO3
 –       19.070

±0.634
 (a)      –66.700

±0.500
      161.500

±1.300
   

HBr(g)      –53.361
±0.166

 (a)      –36.290
±0.160

      198.700
±0.004

       29.141
±0.003

 

HBrO(aq)      –81.356
±1.527

 (b)       

I(g)       70.172
±0.060

 (a)      106.760
±0.040

      180.787
±0.004

       20.786
±0.001

 

I –      –51.724
±0.112

 (a)      –56.780
±0.050

      106.450
±0.300

   

I2(cr)        0.000        0.000      116.140
±0.300

   

I2(g)       19.323
±0.120

 (a)       62.420
±0.080

      260.687
±0.005

       36.888
±0.002

 

IO3
 –     –126.338

±0.779
 (a)     –219.700

±0.500
      118.000

±2.000
   

HI(g)        1.700
±0.110

 (a)       26.500
±0.100

      206.590
±0.004

       29.157
±0.003

 

HIO3(aq)     –130.836
±0.797

 (b)       

S(cr)(d)        0.000        0.000       32.054
±0.050

       22.750
±0.050

 

S(g)      236.689
±0.151

 (a)      277.170
±0.150

      167.829
±0.006

       23.674
±0.001
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

S2–      120.695
±11.610

 (b)       

S2(g)       79.686
±0.301

 (a)      128.600
±0.300

      228.167
±0.010

       32.505
±0.010

 

SO2(g)     –300.095
±0.201

 (a)     –296.810
±0.200

      248.223
±0.050

       39.842
±0.020

 

SO3
2–     –487.472

±4.020
 (b)       

S2O3
2–     –519.291

±11.345
 (b)       

SO4
2–     –744.004

±0.418
 (a)     –909.340

±0.400
       18.500

±0.400
   

HS –       12.243
±2.115

 (a)      –16.300
±1.500

       67.000
±5.000

   

H2S(aq)      –27.648
±2.115

 (a)      –38.600
±1.500

      126.000
±5.000

   

H2S(g)      –33.443
±0.500

 (a)      –20.600
±0.500

      205.810
±0.050

       34.248
±0.010

 

HSO3
 –     –528.684

±4.046
 (b)       

HS2O3
 –     –528.366

±11.377
 (b)       

H2SO3(aq)     –539.187
±4.072

 (b)       

HSO4
 –     –755.315

±1.342
 (a)     –886.900

±1.000
      131.700

±3.000
   

Se(cr)        0.000        0.000       42.270
±0.050

       25.030
±0.050

 

SeO2(cr)       –225.100
±2.100

     

SeO3
2–     –361.597

±1.473
 (b)       

HSeO3
 –     –409.544

±1.358
 (b)       

 (Continued on next page) 
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

H2SeO3(aq)     –425.527
±0.736

 (b)       

Te(cr)        0.000        0.000       49.221
±0.050

       25.550
±0.100

 

TeO2(cr)     –265.996
±2.500

 (a)     –321.000
±2.500

       69.890
±0.150

       60.670
±0.150

 (q) 

N(g)      455.537
±0.400

 (a)      472.680
±0.400

      153.301
±0.003

       20.786
±0.001

 

N2(g)        0.000        0.000      191.609
±0.004

       29.124
±0.001

 

N3
 –      348.200

±2.000
      275.140

±1.000
      107.710

±7.500
 (a)   

NO3
 –     –110.794

±0.417
 (a)     –206.850

±0.400
      146.700

±0.400
   

HN3(aq)      321.372
±2.051

 (b)      260.140
±10.050

 (b)      147.381
±34.403

 (b)   

NH3(aq)      –26.673
±0.305

 (b)      –81.170
±0.326

 (b)      109.040
±0.913

 (b)   

NH3(g)      –16.407
±0.350

 (a)      –45.940
±0.350

      192.770
±0.050

       35.630
±0.005

 

NH4
+      –79.398

±0.278
 (a)     –133.260

±0.250
      111.170

±0.400
   

P(am)(e)         –7.500
±2.000

     

P(cr)(e)        0.000        0.000       41.090
±0.250

       23.824
±0.200

 

P(g)      280.093
±1.003

 (a)      316.500
±1.000

      163.199
±0.003

       20.786
±0.001

 

P2(g)      103.469
±2.006

 (a)      144.000
±2.000

      218.123
±0.004

       32.032
±0.002

 

P4(g)       24.419
±0.448

 (a)       58.900
±0.300

      280.010
±0.500

       67.081
±1.500

 

PO4
3–    –1025.491

±1.576
 (b)    –1284.400

±4.085
 (b)     –220.970

±12.846
 (b)   

P2O7
4–    –1935.503

±4.563
 (b)       
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

HPO4
2–    –1095.985

±1.567
 (a)    –1299.000

±1.500
      –33.500

±1.500
   

H2PO4
 –    –1137.152

±1.567
 (a)    –1302.600

±1.500
       92.500

±1.500
   

H3PO4(aq)    –1149.367
±1.576

 (b)    –1294.120
±1.616

 (b)      161.912
±2.575

 (b)   

HP2O7
3–    –1989.158

±4.482
 (b)       

H2P2O7
2–    –2027.117

±4.445
 (b)       

H3P2O7
 –    –2039.960

±4.362
 (b)       

H4P2O7(aq)    –2045.668
±3.299

 (b)    –2280.210
±3.383

 (b)      274.919
±6.954

 (b)   

As(cr)        0.000        0.000       35.100
±0.600

       24.640
±0.500

 

AsO2
 –     –350.022

±4.008
 (a)     –429.030

±4.000
       40.600

±0.600
   

AsO4
3–     –648.360

±4.008
 (a)     –888.140

±4.000
     –162.800

±0.600
   

As2O5(cr)     –782.449
±8.016

 (a)     –924.870
±8.000

      105.400
±1.200

      116.520
±0.800

 

As4O6(cubic)(f)    –1152.445
±16.032

 (a)    –1313.940
±16.000

      214.200
±2.400

      191.290
±0.800

 

As4O6(mono)(g)    –1154.009
±16.041

 (a)    –1309.600
±16.000

      234.000
±3.000

   

HAsO2(aq)     –402.925
±4.008

 (a)     –456.500
±4.000

      125.900
±0.600

   

H2AsO3
 –     –587.078

±4.008
 (a)     –714.790

±4.000
      110.500

±0.600
   

H3AsO3(aq)     –639.681
±4.015

 (a)     –742.200
±4.000

      195.000
±1.000

   

HAsO4
2–     –714.592

±4.008
 (a)     –906.340

±4.000
       –1.700

±0.600
   

H2AsO4
 –     –753.203

±4.015
 (a)     –909.560

±4.000
      117.000

±1.000
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

H3AsO4(aq)     –766.119
±4.015

 (a)     –902.500
±4.000

      184.000
±1.000

   

(As2O5)3. 5 H2O(cr)      –4248.400
±24.000

     

Sb(cr)        0.000        0.000       45.520
±0.210

       25.260
±0.200

 

Bi(cr)(h)        0.000        0.000       56.740
±0.420

       25.410
±0.200

 

C(cr)        0.000        0.000        5.740
±0.100

        8.517
±0.080

 

C(g)      671.254
±0.451

 (a)      716.680
±0.450

      158.100
±0.003

       20.839
±0.001

 

CO(g)     –137.168
±0.173

 (a)     –110.530
±0.170

      197.660
±0.004

       29.141
±0.002

 

CO2(aq)     –385.970
±0.270

 (a)     –413.260
±0.200

      119.360
±0.600

   

CO2(g)     –394.373
±0.133

 (a)     –393.510
±0.130

      213.785
±0.010

       37.135
±0.002

 

CO3
2–     –527.900

±0.390
 (a)     –675.230

±0.250
      –50.000

±1.000
   

HCO3
 –     –586.845

±0.251
 (a)     –689.930

±0.200
       98.400

±0.500
   

SCN –       92.700
±4.000

       76.400
±4.000

      144.268
±18.974

 (a)   

Si(cr)        0.000        0.000       18.810
±0.080

       19.789
±0.030

 

Si(g)      405.525
±8.000

 (a)      450.000
±8.000

      167.981
±0.004

       22.251
±0.001

 

SiO2(quar)(i)     –856.287
±1.002

 (a)     –910.700
±1.000

       41.460
±0.200

       44.602
±0.300

 

SiO2(OH)2
2–    –1175.651

±1.265
 (b)    –1381.960

±15.330
 (b)       –1.488

±51.592
 (b)   

SiO(OH)3
 –    –1251.740

±1.162
 (b)    –1431.360

±3.743
 (b)       88.024

±13.144
 (b)   

Si(OH)4(aq)    –1307.735
±1.156

 (b)    –1456.960
±3.163

 (b)      189.973
±10.245

 (b)   
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Si2O3(OH)4
2–    –2269.878

±2.878
 (b)       

Si2O2(OH)5
 –    –2332.096

±2.878
 (b)       

Si3O6(OH)3
3–    –3048.536

±3.870
 (b)       

Si3O5(OH)5
3–    –3291.955

±3.869
 (b)       

Si4O8(OH)4
4–    –4075.179

±5.437
 (b)       

Si4O7(OH)5
3–    –4136.826

±4.934
 (b)       

SiF4(g)    –1572.773
±0.814

 (a)    –1615.000
±0.800

      282.760
±0.500

       73.622
±0.500

 

Ge(cr)        0.000        0.000       31.090
±0.150

       23.222
±0.100

 

Ge(g)      331.209
±3.000

 (a)      372.000
±3.000

      167.904
±0.005

       30.733
±0.001

 

GeO2(tetr)(j)     –521.404
±1.002

 (a)     –580.000
±1.000

       39.710
±0.150

       50.166
±0.300

 

GeF4(g)    –1150.018
±0.584

 (a)    –1190.200
±0.500

      301.900
±1.000

       81.602
±1.000

 

Sn(cr)        0.000        0.000       51.180
±0.080

       27.112
±0.030

 

Sn(g)      266.223
±1.500

 (a)      301.200
±1.500

      168.492
±0.004

       21.259
±0.001

 

Sn2+      –27.624
±1.557

 (a)       –8.900
±1.000

      –16.700
±4.000

   

SnO(tetr)(j)     –251.913
±0.220

 (a)     –280.710
±0.200

       57.170
±0.300

       47.783
±0.300

 

SnO2(cass)(k)     –515.826
±0.204

 (a)     –577.630
±0.200

       49.040
±0.100

       53.219
±0.200

 

Pb(cr)        0.000        0.000       64.800
±0.300

       26.650
±0.100

 

Pb(g)      162.232
±0.805

 (a)      195.200
±0.800

      175.375
±0.005

       20.786
±0.001
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Pb2+      –24.238
±0.399

 (a)        0.920
±0.250

       18.500
±1.000

   

PbSO4(cr)     –813.036
±0.447

 (a)     –919.970
±0.400

      148.500
±0.600

   

B(cr)        0.000        0.000        5.900
±0.080

       11.087
±0.100

 

B(g)      521.012
±5.000

 (a)      565.000
±5.000

      153.436
±0.015

       20.796
±0.005

 

B2O3(cr)    –1194.324
±1.404

 (a)    –1273.500
±1.400

       53.970
±0.300

       62.761
±0.300

 

B(OH)3(aq)     –969.268
±0.820

 (a)    –1072.800
±0.800

      162.400
±0.600

   

B(OH)3(cr)     –969.667
±0.820

 (a)    –1094.800
±0.800

       89.950
±0.600

       86.060
±0.400

 

BF3(g)    –1119.403
±0.803

 (a)    –1136.000
±0.800

      254.420
±0.200

       50.463
±0.100

 

Al(cr)        0.000        0.000       28.300
±0.100

       24.200
±0.070

 

Al(g)      289.376
±4.000

 (a)      330.000
±4.000

      164.554
±0.004

       21.391
±0.001

 

Al3+     –491.507
±3.338

 (a)     –538.400
±1.500

     –325.000
±10.000

   

Al2O3(coru)(l)    –1582.257
±1.302

 (a)    –1675.700
±1.300

       50.920
±0.100

       79.033
±0.200

 

AlF3(cr)    –1431.096
±1.309

 (a)    –1510.400
±1.300

       66.500
±0.500

       75.122
±0.400

 

Tl+      –32.400
±0.300

       

Zn(cr)        0.000        0.000       41.630
±0.150

       25.390
±0.040

 

Zn(g)       94.813
±0.402

 (a)      130.400
±0.400

      160.990
±0.004

       20.786
±0.001

 

Zn2+     –147.203
±0.254

 (a)     –153.390
±0.200

     –109.800
±0.500

   

ZnO(cr)     –320.479
±0.299

 (a)     –350.460
±0.270

       43.650
±0.400
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Cd(cr)        0.000        0.000       51.800
±0.150

       26.020
±0.040

 

Cd(g)       77.230
±0.205

 (a)      111.800
±0.200

      167.749
±0.004

       20.786
±0.001

 

Cd2+      –77.733
±0.750

 (a)      –75.920
±0.600

      –72.800
±1.500

   

CdO(cr)     –228.661
±0.602

 (a)     –258.350
±0.400

       54.800
±1.500

   

CdSO4. 2.667 H2O(cr)    –1464.959
±0.810

 (a)    –1729.300
±0.800

      229.650
±0.400

   

Hg(g)       31.842
±0.054

 (a)       61.380
±0.040

      174.971
±0.005

       20.786
±0.001

 

Hg(l)        0.000        0.000       75.900
±0.120

   

Hg2+      164.667
±0.313

 (a)      170.210
±0.200

      –36.190
±0.800

   

Hg2
2+      153.567

±0.559
 (a)      166.870

±0.500
       65.740

±0.800
   

HgO(mont)(m)      –58.523
±0.154

 (a)      –90.790
±0.120

       70.250
±0.300

   

Hg2Cl2(cr)     –210.725
±0.471

 (a)     –265.370
±0.400

      191.600
±0.800

   

Hg2SO4(cr)     –625.780
±0.411

 (a)     –743.090
±0.400

      200.700
±0.200

   

Cu(cr)        0.000        0.000       33.150
±0.080

       24.440
±0.050

 

Cu(g)      297.672
±1.200

 (a)      337.400
±1.200

      166.398
±0.004

       20.786
±0.001

 

Cu2+       65.040
±1.557

 (a)       64.900
±1.000

      –98.000
±4.000

   

CuCl(g)         77.000
±10.000

     

CuSO4(cr)     –662.185
±1.206

 (a)     –771.400
±1.200

      109.200
±0.400

   

Ag(cr)        0.000        0.000       42.550
±0.200

       25.350
±0.100
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Ag(g)      246.007
±0.802

 (a)      284.900
±0.800

      172.997
±0.004

       20.786
±0.001

 

Ag+       77.096
±0.156

 (a)      105.790
±0.080

       73.450
±0.400

   

AgCl(cr)     –109.765
±0.098

 (a)     –127.010
±0.050

       96.250
±0.200

   

Ti(cr)        0.000        0.000       30.720
±0.100

       25.060
±0.080

 

Ti(g)      428.403
±3.000

 (a)      473.000
±3.000

      180.298
±0.010

       24.430
±0.030

 

TiO2(ruti)(n)     –888.767
±0.806

 (a)     –944.000
±0.800

       50.620
±0.300

       55.080
±0.300

 

TiCl4(g)     –726.324
±3.229

 (a)     –763.200
±3.000

      353.200
±4.000

       95.408
±1.000

 

Th(cr)        0.000        0.000       51.800
±0.500

       26.230
±0.050

 

Th(g)      560.745
±6.002

 (a)      602.000
±6.000

      190.170
±0.050

       20.789
±0.100

 

ThO2(cr)    –1169.238
±3.504

 (a)    –1226.400
±3.500

       65.230
±0.200

   

Be(cr)        0.000        0.000        9.500
±0.080

       16.443
±0.060

 

Be(g)      286.202
±5.000

 (a)      324.000
±5.000

      136.275
±0.003

       20.786
±0.001

 

BeO(brom)(o)     –580.090
±2.500

 (a)     –609.400
±2.500

       13.770
±0.040

       25.565
±0.100

 

Mg(cr)        0.000        0.000       32.670
±0.100

       24.869
±0.020

 

Mg(g)      112.521
±0.801

 (a)      147.100
±0.800

      148.648
±0.003

       20.786
±0.001

 

Mg2+     –455.375
±1.335

 (a)     –467.000
±0.600

     –137.000
±4.000

   

MgO(cr)     –569.312
±0.305

 (a)     –601.600
±0.300

       26.950
±0.150

       37.237
±0.200

 

MgF2(cr)    –1071.051
±1.210

 (a)    –1124.200
±1.200

       57.200
±0.500

       61.512
±0.300

 

 (Continued on next page) 
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Ca(cr)        0.000        0.000       41.590
±0.400

       25.929
±0.300

 

Ca(g)      144.021
±0.809

 (a)      177.800
±0.800

      154.887
±0.004

       20.786
±0.001

 

Ca2+     –552.806
±1.050

 (a)     –543.000
±1.000

      –56.200
±1.000

   

CaO(cr)     –603.296
±0.916

 (a)     –634.920
±0.900

       38.100
±0.400

       42.049
±0.400

 

CaF(g) –302.118
±5.104

 –276.404
±5.100

 229.244
±0.500

 33.671
±0.500

 

CaCl(g) –129.787
±5.001

 –103.400
±5.000

 241.634
±0.300

 35.687
±0.010

 

Sr(cr)        0.000        0.000       55.700
±0.210

   

Sr2+     –563.864
±0.781

 (a)     –550.900
±0.500

      –31.500
±2.000

   

SrO(cr)     –559.939
±0.914

 (a)     –590.600
±0.900

       55.440
±0.500

   

SrCl2(cr)     –784.974
±0.714

 (a)     –833.850
±0.700

      114.850
±0.420

   

Sr(NO3)2(cr)     –783.146
±1.018

 (a)     –982.360
±0.800

      194.600
±2.100

   

Ba(cr)        0.000        0.000       62.420
±0.840

   

Ba(g) 152.852
±5.006

 185.000
±5.000

 170.245
±0.010

 20.786
±0.001

 

Ba2+     –557.656
±2.582

 (a)     –534.800
±2.500

        8.400
±2.000

   

BaO(cr)     –520.394
±2.515

 (a)     –548.100
±2.500

       72.070
±0.380

   

BaF(g) –349.569
±6.705

 –324.992
±6.700

 246.219
±0.210

 34.747
±0.300

 

BaCl2(cr)     –806.953
±2.514

 (a)     –855.200
±2.500

      123.680
±0.250

   

         (Continued on next page) 
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Li(cr)        0.000        0.000       29.120
±0.200

       24.860
±0.200

 

Li(g)      126.604
±1.002

 (a)      159.300
±1.000

      138.782
±0.010

       20.786
±0.001

 

Li+     –292.918
±0.109

 (a)     –278.470
±0.080

       12.240
±0.150

   

Na(cr)        0.000        0.000       51.300
±0.200

       28.230
±0.200

 

Na+     –261.953
±0.096

 (a)     –240.340
±0.060

       58.450
±0.150

   

NaF(cr)(p)     –546.327
±0.704

 (a)     –576.600
±0.700

       51.160
±0.150

       46.820 

NaCl(cr)(p)     –384.221
±0.147

     –411.260
±0.120

       72.150
±0.200

       50.500 

NaNO3(cr)       –467.580
±0.410

     

K(cr)        0.000        0.000       64.680
±0.200

       29.600
±0.100

 

K(g)       60.479
±0.802

 (a)       89.000
±0.800

      160.341
±0.003

       20.786
±0.001

 

K+     –282.510
±0.116

 (a)     –252.140
±0.080

      101.200
±0.200

   

Rb(cr)        0.000        0.000       76.780
±0.300

       31.060
±0.100

 

Rb(g)       53.078
±0.805

 (a)       80.900
±0.800

      170.094
±0.003

       20.786
±0.001

 

Rb+     –284.009
±0.153

 (a)     –251.120
±0.100

      121.750
±0.250

   

         (Continued on next page) 
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Table 8–1: (continued) 

f mGο∆ f mH ο∆ mS ο
,mpCο  

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

Cs(cr)        0.000        0.000       85.230
±0.400

       32.210
±0.200

 

Cs(g)       49.556
±1.007

 (a)       76.500
±1.000

      175.601
±0.003

       20.786
±0.001

 

Cs+     –291.456
±0.535

 (a)     –258.000
±0.500

      132.100
±0.500

   

CsCl(cr)     –413.807
±0.208

 (a)     –442.310
±0.160

      101.170
±0.200

       52.470 

CsBr(cr)(p)     –391.171
±0.305

     –405.600
±0.250

      112.940
±0.400

       52.930 

 (a) Value calculated internally with the Gibbs–Helmholtz equation, f m f m m,i
i

G H T Sο ο ο∆ = ∆ − ∑ . 
(b) Value calculated internally from reaction data (see Table 8–2) . 
(c) From [82WAG/EVA], uncertainty estimated in the uranium review [92GRE/FUG]. 
(d) Orthorhombic. 
(e) P(cr) refers to white, crystalline (cubic) phosphorus and is the reference state for the element phosphorus.   

P(am) refers to red, amorphous phosphorus. 
(f) Cubic. 
(g) Monoclinic. 
(h) Data from [82WAG/EVA], [73HUL/DES], with the uncertainty in S ο  from the latter 
(i) α-Quartz. 
(j) Tetragonal. 
(k) Cassiterite, tetragonal. 
(l) Corundum. 
(m) Montroydite, red. 
(n) Rutile. 
(o) Bromellite. 
(p) Data from [82GLU/GUR], compatible with [89COX/WAG]. 
(q) Temperature coefficients of this function are given in Section 14.1.1.1. 
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Table 8–2: Selected thermodynamic data for reactions involving auxiliary compounds 
and complexes used in the evaluation of thermodynamic data for the NEA TDB project 
data. All ionic species listed in this table are aqueous species. The selection of these 
data is described in Chapter VI of the uranium review [92GRE/FUG]. Unless noted 
otherwise, all data refer to 298.15 K and a pressure of 0.1 MPa and, for aqueous spe-
cies, a reference state or 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 pre-
sented with three digits after the decimal point, regardless of the significance of these 
digits. The data presented in this table are available on computer media from the OECD 
Nuclear Energy Agency.  
Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

HF(aq)  F – + H+    HF(aq) 

        3.180
±0.020

      –18.152
±0.114

       12.200
±0.300

      101.800
±1.077

 (a) 

HF2
 –  F – + HF(aq)    HF2

 – 

        0.440
±0.120

       –2.511
±0.685

       3.000
±2.000

       18.486
±7.090

 (a) 

ClO –  HClO(aq)    ClO – + H+ 

       –7.420
±0.130

       42.354
±0.742

       19.000
±9.000

      –78.329
±30.289

 (a) 

ClO2
 –  HClO2(aq)    ClO2

 – + H+ 

       –1.960
±0.020

       11.188
±0.114

     

HClO(aq)  Cl2(g) + H2O(l)    Cl – + H+ + HClO(aq) 

       –4.537
±0.105

       25.900
±0.600

     

HClO2(aq)  H2O(l) + HClO(aq)   2H+ + HClO2(aq) + 2 e – 

      –55.400
±0.700

 (b)      316.230
±3.996

     

BrO –  HBrO(aq)    BrO – + H+ 

       –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) 

       –8.240
±0.200

       47.034
±1.142

     

                                        (Continued on next page) 
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Table 8–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

HIO3(aq)  H+ + IO3
 –    HIO3(aq) 

        0.788
±0.029

       –4.498
±0.166

     

S2–  HS –    H+ + S2– 

      –19.000
±2.000

      108.450
±11.416

     

SO3
2–  H2O(l) + SO4

2– + 2 e –   2OH – + SO3
2– 

      –31.400
±0.700

 (b)      179.230
±3.996

     

S2O3
2–   3H2O(l) + 2SO3

2– + 4 e –   6OH – + S2O3
2– 

      –39.200
±1.400

 (b)      223.760
±7.991

     

H2S(aq)  H2S(aq)    H+ + HS – 

       –6.990
±0.170

       39.899
±0.970

     

HSO3
 –  H+ + SO3

2–    HSO3
 – 

        7.220
±0.080

      –41.212
±0.457

       66.000
±30.000

      359.590
±100.630

 (a) 

HS2O3
 –  H+ + S2O3

2–    HS2O3
 – 

        1.590
±0.150

       –9.076
±0.856

     

H2SO3(aq)  H+ + HSO3
 –    H2SO3(aq) 

        1.840
±0.080

      –10.503
±0.457

       16.000
±5.000

       88.891
±16.840

 (a) 

HSO4
 –  H+ + SO4

2–    HSO4
 – 

        1.980
±0.050

      –11.302
±0.285

     

SeO3
2–  HSeO3

 –    H+ + SeO3
2– 

       –8.400
±0.100

       47.948
±0.571

       –5.020
±0.500

     –177.650
±2.545

 (a) 

H2Se(aq)  H+ + HSe –    H2Se(aq) 

        3.800
±0.300

      –21.691
±1.712

     

                                        (Continued on next page) 
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Table 8–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

HSeO3
 –  H2SeO3(aq)    H+ + HSeO3

 – 

       –2.800
±0.200

       15.983
±1.142

       –7.070
±0.500

      –77.319
±4.180

 (a) 

H2SeO3(aq)   3H2O(l) + 2I2(cr) + Se(cr)   4H+ + H2SeO3(aq) + 4I – 

      –13.840
±0.100

       78.999
±0.571

     

HSeO4
 –  H+ + SeO4

2–    HSeO4
 – 

        1.800
±0.140

      –10.274
±0.799

       23.800
±5.000

      114.290
±16.983

 (a) 

HN3(aq)  H+ + N3
 –    HN3(aq) 

        4.700
±0.080

      –26.828
±0.457

      –15.000
±10.000

       39.671
±33.575

 (a) 

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

       –9.237
±0.022

       52.725
±0.126

       52.090
±0.210

       –2.130
±0.821

 (a) 

HNO2(aq)  H+ + NO2
 –    HNO2(aq) 

        3.210
±0.160

      –18.323
±0.913

      –11.400
±3.000

       23.219
±10.518

 (a) 

PO4
3–  HPO4

2–    H+ + PO4
3– 

      –12.350
±0.030

       70.494
±0.171

       14.600
±3.800

     –187.470
±12.758

 (a) 

P2O7
4–  HP2O7

3–    H+ + P2O7
4– 

       –9.400
±0.150

       53.656
±0.856

     

H2PO4
 –  H+ + HPO4

2–    H2PO4
 – 

        7.212
±0.013

      –41.166
±0.074

       –3.600
±1.000

      126.000
±3.363

 (a) 

H3PO4(aq)  H+ + H2PO4
 –    H3PO4(aq) 

        2.140
±0.030

      –12.215
±0.171

        8.480
±0.600

       69.412
±2.093

 (a) 

HP2O7
3–  H2P2O7

2–    H+ + HP2O7
3– 

       –6.650
±0.100

       37.958
±0.571
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Table 8–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

H2P2O7
2–  H3P2O7

 –    H+ + H2P2O7
2– 

       –2.250
±0.150

       12.843
±0.856

     

H3P2O7
 –  H4P2O7(aq)    H+ + H3P2O7

 – 

       –1.000
±0.500

        5.708
±2.854

     

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

       –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) 

        6.354
±0.020

      –36.269
±0.114

     

CO2(g)  CO2(aq)    CO2(g) 

        1.472
±0.020

       –8.402
±0.114

     

HCO3
 –  CO3

2– + H+    HCO3
 – 

       10.329
±0.020

      –58.958
±0.114

     

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

2– 

      –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

 – 

       –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) 

       –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– 

      –19.000
±0.300

      108.450
±1.712

     

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

 – 

       –8.100
±0.300

       46.235
±1.712

     

                                        (Continued on next page) 
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Table 8–2: (continued) 

Species  Reaction  
  

10log K ο
r mGο∆ r mH ο∆   r mSο∆   

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

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

3– 

      –28.600
±0.300

      163.250
±1.712

     

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

3– 

      –27.500
±0.300

      156.970
±1.712

     

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

4– 

      –36.300
±0.500

      207.200
±2.854

     

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

3– 

      –25.500
±0.300

      145.560
±1.712

     

(a) Value calculated internally with the Gibbs–Helmholtz 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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Chapter 9Equation Section 9 

9 Discussion of new data selection 
for Uranium  
 
 

9.1 Elemental uranium (V.1) 
9.1.1 Uranium metal (V.1.1) 
The only new data on condensed uranium are those by Sheldon and Mulford 
[91SHE/MUL]. These authors have re-measured the emissivity of U(l), and calculated 
the concomitant corrections (which are appreciable) to the earlier measurements of 

 for U(l) from 2357 to 5340 K by Mulford and Sheldon 
[88MUL/SHE]. Unfortunately, this correction removes the previous good agreement 
with the enthalpy data of Stephens [74STE] from levitation calorimetry and corresponds 
to a higher emissivity at the melting point. However Stephens' data at the lower tem-
peratures, relevant to the vapour pressure measurements, are in good accord with the 
conventional enthalpy drop calorimetric measurements by Levinson [64LEV]. Thus, the 
current values of the heat capacity of U(l) used in the derivation of 

m m( ) (298.15K)H T H ο−

sub mH∆ (U, cr, 
298.15 K), namely those given by [82GLU/GUR], have been retained until the discrep-
ancy in the emissivity is resolved. 

 Yoo et al. [98YOO/CYN] have reported X–ray diffraction measurements on 
uranium up to temperatures of 4300 K and pressures of 100 GPa. Details of the results 
are given in Appendix A. The data for U ( ,  ,  ,  l)α β γ  assessed by McBride and Gordon 
[93MCB/GOR] are essentially identical to those given by [82GLU/GUR], which form 
the basis of the CODATA Key Values selection used in [92GRE/FUG], which are thus 
retained. 

Boivineau et al. [93BOI/ARL] have also measured the thermophysical proper-
ties of uranium at high temperatures, but this study does not provide any new data rele-
vant to this review. 

9.1.2 Uranium gas (V.1.2) 
The latest listing of the energy levels of U(g) [92BLA/WYA], required for statistical–
mechanical calculations, gives a total of 2252 levels with a total statistical weight of 
26050, up to ca. 50 cm–1 below the ionisation limit. This is a noticeable increase in the 
number of levels used in previous compilations (1133 by Oetting et al. [76OET/RAN] 
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and 1596 by Glushko et al. [82GLU/GUR]). However, most of the new energy levels 
are above 20000 cm–1, so the calculated values of the thermodynamic functions at 
298.15 K, 

 (U, g, 298.15 K) = (199.79 ± 0.03) J · KmS ο –1 · mol–1, 

 ,mpCο (U, g, 298.15 K) = (23.69 ± 0.03) J · K–1 · mol–1, 

are the same as those given in [92GRE/FUG]; the differences at higher temperatures 
remain small − see below. 

The enthalpy of formation selected by [92GRE/FUG] is from the CODATA 
Key Values [89COX/WAG], which is based on four reasonably consistent measure-
ments of the vapour pressure from ca.1900 to 2400 K. Over this temperature range, the 
revised values of ( G T )/T for U(g) differ from those used in the 
CODATA assessment by 0.003 to 0.004 J · K

m m( ) (298.15K)H ο−
–1 · mol–1, so the derived value of the en-

thalpy of sublimation using the revised thermal functions will differ from this value by 
less than 0.01 kJ · mol–1. The value selected in [92GRE/FUG] is therefore retained: 

 f mH ο∆ (U, g, 298.15 K) = (533.0 ± 8.0) kJ · mol–1. 

9.2 Simple uranium aqua ions (V.2) 
No new experimental thermodynamic data related to this section appeared since the 
previous review in this series [92GRE/FUG]. However, a number of points call for at-
tention. 

This is particularly the case of the evaluation of the partial molar heat capaci-
ties of the U3+ and U4+ ions. In [92GRE/FUG], the estimates of Lemire and Tremaine 
[80LEM/TRE], were based on the Criss-Cobble relationships [64CRI/COB], 
[64CRI/COB2], giving: 

,mpC (U3+) = − (64 ± 22) J · K–1 · mol–1  (T = 298 to 473 K), 

,mpC (U4+) = − (48 ± 15) J · K–1 · mol–1  (T = 298 to 473 K). 

These are average values for the temperature range 298.15 to 473 K. However, 
in the last decade or so, several authors have pointed out the severe limitations of the 
Criss-Cobble relationships when applied to tri- and tetravalent aqueous ions. This was 
the case of Shock and Helgeson [88SHO/HEL] who used estimation methods based on 
revised Helgeson–Kirkham–Flowers (HKF) equations of state for aqueous ions. Along 
this line, Shock et al. [97SHO/SAS2] (as discussed in Appendix A) estimated ,mpCο (U3+, 
298.15 K) = – 152.3 J · K–1 · mol–1, thus ca. 90 J · K–1 · mol–1 more negative than the 
value accepted in [92GRE/FUG], and ,mpCο (U4+, 298.15 K) = 0.8 J · K–1 · mol–1. The 
latter value was based on the experimental result ,mpCο (Th4+, 298.15 K) =  − (1 ± 11) 
J · K–1 · mol–1 by Morss and McCue [76MOR/MCC] (see Appendix A). 
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More recently, Hovey [97HOV] (see Appendix A) determined the value 
,mpCο (Th4+, 298.15 K) = − (224 ± 5) J · K–1 · mol–1. Using a more recent value for the 

heat capacity of the nitrate ion, this author also recalculated the results of Morss and 
McCue, obtaining  − (60 ± 11) J · K–1 · mol–1. Thus, the difference between the two sets 
amounts to ca. 140 − 160 J · K–1 · mol–1. The experimental conditions used by 
[97HOV], especially in terms of minimising thorium hydrolysis and complexation, were 
preferable to those selected by [76MOR/MCC]. Reasons for the discrepancy of the 
value of ,mpCο (Th4+) = 111 J · K–1 · mol–1 obtained by [75APE/SAH] using the bulk heat 
capacity of thorium nitrates solutions at 303 K are briefly discussed in the comments on 
[97HOV] (see Appendix A). 

In an earlier study of Al3+, Hovey and Tremaine [86HOV/TRE] also deter-
mined ,mpCο (Al3+, 298.15 K) = − 119 J · K–1 · mol–1, while the Criss-Cobble relations led 
to a value of 16 J · K–1 · mol–1, thus giving a similar difference of 135 J · K–1 · mol–1. In 
view of the above, this review adopts: 

,mpCο (U3+, 298.15 K) = − (150 ± 50) J · K–1 · mol–1, 

,mpCο (U4+, 298.15 K) = − (220 ± 50) J · K–1 · mol–1. 

 The large uncertainties are due, in part, to the fact that the comparison between 
average values for the temperature range 298.15 to 473 K with values at 298.15 K is not 
strictly correct. The experimental basis for the selected values is not yet satisfactory and 
revisions might occur as a result of new studies. The selected heat capacity values 
should not be used at temperatures above 373 K. 

The value ,mpCο ( , 298.15 K) = (42.4 ± 3.0) J · K2+
2UO –1 · mol–1 adopted by 

[92GRE/FUG] on the basis of the experimental results of [89HOV/NGU] is maintained. 

The reduction behaviour of U(VI) to U(IV) in aqueous solutions has been stud-
ied by quantum chemical calculations [99VAL/MAR]. As discussed in Appendix A, 
this approach might soon provide new support when selecting thermodynamic data. 
Theoretical predictions of redox properties are also given in [2000HAY/MAR] (see 
Appendix A). 

Finally, with regard to simple aqueous uranium ions, semi–theoretical data of 
entropies, Gibbs energy and enthalpy of hydration of monatomic aqueous ions 
(U3+, U4+) are discussed in [98DAV/FOU] (see Appendix A). The stability of the oxida-
tion states is discussed in [99MIK/RUM]. 

9.2.1 (V.2.1)  2+
2UO

The entropy value, ( , 298.15 K) = − (98.2 ± 3.0) J · KmS ο 2+
2UO –1 · mol–1 selected in 

[92GRE/FUG] has been questioned in [94SER/DEV] and [97GUR/SER]. According to 
Gurevich et al. this value is too low by about 15 to 20 J · K–1 · mol–1. As discussed in 
Appendix A, this review retains the value selected previously. 
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The chemical state of  in highly acidic non–complexing media (perchlo-
ric and triflic acids) has been discussed on the basis of laser fluorescence spectroscopic 
data [97GEI/RUT], [99BOU/BIL] and [2001BIL/RUS]. The question of the possible 
existence of U(VI) complexes is discussed with the conclusion that there is no evidence 
that they exist. EXAFS measurements of Semon et al. [2001SEM/BOE] show definitely 
that  is not coordinated to , even in 10 M HClO

2+
2UO

2+
2UO4ClO−

4, whereas in 10 M CF3SO3H 
the triflate ion forms an inner-sphere complex (see Appendix A).  

Recent EXAFS and NMR studies have confirmed the structure of 
 and quantum chemical calculations have shown that it has the lowest en-

ergy among other possibilities of hydration and structure [98BAR/RUB], 
[99WAH/MOL] and [2001SEM/BOE] (see Appendix A). 

2+
2 2 5UO (H O)

9.2.2  (V.2.2) +
2UO

There are no new experimental studies relevant to the thermodynamics of . Most 
of the studies involving U(VI)/U(V) species refer to carbonate solutions [93MIZ/PAR], 
[99DOC/MOS] (see section 9.7.2.3). 

+
2UO

9.2.3 U4+(V.2.3) and U3+(V.2.4) 
The new values adopted for the heat capacity of U4+ and U3+ at 298.15 K are discussed 
at the beginning of section 9.2. 

 The coordination number of the aqueous ion U4+ has been reported as (10 ± 1) 
[99MOL/DEN]. Giridhar and Langmuir [91GIR/LAN] repeated the study of 
[85BRU/GRE] on the reduction of  by Cu(cr). As reported in Appendix A the 
final computed value of  for the couple  is (0.263 ± 0.004) V, which is 
within the combined uncertainties of the [92GRE/FUG] recommended value of 
(0.2673 ± 0.0012) V. This review keeps the 

2+
2UO

Eο 2+ 4+
2UO /U

f mGο∆ (U4+) value of [92GRE/FUG] despite 
the proposal of Langmuir [97LAN] to increase it by 0.8 kJ · mol–1 (see Appendix A). 

Results reported in [94AHO/ERV] confirm that the data selected in 
[92GRE/FUG] for , U(OH)4+ 2+

2U /UO 4(aq), di- and tri-dioxouranium(VI)carbonate ap-
ply to a natural environment (see Appendix A). 

The oxidation of U4+ is discussed in [92HAS2] (see Appendix A). 

9.3 Uranium oxygen and hydrogen compounds and 
complexes (V.3) 

9.3.1 Gaseous uranium oxides and hydroxides 
9.3.1.1 Gaseous uranium oxides (V.3.1) 

9.3.1.1.1 UO(g) 

There is new information on the energy levels of UO(g) which allows a better calcula-
tion of the thermal functions. 
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Earlier data derived from matrix isolation studies have been amplified by the 
recent detailed spectroscopic studies of Kaledin et al. [94KAL/MCC] and Kaledin and 
Heaven [97KAL/HEA]. They have derived the electronic levels of 16 low-lying elec-
tronic states of UO(g), and estimated the distribution of missing energy levels up to 
40000 cm–1. Although they have given partial vibrational-rotational data for three of the 
low-lying levels, we have preferred to use the better-established parameters for the 
ground state for all the excited levels, as given in Table 9-1, to calculate the thermal 
functions, using the usual non-rigid rotator, anharmonic oscillator approximation, plus 
electronic contributions. The derived values at 298.15 K are: 

mS ο (UO, g, 298.15 K) = (252.3 ± 2.0) 1 1J K mol− −⋅ ⋅ , 
ο 1 1− −

,mpC (UO, g, 298.15 K) = (39.6 ± 2.0) J K mol⋅ ⋅ . 

Table 9-1: Molecular parameters for UO(g) *. 

r (Å) ω (cm–1) ωx (cm–1) B (cm–1) α (cm–1) D (cm–1)     Symmetry number 

1.838 846.5 2.3 0.3333 3.24 x 10–3 3.43 x 10–7 1 

Electronic levels (multiplicities) cm–1 

0 (2)    294.1 (2)   651.1  (2)    958.7  (2)   1043.0  (2)    1181.3  (2)   1253.7  (1) 
1493.3  (2)   1574.1  (2)   1941.5  (2)   2118.8  (2)   2235.0  (2)   2272.0  (1)   2276.5  (2)   2412.6  (1)    
2461.9  (2)   5000  (96)   10000  (313)   15000  (507)   20000  (879)    25000  (1271)   30000  (3576)              
35000  (6999)   40000  (12810) 

*: See section 2.1.6 for notations 

 We have recalculated the enthalpy of formation from the seven Gibbs energy 
studies discussed in [82GLU/GUR], giving considerably more weight to mass-loss effu-
sion measurements (under mass-spectrometric monitoring) than to the purely mass-
spectroscopic data, since the more recent paper by Storms [85STO2] suggests that the 
ionisation cross-sections of the gaseous uranium oxides are far from certain. The more 
reliable data [66DRO/PAT], [68PAT/DRO], [69ACK/RAU] give values of f m

ο∆ H (UO, 
g, 298.15 K) from 31.5 to 42.4 kJ · mol–1, from third-law analyses.  

The selected value is: 

 f mH ο∆ (UO, g, 298.15 K) = (35.0 ± 10.0) kJ · mol–1, 

where the uncertainty is increased due to the appreciable discrepancy with the second-
law enthalpy values. 

This value is just consistent with the value of (7.81 ± 0.1) eV for the dissocia-
tion energy of UO(g) derived from appearance potentials given by Capone et al. 
[99CAP/COL], which corresponds to f mH∆ (UO, g) = (25.4 ± 10.0) kJ · mol–1, if their 
value is taken to refer to 0 K. 
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9.3.1.1.2 UO3(g) 

Ebbinghaus [95EBB] has repeated the calculations of the thermal functions of UO3(g), 
using essentially the same molecular parameters as those used by Glushko et al. 
[82GLU/GUR], which were adopted by [92GRE/FUG]. Krikorian et al. [93KRI/EBB] 
have reported transpiration data on the pressure of UO3(g) in equilibrium with U3O8(cr) 
and oxygen gas from 1273 to 1573 K. Their pressures of UO3(g) from the reaction: 

 3 8 2 3
1 1 U O (cr)  +   O (g)  UO (g)
3 6

 

are in good agreement with the similar data by [74DHA/TRI], and other literature data 
which form the basis of the choice of f mGο∆ (UO3, g) in [82GLU/GUR] and 
[92GRE/FUG]. The [92GRE/FUG] data for UO3(g) are therefore retained. It is difficult 
to derive any substantial conclusions from the work of Guido and Balducci 
[91GUI/BAL], who report values of the equilibrium constant for the reaction UO(g) + 
UO3(g)  2 UO2(g) at three temperatures from 2304 to 2414 K, measured mass-
spectrometrically. The derived third-law value of f mH ο∆ (298.15 K) for this reaction is 
 − 197.3 kJ · mol–1, with a large uncertainty due to the uncertain cross-sections and cor-
rections for fragmentation. This is in good agreement with that derived from the se-
lected values, − (191.4 ± 33.5) kJ · mol–1. On the other hand the second-law value from 
the measurements of [91GUI/BAL] is considerably different, at  − (138.6 ± 2.9) 
kJ · mol−1, perhaps due to the quite small temperature range. The most can be said is 
that these data are not inconsistent with the selected values 

9.3.1.2 Gaseous uranium hydroxides 

9.3.1.2.1 UO2(OH)2(g) 

There are a number of studies relating to gaseous dioxouranium(VI) hydroxide. Dhar-
wadkar et al. [74DHA/TRI] were the first to show that the volatility of the higher ura-
nium oxides above 1300 K, is substantially enhanced in the presence of water vapour, 
due to the formation of UO2(OH)2(g). Krikorian et al. [93KRI/EBB] have repeated these 
measurements, but find equilibrium constants for the reaction:  

 3 8 2 2 2 2
1 1U O (cr) +  O (g) + H O(g)  UO (OH) (g)
3 6

, 

smaller by a factor of more than 300. More recently, Krikorian et al. [97KRI/FON] have 
studied the release of uranium-containing species from a 238PuO2 sample containing 3.3 
mol% of 234UO2 under similar conditions. Despite some uncertainties in the calculation 
(particularly of the activity of UO2 in the (U, Pu)O2+x solid solution presumably 
formed), the releases were in general agreement with those predicted from the data of 
[93KRI/EBB]. 

Both Ebbinghaus [95EBB] and Gorokhov and Sidorova [98GOR/SID] have 
calculated the thermal functions of this species by statistical mechanical calculations, 
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: 

using estimated molecular parameters. However, as noted in Appendix A, the different 
estimates of the molecular parameters, principally the vibration frequencies, lead to cal-
culated standard entropies, which differ by ca. 22.5 J · K–1 · mol–1.  

The transpiration measurements of Dharwadkar et al. [74DHA/TRI] and 
Krikorian et al. [93KRI/EBB] have been analysed with both sets of calculated thermal 
functions of UO2(OH)2(g) in the respective entries in Appendix A. The results are sum-
marised in the first four rows of Table 9-2. 

Alexander and Ogden [87ALE/OGD] have also studied reactions involving 
UO2(OH)2(g). They report, with no further details, the Gibbs energy of the gaseous 
reaction

3 2 2 2UO (g) + H O(g)  UO (OH) (g)  (9.1) 

to be (9.1) = − 333500 + 156.9 T, J · molr mG∆ –1 over an unspecified temperature range. 
Although the scantily-reported results of [87ALE/OGD] could never be used as a basis 
to select data, given the discrepant data from the two other studies of gaseous dioxoura-
nium(VI) hydroxide, we have processed the data by second- and third-law analyses. The 
derived standard enthalpies of formation are included in Table 9-2. 

Table 9-2: Derived values of f m
ο∆ H (UO2(OH)2, g, 298.15 K), kJ · mol–1. 

Thermal functions 
Reference Method 

[95EBB] [98GOR/SID] 
[74DHA/TRI] Second-law – (1212.9 ± 21.5) – (1218.2 ± 21.5) 
[74DHA/TRI] Third-law – (1262.6 ± 7.8) – (1291.8 ± 10.4) 

[93KRI/EBB] Second-law – (1153.6 ± 58.1) – (1157.6 ± 58.1) 
[93KRI/EBB] Third-law – (1197.2 ± 12.5) – (1224.5 ± 13.3) 

[87ALE/OGD] Second-law – 1388.9 – 1397.8 
[87ALE/OGD] Third-law – 1301.3 – 1339.6 

 
 As noted in Appendix A, Hashizume et al. [99HAS/WAN] have also studied 
this system. The principal aims were to clarify the kinetics and mechanism of the vola-
tilisation process and to assess the validity of selected thermodynamic data needed to 
interpret the experimental data. However, no new thermodynamic data can be derived 
from this paper and the authors used the data proposed in the related paper by Olander 
[99OLA], based principally on the data of Krikorian et al. [93KRI/EBB] and Ebbing-
haus [95EBB], to interpret their results. 

As can be seen from the Table 9-2, there is a wide variation in the values for 
the derived enthalpy of formation of UO2(OH)2(g). These big differences, especially the 
unexplained large discrepancy between the results of the similar studies by 
[74DHA/TRI] and [93KRI/EBB], plus the appreciably different thermal functions pro-
posed by [95EBB], [98GOR/SID] and the substantial differences in the second- and 
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third-law analyses shown in Table 9-2, mean that no reliable data for this species can be 
selected in this review. 

9.3.2 Aqueous uranium hydroxide complexes (V.3.2) 
All the experimental data since 1991 have confirmed the chemical models selected in 
[92GRE/FUG] and in most cases also the numerical values of the corresponding equi-
librium constants. For U(VI), no new species nor the composition of those selected in 
[92GRE/FUG] have been added or changed. Only some selected equilibrium constants 
have been revised. For U(IV), the hydrolysis of U4+ has been reviewed according to the 
behaviour of the other aqueous actinide (IV) ions. New equilibrium constants have been 
selected. 

Different experimental methods have been used with spectroscopy evolving 
into a very powerful tool for the determination of speciation and calculation of equilib-
rium constants, in addition to conventional potentiometric and solubility measurements. 
Spectroscopy provides a direct measure of the concentration of the U(VI) complexes 
formed, as compared to standard potentiometry where these quantities must be calcu-
lated from known total concentrations of the reactants and the free hydrogen-ion con-
centration. The concordant results of these two very different experimental methods 
provide very strong support for the selected stoichiometry and equilibrium constants. 
There are in general no serious systematic discrepancies between the results gained 
from the different approaches. New theoretical developments on both U(VI) and U(IV) 
have appeared recently and these can be used as a guide for the selection of species. 

The reader should note that the name schoepite is commonly applied to a min-
eral or synthetic preparation with a formula close to UO3·2H2O. It should be named me-
taschoepite [98FIN/HAW] (see Appendix A and section 9.3.3.1.2). However, through-
out this review the name ‘schoepite’, commonly used by chemists, is retained. 

9.3.2.1 U(VI) hydroxide complexes (V.3.2.1) 
A number of new papers dealing with U(VI) hydrolysis have appeared since the previ-
ous review, [92GRE/FUG]. Those that contain thermodynamic data of dioxoura-
nium(VI) hydrolysis species fall into three categories.  

 The first consists of papers that give new independent data with regard to the 
constants selected in [92GRE/FUG]. They are evaluated and compared with those in 
[92GRE/FUG], and provide the basis for new selected values and/or uncertainty ranges. 
The equilibrium constants for the formation of complexes are collected in Table 9-3 and 
those for the solubility products of solid phases in Table 9-5. These papers are discussed 
in sections 9.3.2.1.1 to 9.3.2.1.5 and reviewed in Appendix A. 

The second category comprises papers that confirm the [92GRE/FUG] selec-
tions on either a quantitative or qualitative basis, where the qualitative support is ob-
tained by comparing chemical modelling based on the [92GRE/FUG] data with 
observations of field or laboratory data from “real” systems. The data are briefly 
discussed in the appropriate sections 9.3.2.1.1 to 9.3.2.1.5, (and reviewed in Appendix 
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the appropriate sections 9.3.2.1.1 to 9.3.2.1.5, (and reviewed in Appendix A) with a 
special emphasis on the possibility of estimating the uncertainties in the previous se-
lected data. 

The third category of papers deals with the aqueous chemistry of U(VI). It pro-
vides thermodynamic information only through the use of the constants selected in 
[92GRE/FUG]: behaviour of uranium in environmental solutions [97BRU/CAS], 
[97ELL/ARM], [97GEI/BER], [97MUR], [98CHA/TRI], [98KAP/GER], 
[99MEI/VOL]; dissolution of spent fuel [96PAR/PYO], [98SER/RON], [98WER/SPA], 
[2000BRU/CER], [2000BUR/OLS]; spectroscopic identification of species 
[95ELI/BID], [97SCA/ANS], [98KIT/YAM], [98MOU/LAS] and the calculation of 
thermodynamic quantities as functions of temperature and pressure [97SHO/SAS]. 
Some of these papers are reviewed in Appendix A. 

There are also papers from which no thermodynamic data can be derived at all, 
because they lack reliable solubility data [96DIA/GAR], information on the solid phase 
[97VAL/RAG] or sufficient experimental information [89SER/SAV], [96RAK/TSY] 
and [97RED].  

Experimentally derived equilibrium data reported in the original publications 
for the equilibrium: 

 , (9.2) 2+ 2 +
2 2 2 UO +  H O(l)  (UO ) (OH)  +  H−m n

m nm n n

are given in Table 9-3 as lo . The experimental studies of [92SAN/BRU], 
[93MEI/KAT], [96MEI/KAT], [98MEI2], [98MEI3], [98YAM/KIT] and 
[2002RAI/FEL] are based on solubility data and those of [92KRA/BIS], [93FER/SAL], 
[95PAL/NGU] and [2002BRO] on potentiometry. Most of the data refer to 0.1 M ionic 
strength, but a wide range of ionic strength is covered. They are useful to ascertain that 
the chemical models do not vary with ionic strength or ionic medium. 

10 ,
*g n mb
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Table 9-3: Experimental equilibrium constants for the U(VI) hydroxide system for the 
equilibria: . 2+ 2 +

2 2 2 UO +  H O(l)  (UO ) (OH)  +  H−m n
m nm n n

n:m t (°C) Method I (medium) 
10 ,

*log
n m

b  Reference 

1:1 25 dis 0.1 M (NaClO4) 
1 M (NaClO4) 

– (5.91 ± 0.08) 
– (5.75 ± 0.07) 

[91CHO/MAT] 

2:1 25 dis 0.1 M (NaClO4) 
1 M (NaClO4) 

– (12.43 ± 0.09) 
– (12.29 ± 0.09) 

[91CHO/MAT] 

2:2 25 pot 0.1 M (NaClO4) – (5.40 ± 0.03)(a) [92KRA/BIS] 
5:3 25 pot 0.1 M (NaClO4) – (15.85 ± 0.04)(a) [92KRA/BIS] 
5:3 25 pot 0.1 M (NaClO4) – (17.04 ± 0.18)(b) [92KRA/BIS] 
3:1 25 sol 0.5 M (NaClO4) − (19.83 ± 0.34) 

− (20.18 ± 0.19) 
− (19.67 ± 0.17) 

[92SAN/BRU] 

7:3 25 sol 0.5 M (NaClO4) − (32.00 ± 0.17) 
− (33.32 ± 0.22) 

[92SAN/BRU] 

2:2 25 pot 3 M (NaClO4) – (5.98 ± 0.02) [93FER/SAL] 
5:3 25 pot 3 M (NaClO4) – (16.23 ± 0.05) [93FER/SAL] 
2:2 24 sol, sp 0.1 M (NaClO4) – (5.89 ± 0.12) [93MEI/KAT] 
2:2 24 sp 0.1 M (NaClO4) – (5.97 ± 0.06) [93MEI/KAT] 
2:2 25 pot 0.1 m (tmatfms)* – (5.77 ± 0.01) 

– (5.70 ± 0.01)(c) 
[95PAL/NGU] 

5:3 25 pot 0.1 m (tmatfms) – (16.10 ± 0.01) 
– (16.18 ± 0.01)(c) 

[95PAL/NGU] 

7:3 25 pot 0.1 m (tmatfms) – (28.80 ± 0.04) 
– (28.25 ± 0.04)(c) 

[95PAL/NGU] 

8:3 25 pot 0.1 m (tmatfms) – (37.62 ± 0.07) [95PAL/NGU] 
10:3 25 pot 0.1 m (tmatfms) – (60.53 ± 0.08) [95PAL/NGU] 
2:2 25 pot 3 M (NaClO4) – (6.24 ± 0.02) [97LUB/HAV2] 
5:3 25 pot 3 M (NaClO4) – (16.80 ± 0.04) [97LUB/HAV2] 
4:3 25 pot 3 M (NaClO4) – (12.8 ± 0.1) [97LUB/HAV2] 
2:2 25 sp 3 M (NaClO4)  – (6.13 ± 0.02) [97LUB/HAV2] 
5:3 25 sp 3 M (NaClO4) – (16.81 ± 0.02) [97LUB/HAV2]  
4:3 25 sp 3 M (NaClO4) – (12.57 ± 0.02) [97LUB/HAV2] 
1:2 25 RAMAN var 0.1 to 2.3 M 

(tmatfms) 
(2.1 ± 0.2) to 
(2.7 ± 0.3) 

[2000NGU/PAL] 

11:3 25 RAMAN var 0.02 to 0.56 M 
(tmatfms) 

– (78 ± 8) [2000NGU/PAL] 

5:3 25 sol, sp 0.1 M (NaClO4) – (17.14 ± 0.13)  [96MEI/KAT] 
2:2 25 sp 0.1 M (NaClO4) – (6.14 ± 0.08) [96MEI/SCH], [97MEI/SCH] 
2:2 25 sp 0.1 M (NaClO4) – (6.145 ± 0.088) [97MEI] 
5:3 25 sp 0.1 M (NaClO4) – (17.142 ± 0.138) [97MEI] 
2:2 25 sp 0.1 M (NaClO4) – (6.237 ± 0.103) [98MEI] 
5:3 25 sp 0.1 M (NaClO4) – (17.203 ± 0.157) [98MEI] 
5:3 25 sp 0.1 M (NaClO4) – (17.00 ± 0.17) [98MEI2] 
5:3 25 sol 0.1 M (NaClO4) – (17.16 ± 0.18) [98MEI2] 
2:2 25 sol 0.1 M (NaClO4) – (6.168 ± 0.056)(d) [98MEI3] 
5:3 25 sol 0.1 M (NaClO4) – (17.123 ± 0.069)(d) [98MEI3] 
2:2 25 sol 0.1 M (NaClO4) – (6.145 ± 0.088) [98MEI3] 
5:3 25 sol 0.1 M (NaClO4) – (17.142 ± 0.014) [98MEI3] 

     (Continued on next page) 



9.3 Uranium oxygen and hydrogen compounds and complexes (V.3) 

 

167

Table 9-3 (continued) 

n:m t (°C) Method I (medium) 
10 ,

*log
n m

b  Reference 

1:1 25 pot 0.1 M (NaClO4) – (5.01 ± 0.03) [2002BRO] 
2:2 25 pot 0.1 M (NaClO4) – (5.98 ± 0.04) [2002BRO] 
4:3 25 pot 0.1 M (NaClO4) – (12.39 ± 0.05) [2002BRO] 
5:3 25 pot 0.1 M (NaClO4) – (16.36 ± 0.05) [2002BRO] 
1:1 25 pot 0.1 M (KCl) – (5.17 ± 0.03) [2002BRO] 
2:2 25 pot 0.1 M (KCl) – (5.86 ± 0.04) [2002BRO] 
4:3 25 pot 0.1 M (KCl) – (12.00 ± 0.06) [2002BRO] 
5:3 25 pot 0.1 M (KCl) – (16.09 ± 0.06) [2002BRO] 
1:1 25 pot 1.0 M (KNO3) – (5.85 ± 0.03) [2002BRO] 
4:3 25 pot 1.0 M (KNO3) – (11.95 ± 0.05) [2002BRO] 
5:3 25 pot 1.0 M (KNO3) – (16.40 ± 0.06) [2002BRO] 
7:4 25 pot 1.0 M (KNO3) – (21.79 ± 0.06) [2002BRO] 

(*) Tetramethylammonium trifluoromethanesulphonate. 
(a) Calculated from log  with = (13.78 ± 0.01). 

10 ,n m
b wpK

(b) Reinterpretation by [98MEI2]. 
(c) Fixing log  = − 5.50,  = − 22.67. 

10 1,1
*b

10 7 , 4

*log b
(d) Uncertainty in pH not taken into account. 

 
Table 9-4 gives the experimental values of  for the equilibria: 10 ,1log nb

2 +
2 2 7 2 2 20.5 Na U O H O + ( 3)OH UO (OH) + Na ( 1.5) H O(l)n

nx n x− −⋅ − + −   (9.3) 
(x = 3 to 5). 

Table 9-4: Experimental equilibrium constants for the U(VI) hydroxide system for the 
equilibria (9.3). 

n:m t (°C) Method I (medium) 
10 ,

*log
n m

b  Reference 

3:1 25 sol 0.5 M (NaClO4) – (7.28 ± 0.37) [98YAM/KIT] 
   1 M (NaClO4) – (7.45 ± 0.38) [98YAM/KIT] 
   2 M (NaClO4) – (6.04 ± 0.11) [98YAM/KIT] 

4:1 25 sol 0.5 M (NaClO4) – (5.05 ± 0.06) [98YAM/KIT] 
   1 M (NaClO4) – (4.87 ± 0.04) [98YAM/KIT] 
   2 M (NaClO4) – (4.50 ± 0.14) [98YAM/KIT] 

 
 Table 9-5 gives the solubility product of the solid phases used to deduce equi-
librium constants for U(VI) hydrolysis. The solubility product for UO3·2 H2O, 

 refers to the reaction: 10 ,0log sK

 . (9.4) 2+
3 2 2 2UO 2H O(cr)  UO + 2 OH  +  H O(l)−⋅

 The solubility product for sodium uranate refers to the reaction: 

 1/2 Na2U2O7(s) + 3/2 H2O(l) Na+ +  + 32+
2UO OH− , (9.5) 

where the values at zero ionic strength were calculated with the SIT by [92SAN/BRU], 
[98YAM/KIT] or by this review. In selecting values for equilibrium constants, this re-
view has considered the relative importance of systematic and random errors. These 



9 Discussion of new data selection for Uranium 168 

points are discussed in the reviews of individual papers (see Appendix A). In this way, 
the experimental methods have been compared. 

Table 9-5: Literature data for the solubility product of UO3·2H2O and Na2U2O7(s) 
according to the reactions (9.4) and (9.5), (t = 25°C). 

compound I (medium) 
10 ,0

log
s

K  
10 ,0

log ο

s
K  Reference 

UO3·2H2O(cr) I = 0  – (23.19 ± 0.43)(a) [92GRE/FUG] 
UO3·2H2O(s) 0.1 M (NaClO4) – (22.21 ± 0.01) 

– (21.77 ± 0.03)(b) 
– (22.81 ± 0.01) 
– (22.37 ± 0.03) 

[92KRA/BIS] 
[92KRA/BIS] 

UO3·2H2O(cr) 
UO3·2H2O(am) 

0.5 M (NaClO4) 
0.5 M (NaClO4) 

– (21.25 ± 0.14) 
– (20.89 ± 0.14) 

– (22.03 ± 0.14) 
– (21.67 ± 0.14) 

[92SAN/BRU] 
[92SAN/BRU] 

UO3·2H2O(s) 0.1 M (NaClO4) – (22.28 ± 0.19) – (22.88 ± 0.19) [93MEI/KIM2] 
UO3·2H2O(s) 0.1 M (NaClO4) − (22.30 ± 0.07) 

− (21.84 ± 0.02)(d) 

− (22.90 ± 0.07) 
− (22.44 ± 0.02) 

[96MEI/KAT] 
[96MEI/KAT] 

UO3·2H2O(s) 0.1 M (NaClO4) − (22.15 ± 0.06) – (22.75 ± 0.06) [96KAT/KIM] 
UO3·2H2O(s) 0.1 M (NaClO4) – (21.81 ± 0.03) – (22.41 ± 0.03) [98MEI2] 
UO3·2H2O(s) 1 M (NaCl) – (21.94 ± 0.08)(d) – (22.62 ± 0.20) [94TOR/CAS] 
UO3·2H2O(s) 0.5 m (NaClO4) – 22.35 (d,f) – 23.14 (f) [98DIA/GRA] 

Na2U2O7 (cr) I = 0  – (30.7 ± 0.5)(a) [92GRE/FUG] 

Na2U2O7 ·x H2O 
x = 3-5 

0.5, 1.0 and          
2.0 M (NaClO4) 

  [98YAM/KIT] 

 I = 0  – (29.45 ± 1.04)(c) [98YAM/KIT] 
Na2U2O7·x H2O 0.1 M (NaClO4) – (29.2 ± 0.1)(e) – (29.7 ± 0.1)(e) [98MEI/FIS] 

(a) Calculated from thermochemical data for crystalline solids. 
(b) Reinterpretation by [98MEI2]. 
(c) Calculated using the formation constant of tricarbonato dioxouranium(VI) of [92GRE/FUG] 

(see 9.3.2.1.5.2.2). 
(d) Value derived using mainly hydrolysis constants selected in [92GRE/FUG]. 
(e) Calculated from log

10 , 0

*
s

K = (24.2 ± 0.2) in 0.1 M NaClO4 and 
10 , 0

*log
s

K ο = (24.6 ± 0.2). 
(f) Given without uncertainty. 
 
 

9.3.2.1.1 Major polymeric species at 298.15 K (V.3.2.1.1) 

The solubility of UO2(OH)2·H2O and UO2CO3 were studied by Kramer–Schnabel et al. 
[92KRA/BIS] at 298.15 K in 0.1 M NaClO4 in the absence and the presence of carbon-
ate. The pH range was generally 4.5 to 5.5 for the study with no added carbonate. Spec-
trophotometric measurements showed the presence of the 2:2, (UO  and 5:3, 

, species. The solubility data were then used to obtain lo = 
(22.16 ± 0.03), lo = (53.05 ± 0.04) and lo

2+
2 2 2) (OH)

+
2 3 5(UO ) (OH) 10 2,2g b

10 5,3g b 10 ,0g sK (UO2·2H2O) = − (22.21 ± 0.01). 
This review has recalculated these data to obtain equilibrium constants for the corre-
sponding reactions (9.2) using pKw = (13.78 ± 0.01) at I = 0.1 M, and obtains 

= − (5.40 ± 0.03) and lo = − (15.85 ± 0.04). Using the interaction 10 2,2
*log b 10 5,3

*g b
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coefficients in [92GRE/FUG] this review finds at zero ionic strength:  

 = − (5.19 ± 0.09), 10 2,2
*log οb
*log οb = − (15.22 ± 0.17), 10 5,3

log K ο 10 ,0s (UO3·2H2O) = − (22.81 ± 0.01),  

where  is significantly different from that of [92GRE/FUG], where the se-
lected values are: 

ο
10 2,2

*log b

ο
10 2,2

*log b
*log οb

= − (5.62 ± 0.04), 
10 5,3

log
= − (15.55 ± 0.12),  

K ο
10 ,0s (UO3·2H2O) = − (23.19 ± 0.43).  

The solubility product of schoepite in [92GRE/FUG] is based on the value 
= − (27.47 ± 2.44) kJ · molr mGο∆ –1 for the reaction: 

+ 2+
3 2 2 2UO 2H O(cr) + 2 H   UO  + 3 H O(l)⋅ ,  

10 ,0
*log sK ο = (4.81 ± 0.43) ). r mGο∆   is obtained from the appropriate f mGο∆  values, with 
(UOf mGο∆

f mGο∆
3·2 H2O, cr) coming from the Gibbs energy of hydration of γ−UO3(cr) and 

from ( ) (in [92GRE/FUG]). Part of the data of [92KRA/BIS] has been rein-
terpreted in [98MEI2] (see below). 

2+
2UO

Potentiometric titrations by Ferri et al. [93FER/SAL] in 3.0 M NaClO4 at 
298.15 K were interpreted in terms of hydrolysis with the equilibrium constants 

= − (5.98 ± 0.02) and = − (16.23 ± 0.05). The respective values at 
zero ionic strength using SIT values from [92GRE/FUG] calculated by this review are 
 − (5.54 ± 0.04) and − (15.08 ± 0.70), which are in good agreement with those of 
[92GRE/FUG]. 

10 2,2
*log b 10 5,3

*log b

Palmer and Nguyen-Trung [95PAL/NGU] used potentiometric titrations of 
U(VI) in a 0.1 M tetramethylammonium trifluoromethanesulphonate (tmatfms) medium 
(298.15 K), over the pH range 2.4 to 11.9, to obtain equilibrium constants for the cati-
onic U(VI) hydroxide species 2:2 and 5:3, = − (5.77 ± 0.01) and 

= − (16.10 ± 0.01), and the anionic 7:3 complex, 
10 2,2

*log b
10 5,3

*log b ¯
2 3 7) (OH)

+
2 4 7) (OH)

(UO

+
2 4 7) (OH)

7,4b

, = 
 − (28.80 ± 0.04). If two additional complexes UO

10 7,3
*log b

2OH+ and (UO  are added to 
the previous chemical model slightly different values of the equilibrium constants are 
obtained, despite the fact that these species are present in only small amounts. The equi-
librium constants for the 1:1, UO2OH+, and 7:4, , complexes could not be 
determined from the data of [95PAL/NGU], instead the values from [79SYL/DAV] 
were used. The values lo = − 5.50 and = − 22.76, were used as fixed 
parameters in a least-squares fit that gave the following values at I = 0.1 M:  

(UO

10
*log10 1,1

*g b
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10 2,2
*log b
*log b

= − (5.70 ± 0.01), 

10 5,3
*log b

= − (16.18 ± 0.01), 

10 7,3 = − (28.25 ± 0.04).  
These values compare well with other data in Table V.5 (page 99) of 

[92GRE/FUG]. A reinterpretation made by this review using the primary experimental 
data obtained from the authors, using the LETAGROP least-squares program, gives 
similar values as shown in the discussion of the paper in Appendix A, and hence, the 
values at zero ionic strength are also in agreement.  

The formation constants of other trimeric species (8:3, 10:3 and 11:3) reported 
in [95PAL/NGU] are not accepted and not retained by this review as discussed in sec-
tion 9.3.2.1.3 below and in the Appendix A.  

Meinrath and co–workers have devoted a number of papers to the determina-
tion of  and  and the solubility product of schoepite, 
[93MEI/KAT], [93MEI/KIM2], [96MEI/KAT], [96MEI/SCH], [97MEI/SCH], 
[97MEI], [98MEI], [98MEI2] and [98MEI3], using spectroscopic and solubility meas-
urements. These studies have been made in 0.1 M NaClO

10 2,2
*log b 10 5,3

*log b

4, at a pH less than 6–7 and 
temperatures between 297.15 to 298.15 K, under variable partial pressures of CO2, 

2
. It is not always clear if the authors consider new experimental data in each paper 

or use already published data for their reinterpretation.  
COp

Values of lo  are very sensitive to random and systematic errors in the 
measurement of [H

10 ,
*g n mb

+]. Meinrath et al. have paid attention to this. They have made multi-
ple calibration points of the glass electrode (mV vs. pH of NIST reference solutions). 
These data were used in a least-squares analysis to determine a calibration curve. This 
calibration gives the statistical pH∆ (random error) for a given potential. For instance, 
from a 5 point pH calibration (1.7 to 10) they derived the following relation between the 
pH and the measured emf, E, where E is in mV: 

pH = (7.078 ± 0.047) − (0.017029 ± 0.000339) E.  

It is unfortunate that Meinrath et al. have not calibrated their electrode directly 
in concentration units to obtain the free hydrogen ion concentration. They instead as-
sume = − 0.09, which is in reasonable agreement with the value  − 0.1092 de-
duced from the SIT method [97MEI], [98MEI3]. It can be noted that hydrogen ion con-
centration as 

+10 H
log γ

10log− [H+] can be measured more precisely than the ± 0.047 given in the 
previous calibration equation. A general comment from this review is that more atten-
tion should be given to electrode calibrations in potentiometric determinations of equi-
librium constants and where practical, they should also be made in concentration units.  

The two first papers of the series [93MEI/KAT] and [93MEI/KIM2] comple-
ment each other and give:  
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• A clear identification of the 2:2 species, and a crude estimation of  
from saturated  − (5.89 ± 0.12) and unsaturated solutions  − (5.96 ± 0.06) 
[93MEI/KAT]. 

10 2,2
*log b

• The identification of rutherfordine and schoepite (in fact metaschoepite) as the 
solubility limiting phases, with the solubility products 10 ,0log sK (UO2CO3) = 
 − (13.89 ± 0.11), and lo 10 ,0g sK (UO3·2H2O) = − (22.28 ± 0.19), respectively 
[93MEI/KIM2]. The solubility product for schoepite has been obtained by as-
suming a value of lo = − (5.97 ± 0.16) [93MEI/KIM] because the solu-
bility product and  are strongly correlated and cannot be determined 
separately in these experiments. These data provide a basis for the subsequent 
studies of Meinrath and co–workers, where a more detailed statistical analysis of 
the data is often used as a tool to assign better estimates of the uncertainty in ex-
periments of this type. 

10g
10log

2,2
*b

2,2
*b

The following studies, [96MEI/SCH], [97MEI/SCH], give additional data from 
unsaturated solutions, leading to a slightly different value of 

= − (6.14 ± 0.08).  10 2,2
*log b

Two sets of data in [96MEI/KAT] deal with hydrolysis of U(VI).  

The first set consists of solubility measurements of schoepite, (under 0.3 % 
CO2, pH = 3.4 to 4.8) and leads to the solubility product lo 10 ,0g sK (UO3·2H2O) 
= − (22.30 ± 0.05) (using = − (6.00 ± 0.06), as discussed above). However, 
the method used to calculate the solubility product of schoepite is not clearly outlined 
(see Appendix A) and therefore this review does not accept the proposed value to select 
new data. 

10 2,2
*log b

 The second data set consists of solubility measurements of schoepite in equi-
librium with air, 

2
= 10COp –3.5 atm and pH varying from 3.8 to slightly below 7 to avoid 

phase transformation to sodium uranate. These data also lead to the solubility product 
10 ,0log sK (UO3·2H2O). The solubility product of schoepite is determined assuming the 

formation of (UO  and  in addition to  and UO2+
2(OH)

10
*

2 2)

1,1b

+
2 3 5(UO ) (OH) 2+

2UO

10 2,2
*b

,0

2CO3(aq), 
the latter being identified by TRLFS, [96KAT/KIM]. Several chemical models were 
tested. The best fit is obtained by fixing: = − (6.00 ± 0.06), 

(UO
log

10
*

10
*log b 2CO3, aq) = − (9.23 ± 0.03), using the value from [93MEI/KIM] and 

 − 6.08 < < − 5.6. The resulting values of log log sK  and  are: 
5.72 < 

10 5,3
*log b

10
*

,0log sK (UO3·2H2O) < 5.74 and  − 17.13 < lo < − 17.74. Meinrath 
et al. retained the average value 

10
*

5,3bg
10 ,0

*log sK (UO3·2H2O) = (5.73 ± 0.01) and calculated 
the value of 10log ,0sK = − (21.83 ± 0.02) using lo 10 wg K = (13.78 ± 0.01). 

In [97MEI], Meinrath reports the equilibrium constants  and 
 deduced from spectroscopic data in the pH–ranges (3.504 ± 0.032) to 

(4.718 ± 0.019) and (3.939 ± 0.029) to (4.776 ± 0.014), using a chemical model with 
three species. The weighted average values and standard deviations reported are respec-

10 2,2
*log b

10 5,3
*log b
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tively = − (6.145 ± 0.088) and = − (17.142 ± 0.138). The model-
ling and least-squares analysis relies on statistical criteria using a multivariate technique 
for analysing the optical density versus pH data. Part of these data (pH = 3.939 to 4.776) 
is refined in [98MEI] and results in slightly different values of lo = 
 − (6.237 ± 0.103) and lo = − (17.203 ± 0.157). 

10 2,2
*log b

UO

2,2b
+

2 3 5(OH)

10 5,3
*log b

2,2

10 2,2
*g b

10 5,3
*g b

2

10 5,3
*g b

lo

10 5,3
*log b

2,2b
10 ,0g sK lo

10 2,2
*g b 10 5,3

*log b
10 ,0log sK

10 2,2
*b

lo

10 2,2
*g οb
* ο

In [98MEI2], Meinrath combines new solubility data for schoepite under at-
mospheric pressure (pH = 4 to 5.5), with previous data from [93MEI/KIM], 
[92KRA/BIS], [96MEI/KAT] and [96KAT/KIM], which relate to the same system and 
analyses them by using chemometric methods. As the direct determination of the free 
concentration, [ ], from the spectroscopic data is very uncertain,  was 
calculated from the measured concentrations of [H

2+
2 lo

2++] and (UO  by taking 
= − (6.145 ± 0.088) [97MEI]. From the concentrations of [H

2 2) (OH)

10 ,0log

10
*log

(UO )

+] and 
 one then obtains = − (17.00 ± 0.17). By modelling the solubil-

ity data with the same value of lo  Meinrath finds 
10 5,3

*g b
10

*g b sK (UO3·2H2O) = 
 − (21.81 ± 0.03) and = − (17.16 ± 0.18) where he considers the latter value 
more precise than the one obtained by spectroscopy. According to Meinrath et al. the 
species 5:3 dominates only in the narrow region close to the solubility limit of 
schoepite, [98MEI]. This is the optimal region for the determination of * . 5,3b

Reinterpretation of [92KRA/BIS] data by [98MEI] with a fixed value of * , 
gives lo (UO3·2H2O) = − (21.77 ± 0.03) and = − (17.04 ± 0.18).  10 5,3

*g b

The paper [98MEI3] gives some additional spectroscopic and solubility data, 
which do not change their previous values, only the uncertainties, which seem to depend 
on the calculation methods employed (see Table 9-3).  

The investigations of Meinrath and co–workers clearly show the difficulty of 
finding a set of data fitting both spectroscopic measurements and solubility data. They 
emphasise the importance of the 2:2 species in U(VI) hydrolysis because its concentra-
tion can be determined spectroscopically. 

This review considers the most recent equilibrium constants reported by Mein-
rath [98MEI3] as the most reliable, lo = − (6.145 ± 0.088), = 
 − (17.16 ± 0.18) and (UO3·2H2O) = − (21.81 ± 0.03), because they were es-
tablished from the more precise and cross-checked experimental data that the author 
obtained (see Appendix A). This review also notes that the values of  pro-
posed by Meinrath have decreased in magnitude and increased in accuracy from 1993 to 
1998 and that the uncertainty in 

log

10 ,0g sK (UO3·2H2O) seems very low. Using the auxil-
iary data in [92GRE/FUG] to derive values at zero ionic strength from 0.1 M NaClO4 
gives: 

lo
log b

 = − (5.93 ± 0.09), 

10 5,3

log ο

 = − (16.51 ± 0.18), 
K10 ,0s (UO3·2H2O) = − (22.41 ± 0.03).  
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As mentioned above, the selected values in [92GRE/FUG] are: 

10 2,2
*log οb
*log οb

= − (5.62 ± 0.04), 

10 5,3

log ο

= − (15.55 ± 0.12), 
K10 ,0s (UO3·2H2O) = − (23.19 ± 0.43). 

There are obvious systematic deviations between all of the values from Mein-
rath et al. and those selected by [92GRE/FUG]. The solubility product is 0.8 orders of 
magnitude higher, *

2,2
οb  is 0.3 orders of magnitude lower and 5,3

* οb  is one order of mag-
nitude lower. Selected values by [92GRE/FUG] are based on the analysis of numerous 
compatible experimental values obtained by different groups and different experimental 
methods. A plausible explanation for the observed discrepancy could be either a sys-
tematic error in the determination of lo [H10g +] or a real chemical effect caused by the 
difference in ionic strength and perchlorate concentration between the experiments of 
Meinrath et al. (0.1 M NaClO4) and those of most other investigators who in general 
have worked at much higher ionic strength. For example, an error of 0.15 in log10[H+] 
would result in log10 2,2

ο*b = − 5.62 and log10 5,3
* οb = − 15.75. Small differences in the 

crystallinity of schoepite (in fact metaschoepite) could be also a reason for the differ-
ences in the values of 10g ,0

* οlo sK . 

This review has compared speciation diagrams in 0.1 and 3 M NaClO4 for the 
U(VI) hydroxide system using the equilibrium constants proposed by Meinrath and co-
workers for species 2:2 and 5:3 and those selected in [92GRE/FUG] for zero ionic 
strength and recalculated to 0.1 and 3 M NaClO4 (see [98MEI] in Appendix A). The 
 − log10[H+] ranged from 2.5 to 5 and the concentration of uranium was chosen as 
10−2 M, which optimises the chances of finding the 5:3 species. This concentration is 
within the range suitable for potentiometric studies. The data selected in [92GRE/FUG] 
result in much higher concentrations of (U 2 3 5O ) (OH)+  than found when using the data 
of Meinrath et al. As a matter of fact it would be very difficult to identify this species 
from potentiometric data if the constant proposed by Meinrath and recalculated to high 
ionic strength is correct.  

This review does not select the Meinrath values despite the fact that his ex-
perimental and modelling work are well done. There are no arguments to reject the pre-
vious experimental values of 2,2

* οb , 5,3
* οb  and ,0sK ο  which are supported by other recent 

studies. On the other hand, a weighted average of all the log10 2,2
* οb , log10 5,3

* οb  and 
log10 ,0sK ο values would not change significantly the values selected by [92GRE/FUG] 
due to the large number of other determinations on which they are based. 

The recent potentiometric data of Brown [2002BRO] in 0.1 M NaClO4, 0.1 M 
KCl and 1.0 M KNO3 (pH = 3 to 6), (see Appendix A) support well the values 

 and  selected by [92GRE/FUG]. This review has calculated from 
the data obtained in perchlorate medium, 

10 2,2
*log οb 10 5,3

*log οb
10 2,2

*log οb = − (5.76 ± 0.04) and lo = 
 − (15.77 ± 0.05). 

10 5,3
*g οb
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In conclusion, considering the new data with regard to the determination of 
log10 2,2

* οb  and log10 5,3
* οb , this review accepts the equilibrium constants values selected 

by [92GRE/FUG] (see Table 9-6).  

From the data of Brown [2002BRO], this review has also calculated 
= − (11.93 ± 0.06) which agrees very well with the value selected by 

[92GRE/FUG]. Therefore, the value of [92GRE/FUG] is retained. 
10 4,3

*log οb

Papers that give a quantitative confirmation of the data in [92GRE/FUG] focus 
on the 2:2 and 5:3 species. Only one, [95PAL/NGU], covers a broad concentration 
 − log10[H+] range that involves other species as well. One solubility experiment by Diaz 
et al. [98DIA/GRA] at 298.15 K in 0.5 molal NaClO4 (– log10[H+] = 4.70), in which 
crystalline schoepite was characterised as the solid phase, yielded 10 ,0

*log sK = 5.14, 
which by applying SIT reduces to 10 ,0

*log sK ο (UO3·2H2O) = 4.86 and gives 
10 ,0log ο

sK (UO3·2H2O) = − 23.14, which is close to the value selected in [92GRE/FUG] 
(see Appendix A). 

Rizkalla et al. [94RIZ/RAO] conducted calorimetric titrations of solutions con-
taining the 2:2 species (I = 1 M, CO2 free tetramethylammonium chloride) and found 

r mH ο∆ (2:2) = (44.4 ± 1.9) kJ · mol–1 and r mS ο∆ (2:2) = − (36 ± 6) J · K–1 · mol–1 values 
close to the ones reported in [92GRE/FUG], p.118, Table V. 8. Dai et al. [98DAI/BUR] 
reported the determination of the enthalpy of reaction from spectroscopic measurements 
in 1 M CF3SO3H: r m

ο∆ H (2:2) = 45.5 kJ · mol–1. This value is also in agreement with the 
values reported in [92GRE/FUG] (Table V.8, p.118). 

Sergeyeva et al. [94SER/DEV] analysed the same literature data as 
[92GRE/FUG] and came to slightly different thermodynamic values at zero ionic 
strength (298.15 K, 1 bar), due probably to a different appreciation of the validity of 
experimental data and the method used for extrapolation to I = 0, as discussed in Ap-
pendix A. 

The solubility study of UO3·2 H2O in 0.1 M NaClO4 (298.15 K) made by Kato 
et al. [96KAT/KIM] gives a solubility product of this hydrated oxide which, recalcu-
lated to zero ionic strength, is 10 ,0log sK ο (UO3·2H2O) = − (22.75 ± 0.06), lower than the 
value obtained by [92SAN/BRU] for crystalline UO3·2H2O, 10 ,0log sK ο  = 
 − (22.03 ± 0.14) and within the uncertainty bands of the value selected in 
[92GRE/FUG],  − (23.19 ± 0.43). The observed difference might be due to differences 
in the crystallinity of the samples used. 

Wruck et al. [97WRU/PAL] used laser induced photoacoustic spectroscopy 
(LIPAS) to investigate the hydrolysis of U(VI) in 0.1 m NaClO4 solutions and a tem-
perature of (298.15 ± 0.5) K in the pH range 3 to 5. Modelling of these data included 
three species: , UO2+

2UO 2OH+ and (UO  with fixed = − 5.8, and 
resulted in an equilibrium constant = − (5.45 ± 0.05). This value is not very 
sensitive to the choice of . Extrapolation by this review to zero ionic strength 

2+
2 2 2) (OH)

10 2,2
*log b

10 1,1
*log b

10 1,1
*log b
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using the Davies equation gives 10 2,2
*log οb = − (5.23 ± 0.05) and  

= − (5.24 ± 0.05) using the SIT approach. These values are considerably different from 
the value selected by [92GRE/FUG], (see Appendix A). 

10 2,2
*log οb

10 2,2
*log οb

,0sK ο

10 2,2
* οb

5,3
* οb

10 1,1
*g b

10 1,1
*g b

Raman spectroscopic data of Nguyen-Trung et al. [2000NGU/PAL] confirmed 
the existence of the species 2:2, 5:3 and 1:2 in acidic medium (pH < 5.6) of variable 
ionic strengths as discussed in Appendix A. The corresponding values of the formation 
constants agree with those of [95PAL/NGU] and [92GRE/FUG] (see above). In the 
same way, Raman and infrared spectra obtained by Quilès et al. [2000QUI/BUR] con-
firmed the presence of the species 2:2 and 5:3 at pH < 4.2, but the values of  
and of 10 5,3

*log οb  are higher than those selected by [92GRE/FUG] (see Appendix A). 

Solubility studies in 1 M NaCl (298.15 K) involving dissolution of synthetic 
amorphous schoepite and precipitation of schoepite on UO2 seeds are described, but no 
experimental results other than figures are made available [94TOR/CAS]. The authors 
present only lo 10 ,0

*g sK  values which were derived from a speciation model using the 
data of [92GRE/FUG], and find 10

*log = (5.57 ± 0.08) and (5.92 ± 0.08), respec-
tively, for the amorphous and crystalline phases. Further refinement yielded 

10 ,0
*log sK ο = (5.38 ± 0.20) and (5.73 ± 0.28). The second of these values is considera-

bly higher than that recommended by [92GRE/FUG], 10 ,0
*log sK ο = (4.81 ± 0.43). The 

reason for this is not clear due to lack of experimental detail in the paper. 

For reasons discussed in Appendix A the values of  = 
 − (5.80 ± 0.04) or  − (5.69 ± 0.04), 

log
10log = − (15.65 ± 0.70 ) or  − (15.66 ± 0.70) 

and = − (15. 00 ± 0.90) or  − (14.78 ± 0.90 ) derived from the study of Lubal 
and Havel [97LUB/HAV2], are not considered by this review despite the fact that the 
two first sets confirm the selected data.  

10 4,3
*log οb

All the reported data, which use the [92GRE/FUG] selected data as input pa-
rameters in modelling, do not reduce the uncertainties in the thermodynamic values. 

Data reported in [92FUG] which includes those of [92FUG/KHO] are consid-
ered in [92GRE/FUG]. 

9.3.2.1.2 Monomeric cationic and neutral hydrolysis species (V.3.2.1.2) 

The first and second hydrolysis constants for the mononuclear hydroxo species 1:1 and 
2:1, , were determined by Choppin and Mathur [91CHO/MAT] at 
298.15 K using a solvent extraction technique, in aqueous solutions with the ionic 
strength 0.1 and 1.0 m NaClO

2 2UO (OH) (aq)

2,1
*b

10
*log

4. The solutions were in the pH range 5 to 7.5 and were 
open to the atmosphere. The resulting hydrolysis constants are lo = 
 − (5.91 ± 0.08) (I = 0.1 M) and = − (5.75 ± 0.07) (I = 1.0 M), and 

=  − (12.43 ± 0.09) and  − (12.29 ± 0.09), respectively. The latter value is 
consistent with that reported for  in [2001LEM/FUG] based on the data from 
[95PAS/KIM], = − 13.15 and gives confidence that the data of Choppin and 
Mathur are not affected by the presence of carbonate complexes. 

lo

2+
2

10log
PuO

2,1b
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Based on the SIT model and using the values of the ion interaction parameters 
of [92GRE/FUG], the infinite dilution hydrolysis constants are:  

10 1,1
*log οb
*log οb

= − (5.74 ± 0.88) (from I =1.05 m),  

10 1,1

* ο

= − (5.73 ± 0.38) (from I = 0.10 m),  

10 2,1log b
*log οb

= − (12.07 ± 0.10) (from I = 1.05 m), 

10 2,1 = − (12.23 ± 0.09) (from I = 0.10 m).  

 The selected value for  from Table V.7 p.107 of [92GRE/FUG] is 
 − (5.2 ± 0.3), while for  only an upper limit  − 10.3 is given.  

10 1,1
*log b

2,110
*log b

 From the potentiometric data of Brown [2002BRO], this review has calculated 
= − (4.72 ± 0.37) which is compatible with the value selected by 

[92GRE/FUG] within the large uncertainty limit. 
10 1,1

*log οb

Based on the new data this review selects the weighted average value of 
 from [92GRE/FUG], [91CHO/MAT] and [2002BRO], lo = 

 − (5.25 ± 0.24) and 
10 1,1

*log οb 10 1,1
*g οb

10 2,1
*log οb  = − (12.15 ± 0.07) which is the weighted average value 

of the constants obtained by [91CHO/MAT]. The value 10 2,1
*log οb  = − (11.3 ± 1.0) ob-

tained by Rai et al. [2002RAI/FEL] from a solubility study of becquerelite has not been 
considered for the selection for reasons discussed in Appendix A. 

9.3.2.1.3 Anionic hydrolysis species (V.3.2.1.3) 

The stoichiometry and equilibrium constant of the limiting complex formed in strong 
alkaline solutions were left open in [92GRE/FUG]. A number of publications dealing 
with this problem have appeared since 1991. 

The data of Sandino [91SAN] reported in [92GRE/FUG] have been reinter-
preted [92SAN/BRU] leading to lo 10 7,3

*g οb = − (32.2 ± 0.8) and lo = 
 − (20.1 ± 0.5). These are the unweighted averages derived from solubility measure-
ments of crystalline and amorphous schoepite for which solubility products are, respec-
tively, 

10 3,1
*g οb

10 ,0log sK ο = − (22.03 ± 0.14) and  − (21.67 ± 0.14). These values are higher than 
the solubility product deduced from calorimetric data for crystalline schoepite, 

10log ,0sK ο

3,1
οb lo

= − (23.19 ± 0.43) [92GRE/FUG]. The weighted averaged values of 
 and  obtained by [92SAN/BRU] are slightly different but the un-

certainties are reduced (see Appendix A). 
10

*log 10 7,3
*g οb

The study of Palmer and Nguyen-Trung [95PAL/NGU] has been discussed 
previously. They interpret their data using a set of trimeric species 7:3 (UO , 
8:3 , and 10:3 (UO

2 3 7) (OH)−

2
2 3 8(UO ) (OH) − 4

2 3 10) (OH) − , which are formed in the pH range 6 to 10. 
These data are discussed in Appendix A. Based on the review in Appendix A, only the 
identification of the 7:3 species with the value =  − (28.80 ± 0.04) is ac-
cepted. Extrapolation to zero ionic strength using SIT with interaction parameters valid 

10 7,3
*log b
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in perchlorate media gives 10 7,3
*log οb = − (28.40 ± 0.04) which is far from the value of 

Sandino and Bruno [92SAN/BRU].  

3 UO

2 2+ 3 H O(l) 

2 2+ 4 H O(l) 

2UO (OH)

This review selects the value from Sandino and Bruno: lo = 
 − (32.2 ± 0.8), which is based on consistent solubility data and do not assume the for-
mation of the 8:3 and 10:3 species, that are not accepted by this review.  

10 7,3
*g οb

The existence of the species 8:3 and 10:3 is not sufficiently established by the 
potentiometric titrations, cf. Appendix A. The Raman spectroscopic data of Nguyen et 
al. [2000NGU/PAL] do not allow a determination of the stoichiometry of the anionic 
species, as discussed in Appendix A, except for the complex 2

2UO (OH)4
− . The identifi-

cation of trimeric species in the pH range 7 to 13 at uranium concentrations above 10–4 
M, which have also been postulated by [49SUT], [72MUS], remains a problem to be 
solved. 

Yamamura et al. [98YAM/KIT] have determined the equilibrium constant for 
the species 3:1,  and 4:1 2UO (OH)− 2

2 (OH)4
−  for reactions: 

2+ +
2 3UO  UO (OH)   + 3 H−

2+ 2 +−

, 

2 4UO  UO (OH)  +  4 H . 

The solid-state structure of the latter complex was determined by Clark et al. 
[99CLA/CON]. The structure of the limiting complex at high hydroxide concentrations 
using EXAFS has also been determined by Clark et al. [99CLA/CON] and by Wahlgren 
et al. [99WAH/MOL]. The two groups give different interpretations of the experimental 
findings. Clark et al. propose the species 5:1, 3

2UO (OH)5
− , as the limiting complex 

based on the co–ordination number determined by EXAFS. Wahlgren et al. find the 
same co–ordination number and bond distances as Clark et al., but suggest the tetra–
hydroxide as the limiting complex, based on a comparison of the experimental 
U(VI)−OH bond length in the solid and solution at high pH. In addition a comparison is 
made between these experimental data and the bond lengths calculated for 4:1 and 5:1 
complexes  and 2

2UO (OH) −
4 5

3−  using ab initio methods of the theoretical 
study of Vallet et al. [2001VAL/WAH]. The problem has recently been discussed by 
Moll et al. [2000MOL/REI] and their conclusion is that 2

2 (OH)4UO −  has a very broad 
range of existence at high pH, but with evidence for the formation of small amounts of 

 at pH > 14 (see Appendix A).  3
2UO (OH)5

−

Nguyen et al. [2000NGU/PAL] concluded from their data that there is no evi-
dence for the existence of the species 5:1, and they propose 10 4,1

*log οb

10 3,1
*g

= − (32.2 ± 1.6), 
close to the value of [92GRE/FUG]. The solubility experiments of Yamamura et al. 
[98YAM/KIT] are also in agreement with this interpretation and give more precise val-
ues of the equilibrium constants than those of Nguyen et al. This review includes the 
data of [98YAM/KIT] recalculated to zero ionic strength lo οb = − (20.86 ± 0.79) 
and = − (32.40 ± 0.68) in the set used to deduce the selected equilibrium con-
stants. 

10 4,1
*log οb
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All these data have been used to revise the corresponding equilibrium con-
stants given in [92GRE/FUG]. The new selected value of 10 3,1

*log οb  = − (20.25 ± 0.42) 
is based on the weighted average of values given by [92SAN/BRU] ( lo = 
 − (20.1 ± 0.5)) and [98YAM/KIT] ( lo

10 3,1
*g οb

10 3,1
*g οb

10 4,1
*log

 = − (20.86 ± 0.79)). The value for 
 £ − 21.5 [2002RAI/FEL] has not been considered in this selection (see Ap-

pendix A). The selected value 
10 3,1

*log οb
οb = − (32.40 ± 0.68) is taken from 

[98YAM/KIT], (see Appendix A) (Table 9-6). The estimated uncertainty is large in all 
experimental determinations and more precise new information is desirable. 

The recent potentiometric study of Brown [2002BRO] in 1.0 M KNO3 medium 
(pH = 3 to 6) has shown the formation of (UO2 4 7) (OH)−  with lo = 
 − (21.79 ± 0.06) (see Appendix A). This value is close to that selected by 
[92GRE/FUG] which is therefore retained by this review. 

10 7,4
*g b

The behaviour of U(VI) in alkaline conditions is still under investigation 
[2000KON/CLA], [2000NGU/BUR], [2002NGU] and has been the subject of previous 
investigations [95HOB/KAR] (see Appendix A). 

9.3.2.1.4 Other polymeric cationic hydrolysis species (V.3.2.1.4) 

Some potentiometric titrations (298.15 K) in sulphate medium (pH less than 6.8) 
[93GRE/LAG], [2000COM/BRO], [2000MOL/REI] and EXAFS and NMR measure-
ments, provide evidence for the existence of ternary polynuclear U(VI) complexes con-
taining sulphate and hydroxide/oxide of the type  with m = 
2, 3 and 4; n = 2, 4, 5 and 7, while the value of r varies between 2 and 4 
[2000COM/BRO], [93GRE/LAG].  

2 2
2 4(UO ) (OH) (SO ) m n r

m n r
− −

The EXAFS data indicate that the sulphate ligand is bonded as a chelate to 
U(VI), with no evidence of sulphate bridges. The conditional equilibrium constants, cf. 
Appendix A, are precise, while the values of  depend strongly on the method 
used to correct the activity coefficient variations in the test solutions, cf. Appendix A 
and are much less precise.  

10 , ,log m n r
οb

No values are therefore selected by this review.  

9.3.2.1.5 Relevant solubility studies  

This section deals with the selection of equilibrium constants for the dissolution of some 
U(VI) compounds including: UO3·2H2O, named “schoepite”. The section 9.3.3.1.2 deals 
with thermodynamic data for U(VI) oxide hydrates, UO3·xH2O and U(VI) hydroxide 
hydrate, UO2(OH)2. 
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9.3.2.1.5.1 Schoepite 
The name schoepite is commonly applied to a mineral or synthetic preparation with a 
formula close to UO3·2H2O. It should be named metaschoepite [98FIN/HAW] (see Ap-
pendix A and section 9.3.3.1.2). In the present section and throughout the review, the 
name “schoepite”, commonly used by chemists, is however retained. 

 Determination of the solubility product of schoepite by solubility 
measurements requires consideration of the hydro f 2+

2UO . The values in Table 
9-5 with the exception of those of [94TOR/CAS] and [98DIA/GRA] are systematically 
larger than that selected by [92GRE/FUG] based on calorimetric data, lo

lysis o

10 ,0g sK ο = 
 − (23.19 ± 0.43). The varying solubility products found in many papers may be a result 
of differences in the structure of the solid phase. The weighted average value of the 10 
values reported in Table 9-5 is lo 10 ,0g ο

sK = − (22.71 ± 0.01) in good agreement with the 
value selected by [92GRE/FUG]. 

 Based on the previous detailed discussions of the selection of the hydrolysis 
constants, this review does not find compelling reasons to change the previously se-
lected value. Hence, this review keeps the equilibrium constant for the reaction:  

2+
3 2 2 2UO 2H O(cr)  UO  + 2 OH  + H O(l)−⋅ , 

ο
10 ,0log sK = − (23.19 ± 0.43).  

Table 9-6: Selected values for U(VI) hydrolysis species at 298.15 K. 

Species n:m 2
10 , 2

*log ((UO ) (OH) , 298.15 K)m n
n m m n
ο −b  

1:1 – (5.25 ± 0.24)* 

2:1 – (12.15 ± 0.07)* 
3:1 – (20.25 ± 0.42)* 
4:1 – (32.40 ± 0.68)* 
  
1:2 – (2.7 ± 1.0) 
2:2 – (5.62 ± 0.04) 
  
4:3 – (11.9 ± 0.3) 
5:3 – (15.55 ± 0.12) 
7:3 – (32.2 ± 0.8)* 
  
7:4 – (21.9 ± 1.0) 

* Selected by this review, otherwise selected by [92GRE/FUG] 
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9.3.2.1.5.1.1 Temperature dependence (V.3.2.1.5) 
Few reliable data can be extracted from the paper [89SER/SAV] dealing with the hy-
drolysis of U(VI) as a function of temperature.  

The results of the investigation of Redkin [97RED] on the solubility of 
UO3·H2O in water in the presence of Cu2O/CuO between 473 and 773 K show that there 
is a progressive dehydration of the oxide to UO3·0.33H2O (423 < T < 573 K) followed 
by the precipitation of U(VI) hydroxides. The molal solubility of uranium, m(U), in the 
presence of the two copper oxides is given by:  

 log10m(U) = 15375.3 T –1 + 0.0647 T − 67.05  (T = 473–573 K) 
 log10m(U) = − 221.7 T –1 − 2.71 (T = 573–773 K) 

with  postulated to be the predominant species. No additional quantitative 
thermodynamic information can be extracted from this paper. The solubility of 
UO

2 3 7(UO ) (OH)−

3·H2O as a function of T is further discussed in section V.3.3.1 in [92GRE/FUG], 
p.133. 

The results of [98DAI/BUR] mentioned in section 9.3.2.1 are discussed in Ap-
pendix A. 

9.3.2.1.5.2 Polyuranates  

9.3.2.1.5.2.1 CaU6O19 · 11H2O(cr)  
Solubility measurements of the solid phase becquerelite CaU6O19·11H2O(cr) were per-
formed by Sandino and Grambow [94SAN/GRA] at 298.15 K in 1 molal CaCl2 at sev-
eral pH values, following the equilibrium:  

+ 2+ 2+
6 19 2 2 2CaU O 11H O (cr) + 14 H   Ca  + 6 UO  + 18H O(l)⋅ . 

 The mean values for 10 ,0
*log sK  were calculated by this review as 

10 ,0
*log sK (CaU6O19·11H2O) = (44.4 ± 0.9), which yielded 10 ,0

*log ο
sK  values of 

(39.5 ± 1.0) using SIT. This infinite dilution constant disagrees for unknown reasons 
substantially from those tabulated by the authors. Rai et al. [2002RAI/FEL] have made 
a very careful study of the solubility product of a synthetic becquerelite in 2·10–2, 0.1 
and 0.5 M CaCl2 at (296 ± 2) K. In the pH range 4.4 to 9, the data refined using hy-
drolysis data for U(VI) selected by [92GRE/FUG] and a Pitzer approach give 

10 ,0
*log sK ο = (41.4 ± 0.2). For reasons discussed in Appendix A, this review increases 

the uncertainty and retains lo 10
*g ,0sK ο = (41.4 ± 1.2) for the selection of the solubility 

product of becquerelite. The selected value is the average of the values (39.5 ± 1.0) and 
(41.4 ± 1.2): 

10 ,0
*log sK ο = (40.5 ± 1.6). 

The value given by Vochten et al. [90VOC/HAV], 10 ,0
*log sK = (43.6 ± 0.3) at 

ionic strength 10–2 M is not considered by this review for reasons discussed in Appendix 
A. The Gibbs energy of formation calculated from lo 10 ,

*g 0
ο
sK  is:  
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f m
ο∆ G (CaU6O19·11H2O, cr, 298.15 K) = − (10305.5 ± 14.0) .  1kJ mol−⋅

Using natural well characterised becquerelite, Casas et al. [97CAS/BRU] de-
rived from solubility measurements at low ionic strength, lo 10 ,0

*g sK ο = (29 ± 1) (see 
Appendix A). The discrepancy with the [94SAN/GRA] results is attributed to the differ-
ences in experimental conditions with regard to aqueous phases and size of the crystal-
lites.  

9.3.2.1.5.2.2 Na2U2O7 · x H2O(cr) 
Yamamura et al. [98YAM/KIT] have determined the solubility of a solid phase claimed 
to contain 3–5 waters of crystallisation. A discussion of the data is given in Appendix 
A. The experimental solubility data refer to the reaction: 

  (9.6) 2 4
2 2 7 3 2 2 3 30.5 Na U O (s) + 3CO  + 1.5H O(l)  UO (CO )  + 3OH  + Na− − +−

3 3

By combining this equilibrium constant with that taken from [92GRE/FUG] 
for the reaction: 
 2+ 2 4

2 3 2UO  + 3 CO   UO (CO )− − , (9.7) 

they calculate the solubility product 10 ,0log ο
sK (9.8) = − (29.45 ± 1.04) and 

10 ,0
*log sK ο (9.9) = (25.1 ± 2.1) for the reactions: 

 , (9.8) 2+ +
2 2 7 2 20.5 Na U O (s) + 1.5H O(l)  UO  + 3OH  + Na−

 + 2+
2 2 7 2 2

+Na U O (s) + 6 H   2 UO + 3 H O(l) + 2 Na . (9.9) 

The value of 10 ,0
*log sK ο (9.9) = (25.1 ± 2.1) is consistent with, but less precise 

than, the value calculated using the data in [92GRE/FUG], 10 ,0
*log sK ο

10 ,0log
(9.9) = 

(22.6 ± 1.0). The respective values for equilibrium (9.8) are sK ο (9.8) = 
 − (29.45 ± 1.04) [98YAM/KIT] and lo 10 ,0g sK ο (9.8) = − (30.7 ± 0.5) [92GRE/FUG]. 
The Gibbs energy of formation 7of 2 2Na U O (cr)  in [92GRE/FUG] refers to a 
crystalline anhydrous phase. The good agreement between the two values indicates 
either that the Gibbs energy contribution of structural water is not significantly different 
from that of free liquid water, or that the solid phase used in [98YAM/KIT] is 
anhydrous.  

The solubility product for reaction (9.9) has also been calculated by Meinrath 
et al. [98MEI/FIS], lo 10 ,0

*g sK ο = (24.6 ±  0.2), but as indicated in Appendix A, this value 
is based on assumptions of the composition of the solid phase that are not justified, so 
even if these data confirm the values given above, they are not used to calculate the 
solubility product for equation (9.9). 

This review keeps the value selected in [92GRE/FUG]. 

9.3.2.1.5.2.3 NaxUO(3+x/2)·H2O(cr) 
Díaz Arocas and Grambow [98DIA/GRA] studied the precipitation of U-containing 
phases and found compositions of hydrated NaxUO(3+x/2) phases with values of x from 0 
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+

to 1, in NaCl, as the ratio Na+/H+ is increased. For x = 1/3 the solubility product for the 
reaction: 

+ 2+
0.33 3.165 2 2 2Na UO 2H O(s) + 2.33 H  UO  + 3.165 H O(l) + 0.33 Na⋅  

is 10 ,0
*log sK  = (7.95 ± 0.15), at 298.15 K, and I = 3 m NaCl. The authors give 

10 ,0
*glo sK ο

 = (7.13 ± 0.15) (see Appendix A). No other reliable solubility product for 
this phase has been reported and this review does not select a value for the solubility 
product for Na2U6O19·12 H2O. 

9.3.2.1.5.2.4 K2U6O19 · 11H2O(cr)  
Solubility measurements of the compreignacite, K2U6O19·11H2O(cr), were performed by 
Sandino and Grambow [94SAN/GRA] at 298.15 K in 1 molal KCl at several pH values, 
following the equilibrium:  

+ + 2+
2 6 19 2 2 2K U O 11H O (cr) + 14H   2K  + 6 UO  + 18H O(l)⋅ . 

The mean values for 10 ,0
*log sK  was calculated by this review as 

10 ,0
*log sK (K2U6O19·11H2O) = (40.2 ± 1.2), which yielded a 10 ,0

*log ο
sK  value of 

(37.1 ± 0.5) using SIT. This infinite dilution constant disagrees for unknown reasons 
substantially from those tabulated by the authors. This review retains the recalculated 
solubility products. The Gibbs energies of formation calculated from lo 10

*g ο
,0sK  is:  

1−
f m

ο∆ G (K2U6O19·11H2O, cr, 298.15 K) = − (10337.1 ± 11.0) kJ . mol⋅

9.3.2.2 U(IV) hydroxide complexes (V.3.2.3) 
The hydrolysis behaviour of U4+ aqueous ions is difficult to ascertain, because of the 
easy oxidation of U(IV) to U(VI) and the precipitation of hydrous oxide phases, with 
poor crystallinity and small particle size, which are commonly denoted UO2(am) and 
microscrystalline UO2(cr). The problem encountered in these systems has been exten-
sively discussed in [92GRE/FUG] where it was concluded that it was only possible to 
select the following thermodynamic quantities: 

10 1
*log οb

ο

(UOH3+) = − (0.54 ± 0.06) (page 123),  

f mG∆ (UO2, cr, 298.15 K) = − (1031.8 ± 1.0) 1kJ mol−⋅  (page 140), 
ο

f mG∆ (U(OH)4, aq, 298.15 K) = − (1452.5 ± 8.0) 1kJ mol−⋅  (page 126). 

To clarify the following discussion in this section, we have used auxiliary data 
of [92GRE/FUG] to calculate the equilibrium constants for the following reactions: 

+ 4+
2UO (cr) + 4 H   U  + 2H O(l)2 10 ,0

*log sK ο  = − (4.85 ± 0.33), 
4+UO (cr) + 2H O(l)  U  + 4OH− log K ο

2 2   
10 ,0s  = − (60.86 ± 0.36), 

ο
2 2 4UO (cr)+ 2H O(l)  U(OH) (aq)  10 ,4log sK  = − (9.5 ± 1.0), 

which are consistent with a value of 10 4log οb = (51.36 ± 1.06). 
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In [92GRE/FUG] no thermodynamic quantities are selected for UO2(am), be-
cause thermodynamic constants are not defined for an amorphous phase and will vary 
with the "ripening" of this phase. However, thermodynamic data were given for some 
other amorphous phases in [92GRE/FUG]. The present review prefers, for the reason 
given, not to select Gibbs energies of formation for amorphous phases. A solubility 
product for UO2(am) is given in Table 9-7 with a remark that it is selected as the value 
to be used to calculate the U(IV) concentration in the presence of UO2(am). The litera-
ture data for ∆ (UOf mGο

2, am, 298.15 K) range from − 977 to − 1003.6  
[92GRE/FUG]. 

1kJ mol−⋅

Some additional information can be extracted from the papers, which have ap-
peared either since 1991, dealing with U(VI) hydrolysis [94SER/DEV], [95RAI/FEL], 
[95YAJ/KAW], [96RAK/TSY], [97LAN], [97RED], [97TOR/BAR], [98CAS/PAB], 
[99NEC/KIM] and [2001NEC/KIM] or before 1991, [90PHI].  

The report of Philips [90PHI] is not explicitly mentioned in [92GRE/FUG], but 
his selected values for U(IV) hydrolysis, are either estimated or less critically evaluated 
than those selected in [92GRE/FUG], as discussed in Appendix A. The same is the case 
for the paper of Sergeyeva et al. [94SER/DEV]. Analysis of the same data in 
[94SER/DEV] and [92GRE/FUG] leads to slight differences at zero ionic strength 
(298.15 K), probably due to different conclusions as to the accuracy of experimental 
data and the method used for extrapolation to I = 0. For instance for the reaction: 

  4+ 3+ +
2U  + H O(l)  UOH  + H

the value recommended by Sergeyeva et al. is 10 1
*log οb = − (0.4 ± 0.2), while the value 

selected in [92GRE/FUG] is 10 1
*log οb = − (0.54 ± 0.06).  

Langmuir [97LAN] reviewed the literature data including those considered in 
[92GRE/FUG] and questioned the selected values concerning U(OH)4(aq) and 
UO2(am). This review gives comments on the remarks of Langmuir in Appendix A. 

In a critical review of the hydrolysis data of all the tetravalent actinides and 
from theoretical considerations, Neck and Kim [99NEC/KIM] calculated = 
13.8, 

10 1log οb
10 2log οb = 27.5, = 36.2 and 10 3log οb 10 4log οb = 45.7, by assuming as an input 

experimental parameter lo 10 1g οb = (13.6 ± 0.2) (see Appendix A). This last value is 
different from that selected in [92GRE/FUG]. Neck and Kim take an averaged value of 
the values selected by [92GRE/FUG] 10log 1

* οb = − (0.54 ± 0.06) and by 
[92FUG/KHO], = − (0.34 ± 0.20). The reason is that the selection of 
[92FUG/KHO] is not explicitly discussed in [92GRE/FUG]. The value taken by Neck 
and Kim, = − (0.4 ± 0.2) is the same as the recommended value of 
[94SER/DEV]. Refined estimated values are given by Neck and Kim in 
[2001NEC/KIM] and are considered by this review; 

10log

1
* οb

1
* οb

10log

10 2log οb = (26.9 ± 1.0) and 
10log 3

οb = (37.3 ± 1.0), but are not retained (see 9.3.2.2.4) for the selection of equilib-
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rium constants. The lo  value derived from solubility data is discussed in section 
9.3.2.2.3. 

10 4,1g οb

f mGο∆

10
*log

U

UO (am)

10 ,0
*log sK ο

kJ mol⋅

UO (am,

No evidence for the formation of the anionic complex 5U(OH)−  has been given 
since the estimate of ( 5U(OH)− , 298.15 K) by [92GRE/FUG]. This review does 
not select any value for 5

οb . 

The following discussion concerns the dissolution of, first UO2(am), and then 
UO2(cr).  

Grenthe et al. [92GRE/FUG] reported a formation constant for the polynuclear 
U(IV) hydroxide complex 9

6 (OH) + , proposed by Baes and Mesmer [76BAE/MES] 
from a reanalysis of the potentiometric titration study of Hietanen [56HIE]. However, it 
is not possible to extrapolate the value of lo (3 M NaClO10 15,6

*g b 4) = − (16.9 ± 0.6) to I 
= 0. For a complex of such high charge there are no SIT coefficients available nor can 
they be estimated by analogies. 

15

9.3.2.2.1 Solubility of UO2(am) (≡ UO2(am, hydr.)) 

In the previous review [92GRE/FUG] no thermodynamic data have been selected for 
UO2(am). The equilibrium constants reported for the reactions: 

  (9.10) + 4+
2  + 4 H   U  + 2 H O(l) 2

are largely discrepant. They range from 10 ,0
*log sK ο (9.10) = − (3.2 ± 0.2), [78NIK/PIR] 

to an upper limit of (9.10) < 4.3 [60STE/GAL] for an active form of hydrated 
oxide. The values determined by Bruno et al. [86BRU/FER] in 3 M NaClO4, 

10 ,0
*log sK (9.10) = (0.5 ± 0.3) for an amorphous phase and 10 ,0

*log sK

6
3 5U(CO )

(9.10) = 
 − (1.2 ± 0.1) for the "ripened" phase, show the effect of differences in crystallinity. The 
data of Rai et al. [98RAI/FEL] on the solubility of UO2(am) in carbonate media, 
corrected by taking into account the formation constant of , give −

10 ,0
*log sK ο (9.10) = − 0.2 (see Appendix A). 

The solubility of freshly precipitated amorphous UO2(am, hydr.) was measured 
by Rai et al. [97RAI/FEL] at various ionic strengths (0.03 to 6 m NaCl, 1 to 3 m MgCl2) 
in the pH range 2 to 4.5 and under conditions designed to prevent U(IV) oxidation. The 
data were processed by the Pitzer ion-interaction approach to give f mGο∆

∆

 of U4+, UOH3+ 
and UO2(am). The two first values are very close to the recommended values of 
[92GRE/FUG] as discussed in Appendix A. The reported value of (UOf mGο

2, am, 
298.15 K) = − 990.77  by [97RAI/FEL] is within the range of values given in 
[92GRE/FUG] (see section 9.3.2.2). The corresponding value of the equilibrium con-
stant for  

1−

 4+
2 2 hydr.) + 2 H O(l)  U  + 4OH−  (9.11) 

is 10 ,0log ο
sK (UO2, am, hydr., (9.11)) = − 53.45. The data of [97RAI/FEL] are consid-

ered in the section 9.3.2.2.3 below to derive a selected value of 10 ,0log ο
sK (UO2, am, 

hydr., (9.11)). 
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9.3.2.2.2 Solubility of UO2(cr) 

The solubility of UO2(cr) is discussed in a short paper by Redkin [97RED]. He gives a 
value of 2·10–9 molal for the solubility of UO2(cr) over the temperature range 573.15–
873.15 K. The fugacity of oxygen was controlled by Ni–NiO and Fe2O3–Fe3O4 couples 
and the pressure was 1 kbar. This confirms earlier results of the negligible temperature 
dependence [87DUB/RAM], [89RED/SAV] of the solubility of UO2, also discussed in 
[92GRE/FUG]. For the dissolution reaction: 

 , (9.12) 2 2 4UO (cr) + 2 H O(l)  U(OH) (aq)

Redkin gives 10 ,4log sK ο = − 8.7 (pH = 7, 1 kbar) compared to an average value of 
10 ,4log sK ο = − (9.47 ± 0.56) reported by [88PAR/POH] from data at pH > 4 over the 

temperature range 373 − 573 K (0.5 kbar of H2). This paper also gives other data on the 
solubility of UO2(cr) in acidic and basic solutions at various redox potentials from 
which little quantitative thermodynamic information can be extracted. 

Rakitskaya et al. [96RAK/TSY] showed that the solubility of non–
stoichiometric UO2(cr) (O/U = 2.005 to 1.985) in water (pH = 7) at 300 K, after one 
year of equilibration, is higher for the oxide which contains the highest content of 
U(VI). This behaviour is not surprising. According to these authors, the solubility of 
UO2 is dependent on oxide ion diffusion. On the other hand, the work of Torrero et al. 
[97TOR/BAR] shows that the dissolution rate of UO2(cr) in NaClO4 is pH and O2 de-
pendent with a fractional rate order that indicates that adsorbed oxygen acts as an oxi-
dant (a layer of UO2+x is formed with, according to the authors, O/U = 2.25 at pH > 6.7). 

The solubilities of crystalline and microcrystalline UO2(cr) were measured by 
Yajima et al. [95YAJ/KAW] in 0.1 M NaClO4 (pH = 2 to 12, T = 298.15 K), where the 
approach to equilibrium was both from under- and over-saturation. In general, lower 
solubilities were obtained than in [90RAI/FEL]. Below pH = 2, the slope of log10m(U) 
versus pH, was approximately − 4, whereas above pH = 4 the uranium concentration 
was independent of pH. The constants derived from the experimental results are scat-
tered with lo 10 ,0

*g sK ο = (0.34 ± 0.4) and 10 ,4log sK ο = − (8.7 ± 0.4), respectively, for the 
reactions: 

+ 4+
2UO (cr) + 4 H   U  + 2 H O(l),2  (9.13) 

2 2 4UO (cr) + 2 H O(l)  U(OH) (aq).  (9.14) 

 The solubility constant for the reaction, 

UO2(cr) + 2 H2O U4+ + 4 OH–, (9.15) 

is more than four orders of magnitude larger than lo 10 ,0g sK ο (UO2, cr, 298.15 K, (9.15)) 
= − (60.86 ± 0.36) calculated from the f mGο∆  values of UO2(cr) and U4+ and auxiliary 
data selected in [92GRE/FUG]. This could be due to either poor control on the redox 



9 Discussion of new data selection for Uranium 186 

potential or formation of UO2(am)1. The value of 10 4
*log οb

(OH) (aq)

= − (9.0 ± 0.5) or = 
(47.0 ± 0.5) is in reasonable agreement with [2001NEC/KIM]. This value is considered 
in the next section for the selection of thermodynamic data.  

10 4log οb

10log

4
οb

10 3g οb

,0sK ο
4
οb

 U(OH)

10 ,0sK ο = − 
made avai

culated from

(60.20 ± 0.24) for t -
librium, UO2(cr) + 2H2O U4+ + 4OH–, lable [2003RAI/ s 
latter value is very clo  that cal  calorimetric data. The value 

< − 11.6 (or 

he equi
YUI]. Thi

9.3.2.2.3 Comparison of the solubilities of UO2(am) and UO2(cr) 

All the recent [95YAJ/KAW], [97RAI/FEL] and earlier [83RYA/RAI], [90RAI/FEL] 
experimental data on the solubility of UO2(am) and UO2(cr) as a function 
of − log10[H+], have been reinterpreted by Neck and Kim [99NEC/KIM], 
[2001NEC/KIM], taking into account the literature data on other tetravalent actinides 
(see Appendix A). 

What appears new in these studies is that the U(IV) concentrations in equilib-
rium with UO2(cr) and UO2(am) are the same at pH above 6, such that UO2(am) is the 
solubility limiting solid phase of U(IV) in neutral and alkaline aqueous solutions2. Ac-
cording to [2001NEC/KIM], the experimental data determined with UO2(cr) must be 
ascribed to the dissolution of an amorphous surface layer according to : 

2 2 4UO (am) + 2H O(l)  U . (9.16) 

Consequently the f mGο∆ (U(OH)4, aq, 298.15 K) value must be revised. Indeed 
this value comes from studies which assume that UO2(cr) is the equilibrium phase 
[92GRE/FUG]. 

For UO2(am) [2001NEC/KIM] provides the best fit of solubility data and gives 
10 ,0log ο

sK (UO2, am, hydr., (9.11)) = − (54.5 ± 1.0) and 4
οb  = (46.0 ± 1.4), deduced 

according to the relationship:  

10 4log [U(OH) (aq)] = 10 ,0log sK ο (UO2, am, (9.11)) + 10 4log οb = − (8.5 ± 1). 

The constants ,0sK ο (9.11) for UO2(am) and  derived by Neck and Kim come 
from experimental data and values of 2

οb  and 3
οb  are estimated on the basis of selected 

values of  as discussed above. For U(IV) this is currently the best manner in which 
to derive the thermodynamic values 

1
οb

10g 2lo οb  and lo . 

Using the relationship: 

10 ,4log sK ο (UO2, cr) = 10log (UO2, cr, (9.15)) + , 10log

this review has calculated for the reaction: 

2 2 4UO (cr) + 2 H O(l) (aq) , 

                                                           
1 During the Peer Review process the value log

se to
10g

was 

10 4
*log οb 4lo οb < 44.4) was al de available. 

2 e Peer Revi tional ade available [2003RAI/YUI] 
supporting this conclusion. 

so ma
 data was mDuring th ew process addi
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10 ,4log sK ο

f mGο∆
(UO2, cr) = − (14.86 ± 1.44), which using auxiliary data gives 

(U(ΟΗ)4, aq, 298.15 K) = − (1421.30 ± 8.18) 1kJ mol−⋅

10 ,0g
. This review does not 

select any value of (UOf mGο∆ 2, am, 298.15 K) from lo sK ο (UO2, am, hydr., (9.11)) 
and auxiliary data following [92GRE/FUG] for the reasons discussed above (section 
9.3.2.2). 

9.3.2.2.4 Selection of equilibrium constants 

The review retains as new selected equilibrium constants for U(IV), the value 
 = (46.0 ± 1.4) given by Neck and Kim [2001NEC/KIM]. The values 
 = (26.9 ± 1.0) and 

10 4log οb
10 2log οb 10 3log οb

U(OH

10 1log

 = (37.3 ± 1.0) also given by Neck and Kim 
[2001NEC/KIM], which are estimated, cannot be selected according to the NEA TDB 
Guidelines because only data supported by experiment can be selected. The estimation 
of   and lo   is well founded. It relies on general principles of actinide 
complexation chemistry and correlation among different actinides and oxidation states. 
There is some evidence for  in [89GRE/BID] and for  in 
[87BRU/CAS] (see [92GRE/FUG]). As no new experimental data have appeared since 
the previous review on the formation of the species UOH

10log 2
οb 10 3g οb

2+
2) +

3U(OH)

3+, this review keeps the value 
selected by [92GRE/FUG], οb  = (13.46 ± 0.06), ( 10 1

*log οb  = − (0.54 ± 0.06)). 
The value lo 10g ,0

ο
sK (UO2, am, hydr., (9.11)) = − (54.5 ± 1.0) is selected as a constant to 

be used to calculate a concentration of U(IV) in aqueous solutions equilibrated with 
UO2(am).  Table 9-7 summarises the selected equilibrium constants by this review and 
[92GRE/FUG] for U(IV) hydroxide complexes and compounds and a value for 

10 ,0log ο
sK (UO2, am, hydr., (9.11)).  

Table 9-7: Solubility products and overall formation constants [2001NEC/KIM]. 

Species or compound 10 ,0log ο
sK  10log ο

mb  

 UO2(am, hydr.) – (54.5 ± 1.0) *#  
 UO2(cr) – (60.86 ± 0.36)**  

3U(OH) +   (13.46 ± 0.06)**, 13.8(a), (13.6 ± 0.2)(b) 
2U(OH)2

+   (26.9 ± 1.0)(a) 

3

U(OH) (
U(OH)+   (37.3 ± 1.0)(a) 

4 aq)   (46.0 ± 1.4)* 

* selected by this review,  (a) estimated. 
** from [92GRE/FUG]. (b) averaged selected constants (see text). 
# to calculate U(IV) concentration in equilibrium with UO2(am). 
 

 Casas et al. [98CAS/PAB] used all the selected values by [92GRE/FUG] for 
U(IV) hydrolysis for modelling the solubility of UO2(cr) and uraninite UO2+x(cr) in an-
oxic (and oxic) conditions. As discussed in Appendix A, discrepancies between pre-
dicted and measured uranium concentrations could be due to the size of microcrystal-
lites of uranium dioxide. 
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9.3.2.3 U(III) hydroxide complexes (V.3.2.4) 
No experimental data have been reported but thermodynamic estimations can be found 
in [98SAV]. They have not been retained for reasons given in Appendix A. 

9.3.3 Crystalline and amorphous uranium oxides and hydroxides 
(V.3.3) 

9.3.3.1 U(VI) oxides and hydroxides (V.3.3.1) 

9.3.3.1.1 Other forms of anhydrous UO3(cr) (V.3.3.1.2) 

The value selected in [92GRE/FUG] for the enthalpy of formation of δ–UO3, 
 − (1209 ± 5) kJ · mol–1, was based on an early determination by Cordfunke [64COR] 
who used a sample which was a mixture of α–UO3 and δ–UO3. More recently, in a the-
sis, [90POW] reported a new value, using a sample of δ–UO3 prepared by thermal de-
composition, at 648 K, of β–UO3⋅H2O. X–ray powder diffraction indicated that no 
phases other than δ–UO3 were present. The medium used for the dissolution of the sam-
ple was the same as that used by Cordfunke and Ouweltjes [77COR/OUW2], 0.0350 M 
Ce(SO4)2 + 1.505 M H2SO4. The author [90POW] reported sol mH∆ (UO3, δ) = 
 − (94.71 ± 0.72) kJ · mol–1 (the uncertainty limits being ours). These results are also 
reported with less detail by Dickens et al. [89DIC/LAW]. The use of the enthalpy of 
solution of γ–UO3 from [77COR/OUW2] (– (84.64 ± 0.38) kJ · mol–1), together with the 
[92GRE/FUG] value for the standard enthalpy of formation of γ–UO3, leads to: 

f mH ο∆ (UO3, δ, 298.15 K) = − (1213.73 ± 1.44) kJ · mol–1 

which is the accepted value, consistent with, but more precise than, that selected in 
[92GRE/FUG]. 

Using the same medium, Dickens et al. [88DIC/POW] report sol mH∆ (UO3, α) 
= − (96.03 ± 0.72) kJ · mol–1. This value leads to: 

 f mH ο∆ (UO3, α, 298.15 K) = − (1212.41 ± 1.45) kJ · mol–1, 

which we accept, being more precise than that selected in [92GRE/FUG] ( f mH ο∆ (UO3, 
α, 298.15 K) = −  (1217.5 ± 3.0) kJ · mol–1) and consistent with the selection for the δ 
phase. 

It is worth recalling here that α–UO3 has a vacancy structure [66LOO/COR] 
and that small variations in stoichiometry may be responsible for variations in the en-
thalpies of solution. 

9.3.3.1.2 U(VI) hydrated oxides and hydroxides (V.3.3.1.5) 

Structural and thermodynamic data on synthetic or natural uranium trioxide hydrates 
and dioxouranium hydroxide are discussed in [92GRE/FUG]. The inter-relationships 
between all of them is complicated and it is generally difficult to identify, at the condi-
tions reported in papers dealing with solubility studies, which solid phase is really pre-
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sent. Since the previous review, Finch et al. [92FIN/MIL] focus on the synthetic and 
naturally occurring trioxide UO3·2H2O. Gurevich et al. [97GUR/SER] discuss some 
transformations among dioxouranium hydroxide and the uranium trioxide hydrates. 
Finch et al. [98FIN/HAW], [96FIN/COO] and Sowder et al. [99SOW/CLA] clarified 
the situation among U(VI) trioxide hydrates with the identification of schoepite as 
(UO2)8O2(OH)12·12H2O (formally UO3·2.25H2O), metaschoepite as 
(UO2)8O2(OH)12·10H2O (formally UO3·2H2O) and dehydrated schoepite as 
UO2O(0.25−x)(OH)(1.5+2x) 0 < x < 0.25 (formally UO3·0.75H2O to UO3·H2O). Schoepite 
and metaschoepite are orthorhombic and dehydrated schoepite is isostructural with α-
UO2(OH)2 but with anion vacancies. All forms of schoepite are structurally and chemi-
cally distinct from the three dioxouranium hydrates, UO2(OH)2. 

To summarise, for UO3·xH2O three polymorphs exist (α-orthorhombic: 
schoepite, x = 2.25; β-orthorhombic: metaschoepite, x = 2 and γ-orthorhombic: dehy-
drated schoepite, x < 0.75) and for UO2(OH)2 or UO3·H2O three polymorphs exist (α-
orthorhombic, β-orthorhombic and γ-monoclinic) (see [98FIN/HAW] in Appendix A). 
Numerous compositions for x = 0.9 to 0.333 have been identified, but it is not clear to 
which series they belong. 

9.3.3.1.2.1 UO3·2H2O (cr) 
The value = − (1826.1 ± 1.7) f m 3 2(UO 2H O, 298.15 K)H ο∆ ⋅ 1kJ mol−⋅

kJ m
 was selected in 

[92GRE/FUG] on the basis of an assessed value of − (30.6 ± 1.2) 1ol−⋅  for the dif-
ference of dissolution in dilute hydrofluoric acid of UO3·2H2O(cr) and γ–UO3. The fol-
lowing thermodynamic quantities were also selected in [92GRE/FUG]: 

  = (188.54 ± 0.38) J Km 3 2(UO 2H O, cr, 298.15 K)S ο ⋅ 1 1mol− −⋅ ⋅ , 
ο = 84.238 + 0.294592 T    ,m 3 2(UO 2H O, cr, 298.15 K)pC ⋅ 1 1J K mol− −⋅ ⋅

which gives: C = (172.070 ± 0.340) ,m 3 2(UO 2H O, cr, 298.15 K)p
ο ⋅ 1 1J K mol− −⋅ ⋅ . Fi-

nally, = − (1636.5 ± 1.7) f m (UGο
3 2O 2H O, cr, 298.15 K)∆ ⋅ 1kJ mol−⋅ .  

These selected values come mainly from [88TAS/OHA] (see Appendix A). 

There were no more recent determinations on these compounds, which are 
nevertheless mentioned here for the convenience of the following discussions. 

The Gibbs enthalpy of dissolution of UO2(OH)2(aq) is calculated from the 
value selected by this review, of 10 2,1

*log οb = − (12.15 ± 0.07) (see Table 9-6). For the 
reaction: 

 , 3 2 2 2 2UO 2H O (cr)  UO (OH) (aq) + H O(l)⋅

the value r mGο∆ = (41.9 ± 2.5) 1kJ mol−⋅  is obtained using auxiliary data. 

9.3.3.1.2.2 UO2(OH)2(cr) or UO3·H2O(cr) 
The values of  and ,m m,  pC Sο ο

f mGο∆  for  β–orthorhombic UO3·H2O(cr) at 298.15 K have 
been selected in [92GRE/FUG].  
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Recently, Gurevich et al. [97GUR/SER] reported heat capacity measurements 
on UO2(OH)2(α, orth) in the temperature range 14 − 316 K. It should be noted that 
throughout the paper the abbreviation "rhomb β" was mistakenly given for "orth β". The 
experimental results were fitted by a polynomial of the type: 

[1 - exp( 0.001 )] ,    1 to 5.x
x

x

A T x− =∑  

 At room temperature, the following values were reported: 

,mpCο
3 2(UO H O, α, orth, 298.15K)⋅ = (113.96 ± 0.12) 1 1J K mol− −⋅ ⋅

1 1

, 

ο − −
mS   = (128.10 ± 0.20) 3 2(UO H O, α, orth, 298.15K)⋅ J K mol⋅ ⋅ , 

ο
m m(298.15 K) (0)−H  = 19.703 J K 1 1mol− −⋅ ⋅ . H

These values do not appear incompatible with those selected in [92GRE/FUG] 
for the β–phase, which is also orthorhombic: 

 ,mpCο
3 2(UO H O, , orth, 298.15K)⋅ β  = (141 ± 15) 1 1J K mol− −⋅ ⋅

1 1

, 

ο − − = (138 ± 4) mS 3 2(UO H O, , orth, 298.15K)⋅ β J K mol⋅ ⋅ , 

nor with the selected values for the heat capacity and entropy of UO3·2H2O(cr), given 
the difference of one H2O. 

Since the selections by [92GRE/FUG] rest partially on reaction enthalpies by 
[73HOE/SIE], it is appropriate to note here that the lattice parameters given by 
[97GUR/SER] for the α–phase are in reasonable agreement with those given for the 
same phase by [73HOE/SIE]. 

Gurevich et al. derived from their data, as discussed in Appendix A,  

 f mH ο∆ 3 2(UO H O, α orth, 298.15 K)⋅  = − (1536.87 ± 1.30) kJ , 1mol−⋅

 f mH ο∆ 3 2(UO H O, β orth, 298.15 K)⋅  = − (1533.87 ± 1.30) kJ . 1mol−⋅

The second value agrees with the selected value by [92GRE/FUG], 
 − (1533.8 ± 1.3) . 1kJ mol−⋅

The first value was obtained by extrapolation of literature values to x = 1, as 
 − (27.4 ± 0.2) kJ , for 1mol−⋅ r mH ο∆ (298.15 Κ) for the reaction: 

3 2 3 2UO  +  H O(l)  UO H O( , orth)x xγ − ⋅ α , 

using the results of [72SAN/VID] for x = 0.393 and 0.648, [64COR] for x = 0.85 and 
[88OHA/LEW] for x = 0.9. 

As discussed in Appendix A, a new extrapolation taking equally into account 
all experimental values leads to − (26.8 ± 1.5) kJ 1mol−⋅ , which is nearly the same value 
as that obtained by [97GUR/SER] with greatly increased uncertainty limits. Keeping in 
mind the precarious character of such an extrapolation, we calculate: 

 f mH ο∆ 3 2(UO H O, α orth, 298.15 K)⋅ = − (1536.4 ± 1.9) . 1kJ mol−⋅
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In order to obtain another cycle in the evaluation of the stability of 
UO3 · H2O(α, orth) we have used (as done initially by [97GUR/SER]) the results of 
[71NIK/PIR] who measured potentiometrically the solubility of the compound in the 
temperature range 295 − 423 K. 

For the reaction:  

  (9.17) + 2+
3 2 2 2UO H O ( ,  orth) + 2 H     UO  + 2 H O(l)⋅ α

we recalculate, at infinite dilution, a value of lo 10 ,0
*g sK ο ((9.17), 298.15 K) = 

 − (5.80 ± 0.10) leading to f mGο∆ 3 2(UO H O, α, orth, 298.15K)⋅  = − (1393.72 ± 1.84) 
. The values for 1kJ mol−⋅ 10 ,0glo ο

sK (9.17) at temperatures up to 423 K have also been 
recalculated, but, as discussed in Appendix A, they are given for information only. 

Using = (128.10 ± 0.20)  de-
termined by [97GUR/SER] and other auxiliary values accepted by this review, we ob-
tain from the above Gibbs energy value, 

mS ο
3 2(UO H O, α, orth, 298.15K)⋅ 1 1J K mol− −⋅ ⋅

f mH ο∆ 3 2(UO H O, α, orth, 298.15K)⋅  = 
− (1531.79 ± 1.84) , which is slightly different from the value obtained by the 
extrapolation above. Taking the average of the two values

1kJ mol−⋅
 yields, 

f mH ο∆ 3 2(UO H⋅ O, α, orth, 298.15K)  = − (1534.1 ± 4.1) 1kJ mol−⋅

f mG
. Consequently with 

the value of the entropy given by [97GUR/SER], ο∆ 3 2(UO H O, α, orth, 298.15K)⋅  
= − (1396.0 ± 4.2) . 1kJ mol−⋅

From this result and f mGο∆ 3 2(UO H O, β, orth, 298.15K)⋅ = − (1398.7 ± 1.8) 
 selected by [92GRE/FUG], it is impossible to decide which of the two forms 

is thermodynamically more stable. The claim of [97GUR/SER] as to the metastability of 
the β–phase toward the α–phase cannot be supported or rejected. Indeed these authors 
pointed out that the β– to α–phase transformation could be due to mostly uncontrollable 
factors. 

1kJ mol−⋅

The value f mH ο∆ 3 2(UO H O, γ,  mono, 298.15 K)⋅ = − (1531.4 ± 1.3)  
was also selected in [92GRE/FUG], with the indication that this species could corre-
spond to a metastable form. No further information has appeared on this compound. 

1kJ mol−⋅

9.3.3.1.2.3 UO3·xH2O 
The values of f mH ο∆ (UO3·xH2O) for x = 0.9, 0.85, 0.648, and 0.393 are given by 
[92GRE/FUG], and the variations of f mH ο∆ , mS ο  and f mGο∆  as a function of x are dis-
cussed by [88OHA/LEW].  

According to [72TAY/KEL], the transformation reaction of the 
α−UO3 · 0.85 H2O(cr) to the β orthorhombic UO3·H2O phase: 

UO3 · 0.85 H2O(cr) + 0.15 H2O(l)  UO3·H2O(cr)  

is accompanied by an enthalpy change of  − 5.69 1kJ mol−⋅ at 298.15 K. As noted by 
[92GRE/FUG], this effect is not consistent with the values adopted in this review for the 
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enthalpies of formation of these two hydrates. It is also not consistent with the value 
adopted above for (α, orth). 3 2UO H O⋅

f m
ο∆ H

4 24H O(cr) 

Gurevich et al. [97GUR/SER] give estimates of the standard entropy and en-
thalpy of formation of the species UO3·0.5H2O(cr). These values are mentioned in Ap-
pendix A but are not selected here. 

9.3.3.1.3 U(VI) peroxides (V.3.3.1.4) 

Three misprints in the [92GRE/FUG] text of this section were pointed out by 
[95GRE/PUI]. The revised text below incorporates these corrections and includes a dis-
cussion of an earlier relevant reference. 

Cordfunke [66COR] measured the enthalpy of precipitation of UO4·4 Η2Ο (cr), 
when adding a 0.5% solution of H2O2 to a solution of dioxouranium(VI) nitrate in wa-
ter, to be − (31.21 ± 0.29) kJ · mol–1. The data in [82WAG/EVA] indicate that the en-
thalpy of formation of H2O2 in the 0.5% solution will be negligibly different from that at 
infinite dilution, (H2O2, aq, 298.15 K) = − (191.17 ± 0.10) kJ · mol–1. Thus, the 
value f m

ο∆ H (UO4 · 4Η2Ο, cr, 298.15 K) = − (2384.7 ± 2.1) kJ · mol–1 is calculated. The 
enthalpy of dehydration of the tetrahydrate to form the dihydrate, 

4 2 2UO  UO 2 H O(cr) + 2H O(g)⋅ ⋅  (9.18) 

was calculated to be (117.02 ± 1.00) kJ · mol–1 from vapour pressure measurements of 
[63COR/ALI] (312.1 to 331.8 K), corrected by [66COR] to take account of the fact that 
the mercury in the manometer was at a variable temperature, different from 0°C. The 
correction of this enthalpy from the mean temperature to 298.15 K is estimated to be an 
order of magnitude smaller than the final uncertainty, so this value of f m

ο∆ H (9.18)
 = (117.02 ± 1.00) kJ · mol–1 is assumed to apply at 298.15 K, and hence 

f m
ο∆ H (UO4·2Η2Ο, cr, 298.15 K) = − (1784.0 ± 4.2) kJ · mol–1 is calculated. The uncer-

tainties for the enthalpies of formation given above are those proposed by Cordfunke 
and O’Hare [78COR/OHA]. 

The enthalpy of formation of UO4·2Η2Ο(cr) can also be determined using the 
early work of Pissarjewsky [00PIS], who measured the enthalpy of dissolution of an 
analysed sample of this compound and that of UO3·H2O(s) in 1 M sulphuric acid. As 
described in Appendix A, this review calculates from these results, 

f m
ο∆ H (UO4·2Η2Ο, cr, 298.15 K) = − (1789.7 ± 4.1) kJ · mol–1 , in good agreement with 

the results discussed immediately above. This agreement had been implicitly noted by 
[66COR], who compared his results with those given in the NBS Circular 500 Tables 
[52ROS/WAG], which were based on the data of Pissarjewsky [00PIS]. 

This review maintains the selections made on the basis of the results of 
[66COR] and [63COR/ALI]: 

f m
ο∆ H (UO4·4Η2Ο, cr, 298.15 K) = − (2384.7 ± 2.1) kJ · mol–1, 
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f m
ο∆ H (UO4·2Η2Ο, cr, 298.15 K) = − (1784.0 ± 4.2) kJ · mol–1. 

No entropy or Gibbs energy data are available for these peroxide hydrates. 

9.3.3.2 U(IV) oxides (V.3.3.2) 

9.3.3.2.1 Crystalline UO2 (uraninite) (V.3.3.2.1) 

Fink [2000FIN] has updated her earlier assessment [81FIN/CHA] of the thermodynamic 
and transport properties of UO2(cr, l), to incorporate an appreciable amount of new data, 
principally on the liquid. Fink gives two fitting equations for the enthalpy increment of 
UO2(cr), one a polynomial, and one containing terms representing the individual contri-
butions to the enthalpy and heat capacity. These equations give very similar values for 
both  and , and either (see Appendix A) can be used to 
represent the data for UO

m m( ) (298.15K)H T H ο− ,m ( )pC T
2(cr) up to its melting point.  

The equation for ,mpC (UO2, cr) in [92GRE/FUG], valid only to 600 K, gives 
values which are close to those derived from the revised assessment by Fink, 
[2000FIN], so the selected data [92GRE/FUG] will not be adjusted. Takahashi [97TAK] 
has also reported briefly on additional enthalpy increment measurements on UO2(cr) 
from ca. 300 to 1500 K consistent with the earlier measurements. 

Fink also gives recommended data for the heat capacity of the liquid, which 
decreases sharply from ca. 136 J · K–1 · mol–1 at the melting point (3120 K) to ca. 
66 J K  (at 4500 K) and the enthalpy of fusion (70 ± 4) kJ · mol1 mol−⋅ ⋅ 1− –1. 
9.3.3.3 Mixed valence oxides (V.3.3.3) 

9.3.3.3.1 UO2.3333 (≡ 1/3 U3O7) (V.3.3.3.2) 

The data selected by [92GRE/FUG] for β–UO2.3333 make this phase stable with respect 
to U4O9 and U3O8 from 298.15 to ca. 400 K, for which there is no experimental evi-
dence. We therefore select a value of f mH ο∆ (UO2.3333) which is more positive by 
1 kJ · mol–1, within the [92GRE/FUG] uncertainty, thereby removing the problem, so 
that the new selected value is: 

 f mH ο∆ (UO2.3333, β, 298.15 K) = − (1141.0 ± 2.0) kJ · mol–1. 

9.3.3.3.2 Hydrogen insertion compounds 

Powell [90POW] reported the enthalpy of formation of the insertion species 
δ−H0.83UO3, obtained by hydrogen spill-over and characterised by X–ray diffraction and 
redox titration (mean oxidation state of uranium). The determination rests on the en-
thalpy of solution of the constituents of the equation: 
 3 8 2 0.83 3 30.415 U O  + 0.415 H O(l)  H UO  + 0.245 UOα − δ − γ −  (9.19) 

 The medium was that used by [77COR/OUW2], [81COR/OUW] (see section 
9.10.2.1.) and the values for the dissolution of the binary oxides and the transfer of H2O 
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are taken from these authors. The enthalpy of solution of the compound is reported as 
 − (142.25 ± 1.64) kJ · mol–1. This leads to r m

ο∆ H ((9.19), 298.15 K) = − (17.19 ± 1.73) 
kJ · mol–1. With NEA selected values, we obtain: 

 f m
ο∆ H (H0.83UO3, δ, 298.15 K)= − (1285.14 ± 2.02) kJ · mol–1. 

For the insertion reaction: 

  (9.20) 2 3 0.0.415 H (g) +  UO   H UOδ − δ − 83 3

using the revised value for the standard enthalpy of formation of δ–UO3 (see section 
9.3.3.1.1), we obtain: 

 r m
ο∆ H ((9.20), 298.15 K) = − (71.41 ± 2.48) kJ · mol–1. 

Powell also quotes without any reference earlier results on α−H1.08UO3, which 
we shall not consider further here. 

9.3.3.3.3 Other mixed valence oxides (V.3.3.3.4) 

[93PAT/DUE] have reported the standard enthalpy of formation of hexagonal α–UO2.95 
using an oxide sample characterised by powder X–ray diffraction. The O/U ratio was 
accurately determined by potentiometric titration (dissolution in potassium dichromate 
and back titration using a standard solution). Fe(II)

The calorimetric determination was based on the enthalpy of solution of the 
constituents of the reaction: 

 . (9.21) 3 8 3 2.950.05 U O  + 0.85 UO  UOα − γ − α −

 The calorimetric reagent was 0.274 M + 0.484 M + 0.93 M 
H

4 2Ce(SO )

1mol

3H BO3

2SO4, the same as that used by [81COR/OUW2] for the dissolution of γ–UO3, and 
α−U3O8. In fact, the values for the enthalpy of dissolution of the last two reagents were 
taken from these authors (– (79.94 ± 0.48) kJ −⋅  and − (354.61 ± 1.70) , 
respectively). 

1kJ mol−⋅

sol mH∆ (UO2.95, α) was determined to be − (93.37 ± 0.65) , the 
reported uncertainty limits being for the 1.96σ interval. These values lead to 

1ol−kJ m⋅

r mH ο∆ ((9.21), 298.15 K) = (7.69 ± 0.77) 1lkJ mo −⋅ . Using NEA accepted values for the 
standard enthalpy of formation of γ–UO3 and α–U3O8, we recalculate: 
 f mH ο∆ (UO2.95, α, 298.15K) = − (1211.28 ± 1.28) 1kJ mol−⋅ , 
identical, except for the uncertainty limits, to that reported by [93PAT/DUE]. This 
value, accepted here, is consistent with: f mH ο∆ (UO3, α, 298.15K) = − (1212.41 ± 1.45) 

 selected above.  1kJ mol−⋅
 

9.3.4 Uranium hydrides (V.3.4) 
The only relevant new study on uranium hydrides is that by Ito et al. [98ITO/YAM] 
who give pressure-composition isotherms for the hydrogenation of U6Mn(s) and 
U6Ni(s) at 573 and 673 K, and compare them to those for the binary U–H system. Ter-
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nary hydrides of approximate composition U6MnH18(s) and U6NiH14(s) are probably 
formed and the amount of hydrogen in the alloys in equilibrium with these phases is 
much higher than for unalloyed uranium. The preparation of high density essentially 
stoichiometric UH3 (s) and UD3(s) has been reported by [90COS/LAK]. 

9.4.1 General  
The data for the condensed phases of the uranium halides have not been changed, ex-
cept to correct a few minor errors in [92GRE/FUG] and to modify slightly some heat 
capacity equations in order to extend their range of applicability. 

However, the data for nearly all the uranium halide gaseous species have been 
changed, for reasons noted in section 9.4.2.1.2. For convenience, the molecular parame-
ters of all the relevant gaseous species used are summarised in this section. 

9.4.1.1 Molecular parameters of the gaseous uranium halide species 
The thermal functions have been calculated with the natural atomic masses [92IUP] for 
non-actinide elements and uranium and the most common isotopes of the other actinides 
[99FIR], as given in Table 9-8. 

Table 9-8: Atomic mass used for the calculation of thermal functions. 

Element Isotope Molar mass (g · mol–1) 
Americium 241 241.057 
Bromine  79.904 
Chlorine  35.4527 
Fluorine  18.99840 
Iodine  126.90447 
Neptunium 237  237.048 
Oxygen  15.9994 
Plutonium 239 239.052 
Uranium 238 238.0289 

 Most of the thermal functions for the gaseous species were calculated from the 
structural parameters and energy levels of the molecules. For convenience, these data 
are summarised here in Table 9-9, but the sources of these data are discussed, where 
necessary, under each species. In fact, most of these molecular parameters are the same 
as, or based on, those estimated by [82GLU/GUR] for the fluorides, and [85HIL/GUR] 
for the Cl, Br and I species. The principal exceptions are for the four tetrahalides, 
where, as noted in the text, there are experimental measurements for UF4(g) and 
UCl4(g). 
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 The estimated thermal functions calculated from these data are generally valid 
for temperatures up to 3000 K; electronic energy levels which contribute only above 
this temperature, have, nevertheless, been included for completeness. 

 The uncertainties in mS ο  and ,mpCο  at 298.15 K arise mainly from the estimated 
electronic levels and vibration frequencies. They are fairly conservative, and are se-
lected to encompass the likely results of any subsequent measurements or calculations. 

 Some uncertainties have been revised from those given in [92GRE/FUG]. In 
particular, those for the UX(g) species, with only one estimated vibration frequency, 
have generally been reduced, while those for a few higher halides, with many frequen-
cies, have been increased. 

 The estimates in Table 9-9 are mostly taken from the assessments of Glushko 
et al., [82GLU/GUR] and Hildenbrand et al., [85HIL/GUR]. While this review was 
being peer-reviewed, Joubert and Maldivi published details of theoretical predictions of 
the structural and vibrational parameters of the uranium trihalide gases 
[2001JOU/MAL], using seven different approximations. All the calculated parameters 
depend appreciably on the approximation used, but the general results for the intera-
tomic distances and angles are in rather good agreement with the estimates in Table 9-9, 
except that interatomic distances in UI3(g) might be slightly too large. There are also 
indications that the low frequency vibrations in UBr3(g) and UI3(g) have been over–
estimated. Theoretical calculations of this type [2001JOU/MAL] will clearly become 
very valuable when they become more precise, but for the current review we have re-
tained the estimated parameters, which form a consistent set for all the uranium halides. 
The associated uncertainties of the thermal functions do, in fact, cover those calculated 
from typical calculated parameters in [2001JOU/MAL]. 

Table 9-9: Molecular parameters of uranium halide gaseous species*. 
Part A: diatomic species. 

 r 
Å 

ω 
cm–1 

ωx 
cm–1 

B 
cm–1 

α 
cm–1 

D 
cm–1 

Symmetry 
number 

UF 2.03 600 1.7 0.230 1.00 10–3 1.40 10–7 1 
UCl 2.50 350 0.8 0.0875 4.00 10–4 2.00 10–7 1 
UBr 2.65 200 0.8 0.0401 4.00·10–4 2.00·10–7 1 
UI 2.85 150 0.4 0.0251 4.00 10–4 2.00 10–7 1 
Electronic levels (multiplicities) cm–1 
UF 0(2)   1000(6)   3000(12) 5000(20) 1000(120)  20000(300)  30000(500) 40000(500) 
UCl 0(2)  500(2) 1000(6) 3000(20) 5000(30) 10000(100) 20000(250) 30000(300) 
UBr 0(2)  500(2) 1000(6) 3000(20) 5000(30) 10000(100) 20000(250) 30000(300) 
UI 0(2)  500(2) 1000(6) 3000(20) 5000(30) 10000(100) 20000(250) 30000(300) 

(Continued on next page) 
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Table 9-9: (continued): 
Part B: polyatomic species. 

Species       Point Group 
       (Symmetry number) 

Interatomic 
Distance 

Å 

Angle 
 

deg 

Vibration frequencies, 
(multiplicities) 

 cm–1 

Product of mo-
ments of inertia   

(g3·cm–6) 
UF2 C2v (2) 2.10 110 530  115  510 3.92 10–114 
UF3 C3v (3) 2.10 110 570  80  520(2)  130(2) 1.84 10–113 
UF4 Td (12) 2.059 109.5 625  123(2)  539(3)  

114(3) 
4.54 10–113 

UF5 C2v (2) 2.02 100 649  572  130  515  60  
200 593(2) 200(2)  180(2) 

7.72 10–113 

UF6 Oh (24) 1.9962 90 668.2  534.5(2)  627.7(3)  
187.5(3) 201.0(3)143.0(3) 

1.27 10–112 

UO2F2 C2v (2) U–O = 1.80 
U–F = 2.00 

O–U–O = 100 
F–U–F = 120 

830 550 200 150 150 850 
180 600 200 

2.21 10–113 

UOF4 C4v (4) U–O = 1.80 
U–F = 2.00 

O–U–F = 105 830 650 150 500 200 180 
600(2) 200(2) 170(2) 

5.92 10–113 

UCl2 C2v (2) 2.50 100 310  75  295 6.74 10–113 
UCl3 C3v (3) 2.55 110 325  55  315(2)  90(2) 3.26 10–112 
UCl4 Td (12) 2.506 109.5 327  62(2)  337(3) 72(3) 9.58 10–112 
UCl5 C2v (2) 2.50 100 350  325  90  295  70  135  

360(2)  125(2)  105(2) 
1.80 10–111 

UCl6 Oh (24) 2.52 90 350 275(2) 320(3) 130(3)  
150(3)  110(3) 

3.34 10–111 

UO2Cl2 C2v (2) U– O= 1.80 
U–Cl = 2.50  

O–U–O= 100 
Cl–U–Cl = 120 

810  290  180  80  100  
850  130  300  150 

1.33 10–112  

UBr2 C2v (2) 2.65 100 210  65  190 7.83 10–112 
UBr3 C3v (3) 2.65 110 200  100  170(2)  90(2) 4.88 10–111 
UBr4 Td (12) 2.693 109.5 220  50(2)  233(3)  45(3) 1.69 10–110 
UBr5 C2v (2) 2.66 100 240  210  60  200  60  70 

220(2)  70(2)  65(2) 
2.95 10–110 

UI2 C2v (2) 2.85 100 170  45  130 3.70 10–111 
UI3 C3v (3) 2.85 110 150  60  140(2)  55(2) 2.88 10–110 
UI4 Td (12) 2.85 109.5 150  30(2)  150  25(3) 9.51 10–110 

(Continued on next page) 
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Table 9-9: (Part B: polyatomic species continued) 

Electronic levels (multiplicities) cm–1 

UF2 0(1)  200(6)  500(6)  2000(25)  4000(25) 6000(25) 8000(25)  10000(25) 15000(50) 20000(50) 
UF3 0(2)  200(4)  400(4)  4500(12)  7000(20) 10000(35)  15000(35)  20000(35) 
UF4 0(3)  500(2) 2000(3) 3000(1) 4000(5) 6000(8) 7000(3) 9000(14) 11000(11) 12000(4) 14000(5) 

17000(10) 19000(15) 22000(6) 
UF5 0(2) 2000(2)  5000(2)  7000(2)  9000(2)  11000(2)  14000(2) 
UF6 0(1) 
UO2F2 0(1) 
UOF4 0(1) 
UCl2 0(1)  200(6) 500(6) 3000(10) 5000(10) 8000(20) 10000(15) 15000(30) 20000(30) 
UCl3 0(2)  200(4) 400(4) 4500(12) 7000(20) 10000(35) 15000(35) 20000(35) 
UCl4 0(3)  710(2)  1700(3)  2500(1)  4200(5)  6200(8)  7300(3)  9100(4)  11200(11)  12100(4) 

14200(5)  16500(10)  19300(15)  22000(6) 
UCl5 0(2)  2000(2)  4500(2) 6500(2)  9000(2)  10000(2) 12000(2) 
UCl6 0(1) 
UBr2 0(1)  200(6) 500(6) 3000(10) 5000(10) 8000(20) 10000(15) 15000(30) 20000(30) 
UBr3 0(2)  200(4) 400(4) 4500(12) 7000(20) 10000(35) 15000(35) 20000(35) 
UBr4 0(3)  710(2)  1700(3)  2500(1)  4200(5)  6200(8)  7300(3)  9100(4)  11200(11)  12100(4) 

14200(5)  16500(10)  19300(15)  22000(6) 
UBr5 0(2)  2000(2)  4500(2) 6500(2)  9000(2)  10000(2) 12000(2) 
UI2 0(1)  200(6) 500(6) 3000(10) 5000(10) 8000(20) 10000(15) 15000(30) 20000(30) 
UI3 0(2)  200(4) 400(4) 4500(12) 7000(20) 10000(35) 15000(35) 20000(35) 
UI4 0(3)  710(2)  1700(3)  2500(1)  4200(5)  6200(8)  7300(3)  9100(4)  11200(11)  12100(4) 

14200(5)  16500(10)  19300(15)  22000(6) 

*: See section 2.1.6 for notations 
 

9.4.2 Fluorine compounds and complexes (V.4.1) 
9.4.2.1 Gaseous uranium fluorides (V.4.1.1) 

9.4.2.1.1 UF(g), UF2(g) and UF3(g) (V.4.1.1.1 and V.4.1.1.2) 

These species are considered together since their data are intimately linked by the vari-
ous experimental studies, mainly involving mass-spectrometry, and thus involving some 
uncertainties in absolute pressures. 

The thermal functions of UF(g), UF2(g) and UF3(g) were calculated assuming 
the molecular parameters shown in Table 9-9, which are essentially those estimated by 
Glushko et al. [82GLU/GUR]. These assumptions give: 

 (UF, g, 298.15 K) = (251.8 ± 3.0)  J · Km
οS
ο

–1 · mol–1 
 ,mpC (UF, g, 298.15 K) = (37.9 ± 3.0) J · K–1 · mol–1, 

 (UFm
οS
ο

2, g, 298.15 K) = (315.7 ± 10.0) J · K–1 · mol–1 

,mpC (UF2, g, 298.15 K) = (56.2 ± 5.0) J · K–1 · mol–1, 



9.4 Uranium group 17 (halogen) compounds and complexes (V.4) 

 

199

m
οS
ο

(UF3, g, 298.15 K) = (347.5 ± 10.0) J · K–1 · mol–1 
 ,mpC (UF3, g, 298.15 K) = (76.2 ± 5.0) J · K–1 · mol–1, 

which after rounding are the same as those in [92GRE/FUG]. 

The nine studies involving equilibria between UF(g), UF2(g), UF3(g) and 
UF4(g) are summarised in Table 9-10, where the enthalpies of the given reactions at 
298.15 K derived from both second- and third-law analyses are given. All the auxiliary 
data for the calcium and barium gaseous species are taken from the assessment by 
Glushko et al. [81GLU/GUR]. The study by Roy et al. [82ROY/PRA] of the reaction: 

4 2 3UF (g) + 0.5 H (g) UF (g) + HF(g)  

from 1229 to 1367 K using a transpiration method, gives a much more negative en-
thalpy of formation of UF3(g), and as in [92GRE/FUG] has been rejected, owing to the 
uncertainties in the composition of the vapour and the solid collected. 

In all of the studies considered, the pressures were derived from mass-
spectrometric intensities, with the well-known problems of fragmentation and the ne-
cessity to estimate ionisation cross-sections. Second-law calculations were not always 
possible, because the temperature ranges of measurement were too small, or the original 
data were not given in full. It will be seen that the agreement between the second- and 
third-law analyses is mostly rather poor. 

 

Table 9-10: Enthalpies of the reactions involving UF(g), UF2(g) and UF3(g). 

Reference Reaction                                             Number of points r m
ο∆ H (298.15 K) kJ · mol–1 

   Second-law Third-law 

[69ZMB] 3 4UF (g) + CaF(g) UF (g) + Ca(g)  13 – 108.9 – 86.4 
[82LAU/HIL] 3 4UF (g) + CaF(g) UF (g) + Ca(g)  9 – 95.2 – 66.6 

[82LAU/HIL] U(g) + BaF(g) UF(g) + Ba(g)  9 – 85.1 – 87.6 
[82LAU/HIL] 2UF(g) + BaF(g) UF (g) + Ba(g)  15 15.6 – 8.6 
[82LAU/HIL] 2 3UF (g) + BaF(g) UF (g) + Ba(g)  15 – 46.0 – 35.5 
[84GOR/SMI] 3 3UF (cr) UF (g)  22 412.7 447.3 
[84GOR/SMI] 3 22UF (g) UF (g) + UF (g)4

3

 21 – 16.6 – 29.1 
[84GOR/SMI] 22UF (g) UF(g) + UF (g)  2 –– – 29.5 
[91HIL/LAU] 2UF (g) + U(g) 2UF(g)  8 – 93.6 – 79.6 

 
 With these data, we have eight or nine essentially independent measurements 
to define the three enthalpies of formation of UF(g), UF2(g), UF3(g), as shown in Table 
9-11. We have used a least-squares analysis to find the optimal solutions to the two 
over-determined sets of linear equations, using either the second-law or the third-law 
enthalpies, with the results shown in Table 9-12. 
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Table 9-11: Sums of various enthalpies involving UF(g), UF2(g) and UF3(g). 

Reference Expression f m
ο∆ H (298.15 K) kJ · mol–1 

  Second-law Third-law 

[69ZMB] UF3(g) – 1042.1 – 1064.8 
[82LAU/HIL] UF3(g) – 1055.7 – 1084.3 
[82LAU/HIL]   UF(g) – 62.1 – 64.6 
[82LAU/HIL] –UF(g) + UF2(g) – 494.4 – 518.7 
[82LAU/HIL]              − UF2(g) + UF3(g) – 556.0 – 545.5 
[84GOR/SMI] UF3(g) – 1088.7 – 1054.1 
[84GOR/SMI]             − UF2(g) + 2UF3(g) – 1588.7 – 1576.0 
[84GOR/SMI] UF(g) − 2UF2(g) + UF3(g)         –– – 29.5 
[91HIL/LAU] 2UF(g) − UF2(g) 439.4 453.4 

 

Table 9-12: Optimised enthalpies of formation, f m
ο∆ H (298.15 K) kJ · mol–1. 

Species Second-law Third-law Selected [92GRE/FUG] 

UF(g) – 46.3 – 47.3 – (47 ± 20) – (52 ± 20) 
UF2(g) – 529.6 – 546.1 – (540 ± 25) – (530±  30) 
UF3(g) – 1063.7 – 1068.2 – (1065 ± 20) – (1054.2 ± 15.7) 

 
The selected values are rounded from the mean of the second- and third-law 

enthalpies of formation, which are surprisingly close, considering the appreciable dis-
crepancies in the values for the individual reactions in Table 9-10. 

f m
ο∆ H (UF, g, 298.15 K) = − (47 ± 20) kJ · mol–1, 
ο

f m∆ H (UF2, g, 298.15 K) = − (540 ± 25) kJ · mol–1, 
ο

f m∆ H (UF3, g, 298.15 K) = − (1065 ± 20) kJ · mol–1. 

The uncertainties have been increased substantially from the purely statistical 
values to allow for the uncertainties in the thermal functions and the conversion from 
mass-spectrometric intensities to pressures. 

It will be seen that the new analysis of the experimental data for these species 
yields somewhat different values for the enthalpies of formation of UF2(g) and UF3(g) 
from those selected by Grenthe et al. [92GRE/FUG] although well within the uncer-
tainty limits. 



9.4 Uranium group 17 (halogen) compounds and complexes (V.4) 

 

201

9.4.2.1.2 UF4(g) (V.4.1.1.3) 

Konings et al. [96KON/BOO] have recently studied the infrared spectrum of UF4 va-
pour between 1300 and 1370 K. Based on this, and a re-analysis of the previously de-
termined gas electron diffraction data, they have demonstrated that the UF4(g) molecule 
almost certainly has tetrahedral symmetry. A further paper by Konings and Hildenbrand 
[98KON/HIL] has extended the discussion to other actinide tetrahalide molecules. The 
molecular parameters for UF4(g) reported in [98KON/HIL] have thus been adopted for 
the UF4(g) molecule, with r(U–F) distance = 2.059 Å. The ground-state energy level 
was assumed to have a statistical weight of three, and the higher electronic levels were 
taken from Glushko et al. [82GLU/GUR], except that, following [98KON/HIL], the 
statistical weight of the first excited level at 500 cm–1 is taken to be two rather than four. 
The calculated values for the entropy and heat capacity of UF4(g) at 298.15 K are: 

m
οS
ο

(UF4, g, 298.15 K) = (360.7 ± 5.0) J · K–1 · mol–1, 

,mpC (UF4, g, 298.15 K) = (95.1 ± 3.0) J · K–1 · mol–1 

and these are the selected values. 

There are numerous investigations of the vapour pressures of UF4(cr) and 
UF4(l), as summarised in Table 9-13. 

There are two other studies which should be mentioned. The early results of 
Altman [43ALT] give very much lower pressures and have been ignored, while the un-
published data by Khodeev et al., quoted by Glushko et al. [82GLU/GUR], as judged 
by the analysis in [82GLU/GUR], seem to give slightly higher pressures than those of 
Chudinov and Choporov [70CHU/CHO4]. 

Table 9-13: Enthalpy of sublimation of UF4(cr). 

Reference Method T range (K) sub mH ο∆ (298.15 K) kJ · mol–1 

[47JOH] Diaphragm gauge 1120–1275 (301.6 ± 5.8) * 
[47RYO/TWI] Effusion; boiling point (311.2 ± 4.0)  
[59POP/KOS] Transpiration 1148–1273 (312.2 ± 2.0) 
[60LAN/BLA] Gauge; boiling point 1291–1575 (307.8 ± 0.75) 
[61AKI/KHO] Mass-spectrometric effusion 917–1041 302.0 (from v.p. equation)* 
[70CHU/CHO4] Effusion 828–1280 (303.9 ± 4.1) * 
[77HIL] Torsion–effusion 980–1130 (309.8 ± 1.0) 
[80NAG/BHU] Transpiration; boiling point 1169–1427 (309.8 ± 1.4) 
* Data not included in the mean 

1013–1457 

 
Since these measurements, with the exception of those by [61AKI/KHO], give 

absolute values of the pressure, we have analysed the data by the third-law method, us-
ing the thermal functions for UF4 discussed above, to give the results shown in Table 
9-13. There is quite good agreement between all the studies in the table, which are plot-
ted in  and Figure 9-2. However, it is clear from these figures that the data of the three 
studies marked with an asterisk in the Table 9-13 are appreciably more discrepant from 
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the mean than those of the other five studies. The selected enthalpy of sublimation is 
therefore based on the weighted mean of the studies shown in . 

sub m
ο∆ H (UF4, 298.15 K) = (309.0 ± 5.0) 1kJ mol−⋅  

where the uncertainty has been increased substantially from the statistical 1.96 σ value 
(± 0.5 1kJ mol−⋅ ) to allow for uncertainties in the thermal functions of UF4(g). This 
value is also in good accord with that (307.4 ± 10.7) 1kJ mol−⋅  given by a second-law 
analysis of the more extensive mass-spectrometric data given by [61AKI/KHO] for 
which no absolute pressures are reported. 

The derived enthalpy of formation of UF4(g) is thus: 

f m
ο∆ H (UF4, g, 298.15K) = − (1605.2 ± 6.5) 1kJ mol−⋅ . 

The vapour pressures for the liquid are calculated with an enthalpy of fusion of 
47  based on the enthalpy drop measurements of Dworkin [72DWO]. The 
vapour pressure data would actually be best fitted with an enthalpy of fusion as low as 
36 kJ , but Dworkin's data seem quite reliable, and the higher value has been 
preferred. 

1kJ mol−⋅

1mol−⋅

 

Figure 9-1: Vapour pressure of UF4(cr, l), included data. 
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Figure 9-2: Vapour pressure of UF4(cr, l), excluded data. 
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9.4.2.1.3 UF5(g) (V.4.1.1.4) 

The data for UF5(g) are not of high precision, for a number of reasons, apart from its 
high reactivity. The region of the U–F system between UF4 and UF6 is quite complex, 
both in the solid and gaseous states. Thus most of the data are derived from mass-
spectrometric intensities, with the well-known problems of fragmentation and the ne-
cessity to estimate cross-sections. At higher pressures the dimer U2F10(g) is by far the 
dominant species, so that substantial corrections to vapour pressure data are required. 

The thermal functions of UF5(g) were calculated assuming the molecular pa-
rameters shown in Table 9-9, which are those estimated by Glushko et al. 
[82GLU/GUR]. The molecule is assumed to be a square pyramid with a slight distortion 
to reduce the symmetry to C2v. These assumptions give: 

m
οS
ο
(UF5, g, 298.15 K) = (386.4 ± 10.0) J · K–1 · mol–1, 

C ,mp (UF5, g, 298.15 K) = (110.6 ± 5.0) J · K–1 · mol–1, 

which are not significantly different from those in [92GRE/FUG]. 

The reactions used to calculate the stability of UF5(g) are summarised in Table 
9-14 and are now discussed in detail. 

Leitnaker [80LEI] has re-analysed the transpiration measurements of the va-
pour pressure of UF5(cr, l) by Wolf et al. [65WOL/POS] to take account of the dimeri-
sation of UF5(g) and the probable formation of U2F11(g) in the presence of the transport-
ing gas UF6(g). There is a minor flaw in Leitnaker's re-analysis; it was difficult to im-
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pose a constraint of equal vapour pressure at the known melting point (621 K) when 
refitting the vapour equations for the solid and liquid. However, in our final analysis, 
this is not important, since we have only utilised the data over the solid, which are ap-
preciably more consistent than those over the liquid. For each data point given by Wolf 
et al. we have used Leitnaker's extrapolation of the effective pressure 
peff = 5 2 10

 to 
6

= 0, and calculated the individual pressures of UFUF (g) U F (g)+ 2 p p UF (g) p 5(g) 
and U2F10(g), using the equilibrium constant given by Kleinschmidt and Hildenbrand 
[79KLE/HIL]. 

Gorokhov et al. [84GOR/SMI] have used three reactions to obtain the stability 
of UF5(g): 

 , 4 6 5UF (g) + UF (g) 2 UF (g)

4 17 6 5
1 7 U F (cr) + UF (g)  UF  (g)
3 3

, 

4 2 5UF (g) + CuF (g)   UF (g) + CuF(g) . 

We have included the first two reactions in the analysis, but not the third. The 
stabilities of both CuF(g) and CuF2(g) are quite poorly defined - there is a difference of 
11.3 kJ · mol–1 in the relevant (CuF(g)–CuFf mG∆ 2(g)) at 1000 K, (near the mid point of 
the experimental temperature range of [84GOR/SMI]) between two current authoritative 
assessments [98CHA], [2000LAN]. 

Smirnov and Gorokhov [84SMI/GOR] and Lau et al. [85LAU/BRI] have both 
used the decomposition of UO2F2(cr) to investigate the stability of UF5(g). They both 
find that the principal gaseous species over UO2F2(cr) are UO2F2(g), UF5(g), O2(g), 
UF4(g) and UOF4(g). These authors choose to use the equilibrium constants of two dif-
ferent reactions to derive ∆ (UFf m

οG 5(g)): 

[84SMI/GOR]:  (1397-1539 K) 2 2 5 4 2UO F (g) + 2 UF (g)  3 UF (g) + O (g)

[85LAU/BRI]: 2 2 5 2 2.6667
5 31
2 2 2UO F (cr)  UF (g) + O (g) + UO (cr)  (896-1036 K). 

We have utilised the results of [85LAU/BRI] (see Table 9-14), but we cannot 
use the data of [84SMI/GOR], as they report only the derived f m

ο∆ H (UF5, g, 298.15 K) 
value, − (1908 ± 13) kJ · mol–1, using, presumably, the data of [82GLU/GUR] for the 
auxiliary data.  
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Table 9-14: Enthalpy of formation f m
ο∆ H (UF5, g, 298.15 K). 

Reference Reaction T range (K) f mH ο∆  (kJ · mol–1)   
Third-law 

[80LEI] 5 5UF (cr)  UF (g)   556–615 – (1918.0 ± 4.2) 

[84GOR/SMI] 4 6 5UF (cr) + UF (g)  2 UF (g)   440–452 – (1911.7 ± 4.8) 

[84GOR/SMI] 4 17 6 51/3 U F  (cr) + UF (g)  7/3 UF  (g)   440–452 – (1927.9 ± 4.9) 

[85LAU/BRI] 
2 2 5 2 2.66675/2UO F (cr) UF (g) +1/2O (g) +3/2 UO (cr)  896–1036 – (1894.1 ± 24.3)* 

[87BON/KOR] 4 6 5UF (cr) + UF (g)  2 UF (g)   663–809 – (1908.1 ± 3.4) 

[93NIK/TSI] 4 2 5UF (g) +1/2 NiF (cr) UF (g) + 1/2 Ni (cr)  1017–1109 – (1914.3 ± 4.4) 

* Second-law value 
 
 Bondarenko et al. [87BON/KOR] have made mass-spectrometric measure-
ments of the reaction: 

4 6 5UF (g) + UF (g)  2 UF (g) , 

with results that are quite similar to those of [84GOR/SMI] for the same reaction. 

Nikitin and Tsirel'nikov [93NIK/TSI] have measured the ratio of UF5/UF4 in 
equilibrium with the Ni/NiF2 couple from 1017 to 1090 K  − see Table 9-14. 

The mass-spectrometric studies by Hildenbrand [77HIL] and Hildenbrand and 
Lau [91HIL/LAU2] of the reaction: 

5 4UF (g) + Ag (g)  UF (g) + AgF (g)  

give stabilities markedly different from the assembled studies, as noted by 
[92GRE/FUG] and by Nikitin and Tsirel'nikov [93NIK/TSI]. However, as for the cop-
per fluorides used by [84GOR/SMI], the thermodynamic data for AgF(g) are far from 
well-established, and these studies have not been included in the current analysis. 

The selected value is the mean of the four most consistent results, and is also 
close to the mean of the six studies: 

f m
ο∆ H (UF5, g, 298.15 K) = − (1913 ± 15) 1kJ mol−⋅ , 

the uncertainty having been increased to allow for the uncertainties in ionisation cross-
sections, etc. 

9.4.2.1.4 UF6(g) (V.4.1.1.5) 

Uranium hexafluoride gas is one of the few uranium fluorides whose data are not de-
pendent in some way on those for UF4(g), and since there have been no new experimen-
tal studies since the publication of Grenthe et al. [92GRE/FUG], the data proposed there 
have been accepted. For completeness, they are summarised below. 
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The thermal functions of UF6(g) ideal gas were calculated assuming the mo-
lecular parameters given in Table 9-9, using the rigid–rotator, harmonic-oscillator ap-
proximation. The molecule is taken to be octahedral with Oh symmetry. All the molecu-
lar parameters are taken from the comprehensive paper by Aldridge et al. 
[85ALD/BRO].  

m
οS (UF6, g, 298.15 K) = (376.3 ± 1.0) 1 1J K mol− −⋅ ⋅ , 
ο − −

,mpC (UF6, g, 298.15 K) = (129.4 ± 0.5) 1 1J K mol⋅ ⋅ . 

These are both slightly smaller than the values selected in [92GRE/FUG]. 

 However, with these data, the enthalpy of sublimation derived from the eight 
consistent determinations of the vapour pressure noted in [92GRE/FUG] remains un-
changed at sub mH ο∆ (UF6, g, 298.15 K) = (49.1 ± 0.5) kJ · mol–1, corresponding to the 
unchanged selected value of the enthalpy of formation: 

f mH ο∆  (UF6, g, 298.15 K) = − (2148.6 ± 1.9) kJ · mol–1. 

Calculations of the populations of the rotational and vibrational states and band 
contours of UF6(g) around 300 K have been reported by Oda [93ODA]. This reference 
is given for information only, as it does not lead to changes in the selections reported 
above. 

9.4.2.1.5 U2F10(g) and U2F11(g) (V.4.1.1.6) 

Kleinschmidt and Hildenbrand [79KLE/HIL] have measured by mass-spectrometry the 
dimerisation constants for the reaction: 

 , (9.22) 5 2 12 UF (g)  U F (g)0

 10
8523log (  /bar)  =    8.744−K

T
,  (608 to 866 K) 

corresponding to: 
r m

ο∆ G (9.22) = − 163170 + 167.40 T  J · mol–1. 

We have not estimated any thermal functions for U2F10(g), but instead used the 
following procedure: the enthalpy of formation at the mid-range temperature (737 K) 
has been recalculated to 298.15 K by assuming that the value of 

 for reaction (9.22) is 4000 J · molm m( (737 K) (298.15K))H H ο− –1, slightly larger than 
that for the similar reaction involving Mo, (3489 J · mol–1), the data for MoF5(g) and 
Mo2F10(g) being taken from the NIST–JANAF database [98CHA]. 

 Thus, ο∆r mH ((9.22), 298.15 K) = − (167.2 ± 4.7) kJ · mol–1, giving finally: 

f m
ο∆ H (U2F10(g), 298.15 K) = − (3993 ± 30) kJ · mol–1, 

which is the selected value. This is appreciably less negative than that selected in 
[92GRE/FUG], 1 (4021  30) kJ mol−− ± ⋅

f m
ο∆

, since they erroneously included in their aver-
age a value of H (U2F10(g), 298.15 K) from Hildenbrand et al. [85HIL/GUR], de-
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rived from the same dimerisation data, but based on their own [85HIL/GUR] much 
more negative enthalpy of formation of UF5(g). 

In their dimerisation study, Kleinschmidt and Hildenbrand [79KLE/HIL] gen-
erated the vapour phase by reacting UF4(cr) with UF6(g), and observed a small signal at 
a mass corresponding to U2F11. They attributed this to a secondary ion reaction between 

and UF+
5UF  6. However, Leitnaker [80LEI] pointed out that in the transpiration ex-

periments of Wolf et al. [65WOL/POS], the measured total pressure increased system-
atically with the pressure of the transporting UF6(g), attributing this to the formation of 
some U2F11(g) under these circumstances. However, the data are neither conclusive, nor 
precise enough, to derive any reliable thermodynamic data for this species. 

9.4.2.1.6 UO2F2(g) (V.4.1.1.7) 

The thermal functions of UO2F2(g) were calculated assuming the molecular parameters 
shown in Table 9-9, which are those estimated by Glushko et al. [82GLU/GUR]. These 
assumptions give: 

m
οS
ο

(UO2F2, g, 298.15 K) = (342.7 ± 6.0) J · K–1 · mol–1, 

,mpC (UO2F2, g, 298.15 K) = (86.4 ± 3.0) J · K–1 · mol–1, 

which give entropy and heat capacity values that are negligibly different from those in 
[92GRE/FUG].  

Ebbinghaus [95EBB] has made somewhat different estimates of the molecular 
parameters (particularly for some of the vibration frequencies), which lead to apprecia-
bly lower values of the entropy and heat capacity:  

m (298.15 K) = 327.9S ο  J · K–1 · mol–1,  J · K,m (298.15 K) = 83.1pCο –1 · mol–1. 

However for consistency with the molecular parameters of the other gaseous 
uranium fluorides, we have preferred to retain the estimates of Glushko et al. 
[82GLU/GUR]. 

The vaporisation behaviour of UO2F2 is complex. The mass-spectrometric 
studies of Smirnov et al. [84SMI/GOR] and Lau et al. [85LAU/BRI] are in good 
agreement. They both find that the principal gaseous species over UO2F2(cr) are 
UO2F2(g), UF5(g), O2(g), UF4(g) and UOF4(g) (there was no evidence for UF6(g), con-
trary to the assumption of Knacke et al. [69KNA/LOS]). The latter authors measured 
the total vapour pressure over UO2F2 and subtracted that attributed to UF6(g) from the 
mass of U3O8 formed in the residue. This calculation will now be slightly in error, but 
the calculated pressures of UO2F2(g) are quite scattered (and also up to the limit of va-
lidity of the Knudsen equation for effusion). In fact we have excluded their measure-
ment at their highest temperature (1132 K), since the pressure was ca. 7·10–4 bar. 
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Table 9-15: Enthalpy of sublimation of UO2F2(cr), sub m
ο∆ H (UO2F2, 298.15 K). 

Reference Method T range (K) sub mH ο∆  (kJ · mol–1) 

   Second-law Third-law 
[69KNA/LOS] Effusion 1033–1099 ─ (297.3 ± 9.8)
[84SMI/GOR] Mass-spectrometric effusion 929–1094 (290.3 ± 12.8) (302.1 ± 1.2)
[85LAU/BRI] Torsion effusion + mass-

spectrometry 
957–1000 (303.1 ± 3.0) (301.6 ± 2.7)

 
The selected value is based on the third-law values 

= (301 ± 10) kJ · molsub m 2 2(UO F , 298.15 K) H ο∆ –1 giving finally: 
1

f m 2 2(UO F , g, 298.15 K) = (1352.5  10.1) kJ molH ο −∆ − ± ⋅ , 

which is the same value as in [92GRE/FUG], but with a smaller uncertainty. 

9.4.2.1.7 UOF4(g) (V.4.1.1.8) 

The thermal functions of UOF4(g) were calculated assuming the molecular parameters 
shown in Table 9-9, which are those estimated by Glushko et al. [82GLU/GUR]; the 
molecule is assumed to be a square pyramid. These assumptions give: 

m
οS (UOF4, g, 298.15 K) = (363.2 ± 8.0) 1 1J K mol− −⋅ ⋅ , 
ο − −

,mpC (UOF4, g, 298.15 K) = (108.1 ± 5.0) 1 1J K mol⋅ ⋅ . 

These values are negligibly different from those in [92GRE/FUG], although 
the uncertainty in the entropy has been decreased slightly. 

The mass-spectrometric studies of Smirnov and Gorokhov [84SMI/GOR] and 
Lau et al. [85LAU/BRI] both indicate that there is a small amount of UOF4 in the va-
pour over UO2F2(cr). They choose different reactions to calculate the stability of 
UOF4(g): 

[84SMI/GOR]: 2 2 5 2 4
1UO F (g) + 2 UF (g) +  O (g)  3 UOF (g)
2

 (1028 − 1100 K) 

[85LAU/BRI]: 2 2 4 2 2.6667
12 UO F (cr)  UOF (g) +  O (g) + UO (cr)
6

 (913 − 1036 K) 

although Lau et al. give sufficient data to calculate the equilibrium constant only for 
1000 K. Third-law analyses of the data give enthalpies of reaction of 

 and  for the 
respective reactions and thus 

1
r m 4(UOF ,g, 298.15 K) =  (121.6  5.9) kJ molο −∆ − ±H

f m 4(UOF ,  g, 298.15 K)
⋅ 1355.4 kJ mol−⋅

1766.7  11.2) kJ 1 = ( molο −±∆ H
1 (1760.0  2.7) kJ mol−− ± ⋅

− ⋅  
and , respectively. The selected value is: 

f m
ο∆ H (UOF4, g, 298.15 K) = 1(1763  20) kJ mol−− ± ⋅ , 

where the uncertainty has been increased to allow for the uncertainties in ionisation 
cross-sections and the difficulty of measuring oxygen pressures accurately in a mass-
spectrometer. 
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9.4.2.2 Aqueous uranium fluorides (V.4.1.2) 

9.4.2.2.1 Aqueous U(VI) fluorides (V.4.1.2.1) 

9.4.2.2.1.1 Binary complexes 
The only new study providing information on equilibrium constants is the study of Ferri 
et al. [93FER/SAL] who performed potentiometric titrations of U(VI) solutions at 
− log10[H+] = 3.50, the ionic strength being 3 M (NaClO4) (298.15 K). As discussed in 
Appendix A the formation constants for the binary complexes 2

2UO F −q
q , = 

(4.86 ± 0.02), = (8.62 ± 0.04), = (11.71 ± 0.06) and lo = 
(13.78 ± 0.08) are retained by this review. As the average number of coordinated fluo-
ride ligands per U(VI) reaches 2.35, the uncertainty in lo  seems surprisingly low. 
Ferri et al. reported an equilibrium constant K

10 1log b
10 4g b10 2log b 10 3log b

10 4g b
5 = 3.0 M–1 at 269.4 K for the reaction: 

2 3
2 4 2 5UO F  + F   UO F− − −  

obtained by 19F NMR data. However, more recent NMR investigations 
[2002VAL/WAH] indicate that this value is too large and that K5 = (0.60 ± 0.05) M–1 is 
a better estimate. The  complex is weak and is therefore only formed in very 
concentrated fluoride solutions, where its presence is clearly demonstrated by the 

3
2 5UO F −

19F 
NMR data in both studies. No equilibrium constant has been selected by this review for 

. 3
2 5UO F −

By combining these data with those of [71AHR/KUL] at 1 M ionic strength, 
the following values of the ion interaction parameters are given by Ferri et al. 
[93FER/SAL]: +

2(UO F , ClO )4
−ε
(Uε

+
4),  Na  or ClO )

= (0.28 ± 0.04) kg · mol–1, = 
 − (0.14 ± 0.05) kg · mol

+
2 3(UO F , Na )−ε

–1 and  = − (0.30 ± 0.06) kg · mol2
2 4O F , Na )− + –1. They also 

give 2 2(UO F (aq −ε = (0.13 ± 0.05) kg · mol–1 (see Appendix A). The first 
value agrees well with the selected value (0.29 ± 0.05) kg · mol–1 in [92GRE/FUG], 
whereas the other values are new. 

Extrapolation to zero ionic strength gives:  

10 1log οb = (5.16 ± 0.06),  

which agrees with the value (5.09 ± 0.13) previously selected [92GRE/FUG],  

10 2log οb = (8.83 ± 0.08),  

10 3log οb = (10.90 ± 0.10) 

10 4log οb = (11.84 ± 0.11),  

which differ only slightly, even for 10 4log οb , from the values of [92GRE/FUG] 
( = (8.62 ± 0.04), 10 2log οb 10 3log οb = (10.9 ± 0.4) and 10 4log οb = (11.7 ± 0.7)). As the 
selected values in [92GRE/FUG] are based on estimated ε  values for the fluoride com-
plexes, this review selects the new results of [93FER/SAL] for the complexes, 
n = 1 to 4.  

2
2UO F n

n
−
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Fazekas et al. [98FAZ/YAM] have studied the U(VI) − fluoride system using 
fluorescence spectroscopy. This study does not give new thermodynamic information. 

9.4.2.2.1.2 Ternary U(VI) hydroxide-fluoride complexes 
Upper limits for the equilibrium constants of possible ternary hydroxo complexes are 
reported in [93FER/SAL] in 3.00 M NaClO4 and 298.15 K. Upper limits for the equilib-
rium constants of these complexes are, respectively, < –2.2 and 

< –12.7 for the reactions:  
10 2,2,1

*log b

+

10 5,3,1
*log b

2+
2 2 2 2 22 UO  + 2H O + F   (UO ) (OH) F  + 2 H− +  

and 
2+ +
2 2 2 3 53UO  + 5H O + F   (UO ) (OH) F(aq) + 5H− . 

9.4.2.2.2 Aqueous U(IV) fluorides (V.4.1.2.3) 

The work of Sawant and Chaudhuri [90SAW/CHA2] was not analysed in 
[92GRE/FUG]. They report equilibrium constants 10log ο

qb , q = 1 to 4, for the reac-
tions:  

4+ 4U  + F   UF q
qq − − , 

at I = 1 M (HClO4, NaF) at 296.15 K (see Appendix A). The equilibrium constants 
 for the reactions were calculated using the auxiliary data in [92GRE/FUG] by 

this review and are reported in Table 9-16 together with the data used in [92GRE/FUG] 
(page 164-167) for the previous data selection. The values reported by [90SAW/CHA2] 
are generally somewhat higher, but not better than the results in the papers 
[69GRE/VAR], [69NOR], [74KAK/ISH], [76CHO/UNR] used previously. This review 
selects the unweighted average values of the 

10log ο
qb

10log n
οb (n = 1-4) values reported in Table 

9-16 as:  

10 1log οb
ο

= (9.42 ± 0.51), 

10 2log b
ο

= (16.56 ± 0.71), 

10 3log b
ο

= (21.89 ± 0.83),  

10 4log b  = (26.34 ± 0.96). 
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Table 9-16: Literature data for the formation constants of U(IV) fluoride complexes 
recalculated to I = 0 with the SIT and auxiliary data from [92GRE/FUG]. 

Complex 10log n

οb  Reference 

(9.42 ± 0.25) [69GRE/VAR] 
(9.54 ± 0.25) [69NOR] 
(9.28 ± 0.15) [74KAK/ISH] 
(9.09 ± 0.17) [76CHO/UNR] 

UF3+ 

(9.78 ± 0.12)(a) [90SAW/CHA2]  
Average (9.42 ± 0.51)(*) This review 

 (9.28 ± 0.09) [92GRE/FUG](b) 

(16.37 ± 0.50) [69GRE/VAR] 
(16.72 ± 0.50) [69NOR] 
(16.16 ± 0.16) [74KAK/ISH] 

2+

2UF  

(16.97 ± 0.13) (a) [90SAW/CHA2]  
Average (16.56 ± 0.71)(*) This review 

 (16.23 ± 0.15) [92GRE/FUG](b) 

(22.06 ± 0.50) [69NOR] 
(21.23 ± 0.17) [74KAK/ISH] 

+

3UF  

(22.38 ± 0.14) (a) [90SAW/CHA2]  
Average (21.89 ± 0.83)(**) This review 

 (21.6 ± 1.0) [92GRE/FUG](b) 

(25.61 ± 0.23) [74KAK/ISH] UF4(aq) 
(27.06 ± 0.12) (a) [90SAW/CHA2]  

Average (26.34 ± 0.96)(**) This review 
 (25.6 ± 1.0) [92GRE/FUG](b) 

(a) Calculated by this review. 
(b) The values selected by [92GRE/FUG] are based on the same experimental data, except those 

in [90SAW/CHA2], which were not discussed. 
(*) Uncertainty: ± 1.96σ. 

(**) The uncertainty is chosen to cover the uncertainty ranges of the discrepant individual values. 

The new selected values are only slightly different from those selected by 
[92GRE/FUG] but with uncertainties much greater than those proposed there. 

To preserve the consistency of selected data, the value of 
10 ,0log sK ο

10 5log οb
(UF4·2.5H2O(cr)) from [60SAV/BRO] must be recalculated and new values of 

 and lo  must be selected. Indeed, [92GRE/FUG], in a first step used 
their selected  to 

10 6g οb
10 2log οb 10 4log οb  values and 10 ,2log sK ο , 10 ,3log sK ο , 10 ,4log sK ο  values 

from solubility data in [60SAV/BRO] to calculate 10log ,0sK ο , which therefore depends 
directly on the selected 10g nlo οb

,0

(n = 2-4) values. In a second step [92GRE/FUG] used 
the thus evaluated 10log sK ο  value together with 10 ,log 5sK ο  and 10log ,6sK ο  also derived 
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from the solubility data in [60SAV/BRO] to calculate 10 5log οb  and , which 
therefore also depend on the selected 

10 6log οb
10log n

οb (n = 2-4). 

10 ,0log sK ο

lo g

Following the procedure applied in [92GRE/FUG] (Appendix A, review of 
[60SAV/BRO]), the lo 10 ,g s nK ο  values calculated in [92GRE/FUG] from the solubility 
data for UF4·2.5 H2O(cr) reported by Savage and Browne [60SAV/BRO] lead to: 

10 ,2log sK ο = − (13.15 ± 0.04), 

10 ,3log sK ο = − (8.47 ± 0.09), 

10 ,4log sK ο = − (3.96 ± 0.03),  

which give, respectively : 

10 ,0log sK ο = − (29.71 ± 0.71), 

10 ,0log sK ο = − (30.36 ± 0.83), 

10 ,0log sK ο = − (30.30 ± 0.96),  

and an unweighted average value of (UF4·2.5 H2O(cr)) = − (30.12 ± 0.70). 

 Using this solubility constant and 10 ,5g sK ο = − (2.39 ± 0.25) and lo 10 ,6sK ο = 
 − (0.32 ± 0.08) as evaluated by [92GRE/FUG] from the experimental data of 
[60SAV/BRO], the formation constants of the penta- and hexa-fluoro complexes are 
calculated to be: 

10 5log οb =  (27.73 ± 0.74), 

10 6log οb =  (29.80 ± 0.70), 

which are selected by this review. These are somewhat different from those selected in 
[92GRE/FUG], = (27.01 ± 0.30) and lo10 5log οb 10 6g οb = (29.08 ± 0.18) although they 
overlap within the combined uncertainties. 

 The solubility study of Savage and Browne [60SAV/BRO] was not used by 
[92GRE/FUG] to select thermodynamic data for UF4·2.5 H2O(cr), because this value is 
considerably larger than 10 ,0log sK ο (UF4·2.5 H2O(cr)) = − (33.5 ± 1.2) as calculated from 
the selected thermochemical data. 

The solubility measurements of UO2(cr) at 773.15 K, 1 kbar, in HF solutions 
reported by Redkin [97RED] give no reliable new thermodynamic data. 



9.4 Uranium group 17 (halogen) compounds and complexes (V.4) 

 

213

9.4.2.3 Solid uranium fluorides (V.4.1.3) 

9.4.2.3.1 Binary uranium fluorides and their hydrates (V.4.1.3.1) 

9.4.2.3.1.1 UF3(cr) and UF4(cr) 

9.4.2.3.1.1.1 High temperature heat capacity 
The ,mpC  equation for UF3(cr) in [92GRE/FUG] is a refit to 800 K of the data given by 
[82GLU/GUR]. Since the experimental data involving uranium trifluoride extend above 
800 K, it has been replaced by the actual equation from [82GLU/GUR]: 

4 6
,m 3(UF , cr, ) = 106.539 + 7.05 10    1.0355 10  pC T T− −× − × 2T 1 1J K mol− −⋅ ⋅   

(298.15 to 1768 K) 
 The value of ,m

ο
pC (298.15 K) is unchanged: 

,m
ο
pC (UF3, cr, 298.15 K) = (95.1 ± 0.4) 1 1J K mol− −⋅ ⋅  

 Similarly, the equation for ,mpC (T) in [92GRE/FUG] for UF4(cr) (a refit to 
1200 K) of the data given by [82GLU/GUR] has been replaced by the actual equation 
from [82GLU/GUR]: 

2 5
,m 4

6 2 1 1.
(UF , cr, ) = 138.865 3.2068 10   + 2.7988 10

                          1.4020 10     J K mol
pC T T

T

− −

− − −

− ⋅ ⋅
− ⋅ ⋅ ⋅

2T  

(298.15 to 1309 K) 

As noted in section 9.4.2.1.2 the vapour pressure data for UF4(cr, l) are more 
consistent with a somewhat smaller value of the enthalpy of fusion than the experimen-
tal value [72DWO], but the latter seems well-defined and has been retained, together 
with the heat capacity of the liquid from [82GLU/GUR]: 

fusT  = (1305 ± 30) K, 
fus m

ο∆ H (UF4, cr, 1305 K) = (47 ± 5) 1kJ mol−⋅ , 
οC 1 1ol−

,mp (UF4, l) = (167 ± 15) J K m−⋅ ⋅ . 

9.4.2.3.2 Other U(VI) fluorides (V.4.1.3.2) 

9.4.2.3.2.1 UO2F2(cr) and its hydrates 
The heat capacity equation for UO2F2(cr) given in Table III.3 of [92GRE/FUG] is valid 
only to 400 K. Since heat capacity values at higher temperatures were required for va-
pour pressure calculations (section 9.4.2.1.6), this expression has been replaced by the 
equation given by Glushko et al.[82GLU/GUR]: 

2 6 2
,m 2 2(UO F , cr, ) = 106.238 + 2.8326 10    1.0208 10     J K molpC T T T 1 1− − −× − × ⋅ ⋅ −  

(298.15 to 2100 K). 
 The value at 298.15 K is unchanged: 

,m 2 2(UO F , cr, 298.15 K) =pCο  (103.22 ± 0.42) J · K–1 · mol–1. 
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9.4.3 Chlorine compounds and complexes (V.4.2) 
9.4.3.1 Uranium chlorides (V.4.2.1) 

9.4.3.1.1 Gaseous uranium chlorides (V.4.2.1.1) 

9.4.3.1.1.1 UCl(g), UCl2(g) and UCl3(g) 
These species are considered together since their data are linked by the four mass-
spectrometic studies, which thus involve some uncertainties in absolute pressures. 

The thermal functions of UCl(g), UCl2(g) and UCl3(g) were calculated assum-
ing the molecular parameters shown in Table 9-9, which are essentially those estimated 
by Hildenbrand et al. [85HIL/GUR]. These assumptions give: 

m
οS
ο

(UCl, g, 298.15 K) = (265.9 ± 3.0) J · K–1 · mol–1 

,mpC  (UCl, g, 298.15 K) = (43.2 ± 3.0) J · K–1 · mol–1, 

m
οS
ο

(UCl2, g, 298.15 K) = (339.1 ± 10.0) J · K–1 · mol–1 

,mpC (UCl2, g, 298.15 K) = (59.9 ± 5.0) J · K–1 · mol–1, 

m
οS
ο

(UCl3, g, 298.15 K) = (380.3 ± 10.0) J · K–1 · mol–1 

,mpC (UCl3, g, 298.15 K) = (82.4 ± 5.0) J · K–1 · mol–1, 

which after rounding are the same as those in [92GRE/FUG]. 

Lau and Hildenbrand [84LAU/HIL] have studied four equilibria between 
UCl(g), UCl2(g), UCl3(g) and UCl4(g) which are summarised in Table 9-17, where the 
enthalpies of the given reactions at 298.15 K derived from both second- and third-law 
analyses are given. The auxiliary data for Ca(g) and CaCl(g) are taken from the 
CODATA assessments [87GAR/PAR], [89COX/WAG]; the data for CuCl(g) are dis-
cussed in chapter 14. In addition there were “tentative” measurements of the vapour 
pressure of UCl3(cr, l) by Altman [43ALT]. However, such studies are not straightfor-
ward, since UCl3 is known to disproportionate to U(cr, l) and UCl4(g) (and possibly 
UCl5(g)) − see discussions in [83FUG/PAR], section 8.5.B.1.5 and [51KAT/RAB], 
pages 458-459. This presumably accounts for the fact that the pressures measured by 
Altman are appreciably higher than those calculated for the simple vaporisation of 
UCl3(cr) with the selected data. The measurements of Altman [43ALT] are therefore not 
included in the analysis. 
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Table 9-17: Enthalpies of the reactions involving UCl(g), UCl2(g) and UCl3(g). 

Reference Reaction                                                 Number of points r m
ο∆ H (298.15 K) kJ · mol–1 

   Second-law Third-law 

[84LAU/HIL] UCl2(g) + CaCl(g)  UCl3(g) +Ca(g) 14 – 92.3 – 89.9 
[84LAU/HIL] UCl(g) + CaCl(g)  UCl2(g)+Ca(g) 6 – 78.3 – 68.8 
[84LAU/HIL] UCl2(g) + U(g)  2UCl(g) 9 17.5  6.4 
[84LAU/HIL] UCl3(g)+ CuCl(g)  UCl4(g)+Cu(g) 10 – 51.3 – 34.9 

 

 Of necessity, the pressures for most of these reactions were derived from mass-
spectrometric intensities, leading to uncertainties in the absolute pressures. It will be 
seen that the agreement between the second- and third-law analyses is mostly quite 
poor. 

Table 9-18: Sums of various enthalpies involving UCl(g), UCl2(g) and UCl3(g). 

Reference Expression mf
ο∆ H (298.15 K) kJ · mol–1  

  Second-law Third-law 

[84LAU/HIL] – UCl2(g)  +  UCl3(g) – 373.5 – 371.1 
[84LAU/HIL] – UCl(g)   +  UCl2(g) – 359.5 – 350.0 
[84LAU/HIL]  –2 UCl(g)   +  UCl2(g) – 515.5 – 526.6 
[84LAU/HIL]   UCl3(g) – 503.7 – 520.1 

 
With these data, we have four quasi–independent measurements to define the 

three enthalpies of formation of UCl(g), UCl2(g), UCl3(g), as shown in Table 9-18. We 
have used a least-squares analysis to find the optimal solutions to the two over–
determined sets of linear equations, using either the second-law or the third-law enthal-
pies, with the results shown in Table 9-19. 

Table 9-19: Optimised enthalpies of formation, f m
ο∆ H (298.15 K), kJ · mol–1. 

Species Second-law Third-law Selected [92GRE/FUG] 

UCl(g) 187.4 187.1    (187 ± 20)    (188.2 ± 20.0) 
UCl2(g) – 151.1 – 156.0 – (155 ± 20) – (163.0 ± 22.3) 
UCl3(g) – 514.2 – 523.6 – (523 ± 20) – (537.1 ± 15.8) 

 
The noticeable differences from the values selected in [92GRE/FUG] for 

UCl2(g) and UCl3(g) are due principally to the difference in the auxiliary data. The se-
lected values are thus: 

 f m
ο∆ H (UCl, g, 298.15 K) =  (187 ± 20) kJ · mol–1, 
ο∆ H f m (UCl2, g, 298.15 K) = − (155 ± 20) kJ · mol–1, 
ο∆ H f m (UCl3, g, 298.15 K) = − (523 ± 20) kJ · mol–1. 
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The uncertainties have been increased substantially from the purely statistical 
values to allow for the uncertainties in the thermal functions and the conversion from 
mass-spectrometric intensities to pressures. 

9.4.3.1.1.2 UCl4(g) 
Haarland et al. [95HAA/MAR] have studied the electron diffraction and infrared spec-
troscopy of UCl4(g) and have concluded that the molecule is an undistorted tetrahedron, 
with a U–Cl distance of 2.503 to 2.51 Å; we have taken the value of 2.506 Å suggested 
by Konings and Hildenbrand [98KON/HIL]. We also accept the vibration frequencies 
given by these authors [95HAA/MAR], [98KON/HIL]; the electronic states were taken 
to be those given by Hildenbrand et al. [85HIL/GUR], which are a simplification of the 
levels deduced by Gruber and Hecht [73GRU/HEC] from their spectroscopic measure-
ments. The full data used are given in Table 9-9. 

 The calculated values for the entropy and heat capacity of UCl4(g) at 298.15 K 
are: 

m
οS
ο

(UCl4, g, 298.15 K) = (409.3 ± 5.0) J · K–1 · mol–1, 

,mpC (UCl4, g, 298.15 K) = (103.5 ± 3.0) J · K–1 · mol–1, 

and these are the selected values. 

 The vapour pressures of UCl4(cr) and UCl4(l) have been measured by a number 
of investigators, as summarised in Table 9-20. 

Table 9-20: Vapour pressure data for the vaporisation of UCl4(cr, l). 

Reference Method T range (K) msub
ο∆ H (298.15 K) kJ · mol–1  

[42JEN/AND] Boiling point 873–1103 (202.4 ± 4.0) 
[45DAV] Tube flow 710–775 (204.2 ± 1.9) 
[45DAV/STR] Effusion 640–732 (204.5 ± 1.8) 
[45WAG/GRA] Boiling point 864-1064 (202.1 ± 0.8) 
[46GRE2] Diaphragm gauge 823-1044 (202.1 ± 2.4) 
[48MUE] Effusion 630-763 (205.1 ± 2.2) 
[48THO/SCH] Effusion 603–783 (203.8 ± 2.4) 
[56SHC/VAS2] Effusion 631–708 (204.0 ± 1.1) 
[58JOH/BUT] Transpiration 723–948 (196.9 ± 2.3) * 
[58YOU/GRA] Boiling point 864–1064 (202.0 ± 0.6) 
[68CHO/CHU] Effusion 648–748 (202.1 ± 1.5) 
[75HIL/CUB] Mass-spectrometric effusion 575–654 (203.6 ± 3.7) 
[78SIN/PRA] Transpiration 763–971 (202.7 ± 1.1) 
[91COR/KON] Transpiration 699–842 (205.5 ± 1.3) 
[91HIL/LAU] Torsion–effusion 588–674 (204.0 ± 0.9) 

(*) Data not included in the mean 
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All these data have been analysed by the third-law method to give the results 
shown in the Table 9-20. There is good agreement between all the studies, which are 
plotted in Figure 4-3, with the exception of the transpiration data of Johnson et al. 
[58JOH/BUT]. The selected enthalpy of sublimation is therefore based on the mean of 
the concordant studies: 

sub m
ο∆ H (UCl4, 298.15 K) = (203.4 ± 4.0) kJ · mol–1,  

where the uncertainty has been increased substantially from the statistical 1.96σ value 
(± 0.3  to allow for uncertainties in the thermal functions of UCl1kJ mol )−⋅ 4(g). 

The derived enthalpy of formation of UCl4(g) is thus: 
ο

f m∆ H (UCl4, g, 298.15 K) = − (815.4 ± 4.7) kJ · mol–1. 

As noted in section 9.4.3.1.3, Popov et al. [59POP/GAL] found a number of 
enthalpy effects just below the melting point (possibly related to reaction with the silica 
container), but gave an integrated enthalpy of fusion of ca. 49.8 , which 
should be regarded as the upper limit. The calculated vapour pressure of UCl

1kJ mol−⋅
4(l) using 

an enthalpy of fusion of 45 kJ 1mol−⋅ is shown in Figure 9-3. While it is clear that a 
somewhat smaller enthalpy of fusion would give a slightly better fit to the liquid data, it 
is possible that there is a small contribution of dimer molecules to the total pressure near 
the boiling point, so we have preferred to use this value as the selected value of the en-
thalpy of fusion:  

ο
fus m∆ H (UCl4, cr, 863 K) = (45.0 ± 8.0) kJ · mol–1. 

9.4.3.1.1.3 UCl5(g) 
The thermal functions are calculated from the molecular parameters given in Table 9-9 
based on a square pyramid with a slight distortion to C2v symmetry, as in Hildenbrand et 
al. [85HIL/GUR].  

m
οS
ο
(UCl5, g, 298.15 K) = (438.7 ± 10.0) J · K–1 · mol–1, 

C ,mp (UCl5, g, 298.15 K) = (123.6 ± 5.0) J · K–1 · mol–1. 

There is only one study leading to the stability of the pentachloride, by Lau and 
Hildenbrand [84LAU/HIL], who measured mass-spectrometrically the equilibrium con-
stant of the reaction from 613 to 920 K: 

 4 2
1UCl (g)  +   Cl (g)  UCl (g)
2 5  (9.23) 

Second- and third-law analyses of these data give respectively:  

r m∆ H (9.23) = − (86.4 ± 1.5) and  − (72.6 ± 3.9) kJ · mol–1, 

resulting in ∆f m
οH (UCl5, g, 298.15 K) = − (901.8 ± 4.9) and − (888.0 ± 6.1) . 

The selected value is: 

1kJ mol−⋅

 f m
ο∆ H (UCl5, g, 298.15 K) = − (900 ± 15) kJ · mol–1. 
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Figure 9-3: Vapour pressure of UCl4(cr, l). 
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9.4.3.1.1.4 UCl6(g) 
Although the data for UCl6(g) are independent of those for other gaseous uranium hal-
ides there are new experimental data on the vapour pressure to supplement the (early) 
studies considered by Grenthe et al. [92GRE/FUG]. 

The thermal functions of UCl6(g) ideal gas were calculated from the estimated 
molecular parameters given in Table 9-9, using the rigid–rotator, harmonic oscillator 
approximation. The molecule is taken to be octahedral with Oh symmetry.  

m
οS
ο

(UCl6, g, 298.15K) = (438.0 ± 5.0) J · K–1 · mol–1, 

,mpC (UCl6, g, 298.15K) = (147.2 ± 3.0) J · K–1 · mol–1. 

Sevast'yanov et al. [90SEV/ALI] have used slightly different molecular pa-
rameters for similar calculations to obtain values of (UClmS 6, g) at 285, 320 and 353 K 
which differ from those derived from the selected values by ca. 2.4 J · K–1 · mol–1.  

The heat capacities of the vapour have been refitted to the expression: 

6
5 8 2

,m UCl , g, ( ) = 157.768 + 9.730 10   1.059 10  9.4616 10  p TC T T 5 2T− − −⋅ − ⋅ − ⋅  
(in J · K–1 · mol–1, 298.15 to 1000 K). 

Table 9-21 shows the results of third-law analyses of the three measurements 
of the vapour pressure of UCl6(cr) by Altman et al. [43ALT/LIP] (clicker gauge) and by 
Johnson et al. [58JOH/BUT] by transpiration (work done in 1944) and the more recent 
study by Knudsen effusion by Sevast'yanov et al. [90SEV/ALI]. 
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Table 9-21: Vapour pressure data for the sublimation of UCl6(cr). 

Reference Method T range (K) msub
ο∆ H (298.15 K) kJ · mol–1  

[43ALT/LIP] Clicker gauge 327–417 (76.8 ± 3.0) 
[58JOH/BUT] Transpiration 349–411 (81.4 ± 1.6) 
[90SEV/ALI] Mass-spectrometric effusion 285–353 (81.1 ± 2.1) 

 
The higher vapour pressures measured by Altman et al. [43ALT/LIP] probably 

result from partial decomposition to UCl5, which becomes noticeable around 420 K. 
The selected value for the enthalpy of sublimation is sub m

ο∆ H (298.15 K) = (81.0 ± 4.0) 
kJ · mol–1, where the uncertainty includes that in the thermal functions and other uncer-
tainties. The corresponding enthalpy of formation is: 

 f m
ο∆ H (UCl6, g, 298.15 K) = − (985.5 ± 5.0) kJ · mol–1, 

which is the selected value. 

9.4.3.1.1.5 U2Cl8(g) 
We have not attempted to estimate the molecular parameters of U2Cl8(g) in order to 
calculate the thermal functions. In [92GRE/FUG], values of the thermal functions from 
[84COR/KUB] were adopted, based on the procedure suggested by Kubaschewski 
[84KUB] for gaseous dimers from the monomer values. However, the monomer values 
(of UCl4(g)) used were different from the selected values of [92GRE/FUG], which must 
lead to an inconsistency between the experimental and calculated equilibrium constants 
for the dimerisation reaction. We shall defer selection of any thermal function values at 
this time. 

Binnewies and Schäfer [74BIN/SCH] give mass-spectrometric data from 
which the equilibrium constant of the dimerisation reaction: 

 2 UCl4(g)    U2Cl8(g) 

is calculated to be 4.2 bar–1 at 710 K and 1.25 bar–1 at 737 K. Given the very short tem-
perature range, and the uncertainties in the ionisation cross-sections of UCl4(g) and 
U2Cl8(g), we have not attempted to use these values to provide data for U2Cl8(g) at 
298.15 K. 

9.4.3.1.1.6 U2Cl10(g) 
As with U2Cl8(g), we have not attempted to estimate the molecular parameters of 
U2Cl8(g) in order to calculate the thermal functions. 

Gruen and McBeth [69GRU/MCB] studied spectrometrically the reaction of 
UCl4(cr) with Cl2(g) (at pressures of ca. 3 bar) from 460 to 660 K. They were not able 
to define unambiguously the vapour species formed, but on the basis of a much greater 
consistency for the calculated equilibrium constants, suggested that the principal reac-
tion was:  
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 , (9.24) 4 2 2 102 UCl (cr) + Cl (g)    U Cl (g)

rather than the formation of monomeric UCl5(g) or higher chlorides. This conclusion is 
confirmed by calculations with our selected data, for which the pressures of UCl5(g) are 
less than 1% of the measured total pressures.  

The equilibrium constants for the formation of U2Cl10(g) correspond to 
r m∆ H ((9.24), 560 K) = (63.3 ± 8.0) kJ · mol–1. In order to reduce this to 298.15 K, we 

assume that ( for reaction (9.24) is − (9.0 ± 4.0) kJ · molm m(560K) (298.15K))−H H

1ol )−
r

–1, 
slightly greater than that of the corresponding reaction with molybdenum 
(− 9.9 kJ  [98CHA]. Thus m⋅ m

ο∆ H ((9.24), 298.15 K) = (72.3 ± 8.9) kJ · mol–1, 
giving the selected value: 

f m
ο∆ H (U2Cl10, g, 298.15 K) = − (1965.3 ± 10.2) kJ · mol–1. 

9.4.3.1.1.7 UO2Cl2(g) 
No new data have been reported for this species, but the data in [92GRE/FUG] have 
been slightly modified to take account of the recent spectroscopic results of UCl4(g).  

 The thermal functions were calculated from estimated data given in Table 9-9; 
the derived values of the standard entropy and heat capacity are: 

m
οS (UO2Cl2 , g, 298.15 K) = (373.4 ± 6.0) J · K–1 · mol–1, 

,m
ο
pC (UO2Cl2, g, 298.15 K) = (92.6 ± 3.0) J · K–1 · mol–1. 

The enthalpy of formation was calculated from the investigation of the reac-
tion: 
 U3O8(cr) + 3 Cl2(g)    3 UO2Cl2(g) + O2(g) (9.25) 

by Cordfunke and Prins [74COR/PRI] from 1135 to 1327 K. Second- and third-law 
treatments of their results give r mH∆

f m

(9.25) = (648.6 ± 15.0) kJ · mol–1 and 
(665.0 ± 3.1) kJ · mol–1, giving for ο∆ H (UO2Cl2, g, 298.15 K) = − (975.4 ± 5.1) 
kJ · mol–1 and − (969.0 ± 1.3) kJ · mol–1, respectively. However, the uncertainty in the 
selected value has been increased substantially, since the reaction is almost certainly 
more complex than assumed, and U3O8(cr) will certainly be sub-stoichiometric under 
the conditions of the experimentation. The selected value is the weighted mean: 

f m
ο∆ H (UO2Cl2, g, 298.15 K) = − (970.3 ± 15.0) kJ · mol–1. 

 Kangro [63KAN] has also studied reaction (9.25) from 1273 to 1373 K, with 
quite different results from those of Cordunke and Prins [74COR/PRI]. However, the 
entropy change calculated from his results (ca. 91 J · K–1 · mol–1) is too small to corre-
spond to a reaction in which there is a net formation of one mole of gas, and those re-
sults have been discounted. 
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9.4.3.1.2 Aqueous uranium chlorides (V.4.2.1.2.) 

9.4.3.1.2.1 Aqueous U(VI) chlorides 
The chloride complexes of U(VI) are weak and it is therefore difficult to distinguish 
between complex formation and activity variations caused by the often large changes in 
the ligand concentration. However, Allen et al. [97ALL/BUC] showed in an EXAFS 
study that U(VI) chloride complexes were formed at very high chloride concentrations.  

 Choppin and Du [92CHO/DU] studied by solvent extraction the chloride com-
plexation of U(VI) in acidic medium of high ionic strength (3.5 to 14.1 m NaClO4) and 
reported equilibrium constants for the formation of UO2Cl+ and UO2Cl2(aq). These data 
are not retained by this review as discussed in Appendix A. 

9.4.3.1.2.2 Aqueous U(IV) chlorides 
Rai et al. [97RAI/FEL] interpreted solubility measurements of UO2(am) in NaCl and 
MgCl2 solutions using the Pitzer ion interaction model without taking complex forma-
tion into account. It is well known that it is virtually impossible to distinguish between 
ionic medium effects and complex formation in systems where weak complexes are 
formed (as in the case here) using thermodynamic data alone. Runde et al. 
[97RUN/NEU] made a spectroscopic study of Np(IV) chloride complexes in 5 M NaCl 
and found no evidence for the formation of inner-phere chloride complexes. On the 
other hand, Allen et al. [97ALL/BUC] found clear evidence for the formation of such 
complexes using EXAFS. This review finds the EXAFS evidence for the formation of 
chloride complexes of Np(IV) convincing. The new information on chloride complex 
formation of M4+ actinide ions is contradictory. It is quite clear that the chloride com-
plexes are weak and that they therefore only can be identified in concentrated chloride 
solutions. In view of the chemical similarity between U(IV) and Np(IV), there are good 
reasons to assume that chloride complexes are formed also for U(IV).  

 The equilibrium constant for the complex UCl3+ given in [92GRE/FUG] is 
= (1.72 ± 0.13). Allen et al. [97ALL/BUC] estimated = − 0.78 for 

NpCl
10 1log οb 10 1log b

3+ at [Cl–] = 6 M, [H+] = 5·10–3 M. 

 This review keeps the value of 10 1log οb

)

(UCl3+) selected by [92GRE/FUG] but 
points out that it could be too high. The ion interaction coefficient  re-
ported as (0.59 ± 0.10) kg · mol

3+
4(UCl ,ClO )−ε

–1 on page 197 in [92GRE/FUG] is erroneous. Using the 
linear regression in Figure V.12 on page 199 in [92GRE/FUG] and auxiliary interaction 
coefficients, one obtains 3+

4(UCl ,ClO−ε  = (0.50 ± 0.10) kg · mol–1. This value is very 
similar to that of other +3 ions; the interaction coefficients reported in Appendix B, Ta-
ble B.4 has been changed accordingly. 

The existence of a U(IV) oxychloride phase limiting solubility has been sug-
gested by [91AGU/CAS] (see Appendix A). 
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9.4.3.1.3 Solid uranium chlorides (V.4.2.1.3) 

9.4.3.1.3.1 UCl3(cr)  
There are a number of errors in the heat capacity data in the tables and text relating to 
UCl3(cr) in [92GRE/FUG] as noted in [95GRE/PUI], so the original data have been re-
examined and refitted. 

The two sets of data on the low temperature heat capacities [44FER/PRA] 
(from the citation in [58MAC]), [89COR/KON] agree excellently. Although 
[89COR/KON] only give their data as a small graph, plus the actual values of ,m

ο
pC  and 

 at 298.15 K, these have been preferred, since they almost certainly pertain to a purer 
sample. The data of [44FER/PRA] at 298.15 K are 0.5 J · K

m
οS

–1 · mol–1 higher than the 
preferred values, so their ,mpC  values from 270 − 320 K have been decreased by the 
same amount in the fitting. These data (four points) and the enthalpy drop 
measurements of Ginnings and Corruccini [47GIN/COR] (nine values of 
( mH (T) − mH (273.15 K)) from 323.5 to 997.0 K) have been fitted simultaneously with 
a constraint of ,m

ο
pC (298.15 K) = 102.52 J · K–1 · mol–1 [89COR/KON]. A four-term 

,m
ο
pC  expression was preferred, since this avoids a shallow minimum in ,m

ο
pC  just above 

300 K. 

The final fit gives: 
2 5 2

,m 3
5 2 1 1

(UCl , cr, ) = 106.967 2.0859 10   + 3.63895 10  
                             1.29994 10    J K mol      (298.15 to 1115 K). 

pC T T T
T

− −

− − −

− ⋅ ⋅
− ⋅ ⋅ ⋅

 

Note that the value of the heat capacity at 298.15 K is incorrectly quoted in 
[92GRE/FUG]. The correct value is: 

,m
ο
pC (UCl3, cr, 298.15 K) = (102.52 ± 0.50) J · K–1 · mol–1. 

The selected melting point and enthalpy of fusion are those measured by dif-
ferential thermal analysis by Kovács et al. [96KOV/BOO]; the melting point agrees 
with those (1108 − 1115 K) found in work in the Manhattan Project (see references 
quoted in [96KOV/BOO]): 

Tfus = (1115 ± 2) K, 
fus m

ο∆ H (1115 K) = (49.0 ± 2.0) 1kJ mol−⋅ . 

The selected heat capacity of UCl3(l) in the temperature range from the melting 
point to 1200 K, is that suggested by [83FUG/PAR], although the source of this is not 
clear: 

,mpC (UCl3, l, T) = (129.7 ± 10.0) J · K–1 · mol–1. 
(1115 to 1200 K) 
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9.4.3.1.3.2 UCl4(cr) 
The data for the heat capacity of UCl4(cr) in [92GRE/FUG] are also unsatisfactory, in 
that the equation given in their Table III.3 does not reproduce the correct ,mpC  at 
298.15 K, so as for UCl

ο

3, we have re-examined and refitted the original data. There are 
three determinations: Ferguson et al. [44FER/PRA2], reported in detail in 
[51KAT/RAB], measured the heat capacity from 15 to 355 K, and Ginnings and Cor-
ruccini [47GIN/COR] gave enthalpy increments ( mH (T) − mH (273.15 K)) from 323.4 
to 699.9 K for a (probably) purer sample contained in a Nichrome capsule. 

Later, Popov et al. [59POP/GAL] reported ,mpC  measurements from 381 to 
920 K (thus extending into the liquid range). Since these experiments were apparently 
carried out using a silica vessel, it is not surprising that the resultant data are rather scat-
tered. In particular, the data at temperatures close to the melting point showed irregu-
larities, and the reported  values below 450 K are appreciably lower than those 
from the other two studies (which agree well, but not perfectly). In fitting the data, we 
have given double weight to the most accurate data of [47GIN/COR], ignored the data 
of [59POP/GAL] below 450 K and imposed a constraint of ,m

ο
pC (298.15 K) 

= (121.8 ± 0.4) J · K–1 · mol–1 [44FER/PRA2]. 

,mpC

2
,m 4(UCl ,cr, ) = 116.362 + 3.10837 10    3.40402 10  pC T T 5 2T− −⋅ − ⋅  J · K–1 · mol–1 

(298.15 to 863 K). 

 The resulting ,m
ο
pC  for UCl4(cr) fits all the data used within their uncertainties. 

 Note that the selected value of ,m
ο
pC (298.15 K) = 121.8 J · K–1 · mol–1 as given 

in [51KAT/RAB], is slightly lower than that suggested by [83FUG/PAR] and hence 
[92GRE/FUG]. This latter value (122.0 J · K–1 · mol–1) seems to have suffered from a "J 
to cal to J" rounding error during conversion of the original data of [44FER/PRA2], 
[51KAT/RAB], which were given in joules. Similarly we select the original 
[44FER/PRA2] value of the standard entropy: 

m
οS (UCl4, cr, 298.15 K) = (197.2 ± 0.8) J · K–1 · mol–1, 

rather than the perturbed value of 197.1 J · K–1 · mol–1 used in [92GRE/FUG]. 

The melting point of UCl4(cr) is taken to be (863 ± 1) K, as given in early work 
summarised by Katz and Rabinowitch [51KAT/RAB] in agreement with the less precise 
value from the thermal study by Popov et al. [59POP/GAL]. The latter authors found a 
number of enthalpy effects just below the melting point (possibly related to reaction 
with the silica container), but gave an integrated enthalpy of fusion of ca. 
49.8 . However, the vapour pressure data suggest an appreciably smaller fu-
sion enthalpy (see section 9.4.3.1.1). The selected value is: 

1kJ mol−⋅

fus m
ο∆ H (UCl4, cr, 863 K) = (45.0 ± 8.0) 1kJ mol−⋅ , 

which still gives excellent, if not optimal, agreement with the vapour pressure data - as 
shown in Figure 9-3 (section 9.4.3.1.1). 
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9.4.3.1.3.3 UCl6(cr) 
The value for (UClm

οS 6, cr, 298.15 K) = (285.8 ± 1.7) J · K–1 · mol–1 selected by Grenthe 
et al. [92GRE/FUG] was based on the value of 68.3 cal·K–1 · mol–1 selected by Fuger et 
al. [83FUG/PAR], in turn based on the original low temperature heat capacity meas-
urements by Ferguson and Rand [45FER/RAN]. However, the latter were actually re-
ported as 285.54 J · K–1 · mol–1.  

We therefore select: 

m
οS (UCl6, cr, 298.15 K) = (285.5 ± 1.7) J · K–1 · mol–1, 

for the standard entropy of UCl6(cr), where the relatively high uncertainty arises from 
the presence of 6.3% of UCl4(cr) in the calorimetric sample.  

The heat capacity at 298.15 K has not suffered from the same "J to cal to J" 
conversions and remains unchanged: 

,m
ο
pC (UCl6, cr, 298.15 K) = (175.7 ± 4.2) J · K–1 · mol–1. 

9.4.3.2 Uranium hypochlorites  

9.4.3.2.1 Aqueous U(VI) hypochlorites 

Kim et al. [94KIM/CHO] reported an increase (up to twofold) in the solubility of 
schoepite with increasing ClO– concentration in 0.1 NaCl (pH = 5 to 10), but were un-
able to decide if this was a result of the formation of hypochlorite complex(es) formed 
from the hydrolysed species, (U  or , or not. 2+

2 2 2O ) (OH) +
2 3 5(UO ) (OH)

9.4.4 Bromine compounds and complexes (V.4.3) 
9.4.4.1 Gaseous uranium bromides (V.4.3.1.1) 

9.4.4.1.1 UBr(g), UBr2(g) and UBr3(g) 

These species are considered together since their data are linked by six experimental 
studies, mainly involving mass-spectrometry, and thus involving some uncertainties in 
absolute pressures. 

The thermal functions of UBr(g), UBr2(g) and UBr3(g) were calculated assum-
ing the molecular parameters shown in Table 9-9, which are those estimated by Hilden-
brand et al. [85HIL/GUR], except that higher electronic energy levels (assumed to be 
the same as for the corresponding chlorides) have been included. These calculations 
give: 

 (UBr, g, 298.15 K) = (278.5 ± 3.0) J · Km
οS
ο

–1 · mol–1 
C ,mp (UBr, g, 298.15 K) = (44.5 ± 3.0) J · K–1 · mol–1, 

 (UBrm
οS
ο

2, g, 298.15 K) = (359.7 ± 10.0) J · K–1 · mol–1 
C ,mp (UBr2, g, 298.15 K) = (61.4 ± 5.0) J · K–1 · mol–1, 
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 (UBrm
οS
ο

3, g, 298.15 K) = (403.0 ± 15.0) J · K–1 · mol–1 
C ,mp (UBr3, g, 298.15 K) = (85.2 ± 5.0) J · K–1 · mol–1. 

Lau and Hildenbrand [87LAU/HIL] have studied four equilibria between 
UBr(g), UBr2(g), UBr3(g) and UBr4(g), which are summarised in Table 9-22, where the 
enthalpies of the given reactions at 298.15 K derived from both second- and third-law 
analyses are given. In addition, Altman [43ALT] and Webster [43WEB] measured the 
vapour pressure of UBr3(cr, l) using, respectively, effusion and transpiration techniques. 
However, such studies cannot give reliable data on the pressure of UBr3(g), since on 
heating, UBr3(cr) probably disproportionates to U(cr) and UBr4(g). [51KAT/RAB] re-
view early studies which indicate the formation of UBr4(g) on heating UBr3(cr) above 
1173 K, with a concomitant increase of the U/Br ratio in the solid, suggesting that 
UBr3(cr, l) disproportionates to U(cr) and UBr4(g). This accounts for the fact that the 
pressures measured by these authors were appreciably higher than those calculated for 
the simple vaporisation of UBr3(cr, l) with the selected data. 

Table 9-22: Enthalpies of the reactions involving UBr(g), UBr2(g), UBr3(g) and UBr4(g). 

Reference Reaction                                        Number of points mr
ο∆ H (298.15 K) kJ · mol–1 

   Second-law Third-law 
[87LAU/HIL] U(g) + Br(g)  UBr(g) 15 – 387.7 – 395.5 
[87LAU/HIL] UBr2(g) + U(g)  2UBr(g) 7  32.0 – 6.4 
[87LAU/HIL] UBr(g) + UBr3(g)  2 UBr2(g) 10 10.3 44.7 
[87LAU/HIL] UBr2(g) + UBr4(g)  2 UBr3(g) 8   − 76.1 – 98.4 

 
Of necessity, the pressures for most of these reactions were derived from mass-

spectrometric intensities, leading to uncertainties in the absolute pressures. However, 
the agreement between the second- and third-law analyses is rather poor. 

With these data, we have four quasi–independent measurements to define the 
three enthalpies of formation of UBr(g), UBr2(g), UBr3(g), as shown in Table 9-23. We 
have used a least-squares analysis to find the optimal solutions to the two over–
determined sets of linear equations, using either the second-law or the third-law enthal-
pies, with the results shown in Table 9-24. 

Table 9-23: Sums of various enthalpies involving UBr(g), UBr2(g) and UBr3(g). 

Reference Expression mf
ο∆ H (298.15 K) kJ · mol–1 

  Second-law Third-law 

[87LAU/HIL] 2 UBr(g) −  257.1 249.4 
[87LAU/HIL] 2 UBr(g)  −   UBr2(g) 565.0 526.6 
[87LAU/HIL] – UBr(g)  + 2 UBr2(g)   –    UBr3(g) 10.3 44.7 
[84GOR/SMI]                     – UBr2(g)   + 2 UBr3(g) –  681.7 – 704.0 
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The selected values are: 

 f m
ο∆ H (UBr, g, 298.15 K) = (245 ± 15) 1kJ mol−⋅ , 
ο∆ H mol−⋅ f m (UBr2, g, 298.15 K) = − (40 ± 15) kJ 1 , 
ο∆ H 1kJ mol−⋅ f m (UBr3, g, 298.15 K) = − (371 ± 20) , 

where the uncertainties have been estimated here. It will be seen that the new analysis of 
the experimental data for these species yields somewhat different values for the enthal-
pies of formation of UBr2(g) and UBr3(g) from those selected by Grenthe et al. 
[92GRE/FUG], although well within the substantial uncertainty limits. 

Table 9-24: Optimised enthalpies of formation, f m
ο∆ H (298.15 K) . 1kJ mol−⋅

Species Second-law Third-law Selected [92GRE/FUG] 

UBr(g) 257.8 245.1 (245 ± 15) (247 ± 17) 
UBr2(g) – 48.8 – 39.7      − (40 ± 15)    − (31 ± 25) 
UBr3(g) – 365.3 – 371.3     − (371 ± 20)  − (364 ± 37) 

 

9.4.4.1.2 UBr4(g) 

The UBr4(g) molecule is assumed to have Td symmetry, as for UF4(g) and UCl4(g), with 
a U–Br distance of 2.693 Å (see Konings and Hildenbrand [98KON/HIL]). We also 
accept the vibration frequencies given by these authors; the electronic states were as-
sumed to be the same as those given by Hildenbrand et al. [85HIL/GUR] for UCl4(g). 

The calculated values for the entropy and heat capacity of UBr4(g) at 298.15 K 
are: 

m
οS
ο
(UBr4, g, 298.15 K) = (451.9 ± 5.0) J · K–1 · mol–1, 

,mpC (UBr4, g, 298.15 K) = (106.9 ± 3.0) J · K–1 · mol–1, 

and these are the selected values. 

There are several measurements of the vapour pressures of UBr4(cr) and 
UBr4(l), with excellent agreement. The early data of Thompson and Schelberg, and Not-
torf and Powell are summarised by Katz and Rabinowitch [51KAT/RAB], and those by 
Gregory [46GRE3] are given in the report by Mueller [48MUE]. Subsequently Prasad et 
al. [79PRA/NAG] studied the vaporisation of (principally) the liquid, while Hilden-
brand and Lau [91HIL/LAU2] used a torsion effusion technique to study the sublima-
tion. The latter study is particularly valuable, since it shows that the molar mass of the 
vaporising species corresponds closely to that of UBr4 in the range of their experiments. 
Since the enthalpy of fusion of UBr4(cr) is not well-defined, only the vapour pressures 
of the solid have been used to derive, by a third-law analysis, the enthalpy of sublima-
tion (Table 9-25) . 
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Table 9-25: sub mH ο∆ (298.15K) of UBr4 (cr) from data on UBr4(cr) only. 

Reference Method T range (K) sub mH ο∆ (298.15 K),  1kJ mol−
⋅

[42THO/SCH] Effusion 573–723 (194.8 ± 3.1) 
[44NOT/POW] Transpiration  723–792 (198.7 ± 1.6) 
[79PRA/NAG] Transpiration 759–792 (196.1 ± 0.4)  (from v.p equation) 
[91HIL/LAU] Torsion–effusion 579–693 (196.8 ± 0.3) 

 
The selected enthalpy of sublimation is: 

sub m
ο∆ H (UBr4, 298.15 K) = (196.5 ± 4.0) kJ 1mol−⋅ , 

where the uncertainty has been increased substantially to allow for uncertainties in the 
thermal functions of UBr4(g).  

Figure 9-4: Vapour pressure of UBr4(cr, l). 
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 The derived enthalpy of formation of UBr4(g) is thus: 

f mH ο∆ (UBr4, g, 298.15 K) = − (605.6 ± 4.7) 1kJ mol−⋅ . 

The enthalpy of fusion of UBr4(cr) can then be derived by fitting the vapour pressure of 
the liquid with a constrained Tfus = 792 K. The best value to fit the vapour pressure of 
the liquid (see Figure 9-4) gives: 

fus m
ο∆ H (UBr4, 792 K) = (36.0 ± 5.0) 1kJ mol−⋅ , 
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where the uncertainty includes the possibility of a small contribution from dimer mole-
cules at higher pressures. 

9.4.4.1.3 UBr (g) 5

The thermal functions are calculated from the molecular parameters given in Table 9-9, 
based on a square pyramidal structure with a slight distortion to C2v symmetry and a 
r(U-Br) distance slightly less than that in UBr4(g). The vibration frequencies are those 
suggested by Lau and Hildenbrand [87LAU/HIL]. As for the other gaseous bromides, 
the electronic levels have been assumed to be the same as those for the corresponding 
chloride. The selected values are thus: 

(UBr , g, 298.15 K) = (498.7 ± 10.0) J · K  · mol , –1
5

–1

(UBr , g, 298.15 K) = (129.0 ± 5.0) J · K  · mol . 5
–1 –1

m
οS
οC ,mp

There is only one study leading to the stability of the pentabromide, by Lau 
and Hildenbrand [87LAU/HIL], who measured mass-spectrometrically the equilibrium 
constant of the reaction: 

  (9.26) 

from 613 to 810 K. Second- and third-law analyses of these data give respectively 
((9.26), 298.15 K) = − (69.6 ± 1.5) and − (57.8 ± 2.7) . In order to 

maintain consistency with the thermal functions used, the third-law value is selected 
giving (UBr , g, 298.15 K) = − (647.9 ± 8.9) 5 . This, after rounding and 
increasing the uncertainty gives the selected value: 

4 2
1
2UBr (g) + Br (g)  UBr (g)5

r m
ο∆ H 1kJ mol−⋅

f m
ο∆ H 1kJ mol−⋅

f m
ο∆ H 1kJ mol−⋅(UBr5, g, 298.15 K) = − (648 ± 15) . 

9.4.4.2 Solid uranium bromides (V.4.3.1.3) 

9.4.4.2.1 UBr  (cr) 4

The re-assessed data for the vapour pressure of UBr (cr, l) have been used to provide a 
better value of the enthalpy of fusion (see section 9.4.4.1.2): 

4

(UBr , 792 K) = (36.0 ± 5.0) 4 . 

9.4.5 Iodides compounds and complexes (V.4.4.1) 

fus m
ο∆ H 1kJ mol−⋅

9.4.5.1 Gaseous uranium iodides (V.4.4.1.1) 
There are few reliable data for the thermodynamic properties of the gaseous iodides. 

9.4.5.1.1 UI(g), UI (g) and UI (g) 2 3

The thermal functions are calculated from the data in Table 9-26. These are essentially 
those selected by Hildenbrand et al. [85HIL/GUR], with the addition of an anharmonic-
ity term for UI(g), and the inclusion of higher electronic levels (assumed to be the same 
as those for corresponding chlorides).The calculated values at 298.15 K are: 
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(UI, g, 298.15 K) = (286.5 ± 5.0) J · K–1 · mol–1 
(UI, g, 298.15 K) = (44.8 ± 5.0) J · K  · mol , –1

m
οS
οC –1

,mp

(UI2, g, 298.15 K) = (376.5 ± 10.0) J · K–1 · mol–1 
(UI , g, 298.15 K) = (61.9 ± 5.0) J · K  · mol , 

m
οS
οC ,mp 2

–1

(UI , g, 298.15 K) = (431.2 ± 10.0) J · K  · mol  3
–1

(UI , g, 298.15 K) = (86.0 ± 5.0) J · K–1 · mol . –1

As noted by [92GRE/FUG], all the data for these species are estimated by Hil-
denbrand et al. [85HIL/GUR] from (UI4, g, 298.15 K), assuming the bond ener-
gies of these lower iodides follow the same pattern as the chlorides and bromides 
[84LAU/HIL]. We have rescaled this calculation, using a revised value for ∆ (UI , 
g, 298.15 K) from the next section. The revised values for the enthalpies of formation 
are: 

4

(UI, g, 298.15 K) = (342 ± 25) , 
(UI , g, 298.15 K) = (103 ± 25) , 
(UI , g, 298.15 K) = − (137 ± 25) 3 , 

where the uncertainties are those selected by [92GRE/FUG]. 

9.4.5.1.2 UI (g) 4

4 d 4 4

 The calculated values for the entropy and heat capacity of UI (g) at 298.15 K 
are: 

4

(UI4, g, 298.15 K) = (499.1 ± 8.0) , 
4

and these are the selected values. 

Following [92GRE/FUG] we prefer the effusion data of Schelberg and Thomp-
son [42SCH/THO] for the vapour pressure of UI4(cr), since these were measured at 
lower temperatures (573 to 683 K) than those of Gregory [46GRE] for the liquid (823 to 
837 K), and will thus suffer less from the problems of dissociation to UI  and I (g). A 
third-law analysis of their data gives: ∆ (UI , g, 298.15 K) = (213.3 ± 5.0) 

, and thus the selected value for the enthalpy of formation: 

–1

–1
m
οS
οC 3,mp

f mH ο∆

r mH ο

f m
ο∆ H 1kJ mol−⋅
ο 1−

f m∆ H kJ mol⋅
ο −

2

f m∆ H 1kJ mol⋅

The UI (g) molecule is assumed to have T  symmetry, as for UF (g) and UCl (g) with a 
U–I distance of 2.85 Å (see Konings and Hildenbrand [98KON/HIL]). We also accept 
the vibration frequencies given by these authors; the electronic states were assumed to 
be the same as those given by Hildenbrand et al. [85HIL/GUR] for UCl (g). 4

m
οS 1 1J K mol− −⋅ ⋅
οC J K mol− −⋅ ⋅,mp

1 1(UI , g, 298.15 K) = (108.8 ± 4.0) , 

3 2

sub m
οH

1kJ mol−⋅
4

f m
ο∆ H 1kJ mol−⋅(UI4, g, 298.15 K) = − (305.0 ± 5.7) , 

where the uncertainty has been increased from the statistical value (3.0 kJ ) to 
allow for the uncertainty in the thermal functions of UI (g) and possible dissociation. 

1mol−⋅
4
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9.4.5.2 Solid uranium iodides (V.4.4.1.3) 
There is a small error in (UI , cr, 298.15 K) and (UI , cr, 298.15 K), in 
[92GRE/FUG] who adopted the values unchanged from [83FUG/PAR]. However, these 
were based on the 1977 CODATA Key Value for (I , 298.15 K), which was 
0.12  more negative than the final value [89COX/WAG] used in the 
[92GRE/FUG] assessment (and the current revision). The corresponding values for the 
enthalpy of formation of HI(aq) in 1.0 and 6.0 M HCl solutions are given in Table 9-26. 

f m∆ H ο
f m∆ H ο

f∆ mH ο

1kJ mol−⋅

3 4

–

Table 9-26: Enthalpy of formation of HI(aq). 

Reference Species Property  

[89COX/WAG] HI (aq)  – (56.780 ± 0.050) 

interpolated HI (1.0 M HCl)  (partial) – (55.379 ± 0.100) 

interpolated HI (6.0 M HCl)  (partial) – (46.75 ± 0.15) 

1kJ mol−⋅

f mH ο∆

f mH ο∆

f mH ο∆

The revised values of the enthalpy of formation of UI3(cr) and UI4(cr) are: 

f m
ο∆ H
ο∆ H

(UI , cr, 298.15 K) = − (466.9 ± 4.2) kJ · mol  3
–1

(UI , cr, 298.15 K) = − (518.3 ± 2.8) kJ · mol . f m 4
–1

These are both more positive than the corresponding values in [92GRE/FUG] by 
0.5  since (UI , cr, 298.15 K) is based predominantly on that of 
UI (cr), using the difference in the enthalpies of solution of the two compounds in 12 M 
HCl, as discussed in [83FUG/PAR]. 

1kJ mol ,−⋅ f m
ο∆ H 3

4

9.5 Uranium group 16 (chalcogens) compounds and 
complexes (V.5) 

9.5.1 Aqueous uranium sulphate (V.5.1.3.1) 
9.5.1.1 Aqueous U(VI) sulphates 

9.5.1.1.1 Binary complexes 

Geipel et al. [96GEI/BRA] performed fluorescence spectroscopic measurements on 
solutions with I = 0.2, 0.5 and 1 M (NaClO4 + HClO4) of different pH and U concentra-
tions and identified the species  and . They 
derived equilibrium constants from the spectroscopic data, which are given in Table 
9-27. Comarmond and Brown [2000COM/BRO] determined equilibrium constants for 
the two first binary U(VI)–sulphate complexes using potentiometry and the values of 

 and  are also given in Table 9-27. These values extrapolated to zero 
ionic strength by this review are: lo  = (2.81 ± 0.06) and = (3.78 ± 0.13). 
They are only in fair agreement with the selected values in [92GRE/FUG], lo  = 
(3.15 ± 0.02) and  = (4.14 ± 0.07), respectively, and for reasons detailed in 
Appendix A, they have not been used to select the recommended equilibrium constants. 

2
2 4 2 4 2UO SO (aq),  UO (SO ) − 4

2 4 3UO (SO ) −

10 1log b 10 2log b
10 1g οb 10 2log οb

10g 1
οb

10log 2
οb
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+
The  values at zero ionic strength are calculated by Geipel et al. ac-

cording to SIT theory using = − 0.24  estimated from 
 as an analogue. The two first values are somewhat higher than those se-

lected in [92GRE/FUG] (see above) with larger uncertainty. The weighted averaged 
values of the constants given by [92GRE/FUG] and [96GEI/BRA] are lo = 
(3.15 ± 0.02) and = (4.15 ± 0.06). These values do not cause noticeable 
changes in the values selected by [92GRE/FUG] which are retained by this review.  

 

This review selects,  

= (3.02 ± 0.38),  

which is the only value available and recalculated in Appendix A, review of 
[96GEI/BRA]. 

Some indications on saturated solutions of dioxouranium(VI) sulphate are 
given in [97DEM/SER]. 

Table 9-27: Equilibrium constants  for binary complexes  1

� from spectroscopic measurements [96GEI/BRA]. 
Species , I = 0.2 M  

(aq) (2.42 ± 0.14) (3.35 ± 0.15) 
 (3.30 ± 0.17) (4.21 ± 0.17) 

 , I = 1 M  

10log ο
rb

4
2 4 3(UO (SO ) , Na )−ε 1kg mol−⋅

4
2 7P O ,  Na− +

log
10 1g οb

10 2
οb

10 3log οb

2 2
2 4UO (SO ) r

r
−

10log rb
 (a)

10log ο
rb

2UO SO4
2

2 4 2) −UO (SO

10log rb 10log r
οb

2UO SO4
2

2 4 2) −

4UO (SO ) −

UO (SO

2 4 3

(aq) (1.88 ± 0.27) (3.33 ± 0.29) 
 (2.9 ± 0.4) (4.29 ± 0.45) 
 (3.2 ± 0.25) (2.73 ± 0.33) 

� from potentiometric measurements [2000COM/BRO]. 

Species 10log rb

2UO SO4
2

2 4 2UO (SO ) −

, Sulphate concentration, mol · kg  -1

 0 0.1004 1.027 1.566 

(2.81 ± 0.06) (1.92 ± 0.03) (1.06 ± 0.19) (1.9 ± 0.19)(b) (aq) 
 (3.78 ± 0.13) (2.90 ± 0.08) (2.06 ± 0.32) (2.29 ± 0.24)(b) 

2 2

2 4UO (SO ) r

r

−(a) r is the number of ligands in the complex . 
(b) calculated by [2000COM/BRO] from [2000MOL/REI2] and [93GRE/LAG]. 
 

                                                           
1 During the Peer Review process, the following sets of unpublished data by L. Ciavatta et al. 
(submitted to Ann. Chim. (Rome)), related to 3 M NaClO  at 298.15 K were given to the review-
ers: 

4

10 1log b = (1.77 ± 0.01) and 10 2log b = (2.99 ± 0.02), 10 1log b = (1.83 ± 0.06) and 10 2log b = 
(2.83 ± 0.10), 10 1log b = (1.82 ± 0.07) and 10 2log b = (2.95 0.05), obtained from , 
spectrophotometry and solubility of UO2(IO3)2, respectively, which are consistent with those 
listed in this Table. 

± potentiometry
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9.5.1.1.2 Ternary hydroxide-sulphate complexes 

Ternary hydroxo sulphato complexes, (UO , have been identified 
by Grenthe and Lagerman [93GRE/LAG] by combining new potentiometric titrations in 
a 0.5 M Na SO  + 2 M NaClO  with previous data in 1.5 M Na SO  [61PET] at 
298.15 K. The first step in the analysis is a determination of the conditional equilibrium 
constants in the two media that provides information on the stoichiometric coefficients 
m and n. In the second step the stoichiometric coefficient r was determined from the 
sulphate concentration dependence of these constants. This is not straightforward and 
requires estimates of the activity coefficients of reactants and products in the two media 
investigated. Grenthe and Lagerman [93GRE/LAG] used the SIT model for this pur-
pose, but the resulting equilibrium constants for the reactions: 

2 2
2 4) (OH) (SO ) m n r

m n r
− −

2 4 4 2 4

2+ 2 2 2 +
2 2 4 2 4 UO +  H O +  SO   (UO ) (OH) (SO ) +  Hm n r

m n rm n r n− −  

are uncertain because of the approximate nature of the method. Grenthe and Lagerman 
[93GRE/LAG] propose the following m:n:r set for the ternary complexes: 2:2:2, 3:4:3, 
3:4:4 and 5:8:6 (see Appendix A).  

Moll et al. [2000MOL/REI2] repeated the potentiometric measurements at the 
same conditions as in [93GRE/LAG] and [61PET], but used data that covered a larger 
range of − log [H ] and total concentration of U(VI). These data confirm the previous 
conditional equilibrium constants. Moll et al. tested the chemical model proposed by 
Comarmond and Brown [2000COM/BRO] and found that inclusion of the species with 
m = 4, n = 7, as suggested by Comarmond and Brown, gave a slightly better fit of the 
experimental data. From the EXAFS data Moll et al. [2000MOL/REI2] conclude that 
the sulphate ions form bidentate complexes both in the binary U(VI)-sulphate com-
plexes and in the ternary complexes. There is no evidence for bridging sulphate in the 
systems as suggested in [93GRE/LAG]. Grenthe and Lagerman give tentative SIT inter-
action coefficients for the media considered, but they indicate that these coefficients 
should be used with caution. 

+
10

 Comarmond and Brown [2000COM/BRO] added new additional potentiomet-
ric data in 0.1 and 1 M Na SO  to those from the two previous studies. From the ex-
perimental data they proposed that species with m:n:r 1:0:1, 1:0:2, 2:2:2, 3:4:3, 4:7:4 
and 5:8:4 were formed. The  and interaction coefficients, ε, and the extrapolated 
values  from SIT, are given in Table 9-28 together with the data from 
[93GRE/LAG] and [61PET]. The SIT analysis in [2000COM/BRO] is not identical with 
the one in [93GRE/LAG]. This difference is reflected both in the different sulphate 
stoichiometry proposed for the (8,5) complex and in the equilibrium constants. This 
difference may be used as an estimate of the model/extrapolation uncertainty. Because 
of this, no equilibrium constants have been retained in the present review. However, the 
stoichiometry and equilibrium constants proposed in the experimental studies discussed 
here may be used as guidance. 

2 4

, ,m n rb
, ,m n r

οb
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Table 9-28: Equilibrium constants  for ternary complexes, lo , and interaction 
coefficient in kg · mol . 

1
10 , ,

*g m n rb
2 2 +

2 4 r((UO ) (OH) (SO ) , Na )m n r
m n

− −ε –1

Species ε 10 , ,
*log m n rb

2
2 2 2 4 2(UO ) (OH) (SO ) −

4(UO ) (OH) (SO ) −
2 3 4 4 3

7(UO ) (OH) (SO ) −
2 4 7 4 4

6(UO ) (OH) (SO ) −
2 8 45

2
2 2 2 4 2(UO ) (OH) (SO ) −

4(UO ) (OH) (SO ) −
2 3 4 4 3

6(UO ) (OH) (SO ) −
2 3 4 4 4

10(UO ) (OH) (SO ) −
2 8 45

 

kg · mol–1  mol · kg  –1 (a)

  0 0.1004 1.027 1.566 

–(0.14 ± 0.22) – (0.64 ± 0.01) – (2.17 ± 0.15) – (3.02 ± 0.68) – (3.20 ± 0.82)  (c)

 (0.6 ± 0.6) – (5.9 ± 0.2) – (6.60 ± 0.17) – (7.18 ± 0.70) – (9.01 ± 0.87)  (c)

 (2.8 ± 0.7) – (18.9 ± 0.2) – (15.85 ± 0.28) – (18.4 ± 1.3) – (22.6 ± 1.2)  (c)

 (1.1 ± 0.5) – (18.7 ± 0.1) – (17.69 ± 0.20) – (19.61 ± 0.73) – (20.14 ± 0.88) 4

 Sulphate concentration, M   (b)

Species 
 1.500 M Na SO  2 4 0.500 M Na SO  + 2.00 M NaClO  2 4 4

 – (3.26 ± 0.46) – (2.73 ± 0.09) 
  – (8.64 ± 0.69) – (8.15 ± 0.17) 
  – (8.81 ± 0.69) – (7.84 ± 0.17) 

 – (19.79 ± 1.20) 6 – (18.53 ± 0.25) 
(a) from [2000COM/BRO]. 
(b) from [93GRE/LAG]. 
(c) calculated by [2000COM/BRO] from [2000MOL/REI2] and [93GRE/LAG]. 

 

9.5.2 Aqueous uranium selenate (V.5.2.3.1) 
The data reported by Kumok and Batyreva [90KUM/BAT], and Serezhkina and 
Serezhkin [94SER/SER] on the solubility of  do not allow derivation 
of any reliable thermodynamic data. It is the same for the solubility data reported by 
Tatarinova et al. [89TAT/SER] for some seleniate compounds (see Appendix A). Lubal 
and Havel [97LUB/HAV] identified the species (aq) and  by 
spectrophotometry in solutions at I = 3 M (NaClO  + NaSeO ) at 298.15 K and reported 

= (1.576 ± 0.016) and = (2.423 ± 0.013). They also carried out poten-
tiometric measurements at variable low ionic strengths, less than 10  M, from which 

= (2.64 ± 0.01) can be calculated. If it is assumed that this value is equal to 

 it is possible to calculate a SIT interaction coefficient, ε = − 0.21 
, in fair agreement with the corresponding interaction coefficient for sulphate 

–2

2 4 2UO SeO 4H O⋅

2 4UO SeO 2
2 4UO (SeO ) −

2 +
4 , Na )−

10 1log b

10 1log b
10 1log οb

1kg mol−⋅

10 2log b

(SeO

2

                                                          

4 4

 
1 During the Peer Review process, the following sets of unpublished data by L. Ciavatta et al. 
(submitted to Ann. Chim. (Rome)) related to 3 M NaClO4 at 298.15 K were given to the review-
ers: = − (2.94 ± 0.03), = − (9.82 ± 0.06), 10 2,2,2

*log b 10 3,4,1
*log b 10 2,1,1

*log b =

,6,2 = − (14.40 
 − (0.30 ± 0.09), 

± 0.09), ± 0.09), ± 0.06). Only 
stoichiometry of the 

other complexes in the study of Ciavatta et al.  are not consistent with those in the table, possibly 
because of different sulphate concentrations. 

10log
th

2,1,2
*b = (1.09 

e constant log
10

*log b3,5,1 = − (15.04 
 is consistent with thos

10 4
*log b

e listed in this table. The 10 2,2,2b
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as discussed in Appendix A. For reasons given in Appendix A this review does not se-
lect any equilibrium constants for selenate complexes. 

9.5.3 Tellurium compounds (V.5.3) 
9.5.3.1 Uranium tellurides (V.5.3.1) 

9.5.3.1.1 Binary uranium tellurides (V.5.3.1.1) 

No data for the uranium tellurides are selected in [92GRE/FUG], nor here, but the cau-
tious use of the data assessed by [84GRO/DRO] is recommended. Similar caution 
probably applies to the use of the heat capacity value of: 

 

derived from a small graph of the low–temperature heat capacity measurements given 
by Ochiai et al. [94OCH/SUZ]. The sample, characterised only by X–ray diffraction, 
showed a pronounced ferromagnetic peak in C , at a temperature different by several 
K from earlier studies. 

1 1
,m (UTe, cr, 298.15K ) = (84 8) J K molpCο −± ⋅ ⋅

3mol dm−⋅

f mH ο∆ 1kJ mol−⋅

f mH ο∆ 1kJ mol−⋅

f mH ο∆
1kJ mol−⋅ f mH ο∆

1mol−kJ ⋅

3mol dm−⋅ γ f mH ο∆
1kJ mol−⋅ f mH ο∆

1kJ mol−⋅

5 3 8 2
1
23 UTeO (cr)    U O (cr) + O (g) + 3 TeO (g)

,mp

9.5.3.2 Solid uranium tellurites (V.5.3.2.2) 
There are consistent thermodynamic data for two U(VI) tellurites, UO TeO (cr), 
(schmitterite) referred to herein as UTeO (cr), and UTe O (cr). 

2 3

5 3 9

9.5.3.2.1 Uranium(VI) monotellurites 

Brandenburg [78BRA] measured the enthalpies of dissolution of γ−UO3, TeO2(cr) and 
UTeO5(cr) in ca. 11  HF solution. The enthalpy of formation given in 
[92GRE/FUG] as (UO TeO , cr, 298.15 K) = − (1605.4 ± 1.3) , as re-
ported by [78BRA] was based on (TeO , cr, 298.15 K) = − 322.6  with-
out specified uncertainty limits. As noted in the auxiliary section (chapter 14), we now 
prefer a slightly more positive value of (TeO , cr, 298.15 K) = − (321.0 ± 2.5) 

, based on more recent data and thus obtain (UTeO , cr, 298.15 K) = 
 − (1603.7 ± 2.9) .

2 3

2

2

5

 

 Basu et al. [99BAS/MIS] have recently made similar measurements in 
11  HCl solution, but with β−UO3 rather than –UO . With (TeO , cr, 
298.15 K) = − (321.0 ± 2.5) , these data give (UTeO , cr, 298.15 K) = 
 − (1602.5 ± 2.8) , in excellent agreement with the earlier data [78BRA]. 

3 2

5

In addition to these calorimetric data, there are three measurements which lead 
to the Gibbs energy of UTeO (cr). Mishra et al. [98MIS/NAM] have studied the partial 
pressure of TeO (g) in the decomposition of UTeO (cr) in pure oxygen according to the 
reaction: 

5

2 5

  (9.27) 2

and Krishnan et al. [97KRI/RAM], [98KRI/RAM] have made similar measurements by 
Knudsen effusion but at the self-generated oxygen pressure of the reaction. 
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 As discussed in the relevant entries in Appendix A, we have processed these 
data, with estimated data for: 

mS ο 1 1J K mol− −⋅ ⋅(UTeO5, cr, 298.15 K) = (166 ± 10)  

. 

The resulting standard enthalpies of formation of UTeO (cr) are given in Table 9-29. 5

In a further study Singh et al. [99SIN/DAS] have measured the Gibbs energy 
of a reaction similar to (9.27): 

  (9.28) 

by a solid-state emf cell. As discussed in Appendix A, the derived Gibbs energy of reac-
tion corresponds to a surprisingly large entropy of reaction. The derived third- and sec-
ond-law enthalpies of formation are included in the Table 9-29. 

Table 9-29: Enthalpies of formation of UTeO (cr) derived from Gibbs energy studies. 5

2 6 2 1
,m 2(TeO ,  cr, ) = 151.845 + 3.6552 10  1.8129 10    J K molpC T T Tο −⋅ − ⋅ ⋅ ⋅ 1− − −

5 3 8 2
13 UTeO (cr) U O (cr) + O (g) + 3 TeO (cr)
2 2

f mH ο∆ 1kJ mol−⋅Reference Technique T Range (K) (UTeO , cr, 298.15 K)  5

Second-law  Third-law 

[98KRI/RAM] Effusion 1063 − 1155 – (1607.8 ± 5.2) – 1532.0 
1107 − 1207 [98MIS/NAM] Transpiration – 1611.8 – (1604.4 ± 3.0) 

[99SIN/DAS] emf – 1640.1 – (1608.8 ± 6.1) 

 These consistent Gibbs energy data thus give good support to the calorimetric 
determinations, and the selected value is the mean of the calorimetric values by 
[78BRA] and [99BAS/MIS]: 

(UTeO , cr, 298.15 K) = − (1603.1 ± 2.8) . 5

3

2
–1

5
−1 –1

 

9.5.3.2.2 Uranium(VI) polytellurites 

Basu et al. [99BAS/MIS] also measured the enthalpy of dissolution of UTe O (cr) in ca. 
11 mo  HCl solution. When combined with the enthalpies of solution of the indi-
vidual oxides in the same solvent, the derived enthalpy of formation becomes 

9

(UTe O  cr, 298.15 K) = − (2275.8 ± 8.0) 3 9 , where the major uncertainty 
arises from that in the enthalpy of formation of TeO (cr).  

821 − 994 

 

f mH ο∆ 1kJ mol−⋅

mS ο

3l dm−⋅

f mH ο∆ 1kJ mol−⋅

This corresponds to an enthalpy of formation from the binary oxides (γ–UO  
and TeO (cr)) of − 58.3 kJ · mol .  

 No value is selected for the standard entropy, but the good agreement of the 
calorimetric and Gibbs energy data using (UTeO , cr, 298.15 K) = (166 ± 10) 
J · K  · mol  indicates that this is a reasonable estimate. 

3

2
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In their studies of the decomposition reactions of dioxouranium(VI) tellurites 
noted above, both Mishra et al. [98MIS/NAM] and Krishnan et al. [98KRI/RAM] also 
measured the partial pressure of TeO (g) in the decomposition reaction: 2

 . (9.29) 

3 9

Reference Temperature range K (UTe O , cr, 298.15K)  3

3 9 5 2UTe O (cr)  UTeO (cr) + 2 TeO (g)

Table 9-30: Enthalpies of formation of UTe O (cr) derived from Gibbs energy studies. 

Technique f mH ο∆ 1kJ mol−⋅9

   Second-law Third-law 

[98KRI/RAM] Effusion 1063 − 1155 – 2274.9  – (2249.0 ± 6.2) 
[98MIS/NAM] Transpiration 947 − 1011 – 2270.8  – (2252.1 ± 6.4) 

 
As noted in the Appendix A reviews, our processing of the data, with estimated 

data for the entropy and heat capacity of UTe3O (cr), gives the second- and third-law 
enthalpies of formation 

9

(UTe O , cr, 298.15 K ) given in Table 9-30. These con-
sistent Gibbs energy data thus give support to the calorimetric value for the enthalpy of 
formation, which is the selected value: 

3 9

 (UTe O , cr, 298.15 K) = − (2275.8 ± 8.0) 3 9 . 

This corresponds to an enthalpy of formation from the binary oxides (γ–UO  
and TeO (cr)) of − 87.5 kJ · mol . 

3

2
–1

9.6 Uranium group 15 compounds and complexes (V.6) 

9.6.1.1 Uranium nitrides (V.6.1.1) 
Following the position adopted in [92GRE/FUG], this review does not include any de-
tailed treatment of the complex U-N system. However, for interest it may be noted that 
Nakagawa et al. [98NAK/NIS] have studied the nitrogen pressures in the α−U N  
single-phase region for 0.26 < x < 0.52, as noted in Appendix A. 

2 3+x

9.6.1.1.1 UN(cr) (V.6.1.1.1) 

Hayes et al. [90HAY/THO] have made a comprehensive review/assessment of the 
thermodynamics and vaporisation of UN(cr), which is mentioned only briefly in 
[92GRE/FUG]. Table 9-31 is a comparison of the two sets of selected values for the 
heat capacity and entropy at 298.15 K. 

 

 

f mH ο∆

f mH ο∆ 1kJ mol−⋅

9.6.1 Nitrogen compounds and complexes (V.6.1) 
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Table 9-31: Comparison of selected values from [90HAY/THO] and [92GRE/FUG]. 

Property [92GRE/FUG] 

(298.15 K) (J · mol ·K ) –1 –1 47.96 (47.57 ± 0.40) 

(298.15 K) (J · mol ·K ) –1 62.68 (62.43 ± 0.22) 

 
 The two assessments overlap within the combined uncertainties and we shall 
retain the values selected in [92GRE/FUG]. 

Suzuki and Arai [98SUZ/ARA] have reviewed the properties of the actinide 
mononitrides, including the vaporisation behaviour, but have not presented any new 
data that are relevant to this assessment. 

Ogawa et al. [98OGA/KOB] have discussed the discrepancy in the Gibbs en-
ergies of formation of UN(cr) derived from calorimetric and vaporisation data, as have 
[92GRE/FUG] and other authors. They [98OGA/KOB] prefer a Gibbs energy expres-
sion derived from an early assessment which predates many of the experimental data, 
and the proposed equation for (UN, T) has an entropy of formation near 2000 K 
about 4.3 J · K  · mol  different from the well-defined value calculated from the calo-
rimetric data. We therefore prefer to retain the data selected in [92GRE/FUG]. 

–1 –1

 Ogawa [93OGA] has presented an interesting discussion on modelling of sub-
stoichiometric (U, Pu) nitrides, which is beyond the scope of the present review. 
Ogorodinkov and Rogovoi [93OGO/ROG] have attempted to establish regularities be-
tween six thermodynamic parameters at 298.15 K for the mononitrides of 5d transition 
elements plus Th, U, and Pu. From their relations, they predict missing values, includ-
ing the specific heat capacity ( ). As briefly discussed in Appendix A, their value for 
UN(cr) seems reasonable, but that for PuN(cr) is probably too small. 

Venugopal et al. [92VEN/KUL] have added to the studies on vaporisation of UN(cr), 
using Knudsen effusion mass-spectrometry from 1757 to 2400 K. The principal reaction 
is the loss of N (g) to form a nitrogen–saturated U(l), but U(g) and UN(g) are also pre-
sent in the vapour. The pressures of U(g) were measured from 1757 to 2396 K and the 
lower pressures of UN(g) from 2190 to 2400 K. 

2

As noted in [92GRE/FUG], such studies relate to vaporisation from a uranium 
liquid saturated with nitrogen. Venugopal et al. used a tantalum effusion cell, so in this 
instance the relevant phase will also contain some tantalum, since this metal is appre-
ciably soluble in U(l). 

The uranium ion intensity became steady state after an initial period (perhaps 
due to the time needed to establish the UN(cr) + U(l) phase equilibrium), and corre-
sponded to the equation: 

[90HAY/THO] 

,mpCο

mS ο –1

f mG∆

vC

9.6.1.1.2 UN(g) 
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  (1757 to 2396 K) 

with very good consistency among six different runs. The reported pressure at 2000 K is 
at the lower end of the range of pressures given by five previous studies (quoted in 
[92GRE/FUG]). 

As noted in Appendix A, it is therefore not surprising that the derived enthal-
pies of sublimation of U(cr) are appreciably more positive than the CODATA value for 
pure uranium adopted by [92GRE/FUG]. In the absence of any measurements of the co–
existing nitrogen pressures, no data pertaining to UN(cr) can be derived from this study. 

The pressures for UN(g), corresponding to the sublimation: 

 , (9.30) 

(although the solid will in fact be slightly hypostoichiometric) were fitted to the equa-
tion: 

Thus, 
 (9.30)  . 

 ,  
from which we derive: 

This is the first significant experimental determination of the stability of 
UN(g). However, since no thermal functions are available for UN(g), these Gibbs en-
ergy values cannot be reliably converted to provide standard state data at 298.15 K. 

9.6.1.2 Uranium Nitrates (V.6.1.3) 

Cohen-Adad et al. [95COH/LOR] (see Appendix A) have analysed the solubility of 
 as a function of temperature, and give at T = 298.15 K, 

m  = 3.21 . However since this value is smaller than all except one of the 
twelve experimental values at 298.15 K, we have retained the value of 
m  = 3.24  selected by Cox et al. [89COX/WAG]. Apelblat and Korin 

sat

10 U
26857log ( /bar) = 5.59  −p

T

UN(cr)  UN(g)

10 UN
37347log (  /bar) = 7.19  −p

T

r mG∆ = 715003  137.65 − T 1(J mol )−⋅

f m (UN, cr)G∆

f m (UN, cr∆

f m∆

f m (UN, cr, 2οH

, ) = G T

(UN, cr, )G T
98.15 K)

1304890 + 88.2     (J mol )T −− ⋅ f m (UN, g, )G∆ T

∆

1
f m (UN, g, )     417407  50.12     J mol−∆ = −G T T

  (2190 to 2400 K). 

 The authors combine this equation with values of  derived 
from the assessment by Matsui and Ohse [87MAT/OHS],  

 to define  (but seem to have made a 
numerical error in their first term). We have changed the equation for  
to be consistent with the [92GRE/FUG] selected value for  
and to relate to the mid–temperature of the measurements involving UN(g), 2300 K. 
The NEA TDB compatible equation from 2200 to 2400 K is then: 

1
f m (UN, cr, )  297596 + 87.53     J mol−∆ = −G T T ⋅

  (2200 − 2400 K). ⋅

9.6.1.2.1 Aqueous U(VI) nitrates  

2 3 2 2UO (NO ) 6H O⋅
1mol kg−⋅

1mol kg−⋅sat
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[98APE/KOR] have measured the vapour pressure of aqueous solutions saturated with - 
from 278 to 323 K. They derived the enthalpy of dissolution of dioxouranium(VI) ni-
trate hexahydrate in saturated solutions as (298.15 K, m  = 3.323 ) = 
43.4 . (As noted in Appendix A, this saturation molality is slightly higher than 
one selected by Cox et al. [89COX/WAG], 3.24 mo

sat

 and retained here). From the 
values given in [92GRE/FUG], this review calculates (Appendix A) the enthalpy of 
dilution from m = 3.323 mo  to the standard state at infinite dilution, 

(298.15 K) = − 23.6  with an unknown uncertainty. 

It may be noted that the isopiestic measurements of Robinson and Lim 
[51ROB/LIM] extend up to a concentration of 5.511 mo   consid-
erably above the saturation limit. The occurrence of supersaturation in isopiestic 
measurements is not uncommon, as noted in the Appendix A entry for [98APE/KO

sol m
ο∆ H 1mol kg−⋅

1kJ mol−⋅
1l kg−⋅

1l kg−⋅

dil∆ m
οH 1kJ mol−⋅

l 3 2O ) ,

R]

UO 2UO (HPO aq) 2UO (PO

1kg−⋅ 2UO (N

2+
2UO

2 2 4(H PO )+
4 )( 4 )−

. 

As previously noted in the U(VI) chloride section 9.4.3.1.2.1, the paper of 
Choppin et al. [92CHO/DU], which deals also with complexing of  by nitrate at 
high ionic strengths (3 to 7 M), does not contribute any additional data to those in 
[92GRE/FUG]. 

9.6.2 Uranium sulphamate 
9.6.2.1 Aqueous U(VI) sulphamate 
Standritchuk et al. [89STA/MAK] give estimated data on the solubility of U(VI) sul-
phamate UO (SO NH )  (see Appendix A). 2 3 2 2

9.6.3 Uranium phosphorus compounds and complexes (V.6.2) 
9.6.3.1 Aqueous uranium phosphorus species (V.6.2.1.) 

9.6.3.1.1 The uranium–phosphoric acid system (V.6.2.1.1)  

9.6.3.1.1.1 Complex formation in the U(VI)–H PO  system 3 4

Few additional data have appeared in the literature since the last review [92GRE/FUG] 
where a detailed discussion on the dominant species in the system U(VI)–H PO  is 
given. 

3 4

Scapolan et al. [98SCA/ANS] have used fluorescence spectroscopy to identify 
the species ,  and  in phosphoric acid (10  
to 10  M) between pH = 1.5 and 7.5. These data provide an independent confirmation 
of the identity of these species and their formation constants as reported in 
[92GRE/FUG].  

–4

–3

 Brendler et al. [96BRE/GEI] have also used spectroscopy to identify the two 
first complexes in dilute phosphoric acid near pH = 3.5. In addition, they have carried 
out potentiometric titrations of phosphoric solutions at very low variable ionic strengths 
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4

(at ca. 10  M). The latter data are less reliable for reasons discussed in Appendix A. 
Brendler et al. reported the following values at zero ionic strength using the Davies 
equation for the reactions: 

. 

From potentiometry they obtain: 

  = (19.87 ± 0.29), 

  = (22.58 ± 0.17), 

  = (46.90 ± 0.22) 

and from spectroscopy, the values are: 

  = (19.53 ± 0.14), 

  = (22.31 ± 0.16). 

The  values selected by [92GRE/FUG], from experimental values ob-
tained at high ionic strength, refer to: 

  , 

  . 

Using the data from the spectroscopic measurements of [96BRE/GEI] and the 
auxiliary data on phosphoric acid [92GRE/FUG] page 387, the following  val-
ues are obtained:  

= (7.18 ± 0.14) and = (0.61 ± 0.16). 

The potentiometric value for the formation of  is lo = 3.50.  

The equilibrium constant for the formation of  in [96BRE/GEI] 
is in excellent agreement with the value of [92GRE/FUG]; the latter value has therefore 
been retained. The agreement between the equilibrium constants for the formation of 

 is poorer and this review has chosen to retain the value in [92GRE/FUG]. 
As indicated in Appendix A, this review is not confident about the potentiometric data 
obtained by Brendler et al. [96BRE/GEI]. This review also retains the value of 

 selected by [92GRE/FUG]. 

 Sandino and Bruno [92SAN/BRU] studied the solubility of 
 in the pH range 3 to 9 in 0.5 M NaClO  at 298.15 K. They inter-

preted the variation of the solubility curve between pH 4 to 9 as being due to the forma-
tion of UO  and 

4

 for which they derived the equilibrium constants: 
= (6.03 ± 0.09) and = (11.29 ± 0.08), respectively, for the reactions: 

–2

2+ + 3 2 -3
2 4 2UO  H  PO   UO H (PO )− ++ + r q

r qr q

10 2 4log (UO HPO (aq))οb
+

10 2 2 4log (UO H (PO ))οb

10 2 2 4 2log (UO (H PO ) (aq))οb

2+ +
2 3 4 2 2 4 2UO  2 H PO (aq)  UO (H PO ) (aq)  2H+ + 10log  (0.64  0.11)K ο = ±

10log οK

10 2 4log (UO HPO (aq))οb
+

10 2 2 4log (UO H PO )οb

10log οK

  (7.24 ± 0.26), 2+ 2
2 4 2 4UO HPO   UO HPO  (aq)−+ 10log  K ο =
2+ + +
2 3 4 2 2 4UO H PO (aq)  UO H PO  H+ + 10

*log  (1.12  0.06)ο = ±K
*

10 2 4log (UO HPO , aq)K ο +
10 2 2 4log (UO H PO )K ο

2 2 4 2UO (H PO ) (aq) 10
*g K ο

2 4UO HPO (aq)

2 2 4UO H PO+

10
*log (UOK ο

2 2 4 2(H PO ) ,  aq)

2 3 4 2 2(UO ) (PO ) 4H O⋅

2 4HPO (aq) 2 4UO PO−

10log β 10log β
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2+ 2
2 4 2 4UO  HPO   UO HPO (aq)−+ , 

SIT–extrapolation to zero ionic strength using the interaction coefficients of 
[92GRE/FUG] gives lo = (7.28 ± 0.10) and = (13.25 ± 0.09), respec-
tively.  

The solubility product of the dioxouranium(VI) orthophosphate is 
= − (48.48 ± 0.16), at I = 0.5 M and = − (53.32 ± 0.17) at zero ionic 

strength. These values are derived using the equilibrium value for the formation of 
 from phosphoric acid as given in [92GRE/FUG]. 

All these data have been already included in [92GRE/FUG] but under the ref-
erence [91SAN]. 

9.6.3.1.1.2 Complex formation in the U(IV)–H PO  system 3 4

There is no quantitative information to add to that given in [92GRE/FUG]. However, 
there are two studies reported by Baes [56BAE] and Louis and Bessière [87LOU/BES] 
that were not discussed in [92GRE/FUG]. Both are based on the observation that U(VI) 
is reduced to U(IV) by Fe(II) in phosphoric acid solutions according to: 

U(VI) + 2 Fe(II)  U(IV) + 2 Fe(III), (9.31)  

where the composition of the phosphate complexes on the reactant and product sides are 
not known. [56BAE] and [87LOU/BES] report conditional equilibrium constants for the 
equation (9.31), however it is impossible to deduce the stoichiometry of the species and 
therefore no equilibrium constants can be selected. From the experimental results, the 
authors conclude that the phosphate complexes of U(IV) are stronger than those of 
U(VI). Addition of fluoride to the test solutions containing phosphoric acid increases 
the ease of reduction of U(VI) even more. The experiments referred to above have been 
performed at low pH; at higher pH sparingly soluble phosphate phases are formed. 

9.6.3.2.1 Uranium orthophosphates (V.6.2.2.5) 

9.6.3.2.1.1 U(VI) orthophosphates 
[92GRE/FUG] give data for two solid normal dioxouranium(VI) phosphate hydrates, 
(UO2) (PO )  · 4H O(cr) and (UO ) (PO )  · 6H O(cr). The Gibbs energy of formation 
of the tetrahydrate is calculated from the solubility data discussed in section V.6.2.1.1.b 
of [92GRE/FUG], while the data for the hexahydrate are estimated from two observa-
tions of its decomposition to the tetrahydrate and water. However, there seems to have 
been an error in this estimation, since the Gibbs energy at 298.15 K of the reaction: 

3 4 2 2 2 4 2 2

 (UO ) (PO )  · 4H O(cr) + 2 H O(l)  (UO ) (PO )  · 6H O(cr), 2 3 4 2 2 2 3 4 2 2

2+ 3
2 4 2UO  PO   UO PO4

− −+

10g οb 10log οb

. 

10 ,0log sK 10 ,0log ο
sK

2 2UO H PO4
+

9.6.3.2 Solid uranium phosphorus compounds (V.6.2.2) 

3

2
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• 

• 

from the values selected by [92GRE/FUG] is − 4.753 kJ · mol , implying that the hexa-
hydrate is the stable hydrate in equilibrium with the saturated solution at 298.15 K.  

–1

 This review has reworked the calculation, using the two items of information 
from Appendix A in [92GRE/FUG]: 

[54SCH/BAE]. The hexahydrate decomposes to the tetrahydrate below 373 K. 

[78KOB/KOL].Both the tetra- and hexa-hydrates are “stable” at 298.15 K; we 
have replaced their suggested log K = ca.– 3.54 for the reaction: 10

(UO ) (PO )  · 6H O(cr)  (UO ) (PO )  · 4H O(cr) + 2 H O(g) 3 4 2 2 2 3 4 2 2 2

10

 For these calculations, we have estimated the standard entropy contribution of 
H O in hydrates to be (40 ± 8) J · K  · mol (H O)  by comparison with other hydrates 
with well-known entropies. Thus,  

2
–1

2
–1

 ((UO ) (PO )  · 6H O, cr, 298.15 K) = 2 3 2 2 ((UO ) (PO )  · 4H O, cr, 298.15K)  2 3 4 2 2

  + (80 ± 16) J · K–1 · mol  

 ((UO ) (PO )  · 6H O, cr, 298.15 K) = (669 ± 27) J · K2 3 4 2 2
–1 · mol . –1

A value of ((UO ) (PO )  · 6H O, cr, 298.15 K) = − 7328.4 kJ · mol , then gives 
consistency with the above observations and keeps the hexahydrate unstable with re-
spect to the tetrahydrate and water at 298.15 K.  

2 3 4 2 2

 The following are thus the revised selected values for the hexahydrate: 

((UO ) (PO )  · 6H O, cr, 298.15 K) = − (7328.4 ± 10.7) kJ · mol , 2 4 2 2
–1

((UO ) (PO )  · 6H O, cr, 298.15 K) = (669 ± 27) J · K  · mol , 2 3 4 2
–1 –1

((UO ) (PO )  · 6H O, cr, 298.15 K) = − (6613 ± 13) kJ · mol .  2 3 4 2 2
–1

9.6.3.2.2 U(VI) phosphates and vanadates (V.6.2.2.10) 

Langmuir [97LAN] proposed Gibbs energies of formation for some crystalline U(VI) 
minerals like autunite, H (UO ) (PO ) , carnotite, K (UO )(VO )  and tyuyamunite, 
Ca(UO ) (VO )  which can be used as examples of calculations (see Appendix A). For 
U(IV) he gave the value for ningyoite, CaU(PO ) ·2H O(cr). 

2 2 4 2 2 2 4 2

2 2 4

4 2 2

9.6.3.2.3 U(VI) fluorophosphates  

Numerous reactions leading to uranium fluorophosphates are described by 
[89PET/SEL] and their enthalpy effects listed. However, as no details were given, the 
paper is cited for information only. 

2

mS ο
mS ο

mS ο

f mH ο∆

f mH ο∆

mS ο

f mGο∆

by the more accurate log K > − 3.54 (if the tetrahydrate is the phase in equilibrium with 
the saturated solution at 298.15 K). 

4
–1

–1

3

2

2

2
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9.6.4 U(VI) arsenates (V.6.3.2.1) 
9.6.4.1 Aqueous U(VI) arsenates 

Rutsch et al. [97RUT/GEI], [99RUT/GEI] have used fluorescence spectroscopy to iden-
tify the species ,  and  in 0.1 M 
NaClO4 between pH 1.5 and 5. The values of  and  according to: 

are given in Table 9-32. The values at I = 0 are calculated by the authors using Davies 
equation; these values are not significantly different when the SIT model is used.  

Table 9-32: Equilibrium constants related to the reaction (9.32) [99RUT/GEI]. 

Species       (I = 0.1 M)  

 (20.39 ± 0.24) (21.96 ± 0.24) 

(aq) (17.19 ± 0.31) (18.76 ± 0.31) 

(aq) (38.61 ± 0.20) (41.53 ± 0.20) 

 

These values are new and are selected by this review. This review has calcu-
lated the values of the constants with ,  and  as components to 
compare the complexation of U(VI) with  and  as described in 
[92GRE/FUG]. We have used the protonation constants of H A  derived from 
[92GRE/FUG] (see Appendix A).  

  = (2.26 ± 0.20), 
  = (6.76 ± 0.20), 

 = (11.60 ± 0.20). 

The results are the following: 

  = (7.16 ± 0.37), 

 = (1.34 ± 0.42), 

 = (0.29 ± 0.53). 

9.6.5 USb(cr) (V.6.4.1) 

2 2 4UO (H AsO )+
2 4UO (HAsO )(aq)

10log b
2 2 4 2UO (H AsO ) (aq)

10 ,log q rb,q r
ο

2+UO  H+ 3 AsO   UO+ +r q 2 3(AsO ) +r q−  (9.32) 2 4 2Hr q4
−

10 ,log q rb 10 ,log q r
οb

2 2 4UO (H AsO )+

2 4UO (HAsO )

UO (H AsO )2 2 4 2

All equilibrium formation constants agree within the uncertainty with those in 
the corresponding phosphate system (see 9.6.3.1).  

2+
2UO 2

4HAsO −
3H AsO

3H PO
3 s

4

4

4

3H AsO 4

O

+
2 4 3 4H AsO  + H   H AsO (aq)−

10 1
*log K ο

2 +− − * ο
4 2HAsO  + H   H AsO 10 2log K

3 + 2− − * ο

4

4 4AsO  + H   HAsO 10 3log K

2+ 2
2 4 2 4UO  + HAsO   UO (HAsO )(aq)−

10log οK
2+ +
2 3 4 2 2 4UO  + H AsO (aq)  UO (H AsO )  + H+

10
*log οK

2+ +
2 3 4 2 2 4 2UO  + 2 H AsO (aq)  UO (H AsO ) (aq) + 2H 10

*log οK

Ochiai et al. [94OCH/SUZ] have measured the heat capacity of an uncharacterised 
sample of USb(cr) from 2 to 300 K. The material showed a pronounced ferromagnetic 
peak at 218 K, slightly different from earlier values. The data are presented only in the 
form of a small graph, from which the selected value: 

 



9 Discussion of new data selection for Uranium 244 

,m (USb, cr, 298.15 K) = (75 7)pCο ±  J · K–1 · mol  –1

is obtained, the relatively high uncertainty reflecting the lack of characterisation of the 
sample. 

9.7 Uranium group 14 compounds and complexes (V.7) 
9.7.1 Uranium carbides (V.7.1.1) 
9.7.1.1 UC(cr) (V.7.1.1.1) 
As part of a study of the vaporisation behaviour in the U–Ce–C system, Naik et al. 
[93NAI/VEN] have measured, by Knudsen effusion mass-spectrometry, the uranium 
pressures over monophasic UC(cr) (1922 to 2247 K) and the diphasic U(l) + UC(cr) 
region (1571 to 2317 K). These studies, which within the combined uncertainties, agree 
well with earlier data, do not provide any new data on the Gibbs energy of formation of 
UC(cr). 

9.7.2.1 Uranium(VI) carbonates  
A large number of additional papers dealing with various aspects of the chemistry of the 
aqueous uranium(VI)–carbonate system have appeared since the previous review. These 
papers contain structural information, equilibrium data, and discussions of the rates and 
mechanisms of ligand exchange reactions. There is also new information on the chemi-
cal properties of the ternary U(VI)–carbonate–fluoride, and U(VI)–carbonate–hydroxide 
systems. The new experimental data refer mainly to experiments made in 0.1 M NaClO
and the corresponding equilibrium constants, including the ones recalculated to zero 
ionic strength, are given in Table 9-33.  

4 

9.7.2 The aqueous uranium carbonate system (V.7.1.2.1) 
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Table 9-33: Equilibrium constants in the U(VI) carbonate systems. 

Reaction Ionic medium    t C o

 NaClO4 
10log K 10log K ο

2 3
2+ 2
2 3

UO CO (s) 
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2 3

UO CO
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−

+
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+
2

2UO CO (g) 4H O(l)

(UO ) CO (OH) 5H

+ 
−

+

+

2+ 2
2 3

2
2 3 2

UO CO 2OH

          (UO )CO (OH)

+ + − −

−

3

2+ 2
2 3

4
2 2 2

UO 2CO 2OH

       UO (CO ) (OH)

+ +− −

−

      Reference 

0.10 M 
 

 

0.10 M 
0.10 M 
0.10 M 
0.10 M 

25  
(22±2) 
25 

25 
22 

–(13.50 ± 0.22) 

–(14.18 ± 0.03) 
–(13.89 ± 0.11) 
–(14.10 ± 0.14) 

–(14.34 ± 0.22) 
–(14.39 ± 0.14) 
–(15.02 ± 0.06) 

–(14.94 ± 0.14) 
–(14.39 ± 0.14) 
–(14.49 ± 0.04) 

[97PAS/CZE]* 
[93MEI/KIM] 
[93MEI/KIM2] 
[96KAT/KIM] 

 

[92GRE/FUG]#  
0.10 M 
0.10 M 
0.10 M  

 

25 
(22±2) 

25 
 

(8.81 ± 0.08) 

(9.23 ± 0.04) 
(8.60 ± 0.18) 
 

(9.97 ± 0.05) 
(10.07 ± 0.08) 
(9.14 ± 0.23) 

[96MEI/KLE] 
[97PAS/CZE]* 
[93MEI/KIM] 

[92GRE/FUG]# 

 0.10 M 
0.10 M 

25 

25 

(15.5 ± 0.8) 
(15.7 ± 0.2) 

(16.3 ± 0.8) 
(16.5 ± 0.2) 
(16.22 ± 0.34) 

[96MEI/KLE] 
[97PAS/CZE]* 
[93MEI/KIM] 

 
0.10 M 

[96MEI/KLE] 
–(13.55 ± 0.14) 

24 –(14.73 ± 0.11) 

0.10 M –(13.55 ± 0.14) [93PAS/RUN]**

(9.65 ± 0.08) 
 (9.13 ± 0.05) 

25 
3.0 M [79CIA/FER] 

(9.67 ± 0.05) 
0.10 M 

(22±2) 
(15.38 ± 0.17) 

(16.94 ± 0.12) [92GRE/FUG] 
25 (21.74 ± 0.44) 

(21.6 ± 0.3) 
(21.86 ± 0.05) 

(21.74 ± 0.44) [96MEI/KLE] 
[97PAS/CZE]* 
[93MEI/KIM] 

(21.6 ± 0.3) 
(21.86 ± 0.10) 
(21.60 ± 0.05) 

0.10 M (22±2) 
0.10 M 25 

[92GRE/FUG] 

 
0.50 M 
0.1–2m 

25 
25-80 

(6.35 ± 0.05) 
 

(4.98 ± 0.09) 
4.49 

[91BID/CAV] 
[89SER/SAV] 

 
2.5 m 
 

25 (18.1 ± 0.5) (12.4 ± 0.7) [95ALL/BUC] 

 
2.5 m 25 (55.6 ± 0.5) (55.6 ± 0.5) [95ALL/BUC] 
 

0.1 M  

3

 
25(?) (8.5 ± 0.5) (7.2 ± 0.5)* 

 

< 10  M –3 25(?)  [98GEI/BER3] 

 
0.5–5 M 25 <22.6  [98YAM/KIT] 

0.5–5 M 
 

25 <23.5  
 

*  recalculated by this review. 
#  these data are those revised in Appendix D of [95SIL/BID]. 
** this is the same value as in [97PAS/CZE]. 

[98GEI/BER] 

– (18.9 ± 1.0) 

 

[98YAM/KIT] 
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9.7.2.1.1 Binary U(VI) carbonate complexes  

The weighted average of the constants are given in Table 9-33 with previous data from 
[92GRE/FUG] and the estimated uncertainties have been calculated using the SIT 
method, as described in [92GRE/FUG]. The following values at 298.15 K were ob-
tained and selected:  

 = − (14.76 ± 0.02),  
  = − (0.330 ± 0.011) mol·kg , –1

  = − (0.38 ± 0.06) mol·kg . 

 = (9.94 ± 0.03), 
  = (0.232 ± 0.027) mol·kg , –1

  = (0.38 ± 0.06) mol·kg . 

 = (16.61 ± 0.09), 
  = (0.454 ± 0.052) mol·kg , –1

  = (0.32 ± 0.15) mol·kg . 

 = (21.84 ± 0.04), 
  = (0.233 ± 0.046) mol·kg , 

–1

  = (0.24 ± 0.18) mol·kg . 

The equilibrium constant for the reaction,  

    

determined in [95ALL/BUC], = (55.6 ± 0.5), is in good agreement with the 
value selected in [92GRE/FUG] and so the latter is therefore retained. 

The equilibrium constants given above are weighted average values with their 
corresponding uncertainties estimated as described in Appendix C. The addition of new 
experimental data at I = 0.1 M results in a change in most of the values given in 
[92GRE/FUG]. As judged by the estimated uncertainty in the average values these de-
viations are significant; however, considering the largest uncertainty in the individual 
experimental determinations, the difference in the two averages is acceptable. It is clear 
that the uncertainty estimates must be looked upon with caution as discussed in the in-
troduction in Appendix C. The uncertainty reported is a measure of the precision of an 
experiment, not its accuracy. The values of  for the various reactions are in fair 
agreement with the tabulated values for the individual reactants/products as seen above. 
In view of the uncertainty in these parameters this review has not considered a revision 
of the individual  values. 

2+ 2
2 3 2 3UO CO (cr) UO CO −+ 10 ,0log sK ο

∆ε

cal∆ε

2+ 2 4
2 3 2 3UO + 3 CO UO (CO )− −

10 3log οb
∆ε

∆ε

ε

–1
cal∆ε

2+ 2
2 3 2 3UO + CO UO CO (aq) −

10 1log οb
∆ε

–1

2+ 2 2
2 3 2 3UO + 2 CO UO (CO )− −

10 2log οb2

∆ε
–1

cal∆ε

3

–1
cal∆ε

2+ 2 6
2 3 2 3 33 UO + 6 CO (UO ) (CO )6

− −

10 6,3log οb
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 The solubility product lo (UO CO (cr)) = − (14.76 ± 0.02) deserves a 
special comment; all new values of the solubility product have been obtained in 0.1 M 
NaClO  and most of them are systematically somewhat lower than those obtained by 
previous investigators. This review has no explanation for this discrepancy; it may pos-
sibly be due to differences in the degree of crystallinity of the solid phases. This is sup-
ported by the fact that most of the stability constants for the complexes deduced from 
the solubility data are in good agreement with data from other sources.  

10 ,0g sK ο
2 3

4

The only experimental study of a solution where is a predominant 
complex has been made by Bidoglio et al. [91BID/CAV], who studied the equilibrium: 

2
2 3UO (CO )2

−

2 2
2 3 2 3 2 3 3UO (CO ) CO UO (CO )4− −+ −  (9.33). 

 Their data give lo  = (4.98 ± 0.09). 

By combining the value of Bidoglio et al. [91BID/CAV] with the value 
= (21.84 ± 0.04) we obtain = (16.86 ± 0.10), in agreement both with 

the values obtained in direct determinations of  (cf. Table 9-33) and with the 
value selected in [92GRE/FUG].  

10 3g K ο

10 3log οb 10 2log οb
10 2log οb

The enthalpy of reaction for the equilibrium (9.33) at 298.15 K has also been 
studied by Sergeyeva et al. [89SER/SAV], and the value (9.33) = − 61  
is in good agreement with the value − 59.1 selected in [92GRE/FUG]. How-
ever, it is not clear from the abstract of [89SER/SAV], if these data refer to experiments 
that are based on previous experimental information, or not.  

The study of Sergeyeva et al. [89SER/SAV] has not been taken into account 
because of lack of experimental information.  

Additional data on U(VI) carbonate complexes are given in [91BRU/GLA], 
[91CAR/BRU], [92KIM/SER], [92LIE/HIL] and [99MEI/KAT]. 

9.7.2.1.2 Ternary U(VI) hydroxide carbonate complexes 

2

 

 

r mH ο∆ 1kJ mol−⋅
1kJ mol−⋅

The experimental solubility studies of Yamamura et al. [98YAM/KIT] in the ternary 
U(VI) – –  system, vide infra, confirm the value for the equilibrium constant 
for formation of  given in [92GRE/FUG]. The structure and dynamics in 
the ternary complex (UO  have been studied using EXAFS and NMR 
[2000SZA/MOL], which provide an independent confirmation of the stoichiometry of 
this species. The following structure shows the bridge arrangement in the complex, 
where U denotes the UO –unit with the axial “yl” oxygen atoms perpendicular to the 
plane of the paper: 

OH− 2
3CO −

UO 4
2 3 3(CO ) −

2 2) (C 3 3O )(OH)−
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Figure 9-5: Structure of the ternary complex . 

9.7.2.1.3 xes 

et al. [ nary carbonate complexes 

2 2 3 3(UO ) (CO )(OH)−

UU

OH

OH

H2O
O

O
OH2

OH2

O
C

O

H

Ternary U(VI) fluoride carbonate comple

2+ 2 2 2
2 3 2 3UO  +  CO  + F   UO (CO ) F  p q

p qp q− − − −  

l (see Appendi
This is the erimental determinatio the following equilibrium s, 
recalculated to zero ionic strength, are selected by this review (see Appendix A): 

10 1,1,1log οb = (13.75 ± 0.09),  
ο

= (16.38 ± 0.11). 

Complex formation in the system Ca(II) U(VI) –
Bernhard et al. [96BER/GEI], [97BER/GEI], 
[98GEI/BER4] and Amayri et al. [97AMA/GEI]. In a more recent paper, 
[2001BER GEI], Bernhard et al. have used additional spectroscopic studies and an 
EXAFS investigation to corroborate their earlier findings. The authors present convinc-
ing evidence for the formation of an uncharged complex 2 2 3 3Ca UO (CO ) (aq), and pro-
pose the equilibrium constant at zero ionic strength for the reaction: 

 2+ 2+ 2
2 3 2 2 3 32 Ca UO 3 CO   Ca UO−+ +

lo I] this value has 

al data are discussed in Appendix A and for reasons given there this review has 
not selected the equilibrium constant proposed by Bernhard et al. Kalmykov and Chop-
pin [2000KAL/CHO] have studied the same system using a similar experimental 
method. These data in 0.1 M NaClO4 are in excellent agreement with the more recent 

Aas 98AAS/MOU] investigated the formation of ter
2 2UO (CO F − −p q  in 1.00 M NaClO  at 298.15 K according4  to: 2 3 ) p q

and give = (12.56 ± 0.05), = (14.86 ± 0.08) and = 
(16.77 ± he uncertainty is gi hree sigma leve

only exp n and  constant

= (15.57 ± 0.14),  

9.7.2.1.4 Calcium uranium carbonate complex 

 − 

10 1,1,1log b
0.06) where t

10 1,1,2log b
ven at the t

10 1,1,3log b
x A). 

10 1,1,2log b
ο

10 1,1,3log b

2
3CO − –  has been studied by 

et al. [98GEI/BER3], 

/

 (9.34). 

2H O
Geipel 

(CO ) (aq)

10g K ο

been changed to 10log K ο
(9.34) = (26.5 ± 0.3). In the most recent paper [2001BER/GE

(9.34) = (30.55 ± 0.25). The methods used to analyse the ex-
periment
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value of Bernhard et al. Kalmykov and Choppin have also studied the ionic strength 
dependence of the reaction and used the SIT model to calculate the value, 

10log K ο (9.34) = (29.22 ± 0.25), which is based on information over a larger ionic 
strength range than that proposed by Bernhard et al. [97BER/GEI]. The agreement be-

e equilibrium constants at zero ionic strength proposed in [2000KAL/CHO] and 
[2001BER/GEI] is good. However, for reasons given in the discussion of 
[2000KAL/CHO] and [2001BER/GEI] in Appendix A, this review does not accept 
these data. There is no doubt that extensive ionic interactions occur between 

4
2 3 3UO (CO ) −  and counter-ions; the constant proposed in [2000KAL/CHO] and 

[2001BER/GEI] may be used as guidance. 

9.7.2.2 Solid U(VI) carbonates compounds 

3 2

NaK3UO (CO3)3 · H2O, were measured by O’B
temperatures of 293.15 and 298.15 K in the ormer case, and at 278.75 to 298.15 K for 
the latter solid he compositions of the test solution were speciated into as many as 35 
species resulting in the equilibria: 

+ 2+ 2+ 2
3 2 3 3 4

f
T

NaCa UO (CO ) SO F 10H O(cr)  Na + 3Ca + UO 3CO −⋅ +

olu
tion val

lely on the Debye–Hückel slope gave 10 ,0log sK ο = − (38.53 ± 0.06), which in 
turn yielded : 

1
f m (NaCa UO (CO ) SO F 10H O, 29  (8073.5 2.8) kJ molGο −∆ ⋅ − ± ⋅ , 

compounded by a lack of knowledge of the major anions present. At 298.15 K 
and 0.428 m ionic strength, 10 ,0log sK = − (26.47 ± 0.06). O'Brien and Williams also 
report:  

1(NaK UO H O, 298.15 K) = (4051.3 1.8) kJ molGο −∆ ⋅ − ± ⋅ , 

1 , 

tween th

The solu
2

b

            

NaK U

For t
was 298.15 K 

based so

essentially 
 − (8077.3

dilution 

th
 ± 

ilities of schröckingerite, NaCa UO (CO3)3 SO4 F·10H2O, and grimselite, 
rien and Williams [83OBR/WIL] at 

. 

2 2 3

2
4 2                                                        SO F 10H O(l),− −+ + +

 

+ + 2+ 2−
3 2 3 3 2 2 3 2O (CO ) H O(cr)  Na + 3K + UO 3CO H O(l)⋅ + + . 

he case of schröckingerite the ionic strength for the three s tions at 
ca. 0.1 m, with 10 ,0log sK = − (35.53 ± 0.06). The infinite dilu ue 

3 2 3 3 4 2 8.15 K) =

e same as that reported by O'Brien and Williams [83OBR/WIL], 
8.7) kJ mol–1.  

s a significant problem in extrapolation to infinite 
The corresponding equilibrium constant for grimselite was determined at ionic 

strengths to 0.439 m, which present

f m 3 2 3 3 2(CO )

f m 3 2 3 3 2(NaK UO (CO ) H O, 298.15 K) = (4359.0 1.8) kJ molH ο −∆ ⋅ − ± ⋅

but these values appear to be without substantiation. 
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9.7.2.3 Uranium(V) carbonates 

9.7.2.3.1 Aqueous U(V) carbonates complexes 

Mizuguchi et al. [93MIZ/PAR] and Capdevila and Vitorge [99CAP/VIT] have studied 
the redox potential U(VI)/U(V) in carbonate media using cyclic voltammetry. The 
measured potential from Mizuguchi et al. has been recalculated to the NHE scale by this 
review and the value in a 1 M Na2CO3 ionic medium is − 0.50 V, in good agreement 
with that reported by Caja and Pradvic [69CAJ/PRA], = − 0.492 V. The paper of 
Capdevila and Vitorge contains a reinterpretation of their previous data [90CAP/VIT] 
and [92CAP], and the authors propose lo = (6.95 ± 0.36) for the reaction: 

, 

where the uncertainty is given at the 1.96σ level. Capdevila and Vitorge have made a 
more extensive study of the ionic strength dependence of the equilibrium constant than 
in the previous study. As a result the  value for the half–cell reaction: 

is changed from − (0.62 ± 0.15) kg · mol  selected in the [95SIL/BID] revision of 
[92GRE/FUG] to − (0.97 ± 0.2) kg · mol . The difference between the two sets of val-
ues is within the estimated uncertainty ranges. In addition, the SIT extrapolation is un-
certain for ions with the high charges encountered here. Nevertheless, the present re-
view selects the revised value,  

–1

–1

= (6.95 ± 0.36). 
9.7.2.4 Uranium(IV) carbonates 

9.7.2.4.1 Binary U(IV) carbonate complexes 

 The equilibrium constants for the reactions: 

, (9.35) 

 (9.36) 

Eο

10 3g οb
+ 2
2 3 2UO  + 3 CO   UO (CO )5

3 3
− −

6
3 5U(CO ) −

6
3 5An(CO ) −

∆ε
4 5

2 3 3 2 3 3UO (CO ) + e   UO (CO )− − −  

10 3log οb

The new experimental data concern the structure and stoichiometry of the limiting com-
plex , which has been confirmed both in the solid state using single crystal 
X–ray diffraction on the corresponding Pu(IV) complex [96CLA/CON] and in solution 
using EXAFS [98RAI/FEL]. The uranium(IV)–hydroxide–carbonate complex has been 
studied by Rai et al. [98RAI/FEL]. This group also did similar investigations on the 
corresponding Th(IV), [2000RAI/MOO], and Np(IV), [99RAI/HES], systems. These 
data are discussed in Appendix A, and the conclusion of this review is that the 
stoichiometry of the limiting complex, , An = Th, U, and Np, and its struc-
ture, are well established.  

+ 2 6
2 3 3 5UO (am) + 4 H  + 5 CO   U(CO )  + 2H O(l)− −

2

3 5
−4+ 2 6

3U  + 5 CO   U(CO )−
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are reported to be lo (9.35) = 33.8 and (9.36)= 31.3 [98RAI/FEL]. The 
latter value depends on the solubility constant of UO (am, hydr.). Using lo2 (UO , 
am, hydr., (9.11)) =  − (54.5 ± 1.0) selected in the present review (cf. section 9.3.2.2.1) 
and an estimated uncertainty for the  value of Rai et al. [98RAI/FEL] (cf. 
Appendix A), the resulting equilibrium constant, (9.36) = (32.3 ± 1.4),  is in fair 
agreement with the value, = (34.0 ± 0.9) selected in 
 [92GRE/FUG].  

10 ,5
*g sK ο

10 5log οb
10 ,0g ο

sK

10
*log ,5sK ο

10 5log οb
,   298.15ο −6

3 5U(CO )10 5og (  K)bl

2

The chemistry of the An(IV)–carbonate–hydroxide system is complicated. In 
addition, the use of solubility data to deduce the chemical speciation complicates mat-
ters further. The solubility data of Rai et al. are of high quality and the chemical model 
proposed gives a reasonable representation of them. However, this does not mean un-
equivocally that this chemical model is correct as discussed in Appendix A. For this 
reason and the lack of an analysis of the uncertainty of the constants proposed, this re-
view has not accepted the equilibrium constants proposed in [98RAI/FEL].  

9.7.2.4.2 Ternary U(IV) hydroxide carbonate complexes 

Rai et al. [95RAI/FEL] determined the solubility of UO (am, hydr.) and ThO (am, 
hydr.) in alkaline carbonate and bicarbonate solutions of varying composition which 
clearly showed the formation of ternary hydroxide-carbonate complexes, but 
[95RAI/FEL] do not propose a thermodynamic interpretation. In a later paper contain-
ing some additional experimental data, Rai et al. [98RAI/FEL] suggest the formation of 
one ternary complex , with equilibrium constants, (9.37) = 
 − 4.8 and lo (9.38) = 41.3 , for the reactions:  

2 2

, (9.37) 

. (9.38) 

 In combination with the solubility constant selected in the present review for 
UO (am, hydr.), the latter value becomes (9.38) = 42.4. 

 The stoichiometries of ternary Np(IV) hydroxide–carbonate complexes have 
been determined by Eriksen et al. [93ERI/NDA]. The experimental results obtained for 
the Np(IV) and the U(IV) systems are not concordant as one would expect for these 
chemically very similar systems. There is additional experimental evidence for the for-
mation of a ternary hydroxide-carbonate complex with the composition 

 from studies of the corresponding Th(IV) complex [94OST/BRU]. 
This review accepts the evidence for the formation of ternary complexes containing 
hydroxide. However, the experimental method used by Rai et al. does not allow a de-
termination of the number of coordinated carbonate ions, cf. Appendix A. The proposed 
equilibrium constants in [98RAI/FEL] can be used as phenomenological parameters to 
describe the solubility at high carbonate and hydroxide concentrations.  

2
2 3 2U(OH) (CO ) −

10log K ο

10 1,2,2g οb
2

2 3 2UO (am) + 2 HCO   U(OH) (CO )3 2
− −

4+ 2 2
3U  + 2 CO  + 2 OH   U(OH) (CO )2 3 2

− − −

10 1,2,2log οb2

3 3M(OH) (CO )−
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(a): The uncertainty has been increased by a factor of three by the reviewers. 
 

 From Table 9-34 it is obvious that there is a large scatter in the experimental 
data that should be resolved from new experiments.  

252 

The transformation from the limiting complex  via ternary hydrox-
ide-carbonate complexes to , takes place over a rather narrow pH, 

region. The stoichiometry of the complexes formed and their equilibrium con-
stants are not known in sufficient detail to allow chemical modelling. This is an impor-
tant area for future research, which will require the use of methods other than the solu-
bility technique used so far. 

9.7.3 Silicon compounds and complexes (V.7.2) 
9.7.3.1 Aqueous uranium silicates (V.7.2.1) 
The only additional information on aqueous uranium silicates since the previous review 
of [92GRE/FUG] refers to the reaction: 

 Two factors make it difficult to identify the stoichiometry and the equilibrium 
constants of the complexes formed: 

• Si(OH) (aq) is a very weak acid, and the formation of hydroxide complexes 
must be considered when interpreting the experimental data. 

4

• The formation of silicate polymers in solution, cf. section (VI.4.2) in 
[92GRE/FUG]. 

The dissolved silica is often prepared by hydrolysis of tetramethyl-orthosilicate 
[98MOL/GEI], [98JEN/CHO] in order to avoid polymerisation.  

Fluorescence spectroscopy is the most sensitive tool to detect differences in 
ligand bonding, and the two studies made by Moll et al. [97MOL/GEI], [98MOL/GEI] 
seem to make it possible to differentiate between monomers and polymers through the 
fluorescence lifetime of the U(VI) complexes. The experimental data are collected in 
Table 9-34:  

Reaction ionic medium 
NaClO  4

t(°C)  

6
3 5An(CO ) ,−

4An(OH) (s)
2
3pCO −

  (9.39) 2+ +
2 4 2 3UO  +  Si(OH) (aq)  UO SiO(OH)  + H+

Table 9-34: Equilibrium constants of the reaction (9.39). 

10

*log K 10

*log K ο

2+
2 4

+ +
2 3

UO + Si(OH) (aq)
    UO SiO(OH)  + H

 Reference 

0.3 M 

  

20 – (1.74 ± 0.20) – (1.44 ± 0.20) [98MOL/GEI] 
0.2 M 25 – (2.01 ± 0.09) – (1.74 ± 0.09) [92SAT/CHO] 
0.1 M 25 – (2.92 ± 0.06) – (2.65 ± 0.06) [98JEN/CHO] 

– (1.94 ± 0.06) [99HRN/IRL](a) 0.2 M 25 – (2.21 ± 0.06) 
0.2 M 25 – (1.98 ± 0.13) – (1.71 ± 0.13) [71POR/WEB] 
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Moll et al. [97MOL/GEI], [98MOL/GEI], studied equilibrium (9.39) at 
293.15 K in a 0.3 M NaClO4 ionic medium, using Time Resolved Laser-induced Fluo-
rescence Spectroscopy (TRLFS). A detailed discussion of the two investigations is 
given in Appendix A. The first study provides qualitative evidence for the formation of 
complexes between U(VI) and polysilicates, while the second study provides the most 
complete experimental data and also quantitative information of the equilibrium con-
stant for reaction (9.39). For reasons given in Appendix A, it was necessary to re-
evaluate the experimental data. This results in the following value of the equilibrium 
constant for reaction (9.39) in 0.3 M NaClO  and at zero ionic strength, (9.39) 
= − (1.74 ± 0.20) and (9.39) = − (1.44 ± 0.20), respectively.  

There are three additional experimental determinations of the equilibrium con-
stants for reaction (9.39) that are discussed in Appendix A, Satoh and Choppin 
[92SAT/CHO], Jensen and Choppin [98JEN/CHO], and Hrnecek and Irlweck 
[99HRN/IRL]. In the first study solvent–solvent extraction methodology was used to 
evaluate the equilibrium constant for reaction (9.39). These data, later re-interpreted by 
Jensen and Choppin, are given in the Table 9-34. The resulting equilibrium constant is 
in excellent agreement with the previous determination by [71POR/WEB], while the 
agreement is just within the estimated uncertainty range with that of [98MOL/GEI]. The 
equilibrium constant for reaction (9.39) from the second study [98JEN/CHO] is about 
one order of magnitude smaller than the previous values; the discrepancy between the 
two sets of data was ascribed to the presence of polysilicates in [92SAT/CHO]. For rea-
sons given in Appendix A, this review has chosen not to use this value when selecting 
the equilibrium constant for reaction (9.39). Hrnecek and Irlweck [99HRN/IRL] have 
also used a solvent extraction technique to determine the equilibrium constants in the 
U(VI) silicate system. They have taken care to identify both equilibria between the sili-
cate monomer  and polymers ( S , and presented evidence that the 
latter reaction resulted in the formation of an uncharged U(VI) silicate complex. Be-
cause the stoichiometry of the polymer is not known, this review does not select the 
proposed equilibrium constant, lo = − (5.85 ± 0.06), for the reaction: 

.
. 

 However, it can be used as a guideline to evaluate the effect of silicate poly-
mers on speciation. Hrnecek and Irlweck point out that the dioxouranium(VI) ion shows 
similar binding strength to polymeric and low oligomeric silicic acids. 

The extrapolations to zero ionic strength have been made using an estimated 
interaction coefficient,  = 0.3 . 

4

4 10
*log K

10
*log οK

3OSi(OH)− i(OH)) j≡

10
*g K

2+ +
2 2UO  + ( SiOH)   ( SiOH) ( SiO) UO  + 2 H− ≡ ≡ ≡ j j 2 2

4
+

2 3(UO SiO(OH) ,ClO )−ε 1kg mol−⋅

 Moll et al. [96MOL/GEI] have determined the solubility and speciation of 
 in a 0.1 M NaClO  ionic medium at 298.15 K. These data are dis-

cussed in Appendix A, and in section 9.7.3.2.3. The experimental results of this study 
are consistent with the selected equilibrium constant for the formation of 

. No value for the equilibrium constant for the formation of 

2 2 4 2(UO ) SiO 2H O⋅

2 3UO SiO(OH)+
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32UO SiO(OH)+  was selected in [92GRE/FUG], because only one experimental determi-
nation, [71POR/WEB], was available. Using the additional information from 
[71POR/WEB], [92SAT/CHO], [98MOL/GEI] and [99HRN/IRL], listed in Table 9-34, 
this review has selected for the reaction: 

10
*log K ο

f m 4(USiO , aο∆ G

1mol−⋅

1mol−⋅

2 2(UO ) SiO

2+ + +
2 4 2 3UO  + Si(OH) (aq)  UO SiO(OH)  + H  

= − (1.84 ± 0.10), where the uncertainty is at the 1.96σ level.  
9.7.3.2 Solid uranium silicates (V.7.2.2)  

9.7.3.2.1 Solid U(IV) silicates 

On the basis of solubility measurements Langmuir [97LAN] proposed a value of 
 which is not selected as explained in Appendix A. m)

9.7.3.2.2 Solid U(VI) silicates 

Clark et al. [98CLA/EWI], Chen et al. [99CHE/EWI], [99CHE/EWI2] describe a 
method for estimation of standard Gibbs energies of formation of U(VI) layered oxide 
hydrates and silicates. Because of the very few experimental thermodynamic data avail-
able for minerals, we found it relevant to include this study, despite the fact that it is 
based on estimations. Clark et al. have extended a method originally suggested by 
Tardy and Garrels [74TAR/GAR] for layer silicates, by using data on the structural hi-
erarchy for a large number of uranium(VI) solid phases from Burns et al. 
[96BUR/MIL]. The estimation method uses the standard energies of formation of crys-
talline schoepite, silica and oxides of Na, K, Mg and Ca from the NEA TDB and 
CODATA databases together with an estimated value for the standard Gibbs energy 
contribution of structural water equal to − 247 1kJ mol−⋅ . The authors have made an 
error propagation analysis of the estimated energies of formation and a comparison with 
experimental data. The uncertainty in the estimates is fairly large, ranging from 8 to 
90 kJ . The difference between experimental and estimated data is larger, ranging 
from 34 to 124 kJ . The discrepancy for becquerelite is unexpectedly large, 
440 kJ . The authors do not offer any explanation for this discrepancy. Clark et 
al. [98CLA/EWI] also report the Gibbs energy contribution of structural water that is 
useful for other uranium phases. 

1mol−⋅

9.7.3.2.3 (UO2)2SiO4·2H2O (soddyite) (V.7.2.2.1) 

Moll et al. [96MOL/GEI] determined the solubility constant of soddyite in 0.1 M Na-
ClO4 at 298.15 K, using a well characterised crystalline solid. Because the test solutions 
at pH = 3 used by Moll et al. are over-saturated with respect to silica, this review has 
made a reinterpretation of their data and propose a slightly different value of the solubil-
ity product for the reaction: 

  (9.40). ( )+ 2+
4 2 2 24

2H O(sodd) + 4 H  2 UO  + Si OH (aq) + 2 H O(l)⋅
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10
*log sK (9.40) = (7.1 ± 0.5) in 0.1 M NaClO4 and lo 10

*g sK ο (9.40) = (6.7 ± 0.5) at zero 
ionic strength, cf. Appendix A.  

 Moroni and Glasser [95MOR/GLA] have studied reactions between cement 
components and U(VI) oxide at 85°C, in aqueous solutions at high pH, cf. Appendix A. 
Soddyite is one of the phases formed and this review has used the data where this is the 
single solid present to evaluate the equilibrium constant for the reaction:  
 (UO2)2SiO4(cr) + SiO2 + 2H2O(l) +2 H+  2[UO2(H3SiO4)+], 
from the experimental values of the total concentrations of dissolved uranium and silica. 
By combining this equilibrium constant with the equilibrium constant for the reaction: 

  + Si(OH)2+
2UO 4(aq)  UO2(H3SiO4)+ + H+,  

selected in this review and assuming that the solubility reaction is independent of tem-
perature, we obtain 10

*log sK (9.40) = 6.4, in fair agreement with the value proposed by 
Moll et al. The equilibrium constant obtained from the data [95MOR/GLA] is not se-
lected by this review, although it supports the value reported by Moll et al. 

Pérez et al. [97PER/CAS] studied the solubility of soddyite in bicarbonate so-
lutions and their proposed solubility constant is 10

*log sK ο (9.40) = (3.9 ± 0.7). However, 
there is a systematic variation in the solubility product, cf. Appendix A, and the pro-
posed equilibrium constant has therefore not been accepted by this review. 

Nguyen et al. [92NGU/SIL] measured the solubilities of soddyite 
 in water under an inert atmosphere at pH = (3.00 ± 0.05) and 

T = 303 K. Calculations of solubility products are performed according to the following 
equilibrium: 

2 2 4 2(UO ) SiO 2H O,⋅

 ( )+ 2+
2 2 4 2 2 24

(UO ) SiO 2H O(cr) + 4 H   2 UO  + Si OH (aq) + 2 H O(l)⋅  (9.41) 

The authors assume that, in the pH range 3 to 4.5, Si is only present as 
H4SiO4(aq). Using the total measured concentrations of U and Si in the equilibrated 
solutions, free concentrations of all the species are calculated using thermodynamic data 
on U(VI) hydrolysis, silicon and other cation species taken from [92GRE/FUG]. The 

10
*log sK (9.41) value, T = 303 K, is derived and then that for 10

*log sK ο , according to 
the TDB Guidelines. The value for soddyite is: 10

*log sK ο (9.41) = (5.74 ± 0.21). 

 In view of non-concordant solubility constants, this review does not recom-
mend a value, but suggests that the average value from Nguyen et al. [92NGU/SIL] and 
Moll et al. [96MOL/GEI], with increased uncertainty, 

10
*log sK ο (9.41) = (6.2 ± 1.0)  

may be used as a guideline until it has been confirmed. The estimated uncertainty cov-
ers the uncertainty ranges of the two studies. 
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9.7.3.2.4 Ca(UO2)2(SiO3OH)2·5 H2O (uranophane),  
Na(UO2)(SiO3OH) ·2 H2O (sodium boltwoodite) and  
Na2(UO2)2(Si2O5)3 · 4H2O (sodium weeksite)  

Nguyen et al. [92NGU/SIL] measured the solubilities of synthetic uranophane 
Ca(UO2)2(SiO3OH)2·5 H2O sodium boltwoodite, Na(UO2)(SiO3OH) ·2 H2O and sodium 
weeksite 2 2 2 2 5 3 2Na (UO ) (Si O ) 4H O⋅  in water under an inert atmosphere at pH = 
(3.50 ± 0.05) for uranophane and pH = (4.50 ± 0.05) for the other salts (T = 303 K). 
Calculations of the solubility constants are made according to the following equilibria1: 

( )+ 2+ 2+
3 2 2 2 4 2 2 2 24

Ca(H O) (UO ) (SiO ) 3H O(cr)+6H Ca +2UO (aq) +2Si OH (aq)+5H O(l)⋅  (9.42) 

( )+ + 2+
3 2 4 2 2 24

Na(H O)UO SiO H O(cr) + 3H   Na  + UO  + Si OH (aq) + 2H O(l)⋅  (9.43) 

( )+ + 2+
2 2 2 2 5 3 2 2 2 4

Na (UO ) (Si O ) 4H O(cr) + 6H 5H O(l)  2 Na +2UO + 6Si OH (aq)⋅ +  (9.44). 

The solubility data were analysed as described above for soddyite to derive 
10

*log sK  values at T = 303 K and then those for 10
*log sK ο , according to the TDB 

Guidelines. The values are: 

10
*log sK ο

*

(9.42) = (9.42 ± 0.48) for uranophane,  

10log sK ο

*

(9.43) > (5.82 ± 0.16) for Na–boltwoodite,  

10log sK ο (9.44) = (1.50 ± 0.08) for Na–weeksite. 

For Na–boltwoodite the equilibrium phase is assumed to be pure. 

For reasons discussed in Appendix A concerning the purity of the phases and 
the calculations, and the fact that solutions are probably supersaturated with respect to 
silica, these values are not selected, but can be used in scoping calculations. 

Pérez et al. [2000PER/CAS] have also investigated the solubility of a synthetic urano-
phane in bicarbonate solutions at 298.15 K of low ionic strength (2·10–2 M or less, pH 8 
to 9, 10–3 M < [H < 2·103CO ]− –2 M). The solid phase was characterised by both X–ray 
diffraction and partial chemical analysis. However, this review finds it unlikely that the 
solid used has the composition suggested by the authors (for a discussion see Appendix 
A). The average value of 10

*log sK ο (9.42) = (11.7 ± 0.6) differs from the value of 
[92NGU/SIL]. This large discrepancy of 10

*log sK ο  for uranophane leads this review to 
not select any value for this mineral.  

                                                           
1 Nguyen et al. [92NGU/SIL] used the chemical formula Ca(H3O)2(UO2)2(SiO4)2

.3H2O 
for uranophane and Na(H3O)(UO2)(SiO4)·H2O for sodium boltwoodite, which are 
equivalent to Ca(UO2)2(SiO3OH)2·5H2O and Na(UO2)(SiO3OH)·2H2O, respectively. 
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2

 Uranophane is one of the solid phases found in the study by Moroni and 
Glasser [95MOR/GLA], but these data do not allow a determination of thermodynamic 
constants. 

Murphy [97MUR] attempts to solve the problem of UO2 alteration by water 
under environmental conditions according to the well-known sequence: schoepite (in 
fact metaschoepite, ), soddyite  and uranophane 

. He used [92GRE/FUG] data to predict the solubilities as 
a function of temperature, but this approach was not successful. 

2 2 2UO (OH) H O⋅

2 2) 5H O⋅
2 2 4 2(UO ) SiO 2H O⋅

2 2 3Ca(UO ) (SiO OH

9.8 Uranium actinide complexes (V.8) 
9.8.1 Actinides–actinides interactions (V. 8.1) 
Stout et al. [93STO/CHO] give a new value of the formation constant of the 
cation-cation  in 6 M NaClO2+ +

2UO NpO⋅ 4, pH = 1 to 2: 

 = (2.25 ± 0.03) L · molb –1,  

which is in agreement with previous values reported in [92GRE/FUG], and the follow-
ing values: 

 f m
ο∆ H  = − (12.0 ± 1.7) 1kJ mol−⋅ , 

 = − (34 ± 6) r m
ο∆ S 1 1J K mol− −⋅ ⋅ , 

at (298.15 ± 0.10) K, for this association reaction. Additional data, = (2.4 ± 0.2) 
L · mol

b
–1 (I = 6 M, NaClO4) of Stout et al. [2000STO/HOF] do not change this result.  

The value of = (2.2 ± 1.5) L · molb
UO

–1 has been reported by Stout et al 
[2000STO/HOF] for the  association reaction. 2+ +

2 PuO⋅ 2

9.9.1 Magnesium compounds (V.9.2) 
Two papers ([92DUE/FLE], [93PAT/DUE]) describe the chemical and electrochemical 
insertion of Mg in α–U3O8 to form MgxU3O8 (0 < x < 0.6) and in α–UO2.95 to form 
MgxUO2.95 (0 < x < 0.26). Similar studies were also carried out on the insertion of Li, 
Na and Zn [95DUE/PAT]. 

Such species are single phases over a wide range of composition; for instance, 
the phase MgxU3O8 retains the orthorhombic U3O8 structure with x up to 0.5. However, 
the experimental phase boundaries depend greatly on the preparation method (chemical 
or electrochemical) and conditions (temperature, applied potential). 

In the case of α–UO2.95 insertion compounds, Mg0.17UO2.95 was described 
[93PAT/DUE] as a pure phase (hexagonal, isomorphous with α–UO2.95), based on 
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X−ray diffraction data. Its standard enthalpy of formation (using well characterised 
samples) was obtained from dissolution data of MgO(cr), γ–UO3, and α–U3O8 in: 
0.274 3mol dm−⋅  Ce(SO4)2 + 0.484 3mol dm−⋅  H3BO3 + 0.93 3mol dm−⋅  H2SO4, which 
is the same medium as that used by Cordfunke and Ouweltjes [81COR/OUW2].  

 The authors [93PAT/DUE] measured only the dissolution enthalpies of: 

Mg0.17 UO2.95 : 1
sol m 0.17 2.95(Mg UO ) =  (143.99  0.60) kJ mol−∆ − ±H ⋅  , 

MgO(cr): 1
sol m (MgO) =  (149.50  0.55) kJ molH −∆ − ± ⋅ . 

The values for the dissolution enthalpies of: 

γ–UO3: 1
sol m 3( UO ) =  (79.94  0.48) kJ mol−∆ γ − − ± ⋅H , 

α–U3O8: 1
sol m 3 8( U O ) =  (354.61  1.70) kJ molH −∆ α − − ± ⋅ , 

were taken from [81COR/OUW2].  

The enthalpy change corresponding to the formation of the insertion compound 
from the stoichiometric oxides: 

 3 3 8 0.17 2.950.17 MgO(cr) + 0.34 UO  + 0.22 U O   Mg UO (cr)γ− α−  (9.45) 

is calculated to be r m
ο∆ H ((9.45), 298.15 K) = (13.38 ± 0.73) 1kJ mol−⋅ , suggesting it is 

metastable with respect to the component oxides. With NEA adopted values, this gives: 
1

f m 0.17 2.95(Mg UO , , 298.15 K) =  (1291.44 0.99) kJ molH ο −∆ α − ± ⋅ . 

 Using the same experimental scheme, the authors also measured: 
, (recalculated in section 

9.3.3.3.3).  

1
f m 2.95(UO ,  ,  298.15 K) =  (1211.28 1.28) kJ molH ο −∆ α − ± ⋅

 From this value and the above, one calculates the enthalpy effect associated 
with the insertion: 

 2.95 0.17 2.950.17 Mg + UO ( )   Mg UO (cr)α  (9.46) 

as r m
ο∆ H ((9.46), 298.15 K) = − (80.16 ± 1.62) kJ · mol–1. 

 Electrochemical measurements (charging and discharging curves, open circuit 
voltages) using the cell: 

3
4 2 2.95Mg(amalgam)  0.5 mol dm  Mg(ClO ) (DMF)    Mg UOx

−⋅  

(DMF = dimethylformamide) allowed the authors [93PAT/DUE] to calculate the Gibbs 
energy change for reaction: 

  (9.47) 2.95 2.95 Mg + α UO   Mg UO (cr)xx −
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as ((9.47), 294 K) = − 473·x r m∆ G 1kJ mol−⋅ . For x = 0.17, this relation yields 
1mol80.4 kJ −− ⋅ , very close to the value of the enthalpy change deduced by calo-

rimetry, indicating a negligible entropy change. 

 Oxygen potentials in the (Mg, Ln, U) − O systems have been measured by Fu-
jino and co-workers ([2001FUJ/PAR] for Ln = Ce and [2001FUJ/SAT], Ln = Eu); such 
studies are beyond the scope of the current review. 

9.9.2 Calcium compounds (V.9.3) 
9.9.2.1 Calcium uranates (V.9.3.1.) 
Although no thermodynamic data are reported, Pialoux and Touzelin [98PIA/TOU] give 
interesting information on the complex phase relationships in the system U − Ca − O, 
based on X–ray diffraction studies up to about 1800 K and at oxygen pressures over the 
range 10–19 ≤

2
 ≤ 1. Fuller details are given in Appendix A. The authors present 

a schematic pseudo-binary phase diagram of the UO
O / barp

2 − CaO system; they, like others, 
were unable to prepare pure stoichiometric CaUO3. 

9.9.2.1.1 CaUO4(cr) (V.9.3.1.1) 

Moroni and Glasser [95MOR/GLA] have studied the solubility of U(VI) oxides at 
358 K at high pH, in the presence of Ca2+. As noted in Appendix A, these data provide 
an approximate value of (CaUOf m

ο∆ G 4, cr, 298.15 K) of − 1848 kJ · mol–1, which, with 
all the assumptions involved, gives a qualitative confirmation of the well-founded value 
of − (1888.7 ± 2.4) kJ · mol–1 selected in [92GRE/FUG]. 

9.9.2.1.2 CaUO6O19 · 11H2O(cr) 

The solubility of this compound is discussed in section 9.3.2.1.5.2.1. 

9.9.2.1.3 Other calcium uranates 

Microprobe analysis and X–ray diffraction [97VAL/RAG] showed that the well-
crystallised form of  was obtained by treatment, at 573 K and 0.5 kbar, 
of a poorly crystallised material, 

3 4.5 16.5Ca U O (cr)
CaU1.6 5.8 2O 2.5H O⋅  in pure water or a 0.01  

solution of CaCl

3mol dm−⋅
2. The solubility of the final product of the treatment ranged, in all ex-

periments, between 10–5.9 and 10–6.3 3mol dm−⋅ . These data cannot be used to deduce 
thermodynamic constants and are given for information only. 

As noted in Appendix A, Takahashi et al. [93TAK/FUJ] have made Gibbs en-
ergy measurements on non–stoichiometric calcium uranates which are beyond the scope 
of the present review. 

9.9.3 Strontium compounds (V.9.4) 
Although no thermodynamic data are reported, Pialoux and Touzelin [99PIA/TOU] give 
interesting information on the complex phase relationships in the system U − Sr − O, 
based on X–ray diffraction studies up to about 1800 K and at oxygen pressures over the 
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range 10–19 ≤
2

 ≤ 1. Fuller details are given in Appendix A. The authors present 
a schematic pseudo-binary phase diagram between "SrUO

O / barp
3" and SrUO4, although they, 

like others, were unable to prepare pure stoichiometric SrUO3. 
9.9.3.1 SrUO3(cr)  
Fuger et al. [93FUG/HAI] have used the Goldschmidt tolerance factor [70GOO/LON], 
page 132, to correlate experimental values of the enthalpy of formation of MM'O3 ox-
ides from the binary oxides (M = Ba, and M' = Ti, Hf, Zr, Ce, Tb, U, Pu, Am, Cm, and 
M = Sr, and M' = Ti, Mo, Zr, Ce, Tb, Am). They thus estimated the enthalpy of forma-
tion of SrUO3 to be 3 kJ  less negative than the sum of the enthalpies of forma-
tion of the binary oxides. Thus, using [92GRE/FUG] accepted data, we 
find:

1mol−⋅

f m
ο∆ H (SrUO3, cr, 298.15 K) = − (1672.6 ± 8.6) 1kJ mol−⋅ , (including the uncer-

tainty arising from the correlation). This value is in accord with that, − (1675 ± 10) 
, estimated by Cordfunke and Ijdo [94COR/IJD], using experimentally avail-

able data for SrM'O

1mol−kJ ⋅
3 compounds only. 

Huang et al. [97HUA/YAM] carried out vaporisation studies over the tempera-
ture range 1534 − 1917 K using a mixture of "SrUO3" and UO2, due to the reported dif-
ficulties in preparing single phase SrUO3. From the mass spectrometric measurements, 
the composition of the ternary oxide was estimated to be SrUO3.1, based on X−ray dif-
fraction data. Using an estimated enthalpy increment and values of 

 estimated from those of SrZrOm m( ) (298.15 K)H T H ο− 3, they obtained the standard 
enthalpy of formation of "SrUO3". We have assumed this applies to the final oxide (see 
full discussion in Appendix A): 

f m
ο∆ H (SrUO3.1, cr, 298.15 K) = − (1785 ± 60) and − (1698.1 ± 5.0) ,  1kJ mol−⋅

from the second- and third-law treatments, respectively, where the latter is recalculated 
by this review. The latter value is (6 ± 10) 1kJ mol−⋅  more negative than the sum of 

f m
ο∆ H (UO2.1, cr, 298.15 K) = − (1102 ± 5) 1kJ mol−⋅  (our estimate) and f m

ο∆ H (SrO, cr, 
298.15 K) = − (590.6 ± 0.9) 1kJ mol−⋅  [92GRE/FUG]. The suggestion that stoichiomet-
ric SrUO3 is of very marginal stability compared to the binary oxides is supported by the 
difficulty in obtaining a pure phase, as acknowledged by [97HUA/YAM] and by the 
observations of [94COR/IJD]. We therefore select for the stoichiometric oxide:  

1
f m 3(SrUO ,  cr, 298.15 K) =  (1672.6  8.6) kJ molο −∆ − ±H ⋅ , 

as proposed by [93FUG/HAI]. This value is not incompatible with the conclusions of 
[97HUA/YAM]. Yamashita and Fujino [89YAM/FUJ] have measured the oxygen po-
tential of SryYyU1–2y O2+x (y = 0.05 and 0.025) solid solutions by thermogravimetric 
methods between 1123 and 1673 K, but such studies are not part of the current NEA 
review effort. 
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9.9.3.2 Strontium uranates (VI) 

9.9.3.2.1 α–SrUO4 (V.9.4.1.1) 

Takahashi et al. [93TAK/FUJ] have determined the molar enthalpy of formation of 
α-SrUO4–x at 298.15 K for 0 < x < 0.478, based on the dissolution of well-characterised 
compounds in 5.94 mo  HCl. The authors also made use of the enthalpy of disso-
lution of SrCl

3l dm−⋅
l d2(cr) in 1 mo 3m−⋅

mol d
 HCl [83MOR/WIL] and of the enthalpy of transfer of 

SrCl2(cr) from 1 to 5.94 3m−⋅  HCl [78PER/THO]. Their results, recalculated for a 
95% confidence interval with the NEA accepted auxiliary values, are summarised be-
low. 

Table 9-35: Enthalpies sol m f m 4and  of SrUO −∆ ∆ xH H . 

4 in SrUO xx −  1

sol m (kJ mol ) H −⋅∆  1

f m (kJ mol ) H −⋅∆  

0.478  – (170.55 ± 1.89) – (1894.31 ± 2.83) 
0.380  – (152.71 ± 0.60) – (1926.14 ± 2.09) 
0.297 – (149.24 ± 0.99) – (1941.47 ± 2.19) 
0.127 – (143.40 ± 7.90) – (1971.61 ± 8.11) 
0.0 – (142.86 ± 2.45) – (1990.28 ± 3.22) 

 
 The value for the enthalpy of formation of the stoichiometric α–SrUO4 sup-
ports that selected in [92GRE/FUG]: 

 , 1
f m 4(SrUO , , 298.15 K) =  (1989.6  2.8) kJ molH ο −∆ α − ± ⋅

which was based on the results of [67COR/LOO]. We thus maintain this selection. 

Following the authors, we have fitted the five data points in Table 9-35 to the 
quadratic function: 

 , 2
f m 4 x(SrUO ,  , 298.15 K) =  1989.3 + 98.1 x + 202.8 x−∆ α −H

from which the partial molar enthalpy of solution of oxygen can be approximated as a 
function of x. 

9.9.3.2.2 β–SrUO4 (V.9.4.1.2) 

In a rather comprehensive paper, Cordfunke et al. [99COR/BOO] recently reported the 
enthalpies of formation of β–SrUO4 together with those of a series of strontium uran-
ates, based on dissolution of well-characterised compounds in appropriate media at 
298.15 K. For β–SrUO4 and for Sr3UO6, Sr3U11O36 and Sr5U3O14, the medium was 
5.075 3mol dm−⋅

3mol dm−⋅

 HCl (sln. A). In the same paper, the authors also reported the enthal-
pies of formation of Sr2UO4.5 and Sr2UO5 from dissolution in 1.00 mo  HCl + 
0.0470 

3l dm−⋅
 FeCl3 (sln. B). The authors also give a recalculation of an earlier 

study [67COR/LOO] of the dissolution of β–SrUO4 in 6.00 3mol dm−⋅  HNO3, discussed 
below. The auxiliary data on the enthalpies of formation of the relevant solids and the 
partial molar enthalpies of formation of HCl and HNO3 in the solutions are listed in the 
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discussion of [99COR/BOO] in Appendix A. The dissolution in the appropriate media 
of mixtures of SrCl2 and γ–UO3 with variable stoichiometric ratios was also carried out 
in order to close the relevant thermodynamic cycles.  

The authors also report a new determination of the enthalpy of solution of 
3γ UO−  in 6.00  HNO3mol dm−⋅ 3 as: 

 3 1
sol m 3 3(UO , , 6.00 mol dm  HNO ) =  (72.10  0.33) kJ mol− −∆ γ ⋅ − ± ⋅H . 

 Previous determinations by the same group yielded − (71.30 ± 0.13)  
[64COR] and  − (72.05 ± 0.25) 

1kJ mol−⋅
1kJ mol−⋅

kJ mo

 [75COR], cited by [78COR/OHA], for this 
quantity. In subsequent calculations involving γ–UO3 in this medium, we will use the 
weighted average  − (71.53 ± 0.50) 1l−⋅ , keeping conservative uncertainty limits. 

As discussed in the entry for [99COR/BOO] in Appendix A, the two recalcu-
lated values for f m

ο∆ H (SrUO4, β, 298.15 K) are − (1985.75 ± 1.57)  from dis-
solution in (sln. A) and − (1991.13 ± 2.72) 

1kJ mol−⋅
1kJ mol−⋅  from dissolution in 

6.00 3mol dm−⋅  HNO3. 

As these two values do not overlap within their uncertainties, and since we 
have no reason to prefer one to the other, we shall accept, with increased uncertainty 
limits, their average,  

 f m
ο∆ H (SrUO4, β, 298.15 K) = − (1988.4 ± 5.4) 1kJ mol−⋅ , 

as the selected value. This value is slightly different from that adopted by 
[92GRE/FUG], − (1990.8 ± 2.8) 1kJ mol−⋅ . 

9.9.3.2.3 SrU4O13 (V.9.4.2) 

In their recent publication on strontium uranates, containing new structural results in the 
range 0.25 < Sr/U < 0.33, [99COR/BOO] note that a compound previously believed 
[67COR/LOO] to be SrU4O13 (but always containing some U3O8) could not correspond 
to a pure phase. Consequently, we shall no longer give data for this species.  

9.9.3.2.4 Sr2UO5 (V.9.4.3) 

As for β–SrUO4, discussed in section 9.9.3.2.2, we have recalculated f m
ο∆ H (Sr2UO5, cr, 

298.15 K) to be − (2631.50 ± 2.31) 1kJ mol−⋅  from dissolution in (sln. B) and 
 from dissolution in 6.00 mo1 (2635.88  3.38) kJ mol−− ± ⋅ 3l dm−⋅  HNO3. The two val-

ues overlap within their uncertainties and we adopt the weighted mean: 

 f m
ο∆ H (Sr2UO5, cr, 298.15 K) = − (2632.9 ± 1.9)  1kJ mol−⋅

which overlaps with the value in [92GRE/FUG], − (2635.6 ± 3.4)  within the 
uncertainties. 

1kJ mol−⋅
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9.9.3.2.5 Sr2U3O11 (V.9.4.4) 

The value of the enthalpy of formation of this compound selected by [92GRE/FUG] on 
the basis of the experimental results of [67COR/LOO] has been recalculated to account 
for the small change in the adopted value for the enthalpy of solution of γ–UO3 in 
6.00 3mol dm−⋅  HNO3 (see section 9.9.3.2.2). We obtain: 

 f m
ο∆ H (Sr2U3O11, cr, 298.15 K) = − (5243.7 ± 5.0) 1kJ mol−⋅ , 

with a slightly larger uncertainty (5.0 instead of 4.1 1kJ mol−⋅ ). 

9.9.3.2.6 Sr3UO6 (V.9.4.5) 

Cordfunke et al. [99COR/BOO] recently re-measured the enthalpy of formation of this 
compound using 5.075 3mol dm−⋅  HCl (sln. A) as solvent. The cycle used is analogous 
to that for β–SrUO4 (see section 9.9.3.2.2 and Appendix A). Using NEA adopted auxil-
iary values, we recalculate f m

ο∆ H (Sr3UO6, cr, 298.15 K) = − (3255.39 ± 2.92) 
. This value is in marginal disagreement (just beyond the combined uncertain-

ties) with the value − (3263.08 ± 4.24) 

1kJ mol−⋅
1kJ mol−⋅ , recalculated from the data of 

[67COR/LOO] in 6.00 mol · dm–3 HNO3, and with the value of − (3263.95 ± 4.39) 
kJ · mol–1, based on the results of [83MOR/WIL2] using 1.00 mol · dm–3 HCl as solvent. 
Since the latest value is barely consistent with the two earlier results, we have preferred 
to adopt the mean of these two values, namely, 

 f m
ο∆ H (Sr3UO6, cr, 298.15 K) = − (3263.5 ± 3.0) kJ 1mol−⋅ . 

 The value selected by [92GRE/FUG] was f m
ο∆ H (Sr3UO6, cr, 298.15 K) 

= − (3263.4 ± 3.0) . 1kJ mol−⋅

9.9.3.2.7 Sr3U11O36  

Cordfunke et al. [99COR/BOO] recently measured the enthalpy of formation of this 
compound using 5.075  HCl (sln. A) as solvent. The cycle used is analo-
gous to that for β–SrUO

1mol dm− ⋅ 3−

4 (see section 9.9.3.2.2). The experimentally reported enthalpy 
of solution is sol m∆ H (Sr3U11O36, sln A) = − (795.11 ± 1.17) 1kJ mol−⋅ .  

We recalculate the enthalpy of formation to be: 

 f m
ο∆ H (Sr3U11O36, cr, 298.15 K) = − (15903.8 ± 16.5) , 1kJ mol−⋅

which is the selected value. 

 It should be noted that in a previous study by the same group [91COR/VLA] 
the dissolution of apparently the same sample (judging from the analytical results) of 
Sr3U11O36 in 5.0 HCl was given without details as − (794.9 ± 1.2) kJ ; 
we shall not make use here of this poorly documented result. 

3mol dm−⋅ 1mol−⋅

Dash et al. [2000DAS/SIN] have measured enthalpy increments of this com-
pound from 300 to 1000 K, from which they derived the heat capacity expression:  
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 ,mpC 5 2 1
3 11 36(Sr U O , cr, )   962 72 + 0.35526   3.954 10  J K mol 1− − −= − × ⋅T . T T ⋅  

(298.15 to 1000 K). 
and thus  
 ,m

ο
pC (Sr3U11O36, cr, 298.15 K) = (1064.2 ± 10.6) J · K–1 · mol–1. 

9.9.3.2.8 Sr5U3O14  

Cordfunke et al. [99COR/BOO] investigated the enthalpy of formation of this com-
pound. They report that it could not be obtained as a pure phase: on the basis of the 
analyses and of the X–ray diffraction pattern, they concluded that their sample con-
tained 4.4 % of β–SrUO4. They corrected their experimental enthalpy of solution for the 
known enthalpy of solution of β–SrUO4 in the same medium (sln. A, see section 
9.9.3.2.2 above and Appendix A). Given the uncertainties in the assumptions made for 
those corrections, we will adopt here conservative uncertainty limits, viz. one half of the 
correction for the impurities and take: 

sol m∆ H (Sr5U3O14, pure, sln. A) = − (829.63 ± 5.30) 1kJ mol−⋅ . 

With the adopted auxiliary data, we recalculate and select: 

 f m
ο∆ H (Sr5U3O14, cr, 298.15 K) = − (7248.6 ± 7.5) 1kJ mol−⋅ . 

This value is noticeably different from that reported, − (7265.8 ± 7.5) 
, even taking into account the different auxiliary data, for an unknown reason. 1kJ mol−⋅

9.9.3.2.9 Sr3U2O9  

Dash et al. [2000DAS/SIN] have estimated the enthalpy of formation of Sr3U2O9(cr) 
from electronegativity considerations. However, as described in the Appendix A entry 
for that reference, we have preferred to estimate this value from the enthalpies of other 
strontium uranates(VI) considered above. If the formation of Sr3U2O9(cr) from its 
neighbours is exothermic, f m

ο∆ H (Sr3U2O9, cr, 298.15 K) is < − (4619.9 ± 4.0) 
, whereas a similar condition for the decomposition of Sr1kJ mol−⋅

f m
ο∆

5U3O11(cr) implies 
H (Sr3U2O9, cr, 298.15 K) > − (4616.0 ± 8.0) 1kJ mol−⋅ . Although these values are 

formally incompatible, the selected value:  

 f m
ο∆ H (Sr3U2O9, cr, 298.15 K) = − (4620 ± 8) 1kJ mol−⋅  

is consistent with these conditions within their uncertainties. This value is somewhat 
more negative than that proposed by [2000DAS/SIN] (whose paper however was writ-
ten before the extensive new data of [99COR/BOO] had appeared). 

Dash et al. [2000DAS/SIN] have measured enthalpy increments of this com-
pound from 300 to 1000 K, from which they derived the heat capacity expression  

 ,mpC 6 2 1
3 2 9(Sr U O , cr, )   319.18 + 0.11602    4.6201 10   J K mol 1− − −= − × ⋅T T T ⋅  

(298.15 to 1000 K), 
 ,m

ο
pC (Sr3U2O9, cr, 298.15 K) = (301.8 ± 3.0) J · K–1 · mol–1. 
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9.9.3.3 Strontium uranates (V) 

9.9.3.3.1 Sr2UO4.5 

Cordfunke et al. [99COR/BOO] dissolved this U(V) compound in 1.00  
HCl + 0.0470  FeCl

3mol dm−⋅
3mol dm−⋅ 3 (sln. B), obtaining sol m∆ H (Sr2UO4.5, sln. B) = 

 − (389.97 ± 0.91) . The enthalpy of dissolution of apparently the same sample 
(as judged by the analytical results) in (HCl + 0.0470 FeCl

1−

1−

kJ mol⋅

 0.51) kJ mol⋅
3 + 82.16 H2O), was given as 

, without any details, by the same group of authors 
[94COR/IJD]. We shall not make use here of this less well-documented result. 

(390.66 − ±

The enthalpy of solution of the appropriate mixture of SrCl2 and γ–UO3 was 
also reported as sol m∆ H (4 SrCl2 + γ–UO3, sln. B) = − (259.25 ± 0.50) kJ·(mol UO3)–1. 
The enthalpy of solution of UCl4 in (HCl, 0.0419 FeCl3 + 70.66 H2O), sol m∆ H (UCl4, 
sln. B) = − (186.67 ± 0.60) 1kJ mol−⋅  (taken from [88COR/OUW]) is also used in this 
cycle. Using the same cycle as the authors, we recalculate: 

 f mH ο∆ (Sr2UO4.5, cr, 298.15 K) = − (2494.0 ± 2.8) . 1kJ mol−⋅

The uncertainty limits on this value have been increased slightly because of the 
minor differences in the media involved in the cycle used by [99COR/BOO]. 

9.9.3.4 Strontium uranium tellurites 
Sali et al. [97SAL/KRI] have prepared and characterised, by X-Ray diffraction, the new 
U(VI) compound SrUTe2O8(cr), from a 1:2 molar ratio mixture of SrUO4(cr) and 
TeO2(cr) in an argon atmosphere at 1073 K. The same compound could be obtained by 
heating a 1:1 molar mixture of SrTeO3(cr) and UTeO5(cr). No thermodynamic data have 
been reported for this phase. 

9.9.4 Barium compounds (V.9.5) 
Although no thermodynamic data are reported, Touzelin and Pialoux [94TOU/PIA] give 
interesting information on the complex phase relationships in the system U − Ba − O, 
based on X–ray diffraction studies up to about 1800 K and at oxygen pressures over the 
range 10–19 ≤

2
 ≤ 1. Fuller details are given in Appendix A. The authors present 

a schematic pseudo-binary phase diagram between "BaUO
O / barp

3" and BaUO4, although they, 
like others, were unable to prepare pure stoichiometric BaUO3. 
9.9.4.1 BaUO3(cr) (V.9.5.1.1) 
In a paper predominantly dealing with the structural chemistry of barium uranates, 
Cordfunke et al. [97COR/BOO] reported integral enthalpies of formation of five com-
pounds BayUO3+x(cr) with 1.033 ≤  y ≤ 1.553 and 0.134 ≤  x ≤ 0.866, determined by 
solution calorimetry, the calorimetric solvent being (HCl + 0.0400 FeCl3 + 70.68 H2O).  
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As noted in Appendix A, our calculated values of the enthalpies of formation 
are appreciably less negative than those reported by the authors, whose reaction scheme 
contained an error. We obtain: 

f m
ο∆ H (Ba1.033UO3.134, cr, 298.15 K) = − (1721.68 ± 3.57) , 1kJ mol−⋅

f m
ο∆ H (Ba1.065UO3.172, cr, 298.15 K) = − (1733.43 ± 3.65) , 1kJ mol−⋅

f m
ο∆ H (Ba1.238UO3.407, cr, 298.15 K) = − (1868.05 ± 4.16) , 1kJ mol−⋅

f m
ο∆ H (Ba1.400UO3.604, cr, 298.15 K) = − (1982.10 ± 4.38) , 1kJ mol−⋅

f m
ο∆ H (Ba1.553UO3.866, cr, 298.15 K) = − (2116.90 ± 4.38) . 1kJ mol−⋅

The authors note a linear change of the enthalpy of formation as a function of 
the Ba/U from Ba3UO6 to Ba1.033UO3.134 in these compounds, including the values of 

f m
ο∆ H (BaUO3.05, cr, 298.15 K) = − (1700.4 ± 3.1) 1kJ mol−⋅  and f m

ο∆ H (BaUO3.08, cr, 
298.15 K) = − (1710.0 ± 3.0) 1kJ mol−⋅ of unspecified origin. Since these two results 
may suffer from the same error as the detailed measurements, they have been dis-
counted. 

However, since both the Ba/U ratio and the uranium valence are changing, this 
approximately linear relation for the five samples measured must be fortuitous (or per-
haps related to the oxygen pressure during preparation). Thus the authors' derived value 
for the enthalpy of formation of BaUO3(cr) as − (1680 ± 10) 1kJ mol−⋅  (which be-
comes − (1688 ± 10) with the corrected values) by extrapolation of this linear 
relationship must be treated with some circumspection. 

1kJ mol−⋅

At this stage, we see no argument to modify the previously adopted value for 
stoichiometric BaUO3(cr) [92GRE/FUG], 

 f m
ο∆ H (BaUO3, cr, 298.15 K) = − (1690 ± 10) 1kJ mol−⋅ , 

based on the solution calorimetry by [84WIL/MOR] who used two samples of 
BaUO3+x(cr) with x = 0.20 and 0.06. 

Cordfunke et al. [97COR/BOO] also measured the oxygen potential as a func-
tion of the composition of Ba1.033UO3+x samples using a reversible emf cell of the type:  

21.033 3+x 2 O(Pt) Ba UO (cr)  CaO stabilized ZrO   air (Pt),   = 0.202 bar− p  

The authors used a linear extrapolation of the potentials to x = 0 to approxi-
mate the value of the equilibrium oxygen potential of stoichiometric BaUO3(cr) at 
1060 K, which becomes − 629 1kJ mol−⋅  with our refitted equation (see Appendix A). 
This is, in fact, likely to be an upper limit for the oxygen potential, which probably 
drops sharply near x = 0 as all the uranium becomes quadrivalent (cf. UO2+x). Such a 
value is low enough to make the preparation of unoxidised stoichiometric BaUO3 rather 
difficult, thus supporting the long reported failure ([75BRA/KEM], [82BAR/JAC], 
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[84WIL/MOR]) to obtain this phase. Hinatsu [93HIN] also reported a composition of 
BaUO3.023 as the lowest oxygen content that he could attain when reducing BaUO4 in a 
flow of hydrogen. The thermophysical properties of the "BaUO3" phase reported by 
Yamanaka et al. [2001YAM/KUR] also concern a compound with an oxygen content 
greater than BaUO3, similar to those reported by other authors, as judged by the lattice 
parameter. 

Yamawaki et al. [96YAM/HUA] have studied the vaporisation of a sample of 
“BaUO3” by Knudsen effusion mass spectrometry, finding BaO(g), Ba(g) and UO2(g) in 
the vapour. They processed their results (with estimated thermal functions for 
BaUO3(cr)) to derive second- and third-law enthalpies of formation f m

ο∆ H (BaUO3, cr, 
298.15 K) of  − (1742.5 ± 10.0) 1kJ mol−⋅  (uncertainty increased) and (1681.8 20 8).− ±  
kJ · mol–1, respectively. However, as noted in Appendix A, it is very probable that the 
vaporisation was non-congruent, with likely changes in the Ba/U as well as the O/U 
ratio. 

The calculated values are in general agreement with calorimetric data dis-
cussed above, but clearly cannot be used to establish the properties of a barium uranate 
of any defined composition. 

Fujino et al. [91FUJ/YAM] have measured the oxygen potential of solid solu-
tions of composition Ba0.05Y0.05 U0.9 O2+x between 1173 and 1573 K and made an exten-
sive comparison with UO2+x and lanthanide ternary and quaternary oxide systems. 
These non–stoichiometric quaternary phases are beyond the scope of the present review. 

9.10.1 General  
Iyer, Jayanthi and Venugopal [92VEN/IYE], [97IYE/JAY], [97JAY/IYE], 
[98JAY/IYE], have made a number of studies on the thermodynamic properties (en-
thalpy increments and Gibbs energies) of numerous uranates of the alkali metals. Ex-
perimental details are given in Appendix A, and the Gibbs energy studies are discussed 
both in Appendix A and under the headings for the various compounds. For conven-
ience, the published data on the enthalpy increments of these uranates are summarised 
and compared here. 

The authors have fitted their experimental increments  
to simple polynomials in T ; unfortunately, in most of the studies, they have not im-
posed the necessary constraint of  = 0 at T = 298.15K, so their 
calculated heat capacities near 298.15 K will be in error. All their enthalpy increment 
measurements have therefore been recalculated with the proper constraint. The data 
points are somewhat scattered (deviations of 5% from the fitted curve are not uncom-
mon), and the heat capacities at the ends of the (rather narrow) temperature ranges de-

m m( ) (298.15 K)H T H ο−

m m( ) (298.15 K)H T H ο−
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Figure 9-6: Heat capacity versus temperature for some alkali uranates. 
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 The best fits are shown in Table 9-36 and Figure 9-6, which also include data 
for related compounds from [92GRE/FUG].  
 The best fits are shown in Table 9-36 and Figure 9-6, which also include data 
for related compounds from [92GRE/FUG].  
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Cs2U4O13(cr), appear anomalous and have not been accepted. 

Heat capacity data are selected only for those compounds 
n Tabl
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T

Table 9-36: Derived heat capacity equations. 

Phase T range 
(K) 

Heat capacity coefficients 
2

,m  a + b  + epC T −= ⋅ ⋅         J · K–1 · mol–1 
,m

ο

p
C , 298.15 K 
J · K–1 · mol–1 

  a b e  

KUO3(cr)          (a) 369 − 714 1.332577 102 1.2558 10–2 0 (137 ± 10) 

K2U2O7(cr)    (a) 391 − 683 1.490840 102 2.6950 10–1 0 (229 ± 20) 

K2U4O12(cr)    (b) 426 − 770 2.022090 102 4.7780 10–1 0  

K2U4O13(cr)  (b) 411 − 888 4.710680 102 – 4.6890 10–2 – 2.8754 106 (425 ± 50) 

Rb2U4O11(cr)  (c) 396 − 735 3.304 102 1.4134 10–2  – 6.198 105 (365.6 ± 25.0) 

Rb2U4O11(cr)  (c) 365 − 735 3.321400 102 7.1252 10–2 0 (353 ± 25) 

Rb2U4O12(cr)  (d) 375 − 755 1.897590 102 1.5487 10–1 1.9903 107  

Rb2U4O13(cr)  (d) 325 − 805 4.125600 102 2.5000 10–2 0 (420 ± 50) 

Cs2U2O7(cr)  (e, f) 298.15 − 852 3.553248 102 8.15759 10–2 – 1.31959 107 (231.2 ± 0.5) 

Cs2U4O12(cr) (d, g) 361 − 719 4.237260 102 7.19405 10–2 – 5.43750 106 (384.0 ± 1.0) 

Cs2U4O13(cr)  (d) 347 − 753 7.128220 102 – 4.2745 10–1 – 6.8805 105  

Cs4U5O17 (cr) (e) 368 − 906 6.992110 102 1.7199 10–1 0 (750 ± 50) 

(a) [98JAY/IYE] (d) [92VEN/IYE] (g) [80COR/WES] 
(b) [97IYE/JAY] (e) [97JAY/IYE] 
(c) [2001BAN/PRA] (f) [81OHA/FLO] 
 

9.10.2 Lithium compounds (V.10.1) 
9.10.2.1 Other uranates 
The preparation, characterisation, thermochemical and electrochemical properties of 
δ−Li0.69UO3, γ–Li0.55UO3 and Li0.88U3O8(cr) were reported by Dickens et al. 
[89DIC/LAW]. More experimental details on this work are given in Appendix A in the 
reviews of [86DIC/PEN, [89DIC/LAW], [90POW] as well as in the original references. 
The calorimetric reagent for the dissolution, 0.0350 mol · dm–3 Ce(SO4)2 + 1.505 
mol · dm–3 H2SO4, was the same as that used in the studies by [77COR/OUW2], 
[81COR/OUW], [88DIC/POW] and [90POW]. 

The enthalpies of solution were given as: 

sol m∆ H (Li0.69UO3, δ) = − (165.24 ± 1.94) kJ · mol–1, 

sol m∆ H (Li0.55UO3, γ) = − (146.12 ± 2.52) kJ · mol–1, 

sol m∆ H (Li0.88U3O8, cr)  = − (460.52 ± 1.60) kJ · mol–1. 

With the auxiliary enthalpies of solution of the binary uranium oxides used 
also in [90POW], and that for LiUO3(cr), − (208.35 ± 0.53) kJ · mol–1 (all original data 
are from [77COR/OUW2], [81COR/OUW]), the selected enthalpies of the reactions 
from the stoichiometric phases are calculated as in Table 9-37. 
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Table 9-37: Derived enthalpies of reactions from stoichiometric phases. 
Phase Reaction r m∆ H  (kJ · mol–1) 

Li0.69UO3(δ) 3 3 0.69 30.69 LiUO (cr) + 0.31UO ( ) Li UO ( )γ δ  – (4.76 ± 1.98) (a) 

Li0.55UO3(γ) 3 3 0.550.55 LiUO (cr) + 0.45 UO ( )  Li UO ( )3γ γ  – (6.56 ± 2.54)  (a) 

Li0.88U3O8(cr) 3 3 8 0.88 3 8 30.88 LiUO (cr) + U O (cr)  Li U O (cr) + 0.88 UO ( )γ  (0.39 ± 2.16)  (a) 

Li0.12UO2.95(cr) 3 3 8 3 0.12 2.950.12 LiUO (cr) + 0.05 U O ( ) + 0.73 UO ( )  Li UO (cr)α γ – (0.18 ± 0.82)  (b) 

Li0.19U3O8(cr) 3 3 8 3 0.19 3 80.19 LiUO (cr) + U O ( )  0.19 UO Li U O (cr) ( ) +α γ  – (1.44 ± 1.94)  (b) 

(a) [89DIC/LAW] (b) [95DUE/PAT] 
 

Using NEA accepted values, we obtain the selected enthalpies of formation: 

f m
ο∆ H (Li0.69UO3, δ, 298.15K) = − (1434.5 ± 2.4) kJ · mol–1, 
ο∆ Hf m (Li0.55UO3, γ, 298.15K) = − (1394.5 ± 2.8) kJ · mol–1, 
ο∆ Hf m (Li0.88U3O8, cr, 298.15K) = − (3837.1 ± 3.8) kJ · mol–1. 

For the insertion reactions one then obtains, using NEA accepted values, the 
values in Table 9-38. The electrochemical results are commented upon in Appendix A 
and will not be further used here. 

Dueber et al. [95DUE/PAT] report similar calorimetric and electrochemical 
studies on two single phased compounds Li0.12UO2.95 and Li0.19U3O8. The enthalpies of 
solution were given as: 

sol m∆ H (Li0.12UO2.95, cr) = − (100.91 ± 0.73) kJ · mol–1, 
∆ Hsol m (Li0.19U3O8, cr) = − (377.57 ± 0.91) kJ · mol–1. 

With the above auxiliary data, the enthalpies of the reactions from uranium ox-
ides are calculated to be those given in Table 9-38. 

Table 9-38: Derived enthalpies of insertion reactions. 

Phase Reaction r m∆ H   

kJ · mol–1 
r m∆ H  

kJ · (mol Li)–1 

Li0.69UO3(δ) 3 0.690.69 Li(cr) + UO ( )  Li UO ( )γ 3 δ   – (220.79 ± 2.77) – (319.99 ± 4.01) 

Li0.55UO3(α) 3 0.550.55 Li(cr) + UO ( )  Li UO ( )γ 3 γ  – (170.73 ± 3.03) – (310.42 ± 5.51) 

Li0.88U3O8(cr) 3 8 0.88 3 80.88 Li(cr) + U O ( )  Li U O (cr)α  – (262.29 ± 4.45) – (298.06 ± 5.06) 

Li0.12UO2.95 (cr) 2.95 0.12 2.950.12 Li(cr) + UO ( )  Li UO (cr)α  – (43.69 ± 1.78) – (364.08 ± 14.83) 

Li0.19U3O8(cr) 3 8 0.19 3 80.19 Li(cr) + U O ( )  Li U O (cr)α  – (58.16 ± 3.11) – (306.10 ± 16.37) 

 
Using NEA accepted values, we recalculate from the values in Table 9-37 the 

selected enthalpies of formation: 

f m
ο∆ H (Li0.12UO2.95, cr, 298.15 K) = − (1255.0 ± 1.2) kJ · mol–1, 
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f m
ο∆ H (Li0.19U3O8, cr, 298.15 K) = − (3633.0 ± 3.1) kJ · mol–1. 

The enthalpy changes corresponding to the insertion of lithium into the binary 
oxides are calculated to be those in Table 9-38, where the selected value of 

f m
ο∆ H (UO2.95, α, 298.15 K) = − (1211.28 ± 1.28) kJ · mol–1 (see 9.3.3.3.3) from the 

determination of [93PAT/DUE] has been used. The values per mole of lithium are in 
general agreement with the more precise values of [89DIC/LAW]. 

From electrochemical measurements analogous to those reported by 
[93PAT/DUE] for MgUO2.95 (see section 9.9.1), Dueber et al. [95DUE/PAT] also report 

(Lif m
ο∆ G 0.12UO2.95, 298.15 K) = − 42.8 kJ · mol–1 and f m

ο∆  (LiG 0.19U3O8, 298.15 K) = 
 − 55.2 kJ · mol–1, in agreement with the calorimetric values, indicating a negligible 
entropy effect. 

9.10.3 Sodium compounds (V.10.2) 
9.10.3.1 Sodium monouranates (VI) (V.10.2.1.1) 
The data for four monouranates of U(VI) selected by [92GRE/FUG] were mainly based 
on the study by Cordfunke and Loopstra [71COR/LOO]. However, small changes to the 
auxiliary data used in their reaction schemes have necessitated the recalculation of the 
enthalpies of formation; full details are given in Appendix A. For the final selections of 
the data for the monouranates, for convenience given below, 

f m
ο∆ H (Na4UO5, cr, 298.15 K) =  − (2457.0 ± 2.2) kJ · mol–1, 
ο∆ Hf m (Na2UO4, α, 298.15 K) =  − (1897.7 ± 3.5) kJ · mol–1, 
ο∆ Hf m (Na2UO4, β, 298.15 K) =  − (1884.6 ± 3.6) kJ · mol–1, 

only those for Na4UO5(cr) have been changed from the previously selected values 
[92GRE/FUG], 

Note however that a substantial correction has been made to the data for 
Na6U7O24(cr) (see section 9.10.3.4.2). 

9.10.3.2 Sodium monouranates (V) (V.10.2.1.2) 

9.10.3.2.1 NaUO3(cr) 

Jayanthi et al. [94JAY/IYE] have reported measurements of the pressure of Na(g) (by 
both mass-loss and mass-spectroscopic Knudsen effusion) and the oxygen activity (emf 
with CaO–ZrO2 electrolyte) in the three–phase field NaUO3(cr) + Na2UO4(cr) + 
Na2U2O7(cr). They use these measurements to derive values for the Gibbs energy of 
formation of NaUO3(cr), more positive than those selected by [92GRE/FUG] by about 
30 kJ · mol–1. As noted in Appendix A, their oxygen potential values seem to be much 
too negative, and we have therefore preferred to maintain the values selected by 
[92GRE/FUG] for the enthalpy of formation of NaUO3(cr), based on an enthalpy of 
solution. However, in view of the above discrepancy, and the existence of another dis-
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crepant enthalpy of solution measurement by O'Hare and Hoekstra [74OHA/HOE3] 
(which gives an enthalpy of formation of NaUO3(cr) which is more negative than the 
selected value by ca. 25 kJ · mol–1, see [92GRE/FUG]), we have increased the uncer-
tainty of the selected value substantially: 

f m
ο∆ H (NaUO3, cr, 298.15 K) =  − (1494.9 ± 10.0) kJ · mol–1. 

9.10.3.3 Other sodium uranates  
The preparation, characterisation, thermochemical and electrochemical properties of 
α−Na0.14UO3 and δ–Na0.54UO3 were reported by Powell [90POW] and Dickens et al. 
[88DIC/POW]. Full experimental details in these references are given in Appendix A. 
The calorimetric reagent for the dissolution, 0.0350 mol · dm–3 Ce(SO4)2  +  1.505 
mol · dm–3 H2SO4, was the same as that used in the studies by [77COR/OUW2], 
[81COR/OUW]. 

The enthalpies of solution were given as: 

sol m∆ H (Na0.14UO3, α) = − (95.32 ± 0.35) kJ · mol–1, 

sol m∆ H (Na0.54UO3, δ) = − (140.2 ± 0.7) kJ · mol–1 . 

With the auxiliary enthalpies of solution of the binary uranium oxides used in 
[90POW], and that for NaUO3(cr), − (200.04 ± 0.51) kJ · mol–1 (all original data from 
[77COR/OUW2], [81COR/OUW]), the enthalpies of the reactions from the 
stoichiometric phases are calculated as in Table 9-39. 

Using NEA adopted values, we obtain the selected enthalpies of formation 

f m
ο∆ H (Na0.54UO3, δ, 298.15 K) = − (1376.9 ± 5.5) kJ · mol–1, 

f m
ο∆ H (Na0.14UO3, α, 298.15 K) = − (1267.2 ± 1.8) kJ · mol–1. 

Table 9-39: Derived enthalpies of reactions from stoichiometric phases. 

Phase Reaction                                                                                             r m
ο∆ H    (kJ · mol–1) 

Na0.54UO3(δ) 3 3 0.540.54 NaUO (cr) + 0.46 UO ( 3γ)  Na UO ( )δ  – (6.76 ± 0.77)  (a) 

Na0.14UO3(α) 3 3 0.140.14 NaUO (cr) + 0.86 UO ( 3γ)  Na UO ( )α  – (5.48 ± 0.48)  (a) 

Na0.12UO2.95(cr) 3 3 8 3 0.12 2.950.12 NaUO (cr) + 0.05 U O ( ) + 0.73 UO ( ) Na UO (cr)γα    (4.13 ± 1.14)  (b) 

Na0.20U3O8(cr) 3 3 8 3 0.20 3 80.20 NaUO (cr) + U O ( )  0.20 UO ( ) + Na U O (cr)γα     (2.57 ± 0.87)  (b) 

(a) [88DIC/POW] 
(b) [95DUE/PAT] 

 
For the insertion reactions one then obtains, using NEA data, the values in 

Table 9-40. The electrochemical results are commented upon in Appendix A and will 
not be further used here. 
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Dueber et al. [95DUE/PAT] report similar calorimetric and electrochemical 
studies on two single phased compounds Na0.12UO2.95 and Na0.20U3O8. The enthalpies of 
solution, using 0.274 mol · dm–3 Ce(SO4)2 + 0.484 mol · dm–3 H3BO3 + 0.93 mol · dm–3 

H2SO4 as solvent, were given as: 

sol m∆ H (Na0.12UO2.95, cr) = − (103.00 ± 1.08) kJ · mol–1, 

sol m∆ H (Na0.20U3O8, cr) = − (379.17 ± 0.78) kJ · mol–1. 

With the auxiliary data as above, the enthalpies of the reactions from the 
stoichiometric phases are calculated to be those given in Table 9-39. 

Table 9-40: Derived enthalpies of insertion reactions. 

Phase Reaction r m∆ H  

kJ · mol–1 
r m∆ H  

kJ · (mol Na)–1 

Na0.54UO3(δ) 3 0.540.54 Na(cr) +  UO ( )  Na UO ( )δ 3 δ  – (163.2 ± 5.7) – (302.2 ± 10.5) 

Na0.14UO3(α) 3 0.140.14 Na(cr) +  UO ( )  Na UO ( )α 3 α  – (54.8 ±  2.3) – (391.4 ± 16.4) 

Na0.12UO2.95 2.95 0.12 2.950.12 Na(cr) +  UO ( )  Na UO (cr)α  – (36.1 ±  2.3) – (300.8 ± 19.2) 

Na0.20U3O8 3 8 0.14 3 80.20 Na(cr) +  U O ( )  Na U O (cr)α  – (51.6 ± 3.2) – (258.0 ± 16.0) 

 

Using NEA adopted values, we recalculate from the values in Table 9-39 the 
selected enthalpies of formation: 

f m
ο∆ H (Na0.12UO2.95, cr, 298.15 K) = − (1247.4 ± 1.9) kJ · mol–1, 

f m
ο∆ H (Na0.20U3O8, cr, 298.15 K) = − (3626.4 ± 3.2) kJ · mol–1 . 

The enthalpy changes corresponding to the insertion of sodium into the binary 
oxides are calculated to be those in Table 9-40, where the recalculated value of 

f m
ο∆ H (UO2.95, α, 298.15 K) = − (1211.28 ± 1.28) kJ · mol–1 from the determination of 

[93PAT/DUE] (see 9.3.3.3.3) has been used.  

[95DUE/PAT] deduced from electrochemical measurements (cf. section 9.9.1) 
the Gibbs energies at 298.15 K of the insertion reactions in the last two rows of Table 
9-40 to be − 37.7 kJ · mol–1 and − 50.7 kJ · mol–1. These values are close to the corre-
sponding enthalpies of reaction, showing that the entropies of reaction are small, as ex-
pected for a condensed phase reaction.  

From electrochemical measurements analogous to those reported by 
[93PAT/DUE] for MgUO2.95 (see section 9.9.1), Dueber et al. [95DUE/PAT] also re-
port: 

r m
ο∆ G (Na0.12UO2.95, 298.15 K) = − 42.8 kJ · mol–1, 

r m
ο∆ G (Na0.20U3O8, 298.15 K) = − 55.2 kJ · mol–1, 
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in agreement with the calorimetric values, indicating a negligible entropy effect. 

9.10.3.4 Sodium polyuranates (V.10.2.2) 

9.10.3.4.1 Na2U2O7(cr) (V.10.2.2.1)  

The solubility of this compound is also discussed in 9.3.2.1.5.2.2. 

 For reasons indicated in Appendix A, the data obtained by Díaz Arocas and 
Grambow [98DIA/GRA], and by Valsami-Jones and Ragnarsdottir [97VAL/RAG], who 
measured the solubilities of polyuranates, are not selected by this review. [97ALL/SHU] 
gives spectroscopic information on uranates precipitated at pH above 8. 

9.10.3.4.2 Na6U7O24(cr) (V.10.2.2.3) 

A substantial error has been found in the value of the enthalpy of formation of 
Na6U7O24(cr) selected by [92GRE/FUG], due to a mis-reporting of a datum in the origi-
nal paper by Cordfunke and Loopstra [71COR/LOO]. As noted in Appendix A, their 
reported value for the enthalpy of solution of this compound is clearly that for 1/7 of a 
mole of Na6U7O24(cr), rather than 1 mole. The recalculated enthalpy of formation be-
comes: 

 f m
ο∆ H (Na6U7O24, cr, 298.15 K) = − (10841.7 ± 10.0) 1kJ mol−⋅ . 

With this value, the phase relationships in the Na–U–O system at around 800 K 
are in good accord with experimental observations, as summarised by Lindemer et al. 
[81LIN/BES]. 

9.10.4 Potassium compounds (V.10.3) 
9.10.4.1 KUO3 (cr) (V.10.3.1) 
Jayanthi et al. [99JAY/IYE] have reported measurements of the pressure of K(g) (by 
mass-loss Knudsen effusion) and the oxygen activity (emf with CaO–ZrO2 electrolyte) 
in the three–phase field KUO3(cr) + K2UO4(cr) + K2U2O7(cr), similar to the studies on 
the corresponding sodium compounds by [94JAY/IYE]. The authors use these meas-
urements to derive values for the Gibbs energy of formation of KUO3(cr), using esti-
mated values [81LIN/BES], [92GRE/FUG] for the entropies of the hexavalent uranates. 
We have reversed this procedure, as described in Appendix A, to compare the experi-
mental oxygen and potassium activities in the three phase field with those calculated 
with the enthalpies of formation selected by [92GRE/FUG], the estimated entropies (as 
above) and the heat capacities also measured by [99JAY/IYE]. The agreement with the 
oxygen potentials is quite good, whereas that of the potassium activities is rather poor. 
In view of the need to use estimated entropies in the calculation and possible sources of 
error, such as lack of complete equilibrium in the experimentation, we shall retain the 
enthalpies of formation selected by [92GRE/FUG]. 
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1−

In addition to the Gibbs energy measurements, [99JAY/IYE] measured en-
thalpy increments of KUO3(cr) (and K2U2O7(cr)) up to ca. 700 K using a high tempera-
ture Calvet calorimeter. As noted in section 9.10.1 these data have been refitted to a 
polynomial, which gives on differentiation: 

2 1
,m 3(KUO , cr, ) = 133.258 + 1.2558 10   (J K mol )− −× ⋅ ⋅pC T T  

(298.15 to 714 K). 

9.10.4.2 K2U2O7(cr) (V.10.3.3)  
Jayanthi et al. [98JAY/IYE], [99JAY/IYE], have reported enthalpy increment meas-
urements for this phase. As described in Appendix A, their data have been refitted to 
obtain heat capacities given by the equation summarised in section 9.10.1. 

The heat capacity increases with temperature appreciably more rapidly than 
would be expected for a compound containing hexavalent uranium. 

9.10.4.3 K2U4O12(cr), K2U4O13(cr) 
Iyer et al. [97IYE/JAY] have reported enthalpy increment measurements for these 
phases. As described in Appendix A, their data have been refitted to obtain heat capaci-
ties given by the equations summarised in section 9.10.1. However, as shown in the plot 
of heat capacities in section 9.10.1, the expressions for K2U4O12(cr) are not consistent 
with the general behaviour of the heat capacities of the alkali–metal uranates, and the 
data for this compound have not been selected in this review. 

Iyer et al. [97IYE/JAY] also give details of measurements of the oxygen activ-
ity (emf with CaO–ZrO2 electrolyte) in the mixtures K2U4O12(cr) + K2U4O13(cr) from 
1053 to 1222 K with air 

2
 = 0.21 bar) as the reference electrode. The authors have 

used these Gibbs energies of reaction to derive data at 298.15 K for K
O( p

2U4O12(cr), using 
their heat capacity data (extrapolated from ca. 750 K) and literature data at 298.15 K for 
the hexavalent compounds. However, we have not pursued this approach since the data 
for the enthalpy of formation and entropy of K2U4O13(cr) at 298.15 K are estimated, so 
any derived data for K2U4O12(cr) would have appreciable uncertainties. 

9.10.4.4 K2U6O19 · 11H2O(cr) 

The solubility of this compound is discussed in section 9.3.2.1.5.2.4. 

9.10.5 Rubidium compounds (V.10.4) 
9.10.5.1 RbUO3(cr) (V.10.4.1) 

Jayanthi et al. [96JAY/IYE] have reported measurements of the pressure of Rb(g) (by 
mass-loss Knudsen effusion) and the oxygen activity (emf with CaO–ZrO2 electrolyte) 
in the three–phase field RbUO3(cr) + Rb2UO4(cr) + Rb2U2O7(cr), similar to the studies 
from the same laboratory on the corresponding sodium [94JAY/IYE] and potassium 
compounds [99JAY/IYE]. The authors use these measurements to derive values for the 
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Gibbs energy of formation of RbUO3(cr), using estimated values [81LIN/BES], 
[92GRE/FUG] for the entropies of the hexavalent uranates.  

However, as noted in Appendix A, the entropy term in the expression for the 
vaporisation of Rb(g) according to the reaction: 

3 2 4 2 2 7RbUO (cr) + Rb UO (cr)   Rb U O (cr) + Rb(g)  

is far too small (18.2 J · K–1 · mol–1) to relate to a vaporisation reaction. In view of this, 
and the need to use estimated data for many of the properties of the solids in further 
calculations, we have not processed the data further, and will retain the calorimetric 
enthalpy of formation selected by [92GRE/FUG] namely,  

f m
ο∆ H (RbUO3, cr, 298.15 K) = − (1520.9 ± 1.8) kJ · mol–1. 

9.10.5.2 Rb2U3O8.5(cr), Rb2U4O11(cr), Rb2U4O12(cr) and Rb2U4O13(cr)  

Sali et al. [94SAL/KUL] reported the preparation and characterisation, by X–ray dif-
fraction, of the first two phases, but no thermodynamic data were presented. Banerjee et 
al. [2001BAN/PRA], (which is assumed to supersede the conference paper by 
[98BAN/SAL]), Iyer et al. [90IYE/VEN], and Venugopal et al. [92VEN/IYE] have 
reported enthalpy increment measurements for the last three phases. As described in 
Appendix A, their data have mostly been refitted, to obtain heat capacities given by the 
equations summarised in section 9.10.1. However, as shown in the plot of heat capaci-
ties in that section, the heat capacity data for Rb2U4O12(cr) are inconsistent with the 
general behaviour of the heat capacities of the alkali-metal uranates (indeed 

,mpC (Rb2U4O12, cr) decreases as the temperature increases), and no data for this com-
pound have been selected in this review. 

Venugopal et al. [92VEN/IYE] also give details of measurements of the oxy-
gen activity (emf with CaO–ZrO2 electrolyte) in the mixtures Rb2U4O12(cr) + 
Rb2U4O13(cr) from 1075 to 1203 K with air (

2
= 0.21 bar) as the reference electrode. 

The authors have used these Gibbs energies of reaction to derive data at 298.15 K for 
Rb

Op

2U4O12(cr), using their heat capacity data (extrapolated from ca. 750 K) and literature 
data at 298.15 K for the hexavalent compound. However, we have not pursued this ap-
proach since the data for the enthalpy of formation and entropy of Rb2U4O13(cr) at 
298.15 K are estimated, so any derived data for Rb2U4O12(cr) would have appreciable 
uncertainties. 

 For the same reason the data on the oxygen potentials in the diphasic 
Rb2U4O11(cr) + Rb2U4O12(cr) region from 985 to 1186 K reported by Sali et al. 
[95SAL/JAY] and Iyer et al. [96IYE/JAY], reviewed in Appendix A, have not be used 
to derive any room temperature data for Rb2U4O11(cr). Sali et al. [95SAL/JAY] have 
also reported the enthalpy of oxidation of Rb2U4O11(cr) to Rb2U4O13(cr) at 673 K: 

Rb2U4O11(cr) + O2(g)  Rb2U4O13(cr), 
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r mH∆ (673 K) = − (279 ± 15) kJ · mol–1. 

Again, in the absence any experimental data on the enthalpy of formation of 
Rb2U4O13(cr), this value cannot be processed further.  
9.10.5.3 Rb2U(SO4)3(cr) 
Jayanthi et al. [93JAY/IYE] and Saxena et al. [99SAX/RAM] have studied rubidium 
uranium sulphate using DSC, DTA and TGC techniques, and measured enthalpy incre-
ments from 373 to 803 K using a H.T. Calvet calorimeter.  

Two solid state transitions were observed at 616 and 773 K (DSC) and 628 and 
780 K by DTA/TG. The compound starts to decompose at 893 K. 

The enthalpy data for the low–temperature polymorph [93JAY/IYE] are quite 
consistent with the subsequent heat capacities from 273 to 623 K measured by DSC, 
reported briefly by Saxena et al. [99SAX/RAM], and these two sets of data have been 
combined to define the enthalpy increments and heat capacity of this phase: 

2 6 2 1
,m 2 4 3(Rb U(SO ) , cr, ) = 386.672 + 6.883 10   5.25917 10   (J K mol )pC T T T− −⋅ − ⋅ ⋅ ⋅ 1− −

1− −

 
(298.15 to 628 K), 

and thus 
1 1

,m 2 4 3(Rb U(SO ) , cr, 298.15 K) = (348.0   30.0) J K molο − −± ⋅ ⋅pC . 

As noted in Appendix A, the measurements of the enthalpy increments for the 
two polymorphs stable above 628 K are not precise enough to define reliable heat ca-
pacities, and our calculated enthalpy of the transition at ca. 628 K, 3.7 kJ · mol–1, is 
smaller than that given by the authors. 

9.10.6 Caesium compounds (V.10.5)  
9.10.6.1 Caesium monouranate (V.10.5.1) 
Huang et al. [98HUA/YAM] have measured the vapour phase composition in the de-
composition of Cs2UO4(s) from 873 to 1373 K, in Pt cells both in vacuo and in a 
D2/D2O environment. As discussed in detail in Appendix A, no data relevant to the re-
view can be obtained from this study. 

9.10.6.2 Caesium polyuranates (V.10.5.2) 

9.10.6.2.1 Cs2U2O7(cr) (V.10.5.2.1) 

Jayanthi et al. [97JAY/IYE] have reported enthalpy increment measurements for this 
phase. As described in Appendix A, the data have been refitted with a constraint of 

, selected in [92GRE/FUG] from the 
low–temperature measurements of [81OHA/FLO]. The derived heat capacity expres-
sions are given in the Table 9-36 in section 9.10.1; the heat capacity increases surpris-
ingly rapidly with temperature. 

1
,m 2 2 7(Cs U O , cr, 298.15 K) = 231.2 J K molο ⋅ ⋅pC
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The enthalpy of formation and the entropy are unchanged from those selected 
in [92GRE/FUG]: 

(Cs U O , cr, 298.15 K) = − (3220 ± 10) kJ · mol , 2
–1

f m
ο∆ H 2 7

(Cs2U O , cr, 298.15 K) = (327.75 ± 0.66) J · K–1 · mol–1. m
οS 2 7

9.10.6.2.2 Cs U O (cr) 4 5 17

Jayanthi et al. [97JAY/IYE] have reported enthalpy increment measurements for this 
phase. As described in Appendix A, the data have been refitted with a constraint of 

= 0 at T = 298.15 K. The derived heat capacity expressions are 
given in the Table 9-36 in section 9.10.1.  

These authors also studied the oxygen activity (emf with a CaO–ZrO  electro-
lyte) in the three–phase region Cs U O (cr) + Cs U O (cr) + Cs U O (cr) with air 
(

2
 = 0.21 bar) as the reference electrode. Their recalculated results (see Appendix A) 

for the Gibbs energy of the relevant reaction: 

2

4

m m( ) (298.15 K)H T H ο−

5 17 2 2 7 2 4

  (9.48) 
are: 
 (9.48) = − 136044 + 96.985 T     J · mol  (1048 to 1206 K). –1

4 5 17

2 4 12 2 13

Venugopal et al. [92VEN/IYE], have reported enthalpy increment measurements for 
these phases. As described in Appendix A, the data for Cs U O (cr), which extend to 
898 K, agree excellently with those reported by Cordfunke and Westrum 
[80COR/WES]. Since the latter authors gave a fitted equation for C  which is a 
smooth continuation of their low–temperature data, this equation, adopted by 
[92GRE/FUG], has been retained. For Cs U O (cr), however, the heat capacity data for 
Cs U O (cr) derived from the enthalpy increments of [92VEN/IYE] are inconsistent 
with the general behaviour of the heat capacities of the alkali–metal uranates as shown 
in the plot of heat capacities in section 9.10.1, (indeed the heat capacity of Cs U O (cr) 
decreases sharply as the temperature increases), and no data for this compound have 
been selected in this review.  

2 4

12

Op

2 4 12 2 2 7 2 4 5 17Cs U O (cr) + 3 Cs U O  + 0.5 O (g)  2 Cs U O (cr)

r m∆ G

The authors have used these Gibbs energies of reaction to derive data at 
298.15 K for Cs U O (cr), using their heat capacity data (extrapolated from ca. 800 K) 
and literature data at 298.15 K for the hexavalent compounds. However, we have not 
pursued this approach since many of the relevant data have not been selected for this 
review (see for example comments in [92VEN/IYE]). 

9.10.6.2.3 Cs U O (cr) and Cs U O (cr) 4

12

,m ( )p T

2 4 13

2 4 13

2 4 13

Une [85UNE] and Venugopal et al. [92VEN/IYE] have both studied the oxy-
gen activity (emf with solid electrolytes) in the mixtures Cs U O (cr) + Cs U O (cr) 
with air 

2
 = 0.21 bar) as the reference electrode. Their recalculated results (see Ap-

pendix A) for the Gibbs energy of the relevant reaction: 

2 4 12 2 4 13

O( p
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  (9.49) 4 12 2 2 4 13CsU O  + 0.5O (g)  Cs U O (cr)

are in good agreement, although the corresponding individual enthalpy and entropy 
terms differ somewhat: 

[85UNE]: (9.49) = − 190108 + 151.758 T  J · mol  (1048 to 1173 K), –1
r m∆ G

[92VEN/IYE]: (9.49) = − 174638 + 136.100 T  J · mol  (1019 to 1283 K). –1
r m∆ G

At 1100 K, these equations give ((9.49), 1100 K) = − 23.17 and 
 − 24.93 kJ · mol  respectively. 

r m∆ G
–1

The authors [92VEN/IYE] have used their Gibbs energies of reaction to derive 
a  value at 298.15 K for Cs U O (cr), using their heat capacity data (extrapolated 
from ca. 750 K) and literature data at 298.15 K for Cs U O (cr). However, for reasons 
given in detail in Appendix A, we have not pursued this approach since the uncertainties 
in the additional data required means that any derived data for Cs U O (cr) would have 
appreciable uncertainties. 

f mGο∆ 2 4 13

2 4 12

2 4 13

In summary, the following data for Cs U O (cr) are unchanged from those se-
lected in [92GRE/FUG]: 

2 4 12

f m∆ H (Cs2U O , cr, 298.15 K) = − (5571.8 ± 3.6) kJ · mol–1, 4 12

(Cs U O , cr, 298.15 K) = (526.4 ± 1.0) J · K  · mol , –1
2 4 12

–1
m
οS

,m
ο
pC (Cs U O , cr, 298.15 K) = (384.0 ± 1.0) J · K  · mol , 2

–1–1
4 12

2 6 2
,m 2 4 12(Cs U O , cr, ) = 423.7260 + 7.19405 10   5.43750 10  J K molpC T T T 1 1− − −× − × ⋅ ⋅ −  

(298.15 − 898 K). 

No data for Cs U O (cr) are selected in this review. 2 4

9.11.1 Thallium compounds 
9.11.1.1 Thallium uranates 
Sali et al. [93SAL/KUL], [96SAL/IYE] have reported the preparation of two new thal-
lium uranates Tl U O  and Tl U O , and give their structural data. The latter paper also 
gives details of measurements of the oxygen potential in the diphasic fields, Tl U O  + 
Tl U O  and Tl U O  + Tl U O , obtained from solid-state emf cells. As described in 
Appendix A, the recalculated values of the Gibbs energies of the two relevant reactions: 

2 3 9 2 4 11

2 4 11

2 4 12 2 4 12 2 4 13

2 4 11 2 2 4 12
1Tl U O (cr) + O (g)  Tl U O (cr)
2

, (9.50) 

, (9.51) 

are finally: 

2 4 12 2 2 4 13
1Tl U O (cr) + O (g)  Tl U O (cr)
2
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r m∆ G (9.50) = − 390.53 + 0.2032·T  (kJ · mol ), –1

(9.51) = − 136.85 + 0.0841·T  (kJ · mol ). –1

However, in the absence of any experimental data for any of the three individ-
ual thallium uranates involved, no reliable data for any of these can be derived from this 
study. 

r m∆ G

More recently, Banerjee et al. [2001BAN/PRA] measured enthalpy increments 
of pelleted Tl U O (cr) in a Calvet calorimeter from 301 to 735 K. Values of 

 were tabulated for thirteen temperatures from 301 to 673 K and 
fitted by a Shomate analysis, using an estimated value of (Tl U O , cr, 298.15 K) 
= (360.1 ± 20.0) J · K–1 · mol–1 from the sum of the heat capacities of the component 
oxides, Tl O(cr) +2 UO (cr) + 2 UO (cr). The resulting (corrected) equation for 

 gives on differentiation: 

2 4 11

m m( ) (298.15K)ο−H T H
,m

ο
pC

m m( ) (298.15K)ο−H T H

2 4 11

2 2 3

= (Tl U O , cr, T) = 368.2 +2.4886·10–2·T − 1.375·106·T–2   J · K–1 · mol–1 ,mpC 2 4 11

(298.15 to 673 K). 

9.11.2 Zinc compounds. 
Dueber et al. [95DUE/PAT] report calorimetric and electrochemical measurements on 
the formation of the insertion compound Zn UO (cr), similar to the corresponding 
compounds of magnesium (section 9.9.1), lithium (section 9.10.2.1) and sodium (sec-
tion 9.10.3.3). From the enthalpies of solution of the constituents of the equation: 

0.12 2.95

  (9.52) 

these authors report ((9.52), 298.15 K) = + (11.36 ± 0.78) kJ · mol . Using NEA 
adopted values, we recalculate: 

–1

(Zn UO , cr, 298.15 K) = − (1238.07 ± 1.06) kJ · mol .  

3 3 8 0.12 2.950.12 ZnO(cr) + 0.49 UO ( ) 0.17 U O ( ) Zn UO (cr)γ + α

r m
ο∆ H

0.12
–1

f m
ο∆ H 2.95

Using the recalculated value (see section 9.3.3.3.3) (UO , α, 298.15K) 
= − (1211.28 ± 1.28) kJ · mol  from the determination of [93PAT/DUE], the enthalpy 
effect corresponding to the insertion of zinc according to reaction: 

f m
ο∆ H 2.95

  (9.53) 

is obtained as ((9.53), 298.15 K) = − (26.79 ± 1.50) kJ · mol . –1

–1

2.95 0.12 2.950.12  Zn(cr) + UO ( )  Zn UO (cr)α

r m
ο∆ H

 From electrochemical measurements, [95DUE/PAT] also reported 
((9.53), 298.15 K) = − 25.2 kJ · mol . This value is in agreement with the calo-

rimetric result if ((9.53), 298.15 K) is assumed to be negligible. 

–1
r m

ο∆ G
r m

ο∆ S
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9.11.3 Polyoxometallates  
The actinides form complexes with different heteropolyanions and some of these are 
very strong. There is an extensive literature on the chemistry of these systems with a 
good review article by Yusov and Shilov [99YUS/SHI] that can be consulted for details. 
The non-protonated anions have very high negative charges and are also fairly strong 
bases, the basicity varying with the degree of protonation. There are no experimental 
studies that have identified the proton content of the complexes studied experimentally 
and this review has therefore not selected any equilibrium constants. Some conditional 
equilibrium constants are listed below. Shilov [91SHI] estimated the stability of the 
U(IV) complex with the polyoxo anion (PWO). This anion does not form 
complexes with U(VI) in acidic media, but it is a strong complexing anion for U(IV). 
As explained in Appendix A, Bion et al. [95BIO/MOI] determined the equilibrium con-
stants in HNO  for the reactions:  3

 The U(IV) is the sum of U  and nitrato complexes. Their results are reported 
in Table 9-41. 

4+

Table 9-4 : Conditional equilibrium constants K  and K  at different  
concentrations of H  

2
+

[ ] –  0.3 0 

log K10 1 

10
2 17 61P W O −

1

2 2

U(IV) +  PWO   U(PWO)             ,
U(IV) + 2 PWO  U(PWO)           .

K
K

 

1 1

10log +H 0.3 

(7 ± 0.25) (8 ± 0.25) (9 ± 0.25) 

(11.5 ± 0.25) (13.5 ± 0.25) (15.5 ± 0.25) log10K2 

 
 Saito and Choppin [98SAI/CHO] investigated the complex formation between 
U(VI) and different polyoxometallate anions, Lx–, which form stable complexes around 
pH = 4 (0.1 M NaClO ). They used a liquid-liquid extraction technique and these data 
are discussed in Appendix A. These authors have assumed simple association reactions 
between  and Lx–, an assumption that we find too simplistic in view of the fairly 
strong basicity of the polyoxometallate ions as mentioned above.  

4

2+
2UO

The equilibrium constants given in Table 9-41 and Table 9-42 are conditional 
equilibrium constants and are therefore not selected by this review. 
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Table 9-42: Conditional equilibrium constants of U(VI) with some polyoxometalate 
anions. These are ternary systems where the species formed have the general 
composition (UO ) H L  , where in this case p = 1, q is not known and r = 1 and 2. The 
values of log K are only valid at pH ≈ 4 in this study.  

2 p q r

10

      

(3.88 ± 0.3) (3.53 ± 0.2) 

  

6
10 28V O − 6

7 24Mo O − 3
6 24 6CrMo O H − 5

6 24IMo O − 6
6 24TeMo O − 6

9 32MnMo O −

10 1log K  (2.40 ± 0.1) (2.05 ± 0.06) (2.57 ± 0.07) (3.16 ± 0.04) 

    (5.25 ± 0.3) 

 

9.12 Uranium mineral phases 

In view of the importance of the mineral systems, the NEA TDB review has extended 
the mineral section in [92GRE/FUG] and [95SIL/BID] with a discussion of thermody
namic data obtained by using estimation methods. However, no data of this type have 
been selected; they have been included to provide estimates when no experimental in
formation is available.  

-

-

-

-

-

Minerals are characterised by their specific structure type and chemical com
position; the latter is rarely stoichiometric. The variable stoichiometry is a complicating 
factor for experimental studies of their thermodynamics. Thermodynamic data for min-
erals are therefore often estimates from the precisely known structures and experimental 
thermodynamic information for a few pure phases containing structure elements of dif-
ferent types present in the more complex minerals. The thermodynamic properties of the 
minerals are considered to be a sum of the contributions from these different constitu-
ents (see [97FIN] and references within in Appendix A).  

9.12.2 Review of papers 

Two studies presented by O’Brien and Williams [81OBR/WIL], 
[83OBR/WIL] deal with the stability of different secondary uranyl minerals. These ref
erences are Parts 3 and 4 of a series of papers; Parts 1 and 2 [79HAA/WIL], 
[80ALW/WIL] were reviewed and discussed by Grenthe et al. [92GRE/FUG] (Sections 
V.5.1.3.2.c and V.7.1.2.2.b, pp. 254–255 and 328, and in Appendix A, pp. 646–648). 

O’Brien and Williams [81OBR/WIL] reported the Gibbs energies of formation 
of sodium, potassium and ammonium zippeites, (basic dioxouranium(VI) sulphates). 

10 2log K

9.12.1 Introduction 

Only part of the literature on mineral phases was reviewed by Grenthe et al. 
[92GRE/FUG] and the following studies [81OBR/WIL], [81VOC/PIR], [83OBR/WIL], 
[83VOC/PEL], [84VOC/GRA], [84VOC/GOE], [86VOC/GRA], [88ATK/BEC], 
[90VOC/HAV] were not included. For reasons given below this omission does not af
fect the set of selected thermodynamic uranium data given in the [92GRE/FUG]. 
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There are almost no experimental details on the technique and data analysis used in this 
work and no information about the auxiliary data used. In [83OBR/WIL], O’Brien and 
Williams reported the Gibbs energy of formation, of schröckingerite, 
Ca NaUO (CO ) FSO ·10H O(cr), and grimselite, K NaUO (CO ) ·H O(cr), calculated 
from solubility experiments. The method used is essentially the same as previously de
scribed by Haacke et al., [79HAA/WIL] in Part 1 of the series. The authors performed 
corrections for ionic strength effects on the equilibrium constants for the aqueous com-
plexes, but the data suffer from the same flaw as previous studies, i.e. neglect of the 
formation of hydrolysis species, which in the investigated pH range (7.69 to 10.00) are 
expected to dominate the uranium speciation. As a result the calculated solubility prod-
ucts and thermodynamic data deduced from them are not reliable. 

3 2 3 3 4 2 2 3 3 2

-

-

-

-

-

The solubility products of cobalt, nickel, and copper uranyl phosphate, (meta-
torbenite) were measured by Vochten et al., [81VOC/PIR]. The solid compounds were 
synthesised and adequately characterised. However, the solubility experiments and the 
corresponding data analysis have serious limitations, e.g., lack of uranium and phospho
rus analyses, standardisation of the pH electrode with buffer solutions which were out-
side the pH range under investigation, lack of correction for ionic strength effects on the 
auxiliary thermodynamic data (which were taken from Sillén and Martell 
[64SIL/MAR], and only included uranyl phosphate complexes), etc. Furthermore, the 
authors did not specify in which ionic medium the solubility experiments were made. In 
view of these limitations the data of Vochten et al., [81VOC/PIR] could not be used for 
an evaluation of reliable thermodynamic data. 

2 4 4 4 2

Bassetite is a secondary uranyl phosphate and has the ideal composition 
Fe(UO ) (PO ) ·8H O(cr). Vochten et al. [84VOC/GRA] synthesised this mineral and 
its fully oxidised form and made extensive studies of them using X–ray powder diffrac
tion, Mössbauer and infrared spectroscopy, zeta-potential measurements and thermal 
analysis. They also measured the solubility as a function of the acidity in the range 
2.4 < pH < 6.0, but the ionic strength of the experiments is not reported. The solubility 
value was based on measuring the total iron concentration in solution. No information is 
given about the speciation of the solution phase under the conditions used. Hence it is 
impossible to calculate the thermodynamic data for the dissolution reaction or for the 
solid phases studied. 

2 4 2 2

Vochten and Goeminne [84VOC/GOE] and Vochten et al. [86VOC/GRA] 
have reported the synthesis and properties of several uranyl arsenates. In [84VOC/GOE] 
they describe solubility measurements of copper (meta-zeunerite), cobalt (meta-

3

Sabugalite is a hydrated acid aluminium uranyl phosphate, with an ideal com
position corresponding to HAl(UO ) (PO ) ·16H O(cr). Vochten and Pelsmaekers, 
[83VOC/PEL], have measured the solubility of the mineral in phosphoric and hydro
chloric acid, but with no experimental details and no primary experimental data. This 
study can therefore not be used to determine thermodynamic data for the solid.  

2
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-

-

-

-

kirchheimerite) and nickel uranyl arsenates at room temperature, but without informa-
tion on ionic strength and speciation. The experimental methodology and data analysis 
were basically the same as described in other publications by the same authors (see the 
comments on [81VOC/PIR]). These studies do not contain sufficient experimental detail 
to allow a calculation of precise thermodynamic data. A similar study of manganese and 
iron (meta–kahlerite and its fully oxidised form) uranyl arsenates [86VOC/GRA] suf-
fers from the same shortcomings and cannot be used to provide thermodynamic data for 
the mineral phases. 

Atkins et al. [88ATK/BEC] studied the variation of the stability field of bec
querelite, CaU O ·11H O(cr), as a function of temperature and calcium concentration; 
they also measured the solubility of becquerelite and Ca UO ·(1.3–1.7) H O(cr) at 
293.15 K, in two ionic media, pure water and a 0.5 M NaOH. These data do not provide 
sufficient information to extract thermodynamic data because of lack of experimental 
details. 

6 19 2

2 5 2

Vochten and van Haverbeke, [90VOC/HAV], investigated the reaction of 
schoepite, chemically equivalent to UO ·2H O(cr), to form becquerelite, billietite and 
wölsendorfite, which correspond to CaU O ·11H O(cr), BaU O ·11H O(cr), and 
PbU O ·2H O(cr), respectively. The reactions were studied at 333.15 K. In addition, the 
solubility of the different solids in water was measured at 298.15 K as a function of the 
pH. Care was taken to avoid the presence of CO (g). However, the stability of the solids 
in the absence of calcium, barium, and lead, in the aqueous solution at the pH values 
investigated was not addressed. Based on the solubility measured under the given ex
perimental conditions, the authors calculated the solubility products for becquerelite and 
billietite. They used auxiliary data from various sources of published thermodynamic 
data for the uranyl hydroxo species, but do not report the actual values used. They pre-
sent two distribution diagrams for the aqueous uranyl species involved in these two sys-
tems, which are clearly incorrect - for example, the complex UO OH  is shown to be 
predominant at pH 9. This indicates that the equilibrium model used by the authors is 
incomplete and that the thermodynamic data derived are erroneous. Rai et al. 
[2002RAI/FEL] have made a very careful study of the solubility product of a synthetic 
becquerelite. The value they give is close to that reported by Vochten et al. 
[90VOC/HAV] and has been retained by this review (see section 9.3.2.1.5.2.1). 

3 2

6 19 2 6 19 2

2 7 2

2

2
+

9.12.3 Summary of mineral information 
Table D.6 on pp. 361 − 367 in [95SIL/BID] has been updated, Table 9-43, with new 
information. This table has been included to facilitate the task of geochemists searching 
for thermodynamic data to model uranium migration in aquatic environments. It con
tains the tables in Chapters IX and X of [92GRE/FUG], which have been combined, re-
organised, updated with new references and purged of aqueous complexes. Only solid 
phases, which this review judges to be important for modelling radionuclide migration, 
were retained in Table 9-43. Thus materials like inter-metallic compounds, alloys, hal
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ides and nitrates have been excluded, as have compounds which have been discussed in 
[92GRE/FUG] and in earlier sections of this review. The solid phases have been ar-
ranged into families (phosphates, sulphates, etc.). Note that Table 9-43 does not bring 
new information to the reader and is provided only as a convenience to geochemical 
modellers; in combination with Chapter IX in [92GRE/FUG] it provides a survey of the 
bibliographic information used by the NEA TDB review.  

The users have to consult the main text to obtain information on the thermody
namic data in Tabl  for which selected values are available.  

-
e 9-43

-

-

-

-

As noted above, geochemists have often been forced to use estimated thermo
dynamic data for mineral phases. There are several methods used and Saxena has given 
a survey of some of them in Chapter VIII in [97ALL/BAN]. A recent paper by Chen, 
Ewing and Clark [99CHE/EWI], followed by [99CHE/EWI2], provides additional in
formation of the potential of structure-based estimation methods. The paper describes 
the estimation of Gibbs energies and enthalpies of formation of a large number of U(VI) 
phases, also those formed as a result of weathering of uraninite, UO (cr), and is there-
fore highly relevant both for uranium geology and for the modelling of transformation 
of spent nuclear fuel. The agreement between estimated and measured values of the 
enthalpy of formation and the Gibbs energy of formation is very good, often less than 
0.2 %. With these rather high molecular weight species, however, even such small per
centage differences are not insignificant. For instance, in the case of andersonite, 
Na Ca(UO )(CO )  · 6H O, the difference between estimated and measured Gibbs en
ergy of formation is only 0.08%, corresponding to 4.7 kJ · mol . The method relies on 
the use of proper “end-member” structures for the calibration of the model, but data for 
them are not always available. The agreement between model and experiment is then 
less satisfactory, cf. Table 7 in [99CHE/EWI]. 

2

2 2 3 2

Thermodynamic data for uranium silicate minerals are discussed in the main 
text, section 9.7.3.2. 

2
–1
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Table 9-43: Minerals of uranium and related solid phases of interest for geochemical 
modelling. The inclusion of these formulae in this table is to be understood as informa-
tion on the existence of published material. It does not imply that the authors of this 
table give any credit to either the thermodynamic data or the chemical composition or 
existence of these species. The compounds for which selected data are presented in 
Chapter III of [92GRE/FUG], as well as those which are discussed, but for which no 
data are recommended in Ref. [92GRE/FUG], are marked correspondingly. 

Ternary and quaternary oxides and hydroxides   (a) Reference 

2 7 2 wölsendorfite [90VOC/HAV] 
Ni(UO ) O (OH) 4

23 3 · 6H O(cr) 2  [91VOC/HAV] 
Mn(UO ) O (OH) 4

23 3 · 6H O(cr) 2  [91VOC/HAV] 
MgUO (cr)  data selected in [92GRE/FUG] 
MgU O (cr) 2 6 [81GOL/TRE2] 
MgU2O (cr) [81GOL/TRE2] 
MgU O (cr) 3 10  data selected in [92GRE/FUG] 

2 6 4 2 [91VOC/HAV] 
Mg U O (cr) 3 10  [83FUG] 

4  data selected in [92GRE/FUG] 

PbU O ·2H O(cr) 
2

−

−

 
 

10 −  

 data selected in [71NAU/RYZ] 
4  data selected in [92GRE/FUG] 

 data selected in [92GRE/FUG] 
2 6  [81GOL/TRE], [82MOR],[83FUG], 

  [85PHI/PHI], [86MOR], [88PHI/HAL] 
CaU O (cr) 2 7 calciouranoite, anhydr. [81GOL/TRE], [82MOR], [83FUG], 
  [85PHI/PHI], [86MOR], [88PHI/HAL] 
CaU O ·11H O(cr) 6 19 2 becquerelite data selected in this review 
  [94CAS/BRU], [94SAN/GRA] 

 data selected in [92GRE/FUG] 
 data selected in [92GRE/FUG] 

 [83KOH] 

 data selected in [92GRE/FUG] 
BaUO (cr) 3  data selected in [92GRE/FUG] 
BaUO (cr) 4  data selected in [92GRE/FUG] 
Ba3UO6(cr)  data selected in [92GRE/FUG] 

bauranoite, anhydr. data selected in [92GRE/FUG] 

 

2

4

7

Mg(UO ) O (OH) 6 ·13H O(cr) 
3

CaUO (cr) 
α-CaUO  4

ß-CaUO  
Ca UO (cr) 3 6

CaU O (cr) 

α-SrUO (cr) 4

ß-SrUO (cr) 4

  [79TAG/FUJ], [86MOR] 

Sr UO (cr) 5  data selected in [92GRE/FUG] 
Sr UO (cr) 6  data selected in [92GRE/FUG] 
Sr U O (cr) 3 11  data selected in [92GRE/FUG] 

SrUO (cr) 4

2

3

2

SrU4O (cr) 13

BaU2O (cr) 7

Ba U O (cr) 2 2 7  data selected in [92GRE/FUG] 
Ba Dy (UO ) (cr) 6 2 6 3 [82MOR] 

(Continued on next page) 
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Table 9-43 (continued) 
Ternary and quaternary oxides and hydroxides  (a) Reference 
Ba MgUO (cr) 2 6  data selected in [92GRE/FUG] 
Ba CaUO (cr) 2 6  data selected in [92GRE/FUG] 

 data selected in [92GRE/FUG] 
billietite [90VOC/HAV] 

 data selected in [92GRE/FUG] 
5  data selected in [92GRE/FUG] 

  [71COR/LOO], [78COR/OHA], 
  
  
  

[81LIN/BES], [82HEM], [82WAG/EVA], 
[83FUG], [85PHI/PHI], 
[85TSO/BRO],[86MOR], [88PHI/HAL] 

 data selected in [92GRE/FUG] 
6 7 21  [78COR/OHA] 

7 24  data selected in [92GRE/FUG] 
  [71COR/LOO], [81LIN/BES, 
  [82HEM], [82MOR], [82WAG/EVA], 
  [83FUG], [86MOR] 

 [82WAG/EVA] 
 [65MUT], [82WAG/EVA] 

3  data selected in [92GRE/FUG] 
  [81COR/OUW], [81LIN/BES], 
  [82HEM], [82MOR], [83FUG], 
  [83KAG/KYS], [85PHI/PHI],[86MOR], 
  [88PHI/HAL] 
K2UO4(cr)  data selected in [92GRE/FUG] 
K UO (cr) 4 5  [81LIN/BES] 

 data selected in [92GRE/FUG] 
  [75OHA/HOE2], [81LIN/BES, 
  [85FUG], [86MOR] 
K U O (cr) 2 4 13  [81LIN/BES] 
K U O ·11H O(cr) 2 6 19 2 compreignacite data selected in this review 
K U O (cr) 2 7 22  [81LIN/BES] 

 References 

Ca NaUO (CO ) FSO ·10H O(cr) 3 2 3 3 4 2 schröckingerite [82HEM], [83OBR/WIL] 
Zn (UO ) (SO ) (OH) ·8H O(cr) 2 6 4 3 10 2 Zn-zippeite [79HAA/WIL], [81OBR/WIL], 
  

 

 

[82HEM]  (d)

Co (UO ) (SO ) (OH) ·8H O(cr) 2 2 6 4 3 10 2 Co-zippeite [79HAA/WIL], [81OBR/WIL], 
 [82HEM]  (d)

Ni (UO ) (SO ) (OH) ·8H O(cr) 2 2 6 4 3 10 2 Ni-zippeite [79HAA/WIL], [81OBR/WIL], 
 

Na-zippeite [81OBR/WIL], [82HEM] 
zippeite [81OBR/WIL], [82HEM] 

(Continued on next page) 

Ba SrUO (cr) 2 6

BaU6O19·11H O(cr) 2

NaUO (cr) 3  data selected in [92GRE/FUG] 
α-Na2UO4  data selected in [92GRE/FUG] 
ß-Na2UO4  data selected in [92GRE/FUG] 
Na UO (cr) 3 4

Na UO (cr) 4

Na2U2O7(cr) 
Na U O (cr) 
Na U O (cr) 6

Na O UO ·9H O(cr) 4 4 4 2

Na U O ·1.5H O(cr) 2 2 7 2

KUO (cr) 

K2U O (cr) 2 7

Sulphates  (b,c):

2

[82HEM]  (d)

Mg (UO ) (SO ) (OH) ·8H O(cr) 2 2 6 4 3 10 Mg-zippeite [79HAA/WIL],[81OBR/WIL], [82HEM]  (d)

Na (UO ) (SO ) (OH) ·4H O(cr) 4 2 4 3 10

2

6 2

K (UO ) (SO ) (OH) ·4H O(cr) 4 2 6 4 3 10 2
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Table 9-43 (continued) 
Phosphates  References 

U (PO ) (cr) 3 4 4  [73MOS], [78ALL/BEA]  (e)

U(HPO4) ·4H O(cr) 2 2  data selected in [92GRE/FUG] 
U(HPO  

 

HAl(UO cr) 

4)2(cr) [71MOS], [84VIE/TAR], [86WAN]  (f)

U(HPO ) H PO ·H O(cr) 4 2 3 4 2 [55SCH]  (g)

UO HPO ·4H O(cr) 2 4 2 H-autunite data selected in [92GRE/FUG] 
UO HPO (cr) 2 4  See footnote (h) 
(UO ) (HPO ) (cr) 2 2 4 2  See footnote (h) 
H (UO ) (PO ) ·10H O(cr) 2 2 2 4 2 2  See footnotes (h) and (i) 
UO (H PO ) ·3H O(cr) 2 2 4 2 2   
(UO ) (PO ) (cr) 2 3 4 2  data selected in [92GRE/FUG] 
(UO ) (PO ) ·4H O(cr) 2 3 4 2 2  data selected in [92GRE/FUG] 
  [92SAN/BRU] 
(UO ) (PO ) ·6H O(cr) 2 3 4 2 2  data selected in [92GRE/FUG] 
NH UO PO ·3H O(cr) 4 2 4 2 uraniphite 
  

[61KAR], [71NAU/RYZ], 
[84VIE/TAR], [88PHI/HAL] 

NH UO PO (cr) 4 2 4 NH -autunite, anhydr. 4

  
  

[56CHU/STE], [65VES/PEK], 
[84VIE/TAR], [85PHI/PHI], [86WAN]  (k)

(NH ) (UO ) (PO ) (cr) 4 2 2 2 4 2  [78LAN], [88PHI/HAL] 
HAl(UO ) (PO ) ·16H O(cr) 2 4 4 4 2 sabugalite [83VOC/PEL] 

2)4(PO4)4( sabugalite, anhydr. [84GEN/WEI] 
Pb UO (PO4) ·2H O(cr) 2 2 2 2 parsonsite [84NRI2] 
Pb UO (PO ) (cr) 2 2 4 2 parsonsite, anhydr. [84GEN/WEI] 
Pb(UO ) (PO ) ·10H O(cr) 2 2 4 2 2  [65MUT/HIR] 
Pb(UO2)2(PO ) ·2H O(cr) 4 2 2 przhevalskite [84NRI2]  (l)

Pb(UO2) (PO ) (cr) 2 4 2 przhevalskite, anhydr. [78LAN], [85PHI/PHI], [88PHI/HAL] 
Pb(UO2)3(PO ) (OH) (cr) 4 2 2  [84GEN/WEI] 
Pb (UO ) (PO ) (OH) ·3H O(cr) 2 2 3 4 2 4 2 dumontite [84NRI2] 
Pb(UO2) (PO ) (OH) ·7H O(cr) 4 4 2 4 2 renardite  (m) [84NRI2] 
Pb(UO ) (PO ) (OH) ·8H O(cr) 2 4 4 2 4 2  [84NRI2] 
Cu(UO ) (PO ) 12H O(cr) 2 2 4 2 · 2 torbernite [65MUT/HIR], [84NRI2] 
Cu(UO ) (PO ) ·8H O(cr) 2 2 4 2 2 meta-torbernite [81VOC/PIR], [84NRI2], [84VIE/TAR] 
Cu(UO ) (PO ) (cr) 2 2 4 2 torbernite, anhydr. [78LAN], [85PHI/PHI], [88PHI/HAL] 
Ni(UO ) (PO ) ·7H O(cr) 2 2 4 2 2  [81VOC/PIR], [84VIE/TAR] 
Co(UO ) (PO ) ·7H O(cr) 2 2 4 2 2  [81VOC/PIR], [84VIE/TAR] 
Fe(UO ) (PO ) OH·6H O(cr) 2 2 4 2 2  [84VOC/GRA] 
Fe(UO ) (PO ) OH·8H O(cr) 2 2 4 2 2 bassetite [65MUT/HIR], [84VOC/GRA]  (n)

(Continued on next page) 
 

 



9.12 Uranium mineral phases 289

Table 9-43 (continued) 
Phosphates  References 
Fe(UO2)2(PO4)2(cr) bassetite, anhydr. [78LAN], [85PHI/PHI], 
  [86WAN], [88PHI/HAL] 
Mg(UO2)2(PO4)2·10H2O(cr) saleeite [65MUT/HIR] 
Mg(UO2)2(PO4)2(cr) saleeite, anhydr. [78LAN], [85PHI/PHI, 
  [86WAN], [88PHI/HAL] 
CaU(PO4)2·2H2O(cr) ningyoite [65MUT], [65MUT/HIR], [78LAN], 
  

 
 

 
 

[84VIE/TAR], [88PHI/HAL](i) 
CaU(PO4)2(cr)  
Ca(UO2)2(PO4)2·10H2O(cr) autunite [65MUT], [65MUT/HIR], 

[84VIE/TAR](i) 
Ca(UO2)2(PO4)2(cr) autunite, anhydr. [78LAN], [85PHI/PHI, 
  [86WAN], [88PHI/HAL] 
Ca(UO2)4(PO4)2(OH)4(cr)  [84GEN/WEI] 
Sr(UO2)2(PO4)2(cr) Sr-autunite, anhydr. [78LAN], [85PHI/PHI], [86WAN], 
  [88PHI/HAL] 

Sr(UO2)2(PO4)2·10H2O(cr)·  [65MUT/HIR] 
Ba(UO2)2(PO4)2(cr) uranocircite, anhydr. [78LAN], [84GEN/WEI], [85PHI/PHI], 
  [86WAN], [88PHI/HAL] 
Ba(UO2)2(PO4)2·10H2O(cr) uranocircite II [65MUT/HIR] 
NaUO2PO4(cr) Na-autunite, anhydr. [65VES/PEK], [85PHI/PHI], 
 [86WAN](k) 
Na2(UO2)2(PO4)2(cr) [78LAN], [88PHI/HAL](k) 
Na2(UO2)2(PO4)2·10H2O(cr)  [65MUT/HIR] 
KUO2PO4(cr) K-autunite, anhydr. [56CHU/STE], [65VES/PEK], 
  [82WAG/EVA], [84VIE/TAR], 
 [85PHI/PHI], [86WAN](k) 
 [78LAN], [88PHI/HAL](k) 
K2(UO2)2(PO4)2(cr)   
KUO2PO4·3H2O(cr) See footnote (o) [61KAR], [71NAU/RYZ], 

[84VIE/TAR], 
  [85PHI/PHI], [88PHI/HAL] 
K2(UO2)2(PO4)2·10H2O(cr)  [65MUT/HIR] 
   

Pyrophosphates  References 

 
UP2O7·xH2O(cr)  [67MER/SKO](p) 
   
UP2O7(cr)  data selected in [92GRE/FUG] 
(UO2)2P2O7(cr)  data selected in [92GRE/FUG] 

[86WAN] 

  (Continued on next page) 
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Table 9-43 (continued) 
Arsenates  References 
(UO2)3(AsO4)2(cr) troegerite, anhydr. data selected in [92GRE/FUG] 
UO2HAsO4(cr) hydrogen spinite [56CHU/SHA], [84GEN/WEI] 
NH4UO2AsO4(cr)  [56CHU/SHA] 
Pb2UO2(AsO4)2(cr) hallimondite [84GEN/WEI] 
Zn(UO2)2(AsO4)2(cr) meta-lodevite, anhydr. [84GEN/WEI] 
Cu(UO2)2(AsO4)2(cr) meta-zeunerite, anhydr. [84GEN/WEI] 
Cu(UO2)2(AsO4)2·8H2O(cr) meta-zeunerite [84VOC/GOE] 
Ni(UO2)2(AsO4)2 ·7H2O(cr)  [84VOC/GOE] 
Co(UO2)2(AsO4)2(cr) meta-kirchheimerite, 

anhydr. 
[84GEN/WEI] 

Co(UO2)2(AsO4)2·7H2O(cr) meta-kirchheimerite, [84VOC/GOE] 
 heptahydrate  
Fe(UO2)2(AsO4)2(cr) kahlerite, anhydr. [84GEN/WEI] 
Fe(UO2)2(AsO4)2·8H2O(cr) meta-kahlerite [86VOC/GRA] 
Mn(UO2)2(AsO4)2·8H2O(cr)  [86VOC/GRA] 
Mn(UO2)2(AsO4)2(cr) novacekite, anhydr. [84GEN/WEI] 
Ca(UO2)2(AsO4)2(cr) uranospinite, anhydr. [84GEN/WEI], [91FAL/HOO] 
Ca(UO2)2(AsO4)2(OH)4(cr) arsenuranylite, anhydr. [84GEN/WEI] 
Ba(UO2)2(AsO4)2(cr) meta-heinrichite,  

anhydr. 
[84GEN/WEI] 

NaUO2AsO4·4H2O(cr) Na-uranospinite [71NAU/RYZ] 
NaUO2AsO4(cr)  [56CHU/SHA], [91FAL/HOO] 
KUO2AsO4(cr) abernathyite, anhydr. [56CHU/SHA], [71NAU/RYZ], 
  [82WAG/EVA] 
   

Carbonates  References 

   
UO2CO3(cr) rutherfordine data selected in [92GRE/FUG] 
UO2CO3·H2O(cr)  

 

 

 

[82HEM](q) 
   
UO2(HCO3)2·H2O(cr)  [76BOU/BON], [78COR/OHA], 
  [82WAG/EVA], [83FUG] 
  [86MOR] 
Ca3NaUO2(CO3)3FSO4·10H2O(cr) schröckingerite [82HEM], [83OBR/WIL] 
Ca2UO2(CO3)3·10-11H2O(cr) liebigite [80BEN/TEA], [80ALW/WIL], 
 [82HEM], [83OBR/WIL](r) 
CaMgUO2(CO3)3·12H2O(cr) swartzite [80ALW/WIL], [80BEN/TEA], 
 [82HEM](r) 
Mg2UO2(CO3)3·18H2O(cr) bayleyite [80ALW/WIL], [80BEN/TEA], 
 [82HEM](r) 

(Continued on next page) 
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Table 9-43 (continued) 
Carbonates  References 
CaNa2UO2(CO3)3·6H2O(cr)   andersonite [80ALW/WIL], [80BEN/TEA], 
  [83OBR/WIL](r) 
Ca2CuUO2(CO3)4·6H2O(cr)   voglite [82HEM] 
Ca3Mg3(UO2)2(CO3)6(OH)4·18H2O(cr)  
 rabbittite [82HEM] 
Na4UO2(CO3)3(cr)  data selected in [92GRE/FUG] 
K3NaUO2(CO3)3·H2O(cr) grimselite [83OBR/WIL] 
   

Silicates  References 

   
USiO4(cr) coffinite data selected in [92GRE/FUG] 
(UO2)2SiO4·2H2O(cr) soddyite [82HEM], [92NGU/SIL], [94CAS/BRU] 
PbUO2SiO4·H2O(cr) kasolite [82HEM] 
K(H3O)UO2SiO4(cr) boltwoodite(s) [82HEM] 
   
Na0.7K0.3(H3O)UO2SiO4·H2O(cr) Na-boltwoodite(s) [82HEM], [92NGU/SIL] 
   
Cu(UO2)2(SiO3OH)2·6H2O(cr) cupro sklodowskite [82HEM] 
Mg(UO2)2(SiO3OH)2·5H2O(cr) sklodowskite [82HEM](t) 
   
Ca(UO2)2(SiO3OH)2(cr) uranophane, anhydr. [78LAN], [80BEN/TEA], [86WAN], 
  [88LEM], [88PHI/HAL] 
Ca(UO2)2(SiO3OH)2 5H2O(cr) uranophane [82HEM], [92NGU/SIL], [94CAS/BRU] 
Ca(UO2)2Si6O15·5H2O(cr) haiweeite [82HEM] 
Na2(UO2)2Si6O15·4H2O(cr) Na-weeksite [92NGU/SIL] 
K2(UO2)2Si6O15·4H2O(cr) weeksite [82HEM] 
   

Vanadates  References 

   
Pb(UO2)2(VO4)2(cr) curienite, anhydr. [84GEN/WEI] 
Al(UO2)2(VO4)2OH(cr) vanuralite, anhydr. [84GEN/WEI] 
CuUO2VO4(cr) sengierite, anhydr. [84GEN/WEI] 
Ca(UO2)2(VO4)2(cr) tyuyamunite, anhydr. [78LAN], [80BEN/TEA], 
  [85PHI/PHI], [88PHI/HAL] 
Ba(UO2)2(VO4)2(cr) francevillite, anhydr. [84GEN/WEI] 
NaUO2VO4(cr) strelkinite, anhydr. [84GEN/WEI] 
K2(UO2)2(VO4)2·H2O(cr) carnotite [62HOS/GAR] 
K2(UO2)2(VO4)2(cr) carnotite, anhydr. [78LAN],[80BEN/TEA], 
  [85PHI/PHI], [88PHI/HAL] 

 
 
 

  



9 Discussion of new data selection for Uranium 

 

292 

  

(a) Simple oxides and hydroxides are discussed in Section V.3.3 (pp.131–148) of [92GRE/FUG]. 
(b) Only binary and ternary sulphates are listed. Simple uranium sulphates are discussed in Section 

V.5.1.3.2. (pp.249–254) of [92GRE/FUG]. 
(c) It should be noted that there is some disagreement in the literature on the number of water molecules in 

the formulae of the zippeite family. 
(d) See Section V.5.1.3.2.c (pp.254–255) and the discussion of [79HAA/WIL] in Appendix A (p.646) of 

[92GRE/FUG]. 
(e) See the discussion in Section V.6.2.2.5.b (p.294) of [92GRE/FUG]. 
(f) See the discussion in Section V.6.2.2.7.b (p.297) of [92GRE/FUG]. 
(g) See the discussion in Section V.6.2.2.9 (p.298) of [92GRE/FUG]. 
(h) Compounds with formula H2(UO2)2(PO4)2·xH2O(cr) (x = 0 to 10) are discussed in Sections V.6.2.1.1.b 

and V.6.2.2.10.c (pp.284–286 and 299–300 respectively) of [92GRE/FUG]. Grenthe et al. selected 
thermodynamic data for UO2HPO4·4H2O(cr), cf. Table III.1 in [92GRE/FUG]. 

(i) See the discussion of [65MUT] in Appendix A (p.599) of [92GRE/FUG]. 
(j) See the discussions in Sections V.6.2.1.1.b and V.6.2.2.8 (pp.284–286 and 298) and the comments of 

[54SCH/BAE] in Appendix A (p.564) of [92GRE/FUG]. 
(k) Veselý et al. ([65VES/PEK]) reported solubility products for hydrated alkali phosphates. Grenthe et al. 

([92GRE/FUG]) reinterpreted the results of [65VES/PEK], cf. Table V.40 (p.283), Section V.6.2.1.1.b 
(p.286), and Appendix A (pp.600–601) of [92GRE/FUG]. It should be noted that Langmuir ([78LAN]) 
incorrectly referred to the anhydrous compounds as sodium and potassium autunite. 

(l) Nriagu ([84NRI2]) gives four waters of hydration for this mineral (Table 1). 
(m) The stoichiometry of the mineral renardite is not clear, although it is related to dewindtite: 

Pb3(UO2)6(PO4)4O2(OH)2·12H2O(s) ([91FIN/EWI]).  
(n) Muto et al. ([65MUT/HIR]) give ten molecules of water of hydration for this mineral. 
(o) This formula is related to meta–ankoleite: K2(UO2)2(PO4)2·6H2O(cr). 
(p) See the discussion of [67MER/SKO] in Appendix A (p.603) of [92GRE/FUG]. 
(q) Hemingway ([82HEM]) incorrectly assigned the name of sharpite to this solid. 
(r) Discussed in section V.7.1.2.2.b (pp.327–328) of [92GRE/FUG]. 
(s) There is some uncertainty in the composition of boltwoodite and Na–boltwoodite, cf. [81STO/SMI], 

[91FIN/EWI], [92NGU/SIL]. 
(t) Hemingway ([82HEM]) reports estimated data for a solid with six water molecules. 
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10 Discussion of new data selection 
for Neptunium  
 

10.1 Neptunium aqua ions (7) 
There are few experimental data that have appeared after those discussed in 
[2001LEM/FUG]. 

EXAFS spectra of +
2NpO  and Np4+ obtained by Allen et al. [97ALL/BUC] and 

those of Np(IV), +
2NpO  and 2+

2NpO  obtained by Reich et al. [2000REI/BER] do not 
give consistent results on the hydration number of +

2NpO , respectively, five and 
(3.6 ± 0.6). It should be noted that coordination numbers determined by EXAFS are not 
particularly precise. Hence, the coordination number for Np4+ given as (10 ± 1), 
[97ALL/BUC], is uncertain and this review suggests a coordination number of (9 ± 1).  

Soderholm et al. [99SOD/ANT] have also given the full EXAFS spectra of the 
aqueous ions of Np(III) to Np(VI) (see Appendix A). Soderholm et al. [99SOD/ANT] 
have combined EXAFS and electrochemical measurements and propose values of the 
formal redox potential of the 2+ +

2 2NpO / NpO  and 4+ 3+Np / Np  couples in 1 M HClO4. 
This is an interesting approach, but in the opinion of this review, it does not result in 
more precise data than the traditional electrochemical methods. The review also notices 
that the values obtained are very far from those obtained in other studies discussed in 
[2001LEM/FUG].  

The values selected by [2001LEM/FUG] are therefore retained in the present 
review (see Appendix A).  

Bolvin et al. [2001BOL/WAH] have given the structure of the Np(VII) species 
predominant in strong alkaline solution: 3

4 2NpO (OH) − , thus closing the debate that has 
gone on since the discovery of the Np(VII) species (see [2001LEM/FUG] page 92 and 
in Appendix A [2001WIL/BLA] and [97CLA/CON]). Consequently, the equation 7.2 
of [2001LEM/FUG] must be written : 

3
4 2NpO (OH) −  + 2 H2O(l) + e–  2

2 4NpO (OH) −  + 2 OH–. 
The close similarity in the coordination of Np in the species involved in the re-

dox couple Np(VII)/Np(VI) explains why it is stable and reproducible in alkaline solu-
tions. 

293 
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Evaluations of  and  from lit-
erature data have been conducted by Kaszuba and Runde [99KAS/RUN]. These data are 
the same as in [2001LEM/FUG], but the method used to calculate the Gibbs energy is 
different. The values obtained in the two evaluations are very similar and, as explained 
in Appendix A, there is no reason to revise the selected values of [2001LEM/FUG], in 
favour of these new evaluations. 

+
f m 2(NpO , 298.15 K)Gο∆ 4+

f m (Np , 298.15 K)Gο∆

10.2 Neptunium oxygen and hydrogen compounds and 
complexes (8) 

10.2.1 Aqueous neptunium hydroxide complexes (8.1) 

10.2.1.1 Neptunium (VI) hydroxide complex (8.1.2) 
An error of sign for the values of 2 3 5 4((NpO ) (OH) ,ClO )+ −ε  and 

 exists in [2001LEM/FUG] on pages 105 and 814. The cor-
rect values are: 

2
2 2 2 4((NpO ) (OH) ,ClO )+ −ε

2 3 5 4((NpO ) (OH) ,ClO )+ −ε
2

= (0.45 ± 0.20) kg · mol–1, 
+ −

2 2 2 4((NpO ) (OH) ,ClO )ε = (0.57 ± 0.10 kg · mol–1. 

 These errors do not affect the calculated equilibrium constants or Gibbs energy 
values given on pages 105, 106, and 639 of [2001LEM/FUG] which have been calcu-
lated with the correct  values. ∆ε

10.2.1.2 Neptunium(V) hydroxide complexes (8.1.3) 
An analysis of the literature data concerning Np(V) behaviour in aqueous solutions was 
carried out by Kaszuba and Runde [99KAS/RUN]. These authors give values for 

 in very close agreement with those of [2001LEM/FUG], which 
are retained by this review as selected values (see Appendix A).  

10 1,1 10 2,1log  and logοb οb

Experimental results on the solubility of Np(V) hydroxide compounds have 
been reported by Peretrukhin et al. [96PER/KRY]. As discussed in Appendix A no 
thermodynamic data can be extracted from this study. 

10.2.1.3 Neptunium(IV) hydroxide complexes (8.1.4) 
The main advance in knowledge since the previous review concerns the hydrolysis of 
Np(IV). As discussed in [2001LEM/FUG] the situation is the same as for the other tet-
ravalent actinides [92GRE/FUG]. Due to phenomena difficult to control, like formation 
of colloids and the evolution of the limiting solubility of solid phases between crystal-
line and amorphous forms of the dioxide or tetrahydroxide, the description of actinide 
(IV) hydrolysis in terms of thermodynamic constants is rather uncertain. 
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Only the value lo 10 1,1
*g οb = − (0.29 ± 1.00) was selected by [2001LEM/FUG]. 

The large uncertainty comes from the unweighted average of three scattered experimen-
tal values. Due to large uncertainties in the literature data, [2001LEM/FUG] did not 
select values for the hydrolysis constants  and  A value of lo = 
(46.17 ± 1.12) is also reported by [2001LEM/FUG] from solubility data, or can be cal-
culated as an alternative route from the selected values of the Gibbs energy of formation 
of NpO

2,1b 3,1.b

f m

10 4,1g οb

2(am) and Np(OH)4(aq) (pages 115 and 128 of [2001LEM/FUG], see also the 
review of [99NEC/KIM] in Appendix A). Indeed ο∆ G (NpO2, am, 298.15 K) and 

(Np(OH)f m
ο∆ G 4(aq), 298.15 K) given by [2001LEM/FUG] are derived from the same 

solubility data (see 10.2.2.2.). This review has clearly taken the position not to select 
Gibbs energies of amorphous phases (see section 9.3.2.2). 

None of the spectroscopic studies considered in [2001LEM/FUG] for the selec-
tion of  could identify two distinct absorption bands, i.e., one for Np10 1,1

*log οb 4+ and 
one for Np(OH)3+. There is not even a shift of the characteristic Np(IV) absorption 
bands. (The same is true for the spectroscopic studies on Pu(IV) hydrolysis, cf. section 
11.2.1.2). The only effect observed was the decrease of the absorption band when pH 
was increased. Neck et al. [2001NEC/KIM2] demonstrated by spectroscopic and LIBD 
measurements that (1) the decrease of the Np(IV) absorption bands is a function of both 
pH and total Np(IV) concentration, i.e., it cannot be due to mononuclear hydrolysis, and 
(2) the onset of the decrease of absorption is consistent with the onset of colloid forma-
tion. 

Neck and Kim [99NEC/KIM], [2001NEC/KIM] have made critical surveys of 
the literature data of actinide(IV) hydrolysis as done partially by [2001LEM/FUG], but 
from the standpoint of correlations and semi-theoretical considerations to predict the 
values of successive hydrolysis constants of M4+ aqueous ions. The parameters from 
these theoretical methods are fitted from sets of experimental thermodynamic constants 
of trivalent (Am, Cm) and tetravalent (Pu) actinides with the first hydrolysis constant, 

, as the input parameter. For Np10 1,1log οb 4+, starting with 10 1,1log οb = (14.55 ± 0.2) 
( = 0.55 ± 0.2) obtained at very low neptunium concentrations [77DUP/GUI], 
they predicted, depending on the method used (correlation or semi-empirical model), 

= 28.0 or 28.3 (in close agreement with the experimental value (28.35 ± 0.3) 
from [77DUP/GUI]), lo = 39.0 or 39.4 and 

10 1,
*log οb

10 2,1log οb

1

10 3,1g οb 10 4,1log οb  = 46.6 or 47.5. The choice 
of the value of  reflects the necessity of using data from experiments where the 
presence of colloids has been avoided as in [77DUP/GUI] where the Np concentration 
is at tracer levels. The  value is consistent with the value obtained from rein-
terpretation of the solubility data of amorphous neptunium dioxide, as shown in the fol-
lowing section 10.2.2.2 (

1,1
οb

10 4,1log οb

10log 4,1
οb  = (47.7 ± 1.1)). 

The reinterpretation of the available literature data on Np(IV) hydrolysis made 
by Neck and Kim [2001NEC/KIM] changes the lo 10 1,1g οb  value selected by 
[2001LEM/FUG] and confirms the value of 10 4,1log οb , which can be calculated, for in-
stance, from the appropriate Gibbs energies of formation selected by [2001LEM/FUG]. 
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A revision of the hydrolysis constants of Np4+ is required.  

This review considers the hydrolysis constants lo  and 
 determined in the solvent extraction study of Duplessis and Guillaumont 

[77DUP/GUI], and the  value estimated by [2001NEC/KIM] as the best avail-
able. The  value estimated by [2001NEC/KIM] is close to the value calculated 
from solubility data (see section 10.2.2.2.2 and Table 11-1, footnote (b)).  

10 1,1g οb
10 2,1log οb

10 3,1log οb
10 4,1log οb

The following equilibrium constants are selected at 298.15 K for the reactions: 
4+ 4Np  +  OH    Np(OH) n

nn − −  (10.1) 
4+ 4 +

2Np  + H O(l)  Np(OH)  +  Hn
nn − n , (10.2) 

 10 1log οb (10.1) = (14.55 ± 0.20) 10 1
*log οb (10.2) = (0.55 ± 0.20), 
* 10 2log οb (10.1) = (28.35 ± 0.30) 10 2log οb (10.2) = (0.35 ± 0.30), 
* 10 4log οb (10.1) = (47.7 ± 1.1) 10 4log οb (10.2) = − (8.3 ± 1.1). 

 According to NEA TDB guidelines the estimated values, (10.1) = 
(39.2 ± 1.0), lo (10.2) = − (2.8 ± 1.0), are not selected by this review. 

10 3log οb
10 3

*g οb

 Solubility data of Neck et al. [2001NEC/KIM2] obtained by using spectro-
scopic methods for determining the Np(IV) concentration show that the species 

2+
2Np(OH)  is dominant in the range log10[H+] = − 1.6 to − 2.7 at very low concentra-

tions of Np(IV). This confirms the hydrolysis results obtained at tracer scale by 
[77DUP/GUI] (see Appendix A). 

Corresponding  values can be calculated (see on 
section 11.2.3 of this review which gives a comparison of thermodynamic data on tetra-
valent actinides). 

4
f m (Np(OH) ,  298.15 K)n

nGο −∆

 Peretrukhin et al. [96PER/KRY] proposed the formation of 5Np(OH)−  from the 
increase in the solubility of Np(IV) hydroxide in 0.5 to 14.1 M NaOH. However, for the 
reasons given in Appendix A the present review does not extract thermodynamic quanti-
ties from these data. 

10.2.2 Crystalline and amorphous neptunium oxides and hydroxides 
(8.2) 

10.2.2.1 Solubility of neptunium(V) oxides and hydroxides (8.2.4) 
Kaszuka and Runde [99KAS/RUN] re-analysed the solubility data on NpO2OH reported 
by [92NEC/KIM], [95NEC/FAN] and [96RUN/NEU], which agree within 0.02 log-
units for fresh, and 0.07 log-units for aged NpO2OH, and give, respectively, the aver-
aged solubility product lo 10 ,0g ο

sK  = − (8.77 ± 0.09) and lo 10 ,0g ο
sK  = − (9.48 ± 0.16). 

These values are very close to the values selected by [2001LEM/FUG] from the same 
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experimental data, (Table 8.5, p. 126 in [2001LEM/FUG]), lo 10 ,0
*g ο

sK (NpO2OH, am, 
fresh) = (5.3 ± 0.2), ( 10 ,0log ο

sK  = − (8.7 ± 0.2)), 10 ,0
*log ο

sK  (NpO2OH, am, aged) = 
(4.7 ± 0.5), ( 10 ,0log ο

sK = − (9.3 ± 0.5)).  

f m
ο∆ H

1kJ mol−⋅ m
οS

1J K m−⋅ ⋅ 1ol−

10log
+ +

2  + 0.5H2 50.5 Np O (cr 2O(l)

10 ,0
* ο

sK
2 5 2Np O H Ox⋅

m

f m
οG∆

1l−

10log
f mGο∆

10 ,0g sK ο

 Therefore, there is no reason to change the values selected by 
[2001LEM/FUG]. 

Based on enthalpies of solution measurements with well-crystallised anhydrous 
Np2O5, [2001LEM/FUG] selected (Np2O5, cr, 298.15 
K) = − (2162.7 ± 9.5)  and, using the estimate (Np2O5, cr, 298.15 K) = 
(174 ± 20) , obtained f m

ο∆ G
,0

(Np2O5, cr, 298.15 K) = − (2031.6 ± 11.2) 
, corresponding to 1kJ mol−⋅ * ο

sK  = (1.8 ± 1.0 ) for the reaction: 

) + H   NpO . 

Recently Efurd et al. [98EFU/RUN], not cited in [2001LEM/FUG], reported a 
value of log = (2.6 ± 0.4) for the solubility of a solid described as a poorly crys-
talline hydrated  (see Appendix A). Although not corresponding to com-
pounds of the same crystallinity and water content, the results of Efurd et al. are not 
incompatible with the adopted values for crystalline anhydrous Np2O5(cr). However, 
this lack of knowledge of the exact composition of the compounds in equilibrium with 
the aqueous phase, makes it impossible to deduce Gibbs energies from the data of Efurd 
et al. [98EFU/RUN]. 

This review retains the value of f
ο∆ G (Np2O5, cr, 298.15 K) selected by 

[2001LEM/FUG]. 

10.2.2.2 Neptunium(IV) oxides and hydroxides (8.2.5) 

10.2.2.2.1 Solubility of crystalline oxide NpO2(cr) (8.2.5.1) 
No new experimental data have appeared since the last review.  

 According to the values of Gibbs energy of formation of NpO2(cr) selected by 
[2001LEM/FUG], (NpO2, cr, 298.15 K) = − (1021.731 ± 2.514)  and 

(Np

1kJ mol−⋅

f m
ο∆ G 4+, 298.15 K) = − (491.8 ± 5.6) kJ mo⋅

,0

 and the auxiliary values from 
[92GRE/FUG], this review calculates lo 10g ο

sK (NpO2, cr) = − (65.75 ± 1.07). A some-
what different value has been proposed in the recent literature [99NEC/KIM], 
[2001NEC/KIM] with reference to [87RAI/SWA], as  
= − (63.7 ± 1.8). The difference comes mainly from the value of 

,0 2(NpO ,sK ο  cr)
(Np4+, 298.15 K) 

= − (502.9 ± 7.5) kJ · mol–1 [76FUG/OET] used to calculate lo  (see section 
11.2.3).  

This review does not change the value of Gibbs energy of formation of 
NpO2(cr) selected by [2001LEM/FUG].  
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10.2.2.2.2 Solubility of amorphous oxide NpO2(am, hydr.) (8.2.5.2) 
The constant for the reaction, 

4+
2 2NpO (am, hydr.) + 2H O(l)  Np  + 4OH−  (10.3) 

consistent with the selections in [2001LEM/FUG] is lo 10 ,0g ο
sK (NpO2, am, hydr., (10.3)) 

= − (54.5 ± 1.0) derived from lo 10 ,0
*g ο

sK (NpO2, am, hydr.) = (1.53 ± 1.0). This latter 
value is calculated from the concentration of Np(IV) in equilibrium with the solid and 

=  − (0.29 ± 1.00). The large uncertainty in lo10 1,1
*log οb 10

*g ,0
ο
sK  is estimated. The ex-

perimental solubility data come from [87RAI/SWA]. Lemire et al. [2001LEM/FUG] 
calculated and selected (NpOf m

ο∆ G 2, am, 298.15 K) = − (953.3 ± 8.0) . This 
method of calculating the Gibbs energy of formation of an amorphous phase does not 
appear valid to this review for the reason put forward in the section 9.3.2.2.  

1kJ mol−⋅

Neck and Kim [99NEC/KIM], [2001NEC/KIM], (see Appendix A) re-
interpreted the solubility data of [87RAI/SWA] at pH below 3 with the hydrolysis con-
stants 10 1,1log οb ,  from [77DUP/GUI] and an estimated value for lo  (see 
section 10.2.1.3), and give 

10 2,1log οb 10 3,1g οb
10 ,0log ο

sK (NpO2, am, hydr., (10.3)) = − (56.7 ± 0.5). With 
this value and all the solubility data of [85RAI/RYA], [93ERI/NDA] and 
[96NAK/YAM] corresponding to pH = 5 to 13, they calculate 10 4,1log οb = (47.7 ± 1.1) 
according to the relationship: 

log10[Np(OH)4(aq)] = 10 ,0log ο
sK (NpO2, am, hydr., (10.3)) 10 4,1+ log οb  = − (9 ± 1). 

The large uncertainty covers the rather large scatter in the data. This value is 
close to the one obtained by semi-empirical estimation methods, (see section 10.2.1.3), 
but, as suggested, higher than that selected by [2001LEM/FUG]. The recent experimen-
tal data obtained by Neck et al. [2001NEC/KIM2], using spectroscopic techniques to 
measure the Np concentration, after removing colloids, in solutions equilibrated with 
Np(OH)4(am) is 10 ,0log ο

sK (NpO2, am, hydr., (10.3)) = − (56.5 ± 0.4). 

The authors of [2001LEM/FUG] suggested that the solubility of NpO2(am) re-
tained to derive the thermodynamic values 10 ,0log ο

sK (NpO2, am, hydr., (10.3)) and 
 "might require revision" (p. 114). The present review selects the following 

equilibrium constants reported by [2001NEC/KIM]:  
10 4,1log οb

10 ,0log ο
sK (NpO2, am, hydr., (10.3), 298.15 K) = − (56.7 ± 0.5), 

10 4,1log οb (Np(OH)4, aq, 298.15 K) = (47.7 ± 1.1). 

 However, for the reasons already given in sections 9.3.2.2, the present review 
does not select a value of (NpOf m

ο∆ G 2, am, hydr.) for this Np(IV) compound, since it is 
not chemically well-defined - it could be the hydroxide, amorphous hydrous oxide or 
oxyhydroxide. 

An interpretation of the solubility data of NpO2(am) by Kaszuba and Runde 
[99KAS/RUN] does not add additional information.  
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 The new value selected for the solubility constant of NpO2(am, hydr.), 
10 ,0log ο

sK (NpO2, am, hydr., (10.3)) = − (56.7 ± 0.5) or 10 ,0
*log ο

sK (NpO2, am, hydr.,) 
= − (0.7 ± 0.5) would correspond to a standard Gibbs energy of f m

ο∆ G (NpO2, am, 
298.15 K) = − (970.0 ± 6.3) which is 12.7 kJ · mol–1 lower than the value selected in 
[2001LEM/FUG]. 

10.3 Neptunium halide compounds (9.1) 
10.3.1 Neptunium fluoride compounds (9.1.2) 

10.3.1.1 NpF(g), NpF2(g), NpF3(g) (9.1.2.1, 9.1.2.3) 
There are no experimental data for these species and their enthalpies of formation were 
estimated in [2001LEM/FUG] to be close to the mean of the enthalpies of formation of 
the corresponding UFn(g) and PuFn(g) compounds from [92GRE/FUG] and 
[2001LEM/FUG], respectively. Since, in this review, the enthalpies of formation of the 
lower uranium fluoride gaseous species have been revised (see section 9.4.2.1.1), for the 
sake of consistency, we have made the corresponding changes to the estimated enthal-
pies of formation of the neptunium fluoride gases, although the changes are well within 
the assigned uncertainties.  

The revised values are:  

f m
ο∆ H (NpF, g, 298.15 K) = − (80 ± 25) kJ · mol–1, 

f m
ο∆ H (NpF2, g, 298.15 K) = − (575 ± 30) kJ · mol–1, 

f m
ο∆ H (NpF3, g, 298.15 K) = − (1115 ± 25) kJ · mol–1. 

The standard entropies and heat capacities of these species are unchanged. 
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10.4 Neptunium group 15 compounds and complexes (11) 
10.4.1 Neptunium nitrogen compounds (11.1) 

10.4.1.1 NpN(cr) (11.1.1.1) 
The data for NpN(cr) in [2001LEM/FUG] were essentially estimated to be close to the 
mean of UN and PuN at 298.15 K, where the order of stability is thus UN < NpN < 
PuN. However, the thermal data for the elements and the nitrides are such that with the 
current data for NpN(cr), this does not hold for  at higher temperatures. For ex-
ample, at 2100 K, the order of stability is NpN < PuN < UN. As a matter of interest, the 
main reasons for this are the different thermal properties of the elements, rather than the 
nitrides. This weakens the argument for taking 298.15 K as the base temperature for the 
“interpolation”. 

f mG∆

As noted in [2001LEM/FUG], Nakajima et al. [97NAK/ARA] confirmed the 
earlier findings of Olson and Mulford [66OLS/MUL2] that pure NpN vaporises to 
Np(liq) and N2(g). Their paper actually gives little further data on ∆ (NpN), since 
calculation of this requires a knowledge of the nitrogen pressure in the Np(l) + NpN(cr) 
system, rather than , which is close to that of pure Np. Because the measurements 
of Olson and Mulford [66OLS/MUL2] were at appreciably higher temperatures 
(2480 − 3100 K), where the solubility of nitrogen in Np(l) becomes appreciable, the 
data of [97NAK/ARA] were not used in [2001LEM/FUG] to define (NpN). 

f mG

f mG∆

Npp

However, the same authors [99NAK/ARA] have now measured  in a sys-
tem of NpN "co-loaded" with PuN. Under these conditions, PuN dissociates into Pu(g) 
+ 0.5 N

Npp

2(g), which provides a known 
2

, viz. half that of  (also determined), after 
allowing for the faster effusion of N

Np Pup
2(g). This is high enough to suppress the formation 

of Np, so (NpN) can be calculated from the known pressures in the vaporisation 
reaction NpN(cr)  Np(g) + 0.5 N

f mG∆
2(g). [99NAK/ARA] checked that no solid solutions 

of NpN and PuN were formed. 

 The results of the two studies [97NAK/ARA], [99NAK/ARA] are in reason-
able agreement and suggest that around 2000 K, (NpN, cr) does indeed lie be-
tween those of UN(cr) and PuN(cr) (with UN the most stable), and is ca. 10 kJ · mol

f mG∆
–1 

more negative than the values derived from the data in [2001LEM/FUG].  

We therefore select: 

f mH ο∆ (NpN, cr, 298.15 K) = − (305 ± 10) kJ · mol–1, 

with unchanged values for (298.15 K) and mS ο
,mpCο (298.15 K). 
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10.4.2 Neptunium antimony compounds 

10.4.2.1 Neptunium antimonides 

10.4.2.1.1 Neptunium monoantimonide 
Hall et al. [91HAL/HAR] measured the heat capacity of a sample of high purity NpSb 
from 2 to 300 K. Small single crystals of NpSb were pressed into a cylinder which was 
sealed into a silver calorimeter under helium. A sharp λ-peak in the ,mpC  curve at 198 K 
is attributed to the known anti-ferromagnetic transition; an additional broad anomaly, of 
unknown origin, was observed in the ,mpC  curve at ca. 150 K. The values obtained for 
the heat capacity and entropy at 298.15 K were: 

 ,mpCο (NpSb, cr, 298.15 K) = (48.9 ± 2.9) J · K–1 · mol–1, 

 (NpSb, cr, 298.15 K)  =  (101.4 ± 6.1) J · KmS ο –1 · mol–1, 

and these are the selected values. The authors note that the value of ,mpCο (298.15 K) is 
lower than that calculated from the low-temperature electronic and lattice heat capaci-
ties, which may suggest a change in the lattice structure below room temperature.  

10.5 Neptunium chloride (9.2.2), nitrate (11.1.4.1) 
complexes and complexes with other actinides 

The recent papers on the complexation of Np (and Pu) in various oxidation states deal 
mainly with chloride complexation [97RUN/NEU], [97ALL/BUC], but also with nitrate 
complexation [98SPA/PUI]. However, these papers were not included in the discussion 
of the previous review, but do not contain information that would justify changing the 
values selected by [2001LEM/FUG] (see Appendix A). Moreover, this review has 
pointed out that for trivalent actinides, the association constants for these weak 1:1 and 
2:1 complexes have been overestimated. Therefore, this review considers that the selec-
tions of [2001LEM/FUG] of chloride and nitrate complexes for trivalent Np (and Pu) 
must be used with caution.  

New data exist for the cation-cation complexes +
2

2+
2NpO UO⋅  (see 9.8.1) and 

+ 4
2

+NpO Th⋅ , for which Stoyer et al. [2000STO/HOF] reported equilibrium constants of 
β = (2.4 ± 0.2) L · mol–1 and (1.8 ± 0.9) L · mol–1 , respectively in 6 M NaClO4. 

10.6 Neptunium carbon compounds and complexes (12.1) 
10.6.1 Aqueous neptunium carbonate complexes (12.1.2.1) 
All currently available studies of the binary carbonate complexes of Np(III), Np(IV), 
Np(V) and Np(VI) have already been discussed in [2001LEM/FUG] and the selected 
values are retained in the present review. 
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10.6.1.1 Ternary Np(IV) hydroxide-carbonate complexes 
For the reasons discussed in Appendix A in the reviews of [93ERI/NDA], 
[99RAI/HES], and [2001KIT/KOH], the equilibrium constants determined for the ter-
nary Np(IV) hydroxide-carbonate complexes Np(OH)3(CO3)– [93ERI/NDA], 
Np(OH)4(CO3)2– [93ERI/NDA], 4  

4 3 2Np(OH) (CO ) −  [2001KIT/KOH], and 
2

2 3 2Np(OH) (CO ) −  [99RAI/HES], [2001KIT/KOH] are not selected. 

Figure 10-1 shows experimental solubility data for NpO2(am, hydr.) deter-
mined by Eriksen et al. [93ERI/NDA] and by Kitamura and Kohara [2001KIT/KOH] at 
total carbonate concentrations of ([ 3HCO− ] + [ 2

3CO − ]) = 0.1 and 0.01 mol · L–1 in 0.5 M 
NaClO4 solution. For comparison the corresponding solubility curves calculated with 
the equilibrium constants proposed by Rai et al. [99RAI/HES] are included as well. The 
comparison in Figure 10-1 shows that not only are the proposed stoichiometries of the 
ternary Np(IV) complexes contradictory, but so are the underlying experimental solubil-
ity data. 

The increased solubility at  − log10[H+] = 8 – 11 (compared to a carbonate-free 
solution) may be explained by the formation of either Np(OH)3(CO3)– [93ERI/NDA] or 

2
2 3 2Np(OH) (CO ) −

10 ,5log
 [99RAI/HES], [2001KIT/KOH]. According to the equilibrium con-

stant of sK ο = − 21.15 [99RAI/HES], the complex 6
3 5Np(CO ) −  has no significant 

contribution to the total Np(IV) concentration. At  − log10[H+] = 8 − 9.5 and 0.1 M total 
carbonate (Figure 10-1-a), the solubilities calculated with the equilibrium constants of 
[93ERI/NDA] and [99RAI/HES] are consistent, whereas those of [2001KIT/KOH] are 
about one order of magnitude higher. In solutions containing 0.01 M total carbonate 
(Figure 10-1-b), the results of [93ERI/NDA] agree with those of [2001KIT/KOH], 
whereas the model of [99RAI/HES] predicts no significant effect of Np(IV) hydroxide-
carbonate complexes. It should be noted that in a former solubility study of Rai and 
Ryan [85RAI/RYA], the Np(IV) concentration in 0.01 M carbonate solutions of pH 
7 − 14 was found to be at the detection limit for 237Np (10–8.3 − 10–8.4 mol · L–1).  

The pH-independent solubility data at  − log10[H+] > 11 can be ascribed either 
to the formation of Np(OH)4(CO3)2– [93ERI/NDA] or 4  

4 3 2Np(OH) (CO ) −  
[2001KIT/KOH]. However, the experimental data of Eriksen et al. [93ERI/NDA] are 
one order of magnitude higher than those of Kitamura and Kohara [2001KIT/KOH], Rai 
and Ryan [85RAI/RYA], and Rai et al. [99RAI/HES] found no evidence for the forma-
tion of Np(OH)4(CO3)2– or 4  

4 3 2Np(OH) (CO ) .−  

The solubility behaviour of NpO2(am, hydr.) in carbonate solution observed by 
Eriksen et al. [93ERI/NDA] is clearly different from that reported by Rai et al. 
[99RAI/HES] and Kitamura and Kohara [2001KIT/KOH]. The results of the two latter 
studies show a comparable dependence on pH. However, the solubility curves are 
shifted by about 1.3 units in log10[Np(IV)]tot. This indicates a systematic difference in 
the solubility product of the two solid phases, but having the same stoichiometry of the 
complexes and reflects the difference between = − (10.4 ± 0.4) calculated in 10 ,1,2,2log sK ο
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this review from experimental data of [2001KIT/KOH] (cf. Appendix A) and 
= − 11.75 [99RAI/HES]. Kitamura and Kohara [2001KIT/KOH] deter-

mined their solubility data from the direction of over-saturation after precipitation of 
possibly very small solid particles at a total Np concentration of 10

10 ,1,2,2log sK ο

2

–5 mol · L–1 in 0.5 M 
NaClO4. Rai et al. [99RAI/HES] determined the solubility of NpO2(am, hydr.) from 
under-saturation and the particle size of the solid used was probably larger. However, 
there is no information available to confirm this possible explanation in terms of particle 
size effect. Eriksen et al. [93ERI/NDA] used electrodeposited NpO2(am, hydr.) and 
their solubility data was determined from under-saturation. As indicated above, the data 
of Eriksen et al. are inconsistent with those of [99RAI/HES] and [2001KIT/KOH]. This 
review has not selected any equilibrium constants for the ternary Np(IV) hydroxide car-
bonate complexes because of the uncertainty of the solubility product of the solid phase 
used in the solubility experiments. However, the experimental data in [99RAI/HES] and 
[2001KIT/KOH] strongly indicate that complexes with the stoichiometry 

2
3 2Np(OH) (CO ) −  and Np(OH)4(CO3)2– or 4

4 3 2Np(OH) (CO ) −  are formed. 
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Figure 10-1: Solubility of NpO2(am, hydr.) at I = 0.5 mol·L–1 (NaClO4 solution) and 
total carbonate concentrations of a) 0.1 mol·L–1 and b) 0.01 mol·L–1. Experimental data 
from Eriksen et al. [93ERI/NDA] at 20°C, and Kitamura and Kohara [2001KIT/KOH] 
at (22 ± 3)°C in comparison with the solubility calculated according to equilibrium con-
stants given by Rai et al. [99RAI/HES]. 
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10.6.2 Solid neptunium carbonates (12.1.2.2) 

10.6.2.1 Solid alkali metal neptunium(V) carbonates hydrates (12.1.2.2.2) 
The published literature on solid alkali metal and ammonium neptunium(V) carbonates 
was reviewed in [2001LEM/FUG], but thermodynamic data were selected only for the 
sodium dioxoneptunium(V) carbonates, NaNpO2CO3 · xH2O(s) and Na3NpO2(CO3)2 · 
xH2O(s), (pages 275 and 279). However, there is further information to be gleaned from 
the extensive study by [94RUN/KIM] which was only briefly discussed in 
[2001LEM/FUG]. Also, as discussed in Appendix D (Section D.2.2), there are difficul-
ties in assigning the most appropriate SIT interaction coefficients in assessing values for 
the solubility products of the sodium neptunium(V) carbonates. Therefore, the solubility 
constants for the sodium dioxoneptunium(V) carbonates are reinvestigated in the pre-
sent review. 

10.6.2.1.1 Sodium neptunium(V) carbonates 
In the previous review [2001LEM/FUG], the data selection for NaNpO2CO3 · xH2O(s) 
is mainly based on the solubility studies of [83MAY] in 1 M NaClO4 and of Grenthe et 
al. [86GRE/ROB] in 3 M NaClO4. The latter results were also published in an IAEA 
seminar report [84VIT] and shown in a figure of [90RIG]. As a consequence of the dif-
ferent 10 ,0log sK ο  values obtained by using the selected SIT coefficients for conversion to 
I = 0, [2001LEM/FUG] concluded that the study of [83MAY] refers to a hydrated solid 
phase, whereas the data of [86GRE/ROB] and the lowest of the widely scattered solubil-
ity data measured by Lemire et al. [93LEM/BOY] at 30°C in 1 M NaClO4, were as-
cribed to an aged, less hydrated solid phase. The following solubility constants were 
selected in [2001LEM/FUG] for the reaction: 

 +
2 3 2 3

2NaNpO CO (s)  Na NpO  + CO+ −+  (10.4) 

10 ,0log sK ο (NaNpO2CO3 · 3.5H2O, s, fresh, 298.15 K) = − (11.16 ± 0.35) 

10 ,0log sK ο (NaNpO2CO3, s, aged, 298.15 K) = − (11.66 ± 0.50). 

 The solubility constants determined by Neck et al. [94NEC/RUN], 
[94NEC/KIM], [95NEC/RUN] in 0.1 − 5 M NaClO4 (partly published in an earlier re-
port [91KIM/KLE]), were suspected by [2001LEM/FUG] to include systematic errors, 
because they yield a value of ∆ε which is not consistent with the SIT coefficients se-
lected in the NEA TDB and because the carbonic acid dissociation constants determined 
in  1 M NaClO≥ 4 deviate from those calculated with NEA TDB auxiliary data. From 
these studies, Lemire et al. [2001LEM/FUG] accepted only the value extrapolated to I = 
0. The results of Meinrath [94MEI] in 0.1 M NaClO4 were found to be consistent with 
those of [94NEC/RUN], but were not considered further [2001LEM/FUG]. The solubil-
ity constants determined by [94NEC/KIM] in 5 M NaCl and by Runde et al. 
[94RUN/KIM], [96RUN/NEU] in 0.1 − 5 M NaCl were also not included in the discus-
sion of data selection, despite the fact that the corresponding ∆ε(10.4) value (see Figure 
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10-2) and the carbonic acid dissociation constants determined in these studies are in 
agreement with NEA TDB auxiliary data and other widely accepted databases 
[84HAR/MOL], [91PIT]. 

 The carbonic acid dissociation constants in NaClO4 solutions from 
[94NEC/RUN] were later used to derive ternary Pitzer parameters for  in NaClO2

3CO −
4 

solutions [96FAN/NEC] and the 
4
 value discussed in Appendix D. 

Table 10-1 lists the reported experimental solubility constants. The values grouped un-
der (A) and (B) in Table 10-1 were converted to I = 0 with the SIT (the uncertainties are 
omitted for easier comparison):  

+ 2
3 NaClO(Na ,CO )−ε

(A) exclusively based on the interaction coefficients selected in [2001LEM/FUG]  

(B) based on the same interaction coefficients as calculation (A), with the exception 
that = − (0.08 ± 0.03) and 

4
= (0.04 ± 0.05) 

kg · mol

+ 2
3 NaCl(Na ,CO )−ε

+ 2
3a ,CO )−

+ 2
3 NaClO(Na ,CO )−ε

–1 (the latter value is derived from the carbonic acid dissociation con-
stants reported by [96FAN/NEC]) are used instead of the single unique value of 

=  − (0.08 ± 0.03) kg · mol(Nε –1. 

Calculation (A), with a unique value of + 2
3(Na ,CO )−ε = − (0.08 ± 0.03) 

kg · mol–1 leads to consistent 10 ,0log sK ο  values from the data in dilute to concentrated 
NaCl media and in 0.1 M NaClO4, while the lo 10 ,0g sK ο  values calculated from data in 
NaClO4 media decrease systematically with increasing NaClO4 concentration. Calcula-
tion (B), with the individual values of = − (0.08 ± 0.03) kg · mol+ 2

3 NaCCO )−

10log

l

,0

(Na ,ε –1 and 

4
= (0.04 ± 0.05) kg · mol+ 2

3 NaClO(Na ,CO )−ε –1, yields consistent values at I = 0, (for all 
data in both media) with a mean value of sK ο (NaNpO2CO3 · 3.5H2O, cr) 
= − (11.0 ± 0.2). 

 An analogous observation is made if the conditional solubility constants re-
ported for Na3NpO2(CO3)2(s) in 1.0, 3.0 and 5 M NaClO4 [86GRE/ROB], 
[95NEC/RUN] and in 5 M NaCl [94RUN/KIM], [95NEC/RUN] for the reaction: 

 + +
3 2 3 2 2

2
3Na NpO (CO ) (s)  3Na  + NpO  + 2CO −  (10.5) 

are converted to I = 0 by calculations (A) and (B) (Table 10-1). Calculation (B) with 
= − (0.08 ± 0.03) kg · mol+ 2

3 NaCl(Na ,CO )−ε –1 and 
4

ε = (0.04 ± 0.05) 
kg · mol

+ 2
3 NaClO(Na ,CO )−

–1 yields fairly consistent 10 ,0log sK ο  values with a mean value of 
10 ,0log sK ο (Na3NpO2(CO3)2, s) = − (14.0 ± 0.4). The solubility constant selected by 

[2001LEM/FUG],  − (14.70 ± 0.66), is lower and the assigned uncertainty is larger. 

 However, as noted in Appendix D the present review does not accept the value 
of 

4
 (0.04 ± 0.05) kg · mol–1 derived from the carbonic acid disso-

ciation constants of Fanghänel et al. [96FAN/NEC]. Therefore the equilibrium con-
stants calculated with this interaction coefficient are not selected. 

+ 2
3 NaClO(Na ,CO )−ε =
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Table 10-1: Solubility constants of NaNpO2CO3·3.5H2O(s) and Na3NpO2(CO3)2(s)  
at 20 − 25°C and conversion to I = 0 with the SIT 

Reference Medium t (°C) 
10 ,0

log
s

K  
10 ,0

log
s

K ο  
(A) 

10 ,0
log

s
K ο  

(B) 

NaNpO2CO3 ·3.5H2O(s)      

[96RUN/NEU] 0.1 M NaCl 23 – (10.40 ± 0.2) – 11.05 – 11.05 
[94RUN/KIM] 1.0 M NaCl 22 – (9.77 ± 0.16) – 10.98 – 10.98 
[96RUN/NEU] 3.0 M NaCl 23 – (9.40 ± 0.2) – 10.86 – 10.86 
[94RUN/KIM] 5.0 M NaCl 22 – (9.61 ± 0.11) – 11.21 * – 11.21 * 
[94NEC/KIM] 5.0 M NaCl 25 – (9.52 ± 0.04) – 11.12 * – 11.12 * 
[94NEC/RUN] 0.1 M NaClO4 25 – (10.28 ± 0.04) – 10.92 – 10.91 
[94MEI] 0.1 M NaClO4 25 – (10.22 ± 0.02) – 10.86 – 10.85 
[94NEC/RUN] 1.0 M NaClO4 25 – (10.10 ± 0.03) – 11.13 – 10.99 
[83MAY] 1.0 M NaClO4 25 – (10.14 ± 0.04) – 11.17 – 11.04 
[94NEC/RUN] 3.0 M NaClO4 25 – (10.45 ± 0.04) – 11.31 – 10.89  
[86GRE/ROB] 3.0 M NaClO4 20 – 10.56  – 11.42 – 11.00 
[94NEC/RUN] 5.0 M NaClO4 25 – (11.06 ± 0.06) – 11.54 * – 10.76 * 

Na3NpO2(CO3)2(s)      

[94RUN/KIM] 5.0 M NaCl 22 – (11.46 ± 0.23) – 14.22 * – 14.22 * 
[95NEC/RUN] 1.0 M NaClO4 25 – (12.23 ± 0.15) – 14.44 – 14.19 
[86GRE/ROB] 3.0 M NaClO4 20 – 12.44  – 14.62 – 13.78 
[95NEC/RUN] 3.0 M NaClO4 25 – (12.59 ± 0.10)  − 14.77 – 13.93 
[95NEC/RUN] 5.0 M NaClO4 22 – (13.57 ± 0.11) – 15.34 * – 13.78 * 

(A) calculated with the SIT coefficients of the NEA TDB:  
 = − 0.08 kg · mol+ 2

3(Na , CO )−ε
+

2(NpO , ClO )−ε

–1, ε = 0.01 kg · mol+

4(Na , ClO )−

+

2(NpO , Clε

–1, = 0.03 kg · mol+(Na , Cl )−ε

2CO

–1, 
 = 0.25 kg · mol4

–1 and  = 0.09 kg · mol)− –1. 
−(B) calculated with the same SIT coefficients as in (A), except for 3  in NaClO4 solution: 

4

+ 2
3 NaClO(Na ,CO )−ε  = 0.04 kg · mol–1 and + 2

3 NaCl(Na ,CO )−ε  = − 0.08 kg · mol–1. 

* At this high ionic strength the SIT calculation gives rise to relatively large uncertainties.  
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Figure 10-2: SIT extrapolation to I = 0 for the reaction: Figure 10-2: SIT extrapolation to I = 0 for the reaction: 

                                                + + 2
2 3 2 2 3 2

+ + 2
2 3 2 2 3 2NaNpO CO 3.5H O(s)  Na  + NpO  +  CO + 3.5 H O(l)−⋅ . 

The SIT regression lines are not fitted to the data but calculated with fixed ∆ε values: ∆ε 
= 0.04 kg · mol–1 in NaCl solution is calculated using exclusively data from 
[2001LEM/FUG], while ∆ε = 0.30 kg · mol–1 in NaClO4 solution is calculated with 

4
= 0.04 kg · mol+ 2

3 NaClO(Na ,CO )−ε –1 derived from [96FAN/NEC], corresponding to 
calculation (B) in Table 10-1. Calculation (A), with ∆ε = 0.18 kg · mol–1 in NaClO4 so-
lution [2001LEM/FUG] is shown as dotted lines. 
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 Concerning the chemical nature of NaNpO2CO3 · xH2O(s), it has been shown 
by X–ray powder diffraction that the solubility data in [94NEC/RUN], [94NEC/KIM], 
[94RUN/KIM], [95NEC/RUN], [96RUN/NEU] refer to the same solid characterised 
earlier by Volkov et al. [77VOL/VIS] and Maya [83MAY]: hydrated NaNpO2CO3 · 
3.5H2O(cr). Only Meinrath [94MEI] reported another (hexagonal) modification with a 
different X–ray pattern. Furthermore, the solids used in [94NEC/RUN], [94NEC/KIM], 
[94RUN/KIM], [95NEC/RUN], [96RUN/NEU] were left to age at least several weeks 
up to more than six months. The solid used in these studies and that of [83MAY], which 
was also left to age to a crystalline solid prior to the solubility measurement, are not 
fresh precipitates as assumed in [2001LEM/FUG], but are well-crystallised compounds. 

 For this reason and because of the possible ambiguities in lo 10 ,0g sK ο  values 
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derived from data at higher NaClO4 concentrations, the present review does not agree 
with the two values selected by [2001LEM/FUG] for NaNpO2CO3 · 3.5H2O(s, fresh) 
and NaNpO2CO3(s, aged). The revised selection of 10 ,0log sK ο  is based exclusively on 
experimental studies which fulfil the following prerequisites: 

10 ,0g sK ο

2 3 3(CO )  

• The solubility study must refer to NaNpO2CO3 · 3.5H2O(cr) described by 
[77VOL/VIS] and [83MAY], and include sufficient data at low carbonate con-
centrations, with free +

2NpO  as the predominant species. 

• The carbonic acid dissociation constants used by the authors to calculate 
 from the measured – log2

10 3log [CO ]−
10[H+] values must be consistent with auxil-

iary data from the NEA TDB. 

• The recalculation to I = 0 must not include data at high ionic strengths where 
large uncertainties arise because the validity range of the SIT is exceeded or am-
biguity exists concerning the interaction coefficient of the carbonate ion. 

 All these prerequisites are fulfilled for the five studies in 0.1 M NaClO4 
[94NEC/RUN], 1 M NaClO4 [83MAY], and 0.1, 1.0 and 3.0 M NaCl [94RUN/KIM], 
[96RUN/NEU]. The unweighted average of the lo  values calculated in Table 
10-1 with the SIT coefficients from [2001LEM/FUG] is selected: 

 10 ,0log sK ο (NaNpO2CO3 · 3.5H2O, cr, 298.15 K) = − (11.00 ± 0.24) 
and 
 (NaNpOf mGο∆ 2CO3 · 3.5H2O, cr, 298.15 K) = − (2590.4 ± 5.8) kJ · mol–1. 

 With regard to the changed selection compared to the previous review 
[2001LEM/FUG], it has to be pointed out that all experimental studies used for the re-
evaluation of thermodynamic data for NaNpO2CO3·3.5H2O(cr) were performed with a 
crystalline compound aged at least for several weeks and not with a fresh, gelatinous 
precipitate. Such fresh precipitates might have a different water content or even a differ-
ent chemical composition, possibly with a stoichiometry of Na0.6NpO2(CO3)0.8·xH2O(cr) 
as reported by [79VOL/VIS2]. They are assumed to be metastable and to convert gradu-
ally into NaNpO2CO3·xH2O(cr) (cf. discussion in [2001LEM/FUG], p. 274). Thermal 
treatment of NaNpO2CO3·xH2O(cr) can lead to a decrease of the water content, i.e., 3.5 
≥ x ≥ 0 at 20 − 130°C, and to changing XRD patterns as shown by Volkov et al. 
[77VOL/VIS]. 

 The solubility constant selected in [2001LEM/FUG] for Na3NpO2(CO3)2(s) is 
based on the solubility data reported by Simakin [77SIM] for the reaction: 

 2 5
3 2 3 2 3Na NpO (CO ) (s)  + CO   NpO + 3Na− −  (10.6) +

with 10 ,3log sK (10.6) = − (1.46 ± 0.09) at I = 3 M (NaNO3 − Na2CO3). There is a prob-
lem with this study that was not mentioned in the discussion in [2001LEM/FUG]. The 

 concentration was varied in the range of 0.25 − 1 mol · L2
3CO − –1, which does not allow 

both the Na+ concentration and ionic strength to be kept constant. If the ionic strength 
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were kept constant at I = 3 M, then [Na+], which is involved directly in the equilibrium 
constant of reaction (10.6), decreases from 2.75 to 2.0 mol · L–1. If [Na+] were kept con-
stant at 3.0 mol · L–1 then I increases from 3.25 to 4.0 mol · L–1.  

 Moreover, as shown in Appendix D.2.1, the SIT coefficient for the complex 
5

2 3 3NpO (CO ) −  depends significantly on the anion of the electrolyte medium. 
[2001LEM/FUG] used the value of +

2 3 3(Na , NpO (CO ) )5−ε  = − (0.53 ± 0.19) kg · mol–1 
determined from data in NaClO4 solutions and calculated from the data of Simakin 
[77SIM]: 

10 ,3log sK ο (10.6) = − (9.20 ± 0.65)  

10 ,0log sK ο (Na3NpO2(CO3)2, s, 298.15 K) = − (14.70 ± 0.66). 

 With regard to the NaNO3-Na2CO3 solutions used in [77SIM], the value of 
= − (0.29 ± 0.11) kg · mol+

2 3 3(Na , NpO (CO ) )−ε 5

5

–1 derived from data of [94RUN/KIM] 
in NaCl solution and close to +

2 3 3(K , NpO (CO ) )−ε = − (0.23 ± 0.02) kg · mol–1 derived 
from data of [97NOV/ALM] in pure carbonate solution (cf. Appendix A), might be a 
better approximation. It leads to considerably different equilibrium constants: 

10 ,3log sK (10.6) = − (8.39 ± 0.50)  

10 ,0log sK ο (Na3NpO2(CO3)2, s, 298.15 K) = − (13.89 ± 0.52). 

 The values of + 2
3(Na ,CO )−ε

10 3log
= − (0.08 ± 0.03) kg · mol–1,  = 

 − (0.04 ± 0.03) kg · mol

+
3(Na , NO )−ε

-1 and οb ( 5
2 3 3NpO (CO ) − , 298.15 K) = (5.50 ± 0.15) used 

in these calculations are taken from [2001LEM/FUG].  

 The solubility constant derived in Table 10-1 from data determined by 
[94RUN/KIM] in 5 M NaCl at 2

3CO −  concentrations in the range of 10–3 − 10–1 
mol · L−1 does not involve the ambiguities discussed above and, hence, appears more 
reliable. The solid used by [94RUN/KIM] was also well characterised by X–ray diffrac-
tion. Therefore, the present review selects: 

 10 ,0log sK ο (Na3NpO2(CO3)2, cr, 298.15 K) = − (14.22 ± 0.50) 

f mGο∆ (Na3NpO2(CO3)2, cr, 298.15 K) = − (2830.6 ± 6.4) kJ · mol–1. 

The large uncertainty for lo 10 ,0g sK ο  arises mainly from the term ∆ε(10.5) = 
(0.02 ± 0.08) kg · mol–1 applied to the data in 5.6 m NaCl. It is noteworthy that this 
solubility constant agrees with the values of 10 ,0log sK ο (10.5) = − (14.1 ± 0.3) and 
 − (14.3 ± 0.2), calculated from the value in 5.6 m NaCl by using the Pitzer models of 
[95NEC/FAN] and [96RUN/NEU], respectively. The auxiliary data used in these papers 
for Np(V) and  in NaCl solution are consistent with the NEA TDB selections. 2

3CO −

10.6.2.1.2 Potassium neptunium(V) carbonates 
In two recent studies not discussed in [2001LEM/FUG], Novak et al. [97NOV/ALM] 
and Al Mahamid et al. [98ALM/NOV] determined accurate solubility data for 
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KNpO2CO3 · xH2O(s) and K3NpO2(CO3)2 · xH2O(s) in K2CO3 solutions and KCl-K2CO3 
mixtures. 

The solids formed in K2CO3 solutions below 0.4 molal gave X–ray powder dif-
fraction patterns comparable with those reported by Keenan and Kruse [64KEE/KRU] 
for KNpO2CO3 · xH2O(s). The same solid was stable in KCl-K2CO3 mixtures with mKCl 
= 0.003 − 3.2 mol · kg–1 and mK2CO3

 = 0.001, 0.01, and 0.1 mol · kg–1. At higher K2CO3 
concentrations, two modifications of K3NpO2(CO3)2 · xH2O(s) were identified as the 
phases A and B described by Volkov et al. [74VOL/KAP2] and Visyashcheva et al. 
[74VIS/VOL]. Phase B is stable over a broad range of K2CO3 concentrations and phase 
A is preferentially formed at K2CO3 concentrations above 2 molal [97NOV/ALM], 
[74VOL/KAP2]. Their solubilities do not differ markedly.  

 The water content in KNpO2CO3 · xH2O(s) and K3NpO2(CO3)2 · xH2O(s), 
phase B, was estimated in [74VIS/VOL] to be x ≤ 2 and x ≈ 1.6, respectively, but it is 
not exactly known. Therefore, this study disregarded in the evaluation of thermody-
namic data as was done by [2001LEM/FUG] in the case of sodium neptunium(V) car-
bonates.  

Novak et al. [97NOV/ALM] extended the set of equilibrium constants and ion 
interaction Pitzer parameters reported in [95FAN/NEC] for the system Np(V)-Na-OH-
CO3-Cl-H2O (298.15 K) and calculated 10 ,0log sK ο  = − (13.6 ± 0.1) for KNpO2CO3(s) 
and 10 ,0log sK ο = − (15.9 ± 0.1) for K3NpO2(CO3)2(s). 

In the present review, the experimental data of [97NOV/ALM] and 
[98ALM/NOV] are re-evaluated using the SIT model (cf. Appendix A). Neglecting the 
small difference in temperature (experimental data at (295.15 ± 1.00) K compared to the 
standard state of 298.15 K) the following results are obtained for the reactions, (where 
the hydration water molecules are omitted): 

2
2 3 3 2 3 3KNpO CO (s) + 2CO   NpO (CO )  + K− 5 +− , (10.7) 

10 ,3log sK ο ((10.7), 298.15 K) = − (7.65 ± 0.11),  

∆ε(10.7) = − (0.25 ± 0.06) kg · mol–1  
and 

2 5
3 2 3 2 3 2 3 3K NpO (CO ) (s) + CO   NpO (CO )  + 3K− +− , (10.8) 

10 ,3log sK ο ((10.8), 298.15 K) = − (9.96 ± 0.06),  

∆ε(10.8) = − (0.22 ± 0.02) kg · mol–1.  

Combined with auxiliary data from [2001LEM/FUG], the values of ∆ε(10.7) 
and ∆ε(10.8) lead to a consistent interaction coefficient which is selected in this review: 

5 +
2 3 3(NpO (CO ) , K )−ε  = − (0.22 ± 0.03) kg · mol–1. 

By combining lo 10 ,3g sK ο ((10.7), 298.15 K) and 10 ,3log sK ο ((10.8), 298.15 K) 

  



10. Discussion of new data selection for Neptunium 312 

with (10 3log οb 5
2 3 3NpO (CO ) −

2 3KNpO CO (s) 

, 298.15 K) = (5.50 ± 0.15) [2001LEM/FUG], we obtain 
the following solubility constants which are selected in the present review: 

10 ,0log sK ο

3 2 3K NpO (CO )

10 ,0log sK ο

+ +
2 3 K  +  NpO  + CO2−  (10.9) 

(KNpO2CO3, s, 298.15 K) = − (13.15 ± 0.19) 
and  

+ +
2 2 3(s)  3K  +  NpO  + 2CO2−  (10.10) 

(K3NpO2(CO3)2, s, 298.15 K) = − (15.46 ± 0.16). 

The solubility of the potassium dioxoneptunium(V) carbonates is about two or-
ders of magnitude lower than that of the corresponding sodium dioxoneptunium(V) car-
bonates. Therefore, the solubility of Np(V) in quaternary Na-K-Cl-CO3 solutions will be 
controlled by KNpO2CO3(s) even if the concentration of Na+ is much higher than that of 
K+ [98ALM/NOV]. 

 

  
 



  

Chapter 11Equation Section 11 

11 Discussion of new data selection 
for Plutonium  
 
 

11.1 Plutonium aqua ions (16.1) 
EXAFS fine structure spectra of aqueous ions Pu(III to VI): Pu3+, Pu4+,  in 1 M 
HClO

2+
2PuO

4 and  at pH = 6 are given by Conradson et al. [98CON/ALM].  +
2PuO

11.2 Plutonium oxygen and hydrogen compounds and 
complexes (17) 

11.2.1 Aqueous hydroxide complexes (17.1) 

11.2.1.1 Plutonium(V) hydroxide complexes (17.1.2) 
The disproportionation of Pu(V) in concentrated NaOH solutions has been investigated 
by Budantseva et al. [98BUD/TAN] but, as explained in Appendix A, no thermody-
namic values can be derived from the published data. 

11.2.1.2 Plutonium(IV) hydroxides complexes (17.1.3) 
New experimental data on the solubility of Pu(OH)4 leading to thermodynamic values 
have appeared since the previous review in [98CAP/VIT], [98CHA/TRI], 
[98EFU/RUN], [99KNO/NEC], [99RAI/HES2], and re-interpretations of most of the 
data on Pu4+ hydrolysis, already considered in [2001LEM/FUG], have been proposed in 
[99KNO/NEC], [99NEC/KIM] and [2001NEC/KIM]. 

With Pu(IV), the phenomena already mentioned for tetravalent actinides con-
cerning hydrolysis are exacerbated, among others with colloid formation; in addition, it 
is difficult to prevent Pu(IV) from oxidising with subsequent disproportionation of 
Pu(V) in acidic media. With regard to colloid formation, Knopp et al. [99KNO/NEC] 
showed by LIBD (Laser-Induced Breakdown Detection) and ultrafiltration that when 
the Pu(IV) concentration exceeds the solubility of amorphous PuO2(am, hydr.), colloids 
are the predominant species in solution (see Appendix A). 

Considering this particular tendency of Pu(IV), this review starts with the prob-
lem of the selection of hydrolysis constants. The values of 10 ,0log ο

sK  are given in sec-
tion 11.2.2.1. 
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Knopp et al. [99KNO/NEC], and Neck and Kim [99NEC/KIM], 
[2001NEC/KIM], pointed out that to make theoretical calculations according to the 
methods already mentioned (see Chapters on U and Np), the initial choice of  must 
involve an experimental value corresponding to experimental conditions where colloids 
are not likely to be formed. These conditions seem not to be fulfilled for solutions in 
which spectroscopic measurements have been made, because the total concentrations of 
Pu are higher than the solubility of PuO

1,1
οb

2(am, hydr.). Therefore, the value retained by 
Neck and Kim is = (14.6 ± 0.2) derived from experiments at tracer levels 
[72MET/GUI], [73MET]. All the other values reported in the literature mentioned in 
[2001LEM/FUG] are smaller. The model calculation in [2001NEC/KIM] led to 

= 14.6, lo = 28.3, 

10 1,1log οb

10 2,1g οb10 1,1log οb 10 3,1log οb = 39.4 and 10 4,1log οb = 47.5, which are in 
close agreement with the experimental values of [72MET/GUI], [73MET]: lo = 
(14.6 ± 0.2), = (28.6 ± 0.3), 

10g 1,1
οb

10g 2,1
οblo 10 3,1log οb  = (39.7 ± 0.4) and lo = 

(47.5 ± 0.5). There are no experimental data other than those of [72MET/GUI], 
[73MET] to check the values of 

10g 4,1
οb

2,1
οb  and 3,1

οb , but the value of 4,1
οb  was confirmed from 

solubility experiments (see section 11.2.2.1). [2001LEM/FUG] selected for Pu(IV), 
= − (0.78 ± 0.60), (10 1,1

*log οb 10g 1,1lo οb = (13.22 ± 0.60)) as the average value of the most 
reliable results of spectroscopic measurements. No other values are selected for the hy-
drolysis constants. None of the spectroscopic studies considered in [2001LEM/FUG] 
could identify two distinct absorption bands for Pu4+ and Pu(OH)3+ or a shift of the ab-
sorption maximum. The only effect observed was the decrease of the absorption band 
when pH was increased and the solubility limit of PuO2(am, hydr.) was exceeded 
[99KNO/NEC]. For these reasons, and despite the fact that [2001LEM/FUG] noticed 
some ambiguities in the interpretation of the solvent extraction data of Metivier and 
Guillaumont [72MET/GUI] and analogous data for Np(IV) [77DUP/GUI] (cf. section 
10.2.1.3), we rely on these hydrolysis constants. 

As mentioned for U(IV) and Np(IV), the hydrolysis constants reported by 
Neck and Kim [2001NEC/KIM] are derived in a systematic and consistent manner (and 
also for Th) taking into account colloid formation, and appear to this review to be the 
"best values" that can be derived from the available data.  

 This review retains the equilibrium constants from the solvent extraction study 
of Metivier and Guillaumont [72MET/GUI] converted to I = 0 using the SIT model and 
selects the values proposed by [99KNO/NEC], [99NEC/KIM] and [2001NEC/KIM] at 
298.15 K for the reactions: 

 4+ 4Pu  +  OH  Pu(OH) n
nn − − , (11.1) 

 . (11.2) 4+ 4 +
2Pu  + H O(l)  Pu(OH)  +  Hn

nn − n

 10 1log οb (11.1) = (14.6 ± 0.2) 10 1
*log οb (11.2) = (0.6 ± 0.2), 
* 10 2log οb (11.1) = (28.6 ± 0.3) 10 2log οb (11.2) = (0.6 ± 0.3), 
* 10 3log οb (11.1) = (39.7 ± 0.4) 10 3log οb (11.2) = − (2.3 ± 0.4), 
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 10 4log οb (11.1) = (47.5 ± 0.5) 10 4
*log οb (11.2) = − (8.5 ± 0.5). 

 Peretrukhin et al. [96PER/KRY] determined the formation of negatively 
charged hydroxide complexes 2

6Pu(OH) − , from the increase in the solubility of Pu(IV) 
hydroxide in 0.5 to 14.1 M NaOH. However, for the reasons given in Appendix A, the 
present review does not derive thermodynamic data from the results reported by 
[96PER/KRY]. 

 The standard Gibbs energy values f mGο∆ ( 4Pu(OH) n
n

− , 298.15 K) can be calcu-
lated from (11.2) and r mGο∆ f mGο∆ (Pu4+, 298.15 K) = − (478.0 ± 2.7) kJ · mol–1 (see 
11.2.3).  

 The previous NEA TDB review [2001LEM/FUG] used the temperature de-
pendence of the first hydrolysis constant determined in [57RAB], [60RAB/KLI] to cal-
culate r m

ο∆ H ((11.2), n =1, 298.15 K) = (36 ± 10) kJ · mol–1 and m
οS (PuOH3+, 298.15 K) 

=  − (239 ± 37) J · K–1 · mol–1. However, as shown by [99KNO/NEC], these are two 
typical studies where the total Pu concentration exceeds the solubility of PuO2(am, 
hydr.). Therefore, these values are rejected by the present review. 

11.2.2 Solid plutonium oxides and hydroxides (17.2) 

11.2.2.1 Plutonium(IV) oxides and hydroxides  
Haschke et al. [2000HAS/ALL], [2001HAS/ALL], [2002HAS/ALL] have suggested 
that a solid solution, PuO2+x (0 < x < 0.25), can be formed by exposing an oxide with a 
composition close to PuO1.97 to water vapour at temperatures from 300 to 623 K for 
some days. They cite as evidence the formation of H2(g) and a small increase in the lat-
tice parameter of the oxide; there was no independent analysis of the composition of the 
oxide. However, PuO2 is known to adsorb oxygen and/or water to give an apparent bulk 
composition of at least PuO2.09 [61WAT/DOU], [63JAC/RAN] and of course, hydrogen 
is one of the major products of water radiolysis. Moreover, the increase in lattice pa-
rameters (from an ill-defined starting value) is within the range found in PuO2.00 due to 
radiation damage [62RAN/FOX]. Thus, the evidence for the formation of a thermody-
namically stable bulk phase with O/Pu > 2 is far from conclusive. Such non-
stoichiometric oxides (like UO2+x) fall outside the scope of this review, but further work 
is clearly required on the interesting phenomena observed by Haschke et al.  

11.2.2.1.1 Solubility of crystalline oxide PuO2(cr) (17.2.1.2) 
No new experimental data have appeared since the last review. According to the values 
of Gibbs energy of formation of PuO2(cr) selected by [2001LEM/FUG]: 

f m
ο∆ G (PuO2, cr, 298.15 K) = − (998.1 ± 1.0) 1kJ mol−⋅ , 

f m
ο∆ G (Pu4+, 298.15 K) = − (478.0 ± 2.7) 1kJ mol−⋅   

and the auxiliary values discussed in [92GRE/FUG], this review calculates:  
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10 ,0log ο
sK (PuO2, cr) = − (64.04 ± 0.51).  

The solubility product values calculated by other authors who used somewhat 
different thermodynamic data for Pu4+ and PuO2(cr) are − (63.8 ± 1.0) [89KIM/KAN] 
and  − (64.1 ± 0.7) [87RAI/SWA], respectively.  

This review retains the thermodynamic data selected by [2001LEM/FUG]. 

11.2.2.1.2 Solubility of amorphous oxide and hydroxide PuO2(am, hydr.) 
The value selected by [2001LEM/FUG] for the solubility equilibrium for aged 
PuO2(am, hydr.),  

4+
2 2PuO (am, hydr.) + 2H O(l)  4OH Pu− + , (11.3) 

is 10 ,0log ο
sK (PuO2, am, hydr., (11.3)) = − (58 ± 1). All the values recently reported 

agree with this value, but with reduced uncertainty. 

 The literature data on the solubility of PuO2(am, hydr.) for acidic and basic 
media (pH = 0 to 13) have been reviewed by Neck and Kim [99NEC/KIM], 
[2001NEC/KIM], and Knopp et al. [99KNO/NEC], and re-interpreted on the basis of 
the hydrolysis constants (see above) from [72MET/GUI] resulting in 10 ,0log ο

sK (PuO2, 
am, hydr., (11.3)) = − (58.7 ± 0.9) (see Appendix A). The analysis in [99KNO/NEC], 
[99NEC/KIM] and [2001NEC/KIM] incorporated experimental solubility data of 
[49KAS], [65PER], [84RAI], [86LIE/KIM] and [89KIM/KAN], where the aqueous 
Pu(IV) concentration was confirmed experimentally. 

To calculate 10 ,0log ο
sK (PuO2, am, hydr., (11.3)), Capdevila and Vitorge 

[98CAP/VIT] used a non-conventional method explained in Appendix A. They calcu-
lated the [Pu4+] in equilibrium with Pu(IV) hydroxide from the measured equilibrium 
concentrations of the aqueous ions Pu  at constant  − log+ 2+

2 2O , PuO  and  Pu ,3+
10[H+]. 

The solutions studied were 0.1 M HClO4  + (x − 0.1) M NaClO4 media, x = 0.1, 0.5, 1, 2 
and 3. [Pu4+] remains always lower than 10−4 M, but the electrochemical method used to 
derive [Pu4+] is independent of the hydrolysis of that ion. As explained in Appendix A, 
the values obtained are 10log ,0

ο
sK (PuO2, am, hydr., (11.3)) =  − (58.3 ± 0.5) and 

 = (0.85 ± 0.20) kg · mol4+
4(Pu ,ClO )−ε –1.  

 In three very recent studies by Fujiwara et al. [2001FUJ/YAM], Rai et al. 
[2001RAI/MOO] and [2002RAI/GOR], the solubility of PuO2(am, hydr.) in the range 
4 <− log10[H+] < 9 was determined under reducing and oxidizing conditions, respec-
tively.  

 Fujiwara et al. [2001FUJ/YAM] measured the solubility of Pu(IV) hydrous 
oxide under reducing conditions in 1.0 M NaClO4 solutions. The data refer to the reac-
tion: 

3+
2 2PuO (am) + 2H O + e  Pu  + 4OH .− −  (11.4) 
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 Extrapolation to I = 0 with the SIT model and combining with the redox poten-
tials selected in [2001LEM/FUG] for the couple Pu4+/Pu3+ leads to a solubility product 
of 10 ,0log ο

sK (PuO2, am, hydr., 298.15 K, (11.3)) = − (58.1 ± 0.4). 

 Rai et al. [2001RAI/MOO] determined the solubility of amorphous Pu(IV) 
hydrous oxide in different air-equilibrated NaClO4 and NaCl solutions at I = 0.4 and 4.0 
mol · L–1. A similar previous study in 0.0015 M CaCl2 [84RAI] is also included to 
evaluate the equilibrium constant for the reaction: 

 +
2PuO (am, hydr.)  PuO  + e .2

−  (11.5) 

 By combining the values of 10log K ο (11.5) from [84RAI] and 
[2001RAI/MOO] with the  redox potential and other auxiliary data selected 
in [2001LEM/FUG], the solubility product is calculated to be 

+ 4
2PuO /Pu +

10 ,0log ο
sK (PuO2, am, 

hydr., (11.3)) = − 58.0 and  − 57.4, respectively. As the equilibrium constants are given 
without uncertainty limits and include unknown uncertainties arising from the measured 
pe values [2001RAI/MOO] (cf. Appendix A), they are not used in this review for the 
selection of 10 ,0log sK ο (PuO2, am, hydr., 298.15 K, (11.3)). 

 Rai et al. [2002RAI/GOR] have made a precise and well described experimen-
tal study of the solubility of PuO2(am) under controlled reducing conditions in NaCl 
solutions at low ionic strength, less than 0.025 M. They measured the equilibrium con-
stant of reaction (11.4). Using a Pitzer approach and combining appropriate data from 
[2001LEM/FUG] they calculated 10 ,0log ο

sK (PuO2, am, hydr., (11.3)) = − (58.2 ± 0.97) 
(see Appendix A) nearly the same as that given by Fujiwara et al. [2001FUJ/YAM]. 

 Based on the solubility constants determined for PuO2(am, hydr.) by 
[99KNO/NEC], [98CAP/VIT], [2001FUJ/YAM] and [2002RAI/GOR] who used three 
different, independent methods, the present review selects the following unweighted 
mean value: 

 10 ,0log ο
sK (PuO2, am, hydr., 298.15 K, (11.3)) = − (58.33 ± 0.52) 

with the uncertainty given as 1.96σ. This equilibrium constant describes best the solu-
bility of tetravalent plutonium hydrous oxides. 

 However, for the reasons already given in section 9.3.2.2, the present review 
does not select a value of (PuOf mGο∆ 2, am, hydr.) for this chemically ill-defined Pu(IV) 
hydroxide, amorphous hydrous oxide or oxyhydroxide. 

For the solubility of PuO2(am, hydr.), more or less well-characterised in a set 
of solutions of various compositions, the values of log10[Pu(OH)4(aq)] = − (7.7 ± 0.4), 
− (10.4 ± 0.5) and  − (10.2 ± 0.8) have been reported, respectively, by Efurd et al. 
[98EFU/RUN], Rai et al. [99RAI/HES2] and Chandratillake et al. [98CHA/TRI] in the 
range of pH = 8 to 13. As discussed in Appendix A, the concentration of Pu(IV) of ca. 
10−7.7 M in basic solutions indicates the probable presence of colloids. With 

10 ,0log ο
sK (PuO2, am, hydr., 298.15 K, (11.3)) = − (58.33 ± 0.52) as selected above, 
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these new solubility data suggest a value of lo 10 4,1g οb = (47.9 ± 0.7), somewhat larger 
than the value obtained from the solvent extraction study of Metivier and Guillaumont 
[72MET/GUI], lo = (47.5 ± 0.5).  10 4,1g οb

10 ,0g ο
sK

nO (am or c

f m
 (AnOG− ο∆

4 (aq)

2
(AnO am, hy

,0 f m
 =  (

s
Gο ο− ∆

nO (am)

, 4 10
 = log Aο

f∆

 This review considers lo 10 4,1g οb = (47.5 ± 0.5) as the best experimental value. 

11.2.3 Comparison of thermodynamic data for oxides and hydroxide 
complexes of tetravalent actinides  

11.2.3.1 Solid oxides and aqueous hydroxide complexes of tetravalent actinides 
Table 11-1 and Table 11-2 give a summary of the thermodynamic constants retained in 
this review governing the behaviour of tetravalent actinides (except Pa(IV)). Data are 
given in relation to the studies of [92GRE/FUG], [95SIL/BID] and [2001LEM/FUG]. 

Table 11-1: Summary of solubility and equilibrium constants for tetravalent actinides 
retained for discussion or selected by this review. 

 Th U Np Pu Am 

lo (a) 

AnO2(cr) 
 

– (54.3 ± 1.1)(e) 
 

– (60.86 ± 0.36)(c)

 
– (65.75 ± 1.07)(d)

{– (63.7 ± 1.8)}(f) 
– (64.04 ± 0.51)(d) 

 
– (65.4 ± 1.7)(h) 

AnO2(am,hydr.)  – (47.0 ± 0.8)(g – (54.5 ± 1.0)* – (56.7 ± 0.5)* – (58.33 ± 0.52)*  

10 ,4log ο
sK (b) – (8.5 ± 0.6) (g) – (8.5 ± 1.0) – (9.0 ± 1.0) – (10.4 ± 0.5)  

10 1,1log οb  (11.8 ± 0.2) (g) (13.46 ± 0.06)(c) (14.55 ± 0.20)(g)* (14.6 ± 0.2)*  

10 2,log ο
1b  (22.0 ± 0.6) (g) (26.9 ± 1.0)(g) (28.35 ± 0.30)(g)* (28.6 ± 0.3)*  

10 3,1log οb  (31.0 ± 1.0) (g) (37.3 ± 1.0)(g) (39.2 ± 1.0)(g) (39.7 ± 0.4)*  

10 4,log ο
1b   (39.0 ± 0.5) (g) (46.0 ± 1.4)* (47.7 ± 1.1)* (47.5 ± 0.5)*  

* selected by this review as described in the corresponding section. 
(a) solubility product at 298.15 K for the equilibrium:  4+

2 2A r)  + 2 H O(l)  An  + 4 OH−

) am or cr) 2 (H O, l) , G ο− ∆−4+

f m 2 f m 2
 R  An ) + 4 (OHlnT K G ο∆

 + 2 H O(l)  An(OH)
. 

(b) for equilibrium A  2 2

n(OH) (aq)  = log[ ]K
10 4 10 ,0 10 4 ,1

log dr.)) + log(
s s

K ο οb
log

. 
K ο log οbThe 10 ,4s  values and hence the 10 4,1  values derived for Th(IV), U(IV) and Np(IV) from ex-

perimental solubilities of AnO2(am, hydr.) in neutral and alkaline solutions might represent upper limits 
because it is difficult to ascertain that the experimental data are not affected by contributions from col-
loids or oxidation state conversions. 

(c) selected by [92GRE/FUG]. 
(d) selected by [2001LEM/FUG]. 
(e) calculated by this review using f mG ο∆ (ThO2, cr, 298.15 K) = − (1169.238 ± 3.504) kJ · mol–1 from 

CODATA [89COX/WAG] selected by [92GRE/FUG] and mG ο (Th4+, 298.15 K) = − (704.6 ± 5.4) 
kJ · mol–1 from [76FUG/OET]. 

(f) selected by [76FUG/OET]. 
(g) equilibrium constants from [2001NEC/KIM]. 
(h) selected by [95SIL/BID]. 
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Table 11-2: Standard Gibbs energy of formation of tetravalent actinides ions and oxides  

 Th U Np Pu Am 

4 1

f m

(a)(An(OH) , 298.15 K)  kJ moln

nG ο − −∆ ⋅  

n = 0 – (704.6 ± 5.4)(d) – (529.9 ± 1.8)(b) – (491.8 ± 5.6)(c)* – (478.0 ± 2.7)(c)* – (346.4 ± 8.7)(f) 

n = 1 – (929.2 ± 5.6) (e) – (763.9 ± 1.8)(b) – (732.1 ± 5.7)* – (718.6 ± 2.9)*  
n = 2 – (1144.6 ± 6.4) (e) – (997.8 ± 6.0) (e) – (968.1 ± 5.8)* – (955.7 ± 3.2)*  
n = 3 – (1353.2 ± 7.9) (e) – (1214.4 ± 6.0) (e) – (1187.2 ± 8.0) (e) – (1176.3 ± 3.5)*  
n = 4 – (1553.2 ± 7.9) (e) – (1421.3 ± 8.2)* – (1392.9 ± 8.4)* – (1378.0 ± 3.9)*  

1

f m 2(AnO , cr, 298.15 K)  kJ molο −∆ ⋅G  

 – (1169.2 ± 3.5)(b) – (1031.8 ± 1.0)(b) – (1021.7 ± 2.5)(c)* – (998.1 ± 1.0)(c)* – (877.7 ± 4.3)(f) 

* selected by this review as described in the corresponding section (note that the values for n=2 and n=3 in 
the U-column are not selected). 

(a)  the values are given with only one 
significant digit (the values given have an uncertainty of, at most, 0.5 kJ · m

4 4+

f m f m f m ,1
(An(OH) ) = (An ) + (OH )  R lnn

n n
G G n Gο − ο ο −∆ ∆ ∆ − bT ο

). ol–1

(b) selected by [92GRE/FUG]. 
(c) selected by [2001LEM/FUG]. 
(d) selected by [76FUG/OET]. 
(e) standard Gibbs energy calculated from equilibrium constants from [2001NEC/KIM] and auxiliary data 

from [92GRE/FUG]. 
(f) selected by [95SIL/BID]. 

 
The variation of the solubility products for the amorphous An(IV) oxides, 

10 ,0log sK ο (AnO2, am, hydr.), reported in Table 11-1 follows a smoothly decreasing 
trend from thorium to the heaver actinides. The same smooth variation is observed for 
the solubility products, 10 ,0log sK ο (AnO2, cr), calculated for the crystalline An(IV) ox-
ides from thermochemical data for Th, U, Pu and Am. However, a noticeable deviation 
is observed for 10log ,0sK ο (NpO2, cr) = − (65.75 ± 1.07), which is based on data selected 
by [2001LEM/FUG]. This deviation disappears for the value, 10 ,0log sK ο (NpO2, cr) = 
 − (63.7 ± 1.8), given in brackets in Table 11-1. The latter value corresponds to 

(Npf mGο∆ 4+, 298.15 K) = − (502.9 ± 7.5) kJ · mol–1 [76FUG/OET], which is different 
from the value of  − (491.8 ± 5.6) kJ · mol–1 selected by [2001LEM/FUG]. However, 
there is no further evidence from other experimental data that would justify changing 
the standard Gibbs energies selected by [2001LEM/FUG], f mGο∆ (Np4+, 298.15 K) 
= − (491.8 ± 5.6) kJ · mol–1, which is retained by this review. 

According to Neck and Kim [99NEC/KIM], [2001NEC/KIM], the following 
comments can be made about An(IV) hydrolysis: 
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• truly low solubility of U, Np and Pu (excluding colloids) can be explained by the 
presence of monomeric species in contrast to the case of Th which forms poly-
mers, 

• with regard to crystalline oxide, the An(IV) concentrations in acidic media de-
pends on the crystallinity of the solid and are considerably lower than those corre-
sponding to amorphous AnO2 even after several months or years of equilibration,  

• in near-neutral and alkaline solutions where An(OH)4(aq) predominates, the limit-
ing solubility phase is always an amorphous oxide giving higher concentrations 
than those predicted according to lo , which is 6 - 7 orders of 
magnitude lower than log

10 ,0 2g (AnO , cr)ο
sK

10 ,0sK ο (AnO2, am, hydr.). Such affirmation about con-
centration is valuable provided that colloids have been removed and the oxidation 
state of the actinide checked. 

Among the points to be clarified to have a better understanding of An(IV) 
solubility, the identification of the solid phases and particularly their surface properties 
are of great importance because solubility depends strongly on surface effects.  

Surface composition is dependent on the redox properties of the investigated 
system and can be non-stoichiometric. The size of the solid particles also plays a role as 
Bundschuh et al. [2000BUN/KNO] have recently proven (see Appendix A), as does 
radioactivity, which can lead to alteration of the surface.  

More precise knowledge is required of the speciation of the aqueous species in 
the equilibrium solution, as well as of any colloids that may be present.  

11.2.3.2 Crystalline and amorphous oxides 
As already mentioned, the thermodynamics of solubility reactions are determined by the 
properties of the surface phase, which can differ significantly from that of the bulk, in 
particular for crystalline oxides. The information on the stoichiometry, particle size and 
the crystallinity of the surface phases is often incomplete, and it is therefore not surpris-
ing that the equilibrium constants for solubility reactions obtained directly may differ 
substantially from those calculated from calorimetric data. In general the former are 
larger than the latter. Some examples are given in the Table 11-3, which includes equi-
librium constants, 10 ,0log sK ο , for the dissolution of actinide oxides and hydroxides, de-
fined as amorphous, or crystalline in the original papers. The data for "crystalline" and 
"amorphous" selected in this review may indicate the magnitude of the effect of an in-
complete knowledge of the surface state of the solid. For this reason, the selected values 
of 10 ,0log sK ο  are not used to calculate the standard Gibbs energies of formation, , 
but the recommended equilibrium constants, 

f mGο∆

10 ,0log sK ο , are useful for the geochemical 
modelling of actinide solubilities. 
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Table 11-3: Comparison of equilibrium constants lo 10 ,0g sK ο (298.15 K) derived from 
thermochemical data and solubility experiments. 

Solid from thermochemical data from solubility data (a) 

UO3 · 2H2O(cr) – (23.19 ± 0.43) [92GRE/FUG] – (22.03 ± 0.14) [92SAN/BRU] 
UO2(OH)2(am)   – (21.67 ± 0.14) [92SAN/BRU]] 

  – (22.81 ± 0.01) [92KRA/BIS] 
  – (22.88 ± 0.19) [93MEI/KIM] 
  – (22.90 ± 0.07) [96MEI/KAT] 
  – (22.44 ± 0.02) [96MEI/KAT] 
  – (22.75 ± 0.06) [96KAT/KIM] 
  – (22.41 ± 0.03) [98MEI2] 
  – (22.62 ± 0.20) [94TOR/CAS] 

UO3 · 2H2O(s) or 
UO2(OH)2(s, hydr) 

  – (23.14) [98DIA/GRA] 
Na2U2O7(cr)  – (30.7 ± 0.5) [92GRE/FUG]   
Na2U2O7(s, hydr)   – (29.45 ± 1.04) [98YAM/KIT] 
Np2O5(cr) – (12.2 ± 0.8) [2001LEM/FUG]   

  – (11.4 ± 0.4) [98EFU/RUN] Np2O5(cr) 
  – (10.10 ± 0.02) [98PAN/CAM] 

NpO2OH("aged")   – (9.3 ± 0.5) [2001LEM/FUG] 
NpO2OH(am)   – (8.7 ± 0.2) [2001LEM/FUG] 
Am(OH)3(cr) – (25.2 ± 1.0) [97MER/LAM] – (26.4 ± 0.6) present review 
Am(OH)3(am)   – (25.1 ± 0.8) present review 
ThO2(cr) – (54.3 ± 1.1) (b) (c)  
ThO2(cr, hydr) 
(20 nm particles) 

  – (52.8 ± 0.3) [2000BUN/KNO] 

ThO2(am, hydr)   – (47.0 ± 0.8) [2001NEC/KIM] 
UO2(cr) – (60.86 ± 0.36) [92GRE/FUG] (c)  
UO2(am, hydr)   – (54.5 ± 1.0) present review (c) 
NpO2(cr) – (65.75 ± 1.07) [2001LEM/FUG] (c)  
NpO2(am, hydr)   – (56.7 ± 0.5) present review (c) 
PuO2(cr) – (64.04 ± 0.51) [2001LEM/FUG] (c)  
PuO2(am, hydr)   – (58.33 ± 0.52) present review (c) 

(a) The conditional constants given in the original papers are converted to I = 0 with the SIT model.  
(b) Recalculated in this review using for mS ο (Th, cr, 298.15 K) = (51.8 ± 0.5) J·K–1·mol–1,   

mS ο (ThO2, cr, 298.15 K) = (65.23 ± 0.20) J·K–1·mol–1 and f mH ο∆ (ThO2, cr, 298.15 K) = − (1226.4 ± 3.5) 
kJ·mol–1 from CODATA [89COX/WAG] and f mG ο∆ (Th4+, cr, 298.15 K) = − (704.6 ± 5.4) kJ·mol–1 from 
[76FUG/OET]. 

(c) Not relevant for the solubility in neutral to alkaline solutions. 
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 The solubility studies in neutral to alkaline solutions generally lead to solubili-
ties which are, for tetravalent actinides compounds, six and more orders of magnitude 
higher and consistent with those of the amorphous solids, AnO2(am, hydr). This is sur-
prising as the least soluble phase should have the highest thermodynamic stability. The 
experimental information indicates that this is not the case, which suggests that there are 
chemical processes that are not understood. Therefore, they are not included in the 
thermodynamic description of these systems (see selected values in Chapter 5).  

11.3 Plutonium group 17 complexes  
11.3.1 Aqueous plutonium chloride complexes (18.2.2.1) 

11.3.1.1 Pu(III) chloride complexes 
An EXAFS study of Allen et al. [97ALL/BUC] shows no evidence for the formation of 
Pu(III) chloride complexes up to LiCl concentrations of 12 mol · L–1, while a later 
EXAFS study [2000ALL/BUC] indicates the formation of Am(III) and Cm(III) chloride 
complexes according to the reaction: 

 3+ 3An  + Cl   AnCl n
nn − −  (11.6) 

with n = 1 − 2 in 8 − 12.5 M LiCl. The EXAFS studies of Allen et al. [97ALL/BUC], 
[2000ALL/BUC] and the new spectroscopic data for Am(III) and Cm(III) chloride 
complexes lead to the selection of lo 10 1g οb (11.6) = 0.24 and lo 10 2g οb (11.6) = − 0.74 
(cf. section 12.4.1.3). The equilibrium constant selected by [2001LEM/FUG], 

(PuCl10 1log οb 2+, 298.15 K) = (1.2 ± 0.2) based on the study of Ward et al. 
[56WAR/WEL], appears to be overestimated. It is therefore rejected by the present re-
view, which prefers to base its selection on EXAFS data rather on ionic exchange data. 
As the value of the formation constant for PuCl2+ seems smaller than was assessed in 
[2001LEM/FUG], the value for the formation constant of PuCl3+ based, in part on the 
study of Rabideau and Cowan [55RAB/COW], may also need to be reassessed. 

 Additional data are given in [95NOV/CRA] and [99CHO]. 
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11.3.1.2 Pu(VI) chloride complexes 
Runde et al. [97RUN/NEU], [99RUN/REI] investigated the formation of Pu(VI) chlo-
ride complexes by absorption spectroscopy and EXAFS. In 1 M HCl or HClO4 solutions 
containing 1.5 NaCl − 16 M LiCl they observed evidence for the reactions: 

 2+ 2
2PuO  + Cl   PuO Cl n

nn − −  (11.7) 

up to n = 4 [97RUN/NEU]. Runde et al. [99RUN/REI] have obtained, by absorption 
spectroscopy, the formation constants for the reactions of PuO2Cl+ and PuO2Cl2(aq) as 

(11.7) = (0.23 ± 0.03) and 10 1log οb 10 2log οb (11.7) = − (1.7 ± 0.2). As discussed in de-
tail in Appendix A, [99RUN/REI], this review selects: 

 (PuO10 1log οb 2Cl+, 298.15 K) = (0.23 ± 0.03),  

with ∆ε((11.7), n = 1) = − (0.13 ± 0.03) kg · mol–1 in NaCl solution and 

 (PuO10 2log οb 2Cl2, aq, 298.15 K) = − (1.15 ± 0.30). 

 These values are significantly different from 10 1log οb (11.7) = (0.70 ± 0.13) 
and (11.7)= − (0.6 ± 0.2) selected by [2001LEM/FUG] from the spectroscopic 
study of Giffaut [94GIF], but are close to the values selected by [92GRE/FUG] from 
numerous and well-ascertained data for the analogous U(VI) chloride complexes. The 
reasons for the revised data selection and a discussion of the data in [94GIF] are also 
included in Appendix A, discussion of [99RUN/REI]. 

10 2log οb

11.3.1.3 Cation-cation complexes of Pu(V) 
New papers on plutonium complexation have dealt also with neptunium complexation 
(see 10.5). New data are available concerning the cation-cation complex . 
Stoyer et al. [2000STO/HOF] determined a value of β = (2.2 ± 1.5) L · mol

+ 2
2 2PuO UO⋅ +

2+
2

–1 for the 
formation of  in 6 M NaClO+

2PuO UO⋅ 4. This result was already discussed in section 
9.8.1. 

11.4.1 Plutonium selenium compounds 

11.4.1.1 Plutonium selenides 

11.4.1.1.1 Plutonium monoselenide 
Hall et al. [91HAL/MOR] have measured the heat capacity of a sample of high purity 
PuSe from 7 to 300 K. The sample was annealed at 1273 K for 2 hours in high purity 
argon immediately prior to the measurements to remove any stored damage to the crys-
talline structure due to radioactive decay. In keeping with the lack of magnetism in 



11 Discussion of new data selection for Plutonium 324 

PuSe, no anomalies were found in the ,mpC  curve. The values obtained for the heat ca-
pacity and entropy at 298.15 K were: 

 ,mpCο

ο

(PuSe, cr, 298.15 K) = (59.7 ± 1.2) J · K–1 · mol–1, 
 (PuSe, cr, 298.15 K) = (92.1 ± 1.8) J · KmS –1 · mol–1, 

and these are the selected values.  

11.4.2 Plutonium tellurium compounds 

11.4.2.1 Plutonium tellurides 

11.4.2.1.1 Plutonium monotelluride 
Hall et al. [90HAL/JEF2] have measured the heat capacity of a sample of high purity 
PuTe from 10 to 300 K. Small single crystals of PuTe were pressed into a cylinder 
which was sealed into a silver calorimeter under helium. A very small anomaly, of un-
known origin, was observed in the ,mpC  curve at 269 K. The values obtained for the 
heat capacity and entropy at 298.15 K were: 

 ,mpCο (PuTe, cr, 298.15 K) = (73.1 ± 2.9) J · K–1 · mol–1, 

 (PuTe, cr, 298.15 K) = (107.9 ± 4.3) J · KmS ο –1 · mol–1, 

and these are the selected values. 

11.5  Plutonium nitrogen compounds and complexes 
11.5.1 Plutonium nitrides 

11.5.1.1 PuN(cr) 
Ogawa et al. [98OGA/KOB] have given an equation for ∆ (PuN, T), based on an 
assessment of the existing data. However, as for their similar suggestion for UN(cr), 
their equation does not reproduce the reasonably well-defined entropy of formation of 
PuN(cr) (differing by ca. 6.2 J·K

f mG

–1·mol–1), and we prefer to retain the data selected in 
[2001LEM/FUG]. 

11.6 Plutonium carbon compounds and complexes (21.1.2) 
11.6.1 Aqueous plutonium carbonates (21.1.2.1) 
The aqueous plutonium carbonate systems were discussed in [2001LEM/FUG]; how-
ever, two important experimental studies published in 1993 [93PAS/RUN] and 1997 
[97PAS/CZE] were overlooked. This review does not share some of the judgments 
made by the prior NEA TDB review as discussed in the following section. These facts 
result in important changes in some of the selected values. 
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11.6.1.1 Pu(VI) carbonate complexes (21.1.2.1.1) 
Pashalidis et al. [93PAS/RUN], and Pashalidis et al. [97PAS/CZE] studied the solubil-
ity of UO2CO3 and PuO2CO3 in aqueous carbonate solutions as discussed in Appendix 
A. These are two precise experimental studies where the uranium(VI) data are in excel-
lent agreement with other studies, cf. section 9.7.2.1. This indicates that the procedures 
used are satisfactory and that the experiments are not affected by systematic errors. 
However, the precision in the plutonium(VI) data is much lower than that of the corre-
sponding uranium(VI) data. The equilibrium constants proposed in [93PAS/RUN] and 
[97PAS/CZE] have been recalculated to zero ionic strength using the SIT model by this 
review and are: 

2+ 2
2 3 2 3PuO  + CO   PuO CO (aq)−  10 1log οb = (9.7 ± 0.3), 
2+ 2 2
2 3 2PuO  + 2 CO   PuO (CO )−

3 2
−

10 2log οb = (15.3 ± 0.5), 
2+ 2 4
2 3 2PuO  + 3 CO   PuO (CO )−

3 3
−

10 3log οb = (18.4 ± 0.2). 

 This review has scrutinised the discussions of previous experimental data given 
in [2001LEM/FUG]; the data reported in [62GEL/MOS] and [67GEL/MOS] are not 
reliable as confirmed by this review. The data of Sullivan and Woods [82SUL/WOO] 
were accepted in [2001LEM/FUG], but the value of 10 1log οb

g

= 13.2 for Pu is very dif-
ferent from the values of the corresponding uranium(VI) and neptunium(VI) complexes. 
There is no chemical reason to expect this and according to the present review, this is 
sufficient reason to disregard the results in [82SUL/WOO]. The only two experimental 
studies that are reliable are those of Robouch and Vitorge [87ROB/VIT], and Ullman 
and Schreiner [88ULL/SCH]. Robouch and Vitorge report lo 10 1

οb = 9.3. The values of 
 reported in [87ROB/VIT] and [88ULL/SCH] are 13.6 and 15.1, respectively, 

whereas the values of lo
10 2log οb

10 3g οb  are 17.0 and 18.5. The equilibrium constants in 
[88ULL/SCH] are in good agreement with those of [97PAS/CZE], while the constants 
from [87ROB/VIT] differ slightly. These data were determined in 3 M NaClO4 and the 
error in the extrapolation to zero ionic strength, ± 0.5, is therefore larger than that in the 
other two studies.  

 This review selects the following average values of [87ROB/VIT], 
[88ULL/SCH], [93PAS/RUN] and [97PAS/CZE]: 

10 1log οb = (9.5 ± 0.5), 

10 2log οb  = (14.7 ± 0.5), 

10 3log οb = (18.0 ± 0.5). 

The formation constant for the polynuclear Pu(VI) hydroxide complex 
6

2 3 3 6(PuO ) (CO ) −  is discussed in [2001LEM/FUG] where it is pointed out that, by com-
parison to similar U and Np complexes, no good data exist for the interaction coeffi-
cient. As extrapolation to zero ionic strength cannot done properly, this review does not 
retain this data in the table of selected values. 
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11.6.1.2 Pu(IV) carbonate complexes (21.1.2.1.3) 
Capdevila et al. [96CAP/VIT] investigated the formation of the limiting carbonate 
complex: 

4 2
3 4 3 3 5Pu(CO )  + CO   Pu(CO )6− − − . (11.8) 

by absorption spectroscopy in NaClO4/NaHCO3/Na2CO3 solutions of varying ionic 
strength. They estimated an equilibrium constant of 10 5log K ο (11.8) = − (1.36 ± 0.09) 
which was selected in [2001LEM/FUG]. [96CAP/VIT] also reported the formation 
constant of the pentacarbonate complex, ( Pu10 5log b 6

3 5CO )( − , 298.15 K) = (35.8 ± 1.3) 
in 3 M NaClO4/NaHCO3/Na2CO3. The latter value is based on redox equilibria 
including the disproportionation of Pu(V) and was not used by [2001LEM/FUG] for the 
evaluation of thermodynamic data. 

 Clark et al. [98CLA/CON] studied the structure of the  ion in the 
solid state and in aqueous solution; this study confirms the stoichiometry of the limiting 
carbonate complex deduced from potentiometric and spectroscopic studies [92CAP], 
[96CAP/VIT]. 

6
3 5Pu(CO ) −

Rai et al. [99RAI/HES2] have studied the solubility of PuO2(am) in the 
 system. The methodology is the same as used in prior 

studies on Th(IV) [97FEL/RAI], U(IV) [98RAI/FEL] and Np(IV) [99RAI/HES]. The 
authors used the ion interaction approach of Pitzer to determine the following equilib-
rium constants (given without uncertainty limits) for the reaction: 

+ 2
3 3 2K HCO CO OH H O− − −− − − −

 2 6
2 2 3 3 5AnO (am) + 2H O + 5CO   An(CO )  4 OH− − + −  (11.9) 

10 ,5log sK ο ((11.9), An = Th) = − 18.4 [97FEL/RAI], 

10 ,5log sK ο ((11.9), An = U) = − 22.2 [98RAI/FEL], 

10 ,5log sK ο ((11.9), An = Np) = − 21.15 [99RAI/HES], 

10 ,5log sK ο ((11.9), An = Pu) = − 22.68 [99RAI/HES2]. 

The reported Pitzer parameters for the pairs Na+ or K+ and  are rea-
sonable for ions of this charge. However, the solubility constants at I = 0 are highly cor-
related with the simultaneously calculated ion interaction coefficients. Therefore, this 
review ascribes rather large uncertainty estimates of ± 1 log

6
3 5An(CO ) −

10-units to the reported equi-
librium constants. By combining the 10 ,5log sK ο  values with the solubility constants of 
AnO2(am, hydr.) selected in the present review: 

10 ,0log sK ο (ThO2, am, hydr., 298.15 K) = − (47.0 ± 0.8), 

10 ,0log sK ο (UO2, am, hydr., 298.15 K) = − (54.5 ± 1.0), 

10 ,0log sK ο (NpO2, am, hydr., 298.15 K) = − (56.7 ± 0.5), 

10 ,0log sK ο (PuO2, am, hydr., 298.15 K) = − (58.33 ± 0.52), 
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we obtain the following formation constants of the limiting An(IV) carbonate com-
plexes:  

10 5log οb ( 6
3 5Th(CO ) − , 298.15 K) = (28.6 ± 1.3), 

10 5log οb ( 6
3 5U(CO ) − , 298.15 K) = (32.3 ± 1.4), 

10 5log οb ( 6
3 5Np(CO ) − , 298.15 K) = (35.6 ± 1.1), 

10 5log οb ( 6
3 5Pu(CO ) − , 298.15 K) = (35.65 ± 1.13). 

The formation constant of 6
3 5U(CO ) −  derived from the data in [98RAI/FEL] 

and the value selected in [92GRE/FUG], lo 10g 5
οb ( 6

3 5U(CO ) − , 298.15 K) = (34.0 ± 0.9), 
overlap within the uncertainty limits. The formation constant of 6

3 5Np(CO ) −  selected in 
[2001LEM/FUG], (10 5log οb 6

3 5Np(CO ) − , 298.15 K) = (35.61 ± 1.09), is identical with 
the value calculated above, although the former value results from a re-interpretation of 
the experimental data in [99RAI/HES] combined with other equilibrium constants se-
lected in [2001LEM/FUG]. For these reasons and the systematic trend in the series of 
the tetravalent actinides, the present review relies also on the value for  and 
selects: 

6
3 5O ) −Pu(C

10 5log οb ( 6
3 5Pu(CO ) − , 298.15 K) = (36.65 ± 1.13). 

Combining this value with 10 5log K ο (11.8) = − (1.36 ± 0.09) [2001LEM/FUG] leads to: 

10 4log οb ( 4
3 4Pu(CO ) − , 298.15 K) = (37.0 ± 1.1). 

Felmy et al. [97FEL/RAI] and Rai et al. [98RAI/FEL], [99RAI/HES], 
[99RAI/HES2] also studied the formation of the mixed An(IV) hydroxide-carbonate 
complexes based on their solubility measurements. In the case of Th(IV), [97FEL/RAI] 
adopted the equilibrium constant determined by Östhols et al. [94OST/BRU] for the 
complex Th(OH)3(CO3)–, whereas the solubility data for U(IV), Np(IV) and Pu(IV) 
were modelled by assuming the reaction:  

 2 2
2 2 3 2 3 2AnO (am) + 2H O + 2CO   An(OH) (CO )  2 OH− − + −  (11.10) 

with (11.10) = − 12.11 for U(IV) [98RAI/FEL],  − 11.75 for Np(IV) 
[99RAI/HES] and  − 12.09 for Pu(IV) [99RAI/HES2]. Uncertainty limits and Pitzer 
parameters for these complexes were not reported. 

10 ,1,2,2log sK ο

 

The solubilities of ternary Np(IV) hydroxide-carbonate complexes have been 
discussed in section 10.6.1.1. A comparison of these solubility data with those from the 
corresponding Pu(IV) system is given in Figure 11-1 that shows the solubility, 
log10[An(IV)], versus  − log10[H+] for solubility data for Pu(IV) from [94YAM/SAK] 
and [99RAI/HES2], and corresponding data for Np(IV) from [2001KIT/KOH]. It is 
obvious that the solubility is the same in these systems, in particular for the data deter-
mined from the direction of over-saturation, i.e., for the Pu(IV) data of [94YAM/SAK] 
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and the Np(IV) data of [2001KIT/KOH]. This indicates that the composition of the ter-
nary complexes is the same.  

The calculated curves in Figure 11-1 are based on the equilibrium constants 
proposed by Rai et al. [99RAI/HES2] ( lo = − 12.1 for P ) and 
Yamaguchi et al. [94YAM/SAK] ( lo = − (10.2 ± 0.5) for  
and = − (5.9 ± 0.3) for P

10 ,1,2,2g sK ο

10 ,1,2,2g sK ο

4
4 3(OH) (CO )

2
2 3 2u(OH) (CO ) −

2Pu(OH) (CO 2
3 2) −

10 ,1,4,2log sK ο
2u − , converted to I = 0 in this review 

by using the SIT). The equilibrium constant lo 10g ,4sK ο = − (10.4 ± 0.5) for Pu(OH)4(aq) 
is taken from the study of [99RAI/HES2]. It should be noted that [99RAI/HES2] re-
ported experimental data in K2CO3 solutions containing 0.01 M KOH which are con-
cordant with those of [94YAM/SAK], but they did not use these results to evaluate an 
equilibrium constant for the complex 4

34u(OH) (CO )2P − . 

As the solubility product, 10 ,0log sK ο (PuO2, am, hydr.) = − (58.33 ± 0.52), is 
somewhat lower than lo 10 ,0g sK ο (NpO2, am, hydr.) = − (56.7 ± 0.5), the formation con-
stants of the ternary Pu(IV) hydroxide-carbonate complexes are accordingly higher than 
those of the analogous Np(IV) complexes. However, as the solubility product of the 
amorphous oxide phases used in these experiments is uncertain, this review has not se-
lected equilibrium constants for the ternary complexes. Additional work is necessary to 
quantify their formation constants. 
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Figure 11-1. Solubility data for PuO2(am, hydr.) from Yamaguchi et al. [94YAM/SAK] 
in 0.1 M NaHCO3-NaClO4 and Na2CO3-NaClO4-NaOH, and from Rai et al. 
[99RAI/HES2] in KHCO3 and K2CO3 (+ 0.01 M KOH) at total carbonate concentra-
tions of a) 0.1 mol·L–1 and b) 0.01 mol·L–1. Experimental Np(IV) solubility data from 
Kitamura and Kohara [2001KIT/KOH] are shown for comparison. The solubility curves 
are calculated for I = 0.1 mol·L–1 according to the equilibrium constants reported by 
[94YAM/SAK] and [99RAI/HES2]. 

Figure 11-1. Solubility data for PuO2(am, hydr.) from Yamaguchi et al. [94YAM/SAK] 
in 0.1 M NaHCO3-NaClO4 and Na2CO3-NaClO4-NaOH, and from Rai et al. 
[99RAI/HES2] in KHCO3 and K2CO3 (+ 0.01 M KOH) at total carbonate concentra-
tions of a) 0.1 mol·L–1 and b) 0.01 mol·L–1. Experimental Np(IV) solubility data from 
Kitamura and Kohara [2001KIT/KOH] are shown for comparison. The solubility curves 
are calculated for I = 0.1 mol·L–1 according to the equilibrium constants reported by 
[94YAM/SAK] and [99RAI/HES2]. 
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11.6.2 Solid plutonium carbonate (21.1.2.2) 

11.6.2.1 Solid Pu(VI) carbonates (21.1.2.2.1) 
In the previous NEA TDB review [2001LEM/FUG] the solubility constant for the reac-
tion: 

2+ 2
2 3 2 3PuO CO (s)  PuO  + CO −  (11.11) 

was selected from a study of Robouch and Vitorge [87ROB/VIT] in 3 M NaClO4 at 
293.15 K:  

10 ,0log ο
sK ((11.11), 298.15 K) = – (14.2 ± 0.3). 

Pashalidis et al. [93PAS/RUN] reported a solubility study in 0.1 M NaClO4 at 
295.15 K, which was not discussed in [2001LEM/FUG]. A second paper [97PAS/CZE], 
which arrived too late for a critical evaluation in the previous review [2001LEM/FUG], 
includes the experimental data of [93PAS/RUN] and extends the former solubility study 
to higher carbonate concentrations. The solubility constant recalculated in the present 
review from these data and extrapolated to I = 0 with the SIT (cf. Appendix A), 

10 ,0log ο
sK (11.11) =  − (15.0 ± 0.2), is lower than that from [87ROB/VIT] indicating a 

less crystalline solid in the former study. However, as the formation constants of the 
Pu(VI) carbonate complexes in [87ROB/VIT] and [97PAS/CZE] are in reasonable 
agreement, the crystallinity does not seem to have changed during the experiments. 

In a later study, Reilly et al. [2000REI/NEU] determined the solubility constant 
of PuO2CO3(s) in 0.1, 0.2, 0.5, 1.0, 2.1, 3.8 and 5.6 m NaCl, and for comparison in 5.6 
m NaClO4. The experimental 10 ,0log sK  values are given without correction for chloride 
complexation, which explains the difference between the values in 5.6 m NaCl 
( 10 ,0log sK = − (14.0 ± 0.1)) and 5.6 M NaClO4 ( lo 10 ,0g sK = − (14.5 ± 0.1)). The ionic 
strength dependence of the experimental 10log ,0sK  values at I < 3 mol · kg–1 is in 
excellent agreement with ∆ε = (0.13 ± 0.04) kg · mol–1, as predicted with the interaction 
coefficients 2

3, CO )(Na+ −ε
2+
2 ,Cl )−

= − (0.08 ± 0.03) kg · mol–1 and 
 = = (0.21 ± 0.02) kg · mol2+

2(PuO ,Cε l )− (UOε –1 [2001LEM/FUG]. In the 
present review the equilibrium constant at I = 0 is calculated to be 10 ,0log ο

sK (11.11) 
= − (14.67 ± 0.10), cf. Appendix A. 

Although the uncertainty in the extrapolation to I = 0 is larger for the experi-
mental data of [87ROB/VIT] in 3.5 m NaClO4 than for the later studies in 0.1 m Na-
ClO4 [93PAS/RUN], [97PAS/CZE] and 0.1 − 2.1 m NaCl solutions [2000REI/NEU], 
the present review selects the unweighted mean value from these studies: 

10 ,0log ο
sK ((11.11), 298.15 K) = − (14.65 ± 0.47). 

The uncertainty (95% confidence interval) may also reflect possible differences 
in the crystallinity of the solid. Similar differences have been observed in the solubility 
data for the isostructural solid UO2CO3(s) (cf. discussion in 9.7.2.1.1).  
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11.7.1 Plutonium-strontium compounds (22.1) 
The compound SrPu2Ti4O12(cr), along with Pu2Ti3O8.79(cr) and Pu2Ti2O7(cr), in which 
Pu is in the trivalent state, has been prepared and identified by X-ray diffraction 
[96SHO/BAM]. No thermodynamic data exist for these compounds. 

11.7.2 Plutonium-barium compounds (22.1) 

11.7.2.1 BaPuO3(cr) (22.2.2) 
Nakajima et al. [99NAK/ARA2] have measured the partial pressures of BaO(g) and 
Ba(g) over a diphasic sample containing a mixture of BaPuO3 and PuO2 by Knudsen-
cell mass-spectrometry from 1673 to 1873 K. As noted in Appendix A, they analysed 
their results in terms of the reaction: 

 BaPuO3(cr)  BaO(g) + PuO2(cr) 

although in practice, the vaporisation is likely to be more complex than this. 

 Using estimated thermal functions for BaPuO3(cr), [99NAK/ARA2] derived 
second- and third-law enthalpies of formation, f m

ο∆ H (BaPuO3, cr, 298.15 K) of − 1661 
and  − 1673 kJ · mol–1, respectively, with no quoted uncertainties. 

 Considering the use of estimated thermal functions for BaPuO3(cr) and the 
likely complexity of the actual vaporisation process, these values are in good accord 
with the relatively precise calorimetric value from the study by Morss and Eller 
[89MOR/ELL], adopted by [2001LEM/FUG]: 

 f m
ο∆ H (BaPuO3, cr, 298.15 K) = − (1654.2 ± 8.3) kJ · mol–1 

which is retained here. 
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12 Discussion of new data selection 
for Americium  
 
 

12.1 Introductory remarks 
12.1.1 Estimation of standard entropies (V.4.2.1.2) 

The standard entropies of many americium ionic solid compounds have been revised 
from those suggested in [95SIL/BID] to take account of the improved procedure sug-
gested by Konings [2001KON]. As noted in Appendix A, in this procedure the entropy 
is assumed to be the sum of a lattice contribution, estimated from known values of simi-
lar actinide species, and an excess contribution, representing mainly electronic effects. 
Such a scheme gives good agreement for many lanthanide and actinide compounds, and 
indeed is the basis of the existing NEA estimates for the aqueous americium ions. How-
ever, since the 7F0 ground state of Am3+ is non-degenerate and any excited states do not 
contribute to the entropy at 298.15 K, the excess entropy is zero for most Am(III) com-
pounds. This leads to appreciably smaller standard entropies than estimated in 
[95SIL/BID] for these species. 

 To avoid repetition, the values used for the lattice and excess contributions are 
summarised in Table 12-1, with references to fuller text discussions. 
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Table 12-1: Summary of entropy contributions for some Am solid compounds (J·K–1·mol–1). 

Species mS (lattice) 
mS (excess) mS (total) [95SIL/BID] Comment 

AmO2(cr) (65.2 ± 8.0) (12.5 ±  6.0) (77.7 ± 10.0) (67.0 ± 10.0) [2001KON2] 
Am2O3(cr) (133.6 ± 6.0) 0 (133.6 ± 6.0) (160.0 ± 15.0) [2001KON] 
Am(OH)3(cr) (116 ± 8) 0 (116 ± 8) none See 12.3.2.2 
AmF3(cr) (110.6 ± 6.0) 0 (110.6 ± 6.0) (127.6 ± 5.0) [2001KON] 
AmF4(cr) (141.6 ± 6.0) (12.5 ± 5.0)  (154.1 ± 8.0) (148.5 ± 5.0) See 12.4.2.2.2 
AmCl3(cr)  (146.2 ± 6.0) 0 (146.2 ± 6.0) (164.8 ± 6.0) [2001KON] 
AmOCl(cr) --- --- (92.6 ± 10.0) (111.0 ± 10.0) See 12.4.2.3.2 
Cs2NaAmCl6(cr) --- --- (421 ± 15) (440 ± 15) See 12.4.2.3.3 
AmBr3(cr)  (182.0 ± 10.0) 0 (182.0 ± 10.0) (205 ± 17) See 12.4.2.4.1.1 
AmOBr(cr) --- --- (104.9 ± 12.8) (128.0 ± 20.0) See 12.4.2.4.2 
AmI3(cr)  (211 ± 15) 0 (211 ± 15) (234 ± 20) See 12.4.2.5.1.1 
Am(OH)CO3·0.5H2O(cr) (141 ± 21) 0 (141 ± 21)  none See 12.6.1.1.3.1 

 

12.1.2 Introductory remarks on the inclusion of thermodynamic da-
ta of aqueous Cm(III) complexes in this review 
It is well known that chemical compounds and aqueous species of the trivalent actinides 
and lanthanides have similar chemical properties [94CHO/RIZ]. This is true both for 
their coordination chemistry and their complex formation reactions in solution; a no-
ticeable and very important exception is their redox properties. Certain systematic 
trends in the thermodynamic data and equilibrium constants often correlate with the 
variation of the ionic radius, e.g., with the decrease of the ionic radius from La3+ to Lu3+ 
[94CHO/RIZ], [96BYR/SHO]. In particular Cm(III), but also the lanthanides Nd(III) 
and Eu(III), are often used as analogs for Am(III), because of the similarity in ionic 
size: e.g., for coordination number CN = 8, the crystal radii are 1.10 Å (Am3+), 1.09 Å 
(Cm3+), 1.11 Å (Nd3+) and 1.07 Å (Eu3+) [76SHA], [94CHO/RIZ]. 

 In the same way there are pronounced similarities and trends in most of the 
chemical properties of the actinide elements in the oxidation states An(IV, V or VI), 
with the exception of their redox properties [80COT/WIL], [84GRE/EAR], [83CHO2] 
and [94CHO/RIZ]. This chemically well-established principle has been used by 
[2001LEM/FUG] for the comparison and partly for the estimation of thermodynamic 
data for aqueous species of pentavalent and hexavalent U, Np and Pu, and recently for 
the tetravalent actinides [99NEC/KIM], [2001NEC/KIM]. 

 Making use of this oxidation state analogy principle, the present review 
includes experimental data for Cm(III) when evaluating thermodynamic data for 
aqueous Am(III) complexes, because the former are often more accurate than the latter. 
Particularly in the case of complex formation reactions of Cm(III) there is a large 
amount of accurate information available from spectroscopic data obtained with the 
very sensitive time-resolved laser fluorescence spectroscopy (TRLFS). In some cases 
the discussion of data evaluation is supported by comparing analogous chemical 
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data evaluation is supported by comparing analogous chemical reactions and data for 
the trivalent lanthanides. We have used these oxidation state analogies for the following 
purposes: 

• To evaluate activity coefficients and ion interaction coefficients of aqueous 
Am(III) species by using experimental data for Nd3+ or aqueous Cm(III) 
complexes.  

• To select equilibrium constants for aqueous Am(III) complexes by using 
spectroscopic data for analogous complex formation reactions of Cm(III).  

• To compare the chemical behaviour and thermodynamic data of some 
isostructural solids of Am(III) and the lanthanides, Nd(III) and Eu(III), and 
to estimate standard entropies of crystalline Am(III) hydroxide and hy-
droxycarbonate.  

 The differences in the activity coefficients and ion interaction coefficients of 
Am(III), Cm(III), Nd(III) and Eu(III) species are considered to be negligible 
[90FEL/RAI], [97KON/FAN], [98FAN/KIM] and the differences in the formation con-
stants of analogous aqueous complexes are in most cases smaller than the experimental 
uncertainties [98NEC/FAN], whereas the solubility constants of isostructural solids can 
differ considerably.  

12.2.1 Americium ideal monatomic gas (V.1.2) 

12.2.1.1 Heat capacity and entropy (V.1.2.1) 
The thermal functions of Am(g) in [95SIL/BID] were calculated using 33 spectroscopic 
levels up to 18000 cm–1 given by Brewer [84BRE], plus 18 levels between 18000 and 
30000 cm–1 previously communicated by Fred [75FRE] to Oetting et al. [76OET/RAN]. 
Since these data were assembled, Blaise and Wyart [92BLA/WYA] have published a 
comprehensive listing of the known energy levels of all the actinide gases containing 
204 levels for Am(g) up to 40600 cm–1. However, these 204 levels do not include three 
relatively low-lying levels estimated by Brewer [84BRE] at 14539, 16639 and 18294 
cm–1. These have been added to the energy level list, together with seven further miss-
ing levels estimated by this review to lie between 17800 and 25000 cm–1. 

The revised values of the thermal functions have been calculated from these 214 levels 
with a total statistical weight of 1625; the Gibbs energy functions begin to differ from 
those used by [95SIL/BID] by more than 0.005 J · K–1 · mol–1 at about 2500 K. 
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 The values at 298.15 K for the 241Am isotope (molar mass = 241.0568 g · mol-1 
[99FIR]) are:  

 ,mpCο (Am, g, 298.15 K) = (20.786 ± 0.010) J · K–1 · mol–1 , 

 (Am, g, 298.15 K) = (194.55 ± 0.05) J · KmS ο –1 · mol–1. 

These are unchanged from the values calculated from the energy levels used in 
[95SIL/BID]. However, owing to a typographical error, the entropy was misquoted (as 
(195.6 ± 2.0) J · mol–1 · K–1) in both the text and tables. Note that the uncertainty has 
also been greatly reduced, due to the much larger number of electronic levels now 
available. 

 The calculated heat capacity of Am(g) from 298.15 to 1100 K is essentially 
constant as given in Table 6.3. 

12.2.1.2 Enthalpy of formation (V.1.2.2)  
The enthalpy of formation selected by [95SIL/BID] is based on three reasonably consis-
tent measurements of the vapour pressure from ca 1000 to 1600 K. Over this tempera-
ture range, the revised values of ( G T )/T(Am, g, 298.15 K) differ 
from those used in the earlier assessment by only 0.001 J · K

m m( ) (298.15 K)H ο−
–1 · mol–1, so the derived 

value of the enthalpy of sublimation using the revised thermal functions will differ neg-
ligibly from the value selected by [95SIL/BID] (which utilised the correct value of 

(Am, g, 298.15 K) – see above). This value is therefore retained. mS ο

 f mH ο∆ (Am, g, 298.15 K) = (283.8 ± 1.5) kJ · mol–1. 

 The calculated Gibbs energy of formation thus becomes: 

 (Am, g, 298.15 K) = (242.3 ± 1.6) kJ · molf mGο∆ –1.  

12.3 Americium oxygen and hydrogen compounds and 
complexes (V.3) 

12.3.1 Aqueous americium hydroxide complexes (V.3.1) 

12.3.1.1 Aqueous Am(III) and Cm(III) hydroxide complexes (V.3.1.1) 
The hydrolysis of americium(III) has been critically discussed in the previous NEA re-
view [95SIL/BID]. As the published data vary by orders of magnitude, as a result of 
experimental shortcomings, the values from most publications were rejected by 
[95SIL/BID]. A number of new experimental studies have appeared since the previous 
review. They will be discussed below together with the studies used in the previous re-
view for the selection of thermodynamic data. 
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n

The hydrolysis reactions of Am(III) can be described by: 

 , (12.1) 3+ (3 ) +
2Am  + H O(l)  Am(OH)  + Hn

nn −

with n = 1, 2 and 3. As discussed in the previous review [95SIL/BID] there is neither 
evidence for the formation of polynuclear complexes nor for anionic hydroxide com-
plexes up to pH = 13 − 14. The lack of evidence for polynuclear species is to some ex-
tent a result of the low total concentrations of Am(III) used in the experiments. 

 The selection of thermodynamic data in [95SIL/BID] was based on the follow-
ing studies in NaClO4 solution: the solubility experiments of Silva [82SIL], and Stadler 
and Kim [88STA/KIM] in 0.1 M NaClO4, the solvent extraction study of Lundqvist 
[82LUN] in 1 M NaClO4 and the potentiometric study of Nair et al. [82NAI/CHA] in 
1 M NaClO4. After reinterpretation of these studies the following equilibrium constants 
at I = 0 were selected by Silva et al. [95SIL/BID]: 

10 1
*log οb
*

((12.1), 298.15 K) = − (6.4 ± 0.7), 

10 2log οb
*

((12.1), 298.15 K) = − (14.1 ± 0.6), 

10 3log οb ((12.1), 298.15 K) = − (25.7 ± 0.5). 

In an earlier review, Fuger [92FUG] selected lower formation constants from 
the same studies, although the uncertainty limits of the two sets overlap:  

 ((12.1), 298.15 K) = − (7.1 ± 0.5), 10 1
*log οb
* ((12.1), 298.15 K) = − (14.8 ± 0.5).  10 2log οb

Experimental data in NaCl solutions, from the solubility of Am(OH)3(s) in 0.1 
and 0.6 M NaCl solutions [88STA/KIM] and a solvent extraction study in 0.7 M NaCl 
[83CAC/CHO], were not included or disregarded in the discussion and the data selec-
tion of Silva et al. [95SIL/BID]. Additional data are available from a solubility study of 
Runde and Kim [94RUN/KIM] in 5 M NaCl.  

As an extension of the previous review [95SIL/BID], the present review also 
discusses experimental studies on curium (III). Systematic investigations by means of 
TRLFS clearly demonstrated that chloride complexation of the Cm3+ ion is negligible 
even in concentrated NaCl [95FAN/KIM] and hence the formation of ternary hydrox-
ide-chloride complexes can be ruled out as well. Moreover, Fanghänel et al. 
[94FAN/KIM] reported a TRLFS study on the hydrolysis of curium (III) ranging from 
very dilute to concentrated NaCl. The new data selection in the present review is based 
on both the studies already discussed in [95SIL/BID] and the large amount of new ex-
perimental data for Am(III) and Cm(III) hydroxide complexes. A significant change 
between the evaluation in [95SIL/BID] and the present review concerns the inclusion of 
additional data in NaCl solutions from the study of Stadler and Kim [88STA/KIM]. The 
literature data used in [95SIL/BID] and in the present review for the evaluation of hy-
drolysis constants at I = 0 are summarised in Table 12-2. 
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Table 12-2: Literature data for Am(III) and Cm(III) hydroxide complexes used in the 
previous [95SIL/BID] and present reviews for the evaluation of equilibrium constants at 
I = 0. 

An Medium 10 1
*log b  10 2

*log b  10 3
*log b  Method    Reference 

Am – (7.7 ± 0.3) – (16.7 ± 0.7) – (25.0 ± 0.3) sol [82SIL] 
 

0.1 M NaClO4 

– (6.9 ± 0.6) (a) – (15.1 ± 0.6) (a)    

Am – (7.5 ± 0.3) – (15.4 ± 0.4) – (27.0 ± 0.5) sol [88STA/KIM] 

 
0.1 M NaClO4 

– (7.0 ± 0.4) (a) – (15.1 ± 0.4) (a) – (26.4 ± 0.5) (a)   

Cm 0.1 M NaClO4 – (7.13 ± 0.18) –(15.54 ± 0.28)  TRLFS [92WIM/KLE] 

Am – (7.5 ± 0.3)   dis [82LUN] 

 
1.0 M NaClO4 

– (7.3 ± 0.4) (a)     

Am – (7.03 ± 0.04)   pot [82NAI/CHA] 

 
1.0 M NaClO4 

– (7.2 ± 0.2) (a)     

Cm 0.1 M KCl – (7.7 ± 0.3)   pot [83EDE/BUC] 

Am 0.1 M NaCl – (7.8 ± 0.4) – (15.4 ± 0.5) – (26.6 ± 0.5) sol [88STA/KIM] 

Am – (8.1 ± 0.3) – (15.8 ± 0.4) – (27.1 ± 0.5) sol [88STA/KIM] 

 
0.6 M NaCl 

– (8.3 ± 0.3) (b) – (16.2 ± 0.4) (b) – (27.6 ± 0.5) (b)   

Am 0.7 M NaCl* – (7.54 ± 0.2) (c)   dis [83CAC/CHO] 

Am 5 M NaCl** – (7.6 ± 0.6) – (16.3 ± 0.7) – (27.1 ± 0.5) sol [94RUN/KIM] 

Cm 0–6.2 m NaCl    TRLFS [94FAN/KIM] 

 I = 0 – (7.6 ± 0.1) – (15.7 ± 0.2)    

Am I = 0 – (7.1 ± 0.5) – (14.8 ± 0.5)  review [92FUG] 

Am I = 0 – (6.4 ± 0.7) – (14.1 ± 0.6) – (25.7 ± 0.5) review [95SIL/BID] 

Am+Cm I = 0 – (7.2 ± 0.5) – (15.1 ± 0.7) – (26.2 ± 0.5) present review 

(a) Recalculated in [95SIL/BID]. 
(b) Recalculated in the present review. 
(c) Not used for data selection because of shortcomings discussed in [95SIL/BID]. 
*, ** All the data are given for t = 25°C except *: t = 21°C and **: t = 22°C. 

Figure 12-1 and Figure 12-2 show the application of the SIT model to the for-
mation constants of Am(III) and Cm(III) hydroxide complexes in chloride solution. 
Experimental data in 0.1 M NaClO4 are also included because the differences between 
the activity coefficients in NaCl and NaClO4 solutions at this low ionic strength are neg-
ligible compared to other uncertainties.  

Since the experimental uncertainties of the different experimental methods of-
ten are considerably larger than differences due to the physico-chemical properties of 
americium(III) and curium(III), the data for these two actinide elements are treated and 
weighted together. In order not to give too large weight to the many data points from the 
study of Fanghänel et al. [94FAN/KIM] as compared to those of the other authors, only 
the values extrapolated to I = 0 from Fanghänel et al. [94FAN/KIM] and the other lit-
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erature data are used for the evaluation of the average values of  and 
.  

10 1
*log οb

10 2
*log οb

The study of Fanghänel et al. [94FAN/KIM], which covers a wide range of 
NaCl concentrations, was used to determine ∆ε  for the reactions ((12.1), n = 1, 2) and 
the ion interaction coefficients of the different An(III) hydroxide complexes. 

The experimental equilibrium constants for the first hydroxide complex of 
Am(III) or Cm(III) are based on the following experimental methods: solubility studies 
with Am(OH)3(s) [88STA/KIM], [94RUN/KIM], potentiometric titration 
[83EDE/BUC], solvent extraction [83CAC/CHO], and laser fluorescence spectroscopy 
[92WIM/KLE], [94FAN/KIM]. For the reaction: 

 , (12.2) 3+ 2+ +
2An H O(l)  AnOH  + H+

where An3+ stands for Am3+ and Cm3+, the values of 10 1
*log οb  and 1∆ε (Figure 12-1) 

are: 

 ((12.2), 298.15 K) = − (7.2 ± 0.5) , 10 1
*log οb

 (12.2) = − (0.15 ± 0.06) 1∆ε 1kg mol−⋅ . 

The uncertainty within and between the different studies is covered. With 
= (0.23 ± 0.02) kg3+(Am ,  Cl )−ε 1mol−⋅  and  +(H ,  Cl )−ε  = (0.12 ± 0.01) , 

the ion interaction coefficient between AmOH

1kg mol−⋅
2+ and Cl– is calculated to be: 

2+ 1(AmOH ,  Cl ) = (0.04  0.07) kg mol− −ε − ± ⋅ .  

If the  value in NaCl solution or 1∆ε 1∆ε  = (0.04 ± 0.05) kg  as esti-
mated in [95SIL/BID] for NaClO

1mol−⋅

1
*

4 solution, is used to calculate 10log οb

1
*

 from the two 
studies in 1 M NaClO4 (the solvent extraction study of Lundqvist [82LUN] and the po-
tentiometric study of Nair et al. [82NAI/CHA]), the calculated 10log οb  values are in 
the range  − 6.2 to  − 6.5. Certain effects like sorption or precipitation (cf. discussion in 
[95SIL/BID]) might have led to overestimated hydrolysis constants in these studies. For 
these reasons the data in [82LUN], [82NAI/CHA] are disregarded in the present review. 
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Figure 12-1: Application of the SIT model to literature data in dilute to concentrated 
NaCl and 0.1 m NaClO4, for the equilibrium: . 3+ 2+ +

2An  + H O(l)  An(OH)  + H
The filled and open symbols denote experimental data for Am(III) and Cm(III), respec-
tively. The solid line is calculated with 10 1

*log οb = − (7.2 ± 0.5) and ∆ε1 = 
 − (0.15 ± 0.06) kg · mol–1. The dotted lines show the associated uncertainties (95 % 
confidence interval). 

-8.5

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

0 1 2 3 4 5 6

[88STA/KIM] 
[83CAC/CHO] 
[94RUN/KIM] 

Am(III) Cm(III) [94FAN/KIM] 

[83EDE/BUC] 
[92WIM/KLE] 

3+ 2+ +
2   An  H O  An(OH)  + H+

lo
g 1

0* β 1
 +

 4
 D

 –
 lo

g 1
0 
a H

2O
 

I (mol·kg–1)

 

The experimental data for the formation of the second hydroxide complex have 
large uncertainties. This holds for both solubility studies with Am(OH)3(s), 
[88STA/KIM], [94RUN/KIM] and fluorescence spectroscopy with Cm(III), 
[92WIM/KLE], [94FAN/KIM], in the latter case, because of the low solubility at in-
creased pH values and sorption effects. 

For the reaction: 

 , (12.3) 3+ + +
2 2An  2 H O(l)  An(OH)  + 2 H+

the following values of 10 2
*log οb  and 2∆ε  are selected (Figure 12-2): 

 ((12.3), 298.15 K) = − (15.1 ± 0.7), 10 2
*log οb

 (12.3) = − (0.26 ± 0.20) 2∆ε 1kg mol−⋅ . 
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The assigned uncertainties cover the whole range of expectancy and the evalu-
ated value of 

The assigned uncertainties cover the whole range of expectancy and the evalu-
ated value of 22∆ε  corresponds to +

2(Am(OH) ,  Cl )−ε  = − (0.27 ± 0.20) . 1kg mol−⋅
Figure 12-2: Application of the SIT model to literature data in dilute to concentrated 
NaCl and 0.1 m NaClO4, for the equilibrium: . 
The filled and open symbols denote experimental data for Am(III) and Cm(III), respec-
tively. The solid line is calculated with lo

3+ +
2 2An  + 2 H O(l)  An(OH)  + 2 H+

10 2
*g οb = − (15.1 ± 0.7) and ∆ε2 = 

 − (0.26 ± 0.20) kg·mol–1. The dotted lines show the associated uncertainties (95 % con-
fidence interval). 
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Because of the low solubility of Am(III) and Cm(III) in the alkaline range, the 

formation of the neutral hydroxide complex, An(OH)3(aq), by reaction (12.4): 

  (12.4) 3+ +
2 3An  + 3 H O(l)  An(OH) (aq) + 3 H

cannot be investigated by spectroscopic or potentiometric methods. 

In the present review the equilibrium constant is evaluated from the different 
sets of solubility data reported by Stadler and Kim [88STA/KIM] (cf. Appendix A). The 
mean value of the lo  values in 0.1 M NaClO10 3

*g b 4, 0.1 and 0.6 M NaCl, converted to 
I = 0 with the SIT model, is given by: 

 ((12.4), 298.15 K) = − (26.2 ± 0.5). 10 3
*log οb
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The upper limit value of 10 3log οb < 13.4 ( 10 3
*log οb

CO

<– 28.6) given in [90FEL/RAI], 
already mentioned in [95SIL/BID], is not accepted in the present review. The value of 
[90FEL/RAI] was derived from solubility data determined with AmOHCO3(cr) at pH 
12.5 − 13.1 and carbonate concentrations of 0.07 mol · L–1. With the equilibrium con-
stants selected for AmOHCO3(cr) and Am(OH)3(aq) one would expect a solubility of 
about 10–7 mol · L–1 at [OH–] = 0.1 mol · L–1 and [ 2

3
− ] = 0.07 mol · L–1. However, 

according to the data selected in [95SIL/BID] and the present review, the initial solid 
AmOHCO3(cr) must be expected to convert into Am(OH)3(cr), which is more stable 
and has hence a lower solubility under these conditions. This would explain the lower 
solubilities in the range of 10–7.5 − 10–9.1 mol · L–1 measured by [90FEL/RAI]. 

The equilibrium constants, lo 10
*g ο

nb ((12.1), 298.15 K), selected in the present 
review, correspond to the following standard Gibbs energies of formation: 

 = − (794.7 ± 5.5) 2+
f m (AmOH ,  298.15 K)Gο∆ 1kJ mol−⋅ , 

  = − (986.8 ± 6.2) +
f m 2(Am(OH) ,  298.15 K)Gο∆ 1kJ mol−⋅ , 

  = − (1160.6 ± 5.5) kJf m 3(Am(OH) ,aq, 298.15 K)ο∆ G 1mol−⋅ . 

As discussed in the previous review [95SIL/BID] the solubility data of Stadler 
and Kim [88STA/KIM] show that anionic hydroxide complexes, e.g., the reaction: 

 3Am(OH) (aq) + OH   Am(OH)4
− −  (12.5) 

are negligible at OH– concentrations below 0.1 mol · L–1.  

12.3.1.2 Aqueous Am(V) hydroxide complexes (V.3.1.2) 
In the previous NEA review, [95SIL/BID], no thermodynamic data were selected for 
Am(V) hydroxide complexes. The only experimental data available, formation con-
stants for the complex AmO2OH(aq), which were derived from solubility studies in 5 M 
NaCl ( lo = (1.5 ± 0.5), [85MAG/CAR]) and 3 M NaCl ( lo = (1.7 ± 0.6), 
[88STA/KIM], [88STA/KIM2]), were not accepted because of experimental shortcom-
ings [95SIL/BID].  

10 1g b 10 1g b

More reliable data were reported by Runde and Kim [94RUN/KIM], who 
measured the solubility of amorphous AmO2OH(am) over a wide range of H+ concen-
trations in 5 M NaCl (8.0 < − log10[H+] < 13.5) at 295.15 K:  

 (AmO10 1log b 2OH, aq, 5 M NaCl) = (3.62 ± 0.27),  

  = (5.89 ± 0.22).  10 2 2 2log (AmO (OH) ,  5 M NaCl)−b

An analogous solubility study with an aged precipitate of Np(V) hydroxide in 
the same medium led to almost the same formation constants for the analogous Np(V) 
hydroxide complexes:  

 (NpO10 1log b 2OH, aq, 5 M NaCl) = (3.66 ± 0.22) [94RUN/KIM], 
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2 (10 2log b 2NpO (OH)− , 5 M NaCl) = (5.98 ± 0.19) [94RUN/KIM].  

 There are no experimental data for Am(V) hydroxide complexes at low ionic 
strength and the application of the SIT model to convert the formation constants ob-
tained by [94RUN/KIM] in 5.6 m NaCl to I = 0 has a large uncertainty (cf. Appendix 
A). However, as the formation constants of Am(V) and Np(V) hydroxide complexes are 
the same within uncertainty limits [94RUN/KIM], [96RUN/NEU], the present review 
recommends the formation constants of the aqueous Np(V) hydroxide complexes se-
lected in [2001LEM/FUG]: 

 ((12.6), 298.15 K) = − (11.3 ± 0.7), [2001LEM/FUG] 10 1
*log οb
* ((12.6), 298.15 K) = − (23.6 ± 0.5), [2001LEM/FUG] 10 2log οb

for the reaction: 

 , (12.6) +
2 2 2AnO  + H O(l)  AnO (OH)  + H−n

nn 1 +n

as reasonable estimates for the analogous Am(V) hydroxide complexes. The constants 
for the Np(V) hydroxide complexes are based on numerous experimental data at differ-
ent ionic strengths.  

12.3.2 Solid americium oxides and hydroxides (V.3.2) 

12.3.2.1 Americium oxides  
As discussed in section 12.1.1, the selected values of the standard entropies of 
Am2O3(cr) and AmO2(cr) estimated by Konings [2001KON], [2001KON2], but with 
increased uncertainties, 

mS ο (Am2O3, cr, 298.15 K) = (133.6 ± 6.0) J · K–1 · mol–1, 

mS ο (AmO2, cr, 298.15 K) = (77.7 ± 10.0) J · K–1 · mol–1, 

have been preferred to earlier values. These lead to revised Gibbs energies of formation: 

f mGο∆ (Am2O3, cr, 298.15 K) = − (1605.4 ± 8.3) kJ · mol–1, 

f mGο∆ (AmO2, cr, 298.15 K) = − (877.7 ± 4.3) kJ · mol–1. 

12.3.2.2 Solid Am(III) hydroxides (V.3.2.4) 
As outlined in the previous NEA TDB review [95SIL/BID], the thermodynamic proper-
ties and hence the solubility of Am(OH)3(s) depends on the degree of crystallinity, 
which can vary with the time of aging. Another important factor is the particle size, 
which is also affected by aging processes and by self–irradiation from the α–activity of 
americium, particularly in studies with 241Am(OH)3(s). The available literature data on 
the solubility constant of Am(III) hydroxides are summarised in Table 12-3. For the 
reasons already pointed out in the review of Silva et al. [95SIL/BID], the data in 
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[84BER/KIM], [89PAZ/KOC], [90PER/SAP] are disregarded and not included in the 
present discussion. 
Table 12-3: Solubility constants for Am(III) hydroxides and conversion to I = 0, with 
the SIT coefficients in Appendix B. 

Medium t  (°C) Solid 
10 ,0

*log
s

K  
10 ,0

*log
s

K ο  Reference 

dilute solutions 22 243Am(OH)3(am)  (17.5 ± 0.3) [83RAI/STR] 
(I = 0.005 M)  241Am(OH)3(am)  (17.0 ± 0.5) (a)  
   (17.6 ± 0.5) (b) (17.4 ± 0.5) (b)  
      
0.1 M NaClO4 25 243Am(OH)3(am) (17.5 ± 0.3)  [83EDE/BUC] 
     (17.5 ± 0.5) (b) (16.8 ± 0.5) (b)  
      
0.1 M NaClO4 25 243Am(OH)3(am) (17.3 ± 0.5) (b) (16.6 ± 0.5) (b) [85NIT/EDE] 

      
0.1 M NaClO4 25 243Am(OH)3(cr) (16.6 ± 0.4) (15.9 ± 0.4) [82SIL] 

   (15.9 ± 0.6) (a) (15.2 ± 0.6) (a)  
   (16.3 ± 0.6) (b) (15.6 ± 0.6) (b)  
      
0.1 M NaClO4 25 241Am(OH)3(s) (15.7 ± 0.3) (c) (15.0 ± 0.3) [88STA/KIM] 

  (≤ 3.7 GBq·L–1)      (aged) (15.5 ± 0.6) (a) (14.8 ± 0.6) (a) [88STA/KIM2] 

0.1 M NaClO4 25  (16.4 ± 0.3) (c) (15.7 ± 0.3)  
  (44 – 185 GBq·L–1)      
      
0.1 M NaCl 25  (16.3 ± 0.5) (c) (15.6 ± 0.5)  
 (74 – 185 GBq·L–1)      
      
0.6 M NaCl 25  (16.7 ± 0.2) (c) (15.5 ± 0.2)  
 (74 – 185 GBq·L–1)      
      
5 M NaCl 22 241Am(OH)3(am) (17.9 ± 0.4) (15.2 ± 0.7) (d) [94RUN/KIM] 

(a) Recalculated in [95SIL/BID]. 
(b) Recalculated on the basis of the hydrolysis constants selected in the present review. 
(c) Original data (

10 ,0
log

s
K ) converted to 

10 ,0

*log
s

K  with NEA TDB auxiliary data for the ion product of 
water and corrected for the conversion of pHexp to − log10[H+] (cf. Appendix A, discussion of 
[88STA/KIM]). 

(d) At this high NaCl concentration, the SIT extrapolation can become inaccurate. Conversion to I = 0 with 
the Pitzer parameters in [94FAN/KIM], [97KON/FAN] leads to 

10 ,0

*log
s

K ο  = (14.6 ± 0.5). 
 
The solubility study of Silva [82SIL] is the only one performed with a crystal-

line Am(III) hydroxide characterised by X–ray diffraction. The damage by α−radiation 
was diminished by the use of 243Am. Concordant solubilities were measured by Stadler 
and Kim [88STA/KIM] in 0.1 M NaClO4, 0.1 M NaCl and 0.6 M NaCl at rather high 
specific α–activities of 241Am (cf. Table 12-3 and Figure 12-3). The solubility constant 
derived from a series of experiments at lower specific α–activity is about 0.6 log10 units 
lower. However, the solids used by [88STA/KIM] were not characterised by X–ray dif-
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fraction. In a later study, Runde and Kim [94RUN/KIM] investigated the solubility of 
241Am(OH)3(s) in 5 M NaCl. The precipitate was amorphous to X–rays, after an aging 
period of four months. Despite this, the solubility constant at zero ionic strength is 
within the range of uncertainty of the values from [82SIL] and [88STA/KIM]. 

 In the previous review [95SIL/BID], the experimental data of Silva [82SIL] on 
Am(OH)3(cr) characterised by X–ray diffraction were used to calculate, 

10 ,0
*log ο

sK (Am(OH)3, cr, 298.15 K) = (15.2 ± 0.6),  
for the reaction: 

  (12.7) + 3+
3Am(OH) (s) + 3 H   Am  + 3 H O(l)2

and  
 (Am(OH)f m

ο∆ G 3, cr, 298.15 K) = − (1223.4 ± 5.9) kJ · mol–1.  

 However, as all data in [82SIL] were measured at  − log10[H+] > 7, the calcu-
lated solubility constant depends on the selected formation constants of the Am(III) 
hydroxide complexes, in particular on the value of lo . Applying the hydrolysis 
constants selected in the present review, the solubility data of Silva [82SIL] in the range 
 − log

10 1
*g b

10[H+] = 7 to 7.5, gives 10 ,0
*log sK = (16.3 ± 0.6) in 0.1 M NaClO4. Extrapolation 

to zero ionic strength with the SIT equation leads to: 

 10 ,0
*log ο

sK (Am(OH)3, cr, 298.15 K) = (15.6 ± 0.6)  
and 
 (Am(OH)f m

ο∆ G 3, cr, 298.15 K) = − (1221.1 ± 5.9) kJ · mol–1. 

The experimental data reported in [82SIL], [88STA/KIM] and the solubility 
calculated with the selected equilibrium constants are shown in Figure 12-3.  

Rai et al. [83RAI/STR] determined the solubility of X–ray amorphous 
Am(OH)3(am) precipitates in dilute solutions containing 1.5·10–3 M CaCl2, but in the 
absence of additional background electrolyte. A comparable solubility value was deter-
mined by Nitsche and Edelstein [85NIT/EDE] at pH = (7.0 ± 0.1) in 0.1 M NaClO4. 
Their precipitate was also X–ray amorphous. Edelstein et al. [83EDE/BUC] reported 
similar results for Am(OH)3(am) in 0.1 M NaClO4. The experimental data given in 
these papers are shown in Figure 12-4.  

Based on the high solubility measured in [83RAI/STR] at pH < 7.5, Silva et al. 
[95SIL/BID] selected a solubility constant of 10 ,0

*log ο
sK (Am(OH)3, am, 298.15 K) = 

(17.0 ± 0.6) for amorphous Am(III) hydroxide. In the present review, the 10 ,0
*log ο

sK  
values from the data at pH < 7.5 in [83RAI/STR] and the data at pH 7 − 8 in 
[83EDE/BUC], [85NIT/EDE] are re-calculated using the re-evaluated hydrolysis con-
stants values (cf. Table 12-3). The mean value is selected: 

 10 ,0
*log ο

sK  ((12.7), Am(OH)3, am, 298.15 K) = (16.9 ± 0.8).  
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Figure 12-3: Solubility measurements of crystalline Am(III) hydroxide [82SIL] and 
aged Am(OH)3(s) [88STA/KIM] in 0.1 M NaClO4 and NaCl at 298.15 K. The solid 
curve is calculated with 10 ,0

*log ο
sK  (Am(OH)3, cr) = (15.6 ± 0.6) and the hydrolysis 

constants selected in the present review, corrected to I = 0.1 mol · L–1. The dotted lines 
show the associated uncertainty range (95% confidence interval). The dashed line is 
calculated with the constants selected in the previous review [95SIL/BID]. 
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Figure 12-4: Solubility measurements of amorphous Am(III) hydroxide in pH–adjusted 
dilute solutions [83RAI/STR] and 0.1 M NaClO4 [83EDE/BUC], [85NIT/EDE]. The 
solid curve is calculated for Am(OH)3(am) in 0.1 M NaClO4, with the constants selected 
in the present review and the dotted lines show the associated uncertainty. The solubil-
ity of crystalline (aged) Am(III) hydroxide is shown for comparison as the lower solid 
line. The dashed line is based on the constants selected in the previous review 
[95SIL/BID] and refers to the low ionic strength in the study of Rai et al. [83RAI/STR]. 
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ity of crystalline (aged) Am(III) hydroxide is shown for comparison as the lower solid 
line. The dashed line is based on the constants selected in the previous review 
[95SIL/BID] and refers to the low ionic strength in the study of Rai et al. [83RAI/STR]. 
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 The use of the notation “crystalline” and “amorphous” to describe a solid phase 
might indicate an oversimplified model. The X–ray data give information on the bulk 
structure, while the solubility is determined by the surface characteristics. These are not 
necessarily identical. However, the data for “crystalline” and “amorphous” Am(OH)3(s) 
selected in this review may indicate the magnitude of the effect of an incomplete 
knowledge of the surface state of the solid. 

 This is confirmed by the solubility data of Rai et al. [83RAI/STR] (cf. Figure 
12-4) that do not correlate with the X–rays investigations carried out in parallel. All the 
investigated fresh or aged precipitates at pH < 9.6 were found amorphous to X–rays. 
However, the solubility in the pH range 8 − 11 is comparable with that calculated for 
Am(OH)3(cr) (lower solid line in Figure 12-4). Only some data at pH 7 − 8 show a 
markedly increased solubility. On the other hand, Rai et al. [83RAI/STR] observed the 
appearance of X–ray diffraction peaks for aged precipitates at pH = 13, while the meas-
ured solubility remained in the range of the value for Am(OH)3(am) (upper solid line in 
Figure 12-4). 

 In numerous studies Am(III) solubilities at pH = 11 − 13 were found in the 
range [Am(III)] = 10–10 − 10–11 mol · L–1 (Table 12-4), independent of the α–activity 
and the crystallinity of the bulk solid. Combining lo 10 3

*g οb ((12.4), 298.15 K) = 
 − (26.2 ± 0.5) with the solubility constants for amorphous and crystalline or aged 
Am(OH)3(s), respectively, the equilibrium constant for the reaction: 

  (12.8) 3Am(OH) (s)  Am(OH) (aq)3

is given by: 
 10 ,3log ο

sK ((12.8), 298.15 K) = − (9.3 ± 1.0) for Am(OH)3(am), 

 10 ,3log ο
sK ((12.8), 298.15 K) = − (10.6 ± 0.8) for Am(OH)3(cr). 

The solubilities reported in [86EWA/HOW], [84BER/KIM], [88STA/KIM], 
[91VIT/TRA] for alkaline solutions of low or moderate ionic strength (Table 12-4), are 
concordant with the value calculated for crystalline (or aged) Am(OH)3(s). The data of 
Rai et al. (log10[Am(III)] = − (9.8 ± 0.3), [83RAI/STR]) are closer to the value calcu-
lated for Am(OH)3(am). The increased solubility measured by Runde and Kim 
[94RUN/KIM] in alkaline 5 M NaCl solutions with an X–ray amorphous hydroxide, 
log10[Am(OH)3(aq)] = − (9.3 ± 0.3), is in accord with the value calculated for 
Am(OH)3(am). Alternatively, it could be interpreted by assuming the presence of aged 
Am(OH)3(s) and an ionic strength dependence of:  

∆ε (12.8) = +
3(Am(OH) (aq), Na ) + (Am(OH) (aq), Cl )3

−ε = − (0.23 ± 0.15) kg · molε –1. 

However, as the nature of the Am(OH)3(s) in [94RUN/KIM] is not definitely 
known, the ionic strength dependence of reaction (12.8) requires further experimental 
investigation. 
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Table 12-4: Literature data for the solubility of Am(III) in alkaline solution  
(pH = 11 to 13). 

Medium t(°C) Solid log10[Am(III)] Reference 

dilute NaOH 22 243Am(OH)3(am)/241Am(OH)3(am) – (9.8 ± 0.3) [83RAI/STR] 
     
0.1 M Na(ClO4/OH) 25 241Am(OH)3(s) – (10.9 ± 0.2) [84BER/KIM] 

     
0.1 M Na(ClO4/OH) 25 241Am(OH)3(s) – (10.9 ± 0.4) [88STA/KIM] 

(≤ 3.7 GBq · L–1)    [88STA/KIM2] 
0.1 M Na(ClO4/OH) 25  – (10.6 ± 0.3)  
(44 – 185 GBq · L–1)     
0.1 M Na(Cl/OH) 25  – (10.3 ± 0.5)  
(74 – 185 GBq · L–1)     
0.6 M Na(Cl/OH) 25  – (10.9 ± 0.6)  
(74 – 185 GBq · L–1)     
     

r.t.? ? – (10.5 ± 0.6) [86EWA/HOW] water equilibrated with 
concrete + NaOH + 
3.10−5 M CO   2

3

−
    

     
r.t.? 241Am(OH)3(s) ? – 11.1 [91VIT/TRA] KOH + Ca(OH) (s) 

cement leachates     
     
3 M Na(ClO4/OH) 25 241Am(OH)3(s) – (5.7 ± 0.2)(a) [89PAZ/KOC] 
     
5 M Na(Cl/OH) 22 241Am(OH)3(s) – (9.3 ± 0.3) [94RUN/KIM] 

2

(a) Solutions were centrifuged but not filtered. As discussed in [95SIL/BID], the high americium con-
centration is probably caused by the presence of colloidal particles. 

r.t. room temperature. 
 

Based on calorimetric measurements of the enthalpy of solution for crystalline 
243Am(OH)3(cr) in 6 M HCl, and an entropy value of m

οS (Am(OH)3, cr, 298.15 K) = 
(129 ± 10) J · K–1 · mol–1, estimated by analogy with rare earth hydroxides, Morss and 
Williams [94MOR/WIL] calculated 10 ,0

*log ο
sK (Am(OH)3, cr, 298.15 K) = (12.5 ± 1.6). 

This solubility constant is three orders of magnitude lower than that derived from the 
solubility data of Silva [82SIL] for 243Am(OH)3(cr). However, as discussed in Appendix 
A, the results from different samples of solids are not consistent within the uncertainty 
limits: 

[94MOR/WIL] Batch A:  
 sol m∆ H (Am(OH)3, cr, 298.15 K, 6 M HCl) = − (112.6 ± 2.7) kJ · mol–1, 

 
f mH ο∆ (Am(OH)3, cr, 298.15 K) = − (1360.4 ± 3.0) kJ · mol–1. 
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[94MOR/WIL] Batch B:  
 sol m∆ H (Am(OH)3, cr, 298.15 K, 6 M HCl) = − (101.9 ± 5.1) kJ · mol–1,  

 
f mH ο∆ (Am(OH)3, cr, 298.15 K) = − (1371.1 ± 5.3) kJ · mol–1. 

These discrepancies indicate that there are chemical differences in the solid 
samples, which possibly do not represent homogeneous Am(OH)3(cr). 

In an analogous study Merli et al. [97MER/LAM] determined the enthalpy of 
solution for 241Am(OH)3(cr) in 6 M HCl. Their experimental data differ considerably 
from those in [94MOR/WIL] as they obtain: 

 sol m∆ H (Am(OH)3, cr, 298.15 K, 6 M HCl) = − (129.4 ± 1.1) kJ · mol–1, 

 
f m

ο∆ H (Am(OH)3, cr, 298.15 K) = − (1343.6 ± 1.8) kJ · mol–1. 

 Merli et al. [97MER/LAM] used a similar entropy estimate of (Am(OH)m
οS 3, 

cr, 298.15 K) = (126 ± 8) J · K–1 · mol–1 and calculated a solubility constant of 
10 ,0

*log ο
sK (Am(OH)3, cr, 298.15 K) = (16.8 ± 1.0) for crystalline americium(III) hy-

droxide. The entropy estimate used by [97MER/LAM] was obtained from (Eu(OH)m
οS 3, 

cr, 298.15 K) = (119.9 ± 0.2) J · K–1 · mol–1, experimentally determined by Chirico and 
Westrum [80CHI/WES], by adding a correction of 5.7 J · K–1 · mol–1 for the greater 
mass of americium. However, in trivalent europium, but not in americium, the 7F1 and 
7F2 electronic levels contribute to the entropy. For americium compounds, therefore, this 
contribution of 9.5 J · K–1 · mol–1 should be deduced from the Eu-based values (cf. 
Konings [2001KON]). Inclusion of this additional correction leads to: 

m
οS (Am(OH)3, cr, 298.15 K) = (116 ± 8) J · K–1 · mol–1 . 

With this value the calorimetric results of [97MER/LAM] lead to the solubility 
constant: 

 10 ,0
*log ο

sK (Am(OH)3, cr, 298.15 K) = (17.3 ± 1.0). 

This latter value is 1.7 log10 units larger than 10 ,0
*log ο

sK = (15.6 ± 0.6) calcu-
lated from the solubility data reported in [82SIL] for 243Am(OH)3(cr), but closer to 

10 ,0
*log ο

sK = (16.9 ± 0.8) selected for Am(OH)3(am). This is a rather unexpected result, 
because calorimetric data determined with well-crystallised solids usually lead to lower 
solubility constants than experimental solubility data. The reason for this discrepancy is 
not obvious, because the solid phase characterisation in [97MER/LAM] indicates that 
the solid phase is crystalline, not amorphous as a result of α-radiation damage. 

Similar observations are reported for analogous lanthanide hydroxides 
Ln(OH)3(cr) with Ln = Pr, Nd, Sm, Eu [98DIA/RAG]. The solubility constants calcu-
lated from thermochemical data for the crystalline hydroxides of these lanthanides ex-
ceed the values from solubility measurements by 1 - 3 orders of magnitude. As pointed 
out in [97MER/LAM] and [98DIA/TAG], particularly for Nd(OH)3(cr), the entropy and 
enthalpy of solution are well determined and there is good agreement between experi-
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mental data from different laboratories. Diakonov et al. [98DIA/RAG] concluded that 
most likely the discrepancies between 10 ,0

*log sK ο  values from solubility and thermo-
chemical data arise from uncertainties or erroneous data for the standard enthalpies and 
entropies of the aqueous ions. However, the present review is convinced that there is no 
reason to cast doubt on: 

f m
ο∆ H (Am3+, 298.15 K) = − (616.7 ± 1.5) kJ · mol–1  

and 
 (Amm

οS 3+, 298.15 K) = − (201 ± 15) J · K–1 · mol–1, 

selected in [95SIL/BID]. The standard molar entropy of Am3+ selected in [95SIL/BID] 
is based on the experimental value of Pu3+ taking into account the difference in elec-
tronic configuration and a parallel correlation for the lanthanide aqueous ions. 

 Combining *lo 10 ,0g ο
sK (Am(OH)3, cr, 298.15 K) = (15.6 ± 0.6) and 

((12.7) 298.15 K) = − (89.045 ± 3.424) kJ · molr m
ο∆ G –1 selected from the solubility 

measurements in [82SIL] with f m
ο∆ H (Am(OH)3, cr, 298.15 K) = − (1343.6 ± 1.8) 

kJ · mol–1 determined in [97MER/LAM] and m
οS (Am3+, 298.15 K) = − (201 ± 15) 

J · K−1 · mol–1 as adopted in [95SIL/BID], the standard molar entropy of crystalline 
Am(III) hydroxide would be: m

οS (Am(OH)3, cr, 298.15 K) = (149 ± 20) J · K–1 · mol–1. 
The uncertainty limits of this value and the estimate used above, m

οS (Am(OH)3, cr, 
298.15 K) = (116 ± 8) J · K–1 · mol–1, do not overlap. Moreover, an entropy of 

(Am(OH)m
οS

m
οS

f mGο∆

3, cr, 298.15 K) = (149 ± 20) J · K–1 · mol–1 is not compatible with the 
standard molar entropy of crystalline Am(III) hydroxycarbonate, 

(AmOHCO3 · 0.5H2O, cr, 298.15 K) = (144 ± 10) J · K−1 · mol–1 or (141 ± 21) 
J · K−1 · mol–1 as re-calculated for reasons of internal consistency from 

(AmOHCO3 · 0.5H2O, cr, 298.15 K) = − (1530.2 ± 5.6) kJ · mol–1 selected in this 
review (cf. section 12.6.1.1.3.1). In contrast to the good agreement between 
thermochemical and solubility data for AmOHCO3 · 0.5H2O(cr), the data for the 
crystalline Am(III) hydroxide are conflicting. Accepting the selected value:  

1
f m 3(Am(OH) , cr, 298.15 K) =  (1221.1  5.9) kJ molGο −∆ − ± ⋅ , 

derived from the solubility study in [82SIL] and the entropy estimate selected in the 
present review: 

m
οS (Am(OH)3, cr, 298.15 K) = (116 ± 8) J · K–1 · mol–1,  

the standard molar enthalpy of crystalline Am(III) hydroxide is calculated to be: 

f m
ο∆ H (Am(OH)3, cr, 298.15 K) = − (1353.2 ± 6.4) kJ · mol–1.  

This value is selected, but it is in disagreement with f m
ο∆ H (Am(OH)3, cr, 

298.15 K) = − (1343.6 ± 1.8) kJ · mol–1 determined in [97MER/LAM]. However, the 
available solubility and thermochemical data do not allow a better selection of 

f m
ο∆ H (Am(OH)3, cr, 298.15 K). 
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12.3.2.3 Solid Am(V) hydroxides (V.3.2.5) 
There are only a few studies of the solubility of Am(V) precipitates in near neutral and 
alkaline solutions. The solubility constant for the reaction: 

 +
2AmO OH(am)  AmO  + OH2

−  (12.9) 

was reported to be 10 ,0log sK ((12.9), 298.15 K) = − (9.3 ± 0.5) in both 5 M NaCl 
[85MAG/CAR] and 3 M NaCl [88STA/KIM], [88STA/KIM2]. The solid phase was not 
characterised in these studies. It was already pointed out in the previous review 
[95SIL/BID] that since it is not clear whether the pH measurements in these papers were 
corrected for the liquid junction potential, the data reported in [85MAG/CAR], 
[88STA/KIM], [88STA/KIM2] cannot be used for the selection of thermodynamic data. 
In a less ambiguous later study, Runde and Kim [94RUN/KIM] investigated the solubil-
ity of an X–ray amorphous 241Am(V) hydroxide precipitate at 295.15 K in 5 M NaCl. 
From the solubility data in the range 8.0 < − log10[H+] < 9.5, the solubility constant was 
calculated to be: lo 10 ,0g sK (12.9) = − (8.94 ± 0.42). This value is consistent with an 
analogous value reported in [96ROB/SIL] for NpO2OH(am) and with the thermody-
namic data selected in [2001LEM/FUG] for fresh precipitates of amorphous Np(V) hy-
droxide (cf. Figure 12-5). Accordingly, the solubility constants for NpO2OH(am) and 
AmO2OH(am) are the same within the range of uncertainty. 

Neglecting the slight difference in temperature between the standard state and 
22°C in the study of [94RUN/KIM] and increasing the uncertainty to ± 0.5 log10 units, 
because there are no Am(V) data at lower ionic strength for comparison, the present 
review selects: 

 10 ,0
*log ο

sK (AmO2OH, am, 298.15 K) = (5.3 ± 0.5), 

for the reaction: 

 . (12.10) + +
2AmO OH(am) + H   AmO  + H O(l)2 2

For the ternary Am(V) hydroxides M 2 2 2AmO (OH) x H O(cr)⋅ , M = Li, Na, K, 
and , M = Na, K prepared by Tananaev [90TAN] and char-
acterised by X–ray diffraction, no thermodynamic data are available. Peretrukhin et al. 
[96PER/KRY] measured the solubility of 

2 2 3 2M AmO (OH) x H O(cr)⋅

2 2 3 2Na AmO (OH) x H O(s)⋅  in 1.6 − 11.7 M 
NaOH, but because of the shortcomings and ambiguities discussed in Appendix A, the 
present review does not derive thermodynamic data from this source. Additional data on 
the behaviour of Am(V) hydroxides are given in [96KUL/MAL]. 
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Figure 12-5: Solubility constants of amorphous Np(V) and Am(V) hydroxides in 
0.3 − 5.6 m NaCl solution (for the reaction: ). The 
data in [96ROB/SIL] for Np(V) and in [94RUN/KIM] for Am(V) are in good agreement 
with those calculated (solid line) for fresh amorphous Np(V) hydroxide (dotted lines 
show the associated uncertainty) with 

Figure 12-5: Solubility constants of amorphous Np(V) and Am(V) hydroxides in 
0.3 − 5.6 m NaCl solution (for the reaction: ). The 
data in [96ROB/SIL] for Np(V) and in [94RUN/KIM] for Am(V) are in good agreement 
with those calculated (solid line) for fresh amorphous Np(V) hydroxide (dotted lines 
show the associated uncertainty) with 

+
2 2AnO OH(am)  AnO  + OH−

10 ,0log

+
2 2AnO OH(am)  AnO  + OH−

10 ,0log ο
sK (NpO2OH, am, 298.15 K) 

= − (8.7 ± 0.2) and (0.09 ± 0.05) kg · mol+
2(NpO ,  Cl )−ε

=
= –1 [2001LEM/FUG] and 

 (0.04 ± 0.01) kg · mol+(Na ,  OH )−ε –1 [95SIL/BID]. For the reasons given in the pre-
vious review [95SIL/BID], the solubility constants from [85MAG/CAR], [88STA/KIM] 
are not used for the selection of thermodynamic data. 
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12.4 Americium group 17 (halogen) compounds and 
complexes (V.4) 

12.4.1 Aqueous group 17 (halogen) complexes (V.4.1) 

12.4.1.1 Aqueous Am(III) fluorides (V.4.1.1) 
Few additional studies on Am(III) fluoride complexation have been published since the 
previous review [95SIL/BID]. For reasons given earlier this review has also considered 
experimental studies on the complexation of Cm(III) with fluoride. The experimental 
data for the reactions: 

 3+ (3 )An  + F   AnF− −n
nn , (12.11) 

with An = Am(III), Cm(III) are summarised in Table 12-5. 

 Suganuma et al. [97SUG/SAT], [97SUG/SAT2] determined formation con-
stants of AmF2+ in water and mixed water/solvent systems using a solvent extraction 
technique. This review considers only the complexation constant in pure aqueous solu-
tions. In both papers the same value is presented for the formation constant of AmF2+: 

= (2.51 ± 0.06) at a constant ionic strength of 0.1 mol · L10 1log b
10 1log οb

–1, corresponding to 
 = (3.15 ± 0.1) when converted to I = 0 with the SIT. This value agrees fairly 

well with the selected data of the previous review [95SIL/BID], 10 1log οb  = (3.4 ± 0.4). 

 A compilation of literature data is reported in [97CHA/SAW], but no new ex-
perimental data on the fluoride complexation of Am(III) and Cm(III) are presented.  

 Experimental data for the formation of Cm(III) fluoride complexes have been 
published by Feay [54FEA], Aziz and Lyle [69AZI/LYL], Degischer and Choppin 
[75DEG/CHO], and Choppin and Unrein [76CHO/UNR]; these papers were discussed 
in the previous review. For the reasons given in [95SIL/BID], the results of [54FEA], 
[69AZI/LYL], [75DEG/CHO] are not used for the evaluation of thermodynamic data. 

 Recently the fluoride complexation of Cm(III) was studied by TRLFS in 0 − 5 
mol · kg–1 NaCl solutions [99AAS/STE]. The data were extrapolated to zero ionic 
strength using the Pitzer model to give:  

 (CmF10 1log οb 2+, 298.15 K) = (3.44 ± 0.05).  

This value is in excellent agreement with the formation constant at I = 0 se-
lected by [95SIL/BID] for AmF2+: 

 (AmF10 1log οb 2+, 298.15 K) = (3.4 ± 0.4). 

In addition to the experimental data for AmF2+ of Choppin and Unrein 
[76CHO/UNR], and Nash and Cleveland [84NAS/CLE], which were selected by the 
previous review, the data determined by Suganuma et al. [97SUG/SAT], 
[97SUG/SAT2], Choppin and Unrein, and Aas et al. [99AAS/STE] for CmF2+ are used 
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to calculate the thermodynamic formation constant of the monofluoro complex of triva-
lent actinides. The estimated value of the ion interaction coefficient given in the previ-
ous review, ∆ε = − (0.12 ± 0.1) kg · mol–1, is used for the extrapolation to infinite dilu-
tion. The unweighted average of the selected experimental data extrapolated to I = 0 
with the SIT and the lo  value given by Aas et al. [99AAS/STE] lead to the fol-
lowing equilibrium constant: 

10 1g οb

 (AnF10 1log οb 2+, 298.15 K) = (3.4 ± 0.3). 

 No new data are available for other Am(III) and Cm(III) fluoride complexes. 
The present review retains the equilibrium constant for  selected by [95SIL/BID]: +

2AmF

 = (5.8 ± 0.2). +
10 2 2log (AmF , 298.15K)οb

Table 12-5: Literature values of the formation constants for (3 )AnF −n
n  and  

complexes. 

(3 )CmF −n
n

Method 
 

Medium t (°C) An 10 1log b  10 2log b  10 3log b  Reference 

sol 0.1 M HClO4 23 Cm   (a) [54FEA] 
   Am   (a)  
        
dis 0.5 M NaClO4 25 Cm 3.34 6.18 9.08 [69AZI/LYL] 
   Am 3.39 6.11 9.0  
        
dis 1.0 M NaClO4 25 Cm (2.93 ± 0.10)   [75DEG/CHO] 
   Am (2.93 ± 0.10)    
        
dis 1.0 M NaClO4 10 Cm (2.50 ± 0.02)   [76CHO/UNR] 
   Am (2.39 ± 0.01)    
  25 Cm (2.61 ± 0.02)    
   Am (2.49 ± 0.02)    
  40 Cm (2.68 ± 0.05)    
   Am (2.57 ± 0.02)    
  55 Cm (2.81 ± 0.02)    
   Am (2.71 ± 0.03)    
        
dis 0.1 M NaClO4 25 Am (2.51 ± 0.06)   [97SUG/SAT] 

[97SUG/SAT2] 
        
ix 0.1 M NaClO4 25 Am (2.59 ± 0.01) (4.75 ± 0.04)  [84NAS/CLE] 
        
TRLFS 0–5 m NaCl 25 Cm    [99AAS/STE] 
 I = 0    (3.44 ± 0.05)    

(a)  For the stepwise reaction , Feay reports+

2AnF + F AnF (aq)−

3 10 3log K  = 3.90 for Cm and 3.11 for Am. 
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12.4.1.2 Aqueous Am(III) chloride complexes (V.4.1.2) 

12.4.1.3 Aqueous Am(III) and Cm(III) chlorides (V.4.1.2.1) 
The published data on the chloride complexation of trivalent actinides can be divided 
into two groups. Most of the experimental data have been determined by methods based 
on two–phase equilibria such as ion exchange or liquid–liquid extraction. The other 
group of data is based on spectroscopic methods. The evaluated complexation constants 
are similar within each group. However, the spectroscopically determined complexation 
constants are about two orders of magnitude smaller than those deduced from solvent 
extraction and ion exchange equilibria. The latter methods are unable to distinguish 
between ion–ion interaction and inner–sphere complexation. Changes in activity coeffi-
cients caused by the replacement of most of the background electrolyte by a weak 
ligand like chloride are often misinterpreted as complex formation. The effects ob-
served in phase equilibrium studies, i.e., when the NaClO4 background medium is suc-
cessively replaced by NaCl, can be described by using the correct ion interaction term 
of the SIT (instead of constant activity coefficients) to calculate the activity coefficients 
of the Am3+ ion: 

3+
4

3+ 3+
10 4Am ClO Cl

log 9D + (Am ,ClO ) m (Am ,Cl ) m− −
− −γ = − ε ⋅ + ε ⋅

− 3+

 
−with = (0.49 ± 0.03) kg · mol3+

4(Am ,ClO )ε –1 and  (Am ,Cl )ε = (0.23 ± 0.02) 
kg · mol–1 (Table B-4, Appendix B). An interpretation in terms of chloride complexation 
would mean that the observed effect on phase equilibria is accounted for twice. To 
avoid such inconsistencies the present review prefers to rely on equilibrium constants 
derived from spectroscopic data. 

 The spectroscopic studies of Barbanel and Mikhailova [69BAR/MIK] on 
Am(III), of Shiloh and Marcus [64SHI/MAR], and Marcus and Shiloh [69MAR/SHI] 
on Am(III), Np(III) and Pu(III) in concentrated HCl and LiCl solutions, as well as the 
recent detailed TRLFS studies of Fanghänel et al. [95FAN/KIM] and Könnecke et al. 
[97KON/FAN] on Cm(III) in concentrated CaCl2 solutions, have demonstrated that in-
ner–sphere chloride complexes are formed only at very high chloride concentrations 
(above 4–5 molal), as indicated by changes in the absorption and fluorescence spectra. 
This is in contradiction to the complexation constant for the monochloro complex, 
AmCl2+ recommended by the previous review [95SIL/BID], lo 10 1g οb  = (1.05 ± 0.06). 
An equilibrium constant of this magnitude would result in the presence of about 50% of 
the monochloro complex in a 1 molal chloride solution. In the TRLFS study of 
Fanghänel et al. [95FAN/KIM], no detectable complex formation was observed even in 
4 m chloride concentrations. The fluorescence emission spectra of Cm(III) in 4 molal 
chloride (2 m CaCl2) and in dilute HClO4 solutions show no significant differences in 
the peak location and the peak shape. Similar observations have been made in the ab-
sorption spectra of Am(III) by Giffaut [94GIF] in 3 M NaCl and NaClO4, and Runde et 
al. [97RUN/NEU] in 5 M NaCl and HClO4 solutions. In both cases the absorption spec-
tra are identical. 
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 The spectroscopically determined species’ distribution of Cm(III) in 0–6 m 
CaCl2 is shown in Figure 12-6. Significant amounts of the monochloro complex are 
detected above 4 m chloride and at higher chloride concentrations the dichloro complex 
is stabilised.  

The spectroscopic data obtained by TRLFS have been confirmed by an 
EXAFS study of Allen et al. [2000ALL/BUC]. The chloride complexation of lantha-
nides and trivalent actinides (Am(III), Cm(III) and Pu(III)) was studied in concentrated 
LiCl solutions of up to 12 m. No significant chloride complexation was found for 
Pu(III) even at this extremely high chloride molality. The data for Am(III) and Cm(III) 
are in agreement with the results of Fanghänel et al. [95FAN/KIM]. The two studies are 
not directly comparable as they were performed in different ionic media, CaCl2 
[95FAN/KIM] and LiCl [2000ALL/BUC]. However, as shown in [2000ALL/BUC], the 
results overlap if the chloride coordination numbers determined in the two studies are 
compared as a function of the water activity. 

Figure 12-6: Distribution of Cm species at 298.15 K as a function of the  
CaCl2 concentration. 
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Fanghänel et al. [95FAN/KIM] and Könnecke et al. [97KON/FAN] have used 
their data to derive a quantitative model of chloride complexation of trivalent actinides 
in chloride solutions over a wide concentration range applying the ion–interaction ap-
proach of Pitzer. The Pitzer approach was applied as the ionic strength range covered by 
this study is far beyond the range of applicability of the SIT approach. The lowest ionic 
strength at which chloride complexation was detected (about I = 12 mol·kg–1) consid-
erably exceeds the validity range of the SIT approach, which is in general considered to 
be limited to I ≤ 3 − 4 mol · kg–1. The equilibrium constants at zero ionic strength for the 
two complexes formed were determined to be: 

 (AnCl10 1log οb 2+, 298.15 K) = (0.24 ± 0.03) 
and 
 ( , 298.15 K) = − (0.74 ± 0.05).  10 2log οb +

2AnCl

The equilibrium constants and the uncertainty estimates given by 
[97KON/FAN] represent the best estimates for the complexes AnCl2+ and , both 
for Cm and Am, and are therefore selected by this review. 

+
2AnCl

The data from Yeh et al. [2000YEH/MAD] are not considered for reasons 
given in Appendix A. 

12.4.2 Americium halide compounds (V.4.2)  

12.4.2.1 Enthalpies of formation 
Silva et al. [95SIL/BID] estimated the enthalpies of formation of the solid americium 
trihalides except AmCl3(cr), by plotting the enthalpy difference ( f mH ο∆ (MX3, cr, 
298.15 K) − f mH ο∆ (M3+, 298.15 K) (where M = U, Np, Pu and X = F, Br, I) against the 
ionic radius of the M3+ ion. The values for the relevant data for all the species were 
taken from [76FUG/OET], [83FUG/PAR], since the NEA review for Np and Pu was not 
then available. We have therefore repeated these estimations, using the current NEA 
data in this review and including, in the estimation of f mH ο∆ (AmBr3, cr, 298.15 K), 
experimental results on the enthalpy of formation of CfBr3(cr) [90FUG/HAI] and Cf3+ 
[84FUG/HAI]. 

 This has resulted in the small differences in the estimated enthalpies of forma-
tion given in Table 12-6. 

 The change in f mH ο∆ (AmBr3, cr, 298.15 K) results in the same change in 
f mH ο∆ (AmOBr, cr, 298.15 K), which thus becomes − (887.0 ± 9.0) kJ · mol–1. 

 A similar procedure was used to estimate the enthalpy of formation of 
AmF4(cr), using ThF4 and UF4. The difference from the earlier estimate is somewhat 
bigger in this case, since (unlike [95SIL/BID]), we have excluded the estimated value 
for f mH ο∆ (PuF4, cr, 298.15 K) from the analysis, (although the estimated data for this 
phase are consistent with the extrapolation procedure within its appreciable uncer-
tainty). 
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Table 12-6: Estimated enthalpies of formation of americium halides at 298.15 K. 

Species f mH ο∆  (kJ · mol–1) 

 [95SIL/BID] This review 

AmF3(cr) – (1588.0 ± 13.0) – (1594.0 ± 14.0) 

AmBr3(cr) – (810.0 ± 10.0) – (804.0 ± 6.0) 

AmI3(cr) – (612.0 ± 7.0) – (615.0 ± 9.0) 

AmF4(cr) – (1710.0 ± 21.0) – (1724.0 ± 17.0) 
 

12.4.2.2 Americium fluoride compounds (V.4.2.2)  

12.4.2.2.1 Americium trifluoride (V.4.2.2.1) 

12.4.2.2.1.1 AmF3(cr) 
The revised standard entropy from the estimate of [2001KON], (see Table 12-1) is:  

mS ο (AmF3, cr, 298.15 K) = (110.6 ± 6.0) J · K–1 · mol–1. 

 As noted in section 12.4.2.1, the enthalpy of formation has been revised to: 

f mH ο∆ (AmF3, cr, 298.15 K) = − (1594.0 ± 14.0) kJ · mol–1, 

leading to the Gibbs energy of formation: 

f mGο∆ (AmF3, cr, 298.15 K) = − (1519.8 ± 14.1) kJ · mol–1. 

 The heat capacities of AmF3(cr), required for the analysis of the vapour pres-
sure data, have been estimated to be the same as those of PuF3(cr): 

,mpC (AmF3, cr, T) =  104.078 + 0.707·10–3 T − 10.355·105 T –2  J · K–1 · mol–1, 

from 298.15 to 1500 K. 

 As already mentioned in the previous review [95SIL/BID], there is a consid-
erably discrepancy between the thermochemical data for AmF3(cr) and results from 
solubility measurements. Combining the standard Gibbs energies selected for AmF3(cr) 
and Am3+ with the auxiliary data for F– yields a solubility constant of lo 10 ,0g sK ο (AmF3, 
cr, 298.15 K) = − (13.3 ± 2.5). Nash and Cleveland [84NAS/CLE2] observed a decrease 
of the Am concentration (initially 10–8 M in 0.1 M NaClO4 solutions of pH 3.5) at fluo-
ride concentrations above 0.01 M. This was ascribed to the formation of solid AmF3 
particles or "merely to the adsorption of Am3+ by negatively charged colloidal particles 
which stick to the walls of the polyethylene container". There was no positive observa-
tion of a solid phase. However, judging from the behaviour of the PuF3–H2O [53JON] 
and LnF3–H2O [75STO/KHA] systems, any precipitated solid was very probably hy-
drated. 



 12 Discussion of new data selection for Americium 360 

 Silva et al. [95SIL/BID] calculated a solubility constant of lo 10 ,0g sK ο = 
 − (16.5 ± 0.3) from the data of [84NAS/CLE2], which therefore probably applies to an 
amorphous AmF3 hydrate of undefined composition. The discrepancy with the solubility 
of AmF3(cr) calculated from the thermochemical data, although not directly compara-
ble, is unsatisfactory, but must be accepted at present, given the uncertainties in the in-
terpretation of the study by [84NAS/CLE2] and the thermochemical data for AmF3(cr). 
A definitive study of the AmF3–H2O system, including well-defined solubility meas-
urements, is clearly required. 

12.4.2.2.1.2 AmF3(g) 
In order to analyse more completely the vapour pressure data (see below), we have 
computed the thermal functions of AmF3(g) by statistical-mechanical calculations using 
estimated molecular parameters. The geometry and vibration frequencies were assumed 
to be the same as those estimated for PuF3(g), [85HIL/GUR], [2000RAN/FUG], with no 
electronic contributions (in keeping with the philosophy of Konings [2001KON] for 
Am(III) compounds). The ground-state degeneracy was taken to be unity. These calcu-
lations give: 

mS ο (AmF3, g, 298.15 K) = (330.4 ± 8.0) J · K–1 · mol–1, 

,mpCο (AmF3, g, 298.15 K) = (72.2 ± 5.0) J · K–1 · mol–1. 

 As noted in [95SIL/BID], Carniglia and Cunningham [55CAR/CUN] made 
precise measurements by Knudsen effusion of the vapour pressure of AmF3(cr). After 
correction for the half-life of 241Am, the Gibbs energy of the sublimation process: 

  (12.12) 3AmF (cr)  AmF (g)3

is 

 (12.12)= (398462 − 173.663 T)   J · molr mG∆ –1 (1140 to 1469 K). 

 With the thermal functions for AmF3(cr) and AmF3(g) estimated above, these 
data can be analysed by second-law and third-law methods. The derived enthalpies of 
sublimation at 298.15 K are respectively (420.3 ± 7.0) and (437.5 ± 8.9) kJ · mol–1. This 
difference reflects the fact that the calculated entropy of sublimation at the mean tem-
perature, ((12.12), 1305 K) is (188.0 ± 4.1) J · Kr mS∆

S

–1 · mol–1, compared to the ex-
perimental value of (173.7 ± 4.1) J · K–1 · mol–1. However, the second-law analysis 
would imply (AmFm

ο
3, g, 298.15 K) = (317.2 ± 11.7) J · K–1 · mol–1, which in turn 

would require appreciably larger vibration frequencies than assumed for other actinide 
trifluoride gaseous species. The third-law analysis is thus preferred, giving finally: 

 f mH ο∆ (AmF3, g, 298.15 K) = − (1156.5 ± 16.6) kJ · mol–1, 

and hence 

 (AmFf mGο∆ 3, g, 298.15 K) = − (1147.8 ± 16.8) kJ · mol–1. 
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 Americium group 17 (halogen) compounds and complexes (V.4) 

 The experimental vapour pressures and the fitted line are shown in Figure 
12-7. 

Figure 12-7: Vapour Pressure of AmF3(cr). 
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12.4.2.2.2 Americium tetrafluoride (V.4.2.2.2) 
The standard entropy has been estimated by the same procedure as that used by Konings 
[2001KON] for Am(III) compounds. The lattice contribution is estimated to be 
(141.59 ± 6.00) J · K–1 · mol–1 from the average of the lattice contributions of ThF4(cr), 
UF4(cr), PuF4(cr) by subtracting the excess entropy contribution from the measured en-
tropies, as in Table 12-7. The excess contributions are calculated from the splitting of 
the energy levels of the ground state, as computed by Carnall et al. [91CAR/LIU]. 

(AmFmS ο
4, cr, 298.15 K) is then obtained from the sum of the lattice and excess contri-

butions, the latter being calculated from the energy levels of the ground state, computed 
by Liu et al. [94LIU/CAR]. 
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Table 12-7: Calculations of mS ο (AnF4, cr, 298.15 K). 

Solid mS ο (298.15 K) total 
J · K–1 · mol–1 

mS ο (298.15 K) excess 
J · K–1 · mol–1 

mS ο (298.15 K) lattice 
J · K–1 · mol–1 

ThF4 142.05 0.0 142.05 
UF4 151.70 7.75 143.95 
PuF4 147.25 8.48 138.77 
AmF4 154.10 12.51 141.59 

 

 The selected value is thus: 

 (AmFmS ο
4, cr, 298.15 K) = (154.1 ± 8.0) J · K–1 · mol–1. 

 As noted in section 12.4.2.1, the enthalpy of formation has been revised to: 

 f mH ο∆ (AmF4, cr, 298.15 K) = − (1724.0 ± 17.0) kJ · mol–1, 

leading to the Gibbs energy of formation: 

f mGο∆ (AmF4, cr, 298.15 K) = − (1632.5 ± 17.2) kJ · mol–1. 

12.4.2.3 Americium chlorides (V.4.2.3)  

12.4.2.3.1 Americium trichloride (V.4.2.3.2)  

12.4.2.3.1.1 AmCl3(cr)  
The revised standard entropy from the estimate of [2001KON], (see section 12.1.1) is:  

mS ο (AmCl3, cr, 298.15 K) = (146.2 ± 6.0) J · K–1 · mol–1. 

 The enthalpy of formation remains unchanged: 

 f mH ο∆ (AmCl3, cr, 298.15 K)  = − (977.8 ± 1.3) kJ · mol–1, 

and thus  

 (AmClf mGο∆ 3, cr, 298.15 K)  = − (905.1 ± 2.3) kJ · mol–1. 

12.4.2.3.2 Americium oxychloride (V.4.2.3.3)  
Two studies [54KOC/CUN], [76WEI/WIS] of the equilibrium constants of the reaction: 

  (12.13) 3 2AmCl (cr) + H O(g)  AmOCl(cr) + 2 HCl(g)

were analysed in [95SIL/BID] to give: 

 ((12.13), 298.15 K) = 127.81 + 3.57 = (131.38 ± 8.00) J · Kr mS ο∆ –1 · mol–1.  

 With the revised value of mS ο (AmCl3, cr, 298.15 K) = (146.2 ± 6.0) 
J · K−1 · mol–1 (see section 12.4.2.3.1), the modified value of the standard entropy of 
AmOCl(cr) becomes: 
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mS ο (AmOCl, cr, 298.15 K) = (92.6 ± 10.0) J · K–1 · mol–1. 

 This is close to the weighted sum of the entropies of Am2O3(cr) and 
AmCl3(cr), (93.3 ± 2.8) J · K–1 · mol–1. 

 The enthalpy of formation remains unchanged: 

 f mH ο∆ (AmOCl, cr, 298.15 K)  = − (949.8 ± 6.0) kJ · mol–1, 

and thus  

 (AmOCl, cr, 298.15 K) = − (897.1 ± 6.7) kJ · molf mGο∆ –1. 

12.4.2.3.3 Quaternary chloride Cs2NaAmCl6(cr) (V.4.2.3.4.2) 
As in [95SIL/BID], the entropy of Cs2NaAmCl6(cr) was estimated to be close to the 
sum of the constituent chlorides; the revised standard entropy of Cs2NaAmCl6(cr) be-
comes (420.7 ± 15.0) J · K–1 · mol–1, which we round to:  

mS ο (Cs2NaAmCl6, cr, 298.15 K)  = (421 ± 15) J · K–1 · mol–1. 

12.4.2.4 Americium bromides (V.4.2.4)  

12.4.2.4.1 Americium tribromide (V.4.2.4.2)  

12.4.2.4.1.1 AmBr3(cr) 
The standard entropy has been revised to be consistent with those of the other Am(III) 
compounds (see section 12.1.1). The lattice entropy has been estimated from that of 

(UBrmS ο
3, cr, 298.15 K) [92GRE/FUG] by subtracting the excess entropy from the ex-

perimental value (in this context, increased by R·ln2, see [2001KON]). In the absence of 
any data on the electronic levels for UBr3(cr), its excess entropy is estimated to be the 
mean of those for UF3(cr) and UCl3(cr), (16.74 ± 6.0) J · K–1 · mol–1 [2001KON]. 

 Thus,  

mS ο (AmBr3, cr, 298.15 K) = (182.0 ± 10.0) J · K–1 · mol–1, 

where the uncertainty has been increased to allow for the uncertainty of the estimation 
procedure.  

 As noted in section 12.4.2.1, the enthalpy of formation has been revised to: 

 f mH ο∆ (AmBr3, cr, 298.15 K) = − (804.0 ± 6.0) kJ · mol–1, 

the Gibbs energy of formation is: 

f mGο∆ (AmBr3, cr, 298.15 K) = − (773.7 ± 6.7) kJ · mol–1. 
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12.4.2.4.2 Americium oxybromide (V.4.2.4.3)  
The study [82WEI/WIS] of the equilibrium constants of the reaction: 

  (12.14) 3 2AmBr (cr) + H O(g)  AmOBr(cr) + 2 HBr(g)

was analysed in [95SIL/BID] to give: 

r mS ο∆ ((12.14), 298.15 K) = 127.72 + 3.71 = (131.43 ± 8.00) J · K–1 · mol–1. 

 With the revised value of mS ο (AmBr3, cr, 298.15 K) = (182.0 ± 10.0) 
J · K−1 · mol–1 (see section 12.4.2.4.1), the modified value of the standard entropy of 
AmOBr(cr) becomes: 

mS ο (AmOBr, cr, 298.15 K) = (104.9 ± 12.8) J · K–1 · mol–1. 

 This is close to the weighted sum of the entropies of Am2O3(cr) and 
AmBr3(cr), (105.2 ± 3.9) J · K–1 · mol–1. 

As a consequence of the change in the enthalpy of formation of AmBr3(cr), the 
enthalpy of formation has been revised to: 

 f mH ο∆ (AmOBr, cr, 298.15 K) = − (887.0 ± 9.0) kJ · mol–1 

leading to the Gibbs energy of formation: 

 (AmOBr, cr, 298.15 K)  = − (848.5 ± 9.8) kJ · molf mGο∆ –1. 

12.4.2.5 Americium iodides (V.4.2.5)  

12.4.2.5.1 Americium triiodide (V.4.2.5.2)  

12.4.2.5.1.1 AmI3(cr) 
The standard entropy has been revised to be consistent with those of the other Am(III) 
compounds (see section 12.1.1). The lattice entropy has been estimated from that of 

(UImS ο
3, cr, 298.15 K) by subtracting its excess entropy from the selected value 

[92GRE/FUG] (in this context, increased by R·ln2, see [2001KON]). In the absence of 
any data on the electronic levels for UI3(cr), the excess entropy is estimated to be the 
mean of those for UF3(cr) and UCl3(cr), (16.74 ± 6.0) J · K–1 · mol–1 [2001KON]. 

 Thus,  

 (AmImS ο
3, cr, 298.15 K) = (211 ± 15) J · K–1 · mol–1, 

and as noted in section 12.4.2.1, the enthalpy of formation has been revised to: 

 f mH ο∆ (AmI3, cr, 298.15 K) = − (615.0 ± 9.0) kJ · mol–1, 

leading to the Gibbs energy of formation: 

 (AmIf mGο∆ 3, cr, 298.15 K) = − (609.5 ± 10.1) kJ · mol–1. 
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12.5.1 Americium sulphates (V.5.1.2) 

12.5.1.1 Aqueous Am(III) and Cm(III) sulphate complexes(V.5.1.2.1) 
There are no new experimental data on the sulphate complexation of Am(III) since the 
previous review [95SIL/BID] was published. The equilibrium constants selected by the 
previous review [95SIL/BID] for the formation of the monosulphate and disulphate 
complexes of Am(III) for the following reactions: 

  (12.15) 3+ 2 (3 2 )
4 4Am  +  SO   Am(SO )             − − n

nn

are  ((12.15), 298.15 K) = (3.85 ± 0.03), 10 1log οb

 ((12.15), 298.15 K) = (5.4 ± 0.7). 10 2log οb

 They are based on experimental data determined at pH = 3 − 4 by using solvent 
extraction techniques [64SEK], [65SEK2], [67CAR/CHO], [68AZI/LYL], 
[72MCD/COL], [80KHO/MAT], ion exchange [68AZI/LYL], [68NAI], and electromi-
gration [90ROS/REI]. 

 More recently, [96PAV/FAN] and [98NEC/FAN] investigated sulphate com-
plexes of Cm(III) by using TRLFS to identify the complexes, viz. ,  
and 

+
4CmSO 4 2Cm(SO )−

3
4 3Cm(SO ) − . The highest sulphate concentration studied by [96PAV/FAN] was a 

4.7 m Cs2SO4 solution. The formation of the trisulphate complex was observed only at 
sulphate concentrations above 1 mol · kg–1. The formation constants of the complexes 

 and  were determined in 3 m NaCl/Na+
4SO CmCm 4 2(SO )−

2SO4 at pH 2, with the sul-
phate concentration varying in the range [ 2

4SO − ] = 0.03 − 0.37 mol · kg–1. In another 
study reported in [98NEC/FAN], Cm(III) sulphate complexation was investigated as a 
function of the ionic medium composition (0 − 5.8 m NaCl) at two values of constant 
sulphate concentration (0.15 and 0.55 m Na2SO4). 

 The spectroscopically determined lo  values in [96PAV/FAN] and 
[98NEC/FAN] are about 0.6 logarithmic units lower than the literature data for Am(III) 
and Cm(III) in NaClO

10 1g b

4–Na2SO4 or NH4ClO4–(NH4)2SO4 solutions of comparable ionic 
strength and the  values are 1.5 to 2 orders of magnitude smaller (cf. Figure 
12-8). These differences can only partly be attributed to the different activity coeffi-
cients in NaCl compared to NaClO

10 2log b

4 or NH4ClO4 solutions. The large discrepancies in 
the data from the two groups of methods are far beyond the experimental uncertainties 
of two types of methods, and are typical for systems where weak complexes are formed 
(see also section 12.4.1.3.).  

The experimental techniques based on two–phase equilibria such as ion ex-
change and solvent extraction are in these cases unable to distinguish between ion−ion 
interaction and inner–sphere complexation. The replacement of large parts of the back-
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ground electrolyte by the ligand causes changes in the activity coefficients, which are 
misinterpreted as complex formation. The same can hold for activity changes caused by 
the formation of outer–sphere complexes or ion pairs. In some of the ion exchange and 
solvent extraction studies [67CAR/CHO], [68AZI/LYL], [72MCD/COL] analogous 
experiments with both Am(III) and Cm(III) gave very similar equilibrium constants for 
the two actinides (cf. Figure 12-8) indicating that discrepancies between the spectro-
scopic results of [96PAV/FAN] and [98NEC/FAN], and previous non–spectroscopic 
methods are primarily not a result of chemical differences, but rather that the two types 
of experiments measure different phenomena. This review has based the selection of 
equilibrium constants for aqueous sulphate complexes on the spectroscopically deter-
mined data rather than on those from other sources. 

 These considerations are supported by a comparison of thermodynamic data 
for aqueous complexes of Am(III) and U(VI). The formation constants selected in the 
previous review for the Am(III) sulphate complexes ( lo 10 1g οb ( 4AmSO+ , 298.15 K) = 
(3.85 ± 0.03), (10 2log οb 4 2Am(SO )− , 298.15 K) = (5.4 ± 0.7) [95SIL/BID]) are signifi-
cantly higher than the selected data for U(VI) sulphate complexes ( lo (UO10g 1

οb 2SO4, 
aq, 298.15 K) = (3.15 ± 0.02), 10 2glo οb ( 2

4 2)2UO (SO − , 298.15 K) = (4.14 ± 0.07) 
[92GRE/FUG], and this review). This finding is inconsistent with the known chemical 
systematics and correlations among formation constants of actinide complexes (cf. 
[97ALL/BAN]). The formation constants of Am(III) complexes with other inorganic 
ligands (e.g., carbonate, hydroxide, fluoride, phosphate) are generally close to, or 
smaller than, those of the corresponding U(VI) complexes. We therefore conclude that 
the equilibrium constants of [95SIL/BID] for the aqueous Am(III) sulphate complexes 
are systematically too large, cf. Figure 12-8. 

 In Figure 12-8, the formation constants reported in [98NEC/FAN] for the 
monosulphate and disulphate complexes of Cm(III) are extrapolated to zero ionic 
strength. Application of the SIT to the data in Na2SO4–NaCl solutions of I ≤ 4 mol · kg–1 
leads to: 
  = (3.28 ± 0.03), ∆ε10 1log οb 1 = − (0.14 ± 0.02) kg · mol–1, 

  = (3.59 ± 0.03), ∆ε10 2log οb 2 = − (0.24 ± 0.01) kg · mol–1.  

 If the SIT is applied only to the two 10 1log οb  values in 0.15 and 0.55 m 
Na2SO4 without additions of NaCl, a somewhat lower formation constant of lo = 
(3.15 ± 0.03) is calculated, but the value of ∆ε

10 1g οb
1 = − 0.14 kg · mol–1 remains the same.  

The formation constants determined in 3 m NaCl − Na2SO4 solutions, 
= (0.93 ± 0.08) and = (0.61 ± 0.08) [96PAV/FAN] are somewhat 

higher (cf. Figure 12-8). With the values of ∆ε
10 1log b 10 2log b

1 and ∆ε2 derived from the data in 
Na2SO4 − NaCl solutions of varying ionic strength, the formation constants at I = 0 are 
calculated to be = (3.45 ± 0.10) and lo10 1log οb 10 2g οb = (3.81 ± 0.09). 
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Figure 12-8: Extrapolation to I = 0 of experimental data for the formation of Am(III) 
and Cm(III) sulphate complexes 
Figure 12-8: Extrapolation to I = 0 of experimental data for the formation of Am(III) 
and Cm(III) sulphate complexes 4AnSO4AnSO+  and 4 2An(SO )−  at pH = 2–4. Circles refer to 
literature data in NaClO4–Na2SO4 [64BAN/PAT], [64SEK], [65SEK2], [67CAR/CHO], 
[68NAI], [68AZI/LYL], [72MCD/COL], [80KHO/MAT], [90ROS/REI], which are 
based on ion exchange or solvent extraction methods. These results were used in the 
previous review for the determination of thermodynamic data. Open triangles are de-
rived from spectroscopic data in 0.15 and 0.55 m Na2SO4 solutions containing additions 
of NaCl (from [98NEC/FAN]), and the squares refer to a series of spectra in 3 m NaCl–
Na2SO4 [96PAV/FAN]. The solid lines are calculated with the data selected in the pre-
vious and present reviews and the dotted lines show the associated uncertainties. 
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 The conditional constants determined in [96PAV/FAN] at I = 3 mol · kg–1 are 
based on a series of spectra at varying sulphate concentration ([ 2

4SO − ] = 0.03 − 0.37 m), 
whereas each of the data points reported in [98NEC/FAN] is derived from a single spec-
trum at the corresponding ionic strength.  

 Therefore, the present review selects the mean values: 

 (10 1log οb 4AmSO+ , 298.15 K) = (3.30 ± 0.15), 

 (10 2log οb 4 2Am(SO )− , 298.15 K) = (3.70 ± 0.15), 

with the estimated uncertainties covering the whole range of the spectroscopic data de-
termined by [96PAV/FAN] and [98NEC/FAN] (cf. Figure 12-8). However, no specific 
ion interaction coefficients are selected. The investigation of An(III) sulphate complexa-
tion requires electrolyte mixtures with fairly high sulphate concentrations and it is not 
possible to estimate the unknown interaction coefficients  
and   from these data in NaCl-Na

3+ 2
4(An ,  SO )−ε

3+(An ,  Cl )−ε+ 2
4 4(AnSO ,  SO )−ε
+
4(AnSO ,  Cl )−

2SO4 mixtures where  
and  ε  have a simultaneous effect on the activity coefficients.  

12.6 Americium group 14 compounds and complexes (V.7) 
12.6.1 Carbon compounds and complexes (V.7.1) 

12.6.1.1 Americium carbonate compounds and complexes (V.7.1.2) 

12.6.1.1.1 Aqueous Am(III) and Cm(III) carbonate complexes 
In the previous review [95SIL/BID] it was shown that the available experimental stud-
ies of aqueous Am(III) complexes in carbonate solutions can be described by the reac-
tions: 
 , (12.16) 3+ 2 (3 2 )

3Am  + CO   Am(CO ) n
nn −

3
−

with n = 1, 2 and 3. Based on the spectroscopic studies of [89NIT/STA], [91MEI/KIM] 
in 0.1 M NaClO4, the solvent extraction study of Lundqvist [82LUN] in 1 M NaClO4 
and three solubility studies, a) in dilute solution [90FEL/RAI], b) in 0.1 M NaClO4 
[91MEI/KIM] and c) in 3.0 M NaClO4 [89ROB], the following formation constants 
were selected at zero ionic strength: 

 10 1log οb ( , 298.15 K) = (7.8 ± 0.3) (based on 6 studies), 3AmCO+

ο 10 2log b ( , 298.15 K) = (12.4 ± 0.4) (based on 3 studies), 3 2Am(CO )−

ο 3− 10 3log b ( , 298.15 K) = (15.2 ± 0.6) (based on 1 study). 3 3Am(CO )

Additional new data for Am(III) carbonate complexes are available from the 
solubility studies by Giffaut [94GIF] in 0.1 and 4 M NaCl, Runde and Kim 
[94RUN/KIM] in 5 M NaCl, and from a spectroscopic study by Wruck et al. 
[97WRU/PAL] in 0.1 M NaClO4. As already noted in the previous review [95SIL/BID], 
Am(III) solubility studies in carbonate solutions are associated with ambiguities and 
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uncertainties arising from possible solid phase transformations and/or alterations. This 
can lead to considerable errors in the calculated formation constants. In order to mini-
mise such errors, the present review uses the stepwise formation constants for the 
evaluation of thermodynamic data. 

 The present review also considers the available experimental data for the 
analogous Cm(III) carbonate complexes [94KIM/KLE], [98FAN/WEG2], 
[99FAN/KON]. These studies are based on TRLFS and provide a systematic investiga-
tion of the stepwise carbonate complexation of Cm(III) in dilute to concentrated NaCl 
[99FAN/KON]. In another TRLFS study [95FAN/KIM] demonstrated that chloride 
complexation of Cm3+ is negligible even in concentrated NaCl and hence the formation 
of ternary carbonate–chloride complexes can be ruled out. Because of the considerably 
increased experimental information for Am(III) and Cm(III) carbonate complexes, par-
ticularly in NaCl solutions, the thermodynamic data and ion–interaction coefficients of 
the carbonate complexes are re-evaluated in the present review. The results of the new 
studies and the former studies used in [95SIL/BID] for the selection of thermodynamic 
data are summarised in Table 12-8. 

Table 12-8: Data for Am(III) and Cm(III) carbonate complexes discussed in the present 
and previous [95SIL/BID] reviews for the evaluation of stepwise formation constants at 
I = 0.  

reaction:  3+ 2 +
3 3An  + CO   AnCO−

An Medium   t(°C) Method  10 1log b  10 1log οb  Reference 

Am 1.0 M NaClO4 25 dis (5.81 ± 0.04) (8.00 ± 0.10) (a) [82LUN] 

Am 0.1 M NaClO4 22.5  (6.69 ± 0.16) (7.98 ± 0.16) (b) [89NIT/STA] 
Am 0.1 M NaClO4 25  (6.48 ± 0.03) (7.77 ± 0.1) (b) [91MEI/KIM] 
Am 0.1 M NaClO4 25 LIPAS (6.26 ± 0.12) (7.55 ± 0.24) (b) [97WRU/PAL] 

  50  (6.68 ± 0.12)   
  75  (7.54 ± 0.43)   
Cm 0.1 M NaClO4 r.t TRLFS (6.65 ± 0.07) (7.95 ± 0.14) (b) [94KIM/KLE] 

Cm 1.0 M NaCl 25 TRLFS (5.90 ± 0.1) (8.21 ± 0.1) (b) [98FAN/WEG2] 

Cm 0.1 – 6 m NaCl 
I = 0 

25 TRLFS   
8.30 

[99FAN/KON] 

Am I = 0 r.t. sol  7.6 [90FEL/RAI] 

Am 0.1 M NaClO4 25 sol (5.97 ± 0.15)  [91MEI/KIM] 

    (6.1 ± 0.3) (a) (7.3 ± 0.3) (a)  
Am 3.0 M NaClO4 20 sol (5.45 ± 0.12)  [89ROB] 

    (5.73 ± 0.24) (a) (7.80 ± 0.32) (a)  
Am 0.1 M NaCl 21 sol (7.7 ± 0.4)  (9.0 ± 0.4) (b) [94GIF] 

Am 4 M NaCl 21 sol (7.6 ± 0.4) (c) (10.0 ± 0.4)(b) (c) [94GIF] 

Am 5 M NaCl 22 sol (5.7 ± 0.4) (8.04 ± 0.43) (b) [94RUN/KIM] 

Am I = 0 25 review  (7.8 ± 0.3) [95SIL/BID] 

Am+Cm I = 0 25 review  (8.1 ± 0.3) [98NEC/FAN], 
[99FAN/KON] 

Am+Cm I = 0 25 review  (8.0 ± 0.4) present review 

(continued next page) 
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Table 12-8 (continued) 

reaction: + 2
3 3 3AnCO  + CO   An(CO )2

− −  

An Medium  t(°C) Method 10 2log K  10 2log οK  Reference 

Am 1.0 M NaClO4 25 dis (3.91 ± 0.11) (4.57 ± 0.23) (a) [82LUN] 

Cm 1.0 M NaCl 25 TRLFS (4.37 ± 0.2) (5.11 ± 0.2) (b) [98FAN/WEG2] 

Cm 0.1 – 6 m NaCl 25 TRLFS    
 I = 0    5.22 [99FAN/KON] 

Am I = 0 r.t. sol  4.7 [90FEL/RAI] 

Am 0.1 M NaClO4 25 sol (3.61 ± 0.28)(c) (4.0 ± 0.3) (a) (c) [91MEI/KIM] 

Am 0.1 M NaCl 21 sol (4.30 ± 0.26) (4.7 ± 0.3) (b) [94GIF] 

Am 4 M NaCl 21 sol (4.24 ± 0.26)(c) (4.9 ± 0.3) (b) (c) [94GIF] 

Am 5 M NaCl 22 sol (4.0 ± 0.6) (4.6 ± 0.6) (b) [94RUN/KIM] 

Am I = 0 25 review  (4.5 ± 0.2) [95SIL/BID] 

Am+Cm I = 0 25 review  (5.1 ± 0.7) [98NEC/FAN],  
[99FAN/KON] 

Am+Cm I = 0 25 review  (4.9 ± 0.5) present review 

reaction:  2 3
3 2 3 3 3An(CO )  + CO   An(CO )− − −

An Medium  t(°C) Method 10 3log K  10 3log οK  Reference 

Cm 1.0 M NaCl 25 TRLFS (2.91± 0.15) (2.09 ± 0.15) (b) [98FAN/WEG2] 

Cm 0.01– 6 m NaCl 25 TRLFS    
 I = 0    2.00 [99FAN/KON] 

Am I = 0 r.t. sol  2.9 [90FEL/RAI] 

Am 0.1 M NaCl 21 sol (1.80 ± 0.26) (1.4 ± 0.3) (b) [94GIF] 

Am 4 M NaCl 21 sol (2.24 ± 0.25) (c) (0.9 ± 0.3) (b) (c) [94GIF] 

Am 5 M NaCl 22 sol (3.2 ± 0.5) (2.0 ± 0.5) (b) [94RUN/KIM] 

Am I = 0 25 review  (2.9 ± 0.5) [95SIL/BID] 

Am+Cm I = 0 25 review  (2.2 ± 0.7) [98NEC/FAN], 
[99FAN/KON] 

Am+Cm I = 0 25 review  (2.1 ± 0.8) present review 

reaction:    3 2
3 3 3 3 4An(CO )  + CO   An(CO )− − 5−

An Medium  t(°C) Method 10 4log K  10 4log οK  Reference 

Cm 1.0 M NaCl 25 TRLFS (1.0 ± 0.2)  [98FAN/WEG2] 
Cm 1 – 6 m NaCl 25 TRLFS    
 I = 0    – 2.16 [99FAN/KON] 

(a) Recalculated in [95SIL/BID]. 
(b) Recalculated with the SIT coefficients selected in the present review. 
(c) Not used for the selection of thermodynamic data. 
r.t. room temperature. 

 
Figure 12-9 shows the application of the SIT regression to the stepwise forma-

tion constants of Am(III) and Cm(III) carbonate complexes in chloride solutions. Ex-
perimental data in NaClO4 solutions are also included for comparison. At low ionic 
strength, the differences between the activity coefficients in NaCl and NaClO4 solutions 
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are negligible compared to other uncertainties. Since the experimental uncertainties of 
the different experimental methods are considerably larger than the chemical differences 
between Am(III) and Cm(III), the data for these two actinide elements are treated and 
weighted together.  

The spectroscopic data for the Cm(III) carbonate complexes in 0.1 − 6 m NaCl 
[99FAN/KON] follow the linear SIT regression up to high ionic strength and allow the 
evaluation of accurate ∆ε values. In Table 12-8, the conditional equilibrium constants 
reported in the different experimental studies are converted to I = 0 and the mean values 
are selected. In order not to give too large weight to the many data points from the study 
of Fanghänel et al. [99FAN/KON], only their values extrapolated to I = 0 are included 
in the calculation of mean values for lo 10 1g οb , 10 2log οK  and 10 3log οK . The experimen-
tal data on the formation of the first carbonate complex: 

 3+ 2
3An  + CO   AnCO3

− + , (12.17) 

yield ∆ε(12.17) = − (0.14 ± 0.03) kg · mol–1 and 10 1log οb ((12.17), 298.15 K) = 
(8.0 ± 0.4), if only the data based on spectroscopic and solvent extraction methods are 
considered. If the data derived in solubility studies are considered as well, the mean 
value remains the same, but the uncertainty increases to ± 0.8. As mentioned above, this 
may be related to problems associated with changes of the solid phases involved.  

For the stepwise complex formation equilibria: 

  (12.18) 2
3 3 3AnCO  + CO   An(CO )+ −

2
−

3−  (12.19) 2
3 2 3 3 3An(CO )  + CO   An(CO )− −

the present review calculates: 

 ∆ε(12.18) = − (0.07 ± 0.02) kg · mol–1,  
 10 2log οK ((12.18), 298.15 K) = (4.9 ± 0.5), 

which is the mean value from spectroscopic and solubility studies, and  

 ∆ε(12.19) = − (0.01 ± 0.02) kg · mol–1, 
 10 3log οK ((12.19), 298.15 K) = (2.1 ± 0.8)  

with the uncertainty covering the individual uncertainties within and between the differ-
ent studies.  
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Figure 12-9: Application of the SIT method to the stepwise formation constants of 
Am(III) (filled symbols) and Cm(III) (open symbols) carbonate complexes in dilute to 
concentrated NaCl solutions [94GIF], [94RUN/KIM], [98FAN/WEG2], 
[99FAN/KON]. The data in dilute solutions [90FEL/RAI], 0.1 m NaClO4 [89NIT/STA], 
[91MEI/KIM], [94KIM/KLE], [97WRU/PAL], 1.05 m NaClO4 [82LUN] and 3.5 m 
NaClO4 [89ROB] are included for comparison. The solid and dotted lines are calculated 
with the selected values and uncertainty limits of lo 10g nK ο ((12.17)-(12.19)) and 
∆ε((12.17)-(12.19)). 
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4

+

+

 Because of the lack of sufficient experimental data, the previous review 
[95SIL/BID] used estimated ion interaction coefficients of: 

 = (0.17 ± 0.04) kg · mol+
3(AmCO ,  ClO )−ε

+−

–1,  
 = − (0.05 ± 0.05) kg · mol3 2(Am(CO ) ,  Na )ε

3−

–1  
 = − (0.15 ± 0.05) kg · mol3 3(Am(CO ) ,  Na )ε –1.  

 Based on ∆ε((12.16)−(12.18)) in NaCl solutions, ε  = 
 (0.23 ± 0.02) kg · mol

3+(Am ,  Cl )−

+
3(Na ,  CO )−ε–1 (selected in this review, Appendix B) and   = 

 − (0.08 ± 0.03) kg · mol

2

–1, the present review calculates the following ion interaction 
coefficients for the carbonate complexes of Cm(III) and Am(III): 

+
3(AmCO ,  Cl )−ε

−

= (0.01 ± 0.05) kg · mol–1, 
+

3 2(Am(CO ) ,  Na )ε
3−

= − (0.14 ± 0.06) kg · mol–1, 

3 3(Am(CO ) ,  Na )ε = − (0.23 ± 0.07) kg · mol–1 . 

They are consistent with values of corresponding charge types or estimates 
given in [95SIL/BID].  

The selected values of lo 10 1g οb  and the stepwise equilibrium constants 
10 2log οK  and lo 10 3g οK  lead to the following overall formation constants: 

  ( An , 298.15 K) = (8.0 ± 0.4), 10 1log οb +
3CO

 (10 2log οb 3 2An(CO )− , 298.15 K) = (12.9 ± 0.6), 

 (10 3log οb 3
3 3An(CO ) − , 298.15 K) = (15.0 ± 1.0). 

The standard molar Gibbs energies of formation for the carbonate complexes 
of Am(III) derived from the selected formation constants are: 

 , + 1
f m 3(AmCO ,  298.15 K) =  (1172.3  5.3) kJ molGο −∆ − ± ⋅

−⋅
−⋅

 , 1
f m 3 2(Am(CO ) ,  298.15 K) =  (1728.1  5.9) kJ molGο −∆ − ±

 . 3 1
f m 3 3(Am(CO ) ,  298.15 K) =  (2268.0  7.5) kJ molGο −∆ − ±

12.6.1.1.1.1 Tetracarbonato complex 
The formation of the tetracarbonato complex, M(C 5

3 4O ) − , has been observed for 
Cm(III) by TRLFS [98FAN/WEG2], [99FAN/KON] and also for lanthanide ions, from 
the limiting slopes in a solubility study with Ce(III) [83FER/GRE] and solvent extrac-
tion experiments with Eu(III) [89CHA/RAO], [91RAO/CHA]. For chemical reasons 
one would expect the same behaviour for Am(III). However, the available spectroscopic 
and solubility data for Am(III) do not provide evidence for the reaction: 

 3+ 2 5
3Am + 4 CO   Am(CO )3 4

− −  (12.20) 

up to carbonate concentrations of 1 mol · L–1. We cannot exclude that, in the case of the 
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complex , M(C , where the central ion is highly coordinated by bidentate carbonate 
ligands, the very small differences in the ionic radii of Cm

5
3 4O ) −

3+ and Am3+ may cause 
somewhat larger differences in the formation constant. (Such effects are known for che-
late ligands used for the separation of trivalent actinides and lanthanides). Therefore, the 
present review selects no thermodynamic data for the complex, . 5

3 4Am(CO ) −

Moreover, the conditional equilibrium constants for Cm 5
3 4(CO ) −  determined in 

the TRLFS studies of Fanghänel et al. yield 10 4log K ο  = − 2.16 as calculated in 
[99FAN/KON] with the Pitzer approach, whereas the linear SIT extrapolation to I = 0 
would lead to a considerably different value, lo 10g 4K ο  = − (1.6 ± 0.1), as indicated by 
the dashed line in Figure 12-9. This reflects a general problem concerning the evalua-
tion of equilibrium constants at zero ionic strength when highly charged aqueous spe-
cies are involved in the reaction. 

12.6.1.1.1.2 Am(III) and Cm(III) bicarbonate complexes 
After a critical discussion of the published literature, the previous review [95SIL/BID] 
concluded that there is no experimental evidence for the existence of strong americium 
bicarbonate complexes. However, evidence for rather weak bicarbonate complexes was 
found for a number of trivalent lanthanides with , 0.7 M NaClO2+

10 1 3log (LnHCOb 4, 
298.15 K) in the range of 1.6 to 1.9 [93LEE/BYR], and for yttrium(III) with 

, 298.15 K) = (2.4 ± 0.1) [85SPA].  2+
10 1 3log (YHCOοb

A spectroscopic study of the first Cm(III) bicarbonate complex was reported 
later by Fanghänel et al. [98FAN/WEG]. Using TRLFS in 1 M NaCl solutions of pH 
3 − 6 under carbon dioxide partial pressures of 0.5 to 11 bar, Fanghänel et al. 
[98FAN/WEG] demonstrated the formation of a Cm(III) bicarbonate complex, 

: 2+
3CmHCO

 . (12.21) 3+ 2+
3Cm  + HCO   CmHCO−

3

⋅

 The reported formation constant ( lo ( , 1 m NaCl, 298.15 K) = 
(1.9 ± 0.2) [98FAN/WEG]) is converted using the SIT to I = 0 (cf. Appendix A) and 
accepted in the present review for the analogous Am(III) complex: 

10 1g b 2+
3CmHCO

 ((12.21), 298.15 K) = (3.1 ± 0.3) 10 1log οb
and 
 . 2+ 1

f m 3(AmHCO , 298.15 K) =  (1203.2  5.1) kJ molGο −∆ − ±

As the formation constant of  is about five orders of magnitude 
lower than that of the carbonate complex, , the weak bicarbonate complex be-
comes predominant only under high carbon dioxide partial pressures above 1 bar. 

2+
3AmHCO

+
3AmCO
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12.6.1.1.1.3 Mixed Am(III) and Cm(III) hydroxide–carbonate complexes 
In the previous review [95SIL/BID] it was shown that all experimental studies claiming 
the formation of mixed Am(III) hydroxide-carbonate complexes [69SHI/GIV], [82BID], 
[84BER/KIM], [86EWA/HOW], [87CRO/EWA] could be reinterpreted with chemical 
models that included only binary carbonate and/or hydroxide complexes. This conclu-
sion is supported by TRLFS studies of Cm(III) in carbonate-bicarbonate solutions 
[98FAN/WEG], [98FAN/WEG2], [99FAN/KON]. In these studies, pH and carbonate 
concentration were varied over a wide range, but there was no evidence for the forma-
tion of ternary hydroxide-carbonate complexes.  

 The formation of Cm(III) hydroxide-carbonate complexes could also be ruled 
out under conditions corresponding to carbon dioxide partial pressures ≥  10–3.5 bar in 1 
m NaCl. Neck et al. [98NEC/FAN] calculated upper limits in 1 m NaCl of 

(12.22) < 11 , (12.22) < 15 and  (12.22) < 16.5 for the reac-
tions:  

10 1,1log b 10 1,2log b 10 2,1log b

  (12.22). 3+ 2 3 2
3 3Cm  + OH  + CO   Cm(OH) (CO )       p q

p qp q− − − −

12.6.1.1.2 Am(V) carbonate complexes 
The two reports [94GIF] and [94RUN/KIM] were published after the previous review 
[95SIL/BID] was finalised. They include solubility data for NaAmO2CO3(s) over a wide 
range of carbonate concentrations in 3, 4 and 5 M NaCl where the pentavalent ameri-
cium, 241Am(V), is formed by radiolytic oxidation. 

Giffaut [94GIF] measured batch solubilities at 294.15 K in 4 M NaCl contain-
ing carbonate concentrations in the range . Preliminary 
results of this study [93GIF/VIT] were not credited in [95SIL/BID] because of the lack 
of experimental details. 

2
10 35.5 < log [CO ] <  1.5−− −

Runde and Kim [94RUN/KIM] measured the solubility in 3 and 5 M NaCl at 
295.15 K as a function of log10[H+] under an atmosphere of 0.01 bar CO2 in argon. The 
same data were also reported in a later paper [96RUN/NEU]. 

Although the solid phases were not characterised by X–ray diffraction, there is 
sufficient evidence from analogous studies with Np(V) that the measured solubilities 
actually refer to NaAmO2CO3(s) as assumed by the authors (cf. Appendix A, discussion 
of [94GIF] and [94RUN/KIM]).  

The present review uses the stepwise formation constants determined in these 
studies to evaluate thermodynamic data for the aqueous carbonate complexes of Am(V). 
In Table 12-9, they are converted to zero ionic strength with the ion interaction coeffi-
cients selected in [2001LEM/FUG] for the analogous complexes of Np(V):  
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+
2(NpO ,  Cl )−ε  = (0.09 ± 0.05) kg · mol–1, 

−
2 3(NpO CO ,  Na )+ε

3

 = − (0.18 ± 0.15) kg · mol–1, 
−

2 3 2(NpO (CO ) ,  Na )+ε
5

= − (0.33 ± 0.17) kg · mol–1, 
− +

2 3 3(NpO (CO ) ,  Na )ε = − (0.53 ± 0.19) kg · mol–1.  

Because of the high ionic strength employed, application of the SIT equation 
for the extrapolation to zero ionic strength leads to large uncertainties which increase 
with the NaCl concentration. Therefore, the present review selects the weighted aver-
ages of the values converted to I = 0. As can be seen from the comparison in Table 12-9 
they are close to the equilibrium constants selected in [2001LEM/FUG] for the analo-
gous Np(V) complexes. 

The selected values of the stepwise equilibrium constants correspond to the 
following overall formation constants for the reactions: 

 , (12.23) + 2 1
2 3 2 3AmO  +  CO   AmO (CO )  − n

nn 2−

3 (10 1log οb 2AmO CO− , 298.15 K) = (5.1 ± 0.5), 
ο (10 2log b 3

2 3 2AmO (CO ) − , 298.15 K) = (6.7 ± 0.8), 
ο 5− (10 3log b 2 3 3AmO (CO ) , 298.15 K) = (5.1 ± 1.0). 

 The possible error due to the somewhat lower temperature in [94GIF], 
[94RUN/KIM] compared to the standard state of 298.15 K is negligible compared to 
other uncertainties. The standard molar Gibbs energies of formation for the carbonate 
complexes of Am(V) derived from the selected formation constants are: 

 , 1
f m 2 3(AmO CO ,  298.15 K) =  (1296.8  6.8) kJ molGο −∆ − ±

ο −

−⋅
−± ⋅
−± ⋅

 , 3 1
f m 2 3 2(AmO (CO ) ,  298.15 K) =  (1833.8  7.7) kJ molG∆ −

5 1ο − . f m 2 3 3(AmO (CO ) ,  298.15 K) =  (2352.6  8.5) kJ molG∆ −
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3

Table 12-9: Stepwise formation constants of aqueous Am(V) carbonate complexes from 
the solubility studies in [94GIF], [94RUN/KIM] 

reaction:  + 2
2 3 2AmO  + CO   AmO CO− −

Medium, t(°C) 10 1log b  10 1log οb  Reference 

3.0 M NaCl 22 (4.74 ± 0.09) (5.09 ± 0.74) (a) [94RUN/KIM] 

4.0 M NaCl 21 (5.4 ± 0.3) (5.56 ± 0.91) (a) [94GIF] 

5.0 M NaCl 22 (4.69 ± 0.04) (4.63 ± 0.95) (a) [94RUN/KIM] 

I = 0, weighted average   (5.1 ± 0.5) present review 
I = 0, Np(V) 25  (4.96 ± 0.06) [2001LEM/FUG] 

reaction:  2 3
2 3 3 2 3 2AmO CO  + CO   AmO (CO )          − − −

Medium, t(°C) 10 2log K  10 2log K ο  Reference 

3.0 M NaCl 22 (2.68 ± 0.10) (1.44 ± 0.74) (a) [94RUN/KIM] 

4.0 M NaCl 21 (3.6 ± 0.2) (2.22 ± 1.04) (a) [94GIF] 

5.0 M NaCl 22 (2.85 ± 0.08) (1.35 ± 1.29) (a) [94RUN/KIM] 

I = 0, weighted average   (1.6 ± 0.6) present review 
I = 0, Np(V) 25   (1.57 ± 0.08) [2001LEM/FUG] 

reaction:  3 2 5
2 3 2 3 2 3 3AmO (CO )  + CO   AmO (CO )          − − −

οMedium, t(°C) 10 3log K  10 3log K  Reference 

3.0 M NaCl 22 (2.12 ± 0.13) – (1.16 ± 0.83) (a) [94RUN/KIM] 

4.0 M NaCl 21 (1.4 ± 0.3) – (2.25 ± 1.16) (a) [94GIF] 

5.0 M NaCl 22 (2.09 ± 0.09) – (1.81 ± 1.45) (a) [94RUN/KIM] 

I = 0, weighted average   – (1.6 ± 0.6) present review 
I = 0, Np(V) 25  – (1.03 ± 0.11) [2001LEM/FUG] 

(a) Converted to the molal units and extrapolated to I = 0 with the ion interaction coefficients selected in 
[2001LEM/FUG] for the analogous Np(V) complexes. 
 

12.6.1.1.3 Solid americium carbonates (V.7.1.2.2) 

12.6.1.1.3.1 Americium(III) hydroxycarbonate AmOHCO3(s) 
The solubility constant selected in the previous NEA review [95SIL/BID] for the reac-
tion: 

 3+ 2
3AmOHCO (cr)  Am +  OH  + CO3

− −  (12.24) 

is based on two largely discrepant values derived in the solubility studies of Silva and 
Nitsche [84SIL/NIT] and Runde et al. [92RUN/MEI], and thus has a large uncertainty: 

 10 ,0log ο
sK (AmOHCO3, cr, 298.15 K) = − (21.2 ± 1.4). 
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In both studies [84SIL/NIT], [92RUN/MEI] the solid was characterised by X–
ray diffraction and identified as orthorhombic Am(III) hydroxycarbonate. No solubility 
data are available for the hexagonal form observed by Standifer and Nitsche 
[88STA/NIT] at 333.15 K. The solubility study in [84BER/KIM] was disregarded, be-
cause the solid was not characterised. The authors’ assumption that, under the constant 
CO2 partial pressure of 

2
= 10

CO
p –3.5 bar, the initial solid Am(OH)3(s) converted rapidly 

enough into the more stable AmOHCO3(s), was not considered as sufficiently proven.  
 

Table 12-10: Solubility constants reported for Am(III) hydroxycarbonate. All data for 
crystalline solids refer to the orthorhombic modification. 

Medium t(°C) solid 10 ,0log sK  10 ,0log ο
sK  Reference 

0.1 M NaClO4 25 241AmOHCO3(s) – (18.70 ± 0.12) – (20.2 ± 0.2) (b) [92RUN/MEI] 

0.1 M NaClO4 25 243AmOHCO3(cr) – (20.8 ± 0.3) (a) – (22.3 ± 0.3) (a) [84SIL/NIT] 

dilute solutions 
(corr. to I = 0) 

r.t. 243AmOHCO3(cr)  – 22.5 (c) [90FEL/RAI] 

0.1 M NaClO4 25 
241AmOHCO3(s) ? 
not characterised 

– (21.03 ± 0.11) – (22.5 ± 0.2) (b) [84BER/KIM] 

0.1 M NaCl 21 
241AmOHCO3(s) ? 
not characterised 

– (21.0 ± 0.4) – (22.5 ± 0.4) (b) [94GIF] 

4 M NaCl 21 
241AmOHCO3(s) ? 
not characterised 

– (20.7 ± 0.4) – (23.3 ± 0.5) (b) [94GIF] 

I = 0  241AmOHCO3·0.5 H2O(cr) – (23.1 ± 1.0) (d) 

– (22.6 ± 1.0) (d, e)
 

[96MER/FUG] 

(a) Re-calculated in [95SIL/BID]. 
(b) Re-calculated with the SIT coefficients in Appendix B. The uncertainty corresponds to the 95% con-

fidence interval. 
(c) Felmy et al. [90FEL/RAI] combined their solubility measurements at pH > 6.5 with those of 

[84SIL/NIT], from which the solubility constant at I = 0 is re-calculated with the ion–interaction 
(Pitzer) approach. 

(d) Calculated from thermochemical data 
(e) Re-calculated in the present review. 
r.t. Room temperature. 

 
In a later study, Giffaut [94GIF] performed batch solubility experiments at 

I = 0.1 and 4.0 mol · L–1 (NaHCO3/Na2CO3/NaCl). The precipitates were not character-
ised. AmOHCO3(s) was assumed to be the solubility limiting solid as concluded from 
the observed dependence of the americium concentration on log10[H+], log10[ CO ], 
and the CO

2
3

−

2 partial pressure.  

Merli and Fuger [96MER/FUG] determined the standard enthalpy of formation 
of  and of crystalline and amorphous lanthanide hydroxycar-
bonates (  with Ln = Nd, Sm; 

241
3 2AmOHCO  0.5H O(cr)⋅

3 2LnOHCO  0.5H O(c⋅ r) 3 2LnOHCO  0.5H O(am)⋅  with Ln 
= Dy, Yb) from their enthalpies of solution in 1 M HCl (cf. Appendix A). The reported 
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⋅

standard enthalpy of formation, deduced by a thermodynamic cycle and NEA auxiliary 
data selected in [95SIL/BID]: 

 

is retained in the present review. Merli and Fuger [96MER/FUG] estimated a value of 
(AmOHCO  · 0.5H O, cr, 298.15 K) = (154 ± 10) J · K  · mol  which is based on 

their selection of (Am(OH) , cr, 298.15 K), and ultimately on the experimental value 
of (Eu(OH) , cr, 298.15 K). The present review includes, as in the case of 
Am(OH) (cr) (cf. section 12.3.2.2), an entropy correction of  − 9.5 J · K  · mol  arising 
from the contribution of thermally populated higher electronic states in europium com-
pounds lacking in Am(III) species, leading to: 

3
–1 –1

3

3

3
–1 –1

 (AmOHCO  · 0.5H O, cr, 298.15 K) = (144 ± 10) J · K  · mol . 3 2
–1 –1

  (12.25) 

 (AmOHCO3 · 0.5H O, cr, 298.15 K) = − (22.6 ± 1.0)  2

are calculated. This latter value is in excellent agreement with the results from solubility 
measurements in [84SIL/NIT], [90FEL/RAI], [84BER/KIM], [94GIF] (cf. Table 12-10). 
The good agreement between thermochemical and solubility data for crystalline Am(III) 
hydroxycarbonate is further corroborated by analogous results for the orthorhombic 
modification of crystalline Nd(III) hydroxycarbonate. The solubility constant deter-
mined in [96MER/FUG] from thermochemical data,  

 (NdOHCO  · 0.5H O(cr), 298.15 K) = − (21.3 ± 0.7),  3

is in excellent agreement with those derived from solubility experiments with Nd hy-
droxycarbonate (re-calculated to I = 0 as described in Appendix A, discussion of 
[96MER/FUG]):  

= − (20.7 ± 0.2) [91MEI/KIM2],  

= − (21.4 ± 0.3) [92RUN/MEI],  

= − (21.6 ± 0.2) [93MEI/TAK], 

= − (21.75 ± 0.3) [93CAR]. 

 For crystalline Am(III) hydroxycarbonate, AmOHCO  · 0.5H O(cr), we select 
the mean value of the solubility constants determined by [84SIL/NIT], who did not ana-
lyse their solid for the water content, and [96MER/FUG]:  

3 2

1
f m 3 2(AmOHCO 0.5H O, cr, 298.15 K) =  (1682.9  2.6) kJ molο −∆ ⋅ − ±H

mS ο

mS ο

mS ο

2

mS ο

With this value, the Gibbs energy for the reaction: 
3 2

3 2 3 2AmOHCO 0.5H O(cr)  Am  + OH  + CO  + 0.5H O(l)     + − −⋅

and a solubility constant of: 

10 ,0log ο
sK

10 ,0log ο
sK 2

10 ,0log ο
sK

10 ,0log ο
sK

10 ,0log ο
sK

10 ,0log ο
sK
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 (AmOHCO  · 0.5H O, cr, 298.15 K) = − (22.4 ± 0.5) 10 ,0log ο
sK 3

and  
 (AmOHCO  · 0.5H O, cr, 298.15 K) = − (1530.2 ± 5.6) kJ · mol . 3 2

–1

 By combining the standard molar Gibbs energy with the selected value of: 

3 2
–1

from [96MER/FUG] and auxiliary data from [95SIL/BID], the internally consistent and 
thus selected value of the standard molar entropy is calculated to be: 

 (AmOHCO  · 0.5H O, cr, 298.15 K) = (141 ± 21) J · K  · mol . 2
–1 –1

 The enthalpy of solution determined in [96MER/FUG] with a sample of 
AmOHCO (cr) aged for 40 days was about 40 kJ · mol  more negative than for sam-

ples of freshly prepared solids. As noted in Appendix A, [96MER/FUG] indicated that 
the difference with a fresh solid could have been caused by partial loss of crystallinity 
and very likely chemical alteration as a result of α–irradiation. In any case, differences 
of the same magnitude were observed between crystalline and amorphous lanthanide 
hydroxycarbonates. The standard entropies of the amorphous hydroxycarbonates can 
hardly be estimated, but their solubility constants are expected to be at least two orders 
of magnitude higher [96MER/FUG]. Such an effect would explain the difference be-
tween the solubility data measured in [92RUN/MEI] with AmOHCO (s) and in 
[84SIL/NIT] with AmOHCO (cr). Therefore, the solubility constant determined by 
Runde et al. [92RUN/MEI] is ascribed to an aged solid, rendered amorphous by α-
irradiation. As there are no other data for comparison and because solubility data for 
amorphous solids are often widely scattered, the solubility constant given in 
[92RUN/MEI] is selected with the uncertainty increased to ± 1 log  unit: 

241  –1

241
3

243
3

10

(AmOHCO  · xH O, am, hydr., 298.15 K) = − (20.2 ± 1.0). 3 2

12.6.1.1.3.2 Americium(III) carbonate Am (CO ) (s) 3

Solubility data for hydrated Am2(CO )  · xH O(s) have been determined by Meinrath 
and Kim [91MEI/KIM], [91MEI/KIM2], and Runde et al. [92RUN/MEI] in 0.1 M Na-
ClO  and by Robouch [89ROB] in 3.0 M NaClO  (Table 12-11). The reported content 
of crystal water, which can vary over a wide range (from x = 2 to 8), was disregarded in 
the previous review [95SIL/BID]. The reported conditional constants for the reaction:  

3 3 2

4 4

  (12.26) 

2 3 3 2

2

f m
ο∆ G

f m
ο∆ H (AmOHCO  · 0.5H O, cr, 298.15 K) = − (1682.9 ± 2.6) kJ · mol   

m
οS 3

3

10 ,0log ο
sK

2 3

3+ 2
2 3 3 3

1
 

2 2
Am (CO ) (s)  Am  +  CO3 −

were extrapolated to I = 0 with the SIT coefficients in Appendix B. The  
value calculated from the data in [89ROB] was found to be strongly discrepant, but 
there was no reason to discard it. The Am (CO ) ·xH O(s) prepared in [92RUN/MEI] 
was X–ray amorphous, whereas Robouch [89ROB] reported an X–ray diffraction pat-

10 ,0log ο
sK
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tern analogous to those of lanthanide carbonates. Silva et al. [95SIL/BID] recommended 
a mean value of: 

 ((12.26), 298.15 K) = − (16.7 ± 1.1), 

for crystalline Am (CO ) (cr). No new experimental investigations appeared since the 
publication of the previous review [95SIL/BID]. However, the solid in [92RUN/MEI] 
was explicitly described as X–ray amorphous and the solids in [91MEI/KIM], 
[91MEI/KIM2] were only identified by their chemical behaviour, which was analogous 
to that of lanthanide carbonates. In addition it is not clear whether the lower solubility 
constant, 

2 3

, which was calculated by extrapolating the data of [89ROB] in 3 M 
NaClO  to zero ionic strength is actually due to a higher degree of crystallinity . There-
fore, contrary to [95SIL/BID], the present review ascribes the mean value of the re-
ported solubility constants not to a well-defined crystalline Am (CO ) (cr), but to an 
amorphous solid phase, Am (CO )  · xH O(am), and selects:  

4
1

2 3 3

2 3 3 2

2 3 3 2

Table 12-11: Solubility constants reported for the reaction:  
1/2 Am (CO ) (s)  Am  +2 3

3+  

Medium t (°C)   Reference 

4 25 – (14.90 ± 0.13) – (16.54 ± 0.18)  (a) [91MEI/KIM] 

4 22 – (14.785 ± 0.05) – (16.38 ± 0.10)  (a) [91MEI/KIM2] 

4 25 – (14.725 ± 0.09) – (16.32 ± 0.18)  (a) [92RUN/MEI] 

10 ,0log ο
sK

3

10 ,0log ο
sK

 (Am (CO )  · xH O, am, 298.15 K) = − (16.7 ± 1.1). 10 ,0log ο
sK

2

33/2 CO −

g K

3

10 ,0lo s 10 ,0log ο
sK

0.1 M NaClO  
0.1 M NaClO  
0.1 M NaClO  
3.0 M NaClO  20 – (15.08 ± 0.15)  [89ROB] 4

  – (15.27 ± 0.15) ( b) – (17.54 ± 0.24)   (a,b)  

(a) Converted to I = 0 in [95SIL/BID] with: 
3+

4(Am ,  ClO )−ε + 2
3(Na ,  CO )−ε = (0.49 ± 0.03) kg · mol  and  = − (0.08 ± 0.03) kg · mol . –1 –1

(b) Recalculated in [95SIL/BID]. 

12.6.1.1.3.3 Sodium americium(III) carbonates 
Keller and Fang [69KEL/FAN] synthesised NaAm(CO )  · xH O(s) and 
Na Am(CO )  · xH O(s) and investigated their thermal decomposition. For the latter 
solid no thermodynamic data are available. The only thermodynamic data for 
NaAm(CO )  · xH O(s) cited in the previous review [95SIL/BID] are based on solubil-

3 2 2

3 3 3 2

3 2 2

                                                           
1If the conditional solubility constant determined by [89ROB] in 3 M NaClO4 is converted to I = 0 using 

= (0.49 ± 0.03) kg · mol–1 [95SIL/BID] and ε = (0.04 ± 0.05) kg · mol–1 
derived from [96FAN/NEC] instead of 

3+
4(Am ,ClO )−ε

4

+ 2
3 NaClO(Na ,CO )−

+ 2
3(Na ,CO )−ε

,0

= – (0.08 ± 0.03) kg · mol–1 [95SIL/BID] (cf. Appendix 
D.2.2), the resulting value of 10log sK ο (12.26)= – (16.74 ± 0.32) is consistent with the log10 ,0sK ο  values 
derived from the studies of [91MEI/KIM], [91MEI/KIM2], [92RUN/MEI] in 0.1 M NaClO4 (Table 12-11). 
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ity experiments performed by Vitorge [84VIT] within the MIRAGE project, but these 
data are not published in the open literature. Due to the lack of experimental details, the 
solubility constants calculated from these data, lo (NaAm(CO ) (s)) = − 18.32 at 
I = 0.1 mol · L  [85KIM], [85KIM2] corresponding to lo (12.28) = − 20.3 if 
converted to I = 0 with the SIT coefficients, (12.28) = − 17.56 at I = 0 
[85KIM2] and (12.28) = − 17.38 at I = 0 [86AVO/BIL] are accepted neither 
in the previous nor in the present review. 

10 ,0g sK
10 ,0g ο

sK
10 ,log 0

ο
sK

10 ,0log ο
sK

3 2

Meinrath [91MEI], and Runde and Kim, [94RUN/KIM] investigated the solu-
bility of NaAm(CO ) ·xH O(s) in carbonate solutions containing 5 M NaCl, under an 
atmosphere of 1 % CO  in argon (

2
= 0.01 bar). The solids were characterised by 

thermogravimetry, IR spectroscopy and X–ray powder diffraction patterns. Well known 
analogous lanthanide compounds were prepared for comparison, NaNd(CO ) ·xH O(s) 
in [91MEI], [94RUN/KIM], NaEu(CO ) ·xH O(s) in [94RUN/KIM], and used as refer-
ence compounds. At low carbonate concentrations, Meinrath [91MEI], and Runde and 
Kim [94RUN/KIM] reported comparable solubilities, but at log [

3

] > − 4, Mein-
rath obtained two sets of higher and lower solubility data. He assumed the formation of 
two solids with different crystallinity and evaluated only the constant ((12.27), 
5 M NaCl) = − (3.85 ± 0.20) for the reaction: 

–1

2 2

2 CO
p

2
3CO −

10log ,3sK

3 2 2

3 2 2

10

  (12.27) 

Because of these ambiguities and shortcomings in the pH measurement for the 
determination of carbonate concentrations (cf. Appendix A), the experimental data of 
Meinrath [91MEI] are not used for the selection of thermodynamic data. Runde and 
Kim [94RUN/KIM] evaluated a solubility constant of lo ((12.28), 5 M NaCl) = 
 − (16.5 ± 0.3) for the reaction: 

  (12.28) 

2 + 3
3 2 2 3 3 3 2NaAm(CO ) xH O(cr) + CO   Na  + Am(CO )  + xH O(l) − −⋅

10 ,0g sK

+ 3+ 2
3 2 2 3 2NaAm(CO ) xH O(cr)  Na  + Am  + 2 CO + x H O(l) −⋅

In order to calculate the solubility constant at I = 0, the number of water mole-
cules of crystallisation is set equal to x = (5 ± 1). (The reported values for 
NaAm(CO )  · xH O(s) and the analogous Eu and Nd compounds are x = 4 
[69KEL/FAN], x = 5 [91MEI], [94RUN/KIM] or x = 6 [91MEI], [74MOC/NAG]). The 
water activity in 5.6 m NaCl, 

2
= 0.7786, is estimated using the Pitzer model 

[91PIT]. Applying the SIT equation and a value of ∆ε(12.28) = (0.10 ± 0.06) kg · mol  
according to the selected interaction coefficients in Appendix B, the solubility constant 
at I = 0 is calculated to be ((12.28), 298.15 K) = − (21.0 ± 0.5). In regard to 
the high ionic strength it is noteworthy that the same value, ((12.28), 
298.15 K) = − (21.0 ± 0.4), has been calculated in [98NEC/FAN] with the Pitzer model. 
Accordingly, the present review recommends the following thermodynamic data:  

3

–1

2 2

H Oa

,010log ο
sK

10 ,0log ο
sK

 (NaAm(CO3)  · 5H O, cr, 298.15 K) = − (21.0 ± 0.5) 10 ,0log ο
sK 2 2

and 
 (NaAm(CO )  · 5H O, cr, 298.15 K) = − (3222.0 ± 5.6) kJ · mol . 3 2 2

–1
f m

ο∆ G
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 The selected solubility constant is supported by a similar value reported for the 
analogous Nd(III) compound. Rao et al. [96RAO/RAI], [99RAO/RAI] performed ex-
tensive solubility studies with NaNd(CO )  · 6H O(cr), as a function of pH in NaHCO  
and Na CO  solutions and mixtures with NaCl. Using the Pitzer model they evaluated a 
solubility constant of 

3 2 2 3

2 3

(NaNd(CO ) ·6H O, cr, 298.15 K) = − 21.39 (given 
without uncertainty). 

310 ,0log sK ο
2 2

12.6.1.1.3.4 Sodium dioxoamericium(V) carbonate NaAmO CO (s) 2 3

Solubility data for NaAmO CO (s) in 3, 4 and 5 M NaCl have been reported in 
[93GIF/VIT], [94GIF], [94RUN/KIM], [96RUN/NEU]. The preliminary results re-
ported by Giffaut and Vitorge [93GIF/VIT] for the solubility of Am(V), formed by 
radiolytic oxidation of Am(III) in 4 M NaCl at 294.15 K, were not credited by the 
previous review [95SIL/BID], because no details were given in that paper.  

2

241

241

3

Slightly different data were presented in Giffaut’s doctoral thesis [94GIF], in 
which the batch experiments are described in detail. The solid phase formed in these 
solutions was not characterised, but the assumption of NaAmO CO (s) as the solubility 
controlling solid is justified, because the analogous Np(V) carbonate compound is 
known to be the stable solid under the conditions used in [94GIF] (cf. 
[2001LEM/FUG]). This assumption is further corroborated by Runde and Kim 
[94RUN/KIM], and Runde et al. [96RUN/NEU], who measured the solubility of both 
NaAmO CO (s) and NaNpO CO (s) in 3 and 5 M NaCl at 295.15 K as a function of 
log [H+] under an atmosphere of 0.01 bar CO  in argon. The solubility data for 

Am(V) are similar to those obtained with NaNpO CO (s) characterised by X–ray 
diffraction. The dependence of the solubility on log [ ] is the same for both 
Am(V) and Np(V), which indicates that the solids have the same composition.  

2 3

2 3

241

2 3

10 2

2 3
2
3CO −

10

The experimental solubilities measured by Giffaut [94GIF] in the range 
 − 5.5 < log [ ] < − 1.5 in 4 M NaCl compare well with those of Runde and Kim 
[94RUN/KIM] at the same carbonate concentrations in 3 and 5 M NaCl. However, the 
solubility constant given in [94GIF], = − (10.4 ± 0.25), in 4 M NaCl is highly 
speculative because of the lack of data in the range log [ ] < − 5.5, where the un-
complexed (aq) ion contributes significantly to the total Am(V) concentration. 
The solubility constants given in [94RUN/KIM], [96RUN/NEU], (12.29) = 
 − (9.65 ± 0.19) in 3 M NaCl and  − (9.56 ± 0.13) in 5 M NaCl, are based on a suffi-
ciently large number of solubility data in the range  − 7 < log [ CO ] < − 5.5, where 
the solid is in equilibrium with . Conversion to I = 0 with:  = 
(0.03 ± 0.01) kg · mol ,  = − (0.08 ± 0.03) kg · mol ,  
set equal to  = (0.09 ± 0.05) kg · mol  [2001LEM/FUG] leads to 

(12.29) = − (10.93 ± 0.27) and  − (10.77 ± 0.36), respectively, for the reaction, 

10
2
3CO −

10 ,0log sK
2
3CO −

+
2AmO

10 ,0log sK

2
3

−

+
2O

2
3 )

Am
+  CO

+(Naε ,  Cl )−

(Na , −ε
l )−

+
2O ,  Cl−(Amε )

+
2 ,  C(NpOε

10 ,0log sK ο

10

10

–1 –1

–1

 . (12.29) + +
2 3 2 3

2NaAmO CO (s)  Na  + AmO  + CO −
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 Accordingly the following thermodynamic data are selected: 

 (NaAmO CO , s, 298.15 K) = − (10.9 ± 0.4), 2 310 ,0log ο
sK

 (NaAmO2CO3, s, 298.15 K) = − (1591.9 ± 6.6) kJ · mol–1. 

12.6.2 Aqueous americium silicates (V.7.2.2) 
f m

ο∆ G

Up to the release of the previous review [95SIL/BID] no data were available for aque-
ous actinide(III) silicate complexes. Recently, Wadsak et al. [2000WAD/HRN] applied 
a solvent extraction method to study the interaction between silicate and Am(III) in 
0.2 M NaClO4 at 298.15 K. Keeping the total silica concentration constant at 0.03 
mol · L–1 and varying pH in the range 3.0 − 3.8, they determined an equilibrium con-
stant of ((12.30), 0.2 M NaClO4) = − (2.16 ± 0.04) for the reaction: 10

*log K

 . (12.30) 3+ 2+ +
4Am  + Si(OH) (aq)  AmSiO(OH)  + H3

This review increases the uncertainty to the 1.96σ level (cf. Appendix A) and 
recalculates the values at I = 0 with the SIT using interaction coefficients of: 

 = (0.49 ± 0.03) kg · mol  [95SIL/BID], –1

 = − (0.08 ± 0.03) kg · mol  [95SIL/BID], 

3+
4(Am ,  ClO )−ε

+ –1

 = (0.39 ± 0.04) kg · mol  [95SIL/BID],  –1
3(Na ,  SiO(OH) )−ε

2+
3(AmSiO(OH) ,  ClO )4

−ε

for other Am(III) complexes with monovalent anions. This leads to: 

10
*log οK ((12.30), 298.15 K) = − (1.61 ± 0.08). 

Steinle et al. [97STE/FAN] investigated the complexation of Cm(III) with 
monosilicic acid at room temperature by TRLFS. From the spectra at pH = 5.0 − 5.5 in 
0.1 M NaClO  the authors calculated 4 ((12.31), 0.1 M NaClO ) = 7.4 (with an 
uncertainty of  ± 0.1 as estimated in this review, Appendix A) for the reaction: 

410log K

 . (12.31) 3+ 2+
3Cm  + SiO(OH)   CmSiO(OH)  −

3

Applying the known first dissociation constant of Si(OH) (aq) (Table 8-2), the 
equilibrium constant according to reaction (12.30) is calculated to be: 

4

((12.30), 0.1 M NaClO ) = − (2.2 ± 0.1), 4

((12.30), 298.15 K) = − (1.76 ± 0.10). 

The formation constants reported in [2000WAD/HRN] for  and 
in [97STE/FAN] for the analogous Cm(III) complex, overlap within the uncertainty 
limits. The present review selects the unweighted average of:  

and 
 ( , 298.15 K) = − (1896.8 ± 5.0) kJ · mol . –1

10
*log K
* ο

10log K
2+
3AmSiO(OH)

 ((12.30), 298.15 K) = − (1.68 ± 0.18) 10
*log οK

f m
ο∆ G 2+

3AmSiO(OH)
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The results in [97STE/FAN], [2000WAD/HRN] show that the formation of 
aqueous Am(III) silicate complexes may be relevant in natural groundwater systems. 
However, in neutral and alkaline solutions with total silica concentrations above 
10  mol · L , the thermodynamic modelling is complicated by the formation of un-
known complexes with polynuclear silicate anions.  

−3 –1

There are no thermodynamic data available for americium(III) molybdate compounds 
and complexes. Using Nd(III) as an analog, Felmy et al. [95FEL/RAI] performed a 
solubility study over a wide range of pH, Na MoO  and NdCl  concentrations. The 
speciation is complicated by the large variety of possible solid phases and aqueous 
complexes with both monomeric molybdate and polymolybdate species. Therefore, the 
evaluated data and the stoichiometries of the proposed complexes are not definitely 
ascertained. However, the thermodynamic model of [95FEL/RAI], including ion inter-
action Pitzer parameters and the equilibrium constants listed below, may be used as 
guidance for modelling aqueous Am(III) molybdate systems. 

2 4 3

Nd  +   3+  = 11.2 

2 Nd3+ +   + 4 H  + = 3.85 

4 2
+ 3+

Nd (MoO ) (s, hydr.)  2 Nd  + 2 4
3+  = − 26.1. 

12.7.2 Aqueous complexes with tungstophosphate and tungstosili-
cate heteropolyanions (V.10.2) 
The stabilisation of Am(IV), Am(V) and Am(VI) in aqueous solutions of polyphospha-
totungstate has been described in a number of publications already mentioned in the 
previous review [95SIL/BID]. The complexation of Am(III) and Am(IV) with the ani-
ons , ,  and  is already reported in the earlier lit-
erature and studied in more detail in some recent papers [98CHA/DON], [98ERI/BAR], 
[99CHA/DON], [99YUS/SHI]. Erine et al. [98ERI/BAR] investigated the 
An(IV) − An(III) potentials, and the kinetics and activation parameters for redox reac-
tions of Am, Cm, Bk and Cf in aqueous solutions of K P W O . The review article of 
Yusov and Shilov [99YUS/SHI] describes the Keggin or Dawson structures of lantha-
nide and actinide complexes with heteropolyanions. These authors also discuss the re-
dox properties and present a number of formation constants.  

10 2 17 61

3

12.7.1 Americium(III) molybdate compounds and complexes 

2
42MoO −

4 2Nd(MoO )−
10log K ο

2
7 20 4Mo O (OH) −

2 7 24Nd Mo O (aq) 10log K ο

NaNd(MoO ) (cr)  Na  + Nd  +  = − 20.5 2
42MoO −

10log K ο

2
43MoO −

10log K ο
3

12
10 36W O − 10

2 17 61P W O − 7
11 39PW O − 8

11 39SiW O −

Chartier, Donnet and Adnet [98CHA/DON], [99CHA/DON] investigated the 
kinetics and mechanism of redox processes involving Am(III), Am(IV), Am(V) and 
Am(VI) in 1 M HNO  solutions containing and . The 
Am(V) complexes were found to be intermediate species of minor importance. The 

10
2 2 17 61P W O −α − 8

11 39SiW O −α −
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conditional formation constants of the Am(III) and Am(IV) complexes in 1 M HNO  
determined in [98CHA/DON], [99CHA/DON] by spectroscopy and redox potential 
measurements at 298.15 K are summarised in Table 12-12, together with the constants 
for Am(III) complexes with  and  in 2 M HNO  reported in 
conference abstracts by the same group of authors as cited in [99YUS/SHI].  

3

3

Applying Laser Induced Fluorescence Spectroscopy at varying acid concentra-
tions (0.1 − 2 M HNO3), Ioussov and Krupa [97IOU/KRU] obtained comparable results 
for the 1:1 complex of Cm(III) with SiW  and, in addition, the corresponding equi-
librium constants for the complex, . 

For all of these ligands and complexes the degree of protonation is unknown. 
The constants in Table 12-12 represent conditional equilibrium constants calculated 
with the total concentration, without taking the degree of protonation into account. As a 
consequence the conditional constants depend strongly on the acid concentration. 
Moreover, the high charge of the heteropolyanions does not allow a reliable extrapola-
tion to zero ionic strength. Therefore, no thermodynamic data are selected in this re-
view, but the conditional constants given in Table 12-12 may be considered as guide-
lines. 

Table 12-12: Conditional formation constants of Am(III), Cm(III) and Am(IV) com-
plexes with tungstophosphate and tungstosilicate heteropolyanions. (The constants refer 
to the total ligand and complex concentrations, independent of the degree of protona-
tion, which is not known). 

  

  Reference 

1 M HNO , t = 25°C   3 (2.7 ± 0.1)  
2 M HNO , t = ? 3 1.9 3 [92ADN/MAD]  

  

Medium  Reference 
HNO –NaNO , room temp. 3 3  
0.1 M HNO  3 (6.7 ± 0.2)  

3 3 (6.6 ± 0.2)  
0.2 M HNO  3 (6.3 ± 0.2)  
0.2 M HNO  + 1.0 M NaNO  3 3 (6.3 ± 0.2)  
0.5 M HNO  3  
0.5 M HNO  + 1.0 M NaNO  3 3 (6.1 ± 0.2)  

3 (5.6 ± 0.3)  
1.0 M HNO  + 1.0 M NaNO  3 (5.5 ± 0.3)  
2.0 M HNO3 (4.9 ±  0.3)  

(Continued on next page) 
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7
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3+
2 2 17Am  + P Wn

3+
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[98CHA/DON],[99CHA/DON] 
 

[97IOU/KRU] 

0.1 M HNO  + 1.0 M NaNO  

(6.0 ± 0.2) 

1.0 M HNO  

3
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Medium   Reference 

1 M HNO , 25°C 3 (6.7 ± 0.4) [98CHA/DON],[99CHA/DON] 
2 M HNO , t (?) 3 3.3  [99YUS/SHI]  

  

Medium   Reference.  

HNO –NaNO , room temp. 3  [97IOU/KRU] 
0.1 M HNO  3 (6.5 ± 0.2) 
0.1 M HNO  + 1.0 M NaNO  3 3 (6.4 ± 0.2)  

3 (6.0 ± 0.2)  
0.2 M HNO  + 1.0 M NaNO  3 3  
0.5 M HNO  3 (5.2 ± 0.2)  
0.5 M HNO  + 1.0 M NaNO  3 3 (5.1 ± 0.2)  
1.0 M HNO  (4.4 ± 0.3)  
1.0 M HNO  + 1.0 M NaNO  3 3 (4.3 ± 0.3) 
2.0 M HNO  3 (3.7 ± 0.3)  

Medium   Reference 

1 M HNO , 25°C 3 (19.3 ± 0.2)   (a)
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Table 12-12 (continued) 
3+ 8 3 8

11 39 11 39Am  + SiW O   Am(SiW O )        n
nn − −

10 1log b 10 2log b

(4.4 ± 0.4) 

3+ 8 3 8
11 39 11 39Cm  + SiW O   Cm(SiW O )        n

nn − −

10 1log b
3

 

0.2 M HNO  
(6.0 ± 0.2) 

3

 

  4+ 10 4 10
2 17 61 2 17 61Am  + P W O   Am(P W O )        n

nn − −

10 1log b 10 2log b

(22.9 ± 0.2)   (a) [98CHA/DON]  
 (19.2 ± 0.2) (22.8 ± 0.2) [99CHA/DON] 

4+ 8 4 8
11 39 11 39Am  + SiW O   Am(SiW O )        n

nn − −  

Medium   Reference 

1 M HNO , 25°C 

10 1log b 10 2log b

3 (21.3 ± 0.3)   (a) (26.1 ± 0.4)   (a) [98CHA/DON] 
 (21.3 ± 0.3) (26.2 ± 0.2) [99CHA/DON] 

(a) Preliminary results 
 
 



 

 



 

 

Chapter 13 

13 Discussion of new data selection 
for Technetium  
 
 

13.1 Elemental technetium (V.1) 
13.1.1 Heat capacity and entropy (V.1.1.2) 
There are three recent papers concerning the heat capacity of Tc(cr). In her thesis, Bou-
charat [97BOU] reports DSC measurements from 673 to 1583 K, as described in Ap-
pendix A. However, her results show a maximum in  around 1080 K and a mini-
mum around 1540 K, and are ca. 10 - 20% lower than the experimental data by Spitsyn 
et al. [75SPI/ZIN]. There is no structural reason why Tc(cr) should have extrema in its 
heat capacity in this temperature range and these results have been discounted.  

Van der Laan and Konings [2000LAA/KON] have studied the heat capacity of 
an alloy of approximate composition Tc Ru  from ca. 300 to 973 K, using a differ-
ential scanning calorimeter. The sample was formed by neutron irradiation of a disc of 
pure Tc metal, (from the same source as the metal used by Boucharat [97BOU]), 
which transmutes some of the Tc to Ru. Isotope Dilution Mass Spectrometry 
(IDMS) indicated that the average ruthenium content was (15.0 ± 0.4) atom-%, although 
EPMA measurements showed a higher concentration of Ru at the rim of the sample, 
owing to shielding effects.  

0.85

99

99 100

,mpC

0.15

Heat capacities of pure Tc were derived by assuming a zero change of heat ca-
pacity upon alloying. As noted in Appendix A, these derived heat capacities are 3 − 7 % 
greater than the values estimated by [99RAR/RAN]. Such differences are well within 
the combined uncertainties. 

Very recently, Shirasu and Minato [2002SHI/MIN] have determined the heat 
capacity of 99Tc(cr) by DSC measurements from room temperature up to about 1100 K. 
Their measurements were made on a disk of Tc(cr) metal, prepared from highly-pure 
technetium metal powder (15 ppm total metallic impurities) by arc melting of the pow-
der under an atmosphere of purified argon. Their data, which are presented only in the 
form of a figure and a fitted equation, agree excellently with those estimated in 

 389
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[99RAR/RAN]. Since the data of [99RAR/RAN] form a completely consistent set for 
, , and enthalpy increments, these values are retained. ,mpCο

mS ο

[2002SHI/MIN] also reported  data for an alloy of composition 
Tc Ru (cr), which are close to the corresponding weighted sums of the heat capaci-
ties of Tc(cr) and Ru(cr). 

,mpCο

0.51 0.49

Puigdomènech and Bruno [95PUI/BRU] provides no new thermodynamic data 
and their calculated thermodynamic quantities for aqueous and solid compounds were 
not used in the assessment of [99RAR/RAN]. 

13.2 Simple technetium aqua ions of each oxidation state 
(V.2) 

13.2.1 (V.2.1) 
Ben Said et al. [98BEN/FAT] measured E for the  couple in HCl/NaCl 
media in the presence of variable ratios of Fe(III)/Fe(II) using solvent extraction to de-
termine the Tc  concentration in the aqueous phase. The potential readings were as 
expected, highly dependent on the nature of the Tc(IV) species in solution (hydrolysis 
and chloride complexation). Therefore,  is suggested for the 
standard potential of the Tc  couple in 1 M H  /1.3 M Cl  solutions. 

4TcO−

4TcO / Tc(IV)−

 0.006 V/NHE±

4O−

> 0.844 οE
4O / Tc(IV)− + –

During preparation of this review, abstracts from “The Third Russian-Japanese 
Seminar on Technetium” [2002GER/KOD] were published that contained a number of 
interesting summaries of structural, [2002GER/GRI], [2002KIR/GER] and 
[2002MAS/PER], spectroscopic and electrochemical studies of Tc(VII). However, as no 
detailed experimental data were provided, these results have not be considered further in 
this review. 

13.3 Oxide and hydrogen compounds and complexes (V.3) 
13.3.1 The acid/base chemistry of Tc(IV) (V.3.1.1) 
A partial charge model, which is based on the electronegativity equalisation principle, 
was used by Henry and Merceron [94HEN/MER] to predict the speciation of Tc(IV) 
solutions as a function of pH at ambient conditions. The speciation is in qualitative 
agreement with [99RAR/RAN], but no quantitative equilibrium data are provided. 

13.3.2 The protonation of Tc  (V.3.1.2.1) 4O−

Solvent extraction experiments [94OMO/MUR] at 298.15 K of  from 1 M 
HCl/NaCl solutions produced a  value of (1.02 ± 0.18), which is higher than 
any listed in [99RAR/RAN], but also appears to be dubious in view of methodology 
employed and the relatively high acidity at which this acid dissociates. Suzuki et al. 
[99SUZ/TAM] described solvent partitioning experiments involving HTcO , but these 

4TcO−

10 Clog K

4

 



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

2

13.4 Group 17 (halogen) compounds and complexes (V.4) 
13.4.1 Aqueous Tc(IV) halides (V.4.2.1.1) 
The speciation of Tc(IV) was studied in 1 − 6 M HCl solutions by UV-visible and Ra-
man spectrophotometry, EXAFS and electrochemistry [2000BEN/FAT]. These results 
confirm that in 6.0 M HCl, Tc  is the predominant species [99RAR/RAN], but that 
aging for 10 days in 1.0 M HCl produced mainly Tc  with minor contribu-
tions form  and  No thermodynamic data are provided. Vi-
chot et al. [2000VIC/FAT] attempted to synthesize a sulphate complex by substitution 
in , but no direct evidence for its existence was provided.  

13.4.2 Other aqueous halides (V.4.2.1.3) 
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results are beyond the scope of the present review. Omori et al. [97OMO/MIY] deal 
with the solvent extraction of pertechnetate without disclosing the experimental data 
and is considered beyond the scope of this review. 

13.3.3 General properties, hydration number (V.3.2.5.1) 
Lefort [63LEF] had reported that pulse radiolysis of  in H SO  solutions led to 
reduction to Tc(IV) [99RAR/RAN]. However, Ben Said et al. [2001BEN/SEI] observed 
that no reduction occurred when 10  M  in 0.01 M CO  (pH = 11) was irradi-
ated from a gamma source. The  radical is believed to oxidise Tc(IV) to Tc(VII), 
whereas irradiation in the presence of 0.01 M HCOO  produces colloidal TcO . 

4TcO−

4TcO− 2
3

−

3CO•−

2 4

–4

–
2

Maslennikov et al. [97MAS/COU] describe electrochemical measurements for 
the irreversible reduction of Tc(VII) to Tc(III) which subsequently catalysed the reduc-
tion of the nitrate medium at more negative potentials. Maslennikov et al. 
[98MAS/MAS] report electrolysis experiments performed on Tc(VII) solutions contain-
ing nitrate and formate at a graphite electrode. No thermodynamic data are contained in 
this paper although the rate of reduction is tentatively described in terms of two dimeric 
Tc-formate complexes. 

Kremer et al. [97KRE/GAN] contains single crystal X-ray diffraction data for a 
Tc(V) coordination compound, [TcO2(tn)2]I·H O, where tn is trimethylenediamine. 

2
6Cl −

5 2Cl (OH )−

4 2 2TcCl (OH ) (aq) 2
6TcCl .−

2
6TcCl −

Gorshkov et al. [2000GOR/MIR] give formation constants (see Table A-49) for the 
Tc(I) complexes, , where X = Cl, Br, I, SCN, from 

 based on NMR and potentiometric titrations. However, no supporting 
results are presented and the constants for the halides are too small to be meaningful, 
whereas those for the thiocyanide complexes appear to be unsubstantiated. 

(1 )
5 2 3Tc(CO) (H O) X n

n n
− +

−
+

3 2 3Tc(CO) (H O)
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13.5 Technetium nitrido compounds (V.6.1.3.1) 
Solvent extraction experiments at 298.15 K were used to investigate HCl/NaCl solu-
tions (I = 1 M) believed to contain the dimer , which is in 
equilibrium with the tetrachloronitrido monomer at [H+] > 0.2 M according to the fol-
lowing reaction [97ASA/SUG]: 

{ } 2

2 3 2
(H O)Cl NTc) ( O)

−
 µ − 

  

These authors reported a lo  value in molar units of (5.455 ± 0.01). At [H ] < 0.2 
M, further hydrolysis is believed to result in the formation of , 
but no equilibrium constant was determined. Baldas et al. [98BAL/HEA] used a sophis-
ticated combination of cyclic and alternating current voltametry in conjunction with in 
situ spectrophotometric observations of the Tc(V/IV) couple of technetium oxy and 
nitrido halides. However, these measurements were conducted in a non-aqueous me-
dium and are therefore not relevant to this review. 

{ } 2 +
4 2 2 3 2

2 TcNCl  + 3 H O(l)   (H O)Cl NTc) ( O)  + 2 H  + 2 Cl
−− − µ − 

*
10g K

{ } 2

2 22
Cl NTc) ( O)

−
 µ − 

+
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14 Discussion of new auxiliary data 
selection 
 
 

14.1 Group 16 (chalcogen) auxiliary species 
14.1.1 Tellurium auxiliary species  

14.1.1.1 TeO2(cr) 
This review accepts the values assessed by Cordfunke et al. [90COR/KON], but with 
increased uncertainties for the standard entropy and heat capacity. Note that there is a 
typographical error in Table 65, p. 389 of [90COR/KON]; the value of the standard en-
thalpy of formation of TeO (cr) derived by Mallika and Sreedharan [86MAL/SRE] is 
− (321.1 ± 1.3) kJ·mol–1, not − (327.1 ± 1.3) kJ · mol . The selected values are: 

2

(TeO , cr, 298.15 K) = − (321.0 ± 2.5) kJ · mol , 2
–1

(TeO , cr, 298.15 K) = (69.89 ± 0.15) J · K  · mol , 2
–1

(TeO , cr, 298.15 K) = (60.67 ± 0.15) J · K  · mol , 2
–1 –1

(TeO , cr, T) = 63.271 + 2.1893·10 · T − 8.1142·10  · T  J · K  · mol  2
–2 5 –2 –1

(298.15 to 1000 K). 

14.2 Other auxiliary species  
14.2.1 Copper auxiliary species 

CuCl(g) is used in one study [84LAU/HIL] to determine the stability of UCl (g). The 
enthalpy of formation of CuCl(g) has been calculated from the two measurements of the 
dissociation energy at 0 K, D

3

0 (0 K) = (374.9 ± 8.4) kJ · mol by [96HIL/LAU] from the 
reaction, Ag(g) + CuCl(g)  Cu(g) + AgCl(g), and D (0 K) = (382.4 ± 8.4) kJ · mol  
by [72GUI/GIG] from the polymerisation reaction, 3CuCl(g)  Cu Cl (g); the uncer-
tainty in the latter study has been increased from the purely statistical value of 3.3 
kJ · mol given by the authors. 

–1 

0 –1

3

–1
 

For the enthalpy of the relevant reaction, 

–1

f m
ο∆ H

–1
m
οS

,m
ο
pC

–1
,mpC

14.2.1.1 CuCl(g) 

3
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CuCl(g)  Cu(g) + Cl(g),  (14.1) 

the mean value of ((14.1), g, 0 K) = (378.7 ± 10.0) kJ · mol (where the uncer-
tainty has been increased to allow for uncertainties in the ion cross-sections) leads fi-
nally, with enthalpies of formation of the gaseous atoms from [89COX/WAG], to the 
selected value: 

-1

(CuCl, g, 298.15 K) = (77.0 ± 10.0) kJ · mol–1 

14.3 Group 2 (alkaline earth) auxiliary data 
14.3.1 Calcium Auxiliary data 

14.3.1.1 CaF(g) 
All data for CaF(g) are taken from the assessment by Glushko et al. [81GLU/GUR], 
which are based on early CODATA compatible data. 

14.3.1.2 CaCl(g) 
All data for CaCl(g) are taken from the assessment by Glushko et al. [81GLU/GUR], 
which are based on early CODATA compatible data. 

14.3.2.1 Ba(g) 
All data for Ba(g) are taken from the assessment by Glushko et al. [81GLU/GUR], 
which are based on early CODATA compatible data. 

14.3.2.2 BaF(g) 
All data for BaF(g) are taken from the assessment by Glushko et al. 

[81GLU/GUR], which are based on early CODATA compatible data.  

14.4 Sodium auxiliary data 
14.4.1 NaNO (cr) and NaNO (aq).  3

The following data were assessed and employed in [92GRE/FUG], page 620 and are 
collected here for reference. The enthalpy of formation of NaNO (cr)  3

(NaNO , cr, 298.15K) = − (467.58 ± 0.41) kJ mol   3
–1

+

3 3

(NaNO , 6 M HNO , 298.15K) = (15.44 ± 0.21) kJ · mol   3
–1

was taken from the work of Cordfunke, as cited in [75COR/OUW]. 

r m∆ H  

f m
ο∆ H

14.3.2 Barium Auxiliary data 

3

f mH ο∆

was based on the CODATA values for Na  and  and the weighted average of the 
enthalpies of solution from Table II-1 of the same reference [89COX/WAG], while the 
enthalpy of solution of NaNO  in 6 M HNO   

3NO−

sol mH∆ 3
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