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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 Osthols (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 Illemasséne, Cristina Doménech-Orti 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 Fanghénel carried out the
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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
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Note from the Chairman of the
NEA TDB Project Phase 11

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

X
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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
IT 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

INC, 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
m 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, c¢f- 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, [2001 LEM/FUG]|

X1



xii
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 les

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.

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

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



Contents

Preface

Acknowledgement
Note from the chairman of the NEA TDB Project Phase 11

Editor’s note

EEEl =

Part I Introductory material EI
E

1 INTRODUCTION

L1 Back@rOUNQ.......oouiiiiieiieeee ettt ettt

i
1.2 Focus Of the TEVIEW........ccoiviiiiiiiiicc e EI
B

1.3 Review procedure and reSUILS........ccccverieriieciieieeierieie ettt e et eeee e e sseeseens

2 STANDARDS, CONVENTIONS AND CONTENTS OF THE TABLES E

2.1 Symbols, terminology and NOMENCIATULE ...........ccceeruieiieiiiiieiie e

2.1.1
2.1.2
2.13
2.14
2.1.5
2.1.6

2.1.7

2.1.7.1

B
ADDIEVIAtIONS .......vviiicc E

Symbols and terminologY ........cc.eeruirieriiiienieieeie et

Chemical formulae and nomenclature ...............ocoeeeeiiininnie E
Phase deSiGNators.........cccovoviieiiiiiiieieiiiccccie s
PIOCESSES .oviiiieeie e B

Spectroscopic constants and statistical mechanics calculations for gaseous
SPECIES 1eeuvveeeieeitreetreesiteetteesteeeteeeteeesseessseaenseesnseeasseessseeasbeeasbeeanseennseesaeensseeneas

Equilibrium CONSTANTS ........cecveriiiiieiierieeie ettt sseeae e seeenes

2.1.7.2  Formation of metal COMPIEXES .......cccvervrerrierriiiieieeieieesie et ereens

2.1.7.3

id
i
Protonation of a ligand ..............ccooiiiiiiii
E
d

SOIUDILILY CONSTANTS ....ecuveeieriieiieiieie et eie et e e eeeae et sreesse e e eeesnee e

Xxiii



X1v CONTENTS

2.1.7.4  Equilibria involving the addition of a gaseous ligand .............c.cceeeeereenns

2.1.7.5  Redox equilibria........cccccceevverereeerreennnnn.
2.1.8  PHoiii e
2.1.9  Order of formulae.........cccoevveiveiinceneneeen.
2.1.10 Reference codes.........ccoererererenenieieneneene
2.2 Units and conversion factors ...........c.ccecevveveceeennene
2.3 Standard and reference conditions...........cc.ccoeu.e...
2.3.1  Standard State ...........cooceveieiieeiieieeeeene
2.3.2  Standard state pressure ........c.coceevverveecreenennn
2.3.3  Reference temperature.........c.cceevvevvrecrenenennen.
2.4  Fundamental physical constants .............ccccoeceennene
2.5  Uncertainty estimates..........ccecceeeeereereenerecereiennens
2.6 The NEA-TDB SYStem ....cccccooeeruierieriirieniienicenieans

2.7  Presentation of the selected data..........cc...coonee...

Part II Tables of selected data

3 SELECTED DATA FOR URANIUM

3.1  General considerations............cccceeevvvveeeevveeeeennnnnn.

3.2  Precautions to be observed in the use of the tables
4 SELECTED DATA FOR NEPTUNIUM

4.1  General considerations..............ooouvevevevveeeeeveeeeennn.

4.2 Precautions to be observed in the use of the tables
5 SELECTED DATA FOR PLUTONIUM

5.1  General considerations...........c..ccoeevvveeevveeeeeineeeens

5.2  Precautions to be observed in the use of the tables



CONTENTS

6 SELECTED DATA FOR AMERICIUM

6.1  General CONSIAETAtIONS. .......ccovveieiiieeieeeeeieee et eaee e e e eae e e eaeeeeas

6.2  Precautions to be observed in the use of the tables............cccccooveveeevnne.nn.

7 SELECTED DATA FOR TECHNETIUM

7.1 General CONSIAETAtIONS. ........covvviiiiieiieieeeieee et e et e e eteee e eenaeeeeeaeeeeens

7.2 Precautions to be observed in the use of the tables............ccccccoovveviienennn.

8 SELECTED AUXILIARY DATA

Part III Discussion of new data selection

9 DISCUSSION OF NEW DATA SELECTION FOR URANIUM

9.1  Elemental uranium (V.1) .....cccovoiiiiiiieieiee e
9.1.1  Uranium metal (V.1.1) ..ottt
9.1.2  Uranium gas (V.1.2) icceeieieieeieeie ettt

9.2 Simple uranium aqua i0NS (V.2) ..ccceeiiiiiiiieeeeeeeeeee e
9.2.1 UOI T (V.2.1) o
0.2.2  UO, (V.2.2) ittt esns
9.23 U (V.2.3)and U™ (V.24) e

9.3 Uranium oxygen and hydrogen compounds and complexes (V.3).............
9.3.1  Gaseous uranium oxides and hydroxides .............ccecvrvververeenernnenee.

9.3.1.1 Gaseous uranium oxides (V.3.1) ocooviiviiiinieieie e,
9.3 111 UO(R) weveveeeeeiieieieseeiesie ettt ettt
93,112 UO3(Z) e veeveeveenreeenieriinienieeitetetesie sttt ettt s

9.3.1.2  Gaseous uranium hydroXides ..........ccccecerererininienenieneecreeene
9.3.1.2.1  UO(OH) (L) c+evvevervemvererrerrenieienrerieiesieeeesseneeseesenseeesesaeneesenes
9.3.2  Aqueous uranium hydroxide complexes (V.3.2) .....cccvevvrverrvenvenneenne.

XV




Xvi CONTENTS

9.3.2.1 U(VI) hydroxide complexes (V.3.2.1).cccueeiirieiieiieeeeee e
9.3.2.1.1 Major polymeric species at 298.15 K (V.3.2.1.1) ceocevieiieieeee 169
9.3.2.1.2 Monomeric cationic and neutral hydrolysis species (V.3.2.1.2) ........
9.3.2.1.3 Anionic hydrolysis species (V.3.2.1.3) ..ccoooiiiiiiiiiieceeeeeee 176
9.3.2.1.4 Other polymeric cationic hydrolysis species (V.3.2.1.4)......ccccccc...... 178
9.3.2.1.5 Relevant solubility StUIES ........ccceevuiecireieiieieiee e 178

9.3.2.1.5.1  SCROCPILE....eevieiieiieeiieeeieeie ettt 179
9.3.2.1.5.1.1 Temperature dependence (V.3.2.1.5)...cccccvevievrievreerenrennen. 179
9.3.2.1.5.2  PoOlyuranates............ccocoveveveiniereicciciiiiieee e
9.32.1.52.1  CaUgO19 + TTHO(CT ) rvvermoreeeeeeeeeeeeeeeeeeeeeeeeeeeeseesee e
9.3.2.1.5.2.2  NayUy07 * X HyO(CF) weveemieieieiieieeeieeeee e 181
9.3.2.1.5.2.3  NayUOGuxyHoO(Cr) oo, 182
9.3.2.1.52.4  KyUgO1g " TTHRO(CT)ueuieuieieiiieeieeiieiieiee et 182

9.3.2.2  U(V) hydroxide complexes (V.3.2.3)....ccceiiriririeieeee e 182
9.3.2.2.1 Solubility of UOy(am) (=UOy(am, hydr.).........eccerererererienierieireins 184
9.3.2.2.2  Solubility 0f UO(Cr) ...ceveeiieiiieiieieieiesieeie et
9.3.2.2.3 Comparison of the solubilities of UO,(am) and UO,(cr) ................... 186
9.3.2.2.4 Selection of equilibrium CONStANtS ..........ccccvevrereierierieiieieeieeieieans

9.3.2.3 U(II) hydroxide complexes (V.3.2.4) . ...ccceriiiieiieeeeee e 188

9.3.3  Crystalline and amorphous uranium oxides and hydroxides (V.3.3)............... 188

9.3.3.1 U(V]) oxides and hydroxides (V.3.3.1)..ccccoviirieiieieeiecieieeee e 188
9.3.3.1.1 Other forms of anhydrous UO;(cr) (V.3.3.1.2)
9.3.3.1.2 U(VI) hydrated oxides and hydroxides (V.3.3.1.5)..cccccceriririnnennne 188

9.3.3.1.2.1  UO32H20 (CI)euvteuiiniiiiniinienieeieetetete sttt 189
9.3.3.1.2.2 UO»(OH)y(cr) or UO3-HyO(Cr) cevveeerieeiieeiieeieeeiee et
9.3.3.1.2.3  UO3XH0 ettt 191
9.3.3.1.3  U(VI) peroXides (V.3.3.1.4) oocieoieeeieeieieeee e 192

9332 U(IV) 0XIES (V.3.3.2) coteeeeeeeeeeeeeeeeeee e
9.3.3.2.1 Crystalline UO, (uraninite) (V.3.3.2.1) ccccooiiieieeeeeceeeee

9.3.33 Mixed valence 0Xides (V.3.3.3) oooieririiiieceeeeeee e
9.3.3.3.1 UO23333(E 173 U307) (V.3.3.3.2) toieiieeeeeeeeeee e



CONTENTS

9.3.3.3.2 Hydrogen insertion Compounds.............ccceeeereereeneeneeeeeeieneeneeeenns
9.3.3.3.3 Other mixed valence oxides (V.3.3.3.4)..c..cccoviriiinienieiicieeieeeeiens

9.3.4  Uranium hydrides (V.3.4) . ..cocieoiee oottt
9.4  Uranium group 17 (halogen) compounds and complexes (V.4).........cceeevevverrennns
9. 4.1 GENETAL ..ttt ettt ettt b ettt nnea
94.1.1 Molecular parameters of the gaseous uranium halide species...................
9.4.2  Fluorine compounds and complexes (V.4.1) ....ccooveoiriiiiniienieieeeeeeeeee
9.4.2.1 Gaseous uranium fluorides (V.4.1.1)...ccccocviiiinieiieieeieeeceeeee e
9.42.1.1 UF(g), UFy(g) and UF;(g) (V.4.1.1.1 and V.4.1.1.2) c.oouvreierninnen.
9.4.2.1.2 UF48) (VA 1.1.3) it
9.4.2.1.3  UF5(2) (VA L.1A) ittt
9.4.2.1.4 UFg(2) (VA LLS) ittt
9.4.2.1.5 U,Fo(g) and UsF 1(8) (VA 1.1.6) ceeeeeeieiieeeeeeeee e
9.4.2.1.6  UO2F2(2) (VA 1. 1.7) ittt
9.4.2.1.7 UOF4(g) (V.AA.1.1.8) ettt
9.4.2.2  Aqueous uranium fluorides (V.4.1.2) ...cocooiiriiriiieieceeeeeeeee e
9.4.2.2.1 Aqueous U(VI) fluorides (V.4.1.2.1) c.ocoirrieiiciicieieeeeeee e
9.4.2.2.1.1 Binary COMPIEXES.....c.cecurruierereriieieeieeienienieeieesseeeeseeesseeneeeneeens
9.4.2.2.1.2 Ternary U(VI) hydroxide-fluoride complexes ............cccccereennenne
9.4.2.2.2 Aqueous U(IV) fluorides (V.4.1.2.3) c.ocoiiieiicieceeseeeeie s
9423 Solid uranium fluorides (V.4.1.3)..ccoevierieieeeeeeereeee e
9.4.2.3.1 Binary uranium fluorides and their hydrates (V.4.1.3.1)........c.c........
9.4.2.3.1.1 UF3(cr) and UF4(CI)...ccceiiieiieiieieeieeeecieee et
9.4.2.3.1.1.1 High temperature heat capacity.............cceevververeerrrecrerrennn.

9.4.2.3.2  Other U(VI) fluorides (V.4.1.3.2) .oooveieiiieeieecieeeeeeeeeee e
9.42.3.2.1 UO,Fy(cr) and its hydrates ..........ccocevoeeeeiieieneienereeceeeeee e

9.4.3  Chlorine compounds and complexes (V.4.2).......cccecerieriierveneenieieeienieneens
9.43.1 Uranium chlorides (V.4.2.1).c..ciiiiieie e
9.4.3.1.1 Gaseous uranium chlorides (V.4.2.1.1) .c.cocevievievieciciicieeeeereeiens
9.4.3.1.1.1 UCI(g), UCly(g) and UCI3(g) ..cveevverrrerrrereeieriesresieseeneeneeeeens

0. 4.3.1.1.2  UCIHZ) cveeververreeriereerieneeseeeieeeetetessesie st eseeeesesessessesseeneeneeseseens



XViii CONTENTS

0. 4.3.1.1.3  UCIS(Z) cvervevereeerieierienieeeeeieeeeteeesteste st eseeneesesessessesseeneeneesensens
943114 UCIH(Z) -veveeverveereeeenieneesieeieeeeeeee e sie sttt et etesee e aeseeeaeeneeseneeas
943115 U ClIg()-eeveververreeeeienieniinienieeitetesteste sttt st
0.4.3.1.1.6  UpClig(Q) -veeveeeeereeeereeneesieeieeeeteiesiessesseesesseessessessessesseeseeneensensens
943117 UOGCIp(Z) +eveeveereeeeieniesieeieeeeiieie ettt ettt see e ee e e
9.4.3.1.2 Aqueous uranium chlorides (V.4.2.1.2.) ccccooieiieiieieeeeeeeeee
9.43.1.2.1 Aqueous U(VI) chlorides .........ccceevierieiieienieiiesieeeeee e
9.4.3.1.2.2 Aqueous U(IV) chlorides........cccocvevvieiieiieiiiieiiecieseeeee s
9.4.3.1.3 Solid uranium chlorides (V.4.2.1.3) ...ccoccuvvierieieeee e
0.4.3.1.3.1  UCIZ(CI) tetteteeeieiieieieeie ettt ettt e e sae e eneenaennens
9.4.3.1.3.2  UCIHCI) ettt s
9.4.3.1.3.3  UCIH(CI) ettt sttt s

9.4.3.2 Uranium hypochlOrites .........ceoieiirienieiieieeieceee et
9.4.3.2.1 Aqueous U(VI) hypochlorites .........ccceouereriiinieieienicecceeeeeee

9.4.4  Bromine compounds and complexes (V.4.3)......ccccevvrienienieneenenieeeereeeenne
9.44.1 Gaseous uranium bromides (V.4.3.1.1) c.ccceeviiiiiieiiecieeee e
9.4.4.1.1 UBr(g), UBry(g) and UBr3(2) ...cocveeeereeniieniieieeieeiesee e

0. 4.4.1.2  UBI4(Z) c-eevevererteeiiieeeeienteste sttt ettt sttt ettt
L 3 T T U] 2 T - USSP
9.4.4.2 Solid uranium bromides (V.4.3.1.3) oo
L 3 B U] 23 o () o PSSP

9.4.5 lodides compounds and complexes (V.4.4.1).....cccceevirinieniienieieeeieeeeeene
9.4.5.1 Gaseous uranium iodides (V.4.4.1.1) oo
9.4.5.1.1 UI(g), Uly(g) and UI3(g) ....ecverveerrereeieeiieniieieenieeiesee e seeseeeneeeneeens

9. 4.5.1.2  UIL(Z) -eeveverrerrerreerieieriesiesteete st estetesessestessesseeseensassesseesesseeneensensensenns
9452 Solid uranium iodides (V.4.4.1.3) oo
9.5  Uranium group 16 (chalcogens) compounds and complexes (V.5)......cccoevverrrennnns
9.5.1  Aqueous uranium sulphate (V.5.1.3.1) .cccoooiiiiiiiiieeeee e
9.5.1.1 Aqueous U(VI) SulPphates .........ccceeeviiiiiieiieiiiereeeeeeeeeeeie e
9.5.1.1.1 Binary COMPIEXES......cccureruieeieieeiieniiesiiesieeieereereseeseeesseeneeeeeenseeneens

9.5.1.1.2 Ternary hydroxide-sulphate COMplexes ..........cccceeveervereiereniieieienns

) ) ) )
o0 0ol lco o0



CONTENTS XiX

9.5.2  Aqueous uranium selenate (V.5.2.3.1) ..ccoooiririieiieieece e
9.5.3  Tellurium compounds (V.5.3) oot D34
9.53.1 Uranium tellurides (V.5.3.1) coorriirieieieeeeee e D34
9.5.3.1.1 Binary uranium tellurides (V.5.3.1.1) .ccociiiiiiiiieeeeeeeeee D34
9.5.3.2  Solid uranium tellurites (V.5.3.2.2) ....c.oouemeiereeeeeeeeeeeeeeeeeee oo D34
9.5.3.2.1 Uranium(VI) monotellurites...........cceeeurrrurrierienieniee e eeeseeeens D34
9.5.3.2.2  Uranium(VI) polytellurites. ........ccereererrerririieiiesiee e 34

9.6  Uranium group 15 compounds and complexes (V.6) ......ccccoeereerernerrencenieneeeenns 34
9.6.1  Nitrogen compounds and complexes (V.6.1) ....cccceevereiirvieriienienieieeceeeieeeeane D34
9.6.1.1 Uranium nitrides (V.6.1.1) cooocuiiiiieeieceeee e P36
9.6.1.1.1  UN(CT) (V6.1 1.1) ettt e
0.6.1.1.2 TUN(E) +eerrrreeeeeeeeeeeseeeeesseeeeeseeesesseeessseeeeessesesees s eessseesessseeeesseeeseees
9.6.1.2  Uranium Nitrates (V.6.1.3).cccuiiiciiieiiieiieeiee ettt D39
9.6.1.2.1 Aqueous U(VI) NIrAtes ......ceevvieeieeieieciiereereere e sree e eaeeneeenens D39

9.6.2  Uranium sulphamate
9.6.2.1 Aqueous U(VI) sulphamate............cooceevieriieiieieieeieeeeee e D39
9.6.3  Uranium phosphorus compounds and complexes (V.6.2) ......cccecvvevvevreerrennnne D39
9.6.3.1 Aqueous uranium phosphorus species (V.6.2.1.) ..ccoocvevvevieceecienienieieens D39
9.6.3.1.1 The uranium—phosphoric acid system (V.6.2.1.1).....cccocvrerriinrnncns D39
9.6.3.1.1.1 Complex formation in the U(VI)-H3PO, system...........c.ccceene. D39
9.6.3.1.1.2 Complex formation in the UIV)-H;PO, system............cc.c....... D4 1]

9.6.3.2 Solid uranium phosphorus compounds (V.6.2.2) ......cccooiviiniinienieieenen. D42
9.6.3.2.1 Uranium orthophosphates (V.6.2.2.5) ......cccceevvevierrieiierieieceeereerens D42
9.6.3.2.1.1  U(VI) orthophoSphates.........c.cccuereerieererierierieneeee e D42
9.6.3.2.2 U(VI) phosphates and vanadates (V.6.2.2.10).......ccccccereeireereenrennnns
9.6.3.2.3  U(VI) flUOTOPhOSPRALES......evieeeieeiiieeiiieiiiecie ettt

9.6.4  U(VI) arsenates (V.6.3.2.1) crovveeeooveereeeeeeeeeeeeeeseseeeseesseeeesseseessssesesessesseesseeeen
9.6.4.1 Aqueous U(VI) arsenates .........ccceereereerieeieeieniieseeneeie e eee e seeeseeeeeens
9.6.5  USD(CT) (Vo6.4.1) oot D44
9.7  Uranium group 14 compounds and complexes (V.7) ..c.coeveereereerieecieiienienieeiens D44
9.7.1  Uranium carbides (V.7.1.1) coooieiiiiiie ettt D44



XX CONTENTS

9701 UCCE) (V7.1 1.1) oo D44
9.7.2  The aqueous uranium carbonate system (V.7.1.2.1)....cccccceiviriniiniiniinnieneens D44
9.7.2.1 Uranium(VI) carbonates...........cccvevueeeieecieeienieieieeie e see e ens D44
9.7.2.1.1 Binary U(VI) carbonate COmMpPIEXeS........cceeruerueereereeneeeieeiereeneeeeeans P44
9.7.2.1.2 Ternary U(VI) hydroxide carbonate complexes...........cceceeeerueneennene.
9.7.2.1.3 Ternary U(VI) fluoride carbonate compleXes ..........cccvevveeververeeenennns D48
9.7.2.1.4 Calcium uranium carbonate COMPIeX..........ccereerrerresereeenienieenieennens 4§
9.7.2.2 Solid U(VI) carbonates compounds ...........cccecvevvieeieeenreenreenreereeeesnennenn D49
9.7.2.3  Uranium(V) carDONates ..........cccverviecireierieiiesieeieseeseeseeneeeseeve e sseeneees D50
9.7.2.3.1 Aqueous U(V) carbonates COMPIEXES .........ccceerueeierienienienieeieeieseeseeseeeeeene D50
9.7.2.4  Uranium(IV) carbONates..........cceccvieiirierrieriierieieieeseesreerveereeeesreesreesneas D5(
9.7.2.4.1 Binary U(IV) carbonate COmMPIEXES........cervuerrereerererueereeeeneeneeaeeans D50
9.7.2.4.2 Ternary U(IV) hydroxide carbonate complexes..........ccceeeuereerurennne D5 1]

9.7.3  Silicon compounds and complexes (V.7.2) ..cccoccueveevieniierieiieieeieeie e D52
9.7.3.1 Aqueous uranium silicates (V.7.2.1) .ccooverieeeeieeieeeereee e D52
9.73.2  Solid uranium SilCAtes (V.7.2.2) ...eoeeeeeereeeeeeeeeeeeeeeeeeeeee oo D54
9.7.3.2.1  SOLA U(IV) STHCALES ... D54
9.7.3.2.2 SO U(VI) STCALES ......ovoveeeeeeeeeeeeeeeee e es e D54
9.7.3.2.3  (U0,),S1042H,0 (soddyite) (V.7.2.2.1) ccirieieieeeeeeeeieeen D54

9.7.3.2.4 Ca(UQO,),(SiO;0H),'5H,0 (uranophane), Na(UO,)(SiO;OH)-2H,0
(sodium boltwoodite) and  Nay(UO;)(Si,05)34H,O (sodium

L1 ST 11 [ USRS D56

9.8  Uranium actinide compleXes (V.8) ......cceiriiiiriieieieciere et
9.8.1  Actinides—actinides interactions (V. 8.1).......ccccccoceeriiiiiiiininiiiieeeeenes
9.9  Uranium group 2 (alkaline-earth) compounds (V.9) ......ccceeverienienieniieieeieeeeens
9.9.1  Magnesium compounds (V.9.2) ......ccoociiiriiiiiiiieeeeeee et
9.9.2  Calcium compounds (V.9.3)....ccciirieieie ettt D59
9.9.2.1 Calcium uranates (V.9.3.1.) ittt D59
9.9.2.1.1  CalO4(cr) (V.9.3.1.1) oot D59
9.9.2.1.2 CalUOgO19 * 1THRO(CI) c.uviririiriiniiniieiiiieniiniesieeiteeeiteeenee e D59
9.9.2.1.3  Other calcium UIanates...........cccueerrieeruieeirieeireeereeerreeesieeesseeeseeesseeennes D59



CONTENTS XX1

9.9.3  Strontium compounds (V.9.4) .......ccooiiiiiieieeeeee et D59
0.9.3.1  STUOS(CE) wereveeeeeeeeseeeeeeeeeeeeee e ee e ees e eee s e e e s s ees s ee s seesenes Rs(
9.9.3.2  Strontium uranates (VI) ... @

9.9.3.2.1 0=SrUOL (V.9:4.1.1)ccuiiiiieieiiieieeeeeeeeeeeet e D61
9.9.3.2.2 B-SrUO4 (V.9.4.1.2) ccuuiieieiiieieeeieeeeeee et D61
9.9.3.2.3  STULO 3 (V.9.4.2) oo D62
9.9.3.2.4  SToUO5 (V.9.4.3) crrooveoeeeeoeeeeeee oo ee e b6
9.9.3.2.5  SToU3011 (V944 oo es e eseee e TE
9.9.3.2.6  S13UOG (V.9.4.5) .ottt
e A AN 1R o 19 E
RN 6 o T be4
0.9.3.2.9  ST3Us0 vvvvvvvvvvvvvsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnne P64
9933 Strontium Uranates (V) ....eecveeeieeeiiecieeeieeeie ettt sre e sve e @
e 0 TN 0 T p63
9.9.3.4  Strontium uranium tellurites............cocooeiiiiiiniiii E

9.9.4  Barium compounds (V.9.5) ..cc.ooiiiiiiieieeee e @

9.9.4.1  BaUOS(CE) (V.9.5.1.1) tovoereeoeeeeeoe oo eeseeeeeeeeeeeseeeeeeseeeeee s e s sessenes R63
9.10 Uranium group 1 (alkali) compounds (V.10) ......ccoecieeiiriinieiieneeieeie e @

9.10.1  General .......c.cuoiiiiiiiiiii e @

9.10.2  Lithium compounds (V.10.1) co..oveeeooeeeeeeeeeeseeeeseeeeeeseeseeeeeeseeeeeeseeseesseee bsg
9.10.2.1  Other Uranates ..........cccocoveveviiiieieeicieiicieiee s @

9.10.3  Sodium compounds (V.10.2).....c.ccoueiiiiiiiieiteieeeeeseeee e D71
9.10.3.1  Sodium monouranates (VI) (V.10.2.1.1)cccceviiviiiiiiicieceereereeeeeee, D71
9.10.3.2  Sodium monouranates (V) (V.10.2.1.2) ....ccceevirviriieeeierieeeeeee e D71

9.10.3.2.1 NAUOZ(CL) vvrververirriieriiririereerisreteseesesesessessesessesseseesessessesessessesessessens D71
9.10.3.3  Other SOdIUM UTANALES........ccvieiieriieeieerieteeieeteere e eeeeereereereeseeenesreeeeas D72
9.10.3.4  Sodium polyuranates (V.10.2.2).....cccecerierieniieieie et D74
9.10.3.4.1 NapUsO7(Cr) (V.10.2.2.1) oo D74
9.10.3.4.2 NagU70,4(C1) (V.10.2.2.3) euiouiieieieieieeeieeeeieee e D74
9.10.4 Potassium compounds (V.10.3).....cccccerierierieiieieeieeieeeeieee et D74
9.10.4.1  KUO3 (€1) (V.10.3.1) oo D74



xxil CONTENTS

9.10.4.2  KoUsO7(Cr) (V.10.3.3) coereeeeeeeeeeeeeeeeeee e D75
9.10.4.3  K2U4012(cr), K2UAOTI3(CT) cvvovereeeeeeeeeeeeeeeeeeeeeeee oo D73
9.10.4.4  KyUgO 9 TTHLO(CT) covovevereeeeeeeeeeeeeeeeeeeeeee e D75
D79
D73

9.10.5 Rubidium compounds (V.10.4) .......cooiiiiiiiiieeeeeeseeeee e

9.10.5.1  RDBUOS(CT) (V.10.4.1) ceeiiiiiiiiiiieiiniiecteeeree ettt
9.10.5.2  Rb,U;0g 5(cr), Rb,U401(cr), Rb,UsO15(cr) and Rb,U O p3(cr) ... D76
0.10.5.3  RDyU(SO1)3(CE) rrverrsereeeeeeeeeeeeeeees e seeeeeeseeeseeeeeeesseeeee s s eeesenee
9.10.6  Caesium compounds (V.10.5) .ccocviiiiiiiiiiecieeeeee et
9.10.6.1  Caesium monouranate (V.10.5.1).....ccccccoimiiiiiiiiiiiiiiiiccc
9.10.6.2  Caesium polyuranates (V.10.5.2) ...cccoeririiriiiieieeee e
9.10.6.2.1 CsU507(Cr) (V.10.5.2.1) it
9.10.6.2.2 CS4USO17(C) veureeiieieiesiie sttt ettt saesnee e e enseenseans D78
9.10.6.2.3 Cs,U4015(cr) and Cs3U O 13(C1) venviieniiieiiieieeeiie et D78
9.11 Uranium compounds with elements from other groups...........cccooevvevvenveieeiienenns D79

9.11.1 Thallium COMPOUNGS .....ccueerrrrierierieriete ettt seae e re e seenees

9.11.1.1  Thallium uranates
9.11.2  ZINC COMPOUNAS. ....vviviirierieiieteeeteiteesteesteeteeereeteesteesseesseessesssesseesseesseesesnsens
9.11.3  PolyoXOmEtallates. ........cccuerieiieriieriieie ettt
9.12  Uranium mineral PRASES ........c.eceeriirrierierierierteieeteeteseeseesseeseeaesaesseesseesseeseans
9.12.1  INErOAUCION ..outitiieeeeee ettt ettt st see b ene e neens
9.12.2  REVIEW OF PAPETS ....eveeieiieiieieeieeie e site st ete e eseesteesteenbeessesnaesseesseenseeseannenes

9.12.3 Summary of mineral information ..............cceeeeiieiieiiiniiieee e

10.1  Neptunium aqua 10NS (7) «o.eeeeveriereriineneeieeteteie ettt ettt st sbe s eae e e e
10.2  Neptunium oxygen and hydrogen compounds and complexes (8) .........cccccvererennenne
10.2.1 Aqueous neptunium hydroxide complexes (8.1) ....coceveeriineiniiniiiininieees
10.2.1.1  Neptunium (VI) hydroxide compleX (8.1.2)..ccccccvvcverierienieieieeieeieeen,
10.2.1.2  Neptunium(V) hydroxide complexes (8.1.3)..c.ccoverierieiinieiiiieieeeee,
10.2.1.3  Neptunium(IV) hydroxide complexes (8.1.4) ....cccveveevereieniiieieerene
10.2.2  Crystalline and amorphous neptunium oxides and hydroxides (8.2)................ @

79
DR (
DRG
D3
D)
D83
P83
10 DISCUSSION OF NEW DATA SELECTION FOR NEPTUNIUM @
Ro3
Ro4
Ro4
Ro4
po4
po4



CONTENTS Xx1i1

10.2.2.1  Solubility of neptunium(V) oxides and hydroxides (8.2.4).......ccccceeenen. @
10.2.2.2  Neptunium(IV) oxides and hydroxides (8.2.5)......cccceeeeruerenenerinieiene @
10.2.2.2.1 Solubility of crystalline oxide NpOy(cr) (8.2.5.1) cvvrvvvverieiieirens @
10.2.2.2.2 Solubility of amorphous oxide NpO,(am, hydr.) (8.2.5.2)................. POY

10.3 Neptunium halide compounds (9.1)........cocerierieiieiieieeeeee e @
10.3.1 Neptunium fluoride compounds (9.1.2)......ccccerierierirrieiieeee e @
10.3.1.1  NpF(g), NpFa(g), NpF3(2) (9.1.2.1,9.1.2.3) e, @
10.4 Neptunium group 15 compounds and complexes (11) .....cccoeverrerriiieniinienieene @
10.4.1 Neptunium nitrogen compounds (11.1)......cccoeeiiriiiriieriienieieeee e @
10411 NPN(EE) (111,11 ) e eeeee e eesessee s seeeeee Bod
10.4.2 Neptunium antimony COMPOUNAS.........ceeeeeriererinireeieieieseseeste e eeeeeeaeeens 301
10.4.2.1  Neptunium antimonides ...........ccceeeveriririiiniiiiiiiceeeee s
10.4.2.1.1 Neptunium monoantimonide............ccceereereereererieeiee e seesieeseeeeeans B0

10.5 Neptunium chloride (9.2.2), nitrate (11.1.4.1) complexes and complexes with other
ACTIMIARS ...ttt ettt et ettt b et b et aen

10.6 Neptunium carbon compounds and complexes (12.1)......ccoovrvirorrieniienieieeieene
10.6.1 Aqueous neptunium carbonate complexes (12.1.2.1) ..ccevcvevierierienieireieeeene
10.6.1.1 Ternary Np(IV) hydroxide-carbonate complexes...........ccoecvevveniercueneennen.
10.6.2  Solid neptunium carbonates (12.1.2.2) .....cccocvveriieviiecieeieiieceere e
10.6.2.1  Solid alkali metal neptunium(V) carbonates hydrates (12.1.2.2.2) ...........
10.6.2.1.1 Sodium neptunium(V) carbonates...........coeovereereereeereesieeienieneeeneeans

10.6.2.1.2 Potassium neptunium(V) carbonates............ccceeveevvrevreeeeeeseesreenneens
11 DISCUSSION OF NEW DATA SELECTION FOR PLUTONIUM

11.1  Plutonium aqua 1008 (16.1)..cceeiiiriieiieieiierieeee ettt ees
11.2  Plutonium oxygen and hydrogen compounds and complexes (17)........cccecvereennene
11.2.1 Aqueous hydroxide complexes (17.1) ...cccovevieriieiiieieeierieseee e
11.2.1.1  Plutonium(V) hydroxide complexes (17.1.2) .....ccoevvriinciininiieieieeenee,
11.2.1.2  Plutonium(IV) hydroxides complexes (17.1.3) ....ccoeviiiiineninieieene
11.2.2  Solid plutonium oxides and hydroxides (17.2) .....cccccveierienienierieieeieeeeeenns
11.2.2.1 Plutonium(I'V) oxides and hydroXides..........cccceererrrreerienienieeieeieeeeeee.

CEEEEEE E EREEREEE E



XX1V CONTENTS

11.2.2.1.1 Solubility of crystalline oxide PuO,(cr) (17.2.1.2).cccceevievieiierens B16
11.2.2.1.2 Solubility of amorphous oxide and hydroxide PuO,(am, hydr.) ........ 316

11.2.3  Comparison of thermodynamic data for oxides and hydroxide complexes of tet-
ravalent aCtNIAES .......cc.cvvirieirinieirtieere ettt

11.2.3.1  Solid oxides and aqueous hydroxide complexes of tetravalent actinides..3 1§

11.2.3.2  Crystalline and amorphous oXides..........c.ccceereeirierienieneieseeeeeeeeeeenee
11.3  Plutonium group 17 COMPIEXES ...cc.eeueeuieieieriieieiieeieeieeieie ettt
11.3.1 Aqueous plutonium chloride complexes (18.2.2.1) .....ccevvevienierieieeieniennnns
11.3.1.1  Pu(III) chloride COMPIEXES .....ccveevierieriiieieiiierieeie ettt
11.3.1.2  Pu(VI) chloride cOMPIEXES......c.eevvievirieriienieeirieieeie e seeesieereereeeseeeneseees
11.3.1.3  Cation-cation complexes 0f PU(V) ....cocveviioiiiiinieieeeeeeee e
11.4 Plutonium group 16 compounds and complexes (19).......ccccevierienienieiinienieenne
11.4.1 Plutonium selenium COMPOUNGS...........ccvervieciirierieriierieenieeeeeeeeeesreesseesseessens
11.4.1.1  Plutonium Selenides.........ccoererieieiinieniinieniireeteteteteese e

324
124
124
124
11.4.1.1.1 Plutonium monoselenide...........ccecuererireririeieee e 324
11.4.2  Plutonium tellurium COmMPOUNAS .......c..cceerverieriierieierieneeseesre e eeeseeesreesseens 325
11.4.2.1  Plutonium tellurides .........ccoecverieriieriieieeie et 325
11.4.2.1.1 Plutonium monotelluride..........ccerriiiiniiniiieieeeeeee e 325
11.5 Plutonium nitrogen compounds and COMPIEXES .........ceeeeerieriererireeieieieie e 325
11.5.1  PlIUtOnium NIIIAES ....eeveeeeeeieiieriieit ettt se e s e ssee e ense e 325
11511 PUN(CE) coreeeeeeeeeeeeeee e enaeeen 325
11.6 Plutonium carbon compounds and complexes (21.1.2) ...cc.coveviiiiiienieiieieeieens 325
11.6.1 Aqueous plutonium carbonates (21.1.2.1) ....ccoecvrvereierienieieeee e 325
11.6.1.1  Pu(VI) carbonate complexes (21.1.2.1.1)..cceeviiviicciiiiieieieeereere e, 325
11.6.1.2  Pu(IV) carbonate complexes (21.1.2.1.3)..cccevieciieciiiiicieieiieieere e,
11.6.2  Solid plutonium carbonate (21.1.2.2) ...cceeciieieriieieieeeee e
11.6.2.1  Solid Pu(VI) carbonates (21.1.2.2.1) ccceoevevieriieiieieeeeeeeieeeee e
11.7 Plutonium group 2 (alkaline-earth) compounds ............ccccevererenirieiieneee e 332
11.7.1 Plutonium-strontium compounds (22.1) .......ccceevevureieriierierieneeee e eie e 332
11.7.2  Plutonium-barium compounds (22.1)......ccceevvieiieviiiieriieieerecre e seesie e 332
11.7.2.1 BAPUOS(CT) (22.2.2) oo 332



CONTENTS XXV

12 DISCUSSION OF NEW DATA SELECTION FOR AMERICIUM

12.1.1 Estimation of standard entropies (V.4.2.1.2) ....cccoovvevieriecieiieieceeereere e

12.1  IntrodUuctOry TEMATKS .......ccveeciieiieieiierieerieeste ettt eteeste et ebeesaessaeseeeseeesseeseenseens

12.1.2 Introductory remarks on the inclusion of thermodynamic data of aqueous

Cm(II1) complexes N thiS TEVIEW ........ccverrieriieiiieieiierieseesieesaeeeeseeesreesseeseens 334
12.2  Elemental americium (V.1) ...ccocceviiriieiieieeieeieeieeie ettt stee e eae e e e sveenseens 335
12.2.1  Americium ideal monatomic gas (V.1.2).....ccceviririiiiieieiineieececeeeeeeeene 335
12.2.1.1 Heat capacity and entropy (V.1.2.1)..ccccecvierieiieiiiieseeceeie e 333
12.2.1.2  Enthalpy of formation (V.1.2.2) .....ccceeviiiiiieieeee e 334
12.3  Americium oxygen and hydrogen compounds and complexes (V.3) ......cccceeveneene B34
12.3.1 Aqueous americium hydroxide complexes (V.3.1) ..ccooevienienieciiiieeieeeeiens 334
12.3.1.1  Aqueous Am(IIT) and Cm(IIT) hydroxide complexes (V.3.1.1)................. 334
12.3.1.2  Aqueous Am(V) hydroxide complexes (V.3.1.2)..ccccccervriinenininieene 342
12.3.2  Solid americium oxides and hydroxides (V.3.2) ..c.cccoveiviieneenieiieieeieeeeiens 343
12.3.2.1  AmETiCIum OXIAES ....eeuviiiiiniiriieiieceieteete ettt
12.3.2.2  Solid Am(IIT) hydroxides (V.3.2.4)....cccoeeiriiieeeeieeeeee e
12323 Solid Am(V) hydroxides (V.3.2.5) ....cuerreemereemmeresmmrreessesessssesssneseees 352
12.4  Americium group 17 (halogen) compounds and complexes (V.4) .........ccoeeveevenenns 354
12.4.1 Aqueous group 17 (halogen) complexes (V.4.1) ....cccoeririeiieieniniieeieceene 354
12.4.1.1  Aqueous Am(IIT) fluorides (V.4.1.1)...cccrveemereeenrreerenreennesessseeeeseneees 354
12.4.1.2  Aqueous Am(III) chloride complexes (V.4.1.2).c.ccccevverienienieireieeieeen, 356
12.4.1.3  Aqueous Am(IIT) and Cm(III) chlorides (V.4.1.2.1) cccocovevrvecrieriereeneen. 356
12.4.2  Americium halide compounds (V.4.2) ......cccecverieriieiieierieseene e 358
12.4.2.1 Enthalpies of formation..........cccecveriieiiiiieiieriere e 358
12.4.2.2  Americium fluoride compounds (V.4.2.2) c...covevieiiiienieieeiecreeieeveenn

359
12.4.2.2.1 Americium trifluoride (V.4.2.2.1) .oovveerienrreereserenceseeeeseennne. B59
12.4.2.2.1.1 AMF3(CL) tvvveieeeeeeeeeeeeeee e 359
124.2.2.1.2 AMF3(E) cvvvvreereeeeeeeeeeeeeeeseseeeeeseeseeeeesessseeeesssseeeeesssseeeeesesseeees Be(
12.4.2.2.2 Americium tetrafluoride (V.4.2.2.2) .ccoooivcieiieieieee et B6 1]
12.4.2.3  Americium chlorides (V.4.2.3)..cccieieieieeieeeeee e 362
12.4.2.3.1 Americium trichloride (V.4.2.3.2).cc..ccoiiviiiieiieieeeecee et @



XXV1 CONTENTS

12.4.2.3.1.1 AMCI(CT) e rrvveee oo eeeeeeee e seee e eereens Re]

12.4.2.3.2 Americium oxychloride (V.4.2.3.3) ..o @
12.4.2.3.3 Quaternary chloride Cs,;NaAmCly(cr) (V.4.2.3.4.2)....oovvvvcrmmrrrcernrren. B63

12.4.2.4  Americium bromides (V.4.2.4) ....ccceeviieeciieiiieeieeeieeete et @
12.4.2.4.1 Americium tribromide (V.4.2.4.2) ....ccoooieiierieieeieieeeeeseeve e @
12.4.2.4.1.1 AMBI3(CL) evvveoeeeeeeeeeeeeeeeeeeeeeeeseeeeesseeeeesseeseesseseeeseesessseesesssenes

12.4.2.4.2 Americium oxybromide (V.4.2.4.3) ....oooiiiiiiieieeee e @

12.42.5  AMericium i0ides (V.4.2.5) oovveoeoveeeoeeeeeeoeeeeeeeeeeeeeeseseeseeseseeeesssssseseens Be4
12.4.2.5.1 Americium triiodide (V.4.2.5.2)....coorvereereeeeeeseeseeseeeesesseeeesesessssseees Be4
12.4.2.5.1.1 AMIZ(CT) covrereeee oo e es e s ssee s seseoes Red

12.5 Americium group 16 (chalcogen) compounds and complexes (V.5)......ccccceveennne @
12.5.1  Americium Sulphates (V.5.1.2).cc.ccoieiirieieeeeeeeeeee e @
12.5.1.1  Aqueous Am(IIT) and Cm(III) sulphate complexes(V.5.1.2.1) ................. @
12.6  Americium group 14 compounds and complexes (V.7) ..c.oooeveerieneeieninieneeeee @
12.6.1 Carbon compounds and complexes (V.7.1).....cccveviriirieiienieneeieeieeieseeiens @
12.6.1.1  Americium carbonate compounds and complexes (V.7.1.2).....cccccveueenee. @
12.6.1.1.1 Aqueous Am(IIT) and Cm(III) carbonate complexes ...........ccoeeveennenns @
12.6.1.1.1.1 Tetracarbonato COMPIEX.......cceccveriereerieerirrieriereereeeeeeeeeeeeneens 374
12.6.1.1.1.2  Am(IIT) and Cm(III) bicarbonate complexes ............cccereerurennene 375
12.6.1.1.1.3 Mixed Am(III) and Cm(III) hydroxide—carbonate complexes....374

12.6.1.1.2 Am(V) carbonate COMPIEXES.......ccerveerrerrrerieerierieneienireieeee e seeeneens 376
12.6.1.1.3 Solid americium carbonates (V.7.1.2.2) ...cccveeviievieeiieecie e 378
12.6.1.1.3.1 Americium(IIl) hydroxycarbonate AMOHCO;(S) ...cccevveueeueennne 378
12.6.1.1.3.2 Americium(III) carbonate Amy(CO3)3(8) .eeververververieriraireinnns
12.6.1.1.3.3 Sodium americium(III) carbonates..........cccccccveevrerevreesieenreennnn 382
12.6.1.1.3.4 Sodium dioxoamericium(V) carbonate NaAmO,CO;(s) ............ 384

12.6.2  Aqueous americium Silicates (V.7.2.2).....cccovcuerieriieieeiierie e eeeneens 385
12.7  Americium group 6 compounds and complexes (V.10) ......ccoccvvvvrvirriercienvenirennnne B8A
12.7.1  Americium(IIT) molybdate compounds and compleXes ...........cceceeveerueneruennene 386

12.7.2  Aqueous complexes with tungstophosphate and tungstosilicate heteropolyanions
(V102 oo

N



CONTENTS

13 DISCUSSION OF NEW DATA SELECTION FOR TECHNETIUM

13.1 Elemental technetium (V.1)...c..ccoviiiriieiieieeieseeeeie e
13.1.1 Heat capacity and entropy (V.1.1.2) ...ccoiiiiiiniiiiieieeee e
13.2 Simple technetium aqua ions of each oxidation state (V.2)........ccecvveverveennene
13.2.1  TCOL (V.2.1) ottt
13.3 Oxide and hydrogen compounds and complexes (V.3) ...cccceeveviervenveniennnnne
13.3.1 The acid/base chemistry of Tc(IV) (V.3.1.1)cciecieierieieieeeeeceene,
13.3.2  The protonation of TcO, (V.3.1.2.1).ccccrininiriiiiiiinineneeececiencnaes
13.3.3  General properties, hydration number (V.3.2.5.1)..cccccoiinininiinineee
13.4  Group 17 (halogen) compounds and complexes (V.4) .......ccceevveveerreecrennnnnn.
13.4.1 Aqueous Tc(IV) halides (V.4.2.1.1) coeoiiiiiiiieeeeeeeeeeeeee e,
13.4.2 Other aqueous halides (V.4.2.1.3) .coooiiieciieiieeeeeeceeeeeee e
13.5 Technetium nitrido compounds (V.6.1.3.1)...ccceevieriiiiiniinienieeeeeeeeeeenn

14 DISCUSSION OF NEW AUXILIARY DATA SELECTION

14.1 Group 16 (chalcogen) auXiliary SPECIES........cuereerrierueeriieieeieeieseenieeneeeee e
14.1.1 Tellurium auXiliary SPECIES ......eevvvervierieeeriieniieieeieereereseesseesseesesnneees
| O O S T @ 2 (o3 ) OSSPSR
14.2  Other auXiliary SPECIES ........eveeruieriieiieieeiieeieete ettt e e
14.2.1 Copper auXiliary SPECIES......c.eevverrierrieiieieriertieieeteereseeseenseeeesnsessaenes
3 T R 15T (3 T USSR
14.3  Group 2 (alkaline earth) auxiliary data..........ccccoeeeerieiiniiniiieeeeeeee,
14.3.1 Calcium AuxXiliary data.........cccceeeeerierieniieiieieeieseee e
T4.3.1.1  CAF(Q) eeeeeeieeie ettt sttt eneeneenes

| I I O T O [ USRS
14.3.2 Barium AuXiliary data ........cccccceeeeerienieniieieeieeeeee e
T4.3.2.1  BA(Z)-eeeeeereerrerrerieeieeieiestestese st eteeseetessessesse st ese st ensesesesseeseeneaneenes
14.3.2.2  BAF(Q) -eeoeerterieeteit ettt
14.4  Sodium auxiliary data..........ccceeieriienieiiieieeiereese e
14.4.1 NaNOs(cr) and NaNOz(aQ). . ecveeeveerveereeerierieeieseesieesieee et eee e



XXVili CONTENTS

Part IV Appendices 395

A Discussion of selected references
B Ionic strength corrections

by
il
B.1  The specific ion interaction QUALIONS ..........c..ccveeeerreereerreeeeieesreesteeneeeeereesreenseens @
B.1.1  Background ... @
B.1.2  lonic strength corrections at temperatures other than 298.15 K .......................
B.1.3  Estimation of ion interaction coefficients.............ccccovvvviiiiiiiii
B.1.3.1  Estimation from mean activity coefficient data...............cccocoevviinnnnin,

B.1.3.2  Estimations based on experimental values of equilibrium constants at dif-

ferent ionic strengths ..........ccooiiiiiiii

B.1.4  On the magnitude of ion interaction coefficients.............ccceeeverierieriiecieniennens
B.2 Ion interaction coefficients versus equilibrium constants for ion pairs ...................
B.3  Tables of ion interaction cOEfficients..........ccoooveviiiiiiiiiiiiiiecc
C Assigned uncertainties
C.1  The general ProbIem. .........ccceiiiiiiiiiiie et
C.2  Uncertainty estimates in the selected thermodynamic data. ............ccccceevvveirerennens
C.3  ONE SOUICE dAtUIM ....ccuviiiiiiiiieciie ettt ettt e e eveeebeesabeeenseeeabeeensaeears 738
C.4  Two or more independent SOUICe data..........cocoveviviiiriiiiiiiiciciiieeeecc
C.A. 1 DISCIEPANCIES. ..c.ueeueeutenietiiteeie ettt et et sttt sbeeut et e te st st s bt sbeebe e st esseneenaenbeseeas
C.5 Several data at different ionic strengths..............ccocoooiiiiini
C.5.1 Discrepancies or insufficient number of data points............ccoceeceeeerieiieneniennnne 746
C.6  Procedures for data handling ...........cccooceiiiiriiiieiiieere e 748
C.6.1  Correction to zero 10nic Sren@th ........c.ccoeviveriririiinieieeeeeeeeeeene 748
C.6.2  Propagation Of €ITOTS ..........ccoviiiiiiiiiiiiieiccccee e
C.6.3  ROUNAING ...cevivieiiiiieieeie ettt ettt ste e be e b eebeseaesteesseesseessessnesseenseensenns
C.6.4  Significant digitS........ccceerieriereieiieriere et eie ettt ete et e e et aesaeseee e enseenre e



CONTENTS XXIX

D Some limitations encountered in the use of the ionic strength correction

procedures

D.1 Implications of neglecting triple ion interactions and the use of constant values

FOT €k fim) woverererrerererieriei et

D.2  Implications of neglecting anion-anion and cation-cation interactions ................... 756
D.2.1  On the magnitude of anion-anion and cation-cation interactions......................
D.2.2 Discussion of ion interaction coefficients for the carbonate ion and the conse-
quences for selected data...........ccooiiiiiiiiiiii

Bibliography

&
List of authors



XXX

CONTENTS

List of Figures

Figure 2-1:

Figure 9-1:
Figure 9-2:
Figure 9-3:
Figure 9-4:
Figure 9-5:
Figure 9-6:

Figure 10-1:

Figure 10-2:

Figure 11-1.
Figure 12-1:

Figure 12-2:

Figure 12-3:

Figure 12-4:

Standard order of arrangement of the elements and compounds based on the
periodic classification of the elements ............coccoevieiiniieiieiieneeeeee

Vapour pressure of UF(cr, 1) included data...........cccoeevvievienienenee, @
Vapour pressure of UF(cr, 1) excluded data...........ccoecvveieiienienenieene, @
Vapour pressure of UCL(Cr, 1).oviiieiiiiiiiicieieeeeeeeeeee e D13
Vapour pressure of UBry(Cr, 1) c.oeevvieeiiiiiieiiecieeeeeceeeee e
Structure of the ternary complex (UO,),(CO;)(OH); .coeevverenvveniinncns DA

Heat capacity coefficient versus temperature for some uranium alkali
[e7e) 1010101111 T LU D63

SIT extrapolation to / = 0 for the reaction:

NaNpO,CO, -3.5H,0(s) = Na +NpO; +CO> +3.5 H,O(l) ....o......... Bo4
SIT extrapolation to / = 0 for the reaction:

NaNpO,CO, -3.5H,0(s) = Na +NpO;+CO> +3.5 H,O(l) ................ B03
Solubility of PuOa(am, DYAr.)........o.oveeieoeeeeeeeeeeeeeeeeeeeeee e 329

Application of the SIT to literature data in dilute to concentrated NaCl and
0.1 m NaClO,, for the equilibrium: An’*+ H,O(I) = An(OH)"+H" ..... 34()

Application of the SIT to literature data in dilute to concentrated NaCl and
0.1 m NaClOy, for the equilibrium: An** +2H,0(l) = An(OH); +2H" .. B41]

Solubility measurements of crystalline Am(III) hydroxide and aged
Am(OH);(s) in 0.1 M NaClO,4 and NaCl at 298.15 K ......cccvveevveiiienens 346

Solubility measurements of amorphous Am(III) hydroxide in pH—adjusted
dilute solutions and 0.1 M NACIOy ....uuueviiiiiiiiiiiiieeeeeeeeeeeeee e



Figure 12-5:

Figure 12-6:

Figure 12-7:
Figure 12-8:

Figure 12-9:

Figure A-1:

Figure A-2.

Figure A-3:

Figure A-4:

Figure A-5.

Figure A-6.

Figure A-7:

Figure A-8:

Figure A-9:

Figure A-10:

Figure A-11:

LIST OF FIGURES XXX1

Solubility constants of amorphous Np(V) and Am(V) hydroxides in
0.3 — 5.6 M NaCl SOIULION ....oveeiiiiiiiiiiiiriieerceteeeereese e

Distribution of Cm species at 298.15 K as a function of the CaCl,

(0103 4 TeT3 013 215 (o) o FEU PRSP

Vapour Pressure of AME3(CT) ...cccviierieiiieeiieeieeie e esve e

Extrapolation to 7 = 0 of experimental data for the formation of Am(III) and
Cm(IIT) sulphate COMPIEXES ......eevueerueeiieiieiirieeee e

Application of the SIT to the stepwise formation constants of Am(III) and
Cm(III) carbonate complexes in dilute to concentrated NaCl solutions ...372

Comparison of solubility measurements for Am(OH);(cr) and aged
Am(OH)5(8) in 0.1 M NaClO4 at 25°C. vveorerveeeeeeoseeeeeeeeeeeeeeeeseesseneons

Solubility of NaAm(COs),"xH,0 determined at 25°C and 22°C, respectively,
in 5.6 m NaCl solution under an atmosphere of p. = 107 bar
10T 150 o TSP

@
Speciation diagram of [U*]1=10"7 M and [CO} ] =1.5-10" M.............. 150)
Speciation diagram of [U*1=10"7 M and [CO?" ]1=2.1-10" M.............. 450
Experimental data of as Z versus —10g1o[H'] cevvveevvrennn. @
Experimental data Z versus —log;o[H+] from and the corre-

sponding calculated values from the equilibrium constants obtained by this
review using the LETAGROP least-squares program. ............ccceeceeeevennnns 502

Application of the SIT to Np(V) solubility data in K,CO; solutions > 0.17
mol - kg !, reaction: KNpO, (CO,)(s)+2CO>" = NpO,(CO,)} +K*
Application of the SIT to Np(V) solubility data in K,COj; solutions > 0.17
mol-kg ', reaction: K,NpO, (CO,), (s)+CO:" = NpO,(CO,); +3K"
Speciation at zero ionic strength calculated using equilibrium constants

given by Meinrath. ... @

Speciation in the U(VI) hydroxide system at zero ionic strength using the
equilibrium constants selected in[[92GRE/FUG]. ......Lc.covoovoveiveeeannn. @

Speciation in the U(VI) hydroxide system in 0.1 M NaClO, using the equi-
librium constants of Meinrath. ...........ccceeeiviiiienieniicieceeeeeeee e 601



XxXxil

Figure A-12:

Figure A-13:

Figure A-14:

Figure A-15:

Figure A-16:

Figure A-17:

Figure A-18:

Figure A-19:

Figure A-20:

Figure B-1:
Figure D-1:

Figure D-2:

Figure D-3:

LIST OF FIGURES

Speciation in the U(VI) hydroxide system using the equilibrium constants
from Meinrath recalculated to 3 M NaClOy. ...ooovvvvevienieieieieeieeeenn 6502

Speciation in the U(VI) hydroxide system using the equilibrium constants

from|[92GRE/FUG]|recalculated to 3 M NaClOs. .....c.coovvririiiiiiiiinnnns @

Speciation in the U(VI) hydroxide system using the equilibrium constants
from Meinrath recalculated to 3 M NaClO,, but excluding the 7:4 species. ...

Speciation in the U(VI) hydroxide system using the equilibrium constants

from [[92GRE/FUG]|recalculated to 3 M NaClO,, but excluding the 7:4 spe-

Speciation diagram of U(VI) in alkaline solutions according to constants
given in [2000NGU/PAL] where precipitation of uranyl phases has been

101 0) 0] eIl « AP

Experimental Np(IV) solubility data measured upon freshly formed solid
particles of Np(OH),(am) as a function of the H" or D" concentration in
0.1 M perchlorate SOIUtION. ..........ccceiiiiiiiiiiiiiicce @

Np(IV) species distribution in 0.1 M HCIO4~NaClOy. ......ccovevvvevuvereannnnns @

Speciation diagram obtained in perchlorate media assuming that no precipi-
1110 4 B0 Lo o1 S

Speciation diagram obtained in nitrate media (no precipitation of uranyl spe-
CICS 18 ASSUMEA) ..evvieiieniieiiieie ettt ettt sttt et et e e eneeensesnnenneas

Plot of log o8 +4D versus I, for reaction (B.12), at 25°C and 1 bar.. .....

Trace activity coefficients of the H" ion in NaCl and CsCl solution at 25°C



List of Tables

Table 2-1:
Table 2-2:
Table 2-3:

Table 2-4:
Table 2-5:

Table 2-6:

Table 2-7:

Table 3-1:
Table 3-2:

Table 3-3:

Table 4-1:
Table 4-2:

Table 4-3:

Table 5-1:

Abbreviations for experimental methods ... E
Symbols and terminologY........c.cccvereerieriieierieieie et
Abbreviations used as subscripts of A to denote the type of chemical
PTOCESS. 1.ttetententetete st et eatente st e st b s bt eb e e st esb et e st e e b e s bt ebeest e st e b e st e abeseeebeeseeneenee IE
Unit conversion factors ............ccceiiiiiiiiiiiice @
Factors p for the conversion of molarity, cg, to molality, mp, of a substance
B, in various media at 298.15 K ........ccooiiiiiiiii @
Reference states for some elements at the reference temperature of 298.15 K
and standard pressure 0f 0.1 MPa...........cccooviiiiiiiiiiiii,
Fundamental physical CONStaNtS............ccecvvereerieeriieieeiesieeeieere e E
Selected thermodynamic data for uranium compounds and complexes...... @

Selected thermodynamic data for reaction involving uranium compounds
aNd COMPIEXES .....oviiriiiiiiiieic s @

Selected temperature coefficients for heat capacities of uranium
COMPOUNAS ....ovviviiiiiiei e I@

Selected thermodynamic data for neptunium compounds and complexes ..

Selected thermodynamic data for reaction involving neptunium compounds
aNd COMPIEXES .....ouevvieiieiiiieic et @

Selected temperature coefficients for heat capacities of neptunium

COMPOUNAS ....oviviiiiiiiieie et s @

Selected thermodynamic data for plutonium compounds and complexes @

Xxxiii



XXX1V

Table 5-2:

Table 5-3:

Table 6-1:

Table 6-2:

Table 6-3:

Table 7-1:

Table 7-2:

Table 7-3:

Table 8-1:
Table 8-2:

Table 9-1:
Table 9-2:
Table 9-3:

Table 9-4:
Table 9-5:
Table 9-6:
Table 9-7:

LIST OF TABLES

Selected thermodynamic data for reaction involving plutonium compounds

ANA COMPLEXES ..nvienvieniieiieieeieeie et et eteeee st e steeteebeeebessaesseesseeseensennns
Selected temperature coefficients for heat capacities of plutonium
COMPOUNAS ..ovvieniieeiieiieeiieeteesteeteeieeaesaesteesreesseesseesseessesssessaesseeseesseessesses 111
Selected thermodynamic data for americium compounds and complexes ......

Selected thermodynamic data for reaction involving americium compounds

ANd COMPIEXES .....vvviiiiiiii s

Selected temperature coefficients for heat capacities of americium
COMPOUNGS ..ovviinrieerieirieeiesteesteeteeieeaestesteesseesseesseesseessesssessaesseeseesseessensns

Selected thermodynamic data for technetium compounds and
COMPIEXES ...ttt

Selected thermodynamic data for reaction involving technetium compounds
ANA COMPIEXES ...veenvieiieiieieeiiereee et eteeee sttt e st e et e seeseenseensesneenneas 129

Selected temperature coefficients for heat capacities of technetium
COMPOUNAS ..evviiniieerieiiieiieeteesteeteebeeaesaesteesseesseesseesseessesssessaesseeseesseessesses 132

Selected thermodynamic data for auxiliary compounds and complexes. ..

Selected thermodynamic data for reactions involving auxiliary compounds

T 10200] 0] 53 (OSSR 149
Molecular parameters for UO(Z) ......ccoevverieriieiieriiiieeieieeie e @
Derived values of A;H_ (UO2(OH),, g, 298.15 K).eevvvvvieieiieecieeen,
Experimental equilibrium constants for the U(VI) hydroxide system for the
CQUILIDIIAL Looviiiicii ettt 166
Experimental equilibrium constants for the U(VI) hydroxide system....... @
Literature data for the solubility product of schoepite and Na,U,Ox(s).....[1 68
Selected values for U(VI) hydrolysis species at 298.15 K .......cccoevvvneeee. 179

Equilibrium constants and solubility product|[[200INEC/KIM]....}..........




Table 9-8:
Table 9-9:

Table 9-10:
Table 9-11:
Table 9-12:
Table 9-13:
Table 9-14:
Table 9-15:
Table 9-16:

Table 9-17:
Table 9-18:
Table 9-19:
Table 9-20:
Table 9-21:
Table 9-22:

Table 9-23:
Table 9-24:

Table 9-25:
Table 9-26:
Table 9-27:
Table 9-28:

Table 9-29:

LIST OF TABLES XXXV

Atomic mass used for the calculation of thermal functions.......................
Molecular parameters of uranium halide gaseous species............cccuenu.... 196
Enthalpies of the reactions involving UF(g), UF,(g) and UF;(g).............. 199
Sums of various enthalpies involving UF(g), UF,(g) and UF;(g) ............. @
Optimised enthalpies of formation of UF(g), UF,(g) and UF;3(g).............. @
Enthalpy of sublimation of UF4(CT) .....cccueiiiiiiiiiiieeeeceeeeeeee DO 1]
Enthalpy of formation A;H_ (UFs, g, 298.15 K) ..covevviveiiiicceenn @
Enthalpy of sublimation of UOF5(Cr)....ccceevveviieiieiieieieieeee e P03

Literature data for the formation constants of U(IV) fluoride complexes
recalculated to /=0 with the SIT ......c.ccoveiiriiiiiiieeee e D11]]

Enthalpies of the reactions involving UCI(g), UCly(g) and UCl;(g) ......... D15
Sums of various enthalpies involving UCI(g), UCl,(g) and UCl;(g)......... D15
Optimised enthalpies of formation of UCI(g), UCIy(g) and UCls(g)......... D15
Vapour pressure data for the vaporisation of UCly(cr, 1) ..oovveiveieennnnnee. D14
Vapour pressure data for the sublimation of UCIg(CI)...c..coevereinircrnennens D19
Enthalpies of the reactions involving UBr(g), UBry(g), UBrs;(g) and

L0 23 T USRS D26
A, H; of UBry (cr) from data on UBry(cr) only........ccoooovvviviicccccnnne
Enthalpy of formation of HI(aq),......cccovvervirierienieniieiieieeieeeee e D30

Equilibrium constants for binary complexes UO,(SO,)>" ..cocovveverenee. D31

Equilibrium constants for ternary complexes, log,, *,BM,,, and interaction
coefficient £((UO,),(OH), (SO, )N&") wooorrrrrresmeerrrrsssicrrrerenn

Enthalpies of formation of UTeOs(cr) derived from Gibbs energy



XXXVI

Table 9-30:

Table 9-31:
Table 9-32:

Table 9-33:
Table 9-34:
Table 9-35:
Table 9-36:
Table 9-37:
Table 9-38:
Table 9-39:
Table 9-40:
Table 9-41:

Table 9-42:

Table 9-43:

Table 10-1:

Table 11-1:

Table 11-2:

Table 11-3:

LIST OF TABLES

Enthalpies of formation of UTe;Oy(cr) derived from Gibbs energy
SEUALES ...ttt L

N

Comparison of selected values from [90HAY/THO]and |[92GRE/FUG]|

Equilibrium constants related to the reaction:
UO;" +r H +¢ AsO; = UO,H, (ASO,)." ™ i

E ﬁ
2 .

Equilibrium constants in the U(VI) carbonate systems ..........c.cccccceueueneee
Equilibrium constants of the UO>" +Si(OH), (aq) = UO,SiO(OH); + H" ...252

Enthalpies A_ H, and A, H, of STUOux vvveeroeeereeereseeeeeereseeeeeereseenn b1l

sol

Derived heat capacity €qUations...........cceeeveeeeerierieriieieeieeieseeee e @
Derived enthalpies of reactions from stoichiometric phases...................... D7(
Derived enthalpies of insertion reactions ............cceeeeeveeveeieseeneenneeneenns D70
Derived enthalpies of reactions from stoichiometric phases...................... D72
Derived enthalpies of insertion 1eactions .............c.ccccovvrinicninicinennn.

Conditional equilibrium constants K; and K, at different concentrations

OF TH'T oo s ee s ee s e s s ees s eesee e

Conditional equilibrium constants of U(VI) with some polyoxometalate

AIOMIS. . 1evviireeiteeiteereeteesteeteeeteesteesteesseessesssesseesseesseesseessesssessseseesseenseeseesees D82

Minerals of uranium and related solid phases of interest for geochemical
MOAEIIING ..o P8(

Solubility constants of NaNpO,CO;-3.5H,0(s) and Naz;NpO,(COs),(s) at
20 — 25°C and conversion to /= 0 with the SIT .........cccccevierienieree.

Summary of solubility and equilibrium constants for tetravalent actinides
retained for discussion or selected by this review .........coccoeveeeieiierienene. 318

Standard Gibbs energy of formation of tetravalent actinides ions and

0.4 T (<R RUS 319

Comparison of equilibrium constants log,, K, derived from thermochemi-
cal data and solubility eXperiments ...........ccoccveceeeerieneenieenieeee e



Table 12-1

Table 12-2:

Table 12-3:

Table 12-4:

Table 12-5:

Table 12-6:
Table 12-7:
Table 12-8:

Table 12-9:

Table 12-10:
Table 12-11:

Table 12-12:

Table A-1:
Table A-2:
Table A-3:

Table A-4:
Table A-5.
Table A-6:

LIST OF TABLES XXXVil

Summary of entropy contributions for some Am compounds................... 334

Literature data for Am(III) and Cm(III) hydroxide complexes used in the

previous [[95SIL/BID]|and present reviews for the evaluation of equilibrium
CONSLANES At 1= 0.ttt 33§

Solubility constants for Am(III) hydroxides and conversion to / = 0, with the
SIT coefficients in Appendix B........c.cccoovvivievieiieiiceeceeeceeee e 344

Literature data for the solubility of Am(III) in alkaline solution (pH = 11

10 13). coeeeeeeee et 349

Literature values of the formation constants for Aan’”) and Cme’”)

ﬁ
2

COMPIEXES ..vevieiieiietieieeeteette st eteebeebeeeaesteesseebeessesseesseenseensaesseessesssessens
Estimated enthalpies of formation of americium halides at 298.15K ...... 359
Calculations of S, (AnFy, cr, 298.15 K) .eveiviiniiiiiicinincenccecee @

Data for Am(IIT) and Cm(III) carbonate complexes discussed in the present

and previous |[95SIL/BID]|reviews for the evaluation of stepwise formation
constants at /= 0..........cocoovoiiiiiiiiicc s @

Stepwise formation constants of aqueous Am(V) carbonate complexes from
the SOIUDIItY StUAIES ....c.eeieeieeiieieeieeee e

Solubility constants reported for Am(IIT) hydroxycarbonate. ................... 378
Solubility constants reported for the reaction:

12 Am,(CO,),(S) = AM® + 32 CO> ovvooiiooeeeeeeeeoeeeeeeeeeeeoeeeeeee e
Conditional formation constants of Am(III), Cm(III) and Am(IV) complexes
with tungstophosphate and tungstosilicate heteropolyanions....................
Literature data for the solubility of dehydrated schoepite.......................... @
Derived values of A, H° (UOy(OH),, g, 298.15 K)...oooooorerrereeecrsereeee. ko3

Equilibrium constants for Am(OH);(s) and Am(III) hydroxide complexes
derived from the solubility experiments of Stadler and Kim..................... 410

Comparison of selected values from|[[90HAY/THO] and [92GRE/FUG]|¢#17

log,, B, values corresponding to an ionic strength of 1.046 m HCIO;.....421
Equilibrium constant log,, 8, for UO3" with Cl” and NO; .................. 432



XXX Vil

Table A-7:

Table A-8:

Table A-9:

Table A-10:

Table A-11:

Table A-12:
Table A-13:
Table A-14:
Table A-15:
Table A-16:

Table A-17:

Table A-18:

Table A-19:

Table A-20:
Table A-21:

Table A-22:

Table A-23:

LIST OF TABLES

Values of X4, Ya and W, for the calculation of enthalpy and Gibbs energy
from the WilcoX equation...........c.coeeiiiiiiiiiiiiiiiecccc

Values of Xp, Yp and Wy for the calculation of enthalpy and Gibbs energy
from the WilCOX €qUAtiON........cceevieriieiieieiie ettt

H

Solubility product and Gibbs energy of formation of soddyite, uranophane,

Na—boltwoodite and Na—weeKSite: .........cccvvevviiriiviieiiciicicseeieeeeeeeiens 142
Equilibrium constants at zero ionic strength for the U(VI) hydroxide

R ] £ 1 s M
Heat capacity coefficients and standard heat capacity for Rb,U;0,(cr)
Rb2U4013(CI'), C52U4012(Cr) and CS2U40[3(CT) ..........................................
Derived values of A,H° (UOy(OH),, g, 298.15 K)....vvorveereecreereriecnan, 155
Enthalpies of solution and formation of StUO4 y.......ccovvvviiiiiiiinnn. @

Equilibrium constants for the dissolution of NaAmO,CO5(8). ...cevuvenen.... 471
Experimental and calculated Gibbs energies of sodium uranate reactions

Equilibrium constants derived from the solubility of AmO,0OH(am) and
NpO,OH(am, aged) in 5 M NaCl at 22°C........cccccevierieereecieriereenieenenns 482

Equilibrium constants derived in[[94RUN/KIM]|[96RUN/NEU]|from the
solubility studies with NaNpO,CO;(s) and NaAmO,CO;(s) in NaCl solu-
HHONS AL 22°C .. ittt et

& E]

Equilibrium constant obtained in various experimental conditions...........

Equilibrium constant at /= 0.1 m and /= 0 for (UO,), (OH):"™"
SPECIES ...viiiiiiicite e @

—log;o[H'] ranges used in the various titrations. .........cc.ceeeerereeererererenes @

Tests of various chemical models and refinement of the corresponding
eqUIlibrium CONSTANTS. ....ooovieiieiieieciiecee e 501

Equilibrium constants and lifetime measurements of UO;", UO,SO, (aq),
UO,(80,)>" and UO,OH" and UOy(OH)x(8Q).........eveeererrereerrreerreeern kog

Equilibrium constants and lifetime measurements of UO}", UO,SO,(aq),
LO{O TS0 T8 Sl Y B 610 2N (10 Y St kog



Table A-24:

Table A-25:

Table A-26:

Table A-27:

Table A-28:

Table A-29:

Table A-30:
Table A-31:
Table A-32:
Table A-33:
Table A-34:

Table A-35:

Table A-36:

Table A-37:
Table A-38:

Table A-39:
Table A-40:

Table A-41:

LIST OF TABLES XXXIX

Comparison between A.G. calculated from the sum of constituent oxide
contributions and A,G° selected in[[92GRE/FUG]......|.c..coooovvererrrnnnnn, 519

Comparison between A.G, calculated from the sum of constituent oxide

contribution and A;G; selected in|[92GRE/FUG]|......cccovveveervrecrnnenenes 535

Estimated and experimental Gibbs energy of formation for some
uranium(VI) Minerals. ........ccoocveviirieriieiieieeieeeece e 536

Main characteristics of fluorescence spectra of some aqueous

COMPIEXES.....oviviiiiiiiiieteee s

Temperature coefficients for K,U,O1,(cr) and K,U,O45(cr)

COMPOUNAS ..ovviiniieirieetieiieeteesteeteeteeaestesteesseesseesseesseessesssesseesseeseesseessesses 545
Temperature coefficient for Cs,U,0(cr) and Cs,UsOq5(cr)

COMPOUNAS ..ovviieiieirieiieetieete et et ereeteetesteesreesbeebeesseeesesssesssesseeseenseeneeenns 544
Spectroscopic data of some U(VI) complexes.........cocceveevvenieirecennennen.
Standard state thermodynamic data............ccccoooeviiniiiiiiiii @
Standard state thermodynamic data............ccccoooeviiiiiiiiiii, @

Np(V) carbonate solids observed in[[97NOV/ALM]|[98ALM/NOV]]....570

Enthalpy of the hydration reaction for trivalent and tetravalent

TOMS MM ettt 582
Comparison between the calculated molar standard entropy and selected by
TDB TEVIEW. .cuevieiuiieitieeeiie ettt ettt eetee e it e e etee e eteeetee e beeeaseesabeeeaseeseveassseens 582
Unit cell parameters for schoepite, metaschoepite and dehydrated schoepite
(01741 21 E TSRO UU USSR 588
Spectroscopic characteristic of 1:1 and 2:2 species at 25°C...................... @

Equilibrium constants of U(VI) with polyanions LX atpH=4...............

Emission wavelengths and lifetimes of emission of UO;", UO,H,PO;,
UO,HPO,(aq) and UO,PO; ..c.ccovveiriieiiiieirieecneeeeeeeceeeeee 621

Experimental and calculated Gibbs energies of potassium uranate reactions



x1

Table A-42:

Table A-43:

Table A-44:

Table A-45:
Table A-46:
Table A-47:
Table A-48:
Table A-49.
Table A-50:
Table A-51:

Table A-52

Table A-53:

Table A-54:

Table A-55:

Table B-1:

Table B-2:

Table B-3:

LIST OF TABLES

Ag values used to calculate the SIT interaction coefficients and log,, S° for
PuO,Cl" , PuO,Cly(aq) and UO,CIY, UO,Cly(aQ). crovvvrvvovvveeererrnerrrsrrrns

Equilibrium constant log,, B° and interaction coefficient Ag;) for the first
chloride complexes of U(VI) and Pu(VI).....cccccovvevieiinienieieieeieeeeen 654

Equilibrium constant log,, B, and interaction coefficient Ag,) for the sec-
ond chloride complexes of U(VI) and Pu(VI) .......cccoevvveiieienieiieieenenen,

a
2

Equilibrium constants derived from spectroscopic measurements............ 656
Values of log,, K° for protonation of arsenic acid at 25°C.....................
log,, *ﬂ;’q,y and &(p, ¢, , Na") (kg - mMOl™) .ooooieeeeeeeeeeeen @

Values and units of the coefficients of equations (A.127) and (A.128)..... @

Formation constants for Tc(CO),(H,0), , X" complexes.................. 668
Values of absorption coefficient , g, for (UO,),(OH)2"™" species............ 6574

Solubility constants for PuO,CO;(s) (molal scale in Bold ) and conversion to
1= 0 with the SIT coefficients in Appendix B. ........ccooevvvrirnieninineen. 68 1

Thermodynamic data at zero ionic strength proposed in[[2001NEC/KIM]692

Values of log,, *,Bn for (1,1), (2,2), (4,3), (5,3), (7,4) in 0.1 M KCl,

,m

NaClO; and in 1.0 M KNO; cooovovovooooooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee b97
log,, *,B;’m values and en,m for UO?, (1,1), (2,2), (4,3), (5,3) and (7,4)
] 0116 (<3 USRS 693

Species of U(VI) identified by Raman spectra in basic media according to

..............................................................................................

Water activities a, , for the most common ionic media at various concen-
trations applying Pitzer’s ion interaction approach and the interaction pa-

rameters given in ........................................................................

Debye—Hiickel constants as a function of temperature at a pressure of 1 bar
below 100°C and at the steam saturated pressure for ¢ > 100°C.. ............ 716

The preparation of the experimental equilibrium constants for the extrapola-
tion to / = 0 with the specific ion interaction method at 25°C and 1 bar, ac-
cording to reaction (B.12)......cccoiiiiiiiiiiie e 718



Table B-4:

Table B-5:

Table B-6:

Table C-1:

LIST OF TABLES xli

lon interaction coefficients ¢ ; (kg'mol ") for cations j with k = CI", ClO,
and NO; , taken from Ciavatta [80CIA]l [[88CIA] unless indicated other-

WISE. 1ovivitetiret ettt s

Ton interaction coefficients ¢, ,, (kg'mol ") for cations j with & = Li, Na and
K, taken from Ciavatta[[80CIA]| [88CIA]|unless indicated otherwise......

lon interaction coefficients ¢, and g, , for cations j with k = CI,
ClO, and NO; (first part), and for anions j with k= Li", Na" and K" (sec-
ond part), according to the relationship € =g + &, log;o(/m. The data are
taken from Ciavatta [[SOCIAJ[88CIAT .....veveeeeeeeeeeeeeeeeeeeeeeee

Details of the calculation of equilibrium constant corrected to /=0, using






Part 1

Introductory material






Chapter 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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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 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]| [S8WAN]L[[91WAN]l 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’| americiuml 9SSIL/BID]] techne-
tium m 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]| IE86FRE/KEL% [87FRE/LAN]| [91FRE/KEL]| the two volumes edited
by Katz et al. [S6KAT/SEA]| and Part 12 by Fuger et al. | 92FUG/KHO Iwithin 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 [[S9LIE/GRE])) and [97ION/MAD]
(containing[[85BRA/LAG]![[S6BRA/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
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 (/ = 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
[20000ST/WAN]| [[2000GRE/WAN]] [[99WAN/OST]| [2000WAN/OST]| [99WAN].
Some of these procedures are also outlined in this volume, c¢f. 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

Standards, Conventions and
Contents of the Tables

This chapter outlines and lists the symbols, terminology and nomenclature, the units and
conversion factors, the order of formulae, the standard conditions, and the 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 Ton selective electrode with ion X stated
X Ton 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 /
height h
radius r
diameter d
volume vV
mass m
density (mass divided by volume) P
time t
frequency v
wavelength A
internal transmittance (transmittance of the medium itself, disregarding boundary or
container influence)

internal transmission density, (decadic absorbance): logo(1/T) A
molar (decadic) absorption coefficient: 4/c,/ &
relaxation time T
Avogadro constant Na
relative molecular mass of a substance® M,
thermodynamic temperature, absolute temperature T
Celsius temperature t
(molar) gas constant R
Boltzmann constant k
Faraday constant F
(molar) entropy S,
(molar) heat capacity at constant pressure C.
(molar) enthalpy H
(molar) Gibbs energy G,
chemical potential of substance B Wy
pressure §4
partial pressure of substance B: xpp B
fugacity of substance B /s

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

Symbols and terminology

fugacity coefficient: fa/pg
amount of substance®

mole fraction of substance B:

molarity or concentration of a solute substance B (amount of B divided by the vol-
ume of the solution) ©

molality of a solute substance B (amount of B divided by the mass of the solvent) ¥
mean ionic molality ©, miv*w’) = mi* m-

activity of substance B

activity coefficient, molality basis: a, / m,

activity coefficient, concentration basis: a, /¢,

. . o VitV V. V.
mean ionic activity © ai ) - a,=aa_

(e) (vi+v.) :YV‘ v_

mean ionic activity coefficient™, y, LY

osmotic coefficient, molality basis

ionic strength: [, = %Zl ml.z[.2 or/, :%Z, cl.z[.2
SIT ion interaction coefficient between substance B, and substance B,, stoichiomet-
ric coefficient of substance B (negative for reactants, positive for products)

general equation for a chemical reaction

equilibrium constant

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

charge number of a cell reaction

electromotive force

pH=- logm[aH /(mol - kg™)]

electrolytic conductivity

superscript for standard state®

VB

XB

¢s, [B]

mpg

&(B;,B,)

0=>,v,B
K

ZB

E
pH
K

[}

(a)

® ¢f sections 1.2 and 3.6 of the TUPAC manual [[79WHI

ratio of the average mass per formula unit of a substance to t of the mass of an atom of nuclide '*C.

© This quantity is called “amount-of-substance concentration” in the [UPAC manual [79WHI]|A solution

with a concentration equal to 0.1 mol-dm™ is called a 0.1 molar solution or a 0.1 M solution.

@ A solution having a molality equal to 0.1 mol-kg™ is called a 0.1 molal solution or a 0.1 m solution.

© For an electrolyte N, X, which dissociates into v, (=v, +Vv_) ions, in an aqueous solution with

concentration m, the individual cationic molality and activity coefficient are m, (=v,m) and

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

v,Z, =V _z_

O Special notations for equilibrium constants are outlined in section 2.1.6. In some cases, K, is used to

indicate a concentration constant in molar units, and K a constant in molal units’

® See section 2.3.1.
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2.1.3 Chemical formulae and nomenclature

This review follows the recommendations made by IUPAC [71JENT]} [77FER]| [90LEI]
on the nomenclature of inorganic compounds and complexes, except for the following
items:

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

e 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 (Rule 6.42) is used, e.g., “uranium(I'V)
difluoride oxide” for UF,O(cr).

An IUPAC rule that is often not followed by many authors (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, (UO,),CO,(OH); is standard, (UO,),(OH),CO; 1is non-
standard and is not used.

Abbreviations of names for organic ligands appear sometimes in formulae.
Following the recommendations by IUPAC, lower case letters are used, and if neces-
sary, the ligand abbreviation is enclosed within parentheses. Hydrogen atoms that can
be replaced by the metal atom are shown in the abbreviation with an upper case “H”, for
example: H,edta™ , Am(Hedta)(s) (where edta stands for ethylenediaminetetraacetate).

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, UF, occurs as a gas,
a solid, and an aqueous complex. The distinction between the different phases is made
by phase designators that immediately follow the chemical formula and appear in 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.

e  The designator (1) is used for pure liquid substances, e.g., H,O(]) .

e The designator (aq) is used for undissociated, uncharged aqueous species,
e.g.,UOH),(aq), CO,(aq) . Since ionic gases are not considered in this re-
view, all ions may be assumed to be aqueous and are not designed with (aq). If
a chemical reaction refers to a medium other than H,O (e.g., D,0, 90% etha-
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nol/10% H,0), then (aq) is replaced by a more explicit designator, e.g., “(in
D,0)” or “(sln)”. In the case of (sln), the composition of the solution is de-
scribed in the text.

e The designator (sln) is used for substances in solution without specifying the
actual equilibrium composition of the substance in the solution. Note the dif-
ference in the designation of H,O in Eqs.(2.2) and (2.3). H,O(]) in Reaction
(2.2) indicates that H,O is present as a pure liquid, i.e., no solutes are present,
whereas Reaction (2.3) involves an HCI solution, in which the thermodynamic
properties of H,O(sln) may not be the same as those of the pure liquid
H,O(]) . In dilute solutions, however, this difference in the thermodynamic
properties of H,O can be neglected, and H,O(sln) may be regarded as pure

H,0() .
Example:
UO,Cl, (cr) + 2 HBr(sln) = UOB, (cr) + 2HCI(sln) 2.1)
UO,Cl, -3H,0(cr) = UO,Cl, -H,0O(cr) + 2 H,0(1) 2.2)
UO,(y) + 2 HCI(sln) = UO,Cl, (cr) + H,O(sIn) (2.3)

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

e In some cases, more than one crystalline form of the same chemical 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., SiO,(quar) for quartz and SiO,(chal) for chalced-
ony. If there is no mineral name, the designator (cr) is replaced by a Greek let-
ter preceding the formula and indicating the structural phase, e.g.,
o—UF, ,p—-UE .

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-
the reference temperature is usually given in addition to the state of aggrega-
tion of the composition of a mixture.
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A.G2(Na",298.15K) standard molar Gibbs energy of forma-

tion of aqueous Na"at 298.15 K

$°(U0,(S0,)-2.5H,0, cr, 298.15K)  standard molar entropy of

UO0,(S0,)-2.5H,0(cr) at 298.15 K

C,n(UO;, a, 298.15 K) standard molar heat capacity of

a—-UO, at298.15K

A.H  (HF, sln, HF -7.8H,0) enthalpy of formation of HF diluted

2.1.5 Processes

1:7.8 with water.

Chemical processes are denoted by the operator A, written before the symbol for a
property, as recommended by IUPAC [[82LAF]} An exception to this rule is the equilib-
rium constant, ¢f. section 2.1.6. The nature of the process is denoted by annotation of

the A, e.g., the Gibbs energy of formation, A;G,, the enthalpy of sublimation, A

sub”m >

etc. The abbreviations of chemical processes are summarised in Table 2-3.

Table 2-3: Abbreviations used as subscripts of A to denote the type of chemical process.

Subscript of A

Chemical process

at
dehyd
dil
f
fus
hyd
mix
r
sol
sub
tr
trs

vap

separation of a substance into its constituent gaseous atoms (atomisation)
elimination of water of hydration (dehydration)

dilution of a solution

formation of a compound from its constituent elements
melting (fusion) of a solid

addition of water of hydration to an unhydrated compound
mixing of fluids

chemical reaction (general)

process of dissolution

sublimation (evaporation) of a solid

transfer from one solution or liquid phase to another
transition of one solid phase to another

vaporisation (evaporation) of a liquid

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

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

E,,/hc = o (v+1/2)—0x(v+1/2)’ +B J(J +1)
-DJ* (J+1)’ —a(v+1/2)J (J+1)

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

(2.4)

«for non-linear polyatomic molecules (rigid rotator, harmonic oscillator approxima-
tion): I, I, L, the product of the principal moments of inertia (readily calculated
from the geometrical structure of the molecule), v(i), the vibration frequencies and
o, 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 o, 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
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 TUPAC 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 lon Complexes by
Sillén and Martell [64SIL/MAR]! [71SIL/MAR]| An outline is given in the paragraphs
below. Note that, for some simple reactions, there may be different correct ways to in-
dex an equilibrium constant. It may sometimes be preferable to indicate the number of
the reaction to which the data refer, especially in cases where several ligands are dis-
cussed that might be confused. For example, for the equilibrium:

mM+qgL &= M,L, (2.5)
both f,,, and f3(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 £ 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).

2.1.7.1 Protonation of a ligand

H +H L <= HL K = [ ] (2.6)
-1 r Lr I: :H: B ] :

PH +L = HL B :—[ L] @2.7)
r Lr :

(][]
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 K,, to K, . This re-
view retains, for the sake of consistency, cf. Egs.(2.8) and (2.9), the older formulation of
K

Lr*

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

BL
HL,_, +L<= HL K = (2.8).

" o [Ean]

Eq.(2.9) refers to the overall formation constant of the species H,L, .

rFH +¢L = HL, B = M 2.9).

I
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In Egs.(2.6), (2.7) and (2.9), the second subscript 7 can be omitted if » = 1, as
shown in Eq.(2.8).

Example:

[HPO] |

H' +PO; = HPO; B =B= W
4

2H" +PO; = H,PO, B, =

2.1.7.2 Formation of metal complexes

ML, +L = ML, K =—1-_ (2.10)

(ML, ]
M+gL &= ML, B, = (2.11)
[M ][]
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):

[M,L ]
M+M, L = ML K, = (2.12).

"M M, L]

Eq.(2.13) refers to the overall formation constant of a complex M L

m-—q"*

[Mqu]
mM+gL = M,L, By = e (2.13)

(ML T

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

It has sometimes been customary to use negative values for the indices of the
protons to indicate complexation with hydroxide ions, OH™. This practice is not
adopted in this review. If OH™ occurs as a reactant in the notation of the equilibrium, it
is treated like a normal ligand L, but in general formulae the index variable n is used
instead of g. If H,O occurs as a reactant to form hydroxide complexes, H,O is consid-
ered as a protonated ligand, HL, so that the reaction is treated as described below in
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Egs.(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 M,,L H,. 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 Egs.(2.14) and (2.15) for mononuclear
and in Eq.(2.16) for polynuclear complexes.

+ * [ML4:||:H+:|
ML, +HL = ML, +H K, = e ta—s (2.14)
[ML,, ][HL |
L4
M+gHL = ML, +¢H’ B,= M (2.15)
(M J[HL
L4
P L. LS P
L RE
Example:
i oy [VOFTH]
UO2" +HF = UO, F +H" K =8 =
, *+HF(aq) 2 + | ﬂl |:UO§+:H: HF(aq)}
+ +7°
3U0Y +5H,0() = (UO,),(OH);+5H" "B, = [(UOZ)3(OH)SJ[H ]
’ [vo ]

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+¢HL = M®H,L), = —[M(H’L)"] (2.17)
R
Example:
U0;" +3H,PO, = UO,(H,PO,); B, = [, .0, |

[vo¥ [P0 |
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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 Egs.(2.18) to (2.20).

M,L,(s) = aM+bL K,, = [M]'[L] (2.18).
K, , is the conventional solubility product’, and the subscript “0” indicates that
the equilibrium reaction involves only uncomplexed aqueous species. If the solubility

constant includes the formation of aqueous complexes, a notation analogous to that of
Eq.(2.13) is used:

m N mb _ g
ML) = ML, + (7—qu K., =[M,L,][L] (2.19).
Example:

UO,F,(cr) = UO,F" +F K, =K,=[U0F|F].

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

ZML,(s) + (’”_b—qj H = M,L, + (’”_b—qj HL
a a a
& _y)
. M L |[HL ]«
K, \n= ML, [ ] (2.20)

mb_
|:H+ ]( » q)
Example:
U(HPO,), -4H,0(cr) + H* = UHPO;" + H,PO, + 4 H,0(])

et _ [UHPOj*][HZPO;]'

T

" In some cases, most noticeably when dealing with the solubility of actinide oxides, the
K notation is customarily applied in NEA TDB reviews to denote the constants for
equilibria such as AnO,(s) + 2 H,O(l) = An*" + 40H . 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).

ML
ML, +L(g) = ML, K, =M

o = ML, 2.21)

[73¢ 1)

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

Example:
_ [Coz (aq)]
Pco,

CO,(g) = CO,(aq) K

p

3U0Y +6CO,(g) + 6 H,0() = (UO,),(CO,)¢ + 12H"

.. [woy,con [m T
ﬂ 63
" I:UO? ]3 pgo2

U0,CO,(cr) + CO,(g) + H,0(l) = UO,(CO,)> + 2H"

- [U0, (€O, |[H"]

Pco,

p.s,2

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

2.1.7.5 Redox equilibria

Redox reactions are usually quantified in terms of their electrode (half cell) potential, £,
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, SHE', in accordance with the “1953
Stockholm Convention” 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, H,(g) is at unit fugacity (an ideal gas at unit
pressure, 0.1 MPa), and H™ is at unit activity. The sign of the electrode potential, E, is
that of the observed sign of its polarity when coupled with the standard hydrogen elec-
trode. The standard electrode potential, E°, 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 A G, and the standard (or thermodynamic) equilibrium constant K°.as
outlined in Eq.(2.22).

" The definitions of SHE and NHE are given in section 2.1.1.
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E° = —LAFGSl = Ean0 (2.22)
nF nF

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

E=E°—~(RT/nF)Lv,Ing, (2.23).

For example, for the hypothetical galvanic cell:

| Fe(CIO,), (aq, @, ~1)

Pt | Hy(g,p=1bar) | HCl(aq, a. =1, sz =1) Pt (2.24)

Fe(Cl0,): (aq, @, = 1)

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

Fe'" + %Hz(g) = Fe* +H' (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:

Fe'" +e = Fe* (2.26)

%Hz(g) = H +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 a,- :
o RT
E=E°(2.27) +Tln(‘ /fHZ Nay.a, ) (2.28)

According to the SHE convention £°(2.27)=0, f,, =1, a,. =1, hence

E= —Elna B (2.29).
F e
This equation is used to calculate a numerical value of a_ -from emf meas-
urements vs. the SHE; hence, as for the value of E (V vs. the SHE), the numerical value
of a_ depends on the SHE convention. Equilibrium constants may be written for these

half cell reactions in the following way:

a. .
K°(2.26) = —r (2.30)
aFe'er ’ ae’
a + 0 a ..
K°(2.27)= 1= =1 (by definition) (2.31)

V.
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In addition, A,G, (2.27)=0, A H;(2.27) =0, A,S; (2.27) = 0 by definition,

rom r~m

at all temperatures, and therefore A G7 (2.26) = A,G: (2.25). From A G; (2.27) and the
values given at 298.15 K in Table 8.1 for Hy(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

Py, and a . are equal to unity (cf: Eq.(2.23)):

a_ .
Fé?

E(2.25)= E°(2.25)— RTln{aF—**J (2.32)

For the standard hydrogen electrode a, = 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:

a_,,
—log,, a_ = log,, K°(2.26)- log,, (F_EJ
a

Fe}\

and from Eq.(2.28):
a_,.
~log,, a_= log,, K°(2.25)- logm[ = J (2.33)
Fel+
and —log,a_ = LE (2.25) (2.34)
S0l ™ R0y~ ‘

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“e” 7, which according to Eq.(2.28) is related to the standard electrode potential,
is arbitrary, but useful (this ™ notation does not in any way refer to solvated electrons).
When calculating the equilibrium composition of a chemical system, both “e” ”, and
H" can be chosen as components and they can be treated numerically in a similar way:
equilibrium constants, mass balance, efc. may be defined for both. However, while H"
represents the hydrated proton in aqueous solution, the above equations use only the
activity of “e” 7, and never the concentration of “e” . Concentration to activity con-
versions (or activity coefficients) are never needed for the electron (c¢f. 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
“pe”(=-log,, a, ) by analogy with pH (=-log,, a,.), and the redox potential of an
aqueous solution relative to the standard hydrogen electrode is usually denoted by either
“Eh” or “E,, ” (see for example|[81STU/MOR]|[[82DRE]} [84HOS]| [86NOR/MUN]).
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In this review, the symbol E° 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 [SSBAR/PAR]| (the definition of E°
parallels that of “concentration quotients” for equilibria). Therefore, from

E=E° —EZU,. Inc, (2.35)
nF

E" 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

. A
E°=F° —EZU,. Inpy, = _AG, (2.36)
nF nF

where the vy, are the molality activity coefficients and p is (m% ), 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:

pH = —log,a,. = —log,(m,.v,.)

can only be strictly used in the limiting range of the Debye—Hiickel equation (that is, in
extremely dilute solutions). In practice the use of pH values requires extra 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]l A common setup is a cell made up
of a reference half cell (e.g. Ag(s)/AgCI(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):

P(s) | Ag(s) | AgCls) | KCl(aq) @ salt +  test KCl(aq) | AgCl(s) | Ag(s) | Pt(s)
E bridge E solution

4 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:

E :E*—R—glnaw +E,
n

where E is a constant, and E; is the liquid junction potential. The purpose of the salt
bridge is to minimise the junction potential in junction “»”, while keeping constant the
junction potential for junction “a”. Two methods are most often used to reduce and con-
trol the value of E;. 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' 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 Aigh concentration of the
same inert electrolyte as the test solution (for example, 3 M NaClOy4). However, if the
concentration of the background electrolyte in the salt bridge and test solutions is re-
duced, the values of E; are dramatically increased. For example, if both the bridge and
the test solution have [CIO,] = 0.1 M as background electrolyte, the dependence of the
liquid junction at “b” on acidity is E;~— 440 x [H'] mV-dm® mol ' at 25°C
(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 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 y . and E; cancel each other when emf values are sub-
stracted).

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-

! KClO4(cr) has a solubility of = 0.15 M in pure water at 25°C



26 2 Standards, Conventions and Contents of the Tables

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 — log;o[H'] rather than on the
activity scale as pH, and the value of —log;o[H'] and pH will differ by a constant term,
i.e., log,y,.  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 — log;o[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, efc.), and to a lesser extent on the calibration method
employed, although the stoichiometric — log,o[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., U*"), the uranium compounds and complexes with oxygen
would be listed, then those with hydrogen, then those with oxygen and hydrogen, and so
on, with 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 UOF,(cr), UOF,(cr), UOF,(g), UO,F(aq),
UO,F", UO,F,(aq), UO,F,(cr), UO,F,(g), UO,F , UO,F/, U,O,F(cr), etc.
Formulae with identical stoichiometry are in alphabetical order of their
designators.
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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 [SZWAG/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 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 Systéme 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 to multiply by

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

dngstrom (A) metre (m) 1x107"° (exactly)
standard atmosphere (atm) pascal (Pa) 1.01325x10° (exactly)
bar (bar) pascal (Pa) 1x10° (exactly)
thermochemical calorie (cal) joule (J) 4.184 (exactly)
entropy unit e.u. 2 cal-K™ - mol™ J-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 “mol-dm™”
for molarity, ¢, and, in Appendices B and C, “m” as an abbreviation of “mol-kg™ ” for
molality, m. It is often necessary to convert concentration data from molarity to molality
and vice versa. This conversion is used for the correction and extrapolation of equilib-
rium data to zero ionic strength by the specific ion interaction theory, which works in
molality units (c¢f. Appendix B). This conversion is made in the following way. Molality
is defined as mjy moles of substance B dissolved in 1000 grams of pure water. Molarity
is defined as ¢; moles of substance B dissolved in (1000 p — ¢; M) grams of pure wa-
ter, where p is the density of the solution and M the molar weight of the solute.

From this it follows that:

_1000¢,
1000 p — c,M

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

my
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factors at 298.15 K for twenty one electrolytes, calculated using the density equations
reported by Séhnel and Novotny [[§5SOH/NOV]] are reported in Table 2-5.

Example:

1.00 M NaClO, = 1.05mNaClO,
1.00 MNaCl £ 1.02 m NaCl

4.00 M NaClO, £ 4.95m NaClO,
6.00 M NaNO, £ 7.55m 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, 0 =Y., v,B, the equilibrium constants can be expressed either in
molarity or molality units, K _or K, , respectively:

log,, K, = %\)B log,, ¢y
log,, K,, = %VB log,, my

With (my/cy)=p, or (log,m, — log,, cy )= log,, o, the relationship be-
tween K_and K, becomes very simple, as shown in Eq.(2.38).

log,, K, = log, K, + %VB log,, p (2.38)

2., Vpis the sum of the stoichiometric coefficients of the reaction, cf. Eq.
(2.54) and the values of p 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
(p.23) are found at the highest concentrations, and are no larger than
+0.003 dm’kg ', reflecting the accuracy expected in this type of conversion. The un-
certainty introduced by the use of Eq.(2.38) in the values of log,, K, will be no larger
than £0.001 X, v;.
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Table 2-5: Factors p for the conversion of molarity, c;, to molality, m, , of a substance

B, in various media at 298.15 K (calculated from densities in|[85SOH/NOVT).

p=m,/c, (dm’ of solution per kg of H O)

¢ (M) HCIO, NaClo, LiClOo, NHCIO, Ba(ClO)),  HCI NaCl LiCl
0.10 1.0077  1.0075  1.0074  1.0091 1.0108  1.0048  1.0046 1.0049
0.25 1.0147 10145  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 11019 1.1062  1.1019 12125 1.0430  1.0429 1.0441
3.00 11571 1.1678  1.1605 13689  1.0654  1.0668 1.0666
4.00 12171 12374 1.2264 1.0893  1.0930 1.0904
5.00 12826 13167 1.1147  1.1218 1.1156
6.00 13547 1.4077 1.1418 1.1423
¢ (M) KCl NH,Cl  MgCl, CaCl, NaBr HNO; NaNO;  LiNO;
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 10172 1.0219  1.0135 1.0119 1.0154  1.0169 10177 1.0178
0.75 1.0248  1.0318  1.0195 1.0176 10220  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 11037 11339 1.0867  1.0934 1.0893  1.1012  1.1090 1.1028
4.00 1.1453 11877  1.1241 1.1406 1.1240  1.1417  1.1534 1.1420
5.00 1.2477 1.1974 11619 1.1865  1.2030 1.1846
6.00 12033 1.2361  1.2585 1.2309
c(M)  NHNO; HSO, NaSO, (NH),SO; HPO,  NayCO; K,CO;  NaSCN
0.10 1.0077  1.0064  1.0044  1.0082 1.0074  1.0027  1.0042 1.0069
0.25 1.0151 10116  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 L1116 1.0848 1.1514 11055 1.0268  1.0632 1.0934
3.00 1.1769  1.1355 1.2610 1.1675 1.1130 1.1474
4.00 12512 1.1935 1.4037 1.2383 1.1764 1.2083
5.00 13365  1.2600 1.3194 1.2560 12773

6.00 1.4351 1.3365 1.4131 1.3557




2.3 Standard and reference conditions 31

2.3 Standard and reference conditions

2.3.1 Standard state

A precise definition of the term “standard state” has been given by IUPAC
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
definition of the standard state has been adopted in the NEA-TDB project.
The standard state pressure, p°= 0.1 MPa (1 bar), has therefore also been adopted, cf.
section 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.

e 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.

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

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

e The standard state for a solute B in a solution is a hypothetical liquid solution, at
the standard state pressure, in which m, =m° =1 mol - kg™, and in which the ac-
tivity coefficient vy, is unity.

It should be emphasised that the use of superscript, °, e.g., in A H_ , implies
that the compound in question is in the standard state and that the elements are in their
reference states. The reference states of the elements at the reference temperature (cf.
section 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]|

0, gaseous Al crystalline, cubic

H, 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, bee
F, gaseous Tc crystalline, hexagonal
Cl, gaseous Y crystalline, cubic

(Continued on next page)



32 2. Standards, Conventions and Contents of the Tables

Table 2-6: (continued)

Br, liquid Ti crystalline, hexagonal

I crystalline, orthorhombic Am crystalline, dhcp

S crystalline, orthorhombic Pu crystalline, monoclinic
Se crystalline, hexagonal (“black”) Np crystalline, orthorhombic
Te crystalline, hexagonal U crystalline, orthorhombic
N, 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 p, 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 [[§4FRE

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

oH\) _ . _(dV _ B
(gl =V T(@T]p V(l-aTl) (2.39)
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(GCPJ = —T(aZZJ (2.40)
o ), oT )
(QJ = —Va= —(8—Vj (2.41)
P ), or ),
oG\ _
(gl =V (2.42)
where o = l(ﬁ—Vj (2.43)
y\er),

For ideal gases, ¥ - &L and -2 =L The conversion equations listed below (Eqs.
P rv T

(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 .

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.

AH™(T) = A,H®™(T) =0 (2.44)
C*(T) - CH“™(T)=0 (2:45)

For gaseous substances, the entropy difference is:

(atm)

S(bar) (T) _ S(a““)(T) =R In (p—J_ R In 1.01325

(bar)

=0.1094 J-K™" -mol" (2.46)

This is exactly true for ideal gases, as follows from Eq.(2.41) with - in . The
entropy change of a reaction or process is thus dependent on the number of moles of
gases involved:

(bar)

(atm)
AS™ — A SEm =6-Rln(p ]
P

=5x0.1094 J-K™" -mol” (2.47)

where 9 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)

AG™ — A G"™ = _§.RT h{—p j

(bar)

= —5-0.03263 kJ-mol™ at 298.15 K. (2.48)

Eq.(2.48) applies also to A,G™ — A,G™™ , since the Gibbs energy of for-
mation describes the formation process of a compound or complex from the reference
states of the elements involved:

AG™ — A,G"™ = —§x0.03263 kJ-mol” at 298.15 K. (2.49).

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

A.G™ —A G™™

10 K(bar) _ 10 K(atm) - _
1o Lo RT In 10

(atm)
p
ln[ p(bar) j p(alm)
=5 —t 7 =8~logm( ]

In10 o
= §-0.005717 (2.50)

A G(bar) _A G(atm)
R

(atm)
RT h{p - j
_\r )

nk’

E(ba.r) _ E(atm) —

:6~

10.0003382 v
n

=35 at298.15 K @.51).

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

H 4+ ¢ = %Hz(g) E° 4 0.00v (2.52).
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This definition will not be changed, although a gaseous substance, H,(g), is
involved in the process. The change in the potential with pressure for an electrode po-
tential conventionally written as:

Ag" +e = Ag(er)

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

+ 1 +
Ag + EHz (g) = Ag(er)tH
Here 6 =— 0.5. Hence, the contribution to & from an electron in a half cell reaction is

the same as the contribution of a gas molecule with the stoichiometric coefficient of 0.5.
This leads to the same value of d as the combination with the hydrogen half cell.

Example:
Fe(c)+2H = Fe" +H,(g) 5=1 E®™ — E"™ =0.00017 V
CO,(g) = CO,(aq) 5=-1 log, K™ - log, K™ = -0.0057
5 3 , )
NH, (g) + ZOZ = NO(g) + EHZO(g) 8=025 AG™ — A.G"™ = -0.008 kJ - mol’
1 4
ECIZ (8)+20,(g)+e = CIO, 5=-3 A,G™ — A.G"™™ =0.098 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 l the reference temperature chosen in the
NEA-TDB project is 7= 298.15 K or ¢ = 25.00°C. Where necessary for the discussion,
values of experimentally measured temperatures are reported after conversion to the
IPTS-68 The relation between the absolute temperature 7' (K, kelvin) and the
Celsius temperature 7 (°C) is defined by = (T —T7,) where 7,=273.15 K.

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™!
permeability of vacuum Ho 4nx107 = 12.566 370 614... 10'N-A”
permittivity of vacuum €, 1/p, ¢* =8854187817... 10°C*-J" -m"
Planck constant h 6.626 0755(40) 10478
elementary charge e 1.602 177 33(49) 10°C
Avogadro constant Na 6.022 1367(36) 107 mol”
Faraday constant F 96 485.309(29) C-mol”
molar gas constant R 8.314 510(70) J-K -mol
Boltzmann constant, R/N k 1.380 658(12) 1071.K"

Non-SI units used with SI:
electron volt, (e/C) J eV 1.602 177 33(49) 10777
atomic mass unit, u 1.660 5402(10) 107 kg

1 12
lu=m = —m(C
.= o

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 (c¢f. 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
0f298.15 K and at the standard pressure of 1 bar, are stored in the database:

A:G? the standard molar Gibbs energy of formation from the elements in
their reference state (kJ-mol™)

AH, the standard molar enthalpy of formation from the elements in their
reference state (kJ-mol ™)

S° the standard molar entropy (J-K™' -mol™)

Com the standard molar heat capacity (J-K™' -mol™).

For aqueous neutral species and ions, the values of A.GY, A.H., S and
C,,. correspond to the standard partial molar quantities, and for individual aqueous
ions they are relative quantities, defined with respect to the aqueous hydrogen ion, ac-
cording to the convention[[89COX/WAG]|that A,HS (H", aq, T) =0 and that S (H",

aqg, 7) = 0. Furthermore, for an ionised solute B containing any number of different ca-
tions and anions:

AH) (B,,aq) =Y v, A;H,(cation, aq) + > v_ A, H (anion, aq)
S°(B,,aq) =Y v, S;(cation, aq) + >, v_ S, (anion, aq)

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

X(T) =a,+b,-T+c, T’ +d,-T"'+e, - T+ f,-InT+g, - ThT
+hx~ﬁ+% tj TPk, T (2:33)

Most temperature variations can be described with three or four parameters. In
the present review, only C _(7), i.e., the thermal functions of the heat capacities of
individual species are considered and stored in the database. They refer to the relation:

C (T)=a+b-T+c-T*+d-T"'+e-T"

p.m

(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.,
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[S4MAR/MES]| [[88SHO/HEL]| [88TAN/HEL]| [[89SHO/HEL] [[89SHO/HEL2]|
[9OMON]l[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:

0= Yv, B (2.54)
B

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

log,, K7 the equilibrium constant of the reaction, logarithmic
A Gy the molar Gibbs energy of reaction (kJ-mol ™)
AHS the molar enthalpy of reaction (kJ-mol™")

AS? the molar entropy of reaction (J-K™' -mol™)

AC ., the molar heat capacity of reaction (J-K™' -mol™")

The temperature functions of these data, if available, are stored according to Eq.(2.53).

The equilibrium constant, K, is related to A G, according to the following
relation:
RT In(10)
and can be calculated from the individual values of A;Gy (B) (for example, those given
in Tables 3.1 and 4.1), according to:

> vy AG(B) (2.55).

log,, K°® = ————
Bio % R7In(10) 4

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 ' - mol ") 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 For example, the
temperature dependence of the standard reaction Gibbs energy as a function of the stan-
dard reaction entropy at the reference temperature ( 7, = 298.15 K), and of the heat ca-
pacity function is:

AG(T) = AH°(T)+ '[;A C° (T)dT

rom r~pm

TArC(jm(T)
—T|AS(T)+ | ——2=gT7 |,
r~“m\*0 T T
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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:

o o A H? (T, 1 1
log,, K°(T) = log,, K°(T}) — —(0) [__ J

RIn(0) (T T,
ACO (T
1 [[acor)dr + ! [’ Con™) 4.
RTIn(10)9% " 7 RIn(10)%% T

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 ef al. 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 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°
at I = 0 using activity coefficients vy, is explained in Appendix B. The corresponding
Gibbs energy of dilution is:

Adile = ArGr: - Aer (256)

= —RT A, Iny, (2.57)

Similarly A,S,, can be calculated from Iny, and its variations with 7, while:
_p72 0

Adil[{m =RT a_T(Ar ln Yi )p (2’58)

depends only on the variation of y with 7, which is neglected in this review, when no
data on the temperature dependence of y ’s are available. In this case the Gibbs energy
of dilution A, G,, is entirely assigned to the entropy difference. This entropy of reac-
tion is calculated using the Gibbs-Helmholtz equation, the above assumption Ay H, =
0,and A,G, .
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Chapter 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 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 (c¢f. 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
U*") 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
AGyo, AHY, S, and C) . 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:

C, (T)=a+b-T+c-T*+d-T"'+e-T (3.1

p.m
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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 MO,(cr), M = U, Np, Pu.

The selected thermodynamic data in [[92GRE/FUG]| [95SIL/BID] and
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 log;oK 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 (7 = 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 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.

A:Gy AcHy S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
U(er) 0.000 0.000 50.200 27.660 ©
+0.200 +0.050
U(g) 488.400 @ 533.000 199.790 23.690 ©
+8.000 +8.000 +0.030 +0.030
U -476.473 ® -489.100 ® ~188.172 ® ~150.000
+1.810 +3.712 +13.853 +50.000
u* -529.860 ® —-591.200 -416.895 @ —220.000
+1.765 +3.300 +12.553 +50.000
UO(g) 5327 @ 35.000 252.300 39.600 ©
+10.018 +10.000 +2.000 +2.000
UO,(cr) -1031.833 @ —~1085.000 77.030 63.600 ©
+1.004 £1.000 £0.200 40.080
UO4(g) —481.064 © —477.800 266.300 59.500 ©
+20.036 +20.000 +4.000 +2.000
uo; -961.021 ® -1025.127 @ —25.000
+1.752 +2.960 +8.000
uo?' -952.551 @ -1019.000 -98.200 42.400 ©
11.747 £1.500 £3.000 13.000
B-UO,25Y -1069.083 @ ~1127.400 85.400 ©
+1.702 +1.700 +0.200
UO,,5(cr)® -1069.125 @ ~1128.000 83.530 73.340 ©
+1.702 +1.700 +0.170 +0.150
0—UO33333 82.170 71.420 ©
+0.500 +0.300
B-UO,3333 -1079.572 @ ~1141.000 83.510 71.840 ©
+2.002 +2.000 +0.200 +0.140

(Continued on next page)
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Table 3—1: (continued)
AGy AcHy S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UO, gs67(cr) ~1123.157 @ ~1191.600 94.180 79.310 ©
+0.804 +0.800 +0.170 +0.160
UO,.56 0.5 HyO(cr) -1367.000
+10.000
U0, 56 1.5 HyO(cr) —1666.000
+10.000
0o-UOx05 ~1211.280 ®
+1.284
a-U0; -1135.330 @ -1212.410 99.400 81.840
+1.482 +1.450 +1.000 +0.300
B-UO, ~1142.301 @ ~1220.300 96.320 81.340 ©
+1.307 +1.300 +0.400 +0.160
y-UO0; -1145.739 @ -1223.800 96.110 81.670 ©
11.207 £1.200 £0.400 10.160
5-UO; -1213.730
+1.440
&UO; -1217.200
+1.300
U0s(g) —784.761 @ ~799.200 309.500 64.500 ©
+15.012 +15.000 +2.000 +2.000
$-UH, ~72.556 @ ~126.980 63.680 49.290
+0.148 +0.130 +0.130 +0.080
UOH* —-763.918 ® -830.120 ® —-199.946 ®
+1.798 +9.540 432.521
UO,0H" -1159.724 ® -1261.371 @ 17.000
42221 +15.072 +50.000
UO;: 0.393 H,0(cr) —1347.800
+1.300
UO;: 0.648 H,0(cr) —1424.600
+1.300
a-UO;: 0.85 H,0 —1491.900
+1.300
0—UOs- 0.9 H,0 ~1374.560 @ ~1506.300 126.000 140.000
+2.460 +1.300 +7.000 +30.000
3-UOsHo 53 —1285.140 ®
+2.020

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

47

AG

AHy

50 ce

Compound -
(kJ - mol ]) (kJ - mol l) (J~K1~m01 ]) (J'K]~mol l)
UO(OH)x(aq) —1357.479 ®
+1.794
$-UO,(OH), -1398.683 @ ~1533.800 138.000 141.000 ©
+1.765 +1.300 +4.000 +15.000
y-UO,(OH), ~1531.400
+1.300
U(OH)4(aq) ~1421.309 ® -1624.607 © 40.000 205.000
+8.189 +11.073 +25.000 +80.000
UO,(OH); —1548.384 ®
+2.969
UO;- 2 H,0(cr) ~1636.506 @ ~1826.100 188.540 172.070 ©
+1.705 +1.700 +0.380 +0.340
UO,(OH); -1716.171 ®
+4.260
U0, 2 HyO(cr) —1784.000
+4.200
U0, 4 HyO(cr) —2384.700
+2.100
(UO,),0H*" -2126.830 ®
+6.693
(UO,),(OH)' -2347.303 ® ~2572.065 @ -38.000
+3.503 +5.682 +15.000
(UO,)5(OH);" -3738.288
+5.517
(UO,)5(OH); -3954.594 ® -4389.086 @ 83.000
+5.291 +10.394 +30.000
(UO,)y(OH), 4333835 ©
+6.958
(UO,)4(OH); 5345179 ©
49.029
UF(g) ~76.876 @ ~47.000 251.800 37.900 ©
+20.020 +20.000 +3.000 +3.000
UF** -865.153 ® -932.150 ® -269.133 ®
+3.474 +3.400 +16.012
UFA(g) —558.697 @ —540.000 315.700 56.200 ©
425.177 +25.000 +10.000 +5.000

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

AGE AH 0 c

Compound -
(kJ - mol ]) (kJ - mol l) (J~K1~m01 ]) (J'K]~mol l)
UF} ~1187.431 ® —1265.400 © —-139.195 ©
+4.632 +3.597 +18.681
UFs(cr) —1432.531 @ ~1501.400 123.400 95.100 ©
+4.702 +4.700 +0.400 +0.400
UF5(g) -1062.947 @ ~1065.000 347.500 76.200 ©
+20.221 +20.000 +10.000 +5.000
UF} ~1499.378 ® ~1596.750 © -37.537®
+5.466 +5.540 424410
UF4(aq) -1806.302 ® ~1941.030 © 3.905 ®
+6.388 +8.565 +21.374
UF.(cr) -1823.538 @ -1914.200 151.700 116.000 ©
+4.201 +4.200 +0.200 +0.100
UF.(g) -1576.851 @ -1605.200 ® 360.700 95.100 ©
+6.698 +6.530 +5.000 +3.000
a—UF; -1968.688 @ —2075.300 199.600 132.200 ©
+6.995 +5.900 +12.600 +4.200
B-UF; -1970.595 @ —2083.200 179.500 132.200 ©
+5.635 +4.200 +12.600 +12.000
UFs(g) -1862.083 @ -1913.000 386.400 110.600 ©
+15.294 +15.000 +10.000 +5.000
UFs ~2095.760 ©
+5.739
UFg(cr) —2069.205 @ —2197.700 227.600 166.800 ©
+1.842 +1.800 +1.300 +0.200
UF(g) —2064.440 @ —2148.600 ® 376.300 129.400 ©
+1.893 +1.868 +1.000 +0.500
UF2 -2389.098 ®
+6.028
U,Fy(cr) —3812.000 -4015.923 @ 329.000 251.000 ©
+17.000 +18.016 420.000 +16.700
U Fo(g) -3993.200 ©
+30.366
U,F7(cr) —7464.000 —7849.665 @ 631.000 485.300 ©
+30.000 +32.284 +40.000 +33.000
UOF,(cr) —1434.127 @ —1504.600 119.200
+6.424 +6.300 +4.200

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UOF,(cr) ~1816.264 ® —1924.600 195.000
+4.269 +4.000 +5.000
UOF4(g) -1704.814 @ ~1763.000 363.200 108.100 ©
+20.142 +20.000 +8.000 +5.000
UOF* -1263.527 ® -1352.650 ® 7511 ®
£1.911 +1.637 +3.321
UO,F,(aq) -1565.999 ® -1687.600 © 50.293 ®
$2.276 +1.994 +3.783
UO,Fy(cr) -1557.322 @ ~1653.500 135.560 103.220 ©
+1.307 +1.300 +0.420 +0.420
UO,F5(g) -1318.081 @ -1352.500 ® 342.700 86.400 ©
+10.242 +10.084 +6.000 +3.000
UOF; ~1859.338 ® -2022.700 ® 76.961 ©
+2.774 +2.480 +4.417
UO,F> —2146.226 ® -2360.110 © 74.248 ®
+3.334 +3.038 +5.115
U,0;F(cr) 3372730 @ -3579.200 ® 324.000
+14.801 +13.546 +20.000
U;05Fs(cr) —4890.135 @ -5192.950 ® 459.000 304.100
49.771 +3.929 +30.000 +4.143
H;OUF¢(cr) —2641.400 ©
+3.157
UOFOH(cr) —1336.930 @ —1426.700 121.000
+12.948 +12.600 +10.000
UOFOH- 0.5 H,O(cr) ~ —1458.117 @ ~1576.100 143.000
+6.970 +6.300 +10.000
UOF; H,0(cr) ~1674.474 @ ~1802.000 161.100
+4.143 +3.300 +8.400
UF,- 2.5 HyO(cr) —2440.282 @ —2671.475 263.500 263.700
+6.188 +4.277 +15.000 +15.000
UO,FOH- H,0(cr) —-1721.700 —1894.500 178.345 @
+7.500 +8.400 +37.770
UO,FOH- 2 H,0(cr) -1961.032 ® -2190.010 ® 223.180 ®
+8.408 49.392 +38.244
UOLF, 3 HyO(cr) ~2269.658 @ ~2534.390 ® 270.000
+6.939 +4.398 +18.000

(Continued on next page)
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Table 3—1: (continued)
AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UCI(g) 155.945 @ 187.000 265.900 43200 ©
+20.020 +20.000 +3.000 +3.000
ucr -670.895 ® ~777.280 ® -391.093 ®
+1.918 +9.586 +32.788
UCly(g) ~174.624 @ ~155.000 339.100 59.900 ©
+20.221 +20.000 +10.000 +5.000
UCl(cr) ~796.103 @ —863.700 158.100 102.520 ©
+2.006 +2.000 +0.500 +0.500
UCls(g) ~521.652 @ —523.000 380.300 82.400 ©
+20.221 +20.000 +10.000 +5.000
UCly(cr) -929.605 @ -1018.800 197.200 121.800 ©
+2.512 +2.500 +0.800 +0.400
UCly(g) —789.442 @ —815.400 ® 409.300 103.500 ©
+4.947 +4.717 +5.000 +3.000
UCls(cr) -930.115 @ -1039.000 242.700 150.600 ©
+3.908 +3.000 +8.400 +8.400
UCls(g) —849.552 @ -900.000 ® 438.700 123.600 ©
+15.074 +15.000 +10.000 +5.000
UCly(cr) -937.120 @ -1066.500 285.500 175.700 ©
+3.043 +3.000 +1.700 +4.200
UCly(g) -901.588 @ -985.500 © 438.000 147.200 ©
+5.218 +5.000 +5.000 +3.000
U,Clyo(g) -1965.300 ©
+10.208
UOCl(cr) ~785.654 @ ~833.900 102.500 71.000 ©
+4.890 +4.200 +8.400 +5.000
UOCly(cr) -998.478 @ -1069.300 138.320 95.060 ©
+2.701 +2.700 +0.210 +0.420
UOCl;(cr) -1045.576 @ ~1140.000 170.700 117.200 ©
+8.383 +8.000 +8.400 +4.200
UO,Cl(cr) -1095.253 @ ~1171.100 112.500 88.000 ©
+8.383 +8.000 +8.400 +5.000
uo,CI -1084.738 ® -1178.080 ® -11.513 ®
£1.755 +2.502 +7.361
UO,Cly(aq) -1208.707 ® —1338.160 ® 44251 ®
+2.885 +6.188 +21.744

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

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UO,Cly(cr) —1145.838 @ —1243.600 150.540 107.860 ©
+1.303 +1.300 +0.210 £0.170
UO,Cly(g) -938.984 @ -970.300 373.400 92.600 ©
£15.106 +15.000 +6.000 +3.000
U,0,Cls(cr) -2037.306 @ ~2197.400 326.300 219.400 ©
+4.891 +4.200 +8.400 +5.000
(UO,),Cls(cr) —2234.755 @ —2404.500 276.000 203.600 ©
+2.931 +1.700 +8.000 +5.000
Uo,CIO; -963.308 © ~1126.900 ® 60.592 ®
+2.239 +1.828 +4.562
Us0,,Cl(cr) —-5517.951 @ —5854.400 465.000
£12.412 +8.600 +30.000
UO,Cly- HO(cr) ~1405.003 @ —1559.800 192.500
+3.269 +2.100 +8.400
UO,CIOH- 2 H,0(cr) -1782.219 @ —2010.400 236.000
+4.507 +1.700 +14.000
UO,Cly: 3 H,O(cr) -1894.616 @ —2164.800 272.000
+3.028 +1.700 +8.400
UCLF(cr) -1146.573 @ —1243.000 162.800 118.800
+5.155 +5.000 +4.200 +4.200
UCL,Fy(cr) -1375.967 @ ~1466.000 174.100 119.700
+5.592 +5.000 +8.400 +4.200
UCIFs(cr) -1606.360 @ —1690.000 185.400 120.900
+5.155 +5.000 +4.200 +4.200
UBr(g) 199.623 @ 245.000 278.500 44.500 ©
+15.027 +15.000 +3.000 +3.000
UBr** —642.044 ®
+2.109
UBr,(g) ~86.896 @ ~40.000 359.700 61.400 ©
+15.294 +15.000 +10.000 +5.000
UBrs(cr) —673.198 @ —698.700 192.980 105.830 ©
+4.205 +4.200 +0.500 +0.500
UBr;(g) ~408.115 @ ~371.000 403.000 85.200 ©
+20.494 +20.000 +15.000 +5.000
UBry(cr) —~767.479 @ —802.100 238.500 128.000 ©
+3.544 +2.500 +8.400 +4.200

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

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UBr4(g) —634.604 @ —605.600 ® 451.900 106.900 ©
+4.951 +4.717 +5.000 +3.000
UBrs(cr) ~769.308 © -810.400 292.900 160.700 ©
£9.205 +8.400 +12.600 +8.000
UBrs(g) —668.212 @ —647.945 © 498.700 129.000 ©
+15.295 +15.000 +10.000 +5.000
UOBry(cr) -929.648 @ -973.600 157.570 98.000 ©
+8.401 +8.400 +0.290 +0.400
UOBT;(cr) -901.498 @ -954.000 205.000 120.900 ©
+21.334 +21.000 +12.600 +4.200
UO,Br -1057.657 ©
+1.759
UO,Bry(cr) -1066.422 @ ~1137.400 169.500 116.000 ©
+1.808 +1.300 +4.200 +8.000
UO,BO; -937.077 ® ~1085.600 ® 75.697 ©
+1.914 +1.609 +3.748
UO;Br, HyO(cr) ~1328.644 @ —1455.900 214.000
+2.515 +1.400 +7.000
UO,BrOH: 2 H,0(cr) —1744.162 @ —1958.200 248.000
+4.372 +1.300 +14.000
UO,Br,- 3 HyO(cr) -1818.486 @ —2058.000 304.000
+5.573 +1.500 +18.000
UBr,Cl(cr) ~714.389 @ ~750.600 192.500
49.765 +8.400 +16.700
UBr;Cl(cr) -807.114 @ ~852.300 238.500
+9.766 +8.400 +16.700
UBrCly(cr) -760.315 @ ~812.100 175.700
49.765 +8.400 +16.700
UBr,Cly(cr) -850.896 @ -907.900 234.300
49.765 +8.400 +16.700
UBrCls(cr) -893.500 @ —967.300 213.400
+9.202 +8.400 +12.600
Ul(g) 288.861 @ 342.000 286.500 44.800 ©
+25.045 +25.000 +5.000 +5.000
ur —-588.719 ©
+2.462

(Continued on next page)
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Table 3—1: (continued)
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AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UL(g) 40341 @ 103.000 376.500 61.900 ©
+25.177 +25.000 +10.000 +5.000
Uls(cr) —466.122 @ —466.900 221.800 112.100 ©
+4.892 +4.200 +8.400 +6.000
Uly(g) -198.654 @ -137.000 431.200 86.000 ©
+25.178 +25.000 +10.000 +5.000
Uly(cr) ~512.671 @ -518.300 263.600 126.400 ©
+3.761 +2.800 +8.400 +4.200
Uly(g) -369.585 @ -305.000 ® 499.100 108.800 ©
+6.210 +5.731 +8.000 +4.000
U0,10; -1090.305 ® ~1228.900 ® 90.959 ©
£1.917 £1.819 +4.718
U0,(105)x(aq) -1225.718 ®
+2.493
UO,(105),(cr) -1250.206 ® ~1461.281 @ 279.000
+2.410 +3.609 £9.000
UClIL(cr) —615.789 @ —643.800 242.000
+11.350 +10.000 +18.000
UCLI(cr) —723.356 @ —768.800 237.000
+11.350 +10.000 +18.000
UCLI(cr) -829.877 @ -898.300 213.400
+8.766 +8.400 +8.400
UBrls(cr) ~589.600
+10.000
UBr,ly(cr) —660.400
+10.000
UBr;l(cr) —727.600
+8.400
US(cr) ~320.929 @ ~322.200 77.990 50.540 ©
+12.600 +12.600 +0.210 +0.080
US.00(cr) -509.470 © -509.900 109.660 73.970 ©
+20.900 +20.900 +0.210 +0.130
US,(cr) -519.241 @ —520.400 110.420 74.640 ©
+8.001 +8.000 +0.210 +0.130
USs(er) —537.253 @ —~539.600 138.490 95.600 ©
+12.600 +12.600 +0.210 +0.250

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

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
U,Ss(cr) —879.787 @ —879.000 199.200 133.700 ©
+67.002 +67.000 +1.700 +0.800
U,Ss(cr) 243.000
+25.000
UsSs(cr) ~1425.076 @ ~1431.000 291.000
+100.278 +100.000 +25.000
Uso?* —~1311.423 ® —1492.540 ® 245591 ®
£2.113 +4.283 +15.906
U0,S0;(aq) ~1477.696 ®
+5.563
U0,S05(cr) -1530.370 @ -1661.000 157.000
£12.727 +12.600 +6.000
U0,8,05(aq) —1487.824 ®
+11.606
U0,S04(aq) ~1714.535 ® -1908.840 © 46.010 ©
+1.800 +2.229 +6.173
U0,S04(cr) -1685.775 @ —1845.140 163.200 145.000 ©
+2.642 +0.840 +8.400 +3.000
U(SO3)a(cr) -1712.826 @ ~1883.000 159.000
£21.171 +21.000 +9.000
U(SO4)x(aq) -2077.860 ® -2377.180 © -69.007 ®
42262 +4.401 +16.158
U(SO4)x(cr) —2084.521 @ —2309.600 180.000
+14.070 +12.600 +21.000
UO,(SO,)? —2464.190 ® —2802.580 ® 135.786 ®
+1.978 +1.972 +4.763
UO»(S0,)} -3201.801 ®
+3.054
U(OH),SO4(cr) -1766.223 ®
+3.385
U0,S0;- 2.5 HyO(cr) -2298.475 ® —2607.000 246.053 @
+1.803 +0.900 +6.762
U0,S0;- 3 H,0(cr) -2416.561 ® —2751.500 274.087 @
£1.811 +4.600 +16.582
UO0,S04 3.5 H,0(cr) -2535.595 ® ~2901.600 286.520 @
+1.806 +0.800 +6.628

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

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
U(SO4)y- 4 HyO(cr) -3033.310 @ —3483.200 359.000
+11.433 +6.300 +32.000
U(SO4), 8 H,O(cr) -3987.898 @ —4662.600 538.000
+16.735 +6.300 +52.000
USe(cr) -276.908 © —275.700 96.520 54.810 ©
+14.600 +14.600 +0.210 +0.170
a-USe, —427.072 @ —427.000 134.980 79.160 ©
+42.000 +42.000 +0.250 +0.170
B-USe, —427.972 @ —427.000 138.000
+42.179 +42.000 +13.000
USes(cr) —451.997 @ —452.000 177.000
+42.305 +42.000 +17.000
U,Ses(cr) —721.194 @ —711.000 261.400
+75.002 +75.000 +1.700
UsSeq(cr) -988.760 © —983.000 339.000
+85.752 +85.000 +38.000
UsSes(cr) -1130.611 @ —-1130.000 364.000
+113.567 +113.000 +38.000
U0,SeO;(cr) —-1522.000
+2.300
UO0,SeO4(cr) —-1539.300
+3.300
UOTe(cr) 111.700 80.600
+1.300 +0.800
UTeOs(cr) -1603.100
+2.800
UTe;04(cr) —2275.800
+8.000
UN(cr) -265.082 @ ~290.000 62.430 47.570 ©
+3.001 +3.000 +0.220 +0.400
B~UN 1466 -362.200
+2.300
0—UNj 59 -338.202 @ -379.200 65.020
+5.201 +5.200 +0.300
0~UN 606 —381.400
+5.000

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

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
a—UNj 74 -390.800
+5.000
o—UNj 7 -353.753 @ —398.500 65.860
+7.501 +7.500 +0.300
UO,N; -619.077 ©
+2.705
UO,(N3)(aq) ~280.867 ®
+4.558
UO»(N3); 59.285 ®
+6.374
UO,(N3)2 412.166 ®
+8.302
UNO} ~649.045 ®
+1.960
UO,NO; -1065.057 ®
+1.990
UNO, ) ~764.576 ®
+2.793
UO,(NOs),(cr) ~1106.094 @ ~1351.000 241.000
+5.675 +5.000 +9.000
UO,(NO;), HyO(cr) -1362.965 @ —-1664.000 286.000
+10.524 +10.000 +11.000
UO,(NOy), 2 H,0(cr)  —1620.500 -1978.700 327.520 @ 278.000
+2.000 +1.700 +8.806 +4.000
UOA(NOw)y 3 H,O(cr)  —1864.694 @ ~2280.400 367.900 320.100
+1.965 +1.700 +3.300 +1.700
UOy(NO;)y 6 HyO(cr) — —2584.213 @ -3167.500 505.600 468.000
+1.615 +1.500 +2.000 +2.500
UP(cr) 265921 @ ~269.800 78.280 50.290
+11.101 +11.100 +0.420 +0.500
UPy(cr) 294,555 @ ~304.000 100.700 78.800
+15.031 +15.000 +3.200 +3.500
U,P4(cr) -826.435 @ ~843.000 259.400 176.900
+26.014 +26.000 +2.600 +3.600
UPOs(cr) -1924.713 @ —2064.000 137.000 124.000 ©
+4.990 +4.000 +10.000 +12.000

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

57

AG

AHy

50 ce

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UO,PO, —2053.559 ®
+2.504
UP,0+(cr) —2659.272 @ ~2852.000 204.000 184.000
+5.369 +4.000 +12.000 +18.000
(UO,),P,04(cr) -3930.002 @ ~4232.600 296.000 258.000 ©
+6.861 +2.800 +21.000 +26.000
(UO,)3(PO4)y(cr) -5115.975 @ ~5491.300 410.000 339.000 ©
+5.452 +3.500 +14.000 +17.000
UO,HPO,(aq) —2089.862 ®
+2.777
UO,H,PO; -2108.311 ©
42378
UO,H;PO;’ -2106.256 ®
+2.504
UO,(H,POy,)(aq) -3254.938 ®
+3.659
UO,(H,PO,)(H;PO,)"  —3260.703 ©
+3.659
UO,HPO,- 4 H,0(cr) -3064.749 ® ~3469.968 @ 346.000
+2.414 +7.836 +25.000
U(HPO,),- 4 H,O(cr) —3844.453 ® -4334.818 @ 372.000 460.000
+3.717 +8.598 +26.000 +50.000
(U0,)y(PO,)» 4 H,0(cr) —6138.968 ~6739.105 @ 589.000
+6.355 +9.136 +22.000
(UO,):(POy)y 6 H,O(cr) —6613.025 ~7328.400 669.000
+13.392 +10.700 +27.000
UAs(cr) -237.908 @ -234.300 97.400 57.900
+8.024 +8.000 +2.000 +1.200
UAs,(cr) 252790 @ ~252.000 123.050 79.960
+13.005 +13.000 +0.200 +0.100
UsAsq(cr) 725388 @ ~720.000 309.070 187.530
+18.016 +18.000 +0.600 +0.200
UAsOs(cr) 138.000 ©
+14.000
UO,(AsO;),(cr) 1944911 @ —2156.600 231.000 201.000 ©
+12.006 +8.000 +30.000 +20.000

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

AGE AH 0 c

Compound -
(kJ - mol ]) (kJ - mol l) (J~K1~m01 ]) (J'K]~mol l)
(UO,),As,04(cr) —3130.254 @ —3426.000 307.000 273.000 ©
+12.006 +8.000 +30.000 +27.000
(UO,)5(AsOy)a(cr) —4310.789 @ -4689.400 387.000 364.000 ©
£12.007 +8.000 +30.000 +36.000
UO,HAsO4(aq) ~1707.994 ®
4717
UO,H,As0; -1726.260 ®
+4.582
UO,(H,As04),(aq) -2486.326 ®
+8.283
UAsS(cr) 114.500 80.900
+3.400 +2.400
UAsSe(cr) 131.900 83.500
+4.000 +2.500
UAsTe(cr) 139.900 81.300
+4.200 +2.400
USb(cr) ~140.969 © ~138.500 104.000 75.000
7711 +7.500 +6.000 +7.000
USbs(cr) ~173.666 © ~173.600 141.460 80.200
+10.901 +10.900 +0.130 +0.100
U,Sbs(cr) 379.000
+20.000
UsSby(cr) —457.004 @ -451.900 349.800 188.200
+22.602 +22.600 +0.400 +0.200
UC(cr) -98.900 -97.900 59.294 @ 50.100 ©
+3.000 +4.000 +16.772 +1.000
a-UC o4 —87.400 -85.324 @ 68.300 60.800 ©
+2.100 +2.185 +2.000 +1.500
U,Cs(cr) -189.317 @ ~183.300 137.800 107.400 ©
+10.002 +10.000 +0.300 +2.000
U0,CO;5(aq) ~1537.188 ® -1689.230 © 58.870 ®
£1.799 +2.512 +7.438
UO,COs(cr) ~1564.701 ® -1691.302 @ 144.200 120.100
£1.794 +1.798 +0.300 +0.100
U0,(CO5)? -2103.161 ® —-2350.960 © 181.846 ©
£1.982 +4.301 +13.999

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
UOL(CO3)Y —2660.914 ® —3083.890 © 38.446 ©
£2.116 +4.430 +14.411
UOACOs)y -2584.392 ®
+2.943
U(COy)t -2841.926 ®
+5.958
U(COy)% -3363.432 @ -3987.350 ® -83.051 @
+5.772 +5.334 +25.680
(UO)5(CO5)¢ —6333.285 ® ~7171.080 ® 228.926 ®
+8.096 +5.316 423416
(U0,),CO5(OH); -3139.526 ®
+4.517
(UO,);0(OH),(HCO5)" —4100.695 ®
+5.973
(UO,)1(COs)((OH),,  ~16698.986 ©
+22.383
UO,CO;F~ —1840.459 ®
+1.987
UO,COsF3 2132371 ®
+2.400
UO,COsF} 2418518 ®
+2.813
USCN** —454.113 © ~541.800 ® -306.326 ©
+4.385 +9.534 +35.198
U(SCN)Y -368.776 © ~456.400 © -107.174 ®
+8.257 +9.534 +42.302
UO,SCN” -867.842 ® -939.380 ® 83.671 ®
+4.558 +4.272 +19.708
UO,(SCN),(aq) ~774.229 ® -857.300 ® 243.927 ®
+8.770 +8.161 +39.546
UO,(SCN); ~686.438 © ~783.800 © 394.934 ®
+12.458 +12.153 +57.938
USiO,(cr) ~1883.600 -1991.326 @ 118.000
+4.000 +5.367 +12.000
UO,SiO(OH); —2249.783 ®
+2.172

(Continued on next page)



60 3 Selected uranium data

Table 3—1: (continued)

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
TLULO 1 (cr) 360.200 ©
+20.000
Zny,1,U0O,.05(cr) —1938.070
+1.060
(UOy(PuO,)(COs)g 6140119
+9.582
(UO(NpO)(COs)g  —6176.973 @
+16.977
BeysU(cr) ~165.508 @ ~163.600 180.100 242.300
+17.530 +17.500 +3.300 +4.200
0—-Mgo.17UOx 05 —1291.440
+0.990
MgUOj(cr) ~1749.601 @ ~1857.300 131.950 128.100
+1.502 +1.500 +0.170 +0.300
MgU;0(cr) 338.600 305.600
+1.000 +5.000
B-CaUO, 124.700
+2.700
CaUO,(cr) ~1888.706 @ ~2002.300 121.100 123.800
+2.421 +2.300 +2.500 +2.500
Ca;UOg(cr) ~3305.400
+4.100
CaUgO1p 11 H,O(cr) ~ —10305.460 ®
+13.964
SrUO;(cr) ~1672.600
+8.600
0-SrU0, ~1881.355 @ ~1989.600 153.150 130.620
+2.802 +2.800 +0.170 +0.200
B-SrUO, ~1988.400
+5.400
Sr,UO, 5(cr) ~2494.000
+2.800
Sr,UOs(cr) ~2632.900
+1.900
Sr;UOg(cr) ~3263.500
+3.000
Sr;U,0(cr) —4620.000 301.800 ©
+8.000 +3.000
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Table 3—1: (continued)
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AG AHy

50 ce

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Sr,U30(cr) —5243.700
+5.000
SrU4O13(cr) —5920.000
+20.000
SrsU3014(cr) —7248.600
+7.500
Sr3U;1036(cr) —15903.800 1064.200 ©
+16.500 +10.600
BaUOs(cr) —-1690.000
+10.000
BaUOy(cr) —1883.805 @ —1993.800 154.000 125.300
+3.393 +3.300 +2.500 +2.500
Ba;UOg(cr) —3044.951 @ —-3210.400 298.000
19.196 +8.000 +15.000
BaU,0(cr) -3052.093 @ —3237.200 260.000
+6.714 +5.000 +15.000
Ba,U,0+(cr) —3547.015 @ —3740.000 296.000
+7.743 +6.300 +15.000
Ba,MgUO(cr) —3245.900
+6.500
Ba,CaUOg(cr) —3295.800
+5.900
Ba,SrUOg(cr) —3257.300
+5.700
Lig.1,UO,.0s(cr) ~1254.970 ®
+1.225
y—Lio55UO5 ~1394.535 ®
+2.779
8LipeoUOs ~1434.525 ©
+2.367
LiUOs(cr) —-1522.300
+1.800
Li,UO4(cr) ~1853.190 @ —-1968.200 133.000
+2.215 +1.300 +6.000
Li,UOs(cr) —2639.400
+1.700

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

AGE AH 0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Li,U,04(cr) —3213.600
+5.300
Lio.10U3Os(cr) -3632.955 ©
+3.113
LiossUsOs(cr) -3837.090 ®
+3.748
Li,U300(cr) —4437.400
+4.100
Nay.12UO;95(cr) ~1247.372 ®
+1.877
a—Nay, 1,U0; -1267.234 ®
+1.804
8-Nay54UO; -1376.954 ®
+5.482
NaUOs(cr) —1412.495 @ —1494.900 132.840 108.870 ©
+10.001 +10.000 +0.400 +0.400
a-Na,UO, -1779.303 @ ~1897.700 166.000 146.700 ©
+3.506 +3.500 +0.500 +0.500
$-Na, U0, ~1884.600
+3.600
Na;UO4(cr) -1899.909 @ —2024.000 198.200 173.000 ©
+8.003 +8.000 +0.400 +0.400
Na,UOs(cr) —2457.000
+2.200
Na,U,0(cr) -3011.454 @ —3203.800 275.900 227.300 ©
+4.015 +4.000 +1.000 +1.000
Nag20U;Os(cr) ~3626.450 ©
+3.252
NagU;0,4(cr) —10841.700
+10.000
Na,UO,(CO3)s(cr) -3737.836 ®
+2.342
KUOs(cr) ~1522.900 137.000 ©
+1.700 +10.000
K,UO4(cr) —1798.499 @ —1920.700 180.000
+3.248 +2.200 +8.000

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

AGy AsHY Sa Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
K,U,O4(cr) —3250.500 229.000 ©
+4.500 +20.000
K,U,O5(cr) 425.000 ©
+50.000
KzUgO1s 11 HyO(cr) -10337.081 ®
+10.956
RbUO;(cr) ~1520.900
+1.800
Rb,UO(cr) —1800.141 @ -1922.700 203.000
+3.250 +2.200 +8.000
Rb,U,0-(cr) —3232.000
+4.300
Rb,U,0(cr) 365.600 ©
+25.000
Rb,U,03(cr) 420.000 ©
+50.000
Rb,U(SO,)s(cr) 348.000 ©
+30.000
Cs,UO4(cr) -1805.370 @ -1928.000 219.660 152.760 ©
+1.232 +1.200 +0.440 +0.310
Cs,U,04(cr) -3022.881 @ —3220.000 327.750 231.200 ©
+10.005 +10.000 +0.660 +0.500
Cs,U40)5(cr) —5251.058 @ ~5571.800 526.400 384.000 ©
+3.628 +3.600 +1.000 +1.000
Cs,UsO4(cr) 750.000 ©
+50.000

(a) Value calculated internally with the Gibbs—Helmholtz equation, A;Gy =AHp =T Y Sy .

(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 UO,,s (=UsOg) above 348 K. The thermodynamic parameters, however, refer
t0 298.15 K.

(e) Stable phase of UO, s (= UsO9) 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 (= 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, c¢f. 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
log, K° AGy AHY ASy
(kJ - mol™) (kJ-mol™)  (J-K'-mol™)
U* U+e = U”
-9.353 ® 53.387 102.100 163.383 @
+0.070 +0.400 +1.700 +5.857
u* 4H +UO +2e¢” = 2H,0() + U*
9.038 —51.589
+0.041 +0.234
UO,(am, hyd) U"+40H™ = 2H,0(1) + UOy(am, hyd)
54.500 —311.088
+1.000 +5.708
Uo; U0l +e = UO;
1.484 ® -8.471
+0.022 +0.126
a—UO,05 0.15U0; g667(cr) + 0.85 v-UO; = a-UO,9s
7.690
+0.770
UOH* H,0()+U" = H"+UOH"
—0.540 3.082 46.910 @ 147.000
+0.060 +0.342 +8.951 +30.000
UO,OH" H0(l) + U0} = H'+UO,0H"
~5.250 29.967
+0.240 £1.370
3-UO3Hy s 0.415H,(g) +3-UO; = 8-UOsHyss
~71.410
+2.480

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

65

Species Reaction
log,, K° AGy AHy ALSq
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
UO,(OH)y(aq) 2H,0() + UO3" = 2H" + UO,(OH),(aq)
~12.150 69.353
+0.070 +0.400
U(OH)4(aq) 40H +U*" = U(OH)4(aq)
46.000 —262.570
+1.400 +7.991
UO,(OH); 3H,0(1) + UO3" = 3H' + UO,(OH);
-20.250 115.588
+0.420 +2.397
UO,(OH); 4H,0() + UO}" = 4H" + UO,(OH);”
—32.400 184.941
+0.680 +3.881
(UO,),0H™ H,0(l) + 2003 = (UO,),0H* +H*
-2.700 15.412
+1.000 +5.708
(UO,),(OH);' 2H,0(1) +2U0;" = (UO,),(OH); +2H"
-5.620 32.079
+0.040 +0.228
(UO,)5(OH); 4H,0(1) +3U0;" = (UO,)s(OH); +4H"
~11.900 67.926
+0.300 +1.712
(UO,)3(OH); SHO(1) +3U0; = (UOy);(OH)s + SH
~15.550 88.760
+0.120 +0.685
(UOL)3(OH); TH,0() +3U0;" = (UO,);(OH); + 7H'
~32.200 183.799
+0.800 +4.566
(UO,)(OH); TH,0(l) + 4U0Y = (UO,)y(OH); + 7H"
~21.900 125.010
+1.000 +5.708
UF** F+UY = UF
9.420 —53.770 —5.600 161.562 @
+0.510 2911 +0.500 49.907

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

Species Reaction
log,, K° AGS AH AS°
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
UF; 2F +U" = UF'
16.560 —94.525 -3.500 305.300 @
£0.710 +4.053 +0.600 +13.741
UF; 3F +UY = UF
21.890 —124.949 0.500 420.758 @
+0.830 +4.738 +4.000 +20.796
UF4(aq) 4F +U" = UFyaq)
26.340 ~150.350 -8.430 @ 476.000
+0.960 +5.480 +7.464 +17.000
UF4(g) UFy(cr) = UFy(g)
309.000
+5.000
UF;s SF +U" = UFs
27.730 ~158.284
+0.740 +4.224
UF«(g) UF4(cr) = UF4(g)
49.100
+0.500
UFe 6F +U" = UF;
29.800 ~170.100
+0.700 +3.996
UFi(g) 2UFs(g) = UFiu(g)
~167.200
+4.700
UO.F’ F +U03 = UOF'
5.160 —29.453 1.700 104.489 ©
+0.060 +0.342 +0.080 £1.180
UO;Fs(aq) 2F +U0;" = UO,F,(aq)
8.830 —50.402 2.100 176.093 @
+0.080 £0.457 +0.190 £1.659
UO,Fy(g) UOsFy(cr) = UOsFa(g)
301.000
+10.000

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

Species Reaction
log,, K° AGS AH AS°
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
UOF; 3F +U0} = UOF;
10.900 —62.218 2.350 216.561 @
+0.100 +0.571 +0.310 £2.179
UO,F; 4F +U0; = UOF;
11.840 —67.583 0.290 227.648 @
+0.110 +0.628 +0.470 +2.631
U,0;F¢(cr) 3UOF4(cr) = U,0sFq(cr) + UFq(g)
46.000
+6.000
U;0sF(cr) 0.5UF4(g) + 2.5UO Fy(cr) = U;0sFs(cr)
15.100@
+2.000
H;OUF¢(cr) 6HF(g) + UF(cr) + UO,Fy(cr) = 2H;0UF(cr)
~75.300
+1.700
UF, 2.5H,0(cr) 2.5H,0(l) + UF4(cr) = UF, 2.5H,0(cr)
—42.700
+0.800
UO,FOH: 2H,0(cr) H,0(g) + UO,FOH: H,O(cr) = UO,FOH- 2H,0(cr)
1.883 © -10.750 —53.684 @ —144.000
+0.666 +3.800 +4.200 +6.000
UO,F, 3H,0(cr) 3H,0(l) + UOsFa(cr) = UO,F,- 3H,0(cr)
—23.400
+4.200
ucr' Cl +U% = uCP
1.720 —9.818 —19.000 -30.797 @
£0.130 +0.742 +9.000 +30.289
UCL(g) UClyer) == UCly(g)
203.400
+4.000
UCl(2) UCls(cr) = UCle(g)
81.000
+4.000

67
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Table 3-2: (continued)
Species Reaction
log,, K° AGS AHS A,SS
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
U,Clyo(g) Cly(g) + 2UCL(cr) = UyClio(2)
72.300
+8.900
Uo.Cl Cl +U0} = uo.CI'
0.170 —-0.970 8.000 30.087 @
+0.020 +0.114 +2.000 +6.719
UO,Cly(aq) 2C1 +U0; = UO0,Cly(aq)
~1.100 6.279 15.000 29251 @
+0.400 +2.283 +6.000 +21.532
UO,CIO; ClO; + U0} = UO,CIO;
0.500 -2.854 -3.900 -3.508 @
+0.070 +0.400 +0.300 +1.676
UBr” Br +U"% = UBr"
1.460 -8.334
+0.200 +1.142
UBr4(g) UBry(cr) = UBry(g)
196.500
+4.000
UBrs(g) 0.5Brx(g) + UBru(g) = UBrs(g)
—57.800
+2.700
UO,Br' Br +U0} = UO,Br
0.220 -1.256
+0.020 +0.114
UO,BrO; BrO; + UO3" = UO,BrO;
0.630 -3.596 0.100 12.397 @
+0.080 +0.457 +0.300 +1.833
ur* I +U" = Ur*
1.250 ~7.135
+0.300 +1.712
Ul(g) Uly(er) = Uly(g)
213.300
+5.000
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Table 3-2: (continued)

Species Reaction
log,, K° AGy AHy ALSq
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
UO,I0; 10; +UO} = UO0,I0;
2.000 —11.416 9.800 71.159 @
+0.020 +0.114 +0.900 +3.043
UO,(103)x(aq) 2105 + U0} = UO0,(I03),(aq)
3.590 -20.492
+0.150 +0.856
UO,(105)y(cr) 2105 +UO3" = UO0,(I03)y(cr)
7.880 —44.979
+0.100 40.571
USO3’ SO +U* = US0;'
6.580 -37.559 8.000 152.805 @
+0.190 +1.085 +2.700 +9.759
U0,S0;(aq) SOT +U03} = UO0,S0s(aq)
6.600 -37.673
+0.600 +3.425
U0,8,05(aq) S,05 +UOS = U0,8,05(aq)
2.800 -15.983
+0.300 +1.712
U0,S04(aq) SO; +U03" = UO0,S04(aq)
3.150 -17.980 19.500 125710 @
+0.020 +0.114 +1.600 +5.380
U(SO4)x(aq) 2807 +UY = U(SOy)(aq)
10.510 —-59.992 32.700 310.889 @
+0.200 +1.142 +2.800 +10.142
UOX(S0.)3 2SO0} +UOY = UO,(SO,)
4.140 —23.631 35.100 196.986 ©
+0.070 +0.400 +1.000 +3.612
UOL(SO)+ 3807 +UOY = UO(SO.)}
3.020 ~17.238
+0.380 +2.169
U(OH),SOx(cr) 20H +S0; +U" = U(OH),SO04(cr)
31.170 -177.920
+0.500 +2.854
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Table 3-2: (continued)
Species Reaction
log,, K° AG, AH, A,Sy

(kJ - mol l)

(kJ-mol™)  (J-K'-mol™)

U0,S0,- 2.5H,0(cr)

UOQSO4' 3H20(Cr)

UOQSO4' 35H20(CI‘)

UO,N;

UO,(N3)2(aq)

UOA(N3)s

UO,(N3)~

UNO3"

UO,NO;

U(NOs);*

UO,PO,

2.5H,0(1) + SO + UOY = U0,S0, 2.5H,0(cr)

1.589 © -9.070
+0.019 £0.110

U0,S804 3.5H;,0(cr) = 0.5H,0(g) + U0,S0,3H,0(cr)

—0.831 4.743
+0.023 +0.131

3.5H,0(1) + SO; +U03" = U0,S0, 3.5H,0(cr)

1.585 © -9.050
40.019 £0.110
N; +UO;" = UON;
2.580 ~14.727
+0.090 +0.514
2N; +UO3" = UO,(N;)(aq)
4330 -24.716
+0.230 +1.313
3N; +UOF = UO,(N3)s
5.740 -32.764
+0.220 +1.256
4N; +UO0S = UONN3)i
4.920 —28.084
+0.240 +1.370
NO; +U" = UNO3'
1.470 -8.391
40.130 +0.742
NO; +UO} = UO,NO;
0.300 ~1712
40.150 +0.856
2NO; + U = UNOy)"
2.300 ~13.128
40.350 +1.998
PO; +UO;" = UO,PO,

13.230 —75.517
+0.150 +0.856

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

Species Reaction
logy K° AGy AH
(kJ - mol ™) (kJ - mol ™)
UO,HPO4(aq) HPO; +UO0; = UO,HPO,(aq)
7.240 ~41.326
+0.260 +1.484
UO,H,PO; HyPO4(aq) + U0} = H'+ UO,H,PO;
1.120 -6.393
+0.060 +0.342
UO,H,PO;" H;PO4(aq) + UO;" = UO,H;PO}'
0.760 —4.338
+0.150 +0.856
UO,(H,PO4)(aq) 2H;PO4(aq) + UO;" = 2H' + UO,(H,PO,)y(aq)
0.640 -3.653
+0.110 +0.628
UO,(H,PO,)(H;PO,)" 2H;PO4(aq) + UO3" = H' + UOy(H,PO,)(H;PO,)"
1.650 -9.418
+0.110 +0.628

UO,HPO,4 4H,0O(cr)

U(HPOy),: 4H,O(cr)

(UO,)3(POy4), 4H,0(cr)

UO,HAsO4(aq)

UO,H,AsO;

UO,(H,As04),(aq)

4H,0(1) + HiPOy(aq) + U0} = 2H' + UO,HPO, 4H,0(cr)

2.500
+0.090

4H,0(1) + 2H;PO4(aq) + U* = 4H' + U(HPO,), 4H,0(cr)

11.790
+0.150

4H,0(1) + 2H;PO4(aq) + 3UO3" = (UO,)3(PO,), 4H,0(cr) + 6H"

5.960
+0.300

AsO; +H' + U053
18.760
40.310

AsO; +2H' +UO03"

21.960
+0.240

2AsO} +4H' +UO3"

41.530
+0.200

—
=

—-14.270
+0.514

—67.298
+0.856

—34.020
+1.712

UO,HAsO4(aq)

—-107.083

N

=

+1.769

UO,H,AsO;

—125.349

+1.370

= UO,(H,As04),(aq)

—237.055

+1.142
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Table 3-2: (continued)

Species Reaction
log,, K° AGy AHy ASy
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
U0,COs(aq) CO7 +U0} = U0,COs(aq)
9.940 —56.738 5.000 207.070 @
+0.030 +0.171 +2.000 +6.733
UO0,COs(cr) CO; +U0} = UO0,COs(er)
14.760 —84.251
+0.020 +0.114
U0,(CO;)3 2C0%7 +UO3" = UO,COy)3
16.610 94811 18.500 380.046 @
+0.090 +0.514 +4.000 +13.526
UO,(CO3)5 3C07 +U0; = UOyCO3)i
21.840 —124.664 ~39.200 286.646 @
+0.040 +0.228 +4.100 +13.773
U0,(COy); 3C07 +U0; = UOLCOs)
6.950 -39.671
+0.360 +2.055
U(COy) U(CO,)§ = COF +U(COnY
1.120 -6.393
+0.250 +1.427
U(COy)Y 5C0F +UY = U(COy)¢
34.000 ~194.073 ~20.000 583.845 @
+0.900 +5.137 +4.000 +21.838
(U02)K(COs); 6CO5 +3U0;" = (U0,)5(COs)§
54.000 -308.234 —62.700 823.526 @
+1.000 +5.708 +2.400 +20.768
(UO,),CO5(OH); COx(g) +4H,0(l) +2U03 = (UO,),CO5(OH); + 5SH"
~19.010 108.510
+0.500 +2.854
(UO1);0(OH),(HCO3)' COy(g) +4H,0(l) +3U03 = (UO,);0(0OH),(HCO;)" + SH*

(U02)11(CO5)o(OH)T

—-17.500 99.891
+0.500 +2.854
6COs(g) + 18H,0(1) + 11U0" = (UO,),,(COs)6(OH)7, + 24H"

—72.500 413.833
+2.000 +11.416

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

Species Reaction
log,, K° AGS AHS A,SS
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
UO,COsF - CO; +F +UOF = UO,COsF
13.750 —78.486
+0.090 +0.514
U0,CO;F3 CO; +2F +U03 = UO,COsF;
15.570 —88.874
+0.140 +0.799
UO,COsF3 CO; +3F +U03 = UO,COsFy
16.380 -93.498
+0.110 +0.628
USCN* SCN +U* = USCN*
2.970 ~16.953 ~27.000 ~33.698 @
+0.060 +0.342 +8.000 +26.857
U(SCN)3' 2SCN™+U* = U(SCN);
4.260 24316 ~18.000 21.185 @
40.180 +1.027 +4.000 +13.852
UO,SCN* SCN™+UO0;" = UO,SCN*
1.400 ~7.991 3.220 37.603 @
40.230 +1.313 +0.060 +4.408
UOx(SCN)y(aq) 2SCN™+U03" = UOL(SCN)y(aq)
1.240 -7.078 8.900 53.590 @
+0.550 +3.139 +0.600 +10.720
UO,(SCN); 3SCN ™ +UO3 = UO,SCN);
2.100 —11.987 6.000 60.328 @
+0.500 +2.854 +1.200 +10.384
UO,SiO(OH); Si(OH)y(aq) + U0} = H' + UO,SiO(OH);
~1.840 10.503
+0.100 +0.571
(UO,)»(Pu0,)(CO3)S PuO,(CO3); +2U0y(COs)i = (UO,),(Pu0,)(COs)s +3CO3
-8.200 46.806
+1.300 +7.420
(UO»)x(NpO2)(COs)g NpOx(CO3)i +2U05(CO3); = (UO,),(NpO,)(COs)g +3CO3

—8.998
+2.690

51.364
+15.355
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Table 3-2: (continued)
Species Reaction
log,, K° AG, AH, A,Sy
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)

CalUgOy9- 11H,0(cr)

Lig.12UOx.s(cr)

v—LiossUOs

8-LigeUO3

Lig.10UsOg(cr)

LiggsUsOg(cr)

Nay,1,UO;.05(cr)

a—Nay,1,UO;

8-Nay5sUO3

Na,,U;0¢(cr)

Ca® + 18H,0(l) + 6U0Y = CaU¢Oyo 11H,0(cr) + 14H"

—40.500
+1.600

231.176
+9.133

0.12LiUOs(cr) + 0.15U0O; g667(cr) + 0.73 y-UO; = Lig12,UO,5(cr)

—-0.180
+0.820

0.55LiUOs(cr) +0.45y-UO; = 7y-LigssUOs

—6.560
+2.540

0.69LiUOs(cr) +0.31 y-UO; = 8-LigUOs

019L1UO3(CI‘) + 3U02v65(,7(cr) =

088L1U03(CI‘) + 3U02v65(,7(cr) =

0.12NaUOj(cr) + 0.15U0O; gg67(cr) +

0.14NaUO;(cr) +0.86 y-UO; =

0.54NaUOjs(cr) +0.46 v-UO; =

-4.760
+1.980
Lig.10U30g(cr) + 0.19 y—UO;
—-1.440
+1.940
Lig3sU30g(cr) + 0.88 y—UO;
0.390
+2.160
0.73y-UO; = Nag sUO,s(cr)
4.130
+1.140
(X*Na()‘mUO_;
-5.480
+0.480
6-Nay5,UO5

—6.760
+0.770

0.2NaUOs(cr) + 3UO6667(cr) = Nag,U;0g(cr) + 0.2 y—UO;

2.570
+0.870

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

Species Reaction
log,, K° AG, AH, A,Sy
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
Na;UO»(CO3)s(cr) 4Na’ +UO0,(CO5); = NaUO,(COs)s(cr)
5.340 -30.481
+0.160 +0.913
K2UgO1o 11H,0(cr) 18H,0(1) + 2K* + 6U03" = 14H" + K,UOso 11H,0(cr)
-37.100 211.768
+0.540 +3.082

(a) Value calculated internally with the Gibbs—Helmholtz equation, A,Gy, =A Hy =T A.Sy .
(b) Value calculated from a selected standard potential.
(c) Value of log,, K° calculated internally from A Gj, .

(d) For the reaction O0.5UF4g) + 2.5 UO,Fy(cr) = U;OsFg(cr), a heat capacity of
ACp 1 (298.15 K) =~ (18.7 + 4.0) J’K ""mol " is selected.
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Table 3-3: Selected temperature coefficients for heat capacities marked with © in Table
3-1, according to the form C,, (T)=a +bT +cT’ +el . The functions are valid be-
tween the temperatures Tmin and Tmax (in K). The notation E+nn indicates the power of
10. C, unitsare J- K- mol ™.

p.m

Compound a b c e Toin T e

U(er) 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
UOx(cr) 6.27740E+01 3.17400E-02 0  —7.69300E+05 250 600
UO,(g) 5.78390E+01 9.01050E-03  —9.36370E-07  —7.83110E+04 298 1000
uo3* (a) 283 328
B-UOa.s 7.90890E+01 1.36500E-02 0 —1.03800E+06 348 600
UO,.s(cr) 1.48760E+03  —6.97370E+00 9.73600E-03  —1.78600E+07 250 348
a-UO» 1333 6.41490E+01  4.91400E-02 0  —672000E+05 237 347
B-UOa3333 6.43380E+01 4.97900E-02 0 —6.55000E+05 232 346
U0, 6667(cr) 8.72760E+01 2.21600E-02 0  —1.24400E+06 233 600
B-UO; 8.61700E+01 2.49840E-02 0 —-1.09150E+06 298 678
v-UO; 8.81030E+01 1.66400E-02 0 —1.01280E+06 298 850
UOs(g) 6.44290E+01 3.17330E-02  —1.51980E-05  —7.14580E+05 298 1000
B-UO,(OH), 4.18000E+01 2.00000E-01 0 3.53000E+06 298 473
UOs- 2 HyO(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
UF(g) 4.30910E+01 4.23483E-02  —1.97810E-05 1.96710E+05 298 900
UF5(cr) 1.06539E+02 7.05000E-04 0  —1.03550E+06 298 1768
UF5(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
o—UFs 1.25159E+02 3.02080E-02 0 —1.92500E+05 298 1000
B-UF;s 1.25159E+02 3.02080E-02 0 -1.92500E+05 298 1000
UFs(g) 1.16738E+02 3.13041E-02  —1.25380E-05  —1.27300E+06 298 1100
UFg(cr) 5.23180E+01 3.83798E-01 0 0 298 337
UF(g) 1.37373E+02 3.96050E-02  -2.17880E-05  —1.58687E+06 298 700
U,Fq(cr) 2.35978E+02 5.99149E-02 0 -2.17568E+05 298 600
U4Fy5(cr) 4.53546E+02 1.18491E-01 0 -2.67776E+05 298 600
UOF.4(g) 1.16407E+02 2.85419E-02  —-1.38740E-05 —1.38364E+06 298 900
UO,F;(cr) 1.06238E+02 2.83260E-02 0 —1.02080E+06 298 2000
UOFx(g) 8.85810E+01 3.46640E-02  —1.76390E-05  —9.74480E+05 298 800
UCI(g) 6.30000E+01  —4.14373E-02 2.89720E-05  —8.93400E+05 298 700
UCly(g) 5.78070E+01 3.46400E-04 2.38800E-06 1.58480E+05 298 1100
UCls(er) 1.06967E+02  —2.08595E-02 3.63890E-05  —1.29994E+05 298 1115
UCls(g) 8.40180E+01  —3.47320E-03 3.61300E-06  —7.98900E+04 298 1700
UCly(cr) 1.16320E+02 3.10837E-02 0 —3.40402E+05 298 863
UCly(g) 1.10634E+02 3.23750E-03  —3.12000E-07  —7.15600E+05 298 3000
UCls(cr) 1.40164E+02 3.55640E-02 0 0 298 600
UCls(g) 1.28655E+02 1.06600E-02  —2.66100E-06  —7.10000E+05 298 1900
UClg(cr) 1.73427E+02 3.50619E-02 0 —7.40568E+05 298 452
UClg(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
UOClIy(cr) 9.88120E+01 2.22100E-02 0  -9.22160E+05 298 700
UOClI;(cr) 1.05270E+02 3.99150E-02 0  —2.09200E+04 298 900
UO,Cl(cr) 9.01230E+01 2.22590E-02 0 —7.74040E+05 298 1000
UO,Cly(cr) 1.15000E+02 1.82230E-02 0 —1.14180E+06 298 650
UO,Cly(g) 9.59130E+01 1.96284E-02  —-8.92180E-06  —7.46590E+05 298 1000
U,0,Cls(cr) 2.34300E+02 3.55640E-02 0 —2.26770E+06 298 700
(UO,),Cls(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 in T s
UBr(g) 6.34750E+01 —4.16971E-02 2.94940E-05  —8.16640E+05 298 700
UBry(g) 5.81290E+01 —1.74200E-04 2.62000E-06 2.70820E+05 298 1100
UBr;(cr) 9.79710E+01 2.63600E-02 0 0 298 600
UBr;3(g) 8.44060E+01  —3.95240E-03 3.76800E-06 1.41230E+05 208 1700
UBry(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
UBrs(cr) 1.50624E+02 3.34720E-02 0 0 298 400
UBrs(g) 1.27620E+02 1.32749E-02  —4.04900E-06  —2.01280E+05 298 1400
UOBTry(cr) 1.10580E+02 1.36820E-02 0  —1.47900E+06 298 900
UOBTr3(cr) 1.30540E+02 2.05020E-02 0 -1.38070E+06 298 1100
UO,Bry(cr) 1.04270E+02 3.79380E-02 0 0 298 500
Ul(g) 6.35060E+01 —4.15266E-02 2.95180E-05  —7.94920E+05 298 700
Ul (g) 5.81850E+01 —2.65300E-04 2.66100E-06 3.17020E+05 298 1100
Uls(cr) 1.05018E+02 2.42672E-02 0 0 298 800
Uly(g) 8.44400E+01  —3.99330E-03 3.78200E-06 2.11250E+05 298 1700
Ul(cr) 1.45603E+02 9.95792E-03 0 —1.97486E+06 298 720
UL(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+05 208 2000
US, g0(cr) 7.80570E+01 6.63580E-03 0  —5.38900E+05 298 1900
US,(cr) 7.56630E+01 8.93700E-03 0  —3.27780E+05 298 1800
USs(cer) 1.00670E+02 1.12130E-02 0  —7.44750E+05 298 1100
UsSs(er) 1.29450E+02 1.46860E-02 0 0 298 2000
UO,S04(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
a-USe, 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
UPOs(cr) 1.10430E+02 8.52280E-02 0 -1.03790E+06 298 600
(U0,),P,04(cr) 2.50670E+02 1.54300E-01 0  —-3.40030E+06 298 600
(UO,)5(PO4)x(cr) 3.26370E+02  1.96440E-01 0 —4.08400E+06 298 600
UAsOs(cr) 1.30700E+02 6.42580E-02 0  —1.05420E+06 298 800
UO,(AsO:s),(cr) 2.08460E+02 8.89100E-02 0 —3.03460E+06 298 750
(U0,),A8,04(cr) 3.07410E+02 1.05820E-01 0 —5.85130E+06 298 850
(UO,)3(AsOy)a(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
o~UC g4 6.57750E+01 2.03740E-02 0 -9.86520E+05 298 600
U,Cs(er) 1.14820E+02 3.10060E-02 0 —1.48450E+06 298 600
T1,U404,(cr) 3.68200E+02 2.48860E-02 0 -1.37500E+06 298 673
Sr;U,0(cr) 3.19180E+02 1.16020E-01 0 —4.62010E+06 298 1000
Sr3UyO34(cr) 9.62720E+02 3.55260E-01 0  —3.95400E+05 298 1000
NaUOs(cr) 1.15490E+02 1.91670E-02 0 —1.09660E+06 415 931
a-Na,UO, 1.62540E+02 2.58860E—02 0 —2.09660E+06 618 1165
Na;UOy(cr) 1.88900E+02 2.51790E-02 0 -2.08010E+06 523 1212
Na,U,05(cr) 2.62830E+02 1.46530E-02 0  —3.54900E+06 390 540
KUO;(cr) 1.33258E+02 1.25580E-02 0 0 298 714
K,U,O4(cr) 1.49084E+02 2.69500E-01 0 0 391 683
K,U,O15(cr) 4.71068E+02  —4.68900E—02 0 —2.87540E+06 411 888
Rb,U,O1;(cr) 3.30400E+02 1.41340E-01 0 —6.19800E+05 396 735
Rb,U,O5(cr) 4.12560E+02 2.50000E-02 0 0 325 805
Rb,U(SO4)s(cr) 3.86672E+02 6.88300E-02 0 —5.25917E+06 298 628
Cs,UO4(cr) 1.64880E+02 1.70230E-02 0 —1.52850E+06 208 1061
Cs,U,05(cr) 3.55325E+02 8.15759E-02 0 —1.31956E+07 298 852
Cs,U4015(cr) 4.23726E+02 7.19405E-02 0 -5.43750E+06 361 719
Cs4UsOy5(cr) 6.99211E+02 1.71990E-01 0 0 368 906
(a) The thermal function is c;’,m(Uog*,T) =(350.5-0.8722T — 5308 ) JT-K''mol' for

283K <T <328K.
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Chapter 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 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 (c¢f. 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
Np*") and auxiliary data listed in Table 81, 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
AGy, AHY, S, and C)  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:

C,.(T)=a+b-T+c-T*+d-T" +e-T” 4.1)

p.m
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4 Selected neptunium data

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 Iand 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 MO,(cr), M = U, Np, Pu.

The selected thermodynamic data in [[92GRE/FUG]| [95SIL/BID] and

2001 LEM/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 log;oK 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 (7 = 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.

AGE AH? S ce
Compound f~m | fAfm | . m | Ip.m |
(kJ - mol™) (kJ - mol™) (J-K -mol) (J-K' -mol")
Np(cr) 0.000 0.000 50.460 29.620 ©
+0.800 +0.800
B-Np @
7-Np @
Np(g) 421.195 @ 465.100 ® 197.719 20.824 ©
+3.009 +3.000 +0.005 +0.020
Np** -512.866 © —527.184 —193.584
+5.669 42.092 +20.253
Np** —491.774 @ —556.022 —426.390 ©
+5.586 +4.185 +12.386
NpOa(cr) -1021.731 @ —1074.000 80.300 66.200 ©
+2.514 +2.500 +0.400 +0.500
NpO» -907.765 @ -978.181 —45.904 —4.000
+5.628 +4.629 +10.706 +25.000
NpO3* —795.939 ~860.733 -92.387 ®
+5.615 +4.662 +10.464
Np2Os(cr) —2031.574 @ -2162.700 174.000 128.600 ©
+11.227 +9.500 +20.000 +5.000
NpOH** —711.191 ®
+5.922
NpOH** —732.053 ©
+5.702
Np(OH)3" -968.052 ®
+5.844
NpO,OH(aq) -1080.405 ® —-1199.226 @ 25.000
+6.902 +19.176 +60.000

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

AI'G:; Ale(t)l Sl“t)] Co m
Compound o o o o ., P o
(kJ - mol™) (kJ - mol™) (J K -mol") (J-K -mol")
NpO,OH" -1003.968 ®
+6.062
NpO,(OH)y(cr) ~1239.000 ~1377.000 128.590 @ 120.000
+6.400 +5.000 $27.252 +20.000
NpO(OH), —1247.336 ® —1431.230 @ 40.000
+6.311 +30.476 +100.000
NpOs- H0(cr) -1238.997 ®
+6.062
Np(OH)4(aq) —-1392.927 ®
+8.409
(NpO,),(OH)3" —2030.369 ®
+11.294
(NpO,);(OH); —3475.795 ®
+16.893
NpF(g) —-109.560 @ —80.000 251.000 33.800 ©
+25.046 +25.000 +5.000 +3.000
NpF** —824.441 © -889.872 ® —263.621 ®
+5.686 +4.684 +14.361
NpF,(g) -590.131 @ —575.000 304.000 55.900 ©
+30.149 +30.000 +10.000 +5.000
NpF2* —1144.436 ®
+6.005
NpF;(cr) —1460.501 @ —1529.000 124.900 94.200 ©
+8.325 +8.300 +2.000 +3.000
NpFs(g) -1107.801 @ ~1115.000 330.500 72.200 ©
+25.178 +25.000 +10.000 +5.000
NpF(cr) -1783.797 @ ~1874.000 153.500 116.100 ©
+16.046 +16.000 +4.000 +4.000
NpF.(g) —1535.287 @ —1561.000 ® 369.800 95.300 ©
+22.202 +22.000 +10.000 +5.000
NpFs(cr) -1834.430 @ ~1941.000 200.000 132.800 ©
+25.398 +25.000 +15.000 +8.000
NpF(cr) -1841.872 @ ~1970.000 229.090 167.440 ©
+20.002 +20.000 +0.500 +0.400
NpFe(g) ~1837.525 @ —-1921.660 ® 376.643 129.072 ©
+20.002 +20.000 +0.500 +1.000
NpFy(l) ©

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

AI'G:; Ale(t)l Sl“t)] Co m
Compound 1 O - -1 S
(kJ - mol™) (kJ - mol™) (J K -mol") (J-K -mol")
NpO,F(aq) ~1196.138 ®
+5.923
NpO,F* -1103.548 ®
+5.672
NpO,Fa(aq) -1402.366 ®
+5.801
NpO,Fa(cr) ©
NpCI** —631.553 ©
+5.844
NpCli(er) ~829.811 @ ~896.800 160.400 101.850 ©
+3.237 +3.000 +4.000 +4.000
NpCls(g) ~582.357 @ ~589.000 ® 362.800 78.500 ©
+10.822 +10.400 +10.000 +5.000
NpCly(cr) —895.562 @ -984.000 200.000 122.000 ©
+2.998 +1.800 +8.000 +6.000
NpCly(g) ~765.050 @ —787.000 ® 423.000 105.000 ©
+5.487 +4.600 +10.000 +5.000
NpCly(l) ©
NpOCly(cr) -960.645 @ —1030.000 143.500 95.000 ©
+8.141 +8.000 +5.000 +4.000
NpO,Cl* -929.440 ©
+5.699
NpO,ClO4(aq) -32.000 ©
+25.000
NpBr;(cr) —705.521 @ ~730.200 196.000 103.800 ©
+3.765 +2.900 +8.000 +6.000
NpBry(cr) —737.843 @ —771.200 243.000 128.000 ©
+3.495 +1.800 +10.000 +4.000
NpOBr,(cr) -906.933 @ -950.000 160.800 98.200 ©
+11.067 +11.000 +4.000 +4.000
NpI*' —552.059 ©
+6.036
Npls(cr) —512.498 @ ~512.400 225.000 110.000 ©
$3.715 +2.200 +10.000 +8.000

83
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Table 4—1: (continued)

AGy AcHy Sa Com
Compound . . . . ) P .
(kJ - mol™) (kJ - mol™) (J-K" -mol") (J-K' -mol")
NpO,10;(aq) -1036.957 ®
+5.934
NpO,I0; -929.126 ®
+5.922
NpSO3' ~1274.887 ® ~1435.522 ® ~-176.635 ©
+5.809 +9.796 432277
NpO,S0.(aq) -1558.666 ® -1753.373 ® 44.920 ©
+5.641 +4.706 +10.667
NpO,S0; —1654.281 ® —1864.321 ® 58.833 ®
+5.850 +8.569 426.920
Np(SO.)a(aq) —2042.873 ® —2319.322 ® 7.964 ®
+6.360 +5.871 +18.924
NpOx(SO4)3 -2310.775 ® —2653.413 ® 121.798 ®
+5.705 +4.880 +11.402
NpN(er) —280.443 @ —-305.000 63.900 48.700 ©
+10.013 +10.000 +1.500 +0.900
NpNO3” —613.413 ®
+5.667
NpOx(NO3)» 6 H,O(s) ~ —2428.069 @ ~3008.241 516.306
+5.565 +5.022 +8.000
NpO,HPO,(aq) -1927.314 ®
+7.067
NpO,HPO; -2020.589 ®
+5.870
NpO,H,PO; ~-1952.042 ®
+6.491
NpO,(HPO,)3 ~3042.135 ®
+8.598
NpSb(cr) 101.400 48.900
+6.100 +2.900
NpCoaoi(cr) —76.024 @ -71.100 72.200 50.000 ©
+10.028 +10.000 +2.400 +1.000
Np,Cs(cr) —192.427 —187.400 135.000 110.000
+19.436 +19.200 +10.000 +8.000
NpO,COs(aq) —1377.040 ®
+6.617

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

AGy AHy Sm Com
Compound . . . . D .
(kJ - mol™) (kJ - mol™) (J-K" -mol") (J-K' -mol")
NpO,COs(s) ~1407.156 ®
+6.233
NpO,CO; ~1463.988 ®
+5.652
NpO(CO3)3 -1946.015 ®
+7.033
NpO(CO3)3 —-2000.861 ®
+5.685
Np(CO3)3 —2185.949 ®
+15.451
NpO5(CO:)3 ~2490.208 ® -2928.323 -12.070
+5.759 +6.254 +17.917
NpO5(COs) -2522.859 ® -3017.120 ~135.050
+5.733 +6.893 +20.467
Np(CO3); 2812775 ®
+8.240
Np(CO3)§ -3334.567 ©
+8.425
(NpO»)(COs); ~5839.709 ©
+19.185
NpO,(CO3),0H* 2170417 ®
+8.785
(NpO,),CO5(OH); -2814.914 ©
+14.665
(NH,),NpO5(COs)s(s) ~ —2850.284 ®
+6.106
Np(SCN)** —416.198 ® —486.622 © —248.165 ©
+7.081 +6.520 +25.449
Np(SCN)3* -329.777 ® -412.222 ® -89.545 ®
+10.166 +12.748 +50.953
Np(SCN); —241.072 © —339.822 ® 54,707 ®
+13.541 +15.573 +66.304
SryNpOg(cr) —3125.800
+5.900
Ba;NpOg(cr) ~3085.600
+9.600

(Continued on next page)
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Table 4—1: (continued)
AGe AH? S0 Cc°
Compound Hm . m . . m . o
(kJ - mol™) (kJ - mol™) (J-K" -mol") (J-K' -mol")
Ba,MgNpOg(cr) -3096.900
+8.200
Ba,CaNpOg(cr) -3159.300
+7.900
Ba,SrNpOg(cr) -3122.500
+7.800
Li,NpOy(cr) ~1828.200
+5.800
a—-Na,NpO, —1763.800
+5.700
B-Na,NpO, —1748.500
+6.100
B-Na,NpOs —2315.400
+5.700
Na,Np,O-(cr) —2894.000
+11.000
NasNpFg(cr) —-3521.239 @ —3714.000 ® 369.000 ® 272.250 ©
£21.305 +21.000 £12.000 +12.000
NasNpO,(COs)y(cr) —2830.592 ®
+6.365
NaNpO,CO;°3.5 H,O(cr) 2590397
+5.808
KoNpO,(cr) —1784.300
+6.400
KoNp,O(cr) —2932.000
+11.000
KNpO,COx(s) -1793.235 ®
+5.746
K3NpO,(CO3)a(s) -2899.340 ®
+5.765
K NpO,(CO3)s(s) -3660.395 ®
+7.641
Rb,Np,O-(cr) —2914.000
+12.000
Cs,NpOs(cr) —1788.100
+5.700

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

AGy AHy Sm Com
Compound . . . . St
(kJ - mol™) (kJ - mol™) (J-K" -mol") (J-K' -mol")
Cs,NpClg(cr) -1833.039 @ -1976.200 410.000
+4.871 +1.900 +15.000
Cs,NpO,Cly(cr) —2056.100
+5.400
Cs3NpO,Cly(cr) —2449.100
+4.800
Cs,NpBry(cr) -1620.121 @ -1682.300 469.000
+3.616 +2.000 +10.000
Cs,NaNpClg(cr) -2217.200
+3.100

(a)Value calculated internally with the Gibbs-Helmholtz equation, A;Gy =AHp =T Y Sy .
(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 (= 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, c¢f. 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
log, K* AGy AHY ASy
(kJ - mol™) (kJ-mol™)  (J-K'-mol™)
Np(g) Np(er) = Np(g)
465.100
+3.000
Np** 0.5H,(g) + Np*' = H'+Np*
3.695 © —21.092
+0.169 +0.965
Np** 3H +0.5Hy(g) + NpO; = 2H,0(l) + Np*
-305.930
+6.228
NpO:(am, hyd) Np** +40H = 2H,0(l) + NpO,(am, hyd)
56.700 —323.646
+0.500 +2.854
NpO; 0.5Hx(g) +NpO;' = H'+NpO,
-18.857
+2.264
NpO3' NpO,(NOs),: 6H,0(s) = 6H,0(l) + 2NO5 + NpO3"
104.410
+6.695
NpOH** H,O() + Np** = H'"+NpOH*
~6.800 38.815
+0.300 £1.712

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

89

Species Reaction
log,, K° AGS AHS A,SS
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
NpOH’* H,0() +Np* = H'+NpOH*
0.550 -3.139
+0.200 +1.142
Np(OH)3 2H,0(l) + Np* = 2H" + Np(OH)3'

NpO,OH(am, aged)

NpO,OH(am, fresh)

NpO,OH(aq)

Np020H+

NpO»(OH),

NpOs- H,O(cr)

Np(OH)«(aq)

(NpO2),(OH);"

(NpO2);(OH)s

0.350
+0.300

—1.998
+1.712

H,O(l) + NpO, = H'+NpO,0H(am, aged)

~4.700
40.500

H,O() +NpO, =
~5.300
40.200

H,0() +NpO; =
~11.300
+0.700

H,0(l) + NpO3' =

-5.100
+0.400

2H,0(l) + NpO; = 2H" + NpO,(OH),

—23.600
+0.500

26.828
+2.854

H' + NpO,OH(am, fresh)

H' + NpO,OH(aq)

H' + NpO,0H"

30.253
+1.142

64.501
+3.996

29.111
+2.283

134.710
+2.854

2H,0(I) + NpO3™ = 2H" + NpOs- H,0(cr)

-5.470
+0.400

4H,0(1) + Np* = 4H' + Np(OH)4(aq)

-8.300
+1.100

2H,0(1) + 2NpO3*
-6.270
+0.210

5H,0(1) + 3NpO3"

-17.120
+0.220

N
=

—
=

31.223
+2.283

47.377
+6.279

(NpO,),(OH);" +2H"

35.789
+1.199

(NpO,)5(OH); + 5H"

97.722
+1.256

(Continued on next page)
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Table 4-2: (continued)
Species Reaction
log, K° AGy AHY ASy
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
NpF* F +Np* = NpF*
8.960 —51.144 1.500 176.570 @
+0.140 +0.799 +2.000 +7.224
NpF3" 2F +Np* = NpF%
15.700 -89.616
+0.300 +1.712
NpFa(g) NpFy(cr) = NpFa(g)
313.000
+15.000
NpFe(g) NpFg(cr) = NpFe(g)
48.340
+0.070
NpO,F(aq) F +NpO; = NpO,F(aq)
1.200 ~6.850
+0.300 +1.712
NpOF* F +NpO;” = NpO,F
4570 -26.086
+0.070 +0.400
NpO:Fs(aq) 2F +NpO;" = NpO,F,(aq)
7.600 -43.381
+0.080 +0.457
NpCI** Cl +Np* = NpCP'
1.500 -8.562
+0.300 +1.712
NpCls(g) NpCly(cr) = NpCli(g)
307.800
+10.000
NpCly(g) NpCly(er) = NpCly(g)
197.000
+3.000
NpO,ClI' Cl +NpO;” = NpO,Cl*

0.400
+0.170

—2.283
+0.970

(Continued on next page)



4 Selected neptunium data

Table 4-2: (continued)
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Species Reaction
log, K* AGy AHY ASy
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
NpI** I +Np* = NpI*
1.500 -8.562
+0.400 +2.283
NpO,10;(aq) 105 +NpO; = NpO,IOs(aq)
0.500 —2.854
+0.300 +1.712
NpO,I0; I0; +NpO3' = NpO,IO;
1.200 ~6.850
+0.300 +1.712
NpSO; HSO; +Np* = H'+NpSOj'
4.870 -27.798 7.400 118.055 @
+0.150 +0.856 +8.800 429.655
NpO,SO4(aq) NpO;" +S0; = Np0,SOq(aq)
3.280 ~18.722 16.700 118.807 @
+0.060 +0.342 +0.500 +2.033
NpO,SO; NpO; +SO; = NpO,SO;
0.440 2512 23.200 86.237 @
+0.270 +1.541 +7.200 +24.696
Np(SOa4)2(aq) 2HSO, +Np*" = 2H"+ Np(SOy),(aq)
7.090 ~40.470 10.500 170.954 @
+0.250 +1.427 +3.600 +12.988
NpOx(SO4)3 NpO3 +2S0; = NpOy(SOy);
4700 -26.828 26.000 177.185 @
+0.100 +0.571 +1.200 +4.457
NpNO3* NO; +Np* = NpNO3
1.900 ~10.845
+0.150 +0.856
NpO,HPO,(aq) HPO; +NpO3;" = NpO,HPO4(aq)
6.200 -35.390
+0.700 +3.996
NpO,HPO, HPO; +NpO; = NpO,HPO,

2.950 —-16.839
+0.100 +0.571

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

Species Reaction
log,, K° AGS AHS A,S°
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
NpO,H,PO; H,PO; +NpO3™ = NpO,H,PO;
3.320 ~18.951
+0.500 +2.854
NpO,(HPO,) 2HPO; +Np0O3' = NpO,(HPO,);
9.500 —54.226
+1.000 +5.708
NpO,COs(aq) CO; +NpOy' = NpO,COs(aq)
9.320 © —53.201
40.610 +3.480
NpO,COs(s) CO3 +NpO;" = NpO,COx(s)
14.596 © -83.317
+0.469 42.678
NpO,CO5 COY +NpO; = NpO,CO5
4.962 —28.323
+0.061 +0.348
NpOx(CO3);” 2007 +NpO;" = NpOy(COs);
16.516 © -94.276
+0.729 +4.162
NpO»(COs);- COF +NpO,CO; = NpOy(CO3)3
1.572 -8.973
+0.083 +0.474
Np(COs)3” Np(CO3)¢ +e = 2CO% +Np(COs)}
~16.261 92.818
42265 +12.929
NpO(COy)3- NpOx(CO3); = NpOy(COy; +e~
—5.720 © 32.651
+0.095 +0.540
NpO(COy)3- 3CO5 +NpO;" = NpOy(CO):
—41.900
+4.100
NpO(COy)3 CO3 +NpOs(COs); = NpOy(CO3);
~1.034 5.902
+0.110 +0.628

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

Species Reaction
log,, K° AGS AHS A,S°
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
NpO,(COs)i NpOx(CO3)i +e = NpO,(CO3)3
—88.800
+2.900
Np(COs); 4CO3 +2H,0(l) + NpOy(am, hyd) = Np(CO;)i +40H "
~17.790 101.550
40.220 +1.256
Np(CO5)S COF +Np(CO»i = Np(COs)¢
-1.070 6.108
40.300 +1.712
(Np02)5(CO3)s 3NPOL(CO3); = (NpO2)y(COs) +3C03
-8.272 @ 47215
+1.447 48.260
NpO,(CO;),0H" NpOy(CO;); +OH™ = COj + NpO,(CO;),0H*
3.195 © ~18.238
+1.164 +6.644
(Np0O2),CO3(OH);. TH™ +2NpOy(COs)7 = (NpO2),CO5(OH); + 5COx(g) + 2H,0(1)

(NH;)4NpO,(CO3);(s)

Np(SCN)**

2+

Np(SCN);

Np(SCN);

Na;NpFs(cr)

49.166 © —280.640
+1.586 +9.053
4NH; + NpO,(CO3); = (NH,),NpOy(CO5)s(s)
7.443 © —42.485
+0.297 +1.698
Np*"+SCN~ = Np(SCN)**
3.000 -17.124 ~7.000 33.956 @
+0.300 £1.712 +3.000 +11.586
Np* +2SCN~ = Np(SCN);"
4.100 —23.403 -9.000 48.308 @
+0.500 +2.854 +9.000 +31.668
Np* +3SCN~ = Np(SCN);
4.800 —27.399 —13.000 48.293 @
+0.500 +2.854 +9.000 +31.668
3NaF(cr) + NpFs(g) = 0.5Fx(g) + Na;NpFg(cr)

7.876 © —44.954 @ —62.678 —59.447
£1.350 +7.705 +6.900 +11.500

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

Species Reaction
log, K° AGy AHY ASy
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
Na;NpO(COs)x(cr) 2C03 +3Na"+NpO; = NazNpO,(CO;)y(cr)
14.220 -81.168
+0.500 +2.854
NaNpO,CO;- 3.5H,0(cr) CO3 +3.5H,0(1) + Na* +NpO; = NaNpO,CO;- 3.5H,0(cr)
11.000 —62.788
+0.240 +1.370
KNpO,COx(s) CO; +K'+NpO; = KNpO,COs(s)
13.150 ~75.061
+0.190 +1.085
K3NpO»(CO3)a(s) 2C0% +3K +NpO; = K;NpO,(CO;3)y(s)
15.460 -88.246
+0.160 +0.913
KuNpO,(CO3)s(s) 4K +NpOy(CO3)i = K NpOy(CO)s(s)
7.033 © —40.147
+0.876 +5.001

(a) Value calculated internally with the Gibbs—Helmholtz equation, A,G;, =A Hy —TA.S; .
(b) Value calculated from a selected standard potential.

(c) Value of log,, K° calculated internally from A.Gj, .
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Table 4-3: Selected temperature coefficients for heat capacities marked with © in Table
4-1, according to the form C, (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. C,  units are JK " mol ™.

Compound a b c d e T in T max
Np(cr) —4.05430E+00 8.25540E-02 0 0 8.05710E+05 298 553
B-Np 3.93300E+01 0 0 0 0 553 849
v-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
NpOs(cr) 6.75110E+01 2.65990E-02 0 0 —8.19000E+05 220 800
Np,Os(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
NpFa(g) 6.74740E+01 5.56480E-03 —5.95160E-06 0 —1.12930E+06 298 600
NpFs(cr) 1.05200E+02 8.12000E-04 0 0 —1.00000E+06 298 1735
NpF;(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
NpFs(cr) 1.26000E+02 3.00000E-02 0 0 —1.90000E+05 298 600
NpFs(cr) 6.23330E+01 3.52550E-01 0 0 0 298 328
NpFe(g) 1.43240E+02 2.44160E-02 —1.13120E-05 0 -1.81740E+06 298 1000
NpF(1) 1.50340E+02 1.10080E-01 0 0 0 328 350
NpO,F,(cr) 1.06240E+02 2.83260E-02 0 0 —-1.02080E+06 298 1000
NpCls(cr) 8.96000E+01 2.75000E-02 0 0 3.60000E+05 298 1075
NpCli(g) 7.19890E+01 2.47410E-02 —8.48420E-06 0 —1.15000E+04 298 1000
NpCly(cr) 1.12500E+02 3.60000E-02 0 0 —1.10000E+05 298 811
NpCly(g) 1.08770E+02 —2.86580E-03 3.15880E-06 0 —2.80770E+05 298 1800
NpCly(1) 1.08000E+02 6.00000E-02 0 0 0 811 1000
NpOCl,(cr) 9.88000E+01 2.20000E-02 0 0 —9.20000E+05 298 1000
NpO,ClO4(aq)®  3.56770E+03 —4.95930E+00 0 —6.32340E+05 0 291 398
NpBr;(cr, hex) 1.01230E+02 2.06800E-02 0 0 —3.20000E+05 298 975
NpBry(cr) 1.19000E+02 3.00000E-02 0 0 0 298 800
NpOBr(cr) 1.11000E+02 1.37000E-02 0 0 —1.50000E+06 298 800
Npl;(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
NpCooi(cr) 6.12500E+01 —3.52750E-02 3.62830E-05 0 —3.48420E+05 298 1000
Na;NpFg(cr) 2.70000E+02 5.66000E-02 0 0 —1.30000E+06 298 800

(a) partial molar heat capacity of solute.






Chapter 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 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
Pu*") 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
AGy, AHY, S, and C) - 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:

C,w(l) = a+b-T+c- T +d-T" +e-T” 5.1

97
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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 Iand 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 MO,(cr), M = U, Np, Pu.

The selected thermodynamic data in [[92GRE/FUG]| [95SIL/BID] and

2001 LEM/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 log;oK 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 (7 = 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.

AfGlE:I AfHI’?I S;)] C;Zm
Compound . . , . ' .
(kJ - mol™) (kJ - mol™) J K" -mol™) (J-K -mol)
Pu(cr) 0.000 0.000 54.460 31.490 ©
+0.800 +0.400
B-Pu @
5-Pu (@
8'—Pu @
y—Pu @
&Pu @
Pu(g) 312415 @ 349.000 ® 177.167 20.854 ©
+3.009 +3.000 +0.005 +0.010
Pu** —578.984 —~591.790 —184.510 ®
+2.688 +£1.964 +6.154
Pu* —477.988 —539.895 —414.535
£2.705 +3.103 £10.192
PuO, 4(bcc) 834771 @ -875.500 83.000 61.200 ©
£10.113 £10.000 +5.000 +5.000
PuOs(cr) —-998.113 @ —1055.800 66.130 66.250 ©
£1.031 +1.000 +0.260 +0.260
PuO} —852.646 © -910.127 @ 1.480 ®
+2.868 +8.920 +30.013
PuO? ~762.353 —822.036 —71.246
+2.821 +6.577 +22.120

(Continued on next page)
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Table 5-1: (continued)
AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Pu,05(cr) ~1580.375 @ —1656.000 163.000 117.000 ©
£10.013 +10.000 +0.600 +0.500
PuOH* -776.739 ®
+3.187
PuOH** ~718.553 ®
$2.936
Pu(OH);" -955.693 ®
+3.203
Pu(OH)s(cr) -1200.218 ®
+8.975
Pu(OH); -1176.280 ®
+3.542
PuO,0H(aq) > -1034.247 ®
PuO,0H" -968.099 ® -1079.866 ® -12.680 ®
+4.013 +16.378 +55.786
PuO,(OH),(aq) -1161.287 ®
49.015
Pu(OH)4(aq) -1378.031 ®
+3.936
PuO,(OH),- H,O(cr) ~1442.380 ® -1632.809 @ 190.000 170.000
+6.368 +13.522 +40.000 +20.000
(PuO,),(OH);" -1956.176 ®
+8.026
PuF(g) ~140.967 @ ~112.600 251.000 33.500 ©
£10.113 +10.000 +5.000 +3.000
PuF** -809.970 ® —866.145 © —228.573 ®
+2.850 +3.859 +12.753
PuF(g) ~626.151 @ ~614.300 297.000 51.500 ©
+6.704 +6.000 +10.000 +5.000
PuF%* ~1130.651 ® -1199.595 ® -104.666 ©
+3.246 +6.026 +20.058
PuF;(cr) -1517.369 @ ~1586.700 126.110 92.640 ©
+3.709 +3.700 +0.360 +0.280
PuFs(g) -1161.081 @ —-1167.800 ® 336.110 72.240 ©
+4.758 +3.700 +10.000 +5.000

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

AGE AH S0 c

Compound -
(kJ - mol ]) (kJ - mol l) (J~K1~m01 ]) (J'K]~mol l)
PuF,(cr) ~1756.741 @ ~1850.000 147.250 116.190
+20.002 +20.000 +0.370 +0.290
PuF,(g) -1517.874 @ ~1548.000 © 359.000 92.400 ©
+22.202 +22.000 +10.000 +5.000
PuF(cr) -1729.856 @ -1861.350 ® 221.800 168.100 ©
+20.174 +20.170 +1.100 +2.000
PuF(g) ~1725.064 @ ~1812.700 ® 368.900 129.320 ©
+20.104 +20.100 +1.000 +1.000
PuOF(cr) -1091.571 @ ~1140.000 96.000 69.400 ©
+20.222 +20.000 +10.000 +10.000
PuO,F" -1069.905 ®
+3.121
PuO,F,(aq) ~1366.783 ®
+4.059
PuCP? ~717.051 ®
+2.923
PuCP** ~619.480 ®
+3.204
PuCls(cr) -891.806 © -959.600 161.700 101.200 ©
+2.024 +1.800 +3.000 +4.000
PuCls(g) —641.299 @ —647.400 ® 368.620 78.470 ©
+3.598 +1.868 +10.000 +5.000
PuCly(cr) -879.368 @ -968.700 201.000 121.400
+5.826 +5.000 +10.000 +4.000
PuCly(g) ~764.683 @ ~792.000 ® 409.000 103.400 ©
+10.438 +10.000 +10.000 +5.000
PuOClI(cr) ~882.409 @ -931.000 105.600 ® 71.600 ©
+1.936 +1.700 +3.000 +4.000
PuO,CI ~894.883 ®
+2.829
PuO,Cly(aq) -1018.224 ®
+3.308
PuCly: 6 H,O(cr) -2365.347 @ —2773.400 420.000
+2.586 +2.100 +5.000
PuBr’* -590.971 ®
+3.206

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

AGE AH S0 c

Compound -
(kJ - mol ]) (kJ - mol l) (J~K1~m01 ]) (J'K]~mol l)
PuBr;(cr) —767.324 @ ~792.600 198.000 101.800 ©
£2.697 +2.000 +6.000 +6.000
PuBr;(g) -529.808 @ —488.000 © 423.000 ® 81.600 ©
+15.655 +15.000 +15.000 +10.000
PuOBr(cr) -838.354 @ -870.000 © 127.000 ® 73.000 ©
+8.541 +8.000 +10.000 +8.000
Pul* -636.987 ®
+3.529
Puls(cr) -579.000 @ ~579.200 228.000 110.000 ©
+4.551 +2.800 +12.000 +8.000
Puly(g) -366.517 @ -305.000 435.000 82.000 ©
£15.655 +15.000 +15.000 +5.000
PuOI(cr) ~776.626 -802.000 130.000 75.600 ©
+20.495 +20.000 +15.000 +10.000
PuSO; ~1345.315 ® ~1483.890 © -33.301 ®
+4.599 +2.976 £15.108
PusSO;’ ~1261.329 ®
£3.270
Pu0,S04(aq) ~1525.650 ® -1715.276 © 65.963 ®
+3.072 +6.616 422,543
Pu(S04)x(aq) -2029.601 ®
+4.225
Pu(SO.); —-2099.545 ® —2398.590 ® 1.520 ®
+5.766 +16.244 +56.262
PuO,(SO,)3 2275477 ® -2597.716 ® 194214 ®
+3.156 +11.176 +37.627
PuSe(cr) 92.100 59.700
+1.800 +1.200
PuTe(cr) 107.900 73.100
+4.300 +2.900
PuN(cr) 273.719 @ -299.200 64.800 49.600
+2.551 +2.500 +1.500 +1.000
PuNO3’ -599.913 ®
+2.868

PuO,(NO;),- 6H,0(cr) ~ —2393.300
+3.200

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

AGE AH S0 c

Compound -
(kJ - mol ]) (kJ - mol l) (J~K1~m01 ]) (J'K]~mol l)
PuP(cr) 313757 @ ~318.000 81.320 50.200
421.078 +21.000 +6.000 +4.000
PuPO,(s, hyd) —1744.893 ®
+5.528
PuH;PO" —1641.055 ®
+3.569
PuAs(cr) 241413 @ —240.000 94.300 51.600
+20.111 +20.000 +7.000 +4.000
PuSb(cr) ~152.063 @ ~150.000 106.900 52.800
420.126 +20.000 +7.500 +3.500
PuBi(cr) ~119.624 © ~117.000 120.000
420.223 +20.000 +10.000
PuBiy(cr) ~124.527 @ ~126.000 163.000
422395 +22.000 +14.000
PuC, 4(cr) —49.827 @ —45.200 74.800 47.100 ©
+8.028 +8.000 +2.100 +1.000
Pu;Cy(cr) ~123.477 @ ~113.000 210.000 136.800 ©
+30.046 +30.000 +5.000 +2.500
Pu,Cs(cr) ~156.514 @ ~149.400 150.000 114.000 ©
+16.729 +16.700 +2.900 +0.400
Pu0,CO;s(aq) ~1344.479 ®
+4.032
Pu0,CO5(s) -1373.876 ®
+3.912
Pu0,CO; ~1409.771 ®
+3.002
PuO»(CO»)3 ~1902.061 ® -2199.496 © 19.625 ®
+4.088 +7.714 427.657
PuO»(COy)} 2448797 ® -2886.326 © -6.103 ®
+4.180 46.915 425.198
PuO»(COs); —2465.031 ® ~2954.927 ® -116.406 ©
+6.096 +12.344 +45.084
Pu(CO3); -2800.785 ®
+7.013
Pu(CO5)$ -3320.979 ®
+7.261

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
PuSCN?*' —493.704 © —515.390 ® —-15.355 @
+5.333 +5.988 426.906
SrsPuOs(cr) -3042.100
+7.900
BaPuOs(cr) -1654.200
+8.300
BasPuOy(cr) ~2997.000
+10.000
Ba,MgPuOg(cr) ~2995.800
+8.800
Ba,CaPuOg(cr) -3067.500
+8.900
Ba,SrPuOg(cr) -3023.300
£9.000
Cs,PuCly(cr) -1838.243 @ -1982.000 412.000
+6.717 +5.000 +15.000
Cs;PuClg(cr) -2208.045 ® -2364.415 © 454,925 ® 258.600 ©
49.491 £9.040 £10.959 +10.000
CsPu,Cly(cr) -2235.119 ® -2399.380 © 424.000 ® 254.900 ©
+5.284 +5.734 +7.281 +10.000
Cs,PuBrg(cr) ~1634.326 @ -1697.400 470.000
46.150 +4.200 +15.000
Cs,NaPuCl(cr) —2143.496 @ —2294.200 440.000
+5.184 +2.600 +15.000

(a)  Value calculated internally with the Gibbs—-Helmholtz equation, A;Gy =AHp =T Sy, .
(b)  Value calculated internally from reaction data (see Table 5-2). '
(¢)  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.



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 (= 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, c¢f. 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-
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Species Reaction
log, K* AGy AHY ASy
(kJ - mol™) (kJ-mol™)  (J-K'-mol™)
Pu(g) Pu(cr) = Pu(g)
349.000
+3.000
P PuCly- 6H,0(cr) = 3Cl + 6H,0(I) + Pu**
~15.010
+3.533
Pu™ H +Pu* = 0.5Hy(g) + Pu*"
~164.680
+8.124
PuOs(am, hyd) 40H +Pu* = 2H,0(l) + PuO,(am, hyd)
58.330 -332.950
+0.520 +2.968
PuO; 0.5H,(g) + Pu03” = H'+PuO}
15.819 © -90.293 -88.091 7.386 @
+0.090 +0.515 +6.026 420.285
PuOH?* H,O(l) + Pu’* = H'+PuOH*
-6.900 39.385
+0.300 +1.712
PuOH?" H0() +Pu* = H'+PuOH"

0.600 -3.425
+0.200 +1.142

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

Species Reaction
log,, K° AGy AHY ASy
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
Pu(OH)Y' 2H,0(1) + Pu* = 2H" + Pu(OH);"
0.600 —3.425
+0.300 +1.712
Pu(OH)s(cr) 3H0() +Pu’" = 3H'+Pu(OH)s(cr)
~15.800 90.187
+1.500 +8.562
Pu(OH); 3H,0(l) + Pu* = 3H'+Pu(OH);
~2.300 13.128
+0.400 +2.283
PuO,OH(am) H,0() + Pu0; = H'+PuO,0H(am)
~5.000 28.540
+0.500 +2.854
Pu0O,0H(aq) H,0(l) + PuO; = H'+Pu0O,0H(aq)
< -9.730 > 55.539
PuO,0H" H,O() + Pu03’ = H"+PuO,0H"
—5.500 31.39%4 28.000 —-11.384 @
+0.500 +2.854 +15.000 +51.213
PuO,(OH)s(aq) 2H,0(1) + Pu0;" = 2H' + PuO,(OH)s(aq)
~13.200 75.346
+1.500 +8.562
Pu(OH)4(aq) 4H,0(1) + Pu** = 4H" + Pu(OH)4(aq)
-8.500 48518
+0.500 +2.854
PuO,(OH),- H,O(cr) 3H,0() +Pu0;" = 2H"+ PuO,(OH), H,0(cr)
~5.500 31.394
+1.000 +5.708
(PuO,),(OH);’ 2H,0(1) +2Pu03” = (PuOy),(OH);" + 2H'
~7.500 42.810
+1.000 +5.708
PuF* F +Pu* = PuF*
8.840 ~50.459 9.100 199.762 @
+0.100 +0.571 +2.200 +7.623

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

Species Reaction
log,, K° AGS AH? A,SS
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
PuF%* 2F +Put = PuFy’
15.700 —89.616 11.000 337.469 @
+0.200 +1.142 +5.000 +17.202
PuFs(g) PuFs(cr) = PuF;(g)
418.900
+0.500
PuF4(g) PuF4(cr) = PuF4(g)
301.800
+3.600
PuFs(cr) PuF¢(g) = PuFg(cr)
—48.650
+1.000
PuF(g) Fa(g) + PuFy(cr) = PuFy(g)
37.300
+2.400
PuO,F* F +Pu0}’ = PuO,F"
4.560 -26.029
+0.200 +1.142
PuO,F,(aq) 2F +Pu0;’ = PuO,F,(aq)
7.250 —41.383
+0.450 +2.569
PuCP*' Cl +pPu" = PuCr
1.800 -10.274
+0.300 £1.712
PuCly(g) PuCls(cr) = PuCls(g)
312.200
+0.500
PuCly(g) 0.5Cly(g) + PuCls(cr) = PuCly(g)
167.600
+1.000
PuOCI(cr) H,0(g) + PuCly(cr) = 2HCI(g) + PuOCl(cr)
128.710
+0.490

(Continued on next page)
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Table 5-2: (continued)
Species Reaction
log,, K° AGS AH? A,SS
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
PuO,CI' Cl"+Pu0;" = PuOCl'
0.230 -1.313
+0.030 +0.171
PuO,Cly(aq) 2C1 +Pu0; = PuO,Cly(aq)
-1.150 6.564
+0.300 *1.712
PuBr*” Br +Pu* = PuBr"
1.600 -9.133
+0.300 *1.712
PuBrs(g) PuBrs(cr) = PuBri(g)
—41.565 © 237.257 @ 304.400 225.200
+2.728 +15.570 +15.000 +14.000
PuOB(cr) H,O(g) + PuBr3(cr) = 2HBr(g) + PuOBr(cr)
-8.893 © 50.764 @ 91.700 137.300
+0.914 45218 +5.000 +5.000
Pul® I +Pv’ = Pul*
1.100 —6.279
+0.400 +2.283
PuSO; HSO; +Pu®" = H +PuSO;
1.930 -11.017 ~5.200 19.509 @
£0.610 +3.482 +2.000 +13.468
PuSO? HSO, +Pu* = H'+PuSO;
4910 -28.026
+0.220 £1.256
Pu0,S04(aq) PuO; +80; = Pu0,804(aq)
3.380 -19.293 16.100 118.709 @
+0.200 £1.142 +0.600 +4.326
Pu(SO4)(aq) 2HSO; +Pu** = 2H"+Pu(SOu)x(aq)
7.180 —40.984
+0.320 +1.827
Pu(SO.); 2HSO, +Pu®" = 2H" +Pu(S0,),
1.740 -9.932 —33.000 -77.370 @
+0.760 +4.338 +16.000 +55.602

(Continued on next page)
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Table 5-2: (continued)
Species Reaction
log,, K° AGS AH? A,SS
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
PUOX(SO,) PuO3 +2S0; = PuOySO,)3
4.400 —-25.115 43.000 228.460 @
+0.200 +1.142 £9.000 +30.428
PuNO}’ NO; +Pu* = PuNO3’
1.950 ~11.131
+0.150 +0.856
PuPO4(s, hyd) PO; +Pu’' = PuPOy(s, hyd)
24.600 ~140.418
+0.800 +4.566
PuH,PO? H;PO4(aq) + Pu¥ = PuH;PO;’
2.400 ~13.699
+0.300 +1.712
Pu(HPO,);(am, hyd) 2HPO; +Pu = Pu(HPO,),(am, hyd)
30.450 -173.810
+0.510 2911
Pu0,CO5(aq) CO7 +Pu0j” = Pu0,COs(aq)
9.500 54226
+0.500 +2.854
Pu0,COs(s) CO7 +Pu03” = Pu0,CO4(s)
14.650 -83.623
+0.470 +2.683
PuO,CO; CO7 +Pu0; = PuO,CO;
5.120 -29.225
+0.140 +0.799
Pu0,(CO3)> 2C07 +Pu0;’ = PuOy(CO3)3
14.700 —83.908 —27.000 190.871 @
+0.500 +2.854 +4.000 +16.481
PUOX(COY 3COF +Pu03’ = PuOy(COs)i
18.000 —102.745 -38.600 215.143 @
+0.500 +2.854 +2.000 +11.689
Pu0,(COs); 3CO; +Pu0; = Pu0,(COs);
5.025 © —28.685 -19.110 32.115 @
+0.920 +5.250 +8.500 +33.509

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

Species Reaction
log,, K° AGS AH? A,SS
(kJ - mol ™) (kJ - mol™) J-K"'-mol™)
Pu(COy} 4C05 +Pu” = Pu(COy);
37.000 —211.198
+1.100 +6.279
Pu(CO;); 5C05 +Pu* = Pu(COy$
35.650 —203.492
+1.130 +6.450
PuSCN** Pu’*+SCN™ = PuSCN*
1.300 —7.420 0.000 24.888 @
+0.400 +2.283 +4.000 +15.448
Cs3PuClg(cr) CsCl(cr) + 0.2CsPu,Cly(cr) = 0.4Cs;PuClg(cr)
3.922© 22387 @ —23.580 —4.000
+0.638 +3.640 +3.426 +4.130
CsPu,Cly(cr) CsCl(cr) + 2PuCliy(cr) = CsPuyCly(cr)
6.605 © -37.700 @ -37.870 -0.570
+0.594 +3.390 +3.160 +4.120

(a) Value calculated internally with the Gibbs—Helmholtz equation, A Gy =A H, —TA,S;, .
(b) Value calculated from a selected standard potential.

(c) Value of log,, K° calculated internally from A.Gj, .
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Table 5-3: Selected temperature coefficients for heat capacities marked with © in Table
5-1, according to the form C, ()= 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 C,,, units are J - K- mol ™.

Compound a b c e Toin T max

Pu(cr) 1.81260E+01  4.48200E-02 0 0 298 398
B—Pu 2.74160E+01  1.30600E-02 0 0 398 488
3-Pu 2.84780E+01 1.08070E-02 0 0 593 736
d'-Pu 3.55600E+01 0 0 0 736 756
v-Pu 2.20230E+01  2.29590E-02 0 0 488 593
&-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

PuO; 61(bee) 6.59100E+01  1.38500E-02 0 —-8.75700E+05 298 2300
PuOs(cr) 8.44950E+01  1.06390E-02  —6.11360E-07 —1.90060E+06 298 2500
Pu,05(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
PuFy(g) 5.73100E+01 ~ 7.27000E-04  —1.47210E-07 -5.38960E+05 298 3000
PuF;(cr) 1.04080E+02  7.07000E-04 0 —-1.03550E+06 298 1700
PuF;(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
PuFe(cr) 7.23480E+01  3.21300E-01 0 0 298 325
PuF«(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
PuCls(cr) 9.13500E+01  2.40000E-02 0 2.40000E+05 298 1041
PuCli(g) 7.71030E+01 ~ 1.29970E-02  —4.31250E-06 —1.88730E+05 298 1100
PuCly(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
PuBr;(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
Pul;(cr) 1.04000E+02  2.00000E-02 0 0 298 930
Puli(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
PuCoz4(cr) 7.15910E+01 —5.95040E-02 4.94350E-05 —9.93200E+05 298 1875
Pu;Cy(cr) 1.20670E+02  4.68600E-02 0 1.94560E+05 298 850
Pu,Cs(cr) 1.56000E+02 —7.98730E-02 7.04170E-05 -2.17570E+06 298 2285
Cs3;PuClg(cr) 2.56600E+02  3.46000E-02 0 —7.40000E+05 298 900

CsPu,Cly(cr) 2.37800E+02  5.15000E-02 0 1.55000E+05 298 900







Chapter 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 In this respect, it
will be found that while new species appear in the Tables, some others have been re-
moved from them. Table 61 contains the recommended thermodynamic data of the
americium compounds and complexes, Table 62 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 61 where available.

The species and reactions in Table 6—1, Table 62 and Table 6-3 appear in
standard order of arrangement (cf. Figure 2.1). Table 62 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
Am’") 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
AGy, AH, LS, and C) - 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:

C,w(l) = a+b-T+c- T +d-T" +e-T” 6.1)

113



114

6 Selected americium data

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 Iand 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 MO,(cr), M = U, Np, Pu.

The selected thermodynamic data in [[92GRE/FUG]| [95SIL/BID] and

2001 LEM/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 log;oK 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 (7 = 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.

AGy AsHY Sa Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Am(cr) 0.000 0.000 55.400 25.500 ©
+2.000 +1.500
B-Am @
y-Am @
Am(1) @
Am(g) 242312 @ 283.800 194.550 20.786 ©
£1.614 +1.500 £0.050 £0.010
Am* -376.780 ® 354,633 @ -1.000
+15.236 +15.890 +15.000
Am** -598.698 @ ~616.700 -201.000
+4.755 +1.500 +15.000
Am** -346.358 @ ~406.000 -406.000
+8.692 +6.000 +21.000
AmO,(cr) -877.683 @ -932.200 77.700 66.170 ©
+4.271 +3.000 +10.000 +10.000
AmO; ~739.796 © -804.260 © —21.000
+6.208 +5.413 +10.000
AmO?' -585.801 @ ~650.760 © -88.000
+5.715 +4.839 +10.000
Am,O5(cr) -1605.449 @ -1690.400 133.600 117.500 ©
+8.284 +8.000 +6.000 +15.000
AmH,(cr) —134.661 @ —175.800 48.100 38.200 ©
+15.055 +15.000 +3.800 +2.500

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
AmOH* —794.740 ®
+5.546
Am(OH); -986.787 ©
+6.211
Am(OH);(aq) -1160.568 ®
+5.547
Am(OH);(cr) -1221.073 ® -1353.198 @ 116.000
+5.861 +6.356 +8.000
AmF* -899.628 ®
+5.320
AmF; ~1194.851 ®
+5.082
AmF;(cr) -1519.765 @ ~1594.000 110.600
+14.126 +14.000 +6.000
AmF5(g) —1147.798 @ -1156.500 ® 330.400 72.200
+16.771 +16.589 +8.000 +5.000
AmF,(cr) -1632.503 @ ~1724.000 154.100
*17.177 +17.000 +8.000
AmCI* —731.285 ®
+4.759
AmCI; -856.908 ®
+4.769
AmCly(cr) -905.105 @ -977.800 146.200 103.000
+2.290 +1.300 +6.000 +10.000
AmOClI(cr) -897.052 @ -949.800 ™ 92.600 ® 70.400 ©
+6.726 +6.000 +10.000 +10.000
AmBr;(cr) —773.674 @ —804.000 182.000
+6.728 +6.000 +10.000
AmOBr(cr) —848.485 @ —887.000 © 104.900 ®
+9.794 +9.000 +12.800
Aml;(cr) —-609.451 @ —615.000 211.000
+10.068 +9.000 +15.000
AmS(cr) 92.000
£12.000
AmSO; -1361.538 ®
+4.849

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Am(SOy); -2107.826 ®
+4.903
AmSe(cr) 109.000
+12.000
AmTe(cr) 121.000
+12.000
AmN?' -260.030 ®
+5.190
AmNO3’ ~717.083 ®
+4.908
AmH,PO}’ ~1752.974 ®
+5.763
Am,Cs(cr) ~156.063 @ ~151.000 145.000
+42.438 +42.000 +20.000
AmCO;3 ~-1172.262 ®
+5.289
AmO,CO; -1296.807 ®
+6.844
Am(CO;); ~1728.131 ®
+5.911
AmO,(CO5)3 -1833.840 ©
+7.746
Am(CO;3); —2268.018 ®
+7.521
AmO,(CO3); -2352.607 ®
+8.514
Am(CO;3)$ -3210.227 ®
+7.919
AmHCO? ~1203.238 ®
+5.060
AmCO;0H- 0.5 H,0(cr) —1530.248 @ ~1682.900 141413 @
+5.560 +2.600 +20.683
AmSiO(OH);" ~1896.844 ®
+5.000
AmSCN?* —513.418 ®
+6.445

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

AGy AcHy S5 Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
SrAmOs(cr) —1539.000
+4.100
BaAmOs(cr) —1544.600
+3.400
NaAmO,COs(s) -1591.867 ®
+6.627
NaAm(COy)y SH,0(cr) —3222.021 ®
+5.605
Cs,NaAmClg(cr) —2159.151 @ —2315.800 421.000 260.000
+4.864 +1.800 +15.000 +15.000

mi *

(a)  Value calculated internally with the Gibbs—Helmholtz equation, A;Gy =AHo —T .Sy
(b)  Value calculated internally from reaction data (see Table 6-2). '
(¢)  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 (= 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, c¢f. 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
log, K* AGy AHY ASy
(kJ - mol™) (kJ-mol™)  (J-K'-mol™)
Am(g) Am(cr) = Am(g)
283.800
+1.500
Am>* Am*+e = Am*
-38.878 ® 221.920
+2.536 +14.476
AmO; AM* +2H0(1) = AmO;+4H +2¢
384.100
+5.200
AmO? Am* +2H,0(l) = AmO3 +4H'+3 ¢
537.600
+4.600
AmOH" Am* +H,0() = AmOH* +H'
~7.200 41.098
+0.500 +2.854
Am(OH)} Am™ +2H,0(I) = Am(OH); +2H"
~15.100 86.191
+0.700 +3.996
AmO,0H(am) AmO, + H,0() == AmO,0OH(am) + H'
-5.300 30.253
+0.500 +2.854
Am(OH)s(er) Am” +3H0() = Am(OH)y(er) + 3H'
~15.600 89.045
+0.600 +3.425

(Continued on next page)
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Table 6-2: (continued)
Species Reaction
logy K° AGY AHS, ASS
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
Am(OH);(am) Am** 4+ 3H,0(l) = Am(OH);(am) + 3H"
-16.900 96.466
+0.800 +4.566
Am(OH)3(aq) Am** + 3H,0(I) = Am(OH);(aq) +3H"
-26.200 149.551
+0.500 +2.854
AmF* Am* +F = AmF*
3.400 —19.407
+0.400 +2.283
AmF;} Am* +2F° = AmF,
5.800 -33.107
+0.200 +1.142
AmF3(g) AmFs(cr) = AmF;(g)
437.500
+8.900
AmCI>* Am*+ClT = AmCP*
0.240 -1.370
+0.030 +0.171
AmCI} Am*+2C1T = AmChL
—0.740 4.224
+0.050 +0.285
AmOCI(cr) AmCls(cr) + H;O(g) = AmOCI(cr) + 2HCI(g)
-8.066 © 46.042 @ 85.213 131.380
+1.115 +6.364 +5.900 +8.000
AmOBr(cr) AmBr;(cr) + HO(g) = AmOBr(cr) + 2HBr(g)
—8.246 © 47.070 © 86.256 131.430
+2.661 +15.188 +15.000 +8.000
AmSO}, Am* +S0; = AmSO;
3.300 —18.837
+0.150 +0.856
Am(SOy); Am™ +2S07 = Am(SOy);

3.700
+0.150

—21.120

+0.856

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

Species Reaction
log, K° AGy AHY A,Sy
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
AmN?’ Am™ +N; = AmN3'
1.670 -9.532
+0.100 +0.571
AmNO3" AMT+NO; = AmNO;’
2.100 ~11.987
+0.200 +1.142
AmNO3' Am” +NO; = AmNO;
1.330 ~7.592
+0.200 +1.142
AmPO,(am, hyd) Am* +PO; = AmPO,(am, hyd)
24.790 ~141.500
+0.600 +3.425
AmH,PO}" Am’' +H,PO; = AmILPO;
3.000 ~17.124
+0.500 +2.854
AmCO; Am''+CO; = AmCO;
8.000 —45.664
+0.400 +2.283
AmO,CO; AmO; +CO; = AmO,CO;
5.100 ~29.111
+0.500 +2.854
Am(CO3), Am* +2C07 = Am(COy);
12.900 ~73.634
+0.600 +3.425
AmO,(COs); AmO; +2C05 = AmOy(COs)-
6.700 -38.244
+0.800 +4.566
Am(CO;)} Am™+3CO7 = Am(COy);
15.000 -85.621
+1.000 +5.708
Amy(CO3);(am) 2AmM™ +3C07 = Amy(COs)(am)
16.700 —95.324
+1.100 +6.279

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

Species Reaction
log,, K° AGS AHS A,SS
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
AmO,(CO3)3 AmO; +3C0; = AmOy(CO5);
5.100 —29.111
+1.000 +5.708
Am(CO3)¢ Am(CO3)} +2CO7 = Am(COy)S +e~
—20.100 ® 114.730
+0.900 +5.137
AmHCO? Am* + HCO; = AmHCO3'
3.100 ~17.695
+0.300 +1.712
AmCO;0H:- 0.5H,0(cr) Am* + CO3 +0.5H,0(1) + OH = AmCO,0H: 0.5H,0(cr)
22.400 ~127.860
+0.500 +2.854
AmCO;OH(am, hyd) Am* +CO; +OH = AmCO;OH(am, hyd)
20.200 ~115.302
+1.000 +5.708
AmSiO(OH);" Am* + Si(OH)s(aq) = AmSiO(OH);" +H'
~1.680 9.590
+0.180 +1.027
AmSCN* Am* +SCN~ = AmSCN*
1.300 ~7.420
+0.300 +1.712
NaAmO,COs(s) AmO; +COj +Na” = NaAmO,COx(s)
10.900 —62.218
+0.400 +2.283
NaAm(COs),- 5H,O(cr) Am* +2C05 +5H,0() + Na* = NaAm(CO;),- 5H,0(cr)
21.000 ~119.869
+0.500 +2.854

(a) Value calculated internally with the Gibbs—Helmholtz equation, A .G, =A Hy —T A.S, .

(b) Value calculated from a selected standard potential.

(c) Value of log,, K° calculated internally from A Gy, .
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Table 6-3: Selected temperature coefficients for heat capacities marked with © in Table
6-1, according to the form C,,(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. C,,, units are J - K™ mol ™.

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
B-Am 1.94410E+01 1.08360E-02 2.25140E-06  5.20870E+05 1042 1350
y—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
AmOs(cr) 8.47390E+01 1.07200E-02 —8.15900E-07 —1.92580E+06 298 2000
AmyO;(cr) 1.13930E+02 5.93700E-02 —2.30100E-05 —1.07100E+06 298 1000
AmH,(cr) 2.48000E+01 4.50000E-02 0 0 298 1200
AmF;(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







Chapter 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 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 inm 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 m 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
TcO,) and auxiliary data listed in Table 81, 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
AGy, AHY, S, and C)  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:
Co(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.

e 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.

e  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 MO,(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 (7
= 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, c¢f. footnotes (a) and (b), are rounded at the third digit after the
decimal point and may therefore not be exactly identical to those given in Chapter V.
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.

AI'G:T: Ale(t)] Sl“t)] Cs,m
Compound . . , . ' .
(kJ - mol™) (kJ - mol™) J K" -mol™) (J-K -mol)
Te(cr) 0.000 0.000 32.506 24.879 ©9
+0.700 +1.000
Te(g) 630.711 @ 675.000 ® 181.052 20.795 ©9
+25.001 +25.000 +0.010 +0.010
TcO(g) 357.494 ® 390.000 244.109 31.256@
+57.001 +57.000 +0.600 +0.750
TcO* >-116.799 ©
TcO,(cr) —401.850 @ —457.800 50.000
£11.762 £11.700 +4.000
TcO, —637.406 @ —729.400 199.600 —15.000
+7.616 +7.600 +1.500 +8.000
TcO} —-575.759 ®
+8.133
Te,04(cr) -950.280 @ —1126.500 192.000 160.400 ©9
£15.562 +14.900 £15.000 +15.000
Te,04(g) -904.820 @ —1008.100 ® 436.641 146.736¥
£16.462 £16.063 +12.000 +5.000
TcO(OH)" 345377 ®
£9.009
TcO(OH),(aq) —568.247 ©
+8.845
TeO, 1.6 HyO(s) —758.479 ®
+8.372

(Continued on next page)
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Table 7—1: (continued)
AGy AsHY Sa Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
TcO(OH); —743.170 ©
+9.135
Te,0 H:0(s) ~1194.300 ~1414.146 © 278933 @
+15.500 +14.905 +72.138
TcF¢(cr, cubic) 253.520 157.840
+0.510 +0.320
TcFy(g) 359.136 120.703
+4.500 +2.629
TcOsF(g) 306.879 77.261 ©
+0.677 +0.308
TcO5Cl(g) 317.636 80.365 ©
+0.797 +0.308
TeS(g) 491.925 @ 549.000 255.990 34.474@
+65.001 +65.000 +1.000 +1.000
NH,;TcO4(cr) —721.998 ®
+7.632
TcC(g) 765.602 @ 826.500 242.500
+40.250 +40.000 £15.000
TcCO5(OH)y(aq) -968.899 ®
£9.010
TcCOs(OH); -1158.662 ®
+9.486
TITcO4(cr) —700.173 ®
+7.653
AgTcO4(cr) -578.975 ®
+7.654
NaTcOy 4 HyO(s) -1843.411 ®
+7.622
KTcO4(cr) -932.921 @ —1035.100 164.780 123.300
+7.604 +7.600 +0.330 +0.250
CsTcOy(cr) —-949.700 ®
+7.700

(a) Value calculated internally with the Gibbs-Helmholtz equation, A;Gy =A;Hy —T3.Sy .

(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 Tcm
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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 (/ = 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, c¢f. footnote (a), are rounded at the
third digit after the decimal point and may therefore not be exactly identical to those
given in Chapter 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

log,, K° AGy AHy A.Sy
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
Te(g) Te(er) = Te(g)
675.000
+25.000
TeO” 2H + TcO(OH)(aq) = 2H0(1) + TcO™
<4.000 >-22.832
TeOF TcO; +e~ = TcOi
-10.800 ® 61.647
+0.500 +2.854
Te,04(g) Te0q(cr) = Te04(g)
118.400
+6.000
TcO(OH)" H' + TcO(OH)y(aq) = H,O(l) + TcO(OH)"
2.500 ~14.270
+0.300 £1.712
TcO(OH),(aq) TcOy 1.6H0(s) = 0.6H,0(1) + TcO(OH)x(aq)
—8.400 47.948
+0.500 +2.854
TeO, 1.6H,0(s) 4H +TcOy +3 e = 0.4H,0(I) + TcO, 1.6H,0(s)
37.829 ® —215.930
+0.609 +3.476
TcO(OH); H,O(l) + TcO(OH),(aq) = H'+ TcO(OH);
-10.900 62.218
+0.400 +2.283

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

Species Reaction
log,, K° AGS AH? A,SS
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
Tc,07- H,O(s) H,O(g) + Tc,O4(cr) = Te,O7 HO(s)
—45.820
+0.400
TcF4(g) TcFg(cr, cubic) = TcFe(g)
-0.535 © 3.055 @ 34.540 105.600
+0.327 +1.868 +1.300 +4.500
TeO.CL H,0(l) + TcOCE = Cl +2H' + TcO,Cl}”
-2.950 16.839
+0.150 +0.856
NH,TcOx4(cr) NH; +TcO; = NH,TcOucr)
0.910 ~5.194
+0.070 +0.400
(NH,),TcClg(cr) ONH; + TeCly = (NH,),TeClg(er)
7.988 ~45.596
+1.000 +5.708
(NH,),TeBr(cr) ONH, +TeBr; = (NH),TcBrq(cr)
6.680 -38.130
+1.000 +5.708
TcCO5(OH),(aq) COx(g) + TcO(OH)x(aq) = TcCO3(OH)x(aq)
1.100 -6.279
+0.300 +1.712
TcCO5(OH)5 CO,(g) + HoO(1) + TcO(OH)(aq) = H'+ TcCOy(OH)5
~7.200 41.098
+0.600 +3.425
TITcO4(cr) TcOs +TI' = TITcOq(cr)
5.320 -30.367
+0.120 +0.685
AgTcOy(cr) Ag +TcO; = AgTcOy(cr)
3.270 ~18.665
+0.130 +0.742
NaTcO4 4H,0(s) 4H,0(1) + Na" + TcO; = NaTcO4 4H,0(s)
~0.790 4.509
+0.040 +0.228

(Continued on next page)
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Table 6-2: (continued)
Species Reaction
log,, K° AGy AH, A,Sy
(kJ - mol™) (kJ - mol™) J-K"'-mol™)
KTcO4(cr) K"+ TcOs = KTcOsy(er)
2.288 —13.060 —53.620 -136.039 @
+0.026 +0.148 +0.420 +1.494
K>TeClg(cr) 2K' +TeCly = K,TcClg(er)
9.610 —54.854
+1.000 +5.708
K, TeBre(cr) 2K+ TeBri = K,TcBr(cr)
6.920 -39.500
+1.000 +5.708
Rb,TcCly(cr) 2Rb" + TcCli = Rb,TcCly(cr)
11.120 —63.473
+1.000 +5.708
Rb,TcBrg(cr) 2Rb"+ TeBrg = Rb,TeBrg(cr)
9.470 -54.055
+1.000 +5.708
CsTcOy(cr) Cs"+TcO; = CsTcOu(cr)
3.617 -20.646
+0.047 +0.268
Cs,TcClg(cr) 2Cs"+TeCli = Cs,TeCly(cr)
11.430 —65.243
+1.000 +5.708
Cs,TcBrg(cr) 2Cs"+ TeBr; = Cs,TcBry(cr)
11.240 —64.158
+1.000 +5.708

(a) Value calculated internally with the Gibbs—Helmholtz equation, A .G, =AHy —T A, Sy .

(b) Value calculated from a selected standard potential.

(c) Value of log,, K° calculated internally from A.Gj, .
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Table 7-3: Selected temperature coefficients for heat capacities marked with © in Table
7-1, according to the form C,, (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. C,,, units are J - K™ mol ™.

Compound a b c e Twin T ax

Tc(cr) 2.50940E+01 4.31450E-03 —2.75460E-07 —1.31300E+05 298 2430
Te(g) 2.49130E+01 —1.91830E-02 2.51280E-05 —5.61800E+04 298 600
Tc,04(cr) 1.55000E+02 8.60000E-02 0 —1.80000E+06 298 392
TcF(cr, cubic) 7.20810E+01 2.87666E-01 0 0 268 311
TcOsF(g) 7.61200E+01 5.34274E-02 —2.53393E-05 —1.11446E+06 298 1000

TcO5Cl(g) 8.03360E+01 4.63950E-02 —2.20086E-05 —1.05321E+06 298 1000




Chapter 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 41, Table 4-2, Table 5-1,
Table 5-2, Table 61, 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 S7, A H> and A,G;, 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 (/ = 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:

o for CODATA values from [[§9COX/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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o for values from|[92GRE/FUG]|or[99RAR/RANT]] 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 values are available for COx(g), HCO;, CO:,
H,PO; and HPO] . From the values given for A H and S, the values of A,G?
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 COx(g), HCO;, CO?", which were originally absent from the corresponding Table
82 in are included in this table to provide the user of selected data for
species of uranium, neptunium, plutonium, americium and technetium (c¢f. 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 81 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 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 (7 = 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
without further evaluation. Values obtained from internal calculation,
¢f. footnotes (a) and (b), are rounded at the third digit after the decimal point and may
therefore not be exactly identical to those given in Chapter VI of Ref. 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.

AI'G:T: Ale(t)] Sl“\)1 C;m
Compound . . X . ' ,
(kJ - mol™) (kJ - mol™) J-K " -mol") (J-K -mol)
0(2) 231.743 @ 249.180 161.059 21.912
40.100 +0.100 +0.003 £0.001
0,(2) 0.000 0.000 205.152 29.378
+0.005 40.003
H(g) 203.276 @ 217.998 114.717 20.786
40.006 +0.006 +0.002 £0.001
H 0.000 0.000 0.000 0.000
Ha(2) 0.000 0.000 130.680 28.836
+0.003 40.002
OH"~ -157.220 @ -230.015 -10.900
+0.072 +0.040 +0.200
H,0(g) -228.582 @ —241.826 188.835 33.609
+0.040 +0.040 +0.010 40.030
H,O(1) —237.140 @ -285.830 69.950 75.351
+0.041 +0.040 +0.030 +0.080
H,0,(aq) -191.170 ©
+0.100
He(g) 0.000 0.000 126.153 20.786
+0.002 40.001
Ne(g) 0.000 0.000 146.328 20.786
+0.003 +0.001
Ar(g) 0.000 0.000 154.846 20.786
+0.003 +0.001

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Kr(g) 0.000 0.000 164.085 20.786
£0.003 £0.001
Xe(g) 0.000 0.000 169.685 20.786
£0.003 £0.001
F(g) 62.280 @ 79.380 158.751 22.746
£0.300 £0.300 £0.004 10.002
F -281.523 @ -335.350 -13.800
10.692 £0.650 £0.800
Fa(g) 0.000 0.000 202.791 31.304
£0.005 10.002
HF(aq) -299.675 ® -323.150 ® 88.000 @
+0.702 +0.716 +3.362
HF(g) —275.400 @ -273.300 173.779 29.137
10.700 £0.700 £0.003 10.002
HF; -583.709 ® ~655.500 © 92.683 @
+1.200 2221 +8.469
Cl(g) 105.305 @ 121.301 165.190 21.838
10.008 £0.008 £0.004 10.001
cl 131217 @ -167.080 56.600
+0.117 +0.100 +0.200
Cly(g) 0.000 0.000 223.081 33.949
+0.010 40.002
Cl10 —-37.669 ®
+0.962
Clo, 10.250 ®
+4.044
ClO; -7.903 @ —104.000 162.300
+1.342 +1.000 +3.000
Clo; -7.890 @ —128.100 184.000
40.600 +0.400 +1.500
HCI(g) —95.208 @ —-92.310 186.902 29.136
40.100 +0.100 +0.005 +0.002
HCIO(aq) -80.023 ®
+0.613
HCIO,(aq) —-0.938 ®
+4.043

(Continued on next page)
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Table 8—1: (continued)
AGy AsHY Sa Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Br(g) 82.379 @ 111.870 175.018 20.786
$0.128 10.120 10.004 $0.001
Br~ -103.850 @ -121.410 82.550
$0.167 10.150 10.200
Bry(aq) 4.900
+1.000
Bry(g) 3.105 @ 30.910 245.468 36.057
10.142 10.110 10.005 10.002
Bry(l) 0.000 0.000 152.210
10.300
BrO -32.095
+1.537
BrO; 19.070 @ ~66.700 161.500
+0.634 +0.500 +1.300
HBr(g) -53.361 @ -36.290 198.700 29.141
10.166 10.160 10.004 10.003
HBrO(aq) -81.356 ®
+1.527
1(g) 70.172 @ 106.760 180.787 20.786
+0.060 +0.040 +0.004 +0.001
1 -51.724 @ -56.780 106.450
+0.112 +0.050 +0.300
Iy(cr) 0.000 0.000 116.140
+0.300
L(g) 19.323 @ 62.420 260.687 36.888
+0.120 +0.080 +0.005 +0.002
105 -126.338 @ ~219.700 118.000
+0.779 +0.500 +2.000
HI(g) 1.700 @ 26.500 206.590 29.157
+0.110 +0.100 +0.004 +0.003
HIOs(aq) ~130.836 ®
+0.797
S(er)® 0.000 0.000 32.054 22.750
+0.050 +0.050
S(g) 236.689 @ 277170 167.829 23.674
+0.151 +0.150 +0.006 +0.001

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

AGy AsHY Sa Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
5> 120.695 ®
£11.610
Sx(g) 79.686 @ 128.600 228.167 32.505
10.301 £0.300 £0.010 £0.010
SOx(g) -300.095 @ -296.810 248.223 39.842
10.201 £0.200 £0.050 £0.020
o —487.472 ®
+4.020
S,0% -519.291 ®
+11.345
SO —744.004 @ —909.340 18.500
10.418 £0.400 £0.400
HS ™ 12243 @ -16.300 67.000
12.115 £1.500 £5.000
H,S(aq) -27.648 @ -38.600 126.000
12.115 £1.500 £5.000
H,S(g) —33.443 © ~20.600 205.810 34.248
10.500 £0.500 £0.050 10.010
HSO; -528.684 ©
+4.046
HS,0; -528.366 ©
*11.377
H,S05(aq) —539.187 ®
+4.072
HSO, 755315 @ -886.900 131.700
+1.342 £1.000 +3.000
Se(cr) 0.000 0.000 42.270 25.030
+0.050 +0.050
SeOy(cr) —225.100
+2.100
Se0? -361.597 ®
+1.473
HSeO;5 —409.544 ®
+1.358

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

AGE AH S0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
H,Se0s(aq) —425.527 ©®
+0.736
Te(cr) 0.000 0.000 49.221 25.550
£0.050 £0.100
TeO,(cr) ~265.996 @ -321.000 69.890 60.670 @
+2.500 +2.500 +0.150 £0.150
N(g) 455537 @ 472.680 153.301 20.786
10.400 £0.400 £0.003 10.001
Na(g) 0.000 0.000 191.609 29.124
£0.004 10.001
Ny 348.200 275.140 107.710 ©
+2.000 +1.000 +7.500
NO; -110.794 @ —206.850 146.700
10.417 £0.400 £0.400
HN;(aq) 321372 ® 260.140 © 147.381 ®
+2.051 +10.050 +34.403
NH;(aq) -26.673 ® -81.170 ® 109.040 ®
+0.305 +0.326 +0.913
NH;(g) -16.407 @ —45.940 192.770 35.630
40.350 +0.350 +0.050 40.005
NH, -79.398 @ -133.260 111.170
40.278 +0.250 +0.400
P(am)® —7.500
+2.000
P(cr)® 0.000 0.000 41.090 23.824
+0.250 40.200
P(g) 280.093 ® 316.500 163.199 20.786
+1.003 £1.000 +0.003 40.001
Px(g) 103.469 @ 144.000 218.123 32.032
42.006 +2.000 +0.004 40.002
Pi(g) 24.419 @ 58.900 280.010 67.081
+0.448 +0.300 +0.500 +1.500
POL -1025.491 ® —1284.400 ® -220.970 ®
+1.576 +4.085 +12.846
P,0} -1935.503 ®
+4.563

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

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
HPO? -1095.985 @ -1299.000 -33.500
11.567 £1.500 £1.500
H,PO, -1137.152 @ ~1302.600 92.500
11.567 £1.500 £1.500
H;PO,(aq) -1149.367 ® ~1294.120 © 161.912 ®
£1.576 £1.616 +2.575
HP,0} -1989.158 ®
+4.482
H,P,0 -2027.117 ®
+4.445
HiP,0; -2039.960
+4.362
H4P,0+(aq) -2045.668 ® -2280.210 © 274919 ®
+3.299 +3.383 +6.954
As(cr) 0.000 0.000 35.100 24.640
+0.600 +0.500
AsO; -350.022 @ —429.030 40.600
+4.008 +4.000 +0.600
AsO; —648.360 © —888.140 -162.800
+4.008 +4.000 +0.600
As,Os(cr) —782.449 @ -924.870 105.400 116.520
+8.016 +8.000 +1.200 +0.800
As4O¢(cubic)® —1152.445 @ —1313.940 214.200 191.290
+16.032 +16.000 +2.400 +0.800
As,04(mono)® ~1154.009 @ -1309.600 234.000
+16.041 +16.000 +3.000
HAsO,(aq) ~402.925 @ ~456.500 125.900
+4.008 +4.000 +0.600
H,AsO; —-587.078 @ ~714.790 110.500
+4.008 +4.000 +0.600
H3AsOs(aq) ~639.681 @ —742.200 195.000
+4.015 +4.000 +1.000
HAsO; ~714.592 @ -906.340 ~1.700
+4.008 +4.000 +0.600
H,AsO; —753.203 @ -909.560 117.000
+4.015 +4.000 +1.000

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

AGE AH S0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
H;AsO,(aq) ~766.119 @ -902.500 184.000
+4.015 +4.000 +1.000
(As;05)s5 5 H,O(cr) —4248.400
+24.000
Sb(cr) 0.000 0.000 45.520 25.260
+0.210 +0.200
Bi(cr)® 0.000 0.000 56.740 25.410
+0.420 +0.200
C(er) 0.000 0.000 5.740 8.517
£0.100 10.080
C(g) 671.254 @ 716.680 158.100 20.839
10.451 £0.450 £0.003 10.001
CO(g) -137.168 @ -110.530 197.660 29.141
10.173 £0.170 £0.004 10.002
CO,(aq) -385.970 @ —413.260 119.360
10.270 £0.200 £0.600
COs(g) -394.373 @ -393.510 213.785 37.135
10.133 £0.130 £0.010 10.002
cot -527.900 @ —675.230 -50.000
40.390 +0.250 +1.000
HCO; -586.845 @ —-689.930 98.400
40.251 +0.200 +0.500
SCN 92.700 76.400 144.268 @
+4.000 +4.000 +18.974
Si(cr) 0.000 0.000 18.810 19.789
+0.080 40.030
Si(g) 405.525 @ 450.000 167.981 22.251
48.000 +8.000 +0.004 40.001
SiOy(quar)? -856.287 @ -910.700 41.460 44.602
+1.002 +1.000 +0.200 40.300
Si0,(OH)? ~1175.651 ® ~1381.960 ® —-1.488 ®
£1.265 £15.330 +51.592
SiO(OH); —1251.740 ® ~1431.360 ® 88.024 ®
£1.162 +3.743 +13.144
Si(OH)4(aq) -1307.735 ® —1456.960 ® 189.973 ®
£1.156 +3.163 £10.245

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

AGE AH S0 c

Compound -
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Si,05(OH);~ —2269.878 ®
+2.878
Si,0,(OH)5 -2332.096 ®
+2.878
Si;04(OH);” -3048.536 ®
+3.870
Si;05(OH)3~ -3291.955 ®
+3.869
Si,O4(OH);~ -4075.179 ®
+5.437
Si4,0+(OH); ~4136.826 ©
+4.934
SiF4(2) -1572.773 @ -1615.000 282.760 73.622
10.814 £0.800 £0.500 10.500
Ge(cr) 0.000 0.000 31.090 23.222
£0.150 £0.100
Ge(g) 331.209 @ 372.000 167.904 30.733
13.000 £3.000 £0.005 10.001
GeO,(tetr)? -521.404 @ —580.000 39.710 50.166
+1.002 +1.000 +0.150 40.300
GeF4(2) -1150.018 @ ~1190.200 301.900 81.602
+0.584 +0.500 +1.000 +1.000
Sn(cr) 0.000 0.000 51.180 27.112
+0.080 40.030
Sn(g) 266.223 @ 301.200 168.492 21.259
+1.500 +1.500 +0.004 40.001
Sn** -27.624 @ -8.900 -16.700
+1.557 +1.000 +4.000
SnO(tetr)? 251913 @ —280.710 57.170 47.783
40.220 +0.200 +0.300 40.300
SnO,(cass)® -515.826 @ -577.630 49.040 53.219
+0.204 +0.200 +0.100 40.200
Pb(cr) 0.000 0.000 64.800 26.650
+0.300 40.100
Pb(g) 162.232 @ 195.200 175.375 20.786
40.805 +0.800 +0.005 40.001
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Table 8—1: (continued)

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Pb”' —24.238 @ 0.920 18.500
40.399 £0.250 £1.000
PbSO,(cr) -813.036 @ -919.970 148.500
40.447 £0.400 £0.600
B(cr) 0.000 0.000 5.900 11.087
£0.080 40.100
B(g) 521.012 @ 565.000 153.436 20.796
15.000 £5.000 £0.015 10.005
B,0s(cr) -1194.324 @ ~1273.500 53.970 62.761
11.404 £1.400 £0.300 10.300
B(OH);(aq) -969.268 @ -1072.800 162.400
10.820 £0.800 £0.600
B(OH);(cr) -969.667 @ -1094.800 89.950 86.060
10.820 £0.800 £0.600 10.400
BF3(g) -1119.403 @ -1136.000 254.420 50.463
10.803 £0.800 £0.200 10.100
Al(cr) 0.000 0.000 28.300 24.200
£0.100 10.070
Al(g) 289.376 @ 330.000 164.554 21.391
+4.000 +4.000 +0.004 +0.001
AP -491.507 @ —538.400 —325.000
43.338 +1.500 +10.000
Al,Os(coru)” -1582.257 @ -1675.700 50.920 79.033
+1.302 +1.300 +0.100 40.200
AlFs(cr) -1431.096 @ -1510.400 66.500 75.122
+1.309 +1.300 +0.500 +0.400
TI ~32.400
+0.300
Zn(cr) 0.000 0.000 41.630 25.390
+0.150 40.040
Zn(g) 94.813 @ 130.400 160.990 20.786
+0.402 +0.400 +0.004 +0.001
Zn** -147.203 @ -153.390 -109.800
+0.254 +0.200 +0.500
ZnO(cr) -320.479 @ -350.460 43.650
40.299 +0.270 +0.400
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Table 8—1: (continued)

A Gy AcHy S5 Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Cd(cr) 0.000 0.000 51.800 26.020
+0.150 +0.040
Cd(g) 77.230 © 111.800 167.749 20.786
+0.205 +0.200 +0.004 +0.001
cd* 77733 @ -75.920 ~72.800
+0.750 +0.600 +1.500
CdO(cr) -228.661 @ —258.350 54.800
10.602 10.400 11.500
CdSO,- 2.667 HyO(cr) -1464.959 @ —1729.300 229.650
10.810 10.800 10.400
Hg(g) 31.842 @ 61.380 174.971 20.786
10.054 10.040 10.005 10.001
Hg(l) 0.000 0.000 75.900
10.120
Hg** 164.667 © 170.210 -36.190
10.313 10.200 10.800
Hg' 153.567 @ 166.870 65.740
10.559 10.500 10.800
HgO(mont)™ -58.523 @ -90.790 70.250
+0.154 +0.120 +0.300
Hg,Cly(cr) -210.725 @ —265.370 191.600
+0.471 +0.400 +0.800
Hg>SO4(cr) —-625.780 @ —743.090 200.700
+0.411 +0.400 +0.200
Cu(cr) 0.000 0.000 33.150 24.440
+0.080 +0.050
Cu(g) 297.672 @ 337.400 166.398 20.786
+1.200 +1.200 +0.004 +0.001
Cu* 65.040 @ 64.900 —98.000
+1.557 +1.000 +4.000
CuCl(g) 77.000
+10.000
CuSOg4(cr) —-662.185 @ —771.400 109.200
+1.206 +1.200 +0.400
Ag(cr) 0.000 0.000 42.550 25.350
+0.200 +0.100
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Table 8—1: (continued)

AGy ApH S Com
Compound . . .
(kJ - mol ") (kJ - mol ™) J-K'-mol™) (J-K -mol)
Ag(g) 246.007 ® 284.900 172.997 20.786
40.802 £0.800 £0.004 40.001
Ag’ 77.096 @ 105.790 73.450
40.156 £0.080 £0.400
AgCl(cr) ~109.765 @ -127.010 96.250
10.098 £0.050 £0.200
Ti(cr) 0.000 0.000 30.720 25.060
£0.100 10.080
Ti(g) 428.403 @ 473.000 180.298 24.430
13.000 £3.000 £0.010 10.030
TiO,(ruti)® -888.767 @ -944.000 50.620 55.080
10.806 £0.800 £0.300 10.300
TiCly(g) -726.324 @ —763.200 353.200 95.408
13.229 £3.000 £4.000 11.000
Th(cr) 0.000 0.000 51.800 26.230
£0.500 10.050
Th(g) 560.745 @ 602.000 190.170 20.789
16.002 £6.000 £0.050 10.100
ThO(cr) -1169.238 @ -1226.400 65.230
+3.504 +3.500 +0.200
Be(cr) 0.000 0.000 9.500 16.443
+0.080 40.060
Be(g) 286.202 @ 324.000 136.275 20.786
45.000 +5.000 +0.003 40.001
BeO(brom)® -580.090 @ —609.400 13.770 25.565
42.500 +2.500 +0.040 40.100
Mg(cr) 0.000 0.000 32.670 24.869
+0.100 40.020
Mg(g) 112.521 @ 147.100 148.648 20.786
+0.801 +0.800 +0.003 +0.001
Mg* —455.375 @ —467.000 -137.000
+1.335 +0.600 +4.000
MgO(cr) -569.312 @ —-601.600 26.950 37.237
40.305 +0.300 +0.150 40.200
MgF,(cr) -1071.051 @ —~1124.200 57.200 61.512
+1.210 +1.200 +0.500 40.300
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Table 8—1: (continued)

AGy ApH S Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Ca(cr) 0.000 0.000 41.590 25.929
£0.400 40.300
Ca(g) 144.021 @ 177.800 154.887 20.786
0.809 £0.800 £0.004 40.001
Ca** —-552.806 @ —-543.000 -56.200
41.050 £1.000 £1.000
CaO(cr) ~-603.296 © -634.920 38.100 42.049
10.916 £0.900 £0.400 10.400
CaF(g) -302.118 -276.404 229.244 33.671
+5.104 +5.100 +0.500 +0.500
CaCl(g) ~129.787 ~103.400 241.634 35.687
+5.001 +5.000 +0.300 +0.010
Sr(cr) 0.000 0.000 55.700
+0.210
Sr* ~563.864 @ ~550.900 -31.500
+0.781 +0.500 +2.000
SrO(cr) -559.939 @ ~590.600 55.440
+0.914 +0.900 +0.500
SrCly(cr) —784.974 @ ~833.850 114.850
+0.714 +0.700 +0.420
Sr(NO;)a(cr) —783.146 © -982.360 194.600
+1.018 +0.800 +2.100
Ba(cr) 0.000 0.000 62.420
+0.840
Ba(g) 152.852 185.000 170.245 20.786
+5.006 +5.000 +0.010 +0.001
Ba®* —557.656 @ —~534.800 8.400
+2.582 +2.500 +2.000
BaO(cr) -520.394 @ ~548.100 72.070
+2.515 +2.500 +0.380
BaF(g) ~349.569 —324.992 246.219 34.747
+6.705 +6.700 +0.210 +0.300
BaCly(cr) -806.953 @ —855.200 123.680
2514 +2.500 +0.250
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Table 8—1: (continued)

A Gy AcHy S5 Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Li(cr) 0.000 0.000 29.120 24.860
+0.200 +0.200
Li(g) 126.604 @ 159.300 138.782 20.786
+1.002 +1.000 +0.010 +0.001
Li* -292.918 @ -278.470 12.240
+0.109 +0.080 +0.150
Na(cr) 0.000 0.000 51.300 28.230
10.200 10.200
Na” -261.953 @ —240.340 58.450
10.096 10.060 10.150
NaF(cr)® ~546.327 @ —576.600 51.160 46.820
+0.704 +0.700 +0.150
NaCl(cr)® -384.221 —411.260 72.150 50.500
+0.147 +0.120 +0.200
NaNOs(cr) —467.580
+0.410
K(er) 0.000 0.000 64.680 29.600
10.200 10.100
K(g) 60.479 @ 89.000 160.341 20.786
+0.802 +0.800 +0.003 +0.001
K* -282.510 @ -252.140 101.200
+0.116 +0.080 +0.200
Rb(cr) 0.000 0.000 76.780 31.060
+0.300 +0.100
Rb(g) 53.078 @ 80.900 170.094 20.786
+0.805 +0.800 +0.003 +0.001
Rb" -284.009 @ -251.120 121.750
+0.153 +0.100 +0.250
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Table 8—1: (continued)

AG AHy Sn Com
Compound
(kJ - mol ™) (kJ - mol™) J-K"'-mol™") (J-K'-mol)
Cs(cr) 0.000 0.000 85.230 32.210
+0.400 +0.200
Cs(g) 49.556 @ 76.500 175.601 20.786
+1.007 +1.000 +0.003 +0.001
Cs' -291.456 @ —258.000 132.100
+0.535 +0.500 +0.500
CsCl(cr) —413.807 @ —442.310 101.170 52.470
+0.208 +0.160 +0.200
CsBr(cr)® -391.171 —405.600 112.940 52.930
+0.305 +0.250 +0.400

(a) Value calculated internally with the Gibbs—Helmholtz equation, AGy =AHn—T Y. S,

mi

(b) Value calculated internally from reaction data (see Table 8-2) .

(c) From|[§2WAG/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° from the latter

(i) a-Quartz.

(j) Tetragonal.

(k) Cassiterite, tetragonal.

(1) Corundum.
(m) Montroydite, red.
(n) Rutile.

(o) Bromellite.

(p) Data from|[82GLU/GUR]| compatible with|[§9COX/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 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
log,, K° AGy AHY AS,
(kJ - mol ™) (kJ-mol™)  (J-K'-mol™)
HF(aq) F +H = HF(aq)
3.180 -18.152 12.200 101.800 @
£0.020 £0.114 +0.300 £1.077
HF, F 