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Editor’s note to the 2004 reprint 
 
 
The present volume is a reprint of the 1995 edition of  Chemical Thermodynamics of 

Americium by Robert J. Silva, Giovanni Bidoglio, Malcolm H. Rand, Piotr B. 

Robouch,  Hans Wanner and Ignasi Puigdomenech, which also contains an Appendix 

on the Chemical Thermodynamics of Uranium by Ingmar Grenthe, M. C. Amaia 

Sandino, Ignasi Puigdomenech and Malcolm H. Rand.  The book was edited at the 

NEA Data Bank and published by Elsevier under the North-Holland imprint. 

As part of Phase II of the NEA Thermochemical Database Project (TDB), a new 

publication entitled Update on the Chemical Thermodynamics of Uranium, 

Neptunium, Plutonium, Americium and Technetium and authored by Robert 

Guillaumont, Thomas Fanghänel, Jean Fuger, Ingmar Grenthe, Volker Neck, Donald 

A. Palmer and  Malcolm H. Rand, was published by Elsevier in 2003. For americium 

(and for the topics dealt with in the 1995 Appendix on uranium), this Update contains 

a review of the literature published since the cut-off date for the literature reviewed in 

the 1995 edition cited above.  As a consequence of this new TDB Review, some of 

the values selected in the earlier publication have been superseded while others have 

retained their validity. The 2003 Update is self-contained with respect to any new 

data selections, but the discussions leading to the retained selections can in most cases 

only be  found  in the 1995 publication. Since the latter is no longer available from its 

original publisher, the NEA is making the present reprint available to the scientific 

community. Consequently, it is important to note that the Tables of Selected Values 

contained in this reprint ARE OUTDATED AND SHOULD NOT BE USED. The 

updated Tables and the rationale behind the new and updated selections  can be 

consulted in the above-mentioned 2003 Update. 

This reprint has been prepared at the NEA Data Bank by Federico Mompean,  

Myriam Illemassene and Jane Perrone by reprocessing the files employed in the 

production of the 1995 edition. Every effort has been made to preserve the original 

layout and page numbering. We are grateful to the many readers who have provided 

feedback and pointed out errors in the 1995 book. In an attempt to make this reprint 

as close a reproduction of the original publication as possible, we have not 

implemented any corrections – major issues having been dealt with in the 2003 

Update. 



 



PrefaeThis is the seond volume in a series of ritial reviews of the hemial thermodynamidata of those elements of partiular importane in the safety assessment modelingof high-level radioative waste storage and disposal failities. The Nulear EnergyAgeny (NEA) Thermodynami Data Base (TDB) projet was started in 1984 by theOrganisation for Eonomi Co-operation and Development (OECD). The objetive,as outlined in NEA-TDB report 0, was to develop a set of reliable thermodynamidata that ould be used to desribe the behaviour of these elements under onditionsrelevant for radioative waste disposal systems and the geohemial environments.The initiation of this peer review of the thermodynami data of ameriium resultedfrom disussions between Hans Wanner, the TDB projet leader at that time, andthe hairman that took plae during the Workshop on Geohemial Modeling atFallen Leaf Lake, California in September 1986. A meeting was held at the NEAData Bank, Salay, Frane, in September of 1987 where the initial review ommitteemet for the �rst time and where review philosophy, assignments and ommitmentswhere disussed. Present at this meeting, in addition to the hairman, were Dr. B.Allard (Link�oping, Sweden), Dr. G. Bidoglio (JRC Ispra, Italy) and Dr. M. Rand(AERE Harwell, U.K.). Representing the NEA TDB projet were Drs. H. Wannerand I. Poirot. A seond meeting was held at the NEA Data Bank, Salay, in May of1990. At this meeting, �rst draft reviews of some of the setions of the Am reviewwere submitted and disussed. Beause of his work shedule, Dr. Allard was unableto make ontributions to the review and was replaed by Dr. P. Robouh (IRMM,Geel, Belgium). Dr. I. Puigdomeneh beame the TDB projet diretor in 1992 andassumed oversight of the �nal stages of this review.This is a review of experimental data reported in the literature for ameriium. Ona few oasions, where no data existed, omparisons and estimates were made basedon experimental data on analog lanthanide elements. The basi philosophy was todevelop a minimum set of solid phases and solution speies of ameriium that would�t all experimental data being reviewed.Eah ommittee partiipant ontributed seleted review setions. Giovanni Bidoglioontributed the setions on hydrolysis produts, halogen omplexes and hydroxidesolids. Elemental Am, aqua ions, oxides and ompounds of the halogens, sulphur,nitrogen, phosphorous, et. were drafted by Malolm Rand. The data on sulphate,nitrate, phosphate, arbonate and thioyanate omplexes were reviewed by the hair-man, by Piotr Robouh and by Ignasi Puigdomeneh in lose ollaboration. Whenthe setions were ompleted and assembled into one volume, all the members of thev



team ritially reviewed the entire volume. The �nal step, before submission for pub-liation, was a tehnial review by three independent reviewers, Drs. Charles Baes,Lester Morss and Arthur Martell, and was a judgement of the peer review aordingto methods outlined in NEA-TDB report 6.This review has been a very long time in ompletion. It would not have beenpossible without the onstant attention and prodding of Hans Wanner and, in thelater stages, Ignasi Puigdomeneh. My personal thanks to the members of the reviewteam who remained dediated and diligent to the end. On behalf of the review team,I would like to thank the many olleagues who have helped and supported us in theompletion of this review.Livermore, California, September 1994 Robert J. Silva, Chairman

vi
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ForewordThis is the seond volume of a series of expert reviews of the hemial thermodynamisof key hemial elements in nulear tehnology and waste management. Volumes ontehnetium, neptunium and plutonium are urrently in progress. The reommendedthermodynami data are the result of a ritial assessment of published information.The data base system developed at the Data Bank of the OECD Nulear EnergyAgeny (NEA),f. Setion II.6, ensures onsisteny not only within the reommendeddata set on ameriium but also among all the data sets to be published in the series.The NEA's thermohemial data base (TDB) system takes advantage of the fun-tionality of the LaTEX doument preparation software [86LAM℄, and is designed toretrieve the data base and onstrut tables of seleted data, authors, referenes et.in LaTEX format, whih then an be inserted in the omputer �les that onstitute thebooks in this series.The NEA Data Bank provides a number of servies that may be useful to thereader of this book.� The reommended data an be obtained on eletroni media (PC diskettes,magneti tape, or via omputer networks) diretly from the NEA Data Bank.The speial formatting of the data allows onversion to any spei� formatsonvenient to the user. The design and development of a omputer program toperform suh format onversion is however left to the user.� The NEA Data Bank maintains a library of omputer programs in variousareas. This inludes geohemial odes suh as PHREEQE, EQ3/6, MINEQL,MINTEQ, PHRQPITZ, et., in whih hemial thermodynami data like thosepresented in this book are required as the basi input data. These omputerodes an be obtained on request from the NEA Data Bank.For requests of data, omputer programs, on-line aess, and for further informa-tion, please write to:OECD Nulear Energy Ageny, Data BankLe Seine St. Germain12, boulevard des IlesF-92130 Issy-les-Moulineaux, FRANCEor send eletroni mail through INTERNET to \tdb�nea.fr". Some information onthe NEA is also available on the World-Wide Web at \http://www.nea.fr".



x



Contents
I Introdution 1I.1 Bakground : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1I.2 Fous of the review : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2I.3 Isotopes of ameriium : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3I.4 Review proedure and results : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4II Standards, Conventions, and Contents of the Tables 7II.1 Symbols, terminology and nomenlature : : : : : : : : : : : : : : : : : : : : : : : : : 7II.1.1 Abbreviations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7II.1.2 Symbols and terminology : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7II.1.3 Chemial formulae and nomenlature : : : : : : : : : : : : : : : : : : : : : : 7II.1.4 Phase designators : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11II.1.5 Proesses : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12II.1.6 Equilibrium onstants : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13II.1.6.1 Protonation of a ligand : : : : : : : : : : : : : : : : : : : : : : : : : 14II.1.6.2 Formation of metal ion omplexes : : : : : : : : : : : : : : : : : : : 14II.1.6.3 Solubility onstants : : : : : : : : : : : : : : : : : : : : : : : : : : : 16II.1.6.4 Equilibria involving the addition of a gaseous ligand : : : : : : : : : 16II.1.6.5 Redox equilibria : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17II.1.7 pH : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19II.1.8 Order of formulae : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20II.1.9 Referene odes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20II.2 Units and onversion fators : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21II.3 Standard and referene onditions : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24II.3.1 Standard state : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24II.3.2 Standard state pressure : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 24II.3.3 Referene temperature : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28II.4 Fundamental physial onstants : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28II.5 Unertainty estimates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29II.6 The NEA-TDB system : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29II.7 Presentation of the seleted data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31III Seleted ameriium data 35IV Seleted auxiliary data 45V Disussion of data seletion 69V.1 Elemental ameriium : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69V.1.1 Ameriium metal : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 69V.1.1.1 Allotropy and rystal struture : : : : : : : : : : : : : : : : : : : : : 69V.1.1.2 Low-temperature heat apaity and standard entropy : : : : : : : : 70V.1.1.3 High-temperature heat apaity and transformation data : : : : : : 70xi



xii CONTENTSV.1.2 Ameriium ideal monoatomi gas : : : : : : : : : : : : : : : : : : : : : : : : : 71V.1.2.1 Heat apaity and entropy : : : : : : : : : : : : : : : : : : : : : : : 71V.1.2.2 Enthalpy of vaporization : : : : : : : : : : : : : : : : : : : : : : : : 72V.2 Simple ameriium aqua ions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 73V.2.1 Am2+ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 74V.2.2 Am3+ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 75V.2.3 Am4+ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 76V.2.4 AmO+2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 77V.2.5 AmO2+2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 78V.3 Oxygen and hydrogen ompounds and omplexes : : : : : : : : : : : : : : : : : : : : 79V.3.1 Aqueous ameriium hydroxide omplexes : : : : : : : : : : : : : : : : : : : : 79V.3.1.1 Aqueous Am(III) hydroxide omplexes : : : : : : : : : : : : : : : : 79V.3.1.2 Aqueous Am(V) and Am(VI) hydroxide omplexes : : : : : : : : : : 87V.3.2 Solid ameriium oxides and hydroxides : : : : : : : : : : : : : : : : : : : : : : 89V.3.2.1 The ameriium-oxygen system : : : : : : : : : : : : : : : : : : : : : 89V.3.2.2 Ameriium sesquioxide : : : : : : : : : : : : : : : : : : : : : : : : : 90V.3.2.3 Ameriium dioxide : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91V.3.2.4 Solid Am(III) hydroxides : : : : : : : : : : : : : : : : : : : : : : : : 92V.3.2.5 Am(IV) and Am(V) hydroxides : : : : : : : : : : : : : : : : : : : : 96V.3.2.6 Ternary and quaternary ameriium oxides : : : : : : : : : : : : : : : 97V.3.3 Ameriium hydrides : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 97V.3.3.1 The ameriium-hydrogen system : : : : : : : : : : : : : : : : : : : : 99V.3.3.2 Ameriium dihydride : : : : : : : : : : : : : : : : : : : : : : : : : : 99V.3.3.3 Ameriium trihydride : : : : : : : : : : : : : : : : : : : : : : : : : : 100V.4 Group 17 (halogen) ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : 101V.4.1 Aqueous group 17 (halogen) omplexes : : : : : : : : : : : : : : : : : : : : : : 101V.4.1.1 Aqueous Am(III) uorides : : : : : : : : : : : : : : : : : : : : : : : 101V.4.1.2 Aqueous Am(III) hlorine omplexes : : : : : : : : : : : : : : : : : : 103V.4.1.3 Aqueous Am(III) bromides and iodides : : : : : : : : : : : : : : : : 105V.4.1.4 Higher oxidation states of ameriium : : : : : : : : : : : : : : : : : 106V.4.2 Ameriium halide ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : 106V.4.2.1 Introdution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 106V.4.2.2 Ameriium uoride ompounds : : : : : : : : : : : : : : : : : : : : : 108V.4.2.3 Ameriium hlorides : : : : : : : : : : : : : : : : : : : : : : : : : : : 116V.4.2.4 Ameriium bromides : : : : : : : : : : : : : : : : : : : : : : : : : : : 121V.4.2.5 Ameriium iodides : : : : : : : : : : : : : : : : : : : : : : : : : : : : 123V.5 Group 16 (halogen) ompounds and omplexes : : : : : : : : : : : : : : : : : : : : 125V.5.1 Sulphur ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : : 125V.5.1.1 Ameriium sulphides : : : : : : : : : : : : : : : : : : : : : : : : : : 125V.5.1.2 Ameriium sulphates : : : : : : : : : : : : : : : : : : : : : : : : : : 127V.5.2 Selenium ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 132V.5.2.1 Selenides : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 132V.5.3 Tellurium ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 133V.5.3.1 Tellurides : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 133V.5.3.2 Ameriium oxytelluride : : : : : : : : : : : : : : : : : : : : : : : : : 134V.6 Group 15 ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : 134V.6.1 Nitrogen ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : 134V.6.1.1 Ameriium nitrides : : : : : : : : : : : : : : : : : : : : : : : : : : : 134V.6.1.2 Ameriium azide omplexes : : : : : : : : : : : : : : : : : : : : : : : 135V.6.1.3 Ameriium nitrite omplexes : : : : : : : : : : : : : : : : : : : : : : 136V.6.1.4 Ameriium nitrate ompounds and omplexes : : : : : : : : : : : : 136V.6.2 Phosphorus ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : 139V.6.2.1 Aqueous ameriium phosphorus omplexes : : : : : : : : : : : : : : 139V.6.2.2 Solid ameriium phosphorus ompounds : : : : : : : : : : : : : : : : 144



CONTENTS xiiiV.6.3 Arseni ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 145V.6.3.1 Arsenides : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 145V.6.3.2 Arsenates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 146V.6.4 Antimony ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 146V.6.4.1 Antimonides : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 146V.6.5 Bismuth ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 147V.7 Group 14 ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : 147V.7.1 Carbon ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : : 147V.7.1.1 Ameriium arbides : : : : : : : : : : : : : : : : : : : : : : : : : : : 147V.7.1.2 Ameriium arbonate ompounds and omplexes : : : : : : : : : : : 148V.7.1.3 Ameriium yanide omplexes : : : : : : : : : : : : : : : : : : : : : 165V.7.1.4 Ameriium thioyanate omplexes : : : : : : : : : : : : : : : : : : : 166V.7.2 Silion ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : : 170V.7.2.1 Ameriium siliides : : : : : : : : : : : : : : : : : : : : : : : : : : : 170V.7.2.2 Aqueous ameriium siliates : : : : : : : : : : : : : : : : : : : : : : 171V.7.2.3 Solid ameriium siliate ompounds : : : : : : : : : : : : : : : : : : 171V.7.3 Germanium ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 171V.8 Group 13 ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 171V.8.1 Aluminium ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 171V.8.2 Thallium ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 171V.9 Group 9 ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.9.1 Cobalt ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.10 Group 6 omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.10.1 Molybdates and tungstates : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.10.2 Polyphosphotungstate omplexes : : : : : : : : : : : : : : : : : : : : : : : : : 172V.11 Group 5 omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.12 Group 4 omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.13 Atinide ompounds and omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.13.1 Atinide ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.13.1.1 U0:5Am0:5O2(r) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 172V.13.1.2 Other ternary and quaternary oxides : : : : : : : : : : : : : : : : : 173V.13.2 Atinide omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 173V.13.2.1 Atinide-atinide interations : : : : : : : : : : : : : : : : : : : : : : 173V.14 Group 2 (alkaline-earth) and group 3 ompounds : : : : : : : : : : : : : : : : : : : : 173V.15 Group 1 (alkali) ompounds : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 173V.15.1 Ternary and quaternary oxides : : : : : : : : : : : : : : : : : : : : : : : : : : 173V.15.2 Ternary uorides : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 173V.15.3 Ternary and quaternary hlorides : : : : : : : : : : : : : : : : : : : : : : : : : 173V.15.4 Alkali sulphates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 174V.15.5 Alkali phosphates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 174V.15.6 Alkali arsenates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 174V.15.7 Alkali arbonates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 174VI Referene list 175VII Authors list 213VIII Formula list 229A Disussion of seleted referenes 243



xiv CONTENTSB Ioni strength orretions 311B.1 The spei� ion interation equations : : : : : : : : : : : : : : : : : : : : : : : : : : : 312B.1.1 Bakground : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 312B.1.2 Ioni strength orretions at temperatures other than 298.15 K : : : : : : : : 316B.1.3 Estimation of ion interation oeÆients : : : : : : : : : : : : : : : : : : : : : 318B.1.3.1 Estimation from mean ativity oeÆient data : : : : : : : : : : : : 318B.1.3.2 Estimations based on experimental values of equilibrium onstantsat di�erent ioni strengths : : : : : : : : : : : : : : : : : : : : : : : 318B.1.4 On the magnitude of ion interation oeÆients : : : : : : : : : : : : : : : : : 322B.2 Ion interation oeÆients versus equilibrium onstants for ion pairs : : : : : : : : : 323B.3 Tables of ion interation oeÆients : : : : : : : : : : : : : : : : : : : : : : : : : : : 323C Assigned unertainties 333C.1 One soure datum : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 333C.2 Two or more independent soure data : : : : : : : : : : : : : : : : : : : : : : : : : : 334C.2.1 Disrepanies : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 336C.3 Several data at di�erent ioni strengths : : : : : : : : : : : : : : : : : : : : : : : : : 338C.3.1 Disrepanies or insuÆient number of data points : : : : : : : : : : : : : : : 340C.4 Proedures for data handling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 342C.4.1 Corretion to zero ioni strength : : : : : : : : : : : : : : : : : : : : : : : : : 342C.4.2 Propagation of errors : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 344C.4.3 Rounding : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 345C.4.4 Signi�ant digits : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 345D Corretions to the Uranium NEA-TDB review 347D.1 Introdution : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 347D.2 Uranium trihloride : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 348D.3 Aqueous uranium hydroxide omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : 348D.3.1 UO2(OH)2(aq) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 348D.3.2 U(IV) hydroxide omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : 349D.4 Uranium arbonate omplexes and ompounds : : : : : : : : : : : : : : : : : : : : : 349D.4.1 U(VI) arbonate omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : 351D.4.1.1 UO2CO3(aq) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 351D.4.1.2 UO2(CO3)2�2 and UO2(CO3)4�3 : : : : : : : : : : : : : : : : : : : : 354D.4.1.3 (UO2)3(CO3)6�6 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 354D.4.2 Mixed U(VI) hydroxide-arbonate omplexes : : : : : : : : : : : : : : : : : : 354D.4.3 Mixed U(VI), Np(VI) and Pu(VI) arbonate omplexes : : : : : : : : : : : : 355D.4.4 U(V) arbonate omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : 355D.4.5 U(IV) arbonate omplexes : : : : : : : : : : : : : : : : : : : : : : : : : : : : 355D.4.5.1 U(CO3)4�4 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 355D.4.5.2 U(CO3)6�5 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 356D.4.6 Solid uranium arbonates : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 357D.4.6.1 UO2CO3(r) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 357D.4.6.2 Na4UO2(CO3)3(r) : : : : : : : : : : : : : : : : : : : : : : : : : : : 357D.5 Uranium minerals : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 358D.6 Referenes to Appendix D : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 368



List of TablesI.1 Isotopes of ameriium in nulear waste : : : : : : : : : : : : : : : : : : : : : : : : : : 4II.1 Abbreviations for experimental methods : : : : : : : : : : : : : : : : : : : : : : : : : 8II.2 Symbols and terminology : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9II.3 Abbreviations for hemial proesses : : : : : : : : : : : : : : : : : : : : : : : : : : : 13II.4 Unit onversion fators : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22II.5 Conversion fators of molarity to molality : : : : : : : : : : : : : : : : : : : : : : : : 23II.6 Referene states for the elements : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25II.7 Fundamental physial onstants : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28III.1 Seleted ameriium data of formation : : : : : : : : : : : : : : : : : : : : : : : : : : 37III.2 Seleted ameriium data of reation : : : : : : : : : : : : : : : : : : : : : : : : : : : 41III.3 Seleted temperature oeÆients of Cp;m : : : : : : : : : : : : : : : : : : : : : : : : : 44IV.1 Seleted auxiliary data of formation : : : : : : : : : : : : : : : : : : : : : : : : : : : 47IV.2 Seleted auxiliary data of reation : : : : : : : : : : : : : : : : : : : : : : : : : : : : 63V.1 Allotropy of Am(r) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 70V.2 Heat apaity oeÆients and transformation data : : : : : : : : : : : : : : : : : : : 71V.3 �fHÆm(Am; g; 298:15K) derived from vaporisation measurements. : : : : : : : : : : : 73V.4 Literature equilibrium onstants for Am(III) hydrolysis reations : : : : : : : : : : : 81V.5 Realulated equilibrium onstants for the hydrolysis of ameriium(III) : : : : : : : 83V.6 Crystallographi data for ternary and quaternary oxide phases : : : : : : : : : : : : 98V.7 Literature equilibrium onstants for the formation of AmF(3�n)n omplexes. : : : : : 101V.8 Literature equilibrium onstants for hloride omplexation : : : : : : : : : : : : : : : 104V.9 Data used to estimate �fHÆm(AmX3; r; 298:15K). : : : : : : : : : : : : : : : : : : : 107V.10 Data used to estimate �fHÆm(AmF4; r; 298:15K): : : : : : : : : : : : : : : : : : : : 108V.11 Lattie parameters for ameriium ternary hlorides : : : : : : : : : : : : : : : : : : : 120V.12 Literature equilibrium onstants for the ameriium(III) sulphate system. : : : : : : : 128V.13 Formation onstants for Am(SO4)�2 extrapolated to I = 0 : : : : : : : : : : : : : : : 130V.14 Literature equilibrium onstants for the ameriium(III) nitrate system : : : : : : : : 137V.15 Literature equilibrium onstants for the ameriium-phosphate system : : : : : : : : : 140V.16 Literature equilibrium onstants for the ameriium(III)-arbonate-water system. : : 149V.17 Literature equilibrium onstants for the ameriium(III)-thioyanate system : : : : : 167V.18 Literature review of the thermodynami funtions for the Am(III)-SCN� system : : 169V.19 Strutural data for ameriium siliides : : : : : : : : : : : : : : : : : : : : : : : : : : 170A.1 Experimental matrix desribing the measurements of 241Am(III) in Refs. [84BER/KIM,84KIM/BER℄ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 281B.1 Debye-H�ukel onstants at several temperatures : : : : : : : : : : : : : : : : : : : : : 317B.2 Preparation of experimental data for the extrapolation to I = 0 : : : : : : : : : : : : 319B.3 Ion interation oeÆients, ", for ations : : : : : : : : : : : : : : : : : : : : : : : : : 325B.4 Ion interation oeÆients, ", for anions : : : : : : : : : : : : : : : : : : : : : : : : : 329xv



xvi LIST OF TABLESB.5 Ion interation oeÆients "1 and "2 for: " = "1 + "2 log10 Im : : : : : : : : : : : : : 331D.1 Revised "-values for uranium arbonate omplexes : : : : : : : : : : : : : : : : : : : 351D.2 Revised formation data for uranium arbonate omplexes and ompounds : : : : : : 352D.3 Revised reation data for uranium arbonate omplexes and ompounds : : : : : : : 353D.4 Experimental data for the formation of UO2CO3(aq) : : : : : : : : : : : : : : : : : : 354D.5 Experimental data for the formation of UO2CO3(r) : : : : : : : : : : : : : : : : : : 357D.6 Minerals of uranium : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 361



List of FiguresII.1 Standard order of arrangement : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21II.2 Prinipal shema of the NEA Thermohemial Data Base : : : : : : : : : : : : : : : 30V.1 Potential Diagram for Ameriium : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 74V.2 Literature data for the 1st. hydrolysis onstant of Am(III) : : : : : : : : : : : : : : : 84V.3 Literature data for the 2nd. hydrolysis onstant of Am(III) : : : : : : : : : : : : : : 85V.4 Re-evaluated values for the 1st. hydrolysis onstant of Am(III) : : : : : : : : : : : : 87V.5 Fration diagram for the hydrolysis of Am(III) at I = 0 : : : : : : : : : : : : : : : : 88V.6 Ioni strength dependene of the distribution of hydrolysis speies of Am(III) : : : : 88V.7 Tentative ameriium-oxygen phase diagram : : : : : : : : : : : : : : : : : : : : : : : 90V.8 Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 : : : : : : : : : : : : 95V.9 Extrapolation to I = 0 of equilibrium onstants for the formation of AmSO+4 : : : : 129V.10 Extrapolation to I = 0 of equilibrium onstants for the formation of AmCO+3 : : : : 153V.11 Fration diagrams for the Am(III) hydroxide-arbonate system: a) at pCO2 = 10�3:5 bar,and b) at [CO2�3 ℄TOT = 0:01M : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 155V.12 Predominane area diagram of the Am(III) hydroxide-arbonate system at 25ÆC : : 163V.13 Solubility of Am(III) as a funtion of pH and log10 pCO2 at I = 0 and 25ÆC : : : : : 164A.1 Extrapolation to I = 0 of solubility data in [69SHI/GIV℄ : : : : : : : : : : : : : : : : 257A.2 Distribution oeÆients of Am(III) from [82BID℄ : : : : : : : : : : : : : : : : : : : : 272A.3 Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 from [82SIL℄ : : : : 276A.4 Solubility measurements of amorphous Am(III) hydroxide : : : : : : : : : : : : : : : 280A.5 Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 from [84BER/KIM,84KIM/BER℄ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 282A.6 Solubility measurements of ameriium(III) from [84BER/KIM℄ in the absene and inthe presene of CO2(g) : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 283A.7 Ameriium onentrations in \onrete equilibrated water" from [86EWA/HOW℄ : : 289A.8 Distribution oeÆients of Am(III) in arbonate media from [88RAO/MAH℄ : : : : : 292A.9 Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 from [88STA/KIM℄ 294A.10 Solubility measurements of Am2(CO3)3(r) in 3 M NaClO4 from [89ROB℄ : : : : : : 297A.11 Bath Am(III) solubility measurements in 3 M NaClO4 from [89ROB℄ : : : : : : : : 299A.12 Solubility measurements of AmCO3OH(r) from [90FEL/RAI℄ : : : : : : : : : : : : 302A.13 Solubility measurements of Am2(CO3)3(r) from [91MEI/KIM℄ : : : : : : : : : : : : 304A.14 Solubility measurements of AmPO4 �xH2O(am) from [92RAI/FEL℄ : : : : : : : : : : 307B.1 Extrapolation to I = 0: An example : : : : : : : : : : : : : : : : : : : : : : : : : : : 320
xvii



xviii LIST OF FIGURES



Chapter IIntrodutionI.1. BakgroundThe modelling of the behaviour of hazardous materials under environmental on-ditions is among the most important appliations of natural and tehnial sienesfor the protetion of the environment. In order to assess, for example, the safetyof a waste deposit, it is essential to be able to predit the eventual dispersion ofits hazardous omponents in the environment (geosphere, biosphere). For hazardousmaterials stored in the ground or in geologial formations, the most probable trans-port medium is the aqueous phase. An important fator is therefore the quantitativepredition of the reations that are likely to our between hazardous waste dissolvedor suspended in groundwater, and the surrounding rok material, in order to esti-mate the quantities of waste that an be transported in the aqueous phase. It isthus essential to know the relative stabilities of the ompounds and omplexes thatmay form under the relevant onditions. This information is provided by speia-tion alulations using hemial thermodynami data. The loal onditions, suhas groundwater and rok omposition or temperature, may not be onstant alongthe migration paths of hazardous materials, and fundamental thermodynami dataare the indispensable basis for a dynami modelling of the hemial behaviour ofhazardous waste omponents.In the �eld of radioative waste management, the hazardous material onsists toa large extent of atinides and �ssion produts from nulear reators. The sienti�literature on thermodynami data, mainly on equilibrium onstants and redox po-tentials in aqueous solution, has been ontraditory in a number of ases, espeiallyin the atinide hemistry. A ritial and omprehensive review of the available litera-ture is neessary in order to establish a reliable thermohemial data base that ful�lsthe requirements of a proper modelling of the behaviour of the atinide and �ssionproduts in the environment.The International Atomi Energy Ageny (IAEA) in Vienna published between1966 and 1983 speial issues with ompilations of physio-hemial properties of om-pounds and alloys of elements important in reator tehnology: Pu, Nb, Ta, Be, Th,Zr, Mo, Hf and Ti. In 1976, IAEA also started the publiation of the series \TheChemial Thermodynamis of Atinide Elements and Compounds", oriented towards1



2 Introdutionnulear engineers and sientists. This international e�ort has resulted in the pub-liation of several parts, eah onerning the thermodynami properties of a giventype of ompounds for the entire atinide series. These reviews over the literatureapproximately up to 1984. The latest volume in this series appeared in 1992, underPart 12: The Atinide Aqueous Inorgani Complexes [92FUG/KHO℄. Unfortunately,data of importane for radioative waste management (for example, Part 10: TheAtinide Oxides) are laking in the IAEA series.The Radioative Waste Management Committee (RWMC) of the OECD NulearEnergy Ageny reognised the need for an internationally aknowledged, high-qualitythermohemial data base for the appliation in the safety assessment of radioativewaste disposal, and undertook the development of the NEA Thermohemial DataBase (TDB) projet [85MUL4, 88WAN, 91WAN2℄. The RWMC assigned a high pri-ority to the ritial review of relevant hemial thermodynami data of ompoundsand omplexes for this area ontaining the atinides uranium, neptunium, plutoniumand ameriium, as well as the �ssion produt tehnetium. After the book on hem-ial thermodynamis of uranium [92GRE/FUG℄, the present report on ameriiumthermodynamis is the seond volume in the series.Simultaneously with the NEA's TDB projet, other reviews on the physial andhemial properties of atinides have appeared, inluding the book by Cordfunke etal. [90COR/KON℄, the series edited by Freeman et al. [84FRE/LAN, 85FRE/LAN,85FRE/KEL, 86FRE/KEL, 87FRE/LAN, 91FRE/KEL℄, the two volumes edited byKatz et al. [86KAT/SEA℄, whih inlude a hapter on ameriium [86SCH/PEN℄, andPart 12 by Fuger et al. [92FUG/KHO℄ within the IAEA reviews mentioned above.These ompilations are both an important soure of information whih has been usedin the present review, and a omplement to the thermodynami data ontained inthis volume.I.2. Fous of the reviewAs outlined in the previous setion, the fous of the ritial review presented in thisreport is on the thermodynami data of ameriium relevant to the safety assessmentof radioative waste repositories in the geosphere. This inludes the release of wasteomponents from the repository into the geosphere (i.e., its interation with the wasteontainer and the other near-�eld materials) and their migration through the geo-logial formations and the various ompartments of the biosphere. As groundwatersand porewaters are the transport media for the waste omponents, the knowledge ofthe thermodynamis of the orresponding elements in waters of various ompositionsis of fundamental importane.The present review puts muh weight on the assessment of the low-temperaturethermodynamis of ameriium in aqueous solution and makes independent analysesof the available literature in this area. There is little data available above roomtemperature. The standard method used for the analysis of ioni interations betweenomponents dissolved in water (see Appendix B) allows the general and onsistent useof the seleted data for modelling purposes, regardless of the type and omposition



Isotopes of ameriium 3of the groundwater, within the ioni strength limits given by the experimental dataused for the data analyses in the present review.This book ontains a summary and a ritial review (f. Chapter V) of the ther-modynami data on ompounds and aqueous omplexes ontaining ameriium, asreported in the available hemial literature up to 1992, but a few more reent ref-erenes are also inluded. A omparatively large number of primary referenes aredisussed separately in Appendix A. Owing to the fous of this review, this reportdoes not inlude data on the following items:� Gaseous ions. A review on this subjet, published by the IAEA [85HIL/GUR℄,will be useful for persons interested in gaseous ions of ameriium.� Alloys and intermetalli ompounds. Again, a review published by the IAEA[81CHI/AKH℄ an be used as initial soure of information on this subjet.� Data on non-aqueous solutions (molten salts, organi solvents, et.).� Compounds or aqueous omplexes ontaining organi ligands. This lass ofompounds is planned to be the subjet of a later review in the NEA-TDBseries.Although the fous of this review is on ameriium, it is neessary to use data on anumber of other speies during the evaluation proess that lead to the reommendeddata. These so-alled auxiliary data are taken both from the publiation of CODATAKey Values [89COX/WAG℄ and from the evaluation of additional auxiliary data in theuranium volume of this series [92GRE/FUG℄, and their use is reommended by thisreview. Care has been taken that all the seleted thermodynami data at standardonditions (f. Setion II.3) and 298.15 K are internally onsistent. For this purpose,a speial software has been developed at the NEA Data Bank that is operationalin onjuntion with the NEA-TDB data base system, f. Setion II.6. In order tomaintain onsisteny in the appliation of the values seleted by this review, it isessential to use these auxiliary data when alulating equilibrium onstants involvingameriium ompounds and omplexes.I.3. Isotopes of ameriiumAlthough there are fourteen known isotopes of ameriium, only three have half-liveslonger than a few days and would be of any onern in nulear waste. The iso-topes, their half-lives, modes of deay and spei� ativities are given in Table I.1[78LED/SHI℄. The isotope 242Am is never present in spent reator fuel in exess of avery small fration of the total perent of ameriium radioativity, while 241Am dom-inates during the �rst few thousand years of deay and 243Am dominates thereafter[80CRO℄.Owing to the fat that ameriium is a syntheti element, all thermodynami prop-erties reviewed in this report have been obtained from measurements on either 241Amor 243Am.



4 IntrodutionTable I.1: Isotopes of ameriium in nulear waste.Isotope Half-life Mode of deay Spei� ativity(GBq/g)241Am 433 years alpha 128242Am 16 hours 82.7% beta 2.99�10717.3% eletron apture242mAm 152 years internal transition 3600.5% alpha243Am 7370 years alpha 7.40
I.4. Review proedure and resultsThe objetive of the present review is to present an assessment of the soures ofpublished thermodynami data in order to deide on the most reliable values that anbe reommended. Experimental measurements published in the sienti� literatureare the main soure for the seletion of reommended data. Previous reviews are notnegleted but form a valuable soure of ritial information on the quality of primarypubliations.When neessary, experimental soure data are re-evaluated by using hemial mod-els whih are either found more realisti than those used by the original author, orwhih are onsistent with side-reations disussed in another setion of the review (forexample, data on arbonate omplex formation might need to be reinterpreted to takeinto aount onsistent values for hydrolysis reations). Re-evaluation of literaturevalues might be also neessary to orret for known systemati errors (for example,if the juntion potentials are negleted in the original publiation) or to make ex-trapolations to standard state onditions (I = 0) by using the spei� interationequations (f. Appendix B).In order to ensure that onsistent proedures are used for the evaluation of primarydata, a number of guidelines have been developed, e.g., assignment of unertainties.They have been updated and improved sine 1987, and their most reent versionsare available at the NEA [91WAN2, 91WAN3, 92GRE/WAN, 93PUI/RAR, 92WAN,90WAN, 94WAN℄. Some of these proedures are also outlined in this volume, f.Chapter II, Appendix B, and Appendix C. These setions, whih were also publishedin the uranium book [92GRE/FUG℄, have been revised in this review. For example,in Chapter II, the Setion on \Redox equilibria" has been revised, a new Setion on\pH" has been inluded, Table II.5 has been expanded, and two Setions (II.6 andII.7) have been moved from Chapter I. The most prominent hanges in Appendix Bare in Table B.1, Eq. (B.11) and Setion B.1.4. Some minor errors have also been



Review proedure and results 5removed from Appendix C.One the ritial review proess in the NEA-TDB projet is ompleted, the re-sulting manusript is reviewed independently by quali�ed experts nominated by theNEA.y The independent peer review is performed aording to the proedures out-lined in the TDB-6 guideline [90WAN℄. The purpose of the additional peer review isto reeive an independent view of the judgements and assessments made by the pri-mary reviewers, to verify assumptions, results and onlusions, and to hek whetherthe relevant literature has been exhaustively onsidered. The independent peer re-view is performed by personnel having tehnial expertise in the subjet matter tobe reviewed, to a degree at least equivalent to that needed for the original review.The thermodynami data seleted in the present review (see Chapters III andIV) refer to the referene temperature of 298.15 K and to standard onditions, f.Setion II.3. For the modelling of real systems it is, in general, neessary to realulatethe standard thermodynami data to non-standard state onditions. For aqueousspeies a proedure for the alulation of the ativity fators is thus required. Thisreview uses the approximate spei� ion interation method for the extrapolation ofexperimental data to the standard state in the data evaluation proess, and in someases this requires the re-evaluation of original experimental values (solubilities, emfdata, et.). For maximum onsisteny, this method, as desribed in Appendix B,should always be used in onjuntion with the seleted data presented in this review.The thermodynami data seleted in this review are provided with unertaintiesrepresenting the 95% on�dene level. As disussed in Appendix C, there is no uniqueway to assign unertainties, and the assignments made in this review are to a largeextent based on the subjetive hoie by the reviewers, supported by their sienti�and tehnial experiene in the orresponding area.The quality of thermodynami models annot be better than the quality of thedata they are based on. The quality aspet inludes both the numerial values ofthe thermodynami data used in the model and the \ompleteness" of the hemialmodel used, e.g., the inlusion of all the relevant dissolved hemial speies and solidphases. For the user it is important to onsider that the seleted data set presented inthis review (Chapter III) may not be \omplete" with respet to all the oneivablesystems and onditions; there are gaps in the information, partiularly onerningaqueous speies that ontain more than one kind of ligands. The gaps are pointedout in the various setions of Chapter V, and this information may be used as a basisfor the assignment of researh priorities.
y It should be noted that Appendix D has not been inluded in the peer-review desribed here.





Chapter IIStandards, Conventions, andContents of the TablesThis hapter outlines and lists the symbols, terminology and nomenlature, the unitsand onversion fators, the order of formulae, the standard onditions, and the fun-damental physial onstants used in this volume. They are derived from internationalstandards and have been speially adjusted for the TDB publiations.II.1. Symbols, terminology and nomenlatureII.1.1. AbbreviationsAbbreviations are mainly used in tables where spae is limited. Abbreviations formethods of measurement are kept to a maximum of three haraters (exept foromposed symbols) and are listed in Table II.1.Other abbreviations may also be used in tables, suh as SHE for the standardhydrogen eletrode or SCE for the saturated alomel eletrode. The abbreviationNHE has been widely used for the \normal hydrogen eletrode", whih is by de�nitionidential to the SHE. It should nevertheless be noted that NHE ustomarily refers toa standard state pressure of 1 atm, whereas SHE always refers to a standard statepressure of 0.1 MPa (1 bar) in this review.II.1.2. Symbols and terminologyThe symbols for physial and hemial quantities used in the TDB review follow thereommendations of the International Union of Pure and Applied Chemistry, IUPAC[79WHI2, 88MIL/CVI℄. They are summarised in Table II.2.II.1.3. Chemial formulae and nomenlatureThis review follows the reommendations made by IUPAC [71JEN, 77FER, 90LEI℄on the nomenlature of inorgani ompounds and omplexes, exept for the followingitems: 7



8 CHAPTER II. STANDARDS AND CONVENTIONS
Table II.1: Abbreviations for experimental methods.aix anion exhangeal alorimetryhr hromatographyix ation exhangeol olorimetryon ondutivityor orretedou oulometryry ryosopydis distribution between two phasesem eletromigrationemf eletromotive fore, not spei�edgl glass eletrodeise-X ion seletive eletrode with ion X statedix ion exhangekin rate of reationmvd mole volume determinationnmr nulear magneti resonanepol polarographypot potentiometryprx proton relaxationqh quinhydrone eletrodered emf with redox eletroderev reviewsp spetrophotometrysol solubilityt transient ondutivitytls thermal lensing spetrophotometryvlt voltammetry? method unknown to the reviewers



Symbols, terminology and nomenlature 9Table II.2: Symbols and terminology.length lheight hradius rdiameter dvolume Vmass mdensity (mass divided by volume) �time tfrequeny �wavelength �internal transmittane (transmittane of the medium itself,disregarding boundary or ontainer inuene) Tinternal transmission density, (deadi absorbane): log10(1=T ) Amolar (deadi) absorption oeÆient: A=Bl �relaxation time �Avogadro onstant NArelative moleular mass of a substane (a) Mrthermodynami temperature, absolute temperature TCelsius temperature t(molar) gas onstant RBoltzmann onstant kFaraday onstant F(molar) entropy Sm(molar) heat apaity at onstant pressure Cp;m(molar) enthalpy Hm(molar) Gibbs energy Gmhemial potential of substane B �Bpressure ppartial pressure of substane B: xBp pBfugaity of substane B fBfugaity oeÆient: fB=pB f;Bamount of substane (b) nmole fration of substane B: nB/Pi ni xBmolarity or onentration of a solute substane B (amountof B divided by the volume of the solution) () B, [B℄molality of a solute substane B (amount of B dividedby the mass of the solvent) (d) mBmean ioni molality (e), m(�++��)� = m�++ m��� m�



10 CHAPTER II. STANDARDS AND CONVENTIONSTable II.2 (ontinued)ativity of substane B aBativity oeÆient, molality basis: aB=mB Bativity oeÆient, onentration basis: aB=B yBmean ioni ativity (e), a(�++��)� = aB = a�++ a��� a�mean ioni ativity oeÆient (e), (�++��)� = �++ ��� �osmoti oeÆient, molality basis �ioni strength: Im = 12 Pimiz2i or I = 12 Pi iz2i Iion interation oeÆient between substane B1 andsubstane B2 "(B1;B2)stoihiometri oeÆient of substane B (negative forreatants, positive for produts) �Bgeneral equation for a hemial reation 0 = PB �BBequilibrium onstant (f) Krate onstant kFaraday onstant Fharge number of an ion B (positive for ations, negative foranions) zBharge number of a ell reation neletromotive fore EpH = � log10[aH+=(mol � kg�1)℄, f. Setion II.1.7 pHeletrolyti ondutivity �supersript for standard state (g) Æ(a) The ratio of the average mass per formula unit of a substane to 112 of the mass of anatom of nulide 12C.(b) f. Setions 1.2 and 3.6 of the IUPAC manual [79WHI2℄.() This quantity is alled \amount-of-substane onentration" in the IUPAC manual[79WHI2℄. A solution with a onentration equal to 0:1mol �dm�3 is alled a 0.1 molarsolution or a 0.1 M solution.(d) A solution having a molality equal to 0:1mol � kg�1 is alled a 0.1 molal solution or a0.1 m solution.(e) For an eletrolyte N�+X�� whih dissoiates into ��(= �++ ��) inons, in an aqueoussolution with onentrationm, the individual ationi molality and ativity oeÆientare m+(= �+m) and +(= a+=m+). A similar de�nition is used for the anionisymbols. Eletrial neutrality requires that �+z+ = ��z�.(f) Speial notations for equilibrium onstants are outlined in Setion 1.2. In some ases,K is used to indiate a onentration onstant in molar units, and Km a onstant inmolal units.(g) See Setion \Standard onditions".



Symbols, terminology and nomenlature 11i) The formulae of oordination ompounds and omplexes are not enlosed insquare brakets [71JEN, Rule 7.21℄. No brakets or parentheses are used at allto denote oordination ompounds.ii) The pre�xes \oxy-" and \hydroxy-" are retained if used in a general way, e.g.,\gaseous uranium oxyuorides". For spei� formula names, however, the IU-PAC reommended itation [71JEN, Rule 6.42℄ is used, e.g., \uranium(IV)diuoride oxide" for UF2O(r).An IUPAC rule that is often not followed by many authors [71JEN, Rules 2.163 and7.21℄ is realled here: the order of arranging ligands in oordination ompounds andomplexes is the following: entral atom �rst, followed by ioni ligands and then bythe neutral ligands. If there is more than one ioni or neutral ligand, the alphabetialorder of the symbols of the ligating atoms determines the sequene of the ligands.For example, (UO2)2CO3(OH)23 is standard, (UO2)2(OH)3CO�3 is non-standard andis not used.Abbreviations of names for organi ligands appear sometimes in formulae. Follow-ing the reommendations by IUPAC, lower ase letters are used, and if neessary,the ligand abbreviation is enlosed within parentheses. Hydrogen atoms that an bereplaed by the metal atom are shown in the abbreviation with an upper ase \H",for example: H3edta�, Am(Hedta)(s) (where edta stands for ethylenediaminetetra-aetate).II.1.4. Phase designatorsChemial formulae may refer to di�erent hemial speies and are often required tobe spei�ed more learly in order to avoid ambiguities. For example, UF4 ours as agas, a solid, and an aqueous omplex. The distintion between the di�erent phases ismade by phase designators that immediately follow the hemial formula and appearin parentheses. The only formulae that are not provided with a phase designator areaqueous ions. They are the only harged speies in this review sine harged gasesare not onsidered. The use of the phase designators is desribed below.� The designator (l) is used for pure liquid substanes, e.g., H2O(l).� The designator (aq) is used for undissoiated, unharged aqueous speies, e.g.,U(OH)4(aq), CO2(aq). Sine ioni gases are not onsidered in this review, allions may be assumed to be aqueous and are not designed with (aq). If a hemialreation refers to a medium other than H2O (e.g., D2O, 90% ethanol/10% H2O),then (aq) is replaed by a more expliit designator, e.g., \(in D2O)" or \(sln)".In the ase of (sln), the omposition of the solution is desribed in the text.� The designator (sln) is used for substanes in solution without speifying theatual equilibrium omposition of the substane in the solution. Note the dif-ferene in the designation of H2O in Eqs. (II.2) and (II.3). H2O(l) in Rea-tion (II.2) indiates that H2O is present as a pure liquid, i.e., no solutes are



12 CHAPTER II. STANDARDS AND CONVENTIONSpresent, whereas Reation (II.3) involves a HCl solution, in whih the ther-modynami properties of H2O(sln) may not be the same as those of the pureliquid H2O(l). In dilute solutions, however, this di�erene in the thermody-nami properties of H2O an be negleted, and H2O(sln) may be regarded aspure H2O(l).Examples:UOCl2(r) + 2HBr(sln) *) UOBr2(r) + 2HCl(sln) (II.1)UO2Cl2 � 3H2O(r) *) UO2Cl2 � H2O(r) + 2H2O(l) (II.2)UO3() + 2HCl(sln) *) UO2Cl2(r) + H2O(sln) (II.3)� The designators (r), (am), (vit), and (s) are used for solid substanes. (r) isused when it is known that the ompound is rystalline, (am) when it is knownthat it is amorphous, and (vit) for glassy substanes. Otherwise, (s) is used.� In some ases, more than one rystalline form of the same hemial ompositionmay exist. In suh a ase, the di�erent forms are distinguished by separatedesignators that desribe the forms more preisely. If the rystal has a mineralname, the designator (r) is replaed by the �rst four haraters of the mineralname in parentheses, e.g., SiO2(quar) for quartz and SiO2(hal) for haledony.If there is no mineral name, the designator (r) is replaed by a Greek letterpreeding the formula and indiating the strutural phase, e.g., �-UF5, �-UF5.Phase designators are also used in onjuntion with thermodynami symbols tode�ne the state of aggregation of a ompound a thermodynami quantity refers to.The notation is in this ase the same as outlined above. In an extended notation(f. [82LAF℄) the referene temperature is usually given in addition to the state ofaggregation of the omposition of a mixture.Examples:�fGÆm(Na+; aq; 298:15 K) standard molar Gibbs energy of formation ofaqueous Na+ at 298.15 KSÆm(UO2SO4 � 2:5H2O; r; 298:15 K) standard molar entropy of UO2SO4 � 2:5H2O(r)at 298.15 KCÆp;m(UO3; �; 298:15 K) standard molar heat apaity of �-UO3 at298.15 K�fHm(HF; sln;HF � 7:8H2O) enthalpy of formation of HF diluted 1:7.8 withwaterII.1.5. ProessesChemial proesses are denoted by the operator �, written before the symbol fora property, as reommended by IUPAC [82LAF℄. An exeption to this rule is theequilibrium onstant, f. Setion II.1.6. The nature of the proess is denoted by



Symbols, terminology and nomenlature 13Table II.3: Abbreviations used as subsripts of � to denote the type of hemialproesses.Subsript of � Chemial proessat separation of a substane into its onstituent gaseous atoms(atomisation)dehyd elimination of water of hydration (dehydration)dil dilution of a solutionf formation of a ompound from its onstituent elementsfus melting (fusion) of a solidhyd addition of water of hydration to an unhydrated ompoundmix mixing of uidsr hemial reation (general)sol proess of dissolutionsub sublimation (evaporation) of a solidtr transfer from one solution or liquid phase to anothertrs transition of one solid phase to anothervap vaporisation (evaporation) of a liquidannotation of the �, e.g., the Gibbs energy of formation, �fGm, the enthalpy ofsublimation, �subHm, et. The abbreviations of hemial proesses are summarisedin Table II.3.The most frequently used symbols for proesses are �fG and �fH, the Gibbsenergy and the enthalpy of formation of a ompound or omplex from the elementsin their referene states (f. Table II.6).II.1.6. Equilibrium onstantsThe IUPAC has not expliitly de�ned the symbols and terminology for equilibriumonstants of reations in aqueous solution. The NEA has therefore adopted the on-ventions that have been used in the work Stability onstants of metal ion omplexesby Sill�en and Martell [64SIL/MAR, 71SIL/MAR℄. An outline is given in the para-graphs below. Note that, for some simple reations, there may be di�erent orretways to index an equilibrium onstant. It may sometimes be preferable to indiatethe number of the reation the data refer to, espeially in ases where several ligandsare disussed that might be onfused. For example, for the equilibriummM+ q L *) MmLq (II.4)both �q;m and �(II.4) would be appropriate, and �q;m(II.4) is aepted, too. Note that,in general, K is used for the onseutive or stepwise formation onstant, and � is used



14 CHAPTER II. STANDARDS AND CONVENTIONSfor the umulative or overall formation onstant. In the following outline, harges areonly given for atual hemial speies, but are omitted for speies ontaining generalsymbols (M, L).II.1.6.1. Protonation of a ligandH+ +Hr�1L *) HrL K1;r = [HrL℄[H+℄[Hr�1L℄ (II.5)rH+ + L *) HrL �1;r = [HrL℄[H+℄r[L℄ (II.6)This notation has been proposed and used by Sill�en and Martell [64SIL/MAR℄, butit has been simpli�ed later by the same authors [71SIL/MAR℄ from K1;r to Kr.This review retains, for the sake of onsisteny, f. Eqs. (II.7) and (II.8), the olderformulation of K1;r.For the addition of a ligand, the notation shown in Eq.(II.7) is used.HLq�1 + L *) HLq Kq = [HLq℄[HLq�1℄[L℄ (II.7)Eq. (II.8) refers to the overall formation onstant of the speies HrLq.rH+ + q L *) HrLq �q;r = [HrLq℄[H+℄r[L℄q (II.8)In Eqs. (II.5), (II.6) and (II.8), the seond subsript r an be omitted if r = 1, asshown in Eq. (II.7).Example: H+ + PO3�4 *) HPO2�4 �1;1 = �1 = [HPO2�4 ℄[H+℄[PO3�4 ℄2 H+ + PO3�4 *) H2PO�4 �1;2 = [H2PO�4 ℄[H+℄2[PO3�4 ℄II.1.6.2. Formation of metal ion omplexesMLq�1 + L *) MLq Kq = [MLq℄[MLq�1℄[L℄ (II.9)M + q L *) MLq �q = [MLq℄[M℄[L℄q (II.10)For the addition of a metal ion, i.e., the formation of polynulear omplexes, thefollowing notation is used, analogous to Eq.(II.5):M +Mq�1L *) MqL K1;q = [MqL℄[M℄[Mq�1L℄ (II.11)



Symbols, terminology and nomenlature 15Eq. (II.12) refers to the overall formation onstant of a omplex MmLq.mM+ q L *) MmLq �q;m = [MmLq℄[M℄m[L℄q (II.12)The seond index an be omitted if it is equal to 1, i.e., �q;m beomes �q if m = 1.The formation onstants of mixed ligand omplexes are not indexed. In this ase,it is neessary to list the hemial reations onsidered and to refer the onstants tothe orresponding reation numbers.It has sometimes been ustomary to use negative values for the indies of theprotons to indiate omplexation with hydroxide ions, OH�. This pratie is notadopted in this review. If OH� ours as a reatant in the notation of the equilibrium,it is treated like a normal ligand L, but in general formulae the index variable n isused instead of q. If H2O ours as a reatant to form hydroxide omplexes, H2O isonsidered as a protonated ligand, HL, so that the reation is treated as desribedbelow in Eqs. (II.13) to (II.15) using n as the index variable. For onveniene, nogeneral form is used for the stepwise onstants for the formation of the omplexMmLqHr. In many experiments, the formation onstants of metal ion omplexes aredetermined by adding to a metal ion solution a ligand in its protonated form. Theomplex formation reations thus involve a deprotonation reation of the ligand. Ifthis is the ase, the equilibrium onstant is supplied with an asterisk, as shown inEqs. (II.13) and (II.14) for mononulear and in Eq. (II.15) for polynulear omplexes.MLq�1 +HL *) MLq +H+ �Kq = [MLq℄[H+℄[MLq�1℄[HL℄ (II.13)M + qHL *) MLq + qH+ ��q = [MLq℄[H+℄q[M℄[HL℄q (II.14)mM+ qHL *) MmLq + qH+ ��q;m = [MmLq℄[H+℄q[M℄m[HL℄q (II.15)Examples:UO2+2 +HF(aq) *) UO2F+ +H+ �K1 = ��1 = [UO2F+℄[H+℄[UO2+2 ℄[HF(aq)℄3UO2+2 + 5H2O(l) *) (UO2)3(OH)+5 + 5H+ ��5;3 = [(UO2)3(OH)+5 ℄[H+℄5[UO2+2 ℄3Note that an asterisk is only assigned to the formation onstant if the protonatedligand that is added is deprotonated during the reation. If a protonated ligand isadded and oordinated as suh to the metal ion, the asterisk is to be omitted, asshown in Eq. (II.16).M + qHrL *) M(HrL)q �q = [M(HrL)q℄[M℄[HrL℄q (II.16)Example: UO2+2 + 3H2PO�4 *) UO2(H2PO4)�3 �3 = [UO2(H2PO4)�3 ℄[UO2+2 ℄[H2PO�4 ℄3



16 CHAPTER II. STANDARDS AND CONVENTIONSII.1.6.3. Solubility onstantsConventionally, equilibrium onstants involving a solid ompound are denoted as\solubility onstants" rather than as formation onstants of the solid. An index \s"to the equilibrium onstant indiates that the onstant refers to a solubility proess,as shown in Eqs. (II.17) to (II.19).MaLb(s) *) aM+ bL Ks;0 = [M℄a[L℄b (II.17)Ks;0 is the onventional solubility produt, and the subsript \0" indiates that theequilibrium reation involves only unomplexed aqueous speies. If the solubilityonstant inludes the formation of aqueous omplexes, a notation analogous to thatof Eq. (II.12) is used:ma MaLb(s) *) MmLq +  mba � q!L Ks;q;m = [MmLq℄[L℄(mba �q) (II.18)Example: UO2F2(r) *) UO2F+ + F� Ks;1;1 = Ks;1 = [UO2F+℄[F�℄Similarly, an asterisk is added to the solubility onstant if it simultaneously involvesa protonation equilibrium:ma MaLb(s) +  mba � q!H+ *) MmLq +  mba � q!HL�Ks;q;m = [MmLq℄[HL℄(mba �q)[H+℄(mba �q) (II.19)Example: U(HPO4)2 � 4H2O(r) + H+ *) UHPO2+4 +H2PO�4 + 4H2O(l)�Ks;1;1 = �Ks;1 = [UHPO2+4 ℄[H2PO�4 ℄[H+℄II.1.6.4. Equilibria involving the addition of a gaseous ligandA speial notation is used for onstants desribing equilibria that involve the additionof a gaseous ligand, as outlined in Eq. (II.20).MLq�1 + L(g) *) MLq Kp;q = [MLq℄[MLq�1℄pL (II.20)The subsript \p" an be ombined with any other notations given above.



Symbols, terminology and nomenlature 17Examples: CO2(g) *) CO2(aq) Kp = [CO2(aq)℄pCO23UO2+2 + 6CO2(g) + 6H2O(l) *) (UO2)3(CO3)6�6 + 12H+��p;6;3 = [(UO2)3(CO3)6�6 ℄[H+℄12[UO2+2 ℄3p6CO2UO2CO3(r) + CO2(g) + H2O(l) *) UO2(CO3)2�2 + 2H+�Kp;s;2 = [UO2(CO3)2�2 ℄[H+℄2pCO2In ases where the subsripts beome ompliated, it is reommended that K or �be used with or without subsripts, but always followed by the equation number ofthe equilibrium to whih it refers.II.1.6.5. Redox equilibriaRedox reations are usually quanti�ed in terms of their eletrode (half ell) potential,E, whih is idential to the eletromotive fore (emf) of a galvani ell in whih theeletrode on the left is the standard hydrogen eletrode, SHE y, in aordane withthe \1953 Stokholm Convention" [88MIL/CVI℄. Therefore, eletrode potentials aregiven as redution potentials relative to the standard hydrogen eletrode, whih atsas an eletron donor. In the standard hydrogen eletrode, H2(g) is at unit fugaity(an ideal gas at unit pressure, 0.1 MPa), and H+ is at unit ativity. The sign ofthe eletrode potential, E, is that of the observed sign of its polarity when oupledwith the standard hydrogen eletrode. The eletrode potential is related to the Gibbsenergy hange �rGm and the equilibrium onstant K as outlined in Eq. (II.21).E = � 1nF�rGm = RTnF lnK (II:21)The symbol EÆ is used for the emf of a standard galvani ell relative to thestandard hydrogen eletrode (all omponents in their standard state, f. Setion II.3.1,and with no liquid juntion potential). Eq. (II.21) an then be written in terms ofEÆ, �rGÆm and KÆ.For example, for the hypothetial galvani ell:Pt �����H2(g; p = 1bar) �����HCl(aq; a� = 1) Fe(ClO4)2(aq; a 0�)Fe(ClO4)3(aq; a 00�) ����� Pt; (II:22)where \ " denotes a liquid juntion and \j" a phase boundary, the ell reation is:Fe3+ + 12H2(g) *) Fe2+ +H+ (II.23)y The de�nitions of SHE and NHE are given in Setion II.1.1.



18 CHAPTER II. STANDARDS AND CONVENTIONSFor onveniene Reation (II.23) an be represented by half ell reations, eahinvolving an equal number of \eletrons", as shown in the following equationsFe3+ + e� *) Fe2+ (II.24)12H2(g) *) H+ + e� (II.25)where \e�" is a symbol devoid of any physial or hemial signi�ane, and thereforeits name, \eletron", might be misleading but this inonveniene is ompensated byits usefulness.Equilibrium onstants may be written for these half ell reations in the followingway: KÆ(II:24) = aFe2+aFe3+ � ae� (II.26)KÆ(II:25) = aH+ � ae�ppH2 = 1 (by de�nition) (II.27)In addition, �rGÆm(II.25) = �rHÆm(II.25) = �rSÆm(II.25) = 0 by de�nition, at alltemperatures, and therefore �rGÆm(II.24) = �rGÆm(II.23).The following equations desribe the hange in the Gibbs energy and redox poten-tial of Reation (II.23), if pH2 and aH+ are equal to unity (f. Eq. (II.21)):�rGm(II:23) = �rGÆm(II:23) +RT ln�aFe2+aFe3+ �E(II:23) = EÆ(II:23)� RTnF ln�aFe2+aFe3+ � (II.28)The \ativity of eletrons" in Eqs. (II.26) and (II.27) may be interpreted to repre-sent the relative tendeny for eletrons to leave an aqueous solution. For the standardhydrogen eletrode ae� = 1 (by the onvention expressed in Eq. (II.27)), while rear-rangement of Eq. (II.26) for the half-ell ontaining the iron perhlorates in ell II.22gives: � log10 ae� = log10KÆ(II:24)� log10 �aFe2+aFe3+ �and by the onvention in Eq. (II.27):� log10 ae� = log10KÆ(II:23)� log10 �aFe2+aFe3+ � (II.29)A omparison of Eqs. (II.28) and (II.29) taking into aount Eq. (II.21) shows thatfor the right half-ell in II.22:� log10 ae� = FRT ln(10) E(II:23) (II.30)The splitting of redox reations into two half ell reations by introduing the sym-bol \e�", whih aording to Eq. II.30 is related to the standard eletrode potential, is



Symbols, terminology and nomenlature 19arbitrary but justi�ed by the usefulness of the resulting equations. When alulatingthe equilibrium omposition of a hemial system, both \e�" and H+ an be hosenas omponents and they an be treated numerially in a similar way: equilibriumonstants, mass balane, et. may be de�ned for both. However, while H+ representsthe hydrated proton in aqueous solution, \e�" is void of hemial and physial sig-ni�ane, and its onentration must be set to zero during the alulations (arbitraryvalues, however, may be assigned to ae� whih are then related to E by Eq. (II.30)).In the literature on geohemial modelling of natural waters, it is ustomary to rep-resent the \eletron ativity" of an aqueous solution with the symbol \pe" or \p""(= � log10 ae�) by analogy with pH (= � log10 aH+), and the redox potential of anaqueous solution relative to the standard hydrogen eletrode is usually denoted by ei-ther \Eh" or \EH" (see for example [81STU/MOR, 82DRE, 84HOS, 86NOR/MUN℄).II.1.7. pHBeause of the importane that potentiometri methods have in the determinationof equilibrium onstants in aqueous solutions, a short disussion on the de�nition of\pH" and a simpli�ed desription of the experimental tehniques used to measurepH will be given here.The aidity of aqueous solutions is often expressed in a logarithmi sale of thehydrogen ion ativity. The de�nition of pH aspH = � log10 aH+ = � log10(mH+H+)an only be stritly used in the limiting range of the Debye-H�ukel equation (that is,in extremely dilute solutions). In pratie the use of pH values requires extra assump-tions on the values for single ion ativities. In this review values of pH are used todesribe qualitatively ranges of aidity of experimental studies, and the assumptionsdesribed in Appendix B are used to alulate single ion ativity oeÆients.The determination of pH is often performed by emf measurements of galvaniells involving liquid juntions [69ROS, 73BAT℄. A ommon setup is a ell madeup of a referene half-ell (e.g. Ag(s)/AgCl(s) in a solution of onstant hlorideonentration), a salt bridge, the test solution, and a glass eletrode (whih enlosesa solution of onstant aidity and an internal referene half-ell):Pt(s) �����Ag(s) �����AgCl(s) �����HCl(aq) a saltbridge b testsolution HCl(aq) ����� AgCl(s) ����� Ag(s) ����� Pt(s);(II:31)where \ " stands for a glass membrane (permeable to hydrogen ions). The emf ofsuh a ell is given by E = EÆ0 � RTnF lnaH+ + Ejwhere EÆ0 is a onstant, and Ej is the juntion potential. The purpose of the saltbridge is to minimise the juntion potential in juntion \b", while keeping onstant



20 CHAPTER II. STANDARDS AND CONVENTIONSthe juntion potential for juntion \a". Two methods are most often used to redueand ontrol the value of Ej. An eletrolyte solution of high onentration (the \saltbridge") is a requirement of both methods. In the �rst method, the salt bridge isa saturated (or nearly saturated) solution of potassium hloride. A problem with abridge of high potassium onentration, is that potassium perhlorate might preipi-tate y inside the liquid juntion when the test solution ontains a high onentrationof perhlorate ions.In the other method the salt bridge ontains the same high onentration of thesame inert eletrolyte as the test solution (for example, 3 M NaClO4). However, ifthe onentration of the bakground eletrolyte in the salt bridge and test solutions isredued, the values of Ej are dramatially inreased. For example, if both the bridgeand the test solution have [ClO�4 ℄ = 0:1 M as bakground eletrolyte, the dependeneof the liquid juntion at \b" on aidity is Ej � �440� [H+℄ mV � dm3 �mol�1 at 25ÆC[69ROS, p.110℄, whih orresponds to an error at pH= 2 of � 0:07 pH units.Beause of the problems in eliminating the liquid juntion potentials and in de�ningindividual ioni ativity oeÆients, an \operational" de�nition of pH is given byIUPAC [88MIL/CVI℄. This de�nition involves the measurement of pH di�erenesbetween the test solution and standard solutions of known pH and similar ionistrength (in this way similar values of H+ and Ej anel eah other when emf valuesare substrated).II.1.8. Order of formulaeTo be onsistent with CODATA, the data tables are given in \Standard Order ofArrangement" [82WAG/EVA℄. This sheme is presented in Figure II.1 below whihshows the sequene of the ranks of the elements in this onvention. The order followsthe ranks of the elements. For uranium, this means that, after elemental uranium andits monoatomi ions (e.g., U4+), the uranium ompounds and omplexes with oxygenare listed, then those with hydrogen, then those with oxygen and hydrogen, and soon, with dereasing rank of the element and ombinations of the elements. Within alass, inreasing oeÆients of the higher rank elements go before inreasing oeÆ-ients of the lower rank elements. For example, in the U-O-F lass of ompounds andomplexes, a typial sequene would be UOF2(r), UOF4(r), UOF4(g), UO2F(aq),UO2F+, UO2F2(aq), UO2F2(r), UO2F2(g), UO2F�3 , UO2F2�4 , U2O3F6(r), et. For-mulae with idential stoihiometry are in alphabetial order of their designators.II.1.9. Referene odesThe referenes ited in the review are ordered hronologially and alphabetially bythe �rst two authors within eah year, as desribed by CODATA [87GAR/PAR℄. Areferene ode is made up of the �nal two digits of the year of appearane (if thepubliation is not from the 20th entury, the year will be put in full). The year isfollowed by the �rst three letters of the �rst two authors, separated by a slash. Ify KClO4(r) has a solubility of � 0.15 M in pure water at 25ÆC.



Units and onversion fators 21Figure II.1: Standard order of arrangement of the elements and ompounds based onthe periodi lassi�ation of the elements (from Ref. [82WAG/EVA℄).
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there are multiple referene odes, a \2" will be added to the seond one, a \3" tothe third one, and so forth. Referene odes are always enlosed in square brakets.The assignment of the referene odes is done automatially by the NEA updatingprograms for the TDB data base (f. Setion II.6). It is therefore possible thatmultiple referene odes in the TDB data base do not our in multiple form in thepresent volume. The designators \2", \3", et., are nevertheless retained for reasonsof ompatibility with the TDB data base.II.2. Units and onversion fatorsThermodynami data are given aording to the Syst�eme International d'unit�e (SIunits). The unit of energy is the joule. Some basi onversion fators, also for non-thermodynami units, are given in Table II.4.Sine a large part of the NEA-TDB projet deals with the thermodynamis ofaqueous solutions, the units desribing the amount of dissolved substane are usedvery frequently. For onveniene, this review uses \M" as an abbreviation of \mol �dm�3" for molarity, , and \m" as an abbreviation of \mol � kg�1" for molality, m. Itis often neessary to onvert onentration data from molarity to molality and vieversa. This onversion is used for the orretion and extrapolation of equilibrium datato zero ioni strength by the spei� ion interation theory whih works in molality



22 CHAPTER II. STANDARDS AND CONVENTIONSTable II.4: Unit onversion fators.To onvert from to multiply by(non-SI unit symbol) (SI unit symbol)�angstr�om (�A) metre (m) 1� 10�10 (exatly)standard atmosphere (atm) pasal (Pa) 1:01325� 105 (exatly)bar (bar) pasal (Pa) 1� 105 (exatly)thermohemial alorie (al) joule (J) 4.184 (exatly)entropy unit (e.u. =̂ al �K�1 �mol�1) J �K�1 �mol�1 4.184 (exatly)units (f. Appendix B). This onversion is made in the following way. Molality isde�ned as mB moles of substane B dissolved in 1000 grams of pure water. Molarityis de�ned as B moles of substane B dissolved in (1000��BM) grams of pure water,where � is the density of the solution and M the molar weight of the solute. Fromthis it follows that mB = 1000B1000�� BMBaes and Mesmer [76BAE/MES, p.439℄ give a table with onversion fators (frommolarity to molality) for nine eletrolytes and various ioni strengths. Conversionfators at 298.15 K for twenty one eletrolytes, alulated using the density equationsreported by S�ohnel and Novotn�y [85SOH/NOV℄, are reported in Table II.5.Examples: 1.00 M NaClO4 =̂ 1.05 m NaClO41.00 M NaCl =̂ 1.02 m NaCl4.00 M NaClO4 =̂ 4.95 m NaClO46.00 M NaNO3 =̂ 7.55 m NaNO3It should be noted that equilibrium onstants, unless they are dimensionless, needalso to be onverted if the onentration sale is hanged from molarity to molality orvie versa. For a general equilibrium reation, 0 = PB �BB, the equilibrium onstantsan be expressed either in molarity or molality units, K or Km, respetively:log10K = XB �B log10 Blog10Km = XB �B log10mBWith (mB=B) = %, or (log10mB � log10 B) = log10 %, the relationship between Kand Km beomes very simple, as shown in Eq. (II.32).log10Km = log10K +XB �B log10 % (II.32)



Units and onversion fators 23
Table II.5: Fators % for the onversion of molarity, B, to molality, mB, of a sub-stane B, in various media at 298.15 K (alulated from densities in [85SOH/NOV℄).% = mB=B (dm3 of solution per kg of H2O) (M) HClO4 NaClO4 LiClO4 NH4ClO4 Ba(ClO4)2 HCl NaCl LiCl0.10 1.0077 1.0075 1.0074 1.0091 1.0108 1.0048 1.0046 1.00490.25 1.0147 1.0145 1.0141 1.0186 1.0231 1.0076 1.0072 1.00780.50 1.0266 1.0265 1.0256 1.0351 1.0450 1.0123 1.0118 1.01270.75 1.0386 1.0388 1.0374 1.0523 1.0685 1.0172 1.0165 1.01771.00 1.0508 1.0515 1.0496 1.0703 1.0936 1.0222 1.0215 1.02281.50 1.0759 1.0780 1.0750 1.1086 1.1491 1.0324 1.0319 1.03332.00 1.1019 1.1062 1.1019 1.2125 1.0430 1.0429 1.04413.00 1.1571 1.1678 1.1605 1.3689 1.0654 1.0668 1.06664.00 1.2171 1.2374 1.2264 1.0893 1.0930 1.09045.00 1.2826 1.3167 1.1147 1.1218 1.11566.00 1.3547 1.4077 1.1418 1.1423 (M) KCl NH4Cl MgCl2 CaCl2 NaBr HNO3 NaNO3 LiNO30.10 1.0057 1.0066 1.0049 1.0044 1.0054 1.0056 1.0058 1.00590.25 1.0099 1.0123 1.0080 1.0069 1.0090 1.0097 1.0102 1.01030.50 1.0172 1.0219 1.0135 1.0119 1.0154 1.0169 1.0177 1.01780.75 1.0248 1.0318 1.0195 1.0176 1.0220 1.0242 1.0256 1.02561.00 1.0326 1.0420 1.0258 1.0239 1.0287 1.0319 1.0338 1.03351.50 1.0489 1.0632 1.0393 1.0382 1.0428 1.0478 1.0510 1.04972.00 1.0662 1.0855 1.0540 1.0546 1.0576 1.0647 1.0692 1.06673.00 1.1037 1.1339 1.0867 1.0934 1.0893 1.1012 1.1090 1.10284.00 1.1453 1.1877 1.1241 1.1406 1.1240 1.1417 1.1534 1.14205.00 1.2477 1.1974 1.1619 1.1865 1.2030 1.18466.00 1.2033 1.2361 1.2585 1.2309 (M) NH4NO3 H2SO4 Na2SO4 (NH4)2SO4 H3PO4 Na2CO3 K2CO3 NaSCN0.10 1.0077 1.0064 1.0044 1.0082 1.0074 1.0027 1.0042 1.00690.25 1.0151 1.0116 1.0071 1.0166 1.0143 1.0030 1.0068 1.01300.50 1.0276 1.0209 1.0127 1.0319 1.0261 1.0043 1.0121 1.02340.75 1.0405 1.0305 1.0194 1.0486 1.0383 1.0065 1.0185 1.03421.00 1.0539 1.0406 1.0268 1.0665 1.0509 1.0094 1.0259 1.04531.50 1.0818 1.0619 1.0441 1.1062 1.0773 1.0170 1.0430 1.06862.00 1.1116 1.0848 1.1514 1.1055 1.0268 1.0632 1.09343.00 1.1769 1.1355 1.2610 1.1675 1.1130 1.14744.00 1.2512 1.1935 1.4037 1.2383 1.1764 1.20835.00 1.3365 1.2600 1.3194 1.2560 1.27736.00 1.4351 1.3365 1.4131 1.3557



24 CHAPTER II. STANDARDS AND CONVENTIONSPB �B is the sum of the stoihiometri oeÆients of the reation, f. Eq. (II.48), andthe values of % are the fators for the onversion of molarity to molality as tabulated inTable II.5 for several eletrolyte media at 298.15 K. The di�erenes between the valuesin Table II.5 and the values listed in the uranium NEA-TDB review [92GRE/FUG,p.23℄ are found at the highest onentrations, and are � �0:003dm3=kg, reetingthe auray expeted in this type of onversions. The unertainty introdued by theuse of Eq. (II.32) in the values of log10Km will then be � �0:001PB �B.II.3. Standard and referene onditionsII.3.1. Standard stateA preise de�nition of the term \standard state" has been given by IUPAC [82LAF℄.The fat that only hanges in thermodynami parameters, but not their absolutevalues, an be determined experimentally, makes it important to have a well-de�nedstandard state that forms a base line to whih the e�et of variations an be referred.The IUPAC [82LAF℄ de�nition of the standard state has been adopted in the NEA-TDB projet. The standard state pressure, pÆ = 0:1MPa (1 bar), has therefore alsobeen adopted, f. Setion II.3.2. The appliation of the standard state priniple topure substanes and mixtures is summarised below. It should be noted that thestandard state is always linked to a referene temperature, f. Setion II.3.3.� The standard state for a gaseous substane, whether pure or in a gaseous mix-ture, is the pure substane at the standard state pressure and in a (hypothetial)state in whih it exhibits ideal gas behaviour.� The standard state for a pure liquid substane is (ordinarily) the pure liquid atthe standard state pressure.� The standard state for a pure solid substane is (ordinarily) the pure solid atthe standard state pressure.� The standard state for a solute B in a solution is a hypothetial solution, atthe standard state pressure, in whih mB = mÆ = 1mol � kg�1, and in whihthe ativity oeÆient B is unity.It should be emphasised that the use of Æ, e.g., in �fHÆm, implies that the ompoundin question is in the standard state and that the elements are in their referene states.The referene states of the elements at the referene temperature (f. Setion II.3.3)are listed in Table II.6.II.3.2. Standard state pressureThe standard state pressure hosen for all seleted data is 0.1 MPa (1 bar) as reom-mended by the International Union of Pure and Applied Chemistry IUPAC [82LAF℄.However, the majority of the thermodynami data published in the sienti� liter-ature and used for the evaluations in this review, refer to the old standard state



Standard and referene onditions 25Table II.6: Referene states for the elements at the referene temperature of 298.15 K[82WAG/EVA, 89COX/WAG℄.O2 gaseous Pb rystalline, ubiH2 gaseous B �, rystalline, rhombohedralHe gaseous Al rystalline, ubiNe gaseous Zn rystalline, hexagonalAr gaseous Cd rystalline, hexagonalKr gaseous Hg liquidXe gaseous Cu rystalline, ubiF2 gaseous Ag rystalline, ubiCl2 gaseous Fe rystalline, ubiBr2 liquid V rystalline, ubiI2 rystalline, orthorhombi Ti rystalline, hexagonalS rystalline, orthorhombi U rystalline, orthorhombiSe rystalline, hexagonal (\blak") Th rystalline, ubiTe rystalline, hexagonal Be rystalline, hexagonalN2 gaseous Mg rystalline, hexagonalP rystalline, ubi (\white") Ca rystalline, ubiAs rystalline, rhombohedral (\grey") Sr rystalline, ubiSb rystalline, rhombohedral Ba rystalline, ubiBi rystalline, rhombohedral Li rystalline, ubiC rystalline, hexagonal (graphite) Na rystalline, ubiSi rystalline, ubi K rystalline, ubiGe rystalline, ubi Rb rystalline, ubiSn rystalline, tetragonal (\white") Cs rystalline, ubi
pressure of 1 \standard atmosphere" (= 0:101325MPa). The di�erene between thethermodynami data for the two standard state pressures is not large and lies in mostases within the unertainty limits. It is nevertheless essential to make the orre-tions for the hange in the standard state pressure in order to avoid inonsisteniesand propagation of errors. In pratie the parameters a�eted by the hange be-tween these two standard state pressures are the Gibbs energy and entropy hangesof all proesses that involve gaseous speies. Consequently, hanges our also inthe Gibbs energies of formation of speies that onsist of elements whose referenestate is gaseous (H, O, F, Cl, N, and the noble gases). No other parameters are af-feted signi�antly. A large part of the following disussion has been taken from theNBS tables of hemial thermodynami properties [82WAG/EVA℄, see also Freeman[84FRE℄.The following expressions de�ne the e�et of pressure on the properties of all



26 CHAPTER II. STANDARDS AND CONVENTIONSsubstanes:  �H�p !T = V � T  �V�T !p = V (1� �T ) (II.33) �Cp�p !T = �T  �2V�T 2!p (II.34) �S�p !T = �V � = � �V�T !p (II.35) �G�p !T = V (II.36)where � � 1V  �V�T !p (II.37)For ideal gases, V = RTp and � = RpV = 1T . The onversion equations listed below(Eqs. (II.38) to (II.45)) apply to the small pressure hange from 1 atm to 1 bar(0.1 MPa). The quantities that refer to the old standard state pressure of 1 atmare assigned the supersript (atm) here, the ones that refer to the new standard statepressure of 1 bar the supersript (bar).For all substanes the hange in the enthalpy of formation and the heat apaity ismuh smaller than the experimental auray and an be disregarded. This is exatlytrue for ideal gases. �fH(bar)(T )��fH(atm)(T ) = 0 (II.38)C(bar)p (T )� C(atm)p (T ) = 0 (II.39)For gaseous substanes, the entropy di�erene isS(bar)(T )� S(atm)(T ) = R ln p(atm)p(bar) != R ln 1:01325= 0:1094 J �K�1 �mol�1: (II.40)This is exatly true for ideal gases, as follows from Eq. (II.35) with � = RpV . Theentropy hange of a reation or proess is thus dependent on the number of moles ofgases involved: �rS(bar) ��rS(atm) = Æ � R ln p(atm)p(bar) != Æ � 0:1094 J �K�1 �mol�1; (II.41)where Æ is the net inrease in moles of gas in the proess.Similarly, the hange in the Gibbs energy of a proess between the two standardstate pressures is�rG(bar) ��rG(atm) = �Æ �RT ln p(atm)p(bar) != �Æ � 0:03263 kJ �mol�1 at 298:15 K: (II.42)



Standard and referene onditions 27Eq. (II.42) applies also to �fG(bar) ��fG(atm), sine the Gibbs energy of formationdesribes the formation proess of a ompound or omplex from the referene statesof the elements involved:�rG(bar) ��rG(atm) = �Æ � 0:03263 kJ �mol�1 at 298:15 K: (II.43)The hange in the equilibrium onstants and ell potentials with the hange inthe standard state pressure follows from the expression for Gibbs energy hanges,Eq. (II.42):log10K(bar) � log10K(atm) = ��rG(bar) ��rG(atm)RT ln 10= Æ � ln �p(atm)p(bar) �ln 10 = Æ � log10  p(atm)p(bar) != Æ � 0:005717 (II.44)E(bar) � E(atm) = ��rG(bar) ��rG(atm)nF= Æ � RT ln �p(atm)p(bar) �nF= Æ � 0:0003382n V at 298:15 K: (II.45)It should be noted that the standard potential of the hydrogen eletrode is equal to0.00 V exatly, by de�nition.H+ + e� *) 12H2(g) EÆ def= 0:00V (II.46)This de�nition will not be hanged, although a gaseous substane, H2(g), is involvedin the proess. The hange in the potential with pressure for an eletrode potentialonventionally written as Ag+ + e� *) Ag(r)should thus be alulated from the balaned reation that inludes the hydrogeneletrode, Ag+ + 12H2(g) *) Ag(r) + H+:Here Æ = �0:5. Hene, the ontribution to Æ from an eletron in a half ell reationis the same as the ontribution of a gas moleule with the stoihiometri oeÆientof 0.5. This leads to the same value of Æ as the ombination with the hydrogen halfell.Examples:Fe(r) + 2H+ *) Fe2+ +H2(g) Æ = 1 E(bar) �E(atm) = 0:00017VCO2(g)*) CO2(aq) Æ = �1 log10K(bar) � log10K(atm) = �0:0057NH3(g) + 54O2(g)*) NO(g) + 32H2O(g) Æ = 0:25 �rG(bar) ��rG(atm) = �0:008 kJ �mol�112Cl2(g) + 2O2(g) + e� *) ClO�4 Æ = �3 �fG(bar) ��fG(atm) = 0:098 kJ �mol�1



28 CHAPTER II. STANDARDS AND CONVENTIONSII.3.3. Referene temperatureThe de�nitions of standard states given in Setion II.3 make no referene to �xedtemperature. Hene, it is theoretially possible to have an in�nite number of standardstates of a substane as the temperature varies. It is, however, onvenient to ompletethe de�nition of the standard state in a partiular ontext by hoosing a referenetemperature. As reommended by IUPAC [82LAF℄, the referene temperature hosenin the NEA-TDB projet is T = 298:15 K or t = 25:00ÆC. Where neessary forthe disussion, values of experimentally measured temperatures are reported afteronversion to the IPTS-68 [69COM℄. The relation between the absolute temperatureT (K, kelvin) and the Celsius temperature t (ÆC) is de�ned by t = (T � T0) whereT0 = 273:15 K.II.4. Fundamental physial onstantsThe fundamental physial onstants are taken from a reent publiation by CODATA[86COD℄. Those relevant to this review are listed in Table II.7.Table II.7: Fundamental physial onstants. These values have been taken fromCODATA [86COD℄. The digits in parentheses are the one-standard-deviation uner-tainty in the last digits of the given value.Quantity Symbol Value Unitsspeed of light in vauum  299 792 458 m � s�1permeability of vauum �Æ 4� � 10�7= 12:566 370 614 : : : 10�7N �A�2permittivity of vauum �Æ 1=�Æ2= 8:854 187 817 : : : 10�12C2 � J�1 �m�1Plank onstant h 6:626 0755(40) 10�34 J � selementary harge e 1:602 177 33(49) 10�19CAvogadro onstant NA 6:022 1367(36) 1023mol�1Faraday onstant, NA � e F 96 485:309(29) C �mol�1molar gas onstant R 8:314 510(70) J �K�1 �mol�1Boltzmann onstant, R=NA k 1:380 658(12) 10�23 J �K�1Non-SI units used with SI:eletron volt, (e=C) J eV 1:602 177 33(49) 10�19 Jatomi mass unit, 1u = mu = 112m(12C) u 1:660 5402(10) 10�27 kg



Unertainty estimates 29II.5. Unertainty estimatesOne of the prinipal objetives of the NEA-TDB development e�ort is to providean idea of the unertainties assoiated with the data seleted in the reviews. Ingeneral the unertainties should de�ne the range within whih the orrespondingdata an be reprodued with a probability of 95%. In many ases, a full statistialtreatment is limited or impossible due to the availability of only one or few datapoints. Appendix C desribes in detail the proedures used for the assignment andtreatment of unertainties, as well as the propagation of errors and the standard rulesfor rounding.II.6. The NEA-TDB systemA data base system has been developed at the NEA Data Bank that allows thestorage of thermodynami parameters for individual speies as well as for reations.A simpli�ed shema of the NEA-TDB system is shown in Figure II.2. The stru-ture of the data base system allows onsistent derivation of thermodynami datafor individual speies from reation data at standard onditions, as well as internalrealulations of data at standard onditions. If a seleted value is hanged, all thedependent values will be realulated onsistently. The maintenane of onsistenyof all the seleted data, inluding their unertainties (f. Appendix C), is ensured bythe software developed for this purpose at the NEA Data Bank.The literature soures of the data are stored in the REFERENCES reord, andeah author name has a link to the AUTHORS reord for diret retrieval of authornames.The thermodynami data and their unertainties seleted for individual speiesare stored in the DATA reord. The following parameters, valid at the referenetemperature of 298.15 K and at the standard pressure of 1 bar, are onsidered:�fGÆm the standard molar Gibbs energy of formationfrom the elements in their referene state (kJ �mol�1)�fHÆm the standard molar enthalpy of formation fromthe elements in their referene state (kJ �mol�1)SÆm the standard molar entropy (J �K�1 �mol�1)CÆp;m the standard molar heat apaity (J �K�1 �mol�1)For aqueous neutral speies and ions, the values of �fGÆm, �fHÆm, SÆm and CÆp;morrespond to the standard partial molar quantities, and for individual aqueousions they are relative quantities, de�ned with respet to the aqueous hydrogen ion,aording to the onvention [89COX/WAG℄ that �fHÆm(H+; aq;T ) = 0, and thatSÆm(H+; aq;T ) = 0. Furthermore, for an ionised solute B ontaining any number ofdi�erent ations and anions:�fHÆm(B�; aq) = X+ �+�fHÆm(ation; aq) +X� ���fHÆm(anion; aq)SÆm(B�; aq) = X+ �+SÆm(ation; aq) +X� ��SÆm(anion; aq):



30 CHAPTER II. STANDARDS AND CONVENTIONSFigure II.2: Prinipal shema of the NEA Thermohemial Data Base.
��

ELEMENTS REACTIONS RECOEFS
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DATA AUTHORSG{COEF H{COEF S{COEF C{COEF
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As the parameters in the DATA reord vary as a funtion of temperature, provi-sion is made to inlude the ompilation of the oeÆients of empirial temperaturefuntions for these thermodynami data in the reords G-COEF, H-COEF, S-COEFand C-COEF, as well as the temperature ranges over whih they are valid. In manyases the thermodynami data measured or alulated at several temperatures werepublished for a partiular speies, rather than the dedued temperature funtions. Inthese ases, a non-linear regression method is used in this review to obtain the mostsigni�ant oeÆients of the following empirial funtion:F (T ) = a+ b� T + � T 2 + d� T�1 + e� T�2 + f � lnT + g � T lnT+ h�pT + ipT + j � T 3 + k � T�3: (II.47)Most temperature variations an be desribed with three or four parameters, a, band e being the ones most frequently used. In the present review, only CÆp;m(T ), i.e.,the thermal funtions of the heat apaities of individual speies, are onsidered andstored in the reord C-COEF. They refer to the relationCÆp;m(T ) = a+ b� T + � T 2 + d� T�1 + e� T�2and are listed in Tables III.3 .The pressure dependene of thermodynami data has not been the subjet of riti-al analysis in the present ompilation. The reader interested in higher temperatures



Presentation of the seleted data 31and pressures, or the pressure dependeny of thermodynami funtions for geohem-ial appliations, is referred to the speialised literature in this area, e.g., [82HAM,84MAR/MES, 88SHO/HEL, 88TAN/HEL, 89SHO/HEL, 89SHO/HEL2, 90MON,91AND/CAS℄.Seleted standard thermodynami data referring to hemial reations (whih arestored in the REACTIONS reord in alphanumeri notation) are ompiled in theREDAT reord (f. Figure II.2). A hemial reation \r", involving reatants andproduts \B", an be abbreviated as0 = XB �rB B (II.48)where the stoihiometri oeÆients �rB are positive for produts, and negative forreatants. The reation parameters onsidered in the NEA-TDB system inlude:log10KÆr the equilibrium onstant of the reation, logarithmi�rGÆm the molar Gibbs energy of reation (kJ �mol�1)�rHÆm the molar enthalpy of reation (kJ �mol�1)�rSÆm the molar entropy of reation (J �K�1 �mol�1)�rCÆp;m the molar heat apaity of reation (J �K�1 �mol�1)The temperature funtions of these data, if available, are stored in the reord RE-COEFS, aording to Eq. (II.47).The equilibrium onstant, KÆr , is related to �rGÆm aording to the following rela-tion, log10KÆr = � �rGÆmRT ln(10)and an be alulated from the individual values of �fGÆm(B) (for example, thosegiven in Tables III.1 and IV.1) aording to,log10KÆr = � 1RT ln(10)XB �rB�fGÆm(B): (II.49)II.7. Presentation of the seleted dataThe seleted data are presented in Chapters III and IV. Unless otherwise indiated,they refer to standard onditions (f. Setion II.3) and 298.15 K (25.00ÆC) and areprovided with an unertainty whih should orrespond to the 95% on�dene level(see Appendix C).Chapter III ontains a table of seleted thermodynami data for individual om-pounds and omplexes of ameriium (Table III.1), a table of seleted reation data(Table III.2) for reations onerning ameriium speies, and a table ontaining se-leted thermal funtions of the heat apaities of individual speies of ameriium(Table III.3). The seletion of these data is disussed in Chapter V.Chapter IV ontains, for auxiliary ompounds and omplexes that do not ontainameriium, a table of the thermodynami data for individual speies (Table IV.1) and



32 CHAPTER II. STANDARDS AND CONVENTIONSa table of reation data (Table IV.2). Most of these values are the CODATA KeyValues [89COX/WAG℄. The seletion of the remaining auxiliary data is disussed inChapter VI of the uranium review [92GRE/FUG℄.All the seleted data presented in Tables III.1, III.2, IV.1 and IV.2 are internallyonsistent. This onsisteny is maintained by the internal onsisteny veri�ationand realulation software developed at the NEA Data Bank in onjuntion with theNEA-TDB data base system, f. Setion II.6. Therefore, when using the seleteddata for ameriium speies, the auxiliary data of Chapter IV must be used togetherwith the data in Chapter III to ensure internal onsisteny of the data set.It is important to note that Tables III.2 and IV.2 inlude only those speies of whihthe primary seleted data are reation data. The formation data derived therefromand listed in Table III.1 is obtained using auxiliary data, and their unertainties arepropagated aordingly. In order to maintain the unertainties originally assignedto the seleted data in this review, the user is advised to make diret use of thereation data presented in Tables III.2 and IV.2, rather than taking the derivedvalues in Tables III.1 and IV.1 to alulate the reation data with Eq. (II.49). Thelater approah would imply a twofold propagation of the unertainties and result inreation data whose unertainties would be onsiderably larger than those originallyassigned.The thermodynami data in the seleted set refer to a temperature of 298.15 K(25.00ÆC), but they an be realulated to other temperatures if the orrespondingdata (enthalpies, entropies, heat apaities) are available [93PUI/RAR℄. For example,the temperature dependene of the standard reation Gibbs energy as a funtion ofthe standard reation entropy at the referene temperature (T0 = 298:15 K), and ofthe heat apaity funtion is:�rGÆm(T ) = �rHÆm(T0) + Z TT0 �rCÆp;mdT� T  �rSÆm(T0) + Z TT0 �rCÆp;mT dT! ;and the temperature dependene of the standard equilibrium onstant as a funtionof the standard reation enthalpy and heat apaity is:log10KÆ(T ) = log10KÆ(T0)� �rHÆm(T0)R ln(10) � 1T � 1T0�� 1RT ln(10) Z TT0 �rCÆp;mdT + 1R ln(10) Z TT0 �rCÆp;mT dT;where R is the gas onstant (f. Table II.7).In the ase of aqueous speies, for whih enthalpies of reation are seleted or anbe alulated from the seleted enthalpies of formation, but for whih there are noseleted heat apaities, it is in most ases possible to realulate equilibrium on-stants to temperatures up to 100 to 150ÆC, with an additional unertainty of perhapsabout 1 to 2 logarithmi units, due to the disregard of the heat apaity ontribu-tions to the temperature orretion. However, it is important to observe that \new"



Presentation of the seleted data 33aqueous speies, i.e., speies not present in signi�ant amounts at 25ÆC and thereforenot deteted, may be signi�ant at higher temperatures, see for example the work byCiavatta, Iuliano and Porto [87CIA/IUL℄. Additional high-temperature experimentsmay therefore be needed in order to asertain that proper hemial models are usedin the modelling of hydrothermal systems. For many speies, experimental ther-modynami data are not available to allow a seletion of parameters desribing thetemperature dependene of equilibrium onstants and Gibbs energies of formation. Aguideline has therefore been developed at the NEA [93PUI/RAR℄ that gives the usersome information on various proedures to estimate the temperature dependene ofthese thermodynami parameters.





Chapter IIISeleted ameriium dataThis hapter presents the hemial thermodynami data set for ameriium speieswhih has been seleted in this review. Table III.1 ontains the reommended ther-modynami data of the ameriium ompounds and omplexes, Table III.2 the re-ommended thermodynami data of hemial equilibrium reations by whih the am-eriium ompounds and omplexes are formed, and Table III.3 the temperature o-eÆients of the heat apaity data of Table III.1 where available.The speies and reations in Tables III.1, III.2 and III.3 appear in the standardorder of arrangement (f. Figure II.1, p.21).Table III.2 ontains information only on those reations for whih primary dataseletions are made in this review. These seleted reation data are used, togetherwith data for key ameriium speies (for example Am3+) and auxiliary data listed inTable IV.1, to derive the orresponding formation data in Table III.1. The unertain-ties assoiated with values for key ameriium speies (for example Am3+) and for theauxiliary data are in most ases large, leading to omparatively large unertaintiesin the formation data derived in this manner.The unertainties for auxiliary data given in Chapter IV di�er slightly in signi�-ane depending on the soure of the values (either CODATA [89COX/WAG℄ or theuranium NEA{TDB review [92GRE/FUG℄). This di�erene in unertainty de�nitionswill have negligible e�ets in most of the pratial uses of the values in Table III.1,beause a larger part of the unertainty given for most �fGÆm values in Table III.1originates from the unertainty in the value of �fGÆm(Am3+; aq; 298:15 K). Thereare however some instanes where the � terms listed by CODATA and reported inTable IV.1 have a lear inuene in the on�dene limits for �fGÆm of ameriiumspeies in Table III.1 (for example, in the ase of aqueous phosphate omplexes likeAmHPO+4 , et.). Therefore, the reader should be aware of the fat that equilibriumonstants alulated from �fGÆm values in Table III.1 might result in on�dene limitswhih perhaps do not orrespond truly to the 95% on�dene limit. The inlusionof a table for reation data (Table III.2) in this report allows the use of equilib-rium onstants with total unertainties whih are diretly based on the experimentalauraies. This is the main reason for inluding both the table for reation data(Table III.2) and the table of �fGÆm, �fHÆm, SÆm and CÆp;mvalues (Table III.1).The seleted thermal funtions of the heat apaities, listed in Table III.3, refer to35
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36 Seleted ameriium datathe relation CÆp;m(T ) = a + b� T + � T 2 + d� T�1 + e� T�2: (III.1)No referenes are given in these tables sine the seleted data are generally notdiretly attributable to a spei� published soure. A detailed disussion of theseletion proedure is presented in Chapter V.A warning: The addition of any aqueous speies and their data to this internallyonsistent data base an result in a modi�ed data set whih is no longer rigorous andan lead to erroneous results. The situation is similar, to a lesser degree, with theaddition of gases and solids.It should also be noted that the data set presented in this Chapter may not be\omplete" for all the oneivable systems and onditions. Gaps are pointed out inthe various setions of Chapter V. 
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Seleted ameriium data 37
Table III.1: Seleted thermodynami data for ameriium ompounds and omplexes. Allioni speies listed in this table are aqueous speies. Unless noted otherwise, all data refer tothe referene temperature of 298.15 K and to the standard state, i.e., a pressure of 0.1 MPaand, for aqueous speies, in�nite dilution (I = 0). The unertainties listed below eah valuerepresent total unertainties and orrespond in priniple to the statistially de�ned 95%on�dene interval. Values obtained from internal alulation, f. footnotes (a) and (b),are rounded at the third digit after the deimal point and may therefore not be exatlyidential to those given in Chapter V. Systematially, all the values are presented withthree digits after the deimal point, regardless of the signi�ane of these digits. The datapresented in this table are available on PC diskettes or other omputer media from theOECD Nulear Energy Ageny.Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Am(r) 0:000 0:000 55:400 25:500()�2:000 �1:500�-Am (d)-Am (d)Am(l) (d)Am(g) 241:999(a) 283:800 195:600 20:786()�1:721 �1:500 �2:000 �0:001Am2+ �376:780(b) �354:633(a) �1:000�15:236 �15:890 �15:000Am3+ �598:698(a) �616:700 �201:000�4:755 �1:500 �15:000Am4+ �346:358(a) �406:000 �406:000�8:692 �6:000 �21:000AmO2(r) �874:492(a) �932:200 67:000 66:170()�4:271 �3:000 �10:000 �10:000
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38 Seleted ameriium dataTable III.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)AmO+2 �739:796(a) �804:260(b) �21:000�6:208 �5:413 �10:000AmO2+2 �585:801(a) �650:760(b) �88:000�5:715 �4:839 �10:000Am2O3(r) �1613:320(a) �1690:400 160:000 117:500()�9:242 �8:000 �15:000 �15:000AmH2(r) �134:661(a) �175:800 48:100 38:200()�15:055 �15:000 �3:800 �2:500AmOH2+ �799:307(b)�6:211Am(OH)+2 �992:495(b)�5:860Am(OH)3(am) �1213:082(b)�5:861Am(OH)3(aq) �1163:422(b)�5:547Am(OH)3(r) �1223:356(b)�5:861AmF2+ �899:628(b)�5:320AmF+2 �1194:851(b)�5:082AmF3(r) �1518:833(a) �1588:000 127:600�13:099 �13:000 �5:000AmF3(g) �1159:331(a) �1166:900(b) 334:200(b)�15:148 �14:765 �11:180AmF4(r) �1616:833(a) �1710:000 148:500�20:064 �20:000 �5:000AmCl2+ �735:909(b)�4:768
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Seleted ameriium data 39Table III.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)AmCl3(r) �910:650(a) �977:800 164:800 103:000�2:290 �1:300 �6:000 �10:000AmOCl(r) �902:538(a) �949:800 111:000 70:400()�6:726 �6:000 �10:000 �10:000AmBr3(r) �786:531(a) �810:000 205:000�11:228 �10:000 �17:000AmOBr(r) �861:372(a) �893:000 128:000�13:413 �12:000 �20:000AmI3(r) �613:309(a) �612:000 234:000�9:216 �7:000 �20:000AmS(r) 92:000�12:000AmSO+4 �1364:678(b)�4:776Am(SO4)�2 �2117:530(b)�6:267AmSe(r) 109:000�12:000AmTe(r) 121:000�12:000AmN2+3 �260:030(b)�5:190AmNO2+2 (e)AmNO2+3 �717:083(b)�4:908AmPO4(am; hydr) (e)AmH2PO2+4 �1752:974(b)�5:763
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40 Seleted ameriium dataTable III.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Am2C3(r) �156:063(a) �151:000 145:000�42:438 �42:000 �20:000AmCO+3 �1171:120(b)�5:069Am(CO3)�2 �1724:706(b)�5:332Am(CO3)3�3 �2269:159(b)�5:976AmO2(CO3)4�3 (e)AmO2(CO3)5�3 (e)Am(CO3)6�5 �3210:227(b)�7:919Am2(CO3)3(r) �2971:743(b)�15:795AmCO3OH(r) �1404:828(b)�9:307AmSCN2+ �513:418(b)�6:445SrAmO3(r) �1539:000�4:100BaAmO3(r) �1544:600�3:400Cs2NaAmCl6(r) �2164:816(a) �2315:800 440:000 260:000�4:864 �1:800 �15:000 �15:000(a) Value alulated internally with the Gibbs-Helmholtz equation, �fGÆm = �fHÆm �T�fSÆm.(b) Value alulated internally from reation data (see Table III.2).() Temperature oeÆients of this funtion are listed in Table III.3.(d) For this ompound enthalpies of phase transformation are given in Setion V.1, anda temperature funtion for the heat apaity is given in Table III.3.(e) Only reation data are seleted for this ompound, f. Table III.2.
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Seleted ameriium data 41Table III.2: Seleted thermodynami data for reations involving ameriium ompoundsand omplexes. All ioni speies listed in this table are aqueous speies. Unless noted oth-erwise, all data refer to the referene temperature of 298.15 K and to the standard state,i.e., a pressure of 0.1 MPa and, for aqueous speies, in�nite dilution (I = 0). The uner-tainties listed below eah value represent total unertainties and orrespond in priniple tothe statistially de�ned 95% on�dene interval. Values obtained from internal alulation,f. footnote (a), are rounded at the third digit after the deimal point and may thereforenot be exatly idential to those given in Chapter V. Systematially, all the values arepresented with three digits after the deimal point, regardless of the signi�ane of thesedigits. The data presented in this table are available on PC diskettes or other omputermedia from the OECD Nulear Energy Ageny.Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)Am(g) Am(r) *) Am(g) 283:800�1:500Am2+ Am3+ + e� *) Am2+�38:878(b) 221:917�2:536 �14:476AmO+2 Am3+ + 2 H2O(l) *) AmO+2 + 4 H+ + 2 e�384:100�5:200AmO2+2 Am3+ + 2 H2O(l) *) AmO2+2 + 4 H+ + 3 e�537:600�4:600AmOH2+ Am3+ + H2O(l) *) AmOH2+ + H+�6:400 36:531�0:700 �3:996Am(OH)+2 Am3+ + 2 H2O(l) *) Am(OH)+2 + 2 H+�14:100 80:483�0:600 �3:425Am(OH)3(am) Am3+ + 3 H2O(l) *) Am(OH)3(am) + 3 H+�17:000 97:037�0:600 �3:425
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42 Seleted ameriium dataTable III.2 (ontinued)Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)Am(OH)3(aq) Am3+ + 3 H2O(l) *) Am(OH)3(aq) + 3 H+�25:700 146:697�0:500 �2:854Am(OH)3(r) Am3+ + 3 H2O(l) *) Am(OH)3(r) + 3 H+�15:200 86:762�0:600 �3:425AmF2+ Am3+ + F� *) AmF2+3:400 �19:407�0:400 �2:283AmF+2 Am3+ + 2 F� *) AmF+25:800 �33:107�0:200 �1:142AmF3(g) AmF3(r) *) AmF3(g)�62:982() 359:502(a) 421:100 206:600�1:333 �7:609 �7:000 �10:000AmCl2+ Am3+ + Cl� *) AmCl2+1:050 �5:993�0:060 �0:342AmSO+4 Am3+ + SO2�4 *) AmSO+43:850 �21:976�0:030 �0:171Am(SO4)�2 Am3+ + 2 SO2�4 *) Am(SO4)�25:400 �30:823�0:800 �3:996AmN2+3 Am3+ + N�3 *) AmN2+31:670 �9:532�0:100 �0:571AmNO2+2 Am3+ + NO�2 *) AmNO2+22:100 �11:987�0:200 �1:142AmNO2+3 Am3+ + NO�3 *) AmNO2+31:330 �7:592�0:200 �1:142
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Seleted ameriium data 43Table III.2 (ontinued)Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)AmPO4(am; hydr) Am3+ + PO3�4 *) AmPO4(am; hydr)24:790 �141:502�0:600 �3:425AmH2PO2+4 Am3+ + H2PO�4 *) AmH2PO2+43:000 �17:124�0:500 �2:854AmCO+3 Am3+ + CO2�3 *) AmCO+37:800 �44:523�0:300 �1:712Am(CO3)�2 Am3+ + 2 CO2�3 *) Am(CO3)�212:300 �70:209�0:400 �2:283Am(CO3)3�3 Am3+ + 3 CO2�3 *) Am(CO3)3�315:200 �86:762�0:600 �3:425AmO2(CO3)5�3 AmO2(CO3)4�3 + e� *) AmO2(CO3)5�313:100(b) �74:775�0:600 �3:425Am(CO3)6�5 Am(CO3)3�3 + 2 CO2�3 *) Am(CO3)6�5 + e��20:100(b) 114:732�0:900 �5:137Am2(CO3)3(r) Am3+ + 1.50 CO2�3 *) 0.50 Am2(CO3)3(r)16:700 �95:324�1:100 �6:279AmCO3OH(r) Am3+ + CO2�3 + OH� *) AmCO3OH(r)21:200 �121:010�1:400 �7:991AmSCN2+ Am3+ + SCN� *) AmSCN2+1:300 �7:420�0:300 �1:712(a) Value alulated internally with the Gibbs-Helmholtz equation, �rGÆm = �rHÆm � T�rSÆm.(b) Value alulated from a seleted standard potential.() Value of log10KÆ alulated internally from �rGÆm.
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44 Seleted ameriium dataTable III.3: Seleted temperature oeÆients for heat apaities funtions for thevalues marked with () in Table III.1, aording to the formCÆp;m(T ) = a+ b T +  T 2 + e T�2.The funtions are valid between the temperatures Tmin and Tmax (in K). The valuesin parentheses represent the power of 10. Units for CÆp;mare J �K�1 �mol�1.Compound a b  e Tmin TmaxAm(r) 2:11868(+01) 1:11990(�02) 3:24620(�06) 6:08500(+04) 298 1042�-Am 1:94406(+01) 1:08360(�02) 2:25140(�06) 5:20870(+05) 1042 1350-Am 3:97480(+01) 1350 1449Am(l) 4:18400(+01) 1449 3000Am(g) 2:07861(+01) 298 1100AmO2(r) 8:47390(+01) 1:07200(�02) �8:15900(�07) �1:92580(+06) 298 2000Am2O3(r) 1:13930(+02) 5:93700(�02) �2:30100(�05) �1:07100(+06) 298 1000AmH2(r) 2:48000(+01) 4:50000(�02) 298 1200AmOCl(r) 6:12840(+01) 4:58933(�02) �1:73065(�05) �2:69380(+05) 298 1100
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Chapter IVSeleted auxiliary dataThis hapter presents the hemial thermodynami data for auxiliary ompounds andomplexes whih are used within the NEA's TDB projet. Most of these auxiliaryspeies are used in the evaluation of the reommended ameriium data in Tables III.1and III.2. It is therefore essential to always use these auxiliary data in onjuntionwith the seleted ameriium data. The use of other auxiliary data an lead to inon-sistenies and erroneous results.The values in the Tables of this Chapter are either CODATA Key Values, takenfrom Ref. [89COX/WAG℄, or were evaluated within the NEA's TDB projet, asdesribed in Chapter VI of the uranium review [92GRE/FUG℄.Table IV.1 ontains the seleted thermodynami data of the auxiliary speies andTable IV.2 the seleted thermodynami data of hemial reations involving auxiliaryspeies. The reason for listing both reation data and entropies, enthalpies and Gibbsenergies of formation is, as desribed in Chapter III, that unertainties in reationdata are often smaller than the derived SÆm, �fHÆm and �fGÆm, due to unertaintyaumulation during the alulations.All data in Tables IV.1 and IV.2 refer to a temperature of 298.15 K, the standardstate pressure of 0.1 MPa and, for aqueous speies and reations, to the in�nitedilution referene state (I = 0).The unertainties listed below eah reation value in Table IV.2 are total unertain-ties, and orrespond mainly to the statistially de�ned 95% on�dene interval. Theunertainties listed below eah value in Table IV.1 have the following signi�ane:� for CODATA values from [89COX/WAG℄, the � terms have the meaning: \itis probable, but not at all ertain, that the true values of the thermodynamiquantities di�er from the reommended values given in this report by no morethan twie the � terms attahed to the reommended values".� for values from [92GRE/FUG℄, the � terms are derived from total unertaintiesin the orresponding equilibrium onstant of reation (f. Table IV.2), and fromthe � terms listed for the neessary CODATA key values.CODATA [89COX/WAG℄ values are available for CO2(g), HCO�3 , CO2�3 , H2PO�4and HPO2�4 . From the values given for �fHÆm and SÆm the values of �fGÆm and,45
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46 Seleted auxiliary dataonsequently, all the relevant equilibrium onstants and enthalpy hanges an bealulated. The propagation of errors during this proedure, however, leads to uner-tainties in the resulting equilibrium onstants that are signi�antly higher than thoseobtained from experimental determination of the onstants. Therefore, reation datafor CO2(g), HCO�3 , CO2�3 and H2PO�4 , whih were absent form the orrespondingTable IV.2 in [92GRE/FUG℄, are inluded in this volume to provide the user of se-leted data for ameriium speies (f. Chapter III) with the data needed to obtainthe lowest possible unertainties on reation properties.Note that the values in Tables IV.1 and IV.2 may ontain more digits than thoselisted in either [89COX/WAG℄ or in Chapter VI of [92GRE/FUG℄, beause the datain the present hapter are retrieved diretly from the omputerised data base androunded to three digits after the deimal point throughout. 
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Seleted auxiliary data 47Table IV.1: Seleted thermodynami data for auxiliary ompounds and omplexes, inlud-ing the CODATA Key Values [89COX/WAG℄ of speies not ontaining uranium, as wellas other data that were evaluated in Chapter VI of the uranium review [92GRE/FUG℄.All ioni speies listed in this table are aqueous speies. Unless noted otherwise, all datarefer to the referene temperature of 298.15 K and to the standard state, i.e., a pressureof 0.1 MPa and, for aqueous speies, in�nite dilution (I = 0). The unertainties listed be-low eah value represent total unertainties and orrespond in priniple to the statistiallyde�ned 95% on�dene interval. Values in bold typefae are CODATA Key Values andare taken diretly from Ref. [89COX/WAG℄ without further evaluation. Values obtainedfrom internal alulation, f. footnotes (a) and (b), are rounded at the third digit after thedeimal point and may therefore not be exatly idential to those given in Chapter VI ofRef. [92GRE/FUG℄. Systematially, all the values are presented with three digits after thedeimal point, regardless of the signi�ane of these digits. The data presented in this tableare available on PC diskettes or other omputer media from the OECD Nulear EnergyAgeny. Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)O(g) 231:743(a) 249:180 161:059 21:912�0:100 �0:100 �0:003 �0:001O2(g) 0:000 0:000 205:152 29:378�0:005 �0:003H(g) 203:276(a) 217:998 114:717 20:786�0:006 �0:006 �0:002 �0:001H+ 0:000 0:000 0:000 0:000H2(g) 0:000 0:000 130:680 28:836�0:003 �0:002OH� �157:220(a) �230:015 �10:900�0:072 �0:040 �0:200H2O(g) �228:582(a) �241:826 188:835 33:609�0:040 �0:040 �0:010 �0:030H2O(l) �237:140(a) �285:830 69:950 75:351�0:041 �0:040 �0:030 �0:080H2O2(aq) �191:170()�0:100
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48 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)He(g) 0:000 0:000 126:153 20:786�0:002 �0:001Ne(g) 0:000 0:000 146:328 20:786�0:003 �0:001Ar(g) 0:000 0:000 154:846 20:786�0:003 �0:001Kr(g) 0:000 0:000 164:085 20:786�0:003 �0:001Xe(g) 0:000 0:000 169:685 20:786�0:003 �0:001F(g) 62:280(a) 79:380 158:751 22:746�0:300 �0:300 �0:004 �0:002F� �281:523(a) �335:350 �13:800�0:692 �0:650 �0:800F2(g) 0:000 0:000 202:791 31:304�0:005 �0:002HF(aq) �299:675(b) �323:150(b) 88:000(a)�0:702 �0:716 �3:362HF(g) �275:400(a) �273:300 173:779 29:137�0:700 �0:700 �0:003 �0:002HF�2 �583:709(b) �655:500(b) 92:683(a)�1:200 �2:221 �8:469Cl(g) 105:305(a) 121:301 165:190 21:838�0:008 �0:008 �0:004 �0:001Cl� �131:217(a) �167:080 56:600�0:117 �0:100 �0:200Cl2(g) 0:000 0:000 223:081 33:949�0:010 �0:002ClO� �37:670(b)�0:962
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Seleted auxiliary data 49Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)ClO�2 10:249(b)�4:044ClO�3 �7:903(a) �104:000 162:300�1:342 �1:000 �3:000ClO�4 �7:890(a) �128:100 184:000�0:600 �0:400 �1:500HCl(g) �95:298(a) �92:310 186:902 29:136�0:100 �0:100 �0:005 �0:002HClO(aq) �80:024(b)�0:613HClO2(aq) �0:939(b)�4:043Br(g) 82:379(a) 111:870 175:018 20:786�0:128 �0:120 �0:004 �0:001Br� �103:850(a) �121:410 82:550�0:167 �0:150 �0:200Br2(aq) 4:900�1:000Br2(g) 3:105(a) 30:910 245:468 36:057�0:142 �0:110 �0:005 �0:002Br2(l) 0:000 0:000 152:210�0:300BrO� �32:140(b)�1:510BrO�3 19:070(a) �66:700 161:500�0:634 �0:500 �1:300HBr(g) �53:361(a) �36:290 198:700 29:141�0:166 �0:160 �0:004 �0:003HBrO(aq) �81:356(b)�1:527
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50 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)I(g) 70:172(a) 106:760 180:787 20:786�0:060 �0:040 �0:004 �0:001I� �51:724(a) �56:780 106:450�0:112 �0:050 �0:300I2(r) 0:000 0:000 116:140�0:300I2(g) 19:323(a) 62:420 260:687 36:888�0:120 �0:080 �0:005 �0:002IO�3 �126:338(a) �219:700 118:000�0:779 �0:500 �2:000HI(g) 1:700(a) 26:500 206:590 29:157�0:110 �0:100 �0:004 �0:003HIO3(aq) �130:836(b)�0:797S(r)(d) 0:000 0:000 32:054 22:750�0:050 �0:050S(g) 236:689(a) 277:170 167:829 23:674�0:151 �0:150 �0:006 �0:001S2� 120:695(b)�11:610S2(g) 79:686(a) 128:600 228:167 32:505�0:301 �0:300 �0:010 �0:010SO2(g) �300:095(a) �296:810 248:223 39:842�0:201 �0:200 �0:050 �0:020SO2�3 �487:473(b)�4:020S2O2�3 �519:293(b)�11:345SO2�4 �744:004(a) �909:340 18:500�0:418 �0:400 �0:400
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Seleted auxiliary data 51Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)HS� 12:243(a) �16:300 67:000�2:115 �1:500 �5:000H2S(aq) �27:648(a) �38:600 126:000�2:115 �1:500 �5:000H2S(g) �33:443(a) �20:600 205:810 34:248�0:500 �0:500 �0:050 �0:010HSO�3 �528:685(b)�4:046HS2O�3 �528:369(b)�11:377H2SO3(aq) �539:188(b)�4:072HSO�4 �755:315(a) �886:900 131:700�1:342 �1:000 �3:000Se(r) 0:000 0:000 42:270 25:030�0:050 �0:050SeO2(r) �225:100�2:100SeO2�3 �361:570(b)�1:410HSeO�3 �409:517(b)�1:290H2SeO3(aq) �425:527(b)�0:736Te(r) 0:000 0:000 49:221 25:550�0:050 �0:100N(g) 455:537(a) 472:680 153:301 20:786�0:400 �0:400 �0:003 �0:001N2(g) 0:000 0:000 191:609 29:124�0:004 �0:001
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52 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)N�3 348:200 275:140 107:710(a)�2:000 �1:000 �7:500NO�3 �110:794(a) �206:850 146:700�0:417 �0:400 �0:400HN3(aq) 321:372(b) 260:140(b) 147:381(b)�2:051 �10:050 �34:403NH3(aq) �26:673(b) �81:170(b) 109:040(b)�0:305 �0:326 �0:913NH3(g) �16:407(a) �45:940 192:770 35:630�0:350 �0:350 �0:050 �0:005NH+4 �79:398(a) �133:260 111:170�0:278 �0:250 �0:400P(am)(e) �7:500�2:000P(r)(e) 0:000 0:000 41:090 23:824�0:250 �0:200P(g) 280:093(a) 316:500 163:199 20:786�1:003 �1:000 �0:003 �0:001P2(g) 103:469(a) 144:000 218:123 32:032�2:006 �2:000 �0:004 �0:002P4(g) 24:419(a) 58:900 280:010 67:081�0:448 �0:300 �0:500 �1:500PO3�4 �1025:491(b) �1284:400(b) �220:970(b)�1:576 �4:085 �12:846P2O4�7 �1935:503(b)�4:563HPO2�4 �1095:985(a) �1299:000 �33:500�1:567 �1:500 �1:500H2PO�4 �1137:152(a) �1302:600 92:500�1:567 �1:500 �1:500
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Seleted auxiliary data 53Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)H3PO4(aq) �1149:367(b) �1294:120(b) 161:912(b)�1:576 �1:616 �2:575HP2O3�7 �1989:158(b)�4:482H2P2O2�7 �2027:117(b)�4:445H3P2O�7 �2039:960(b)�4:362H4P2O7(aq) �2045:668(b) �2280:210(b) 274:919(b)�3:299 �3:383 �6:954As(r) 0:000 0:000 35:100 24:640�0:600 �0:500AsO�2 �350:022(a) �429:030 40:600�4:008 �4:000 �0:600AsO3�4 �648:360(a) �888:140 �162:800�4:008 �4:000 �0:600As2O5(r) �782:449(a) �924:870 105:400 116:520�8:016 �8:000 �1:200 �0:800As4O6(ubi)(f) �1152:445(a) �1313:940 214:200 191:290�16:032 �16:000 �2:400 �0:800As4O6(mono)(g) �1154:008(a) �1309:600 234:000�16:041 �16:000 �3:000HAsO2(aq) �402:925(a) �456:500 125:900�4:008 �4:000 �0:600H2AsO�3 �587:078(a) �714:790 110:500�4:008 �4:000 �0:600H3AsO3(aq) �639:681(a) �742:200 195:000�4:015 �4:000 �1:000HAsO2�4 �714:592(a) �906:340 �1:700�4:008 �4:000 �0:600
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54 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)H2AsO�4 �753:203(a) �909:560 117:000�4:015 �4:000 �1:000H3AsO4(aq) �766:119(a) �902:500 184:000�4:015 �4:000 �1:000(As2O5)3�5H2O(r) �4248:400�24:000Sb(r) 0:000 0:000 45:520 25:260�0:210 �0:200C(r) 0:000 0:000 5:740 8:517�0:100 �0:080C(g) 671:254(a) 716:680 158:100 20:839�0:451 �0:450 �0:003 �0:001CO(g) �137:168(a) �110:530 197:660 29:141�0:173 �0:170 �0:004 �0:002CO2(aq) �385:970(a) �413:260 119:360�0:270 �0:200 �0:600CO2(g) �394:373(a) �393:510 213:785 37:135�0:133 �0:130 �0:010 �0:002CO2�3 �527:899(a) �675:230 �50:000�0:390 �0:250 �1:000HCO�3 �586:845(a) �689:930 98:400�0:251 �0:200 �0:500SCN� 92:700 76:400 144:268(a)�4:000 �4:000 �18:974Si(r) 0:000 0:000 18:810 19:789�0:080 �0:030Si(g) 405:525(a) 450:000 167:981 22:251�8:000 �8:000 �0:004 �0:001SiO2(quar)(h) �856:287(a) �910:700 41:460 44:602�1:002 �1:000 �0:200 �0:300
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Seleted auxiliary data 55Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)SiO2(OH)2�2 �1175:651(b) �1381:960(b) �1:487(b)�1:265 �15:330 �51:592SiO(OH)�3 �1251:740(b) �1431:360(b) 88:026(b)�1:162 �3:743 �13:144Si(OH)4(aq) �1307:735(b) �1456:960(b) 189:973(a)�1:156 �3:163 �10:245Si2O3(OH)2�4 �2269:878(b)�2:878Si2O2(OH)�5 �2332:096(b)�2:878Si3O6(OH)3�3 �3048:536(b)�3:870Si3O5(OH)3�5 �3291:955(b)�3:869Si4O8(OH)4�4 �4075:179(b)�5:437Si4O7(OH)3�5 �4136:826(b)�4:934SiF4(g) �1572:772(a) �1615:000 282:760 73:622�0:814 �0:800 �0:500 �0:500Ge(r) 0:000 0:000 31:090 23:222�0:150 �0:100Ge(g) 331:209(a) 372:000 167:904 30:733�3:000 �3:000 �0:005 �0:001GeO2(tetr)(i) �521:404(a) �580:000 39:710 50:166�1:002 �1:000 �0:150 �0:300GeF4(g) �1150:018(a) �1190:200 301:900 81:602�0:584 �0:500 �1:000 �1:000Sn(r) 0:000 0:000 51:180 27:112�0:080 �0:030
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56 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Sn(g) 266:223(a) 301:200 168:492 21:259�1:500 �1:500 �0:004 �0:001Sn2+ �27:624(a) �8:900 �16:700�1:557 �1:000 �4:000SnO(tetr)(i) �251:913(a) �280:710 57:170 47:783�0:220 �0:200 �0:300 �0:300SnO2(ass)(j) �515:826(a) �577:630 49:040 53:219�0:204 �0:200 �0:100 �0:200Pb(r) 0:000 0:000 64:800 26:650�0:300 �0:100Pb(g) 162:232(a) 195:200 175:375 20:786�0:805 �0:800 �0:005 �0:001Pb2+ �24:238(a) 0:920 18:500�0:399 �0:250 �1:000PbSO4(r) �813:036(a) �919:970 148:500�0:447 �0:400 �0:600B(r) 0:000 0:000 5:900 11:087�0:080 �0:100B(g) 521:012(a) 565:000 153:436 20:796�5:000 �5:000 �0:015 �0:005B2O3(r) �1194:324(a) �1273:500 53:970 62:761�1:404 �1:400 �0:300 �0:300B(OH)3(aq) �969:268(a) �1072:800 162:400�0:820 �0:800 �0:600B(OH)3(r) �969:667(a) �1094:800 89:950 86:060�0:820 �0:800 �0:600 �0:400BF3(g) �1119:403(a) �1136:000 254:420 50:463�0:803 �0:800 �0:200 �0:100Al(r) 0:000 0:000 28:300 24:200�0:100 �0:070
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Seleted auxiliary data 57Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Al(g) 289:376(a) 330:000 164:554 21:391�4:000 �4:000 �0:004 �0:001Al3+ �491:507(a) �538:400 �325:000�3:338 �1:500 �10:000Al2O3(oru)(k) �1582:257(a) �1675:700 50:920 79:033�1:302 �1:300 �0:100 �0:200AlF3(r) �1431:096(a) �1510:400 66:500 75:122�1:309 �1:300 �0:500 �0:400Zn(r) 0:000 0:000 41:630 25:390�0:150 �0:040Zn(g) 94:813(a) 130:400 160:990 20:786�0:402 �0:400 �0:004 �0:001Zn2+ �147:203(a) �153:390 �109:800�0:254 �0:200 �0:500ZnO(r) �320:479(a) �350:460 43:650�0:299 �0:270 �0:400Cd(r) 0:000 0:000 51:800 26:020�0:150 �0:040Cd(g) 77:230(a) 111:800 167:749 20:786�0:205 �0:200 �0:004 �0:001Cd2+ �77:733(a) �75:920 �72:800�0:750 �0:600 �1:500CdO(r) �228:661(a) �258:350 54:800�0:602 �0:400 �1:500CdSO4�2:667H2O(r) �1464:959(a) �1729:300 229:650�0:810 �0:800 �0:400Hg(g) 31:842(a) 61:380 174:971 20:786�0:054 �0:040 �0:005 �0:001Hg(l) 0:000 0:000 75:900�0:120
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58 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Hg2+ 164:667(a) 170:210 �36:190�0:313 �0:200 �0:800Hg2+2 153:567(a) 166:870 65:740�0:559 �0:500 �0:800HgO(mont)(l) �58:523(a) �90:790 70:250�0:154 �0:120 �0:300Hg2Cl2(r) �210:725(a) �265:370 191:600�0:471 �0:400 �0:800Hg2SO4(r) �625:780(a) �743:090 200:700�0:411 �0:400 �0:200Cu(r) 0:000 0:000 33:150 24:440�0:080 �0:050Cu(g) 297:672(a) 337:400 166:398 20:786�1:200 �1:200 �0:004 �0:001Cu2+ 65:040(a) 64:900 �98:000�1:557 �1:000 �4:000CuSO4(r) �662:185(a) �771:400 109:200�1:206 �1:200 �0:400Ag(r) 0:000 0:000 42:550 25:350�0:200 �0:100Ag(g) 246:007(a) 284:900 172:997 20:786�0:802 �0:800 �0:004 �0:001Ag+ 77:096(a) 105:790 73:450�0:156 �0:080 �0:400AgCl(r) �109:765(a) �127:010 96:250�0:098 �0:050 �0:200Ti(r) 0:000 0:000 30:720 25:060�0:100 �0:080Ti(g) 428:403(a) 473:000 180:298 24:430�3:000 �3:000 �0:010 �0:030
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Seleted auxiliary data 59Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)TiO2(ruti)(m) �888:767(a) �944:000 50:620 55:080�0:806 �0:800 �0:300 �0:300TiCl4(g) �726:324(a) �763:200 353:200 95:408�3:229 �3:000 �4:000 �1:000Th(r) 0:000 0:000 51:800 26:230�0:500 �0:050Th(g) 560:745(a) 602:000 190:170 20:789�6:002 �6:000 �0:050 �0:100ThO2(r) �1169:238(a) �1226:400 65:230�3:504 �3:500 �0:200Be(r) 0:000 0:000 9:500 16:443�0:080 �0:060Be(g) 286:202(a) 324:000 136:275 20:786�5:000 �5:000 �0:003 �0:001BeO(brom)(n) �580:090(a) �609:400 13:770 25:565�2:500 �2:500 �0:040 �0:100Mg(r) 0:000 0:000 32:670 24:869�0:100 �0:020Mg(g) 112:521(a) 147:100 148:648 20:786�0:801 �0:800 �0:003 �0:001Mg2+ �455:375(a) �467:000 �137:000�1:335 �0:600 �4:000MgO(r) �569:312(a) �601:600 26:950 37:237�0:305 �0:300 �0:150 �0:200MgF2(r) �1071:051(a) �1124:200 57:200 61:512�1:210 �1:200 �0:500 �0:300Ca(r) 0:000 0:000 41:590 25:929�0:400 �0:300Ca(g) 144:021(a) 177:800 154:887 20:786�0:809 �0:800 �0:004 �0:001
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60 Seleted auxiliary dataTable IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Ca2+ �552:806(a) �543:000 �56:200�1:050 �1:000 �1:000CaO(r) �603:296(a) �634:920 38:100 42:049�0:916 �0:900 �0:400 �0:400Sr(r) 0:000 0:000 55:700�0:210Sr2+ �563:864(a) �550:900 �31:500�0:781 �0:500 �2:000SrO(r) �559:939(a) �590:600 55:440�0:914 �0:900 �0:500SrCl2(r) �784:974(a) �833:850 114:850�0:714 �0:700 �0:420Sr(NO3)2(r) �783:146(a) �982:360 194:600�1:018 �0:800 �2:100Ba(r) 0:000 0:000 62:420�0:840Ba2+ �557:656(a) �534:800 8:400�2:582 �2:500 �2:000BaO(r) �520:394(a) �548:100 72:070�2:515 �2:500 �0:380BaCl2(r) �806:953(a) �855:200 123:680�2:514 �2:500 �0:250Li(r) 0:000 0:000 29:120 24:860�0:200 �0:200Li(g) 126:604(a) 159:300 138:782 20:786�1:002 �1:000 �0:010 �0:001Li+ �292:918(a) �278:470 12:240�0:109 �0:080 �0:150Na(r) 0:000 0:000 51:300 28:230�0:200 �0:200
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Seleted auxiliary data 61
Table IV.1 (ontinued)Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)Na(g) 76:964(a) 107:500 153:718 20:786�0:703 �0:700 �0:003 �0:001Na+ �261:953(a) �240:340 58:450�0:096 �0:060 �0:150K(r) 0:000 0:000 64:680 29:600�0:200 �0:100K(g) 60:479(a) 89:000 160:341 20:786�0:802 �0:800 �0:003 �0:001K+ �282:510(a) �252:140 101:200�0:116 �0:080 �0:200Rb(r) 0:000 0:000 76:780 31:060�0:300 �0:100Rb(g) 53:078(a) 80:900 170:094 20:786�0:805 �0:800 �0:003 �0:001Rb+ �284:009(a) �251:120 121:750�0:153 �0:100 �0:250Cs(r) 0:000 0:000 85:230 32:210�0:400 �0:200Cs(g) 49:556(a) 76:500 175:601 20:786�1:007 �1:000 �0:003 �0:001Cs+ �291:456(a) �258:000 132:100�0:535 �0:500 �0:500
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62 Seleted auxiliary dataFootnotes to Table IV.1:(a) Value alulated internally with the equation �fGÆm = �fHÆm � T�fSÆm.(b) Value alulated internally from reation data (see Table IV.2).() From [82WAG/EVA℄, unertainty estimated in the uranium review [92GRE/FUG℄.(d) Orthorhombi.(e) P(r) refers to white, rystalline (ubi) phosphorus and is the referene state for the elementphosphorus. P(am) refers to red, amorphous phosphorus.(f) Cubi.(g) Monolini.(h) �-Quartz.(i) Tetragonal.(j) Cassiterite, tetragonal.(k) Corundum.(l) Montroydite, red.(m) Rutile.(n) Bromellite.
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Seleted auxiliary data 63Table IV.2: Seleted thermodynami data for reations involving auxiliary ompounds andomplexes used in the evaluation of the seleted ameriium data. All ioni speies listedin this table are aqueous speies. The seletion of these data is desribed in Chapter VI.Reations are listed only if they were used for primary data seletion. The thermodynamidata of formation (see Table IV.1) are derived therefrom. Unless noted otherwise, all datarefer to the referene temperature of 298.15 K and to the standard state, i.e., a pressure of0.1 MPa and, for aqueous speies, in�nite dilution (I = 0). The unertainties listed beloweah value represent total unertainties and orrespond in priniple to the statistiallyde�ned 95% on�dene interval. Values obtained from internal alulation, f. footnote (a),are rounded at the third digit after the deimal point and may therefore not be exatlyidential to those given in Chapter VI. Systematially, all the values are presented withthree digits after the deimal point, regardless of the signi�ane of these digits. The datapresented in this table are available on PC diskettes or other omputer media from theOECD Nulear Energy Ageny.Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)HF(aq) F� + H+ *) HF(aq)3:180 �18:152 12:200 101:800(a)�0:020 �0:114 �0:300 �1:077HF�2 F� + HF(aq) *) HF�20:440 �2:512 3:000 18:486(a)�0:120 �0:685 �2:000 �7:091ClO� HClO(aq) *) ClO� + H+�7:420 42:354 19:000 �78:329(a)�0:130 �0:742 �9:000 �30:289ClO�2 HClO2(aq) *) ClO�2 + H+�1:960 11:188�0:020 �0:114HClO(aq) Cl2(g) + H2O(l) *) Cl� + H+ + HClO(aq)�4:537() 25:900�0:105 �0:600HClO2(aq) H2O(l) + HClO(aq) *) 2 H+ + HClO2(aq) + 2 e��55:400(b) 316:226�0:700 �3:996BrO� HBrO(aq) *) BrO� + H+�8:630 49:260 30:000 �64:600(a)�0:030 �0:171 �3:000 �10:078
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64 Seleted auxiliary dataTable IV.2 (ontinued)Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)HBrO(aq) Br2(aq) + H2O(l) *) Br� + H+ + HBrO(aq)�8:240 47:034�0:200 �1:142HIO3(aq) H+ + IO�3 *) HIO3(aq)0:788 �4:498�0:029 �0:166S2� HS� *) H+ + S2��19:000 108:453�2:000 �11:416SO2�3 H2O(l) + SO2�4 + 2 e� *) 2 OH� + SO2�3�31:400(b) 179:233�0:700 �3:996S2O2�3 3 H2O(l) + 2 SO2�3 + 4 e� *) 6 OH� + S2O2�3�39:200(b) 223:755�1:400 �7:991H2S(aq) H2S(aq) *) H+ + HS��6:990 39:899�0:170 �0:970HSO�3 H+ + SO2�3 *) HSO�37:220 �41:212 66:000 359:591(a)�0:080 �0:457 �30:000 �100:632HS2O�3 H+ + S2O2�3 *) HS2O�31:590 �9:076�0:150 �0:856H2SO3(aq) H+ + HSO�3 *) H2SO3(aq)1:840 �10:503 16:000 88:891(a)�0:080 �0:457 �5:000 �16:840HSO�4 H+ + SO2�4 *) HSO�41:980 �11:302�0:050 �0:285SeO2�3 HSeO�3 *) H+ + SeO2�3�8:400 47:948 �5:020 �177:654(a)�0:100 �0:571 �0:500 �2:545
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Seleted auxiliary data 65Table IV.2 (ontinued)Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)H2Se(aq) H+ + HSe� *) H2Se(aq)3:800 �21:691�0:300 �1:712HSeO�3 H2SeO3(aq) *) H+ + HSeO�3�2:800 15:983 �7:070 �77:319(a)�0:200 �1:142 �0:500 �4:180H2SeO3(aq) 3 H2O(l) + 2 I2(r) + Se(r) *) 4 H+ + H2SeO3(aq) + 4 I��13:840 78:999�0:100 �0:571HSeO�4 H+ + SeO2�4 *) HSeO�41:800 �10:274 23:800 114:286(a)�0:140 �0:799 �5:000 �16:983HN3(aq) H+ + N�3 *) HN3(aq)4:700 �26:828 �15:000 39:671(a)�0:080 �0:457 �10:000 �33:575NH3(aq) NH+4 *) H+ + NH3(aq)�9:237 52:725 52:090 �2:130(a)�0:022 �0:126 �0:210 �0:821HNO2(aq) H+ + NO�2 *) HNO2(aq)3:210 �18:323 �11:400 23:219(a)�0:160 �0:913 �3:000 �10:518PO3�4 HPO2�4 *) H+ + PO3�4�12:350 70:494 14:600 �187:470(a)�0:030 �0:171 �3:800 �12:758P2O4�7 HP2O3�7 *) H+ + P2O4�7�9:400 53:656�0:150 �0:856H2PO�4 H+ + HPO2�4 *) H2PO�47:212 �41:166 �3:600 125:998(a)�0:013 �0:074 �1:000 �3:363H3PO4(aq) H+ + H2PO�4 *) H3PO4(aq)2:140 �12:215 8:480 69:412(a)�0:030 �0:171 �0:600 �2:093
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66 Seleted auxiliary dataTable IV.2 (ontinued)Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)HP2O3�7 H2P2O2�7 *) H+ + HP2O3�7�6:650 37:958�0:100 �0:571H2P2O2�7 H3P2O�7 *) H+ + H2P2O2�7�2:250 12:843�0:150 �0:856H3P2O�7 H4P2O7(aq) *) H+ + H3P2O�7�1:000 5:708�0:500 �2:854H4P2O7(aq) 2 H3PO4(aq) *) H2O(l) + H4P2O7(aq)�2:790 15:925 22:200 21:045(a)�0:170 �0:970 �1:000 �4:674CO2(g) CO2(aq) *) CO2(g)1:472 �8:391�0:020 �0:114HCO�3 CO2�3 + H+ *) HCO�310:329 �58:964�0:020 �0:114HCO�3 H+ + HCO�3 *) CO2(aq) + H2O(l)6:354 �36:246�0:020 �0:114SiO2(OH)2�2 Si(OH)4(aq) *) 2 H+ + SiO2(OH)2�2�23:140 132:084 75:000 �191:461(a)�0:090 �0:514 �15:000 �50:340SiO(OH)�3 Si(OH)4(aq) *) H+ + SiO(OH)�3�9:810 55:996 25:600 �101:948(a)�0:020 �0:114 �2:000 �6:719Si(OH)4(aq) 2 H2O(l) + SiO2(quar) *) Si(OH)4(aq)�4:000 22:832 25:400 8:613(a)�0:100 �0:571 �3:000 �10:243Si2O3(OH)2�4 2 Si(OH)4(aq) *) 2 H+ + H2O(l) + Si2O3(OH)2�4�19:000 108:453�0:300 �1:712
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Seleted auxiliary data 67Table IV.2 (ontinued)Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)Si2O2(OH)�5 2 Si(OH)4(aq) *) H+ + H2O(l) + Si2O2(OH)�5�8:100 46:235�0:300 �1:712Si3O6(OH)3�3 3 Si(OH)4(aq) *) 3 H+ + 3 H2O(l) + Si3O6(OH)3�3�28:600 163:250�0:300 �1:712Si3O5(OH)3�5 3 Si(OH)4(aq) *) 3 H+ + 2 H2O(l) + Si3O5(OH)3�5�27:500 156:971�0:300 �1:712Si4O8(OH)4�4 4 Si(OH)4(aq) *) 4 H+ + 4 H2O(l) + Si4O8(OH)4�4�36:300 207:202�0:500 �2:854Si4O7(OH)3�5 4 Si(OH)4(aq) *) 3 H+ + 4 H2O(l) + Si4O7(OH)3�5�25:500 145:555�0:300 �1:712(a) Value alulated internally with the equation �rGÆm = �rHÆm � T�rSÆm.(b) Value alulated from a seleted standard potential.() Value of log10KÆ alulated internally from �rGÆm.
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Chapter VDisussion of data seletionV.1. Elemental ameriiumyV.1.1. Ameriium metalV.1.1.1. Allotropy and rystal strutureAmeriium is the �rst 5f element to resemble the early lanthanide elements.MWhan, Cunningham and Wallmann [62MCW/CUN℄ showed that at room tem-perature ameriium has a double hexagonal lose-(dhp) struture, on�rming theearly work of Graf et al. [56GRA/CUN℄, whose lattie parameters were appreiablylarger. MWhan, Cunningham and Wallmann also observed an f phase formedby ondensing ameriium on to tantalum or quartz �bres, and suggested a meltingpoint of 1267 K for Am(r). Wade and Wolf [67WAD/WOL℄ (essentially di�er-ential thermal analysis, DTA, measurements) and Stephens, Stromberg and Lilley[68STE/STR℄ (also DTA studies) both found solid-solid transformations at 1350 Kand melting at 1448 K, later on�rmed by Sari, M�uller and Benedit [72SAR/MUE℄and Seleznev et al. [77SEL/KOS℄. Sari, M�uller and Benedit were unable to observeany indiations, in quenhed samples, of a transition below 1273 K. However, reentwork by Seleznev and his olleagues by DTA and high temperature X-ray di�ra-tion [77SEL/KOS, 78SEL/SHU, 83SHU/SEL℄ has lari�ed the allotropy of Am byunambiguously identifying a dhp to f transition at (1042� 30) K. This transitionis easily missed, sine it is very sluggish, has a small assoiated enthalpy, and theprinipal X-ray di�ration lines of the dhp and f strutures essentially overlap.The allotropy is summarised in Table V.1. The struture of the -phase formed at1347 K has not been established, but is almost ertainly b, the phase from whihmany metals, partiularly the lanthanide metals, melt.y An earlier version of this Setion was published in the volume edited by Cordfunke and Konings[90COR/KON℄. This, however, ontained a number of misprints whih have been orreted inthe urrent version. 69



70 Disussion of data seletionTable V.1: Allotropy of Am(r).Phase Struture Lattie Tmax Refereneparameters (K)� dhp a = 0.347, 1042 [62MCW/CUN℄ = 1.125 nm [72SAR/MUE℄[83SHU/SEL℄� f a = 0.4894 nm 1350 [83SHU/SEL℄ b? ? 1449V.1.1.2. Low-temperature heat apaity and standard entropyThe �rst measurements of the low-temperature heat apaity of two samples of 241Amby Hall et al. [76HAL/MOR℄ were supplemented by further measurements on a sam-ple of 243Am by Hall et al. [80HAL/LEE℄. The high self-heat of these samples, to-gether with the relatively small masses of pure Am metal available, leads to severeproblems in low-temperature thermal measurements. The heat apaity values for243Am(r) are appreiably di�erent from those of 241Am(r). Given these problems,the omposite values given by Hall et al. [80HAL/LEE℄ are aepted, leading toCÆp;m(Am; �; 298:15 K) = (25:5� 1:5) J �K�1 �mol�1;SÆm(Am; �; 298:15 K) = (55:4� 2:0) J �K�1 �mol�1:V.1.1.3. High-temperature heat apaity and transformation dataThere are no experimental measurements on the high-temperature heat apaity ofAm(r), but both Oetting, Rand and Akermann [76OET/RAN℄ and Ward, Klein-shmidt and Peterson [86WAR/KLE℄ have given very similar estimated values. Sinethe latter's transition temperatures (see below) are probably more aurate, their val-ues for CÆp;m(Am, r) above 400 K, based on those of praseodymium, with a orretionfor the mass di�erene, are used, in order to avoid too many essentially equivalenttables of thermal funtions.However, the tabulated values of Ward, Kleinshmidt and Peterson [86WAR/KLE℄do not merge smoothly at 298.15 K, and their value of CÆp;m(298:15 K) is somewhatsmaller than the experimental value given by Hall et al. [80HAL/LEE℄. The estimatesof Ward, Kleinshmidt and Peterson [86WAR/KLE℄ from 298.15 K to 400 K are thusamended slightly to provide a smooth join at 298.15 K.These expressions are losely �tted by equations of the formCÆp;m(T ) = (a+ bT + T 2 + eT�2) J �K�1 �mol�1 (V.1)



Elemental ameriium 71Table V.2: Heat apaity oeÆients and transformation data.Phase Heat apaity oeÆients Tmin Tmax Ttrs �trsHma b� 103 � 106 e� 10�5 (K) (K) (K) (J �mol�1)� 21.1868 11.199 3.2462 0.6085 298.15 1042 1042 � 30 870� 19.4406 10.836 2.2514 5.2087 1042 1350 1350 � 5 5862 39.748 0 0 0 1350 1449 1449 � 5 14393liq 41.840 0 0 0 1449 3000gas 20.7861 0 0 0 298.15 110025.2809 -4.96394 1.54658 -10.9495 1100 170062.3915 -33.5329 7.76400 -199.137 1700 3000
with the oeÆients given in Table V.2.The enthalpies of transition are dedued from DTA traes by Wade and Wolf[67WAD/WOL℄ (� ! ,  ! liquid) and by Seleznev et al. [77SEL/KOS℄. Theearlier values, whih are 50% larger than those by Seleznev et al. [77SEL/KOS℄, arepreferred, sine they were obtained on a massive sample of quite pure Am(r). Anapproximate value for �trsSm(� ! �) an be alulated from the pressure requiredto stabilise the f phase at room temperature, whih is taken to be (6 � 1) GPa[79AKE/JOH, 81ROO℄. With �trsV (� ! �) = �(1:08 � 0:24) � 10�7m3 � mol�1[83SHU/SEL℄, one �nds �trsS = (0:87 � 0:24) J � K�1 � mol�1, assuming (dT/dp)is onstant from 298.15 K to 1042 K. We therefore retain the entropy of transitionestimated by Oetting, Rand and Akermann [76OET/RAN℄ (and used by Ward,Kleinshmidt and Peterson [86WAR/KLE℄), �trsS = 0:837 J � K�1 � mol�1. This islarger than the value �trsS = 0:32 J � K�1 � mol�1 estimated from DTA traes bySeleznev et al. [77SEL/KOS℄, whih is not surprising in view of the sluggishness ofthis transition.V.1.2. Ameriium ideal monoatomi gasV.1.2.1. Heat apaity and entropyFeber and Herrik [65FEB/HER℄, Oetting, Rand and Akermann [76OET/RAN℄ andWard, Kleinshmidt and Peterson [86WAR/KLE℄ alulated the thermal funtions ofAm(g) based on observed and estimated spetrosopi energy levels. The most reentvalues of Ward, Kleinshmidt and Peterson [86WAR/KLE℄, however, are alulatedfor the 243Am isotope, using the 33 spetrosopi levels up to 18000 m�1 given byBrewer [84BRE℄. This isotope is not the one of major importane for most studies,so we realulate the thermal funtions for the 241Am isotope, adding as well 18 morespetrosopi levels between 18000 and 30000 m�1, previously ommuniated by



72 Disussion of data seletionFred [75FRE℄ to Oetting, Rand and Akermann [76OET/RAN℄. The Gibbs energyfuntion �(G�H(298:15K))=T at 3000 K is 0.003 and 0:0150 J �K�1 �mol�1 greaterthan those given by Ward, Kleinshmidt and Peterson [86WAR/KLE℄ and Oetting,Rand and Akermann [76OET/RAN℄, respetively.The reommended standard heat apaity and entropy areCÆp;m(Am; g; 298:15 K) = (20:786� 0:001) J �K�1 �mol�1;SÆm(Am; g; 298:15 K) = (195:6� 2:0) J �K�1 �mol�1:The heat apaity as a funtion of temperature is losely �tted by Eq. (V.1) with theoeÆients given in Table V.2.V.1.2.2. Enthalpy of vaporizationPreise vapour pressure measurements were made in two separate studies by Ward,M�uller and Kramer [76WAR/MUE℄ (243Am, 990 to 1358 K) and by Ward and Klein-shmidt [79WAR/KLE℄ (243Am, 1200 to 1595 K). These are preferred to the ear-lier work by Erway and Simpson [50ERW/SIM℄ and Carniglia and Cunningham[55CAR/CUN℄, using muh less pure materials. The vapour pressure equations fromthe three studies are:Am(s) : log10(p=atm) = 6:578 � 143:15=T (V.2)990 to 1358 K [76WAR=MUE℄Am(s) : log10(p=atm) = 6:296 � 13983=T (V.3)1200 to 1415 K [79WAR=KLE℄Am(l) : log10(p=atm) = 6:279 � 13935=T (V.4)1469 to 1595 K [79WAR=KLE℄:The unertainty in the values of log10 p obtained from Eqs. (V.2) and (V.3) is prob-ably �0:10, inreasing to �0:15 for Eq. (V.4).The enthalpy of sublimation at 298.15 K is alulated by both the seond- andthird-law methods using the thermal funtions assessed in the present work, with theresults shown in Table V.3.The seleted value is�fHÆm(Am; g; 298:15 K) = (283:8� 1:5) kJ �mol�1based on the third-law heat from all the studies (this is automatially weighted to-wards the more omplete study of Ward, M�uller and Kramer [76WAR/MUE℄ whihhas exellent agreement between the seond- and third-law enthalpies).It may be noted that the values for �fHÆm(Am; g; 298:15K) given by Ward, Klein-shmidt and Peterson [86WAR/KLE℄ are idential with those given by Ward andKleinshmidt [79WAR/KLE℄, obtained using di�erent thermal funtions for bothAm(s, l) and Am(g) and are thus not quite onsistent with the thermal funtionsgiven in Ward, Kleinshmidt and Peterson [86WAR/KLE℄. Nevertheless, the se-leted value is very lose to that seleted by both Ward, Kleinshmidt and Pe-terson [86WAR/KLE℄ and Oetting, Rand and Akermann [76OET/RAN℄, �fHÆm=(284:1� 2:1) kJ �mol�1.



Simple ameriium aqua ions 73Table V.3: �fHÆm(Am; g; 298:15 K) derived from vaporisation measurements.�fHÆm �fHÆmEquation (298.15 K, seond-law) (298.15 K, third-law)( kJ �mol�1) ( kJ �mol�1)(V.2) 284.0 283:7� 1:2(V.3) 279.8 284:2� 1:0(V.4) 303.2 283:0� 1:6The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy: �fGÆm(Am; g; 298:15 K) = (242:0� 1:7) kJ �mol�1:V.2. Simple ameriium aqua ionsIn aqueous media, ameriium exists as the trivalent ion exept under strongly ox-idising onditions, where the �ve- and six-valent dioxoameriium ions AmO+2 andAmO2+2 are formed. In aid solutions, the former slowly disproportionates to AmO2+2and Am3+. The free radials produed from �-partiles in water readily redue thesedioxoameriium ions bak to Am3+. Tetravalent ameriium is only stable in thepresene of strongly omplexing agents suh as arbonate, uoride, phosphate andphosphotungstate ions.There are no solubility or other data from whih the Gibbs energies of any of theameriium ions an be related to any of the ondensed phase ompounds, althoughthere are emf data relating one ion to another. The Gibbs energies and relatedproperties of the ions therefore depend on estimates of the entropies of the aqua ions,based on omparisons with other atinide and lanthanide ions.Fuger and Oetting [76FUG/OET℄ reviewed the thermodynami properties of theaqua ions, and exept for the tetravalent ion, no further relevant data have beenpublished, so their areful evaluation is aepted with minor hanges for the morestable ions. A later review of the thermohemistry of the simple aqua ions hasbeen given by Martinot and Fuger [85MAR/FUG℄. The disussion in the followingsetions summarizes the original works from whih the seleted data are derived andthe potential diagram in Figure V.1 outlines the seleted values whih are given inTable III.1. The urrent values of the thermodynami data for the aqua ions will bere-examined for overall onsisteny within the atinide series by the reviewers of theNp and Pu volumes when their seletions for the aqueous data for the ions of theseelements have been �nalised.



74 Disussion of data seletionFigure V.1: Eletrode potentials (in units of V) for some ameriium redox ouples.The speies Am2+ is italiized to stress the fat that it is only a transient speies, f.Setion V.2.1.
AmO2+2 AmO+2 Am4+ Am3+ Am2+ Am(r)-1.60�0:09 -0.84�0:11 -2.62�0:11 -�2:30�0:15 -�1:95�0:081.217�0:054 6 �0:897�0:023 6

1.727�0:041 ? �2:068�0:016 ?
Fuger and Oetting [76FUG/OET℄ and Martinot and Fuger [85MAR/FUG℄ havedisussed the evidene for the formation of the heptavalent aquaion in 3 to 5 M NaOHby oxidising Am(VI) solutions using -irradiation in the presene of N2O or K2S2O8.It is also laimed (Nikolaevskii et al. [75NIK/SHI℄) that AmO2+2 disproportionatesto Am(VII) and Am(V) in alkaline solutions with onentrations above 10 M NaOH.There are no quantitative thermodynami data for the Am(VII) aquaion, and thespeies will not be onsidered further.V.2.1. Am2+As disussed by Martinot and Fuger [85MAR/FUG℄, there is evidene for the tran-sient formation of Am2+ in aqueous perhlorate media in pulse radiolysis experiments[76SUL/GOR, 78GOR/MUL℄ the half life was reported to be approximately 5�s.Radiopolarography (f. the review by David et al. [90DAV/MAS℄) shows fairly un-ambiguosly that Am2+ is not an intermediate speies in the redution of Am3+ to themetal in non-omplexing media, although its formation has been suggested in moltensalts [83MIK℄ and organi solvents [69MUS/MJA, 76FRI/STO, 92KUL/KAM℄. Nu-gent et at. [73NUG/BAY℄ estimated the Am3+/Am2+ potential to be �2:3 V from asystemati study of the properties of the lathanide and atinide hloroomplexes inrelation to their M(II)/M(III) potentials. A similar value of �2:4 V has been esti-mated by Bratsh and Lagowski [86BRA/LAG℄. The value of EÆ = �(2:3� 0:15) V,and the standard Gibbs energy of formation of Am3+ seleted below gives�fGÆm(Am2+; aq; 298:15 K) = �(377� 15) kJ �mol�1:Morss and Morss and MCue [76MOR, 76MOR/MCC℄ and David [86DAV℄ havesuggested two similar equations expressing SÆm(M2+; aq; 298:15 K) in terms of therelative atomi mass, harge, ioni radius and total angular momentum quantumnumber. These equations give the same estimated value,SÆm(Am2+; aq; 298:15 K) = �(1� 15) J �K�1 �mol�1where the unertainty is estimated in this review (the slightly earlier estimate of�9:3 J �K�1 �mol�1 [85DAV/FOU℄ was presumably superseded by that of [86DAV℄).



Simple ameriium aqua ions 75Combination with the standard Gibbs energy of formation gives the following esti-mated standard enthalpy of formation:�fHÆm(Am2+; aq; 298:15 K) = �(355� 16) kJ �mol�1:V.2.2. Am3+The �rst values of the enthalpy of solution of ameriium in hydrohlori aid, reportedby Lohr and Cunningham [51LOH/CUN℄ and Westrum and Eyring [51WES/EYR℄,were arried out before the details of the allotropy were well de�ned, and the rystal-line struture of the metal used in these investigations is not known. Both these valuesorrespond to a value of �fHÆm(Am3+; aq; 298:15K) = �670 to �680 kJ�mol�1 for thestandard enthalpy of formation of Am3+ with an unertainty of about 15 kJ �mol�1.Later, Morss [69MOR℄ made some preliminary measurements whih indiated an ap-preiably more positive value of about �625 kJ �mol�1. Subsequently, Fuger, Spirletand M�uller [72FUG/SPI℄ measured the enthalpy of solution of two samples of Am(�,dhp) in hydrogen-saturated 1 M, 1.5 M and 6 M HCl solutions. Their ameriiumsamples, whih ontained mainly 241Am, were haraterised for non-metalli (H, N, O)and metalli elements. Their values for �fHÆm(Am3+; aq; 298:15K) in 1 M, 1.5 M and6 M HCl were �(616:1�0:8), �(615:4�0:8) and�(613:1�1:4) kJ�mol�1, respetively.More reently, Mondal et al. [87MON/RAS℄ have found the enthalpy of dissolutionof essentially isotopially pure 243Am(�, dhp), ontaining < 50 ppm by weight ofmetalli impurities, in hydrogen saturated 1 M HCl to be �(620:6� 1:3) kJ �mol�1.Sine the samples used by Fuger et al. [72FUG/SPI℄ were haraterised for bothmetalli and non-metalli impurities, and sine Fuger et al. arried out onsistentmeasurements in 1, 1.5 and 6 M HCl, their values are preferred in the present assess-ment. Extrapolation of these values to zero ioni strength leads to the seleted valueof �fHÆm(Am3+; aq; 298:15 K) = �(616:7� 1:5) kJ �mol�1:The reason for the large disrepany with the early measurements is not lear. It istoo large to be attributable to the presene of �- or -phases of ameriium in the ear-lier material. Undeteted impurities in the rather small samples used ould of oursebe a ontributing fator. The lose agreement of the value by [87MON/RAS℄ basedon dissolution of 243Am suggests that the e�et of the radioativity of ameriium(suh as radiation damage of the metal) is probably negligible. It may be noted thatsimilar disrepanies have been found in the enthalpies of solution of uranium and (toa lesser extent) plutonium metals; for these elements, however, there are problems ofthe formation of unwanted oxidation states (U3+ and Pu4+, respetively), whih isnot the ase with ameriium. Some Am(V) is slowly formed by radiolysis in Am3+solutions in the presene of Cl�, f. Setions V.3.1.2 and V.3.2.5, but this e�et willnot be signi�ant in the short time (� 1 h) taken for the alorimetri dissolution, inthe presene of both dissolved and evolving hydrogen.However, the areful measurements of Fuger, Spirlet and M�uller [72FUG/SPI℄ areon�rmed by the study in Ref. [87MON/RAS℄, as well as the earlier preliminary



76 Disussion of data seletionwork of Morss [69MOR℄ already mentioned. The systemati relationships betweenthe enthalpies of formation of the aqua ions and the enthalpy of sublimation of themonoatomi gas in atinide and lanthanide metals noted by Nugent, Burnett andMorss [73NUG/BUR℄ also suggest the enthalpy of formation of Am3+ is lose to thevalue seleted here.As noted previously, the entropy of Am3+ was estimated by Fuger and Oetting[76FUG/OET℄ from the interrelationship of the ioni radii and the known thermo-dynami properties of lanthanide and atinide ions. Their value ofSÆm(Am3+; aq; 298:15 K) = �(201� 15) J �K�1 �mol�1is aepted. David [85DAV/FOU, 86DAV℄ has estimated the very similar value of�199 J �K�1 �mol�1.The Gibbs energy of formation is alulated from the seleted values for the en-thalpy of formation and the entropy.�fGÆm(Am3+; aq; 298:15 K) = �(598:7� 4:8) kJ �mol�1:V.2.3. Am4+As noted in Setion V.2, this speies is never found in any appreiable amount intetravalent ameriium solutions, whih are only stable in the presene of stronglyomplexing anions. Nevertheless, good estimates of its thermodynami propertiesare of interest.A fairly preise estimate of its enthalpy of formation was given by Morss and Fuger[81MOR/FUG℄. They pointed out that the enthalpy of the hypothetial solutionproess, MO2(r) + 4H+ *) M4+ + 2H2O(l) (V.5)is an exellent linear funtion of the lattie parameter of the dioxide where M is alanthanide (Ce and Pr) or atinide (Th, U, Np, Pu) element. Only the values forterbium are disrepant. In the same paper, Morss and Fuger [81MOR/FUG℄ presenta areful alorimetri determination of the enthalpy of formation of two samples ofAmO2(r), one ontaining 241Am, the other 243Am. With a lattie parameter of a =0.53743 nm for AmO2(r), the orrelation noted above indiates that the enthalpy ofthe above hypothetial reation forM = Am is �(45�5) kJ �mol�1, whih ombinedwith �fHÆm(AmO2; r; 298:15 K) (f. Setion V.3.2.3) �nally gives�fHÆm(Am4+; aq; 298:15 K) = �(406� 6) kJ �mol�1Although there have been a number of estimates for the eletrode potential of theAm3+/Am4+ ouple, the most reliable value for this is probably from an estimate ofSÆm(Am4+, aq). Following Fuger and Oetting [76FUG/OET℄, we take the di�erenein entropy of Am4+ and Am3+ to be the same as that for the plutonium ions, namely�(205� 21) J �K�1 �mol�1, giving for Am4+SÆm(Am4+; aq; 298:15 K) = �(406� 21) J �K�1 �mol�1:



Simple ameriium aqua ions 77in agreement with the estimate of David [85DAV/FOU, 86DAV℄ of �402 J � K�1 �mol�1. When ombined with the enthalpy of formation, the seleted value of theentropy gives �fGÆm(Am4+; aq; 298:15 K) = �(346� 9) kJ �mol�1:The assessed values for the Gibbs energies of formation of Am3+ and Am4+ or-respond to a redution potential of EÆ = (2:62 � 0:11) V. This is in reasonableagreement with the following values extrapolated from measurements in phosphateand arbonate solutions:� EÆ = (2:50�0:06) V alulated by Marus et al. [72MAR/YAN℄ from the mea-sured value of EÆ = (1:75� 0:03) V in 11.5 M phosphori aid [70YAN/GIV℄.However, given the unertainties in the speiation in suh onentrated solu-tions, the unertainty of �0:06 V in the inferred EÆ value is almost ertainlytoo low.� EÆ = (2:6 � 0:1) V from measurements in arbonate solutions by Hobart,Samhoun and Peterson [82HOB/SAM℄.� EÆ = (2:34 � 0:22) V extrapolated by Nugentet al. [71NUG/BAY℄ from theirvalue of E = 1:78 V measured in 10 M H3PO4.� EÆ = 2:4 V, with an unknown unertainty, estimated by Bratsh and Lagowski[86BRA/LAG℄.These measurements are disussed in more detail in Setions V.6.2.1.2, p.142, andV.7.1.2.1.d, p.157. The orrelation with spetrosopi values proposed by Nugent etal. [73NUG/BAY℄ leads to the appreiably lower value of EÆ = (2:2� 0:2) V.V.2.4. AmO+2The enthalpy of redution of AmO+2 to Am3+ by the Fe2+ ionAmO+2 + 2Fe2+ + 4H+ *) Am3+ + 2Fe3+ + 2H2O(l); (V.6)was measured by Gunn and Cunningham [57GUN/CUN℄ in 1 M HClO4 to be�rHÆm(V:6; 298:15K; 1MHClO4) = �(302:1�4:0) kJ �mol�1. If this value is assumedto hold at in�nite dilution (sine the orretion will be both small and unertain),ombination with the urrent best CODATA ompatible value for the enthalpy of theFe3+/Fe2+ redution [95PAR/KHO℄, (41:0� 1:5) kJ �mol�1, gives a value of�rHÆm(V:7; 298:15 K) = (384:1� 5:2) kJ �mol�1for the reation Am3+ + 2H2O(l) *) AmO+2 + 4H+ + 2 e�: (V.7)



78 Disussion of data seletionFrom this and the previously assigned enthalpy of formation of Am3+, the seletedenthalpy of formation is obtained:�fHÆm(AmO+2 ; aq; 298:15 K) = �(804:3� 5:4) kJ �mol�1:Following Fuger and Oetting [76FUG/OET℄ this review aeptsSÆm(AmO+2 ; aq; 298:15 K) = �(21� 10) J �K�1 �mol�1;based on the same value for NpO+2 from the (orreted) work of Brand and Cobble[70BRA/COB℄. Corretions ould be made in an attempt to take aount of thedi�ering magneti ontributions to the entropies of these ions, but sine the overallsign of these (small) orretions is not known with ertainty, they are ignored anddeemed to be inluded in the (inreased) overall unertainty.Hene, the following Gibbs energy value is obtained:�fGÆm(AmO+2 ; aq; 298:15 K) = �(739:8� 6:2) kJ �mol�1:V.2.5. AmO2+2The enthalpy of redution of AmO2+2 to Am3+ by the Fe2+ ion in 1 M HClO4 wasalso measured by Gunn and Cunningham [57GUN/CUN℄. For the reationAmO2+2 + 3Fe2+ + 4H+ *) Am3+ + 3Fe3+ + 2H2O(l) (V.8)they obtained �rHÆm(V:8; 298:15 K; 1 M HClO4) = �(414:6� 1:0) kJ �mol�1. If thisvalue is assumed to hold at in�nite dilution (sine the orretion will be both smalland unertain), ombination with the urrent best CODATA ompatible value forthe enthalpy of the Fe3+/Fe2+ redution [95PAR/KHO℄, (41:0�1:5) kJ �mol�1, givesa value of �rHÆm(V:9; 298:15 K) = (537:6� 4:6) kJ �mol�1for the reation Am3+ + 2H2O(l) *) AmO2+2 + 4H+ + 3 e�: (V.9)From this, the seleted enthalpy of formation is obtained:�fHÆm(AmO2+2 ; aq; 298:15 K) = �(650:8� 4:8) kJ �mol�1:Penneman and Asprey [50PEN/ASP℄ measured the potentials of theAmO2+2 /AmO+2 ouple to be E(1M HClO4) = (1:600�0:0005) V and E(0:3M HClO4)= (1:614�0:001) V. Brand and Cobble [70BRA/COB℄ suggested that the di�erene of0.100 V they found between the potential of the NpO+2 /NpO2+2 ouple in 1 M HClO4and the value extrapolated to in�nite dilution should also be applied to the similarouples in other atinides. However, it is now lear from more reent data for thedioxoneptunium ions (see Fuger and Oetting [76FUG/OET℄) and the dioxouranium



Oxygen and hydrogen ompounds and omplexes 79ions (see Grenthe et al. [92GRE/FUG℄) that this orretion is far too large. Follow-ing Fuger and Oetting, we do not apply any orretion to the \formal" potentials ofPenneman and Asprey [50PEN/ASP℄, but inrease somewhat the unertainty limits.The small hange in the potential due to the hange in standard state pressure from1 atm to 1 bar is entirely negligible in the present ase. Thus, for the reationAmO+2 +H+ *) AmO2+2 + 0:5H2(g) (V.10)this review obtains �rGÆm(V:10; 298:15K) = (154:3�5:0) kJ �mol�1. When ombinedwith the enthalpy of the same reation �fHÆm(AmO2+2 ) � �fHÆm(AmO+2 ) = (153 �2:5) kJ�mol�1 and the standard entropy of AmO+2 seleted in Setion V.2.4, this givesSÆm(AmO2+2 ; aq; 298:15K) = �(91�20) J �K�1 �mol�1. This is in exellent agreementwith the value estimated from the entropy NpO2+2 from the (orreted) work of Brandand Cobble [70BRA/COB℄. Aording to the method used to orret for the di�erenein the magneti ontributions to the entropy of these ions, the estimate for the entropyof AmO2+2 is �86:2 or �88:7 J �K�1 �mol�1, with unertainties of � 10 J �K�1 �mol�1.The seleted value isSÆm(AmO2+2 ; aq; 298:15 K) = �(88� 10) J �K�1 �mol�1from whih one obtains�fGÆm(AmO2+2 ; aq; 298:15 K) = �(585:8� 5:7) kJ �mol�1:V.3. Oxygen and hydrogen ompounds and omplexesV.3.1. Aqueous ameriium hydroxide omplexesV.3.1.1. Aqueous Am(III) hydroxide omplexesThermodynami data on Am(III) hydrolysis have been ompiled or reviewed by anumber of authors [76SCH, 78RAI/SER, 80BEN/TEA, 82ALL, 84KER, 85PHI/PHI,86KER/SIL, 86KIM, 88MOU/ROB, 89ROB, 92FUG/KHO, 94JUN/EDE℄. Only afew of them, however, attempted a ritial examination of the existing information[86KER/SIL, 89ROB, 92FUG/KHO, 94JUN/EDE℄. Table V.4 shows the wide vari-ability and unertainties of the reported values of Am(III) hydrolysis onstants. Theyrefer to the reationAm3+ + n H2O(l) *) Am(OH)(3�n)n + nH+: (V.11)A re-evaluation of the published data is made by this review in ases where dis-repanies or results of doubtful interpretation were reported. In general, there is nounique statistial proedure for seleting the best regression equation of experimentaldata. A great deal of personal judgement is often a neessary part of the method.Possibilities of bias in the estimates may arise in the ase of very high interorrelationamong the preditor variables. This review has used the same proedure to seletthe best hydrolysis model from all sets of experimental data reported by the di�erent



80 Disussion of data seletionauthors. The proedure �rst involved the �tting of all possible hydrolysis modelsusing the nonlinear regression programme NLIN of the SAS/STAT software pakage[88SAS℄ on a mainframe omputer. This was then followed by a series of internalomparisons to �nd the best uto� point for the number of preditor variables. Thepartial F-test and the residual mean square were used as riteria for the assessment.The values of the hydrolysis onstants realulated by this review from the originalexperimental data are given in Table V.5, where the reported error limits representthis review's estimate of the 95% on�dene level.Major diÆulties in the experimental determination of equilibrium onstants forAm(III) hydroxide omplexes generally ome from its great ease of adsorption andpreipitation. Most of the experimental work was arried out in the pH regionwhere the �rst and the seond hydroxo speies are present, while only a few datahave been reported on the neutral Am(OH)3(aq). By analogy with neodymium[76BAE/MES℄, Allard [82ALL℄ and Phillips et al. [85PHI/PHI℄ proposed also theexistene of Am(OH)�4 . The formation of this negatively harged speies would in-rease the Am(III) solubility in the high pH region. A number of experimental studies[83RAI/STR, 84BER/KIM, 84KIM/BER, 88STA/KIM, 88STA/KIM2℄ have shownthat suh a solubility inrease does not our at pH � 13. The observations by Vi-torge and Tran The [91VIT/TRA℄ are not onsidered beause of the great variationof the ioni strength during their experiments. Thus, there is no experimental evi-dene for anioni hydrolysis omplexes of Am(III). Although polynulear hydroxo- oroxo-omplexes ould be formed in the region immediately before preipitation, thereis no evidene of their existene. Spetrosopi results [84BER/KIM, 84KIM/BER,88STA/KIM℄ suggesting the absene of polynulear omplexes were inonlusive sinethese speies are not expeted to appreiably a�et spetral shapes. This review hasexluded the presene of polynulear speies on a statistial basis during the omputerre�nement of experimental data [82SIL, 84BER/KIM, 84KIM/BER℄.No systemati studies have been made with the ioni strength varied to allow ex-trapolation to thermodynami onditions. Corretions for ativity oeÆients shouldbe possible with the equation derived from the spei� ion interation equations (seeAppendix B, Eqs. (B.5) and (B.8)). Eq. (B.5) predits a linear ioni strength depen-dene. Figures V.2 and V.3 show, however, that the equilibrium data from Table V.4,rearranged aording to Eq. (B.5), luster in two distint regions of the graphs. A-ording to Korotkin [73KOR2, 74KOR℄, the ontraditory data might be explainedwith a di�erent e�et of the ations H+, Li+, Na+,K+ and NH+4 of the bakgroundeletrolyte on Am(III) hydrolysis. However, the di�erene between the log �10 �Æn val-ues, obtained using the spei� ion interation equations (Eq. (B.5) in Appendix B),is too large to be aounted for by a medium e�et.A kineti method of analysis was used in Refs. [69MAR/KIK, 72SHA/STE,73KOR2℄, with Am speies moving in the solution either under the inuene of aneletri �eld or beause of the solvent ow. Assuming a slow rate of equilibrationbetween the various Am speies, the formation of distint Am peaks was entirelyattributed to hydrolysis reations. This review rejets this assumption beause therate of hydrolysis reations, whih involve only dissoiation of protons from boundwater moleules is expeted to be rapid. Furthermore, it is likely that adsorption-
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Table V.4: Literature values of equilibrium onstants (in logarithmi units) for thereations Am(OH)3(s) + 3H+ *) Am3+ + 3H2O(l)and Am3++nH2O(l)*) Am(OH)(3�n)n + nH+.Am(OH)3(s) AmOH2+ Am(OH)+2 Am(OH)3(aq) t Medium Method(ÆC) Referene�5:92� 0:11 23 0:1 M (H;Li) dis [69DES/HUS℄ClO4�3:05� 0:05 15 5� 10�3 M em [69MAR/KIK℄(H,K)Cl�3:13� 0:1 �6.76 25 5� 10�3 M em [72SHA/STE℄NH4ClO4�5:3� 0:1 ? 0:1 M (H;Li) dis [73HUS/HUB,ClO4 76HUB/HUS℄�2.5 �6.6 19 0:1 M LiNO3 hr, [73KOR2℄em�14.7 25 0:2 M NaClO4 dis [82BID℄�7:5� 0:3 25 1 M NaClO4 dis [82LUN℄�7:03� 0:04 25 1 M NaClO4 pot [82NAI/CHA℄16:6� 0:4 �7:7� 0:3(a) �16:7� 0:7 �25:0� 0:3(b) 25 0:1 M NaClO4 sol [82SIL℄�7:54� 0:2 21 0:7 M NaCl dis [83CAC/CHO℄17:5� 0:3 25 0:1 M NaClO4 sol [83EDE/BUC℄17:5� 0:3 ��8:2 �17:1� 0:5 ��27:0 22 orr. to 0 sol [83RAI/STR℄13:85� 0:11 �7:93� 0:35 �14:77� 0:25 �24:71� 0:11 25? 0:1 M NaClO4 sol [84BER/KIM℄() �7:93� 0:13 �14:95� 0:13 �24:82� 0:1114:18� 0:47 �6:34� 0:83 �13:64� 0:63 �22:87� 0:52 25? 0:1 M NaClO4 sol [84KIM/BER℄() �4.96 �12.88 �22.34�6:8� 0:3 25 0:5 M NaClO4 dis [87RAO/MAH℄15:6� 0:3 �7:5� 0:3 �15:4� 0:4 �26:9� 0:5 25 0:1 M NaClO4 sol [88STA/KIM,(� 3:7 GBq=l) 88STA/KIM2℄16:3� 0:3 �7:5� 0:2 �15:4� 0:3 �26:9� 0:2 25 0:1 M NaClO4(44 - 185 GBq/l)16:2� 0:5 �7:8� 0:4 �15:4� 0:5 �26:9� 0:5 25 0:1 M NaCl(74 - 185 GBq/l)16:1� 0:1 �8:1� 0:3 �15:8� 0:4 �27:0� 0:5 25 0:6 M NaCl(74 - 185 GBq/l)�25:0(d) 14:4(e) 25 5 M NaClO414:60� 0:11 �6:40� 0:11 �13:40� 0:16 �20:31� 0:17 25 3 M NaClO4 sol [89PAZ/KOC℄�6:9� 0:2 �23:8� 0:9(f) 25 0:1 M ClO�4 em [89ROS/REI℄



82 Disussion of data seletionTable V.4 (ontinued)Am(OH)3(s) AmOH2+ Am(OH)+2 Am(OH)3(aq) t MediumMethod(ÆC) Referene��28:6 ? orr. to 0 sol [90FEL/RAI℄�27:35(d) ? diluted pot [90PER/SAP℄�11:1(g;h) ? diluted sol [91VIT/TRA℄(a) Silva kept log �10�1 onstant (= �7:7) in the least-squares �tting of his solubility data. Thevalue of log �10 �1 was taken from a previous work, [83EDE/BUC℄ where the �rst hydrolysisonstant of Cm(III) was measured by potentiometry (f. Appendix A).(b) For Am(OH)�4 , Silva reported log �10�4 < �34:9.() Data obtained from solubility measurements of AmO2(s).(d) Equilibrium onstant log10Ks;0 for the reation: Am(OH)3(s)*) Am3+ + 3OH�.(e) Stability onstant log10�3 for the reation: Am3+ + 3OH� *) Am(OH)3(aq).(f) For Am(OH)�4 , R�osh et al. reported log �10�4 � �38� 1.(g) Equilibrium onstant log10Ks;3 for the reation: Am(OH)3(s)*) Am(OH)3(aq).(h) Vitorge and Tran The reported log10K4 = �0:2 for the equilibrium: Am(OH)3(aq) +OH� *) Am(OH)�4 .desorption proesses of ameriium speies on the stationary phase interfered with themeasurements.Ameriium hydrolysis equilibria were studied using a solvent extration tehniqueby both D�esir�e, Hussonnois and Guillaumont [69DES/HUS℄ and Hussonnois et al.[73HUS/HUB℄ below pH 5.9 in 0.1 M LiClO4 solutions. They assumed the preseneof AmOH2+ in quantities large enough to produe measurable deviations from thepH dependene of distribution oeÆients expeted in the presene of Am3+ only.Reanalysis of the data by this review exluded this for statistial reasons.The values of log �10 �n for n = 1 and 2 at 0.1 M ioni strength reported by thesame researh group for distint solubility experiments [84BER/KIM, 84KIM/BER,88STA/KIM℄ over nearly three orders of magnitude (see Figures V.2 and V.3). How-ever, a reanalysis of the data [84BER/KIM, 84KIM/BER℄ made by this review indi-ated that a major disagreement exists only for log �10 �3. This disrepany appears tobe related to a hange of the solid phase with pH, f. Appendix A. Model alulationsbelow pH 8 were insensitive to ��1, suggesting a small onentration of AmOH2+ over-whelmed with the predominant Am(OH)+2 (f. Table V.5). Solubility measurementsusing AmO2(s) annot be used for a quantitative evaluation of hydrolysis onstantsbeause the dissolution reations ould not be identi�ed.Silva [82SIL℄ analysed the pH dependene of Am(OH)3(r) solubility in 0.1 MNaClO4 in terms of four hydroxide omplexes. The laim for the speies Am(OH)3(aq)and Am(OH)�4 is refuted by this review beause the experimental points above pH8.5, inuential in �tting the hosen model, were improperly overweighted.The publiation by Stadler and Kim [88STA/KIM℄ is the major ontribution to thestudy of 241Am(OH)3(s) solubility at high pH. Measurements were made in various



Oxygen and hydrogen ompounds and omplexes 83Table V.5: Values of equilibrium onstants (logarithmi units) for the reationsAm(OH)3(s) + 3H+ *) Am3+ + 3H2Oand Am3++nH2O(l)*) Am(OH)(3�n)n + nH+as realulated by this review from the original experimental data (see Appendix A).Am(OH)3(s) AmOH2+ Am(OH)+2 Am(OH)3(aq) t Medium Referene(phase) (ÆC)�7:3� 0:4 �15:0� 0:2 25 1 M (NaClO4) [82LUN℄�7:2� 0:2 �15:0� 0:3 25 1 M (NaClO4) [82NAI/CHA℄17:5� 0:6(am) 22 orr. to 0 [83RAI/STR℄15:9� 0:6(r) �6:9� 0:6 �15:1� 0:6 25 0:1 M (NaClO4) [82SIL℄13:7� 0:2(?) �14:7� 0:2 25? 0.1 M (NaClO4) [84BER/KIM℄13:9� 0:2(?) �14:3� 0:3 25? 0.1 M (NaClO4) [84KIM/BER℄15:5� 0:4(?) �7:0� 0:4 �15:1� 0:4 �26:4� 0:5 25 0:1 M (NaClO4) [88STA/KIM℄
ioni media (0.1 M and 5 M NaClO4; 0.1 M, 0.6 M and 3 M NaCl), and at inreasingradiation �elds. The �-radiation damage a�eted the partile size of the preipitateswithout hanging the hemial nature of the solution speies. Formation of Am(V)only ourred in 3 M NaCl beause of the presene of oxidising radials. The analysisof the data obtained in 0.1 M NaClO4 used ��1; ��2; and ��3 as best preditor variables(Table V.5).Rai et al. [83RAI/STR℄, working with an amorphous solid in 1:5� 10�3 M CaCl2,reported a muh higher ameriium solubility. Although the urve �tting analysis wasinsensitive to the �rst hydrolysis onstant, an upper limit was assigned to the valueof ��1. The proposed values for ��2 and ��3 are lower than seleted in this review. Thedi�erene may be attributed to a pH dependent hange of the solubility ontrollingsolid phase in Ref. [83RAI/STR℄.Values for ��1 in 0.7 M NaCl [83CAC/CHO℄ and in 0.5 M NaClO4[87RAO/MAH℄, and for ��2 in 0.2 M NaClO4 [82BID℄ were obtained by solvent ex-tration. Although they are of the orret order of magnitude, they have not beeninluded in the set of data used to alulate thermodynami onstants, beause ofexperimental shortomings (f. Appendix A on disussion of seleted referenes).Hydrolysis equilibria in 1 M NaClO4 were investigated by Lundqvist [82LUN℄ andby Nair, Chander and Joshi [82NAI/CHA℄ using, respetively, solvent extrationand potentiometry. In both ases, model alulations assumed only the formationof AmOH2+. However, reinterpretation of the data by this review �nds statistiallysigni�ant evidene also for Am(OH)+2 (f. Table V.5).The results of Pazukhin and Kohergin [89PAZ/KOC℄ are not onsidered in thisreview for the reasons spei�ed in Appendix A.Thermodynami data an be derived from the seleted set of hydrolysis onstants



84 Disussion of data seletionFigure V.2: Literature data (f. Table V.4) for the equilibriumAm3+ +H2O(l)*) AmOH2+ +H+plotted aording to Eq. (B.5). Filled irles denote the original equilibrium onstantsin experimental studies that are re-evaluated in the present review as desribed inthe text and in Appendix A. For the sake of larity, the onstant from [89PAZ/KOC℄at 3.5 m NaClO4 (log �10 �1+4D� log10 aH2O = �5:28) is not presented in this graph.
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at 0.1 M and 1 M ioni strength (Table V.5) on behalf of Eq. (B.5) in Appendix B.However, the data are too sparse to allow an aurate least-square extrapolation tozero ioni strength. To this purpose, experimental measurements should be under-taken at other ioni strengths. Consequently, equilibrium onstants in Table V.5are separately extrapolated to in�nite dilution. Sine there are no interation oef-�ient data for Am3+, AmOH2+ and Am(OH)+2 , the orretion has been made bytaking the data for trivalent lanthanides, and for typial di- and monovalent ions, f.Appendix B, Setion B.1.4, together with the value for "(H+; ClO�4 ). This gives thefollowing estimated values in sodium perhlorate media:�"1(V:11; n = 1) = (0:04� 0:05) kg �mol�1�"2(V:11; n = 2) = �(0:04� 0:07) kg �mol�1�"3(V:11; n = 3) = �(0:07� 0:07) kg �mol�1A weighted average of the realulated and then extrapolated values of ��Æn giveslog �10 �Æ1 = �(6:4� 0:2) and log �10 �Æ2 = �(13:9� 0:1). Although the alulated uner-tainties are statistially orret, it is possible that the atual unertainties are muh



Oxygen and hydrogen ompounds and omplexes 85Figure V.3: Literature data (f. Table V.4) for the equilibriumAm3+ + 2H2O(l)*) Am(OH)+2 + 2H+plotted aording to Eq. (B.5). Filled irles denote the original equilibrium onstantsin experimental studies that are re-evaluated in the present review as desribed in thetext and in Appendix A. For the sake of larity, the onstant from [89PAZ/KOC℄ at3.5 m NaClO4 (log �10 �2+6D� 2 log10 aH2O = �11:66) is not presented in this graph.
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larger.The value for the �rst hydrolysis onstant implies a higher stability for Am(OH)2+than reported in previous reviews on ameriium and lanthanide hydrolysis. For exam-ple, values of log �10 �Æ1 = �(7:1�0:5), �7:5 and �6:6 have been seleted, respetively,by Fuger [92FUG℄, Allard, Olofsson and Torstenfelt [84ALL/OLO℄ and Moulin et al.[88MOU/ROB℄. Baes and Mesmer [76BAE/MES℄ assigned a value of log �10 �Æ1 = �8:0to Nd(III) (a hemial analogue of Am(III)), while Rard [85RAR3℄ seleted a valueof �8:25 for Eu(III). Moreover, AmOH2+ was rejeted on statistial grounds in there-evaluation of the experimental data of Refs. [84BER/KIM, 84KIM/BER℄, sug-gesting that AmOH2+ was not an important speies in these experiments, i.e., thatlog �10 �1 � log �10K2 = (log �10 �2 � log �10 �1). This result also favors a lower stability forAmOH2+ and a value for log �10 �Æ1 near �7:0. The reason for the apparent disrep-any is unknown and may be due to unreognised systemati errors in some of theexperimental data. Furthermore, di�erent proedures exist to alulate on�deneintervals of preditor variables in non-linear regression analysis. Indeed, slightly dif-ferent unertainties have been obtained using di�erent statistial omputer pakages.Therefore, it was felt that it would be more realisti to selet the unweighted av-



86 Disussion of data seletionerage of the values extrapolated to I = 0, i.e., log �10 �Æ1 = �(6:4 � 0:7), where theunertainty has been assigned to over the maximum range of expetany.It is diÆult to deide whether the values of log �10 �Æ2 belong to di�erent par-ent distributions. A disrepany may exist between the data in Ref. [82SIL℄ and[88STA/KIM℄, and the remaining values. A weighted average of log �10 �Æ2 = �(14:4�0:3) and �(13:8� 0:1) an be alulated, respetively, from the �rst and the seondset of data. The unweighted average of the two values gives log �10 �Æ2 = �(14:1� 0:6)where the unertainty has been assigned to over the maximum range of expetany.There are not many equilibrium data for Am(OH)3(aq). The value seleted bythis review is that realulated from solubility data reported by Stadler and Kim[88STA/KIM℄ and extrapolated to in�nite dilution. More aurate determinations ofhydrolysis equilibria in the alkaline pH region are reommended.This review selets the following standard equilibrium onstants (f. Table III.2):log �10 �Æ1 (V:11; n = 1; 298:15 K) = �6:4� 0:7log �10 �Æ2 (V:11; n = 2; 298:15 K) = �14:1� 0:6log �10 �Æ3 (V:11; n = 3; 298:15 K) = �25:7� 0:5The standard Gibbs energies of formation have been alulated to be�fGÆm(AmOH2+; aq; 298:15 K) = �(799:3� 6:2) kJ �mol�1�fGÆm(Am(OH)+2 ; aq; 298:15 K) = �(992:5� 5:9) kJ �mol�1�fGÆm(Am(OH)3; aq; 298:15 K) = �(1163:4� 5:5) kJ �mol�1Figure V.4 shows the ioni strength dependene of the re-evaluated and originalliterature values of log �10 �1 (f. Tables V.5 and V.4) aording to the spei� ion inter-ation priniples desribed in Appendix B, f. Eq. (B.5). Although this Figure doesnot illustrate the seletion proedure for the value of the equilibrium onstant, ��Æ1 , atI = 0, it shows nevertheless that the realulated values of ��1 given in Table V.5 dofollow the ioni strength dependene predited by the estimated spei� interationparameters in Setion B.1.4. A linear �t of the original literature values (�lled irlesin Figure V.4) would instead require a value of "(AmOH2+;ClO�4 ) � �0:4 kg � mol�1,whih would be inonsistent with the values of spei� ion interation oeÆientsfor divalent ions, whih are in the range +0:09 � " � +0:89, f. Table B.3 andSetion B.1.4.The distribution of dissolved speies in the ameriium(III) hydroxide system instandard aqueous solutions (i.e., at I = 0) at 298.15 K is illustrated in Figure V.5for the range 6 � pH � 12. This diagram shows that AmOH2+ is a relatively minorspeies predominating only in a pH range of about one unit, ontrary to the otherspeies in this system. Furthermore, inreasing ioni strength redues the aidityrange in whih AmOH2+ predominates, as shown in Figure V.6. A distributiondiagram for the hydrolysis of Am(III) in 0.1 M NaClO4 solutions is presented in thelower part of Figure V.8.The values for the seond and third hydrolysis onstants of ameriium(III) se-leted here fall in the range of values seleted in other reviews for Am(III), andlanthanide(III) hydrolysis. For example, for Am(OH)+2 and Am(OH)3(aq) Fuger



Oxygen and hydrogen ompounds and omplexes 87Figure V.4: Equilibrium onstants for reation: Am3+ + H2O(l) *) AmOH2+ + H+at 25ÆC in NaClO4 solutions plotted aording to Eq. (B.5). Open irles orre-spond to the values re-evaluated in this review and given in Table V.5, while �lledirles orrespond to the original values reported in the literature, f. Table V.4(with the unertainties inreased by a fator of 1.96 in order to approximate the95% unertainty level). For inreased readability, the symbols are arbitrarily shifted(� �0:014 mol/kg) along the X-axis. The solid line represents Eq. (B.5) withlog �10 �Æ1 = �(6:4 � 0:2) and �" = (0:04 � 0:05) kg � mol�1. The assoiated uner-tainties are given by the dotted lines.
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[92FUG℄ reommended log �10 �Æ2 = �(14:8 � 0:5) and suggested, by analogy withNd(III), a value of log �10 �Æ3 = �26:5 for Am(III). For the same equilibrium onstantsAllard, Olofsson and Torstenfelt [84ALL/OLO℄ seleted �16:5 and �26:5 respe-tively, while Moulin et al. [88MOU/ROB℄ preferred �14:6 and �23:6. It must bepointed out, however, that these onstants extend over a range of a few logarithmiunits.Hubbert et al. [76HUB/HUS℄ report �rHm(V:11; n = 1; 298:15K) = 65 kJ �mol�1.However, due to the sarity of the experimental data and the narrow pH range used(f. Appendix A) this review does not onsider the values reported by Hubbert et al.as reliable.V.3.1.2. Aqueous Am(V) and Am(VI) hydroxide omplexesCohen has desribed the instability of Am(VI) solutions [72COH℄. The formationof AmO2OH(aq) was assumed by Kim et al. [85MAG/CAR, 86BUP/MAG,88KIM/BUC, 88STA/KIM, 88STA/KIM2℄ in their interpretation of ameriium sol-ubility measurements in aqueous solutions ontaining signi�ant hloride onen-trations. This is disussed in Setion V.3.2.5. Tananaev proposed the existene



88 Disussion of data seletionFigure V.5: Calulated distribution diagram of ameriium speies at 25ÆC in standardaqueous solutions (I = 0) in the range 6 � pH � 12. The preipitation of solidphases is not onsidered. The dotted urves represent the unertainty range of eahalulated fration aording to the rules of error propagation, f. Eq. (C.18).
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Figure V.6: Calulated ioni strength dependene of the distribution of Am3+,AmOH2+ and Am(OH)+2 , at 25ÆC in NaClO4 solutions. The preipitation of solidphases is suppressed. The urves represent the aidity at whih two aqueous amer-iium speies have the same onentration, and are alulated with the spei� ioninteration equations of Appendix B. For larity, neither unertainties nor the urvefor log �10K3 are plotted in this diagram.
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Oxygen and hydrogen ompounds and omplexes 89of AmO2(OH)(1�n)n with n = 1 : : : 4 [90TAN2℄ and of AmO2(OH)(2�n)n also withn = 1 : : : 4 [89TAN℄ based on spetrophotometri measurements in strongly alkalinesolutions. No thermodynami data an be reommended for any of these omplexes.V.3.2. Solid ameriium oxides and hydroxidesyV.3.2.1. The ameriium-oxygen systemIt is still not possible to give a de�nite phase diagram for the Am{O system, sine theprinipal studies are far from onsistent. Chikalla and Eyring have investigated thesystem using room- and high-temperature X-ray tehniques [68CHI/EYR℄ and havealso measured the oxygen dissoiation pressures and derived partial enthalpies andentropies for 1:8 < O=Am < 1:99 from 1139 to 1445 K [67CHI/EYR℄, while Sari andZamorani [70SAR/ZAM℄ have made DTA measurements for 1:67 < O=Am < 2:00and examined eramographs for a wider range of ompositions. However, sine itis impossible to quenh the hypostoihiometri uorite phase, while the reationsinvolving oxides at lower O/Am are very sluggish, room-temperature X-ray patternsand eramographs are diÆult to interpret. In addition, the relatively short half-lifeof 241Am, used in all these studies, means that any subtly ordered phases similar tothose in the orresponding lanthanide oxide systems are unlikely to be observed dueto the radiation self-damage (but see below). A possible phase diagram onsistentwith many of the observations of the major studies and with known behaviour of thePu{O and Ln{O systems is shown in Figure V.7.The major features are a broad f uorite phase AmO2�x(r) whih ertainlyabove 1300 K [70SAR/ZAM℄, and possibly above 1150 K [67CHI/EYR℄, extendsfrom � AmO1:65(r) to AmO2(r). At lower temperatures, there is probably a bphase with a range of homogeneity around AmO1:6(r), but the phase relationshipsin this region are very far from lear. The stoihiometri sesquioxide an exist in twoand possibly three of the rystal strutures adopted by the lanthanide oxides, seeSetion V.3.2.2.Lyalyushkin et al. [86LYA/SUD℄ have shown that when heated in a losed apil-lary with �nely-powdered SiO2(s), AmO2(r) starts to deompose to lower oxides attemperatures appreiably lower than for pure AmO2(r) under the same onditions.This was attributed to the formation of reduing gases suh as H2(g) from radiolytideomposition of vapours outgassed from the silia. The same authors also suggestthat an intermediate phase formed under these onditions was a rhombohedral oxideAmO1:71(r), based on splitting of the 220 reetions of the fundamental f struture,but this onlusion needs to be on�rmed.Akimoto [67AKI℄ laims to have prepared AmO(s) by heating \tens of mirograms"of ameriium metal in a sealed quartz apillary with the stoihiometri amountof (separately heated) Ag2O(s). Although it was intended to heat the Am(r) to�850ÆC, the atual reation temperature was muh higher, sine the quartz apillaryy Earlier versions of Setions V.3.2.1, V.3.2.2 and V.3.2.3 were published in the volume edited byCordfunke and Konings [90COR/KON℄. This, however, ontained a number of misprints whihhave been orreted in the urrent version.



90 Disussion of data seletionFigure V.7: Tentative ameriium-oxygen phase diagram (revised from[90COR/KON℄).

had rerystallised. A grey brittle produt was found to have an f struture, witha = 5:045� 10�10 m. No further analysis of the produt was possible. AmN(r) hasa similar NaCl(r) struture with a = 5:00� 10�10 m. It seems likely that this wasan Am(O,N)(r) solid solution, similar to the so-alled plutonium monoxide whih isnow known to be a Pu(C,O,N)(r) phase. Other reports of a phase with the NaCl(r)struture and a lattie parameter around 5� 10�10 m had previously been given byZahariasen [49ZAC2℄ who examined material of unknown provenane, and MWhan[61MCW℄, during his attempts to prepare ameriium metal.Sine none of these studies show onvining evidene that AmO(r) is stable as apure bulk phase, it is not onsidered further.V.3.2.2. Ameriium sesquioxideAt low temperatures, the stoihiometri sesquioxide, Am2O3(r), has the ubi brare-earth type-C Mn2O3 struture, spae group Ia3, with a = 11:03�10�10 m around300 K, [53TEM/DAU, 68CHI/EYR℄. It transforms at a temperature between 973and 1173 K [64WAL2, 75KEL/BER℄ to the rare-earth type-A La2O3(r) hexagonal

 



Oxygen and hydrogen ompounds and omplexes 91struture, spae group P3m1, with a = 3:817� 10�10 and  = 5:971� 10�10 m. Themonolini B-form of the sesquioxide may be stable between the C and A forms,but it is probably a metastable phase stabilised by minor impurities, partiularly Smand other lanthanide elements [68CHI/EYR, 73MAI, 74BER/TAN, 75KEL/BER℄.Hexagonal Am2O3(r) melts at (2478� 15) K [73CHI/MCN℄.The enthalpy of formation of hexagonal Am2O3(r) was reently measured by dis-solution in hydrohlori aid in a miroalorimeter [85MOR/SON℄.�fHÆm(Am2O3; r; 298:15 K) = �(1690:4� 8:0) kJ �mol�1There are no experimental heat apaity data, and all the values are estimatedfrom the values for Ce2O3(r) and Pu2O3(r), the latter at 298.15 K only.CÆp;m(298:15 to 1000 K) = [113:93 + 5:937� 10�2(T=K)� 2:301� 10�5(T=K)2� 1:071� 106(T=K)�2℄ J �K�1 �mol�1CÆp;m(1000 to 2000 K) = [153:13 + 3:573� 10�3(T=K) + 2:372� 10�6(T=K)2� 9:8742� 106(T=K)�2℄ J �K�1 �mol�1Thus CÆp;m(Am2O3; r; 298:15 K) = (117:5� 15:0) J �K�1 �mol�1Sine there are no experimental values of heat apaities, this review estimatesSÆm(Am2O3; r; 298:15 K) = (160� 15) J �K�1 �mol�1from the value for the Pu2O3(r), 163:0 J � K�1 � mol�1 [81FLO/TET℄. Preliminaryalulations of a revised treatment of the vaporisation data for ameriium oxidesdissolved in plutonium oxides [66ACK/FAI2℄ suggest the value may be somewhatlower (150 J �K�1 �mol�1).The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy.�fGÆm(Am2O3; r; 298:15 K) = �(1613:3� 9:2) kJ �mol�1:V.3.2.3. Ameriium dioxideThe dioxide, AmO2(r), rystallises in the f uorite struture, spae group Fm3m,with a = 5:377� 10�10 m [68CHI/EYR℄. Like many other uorite oxides it an existwith a large de�it of oxygen, the lattie parameter inreasing with derease in oxygenontent.The enthalpy of dissolution of AmO2(r) in 0.5 M H2SO4 - 0.1 M KI solution hasbeen measured by Morss and Fuger [81MOR/FUG℄. They ombined this value withtheir measured enthalpies of mixing of aqueous AmCl3, HCl and H2SO4 solutions toorret for the e�ets of the medium, to obtain �nally the enthalpy of dissolutionof AmO2(r) in a 0.55 M HCl solution. Following Morss and Fuger [81MOR/FUG℄,



92 Disussion of data seletionwe use the in�nite dilution values for aqueous I� and I�3 , sine the e�ets of theextrapolation to in�nite dilution will be similar. With �fHÆm(I�; aq;298:15 K) =�(56:78� 0:05) kJ �mol�1 [89COX/WAG℄, and �rHÆm = �(5:0� 0:5) kJ �mol�1 forthe reation I� + I2(r) *) I�3at in�nite dilution [76PAR/WAG℄, we �nd �fHÆm(I�3 ; aq;298:15K) = �(51:8�0:5) kJ�mol�1, whih with the enthalpy of formation of Am3+ in 0.55 M hydrohlori aid so-lution at 298.15 K:�(616:5�1:3) kJ�mol�1 interpolated from the data of [72FUG/SPI℄,f. Setion V.2.2, gives�fHÆm(AmO2; r; 298:15 K) = �(932:3� 3:0) kJ �mol�1where the unertainty has been inreased to allow for the unertainty in the enthalpyof transfer of Am3+ from sulphuri to hydrohlori aid solutions in the presene ofI�.There are no experimental heat apaity data and the values are estimated fromthe values from CeO2(r) and PuO2(r). The estimated heat apaity is given by therelationCÆp;m(298:15 to 2000 K) = [84:739 + 1:072� 10�2(T=K)� 8:159� 10�7(T=K)2� 19:285� 105(T=K)�2℄ J �K�1 �mol�1:Thus CÆp;m(AmO2; r; 298:15 K) = (66:17� 10:0) J �K�1 �mol�1The estimate of the standard entropy by Westrum and Gr�nvold [62WES/GRO℄(83:7 J � K�1 � mol�1) is almost ertainly too high. Their estimate for PuO2(r),before the heat apaity was measured, was 82:4 J � K�1 �mol�1 ompared with theexperimental value of 66:1 J �K�1 �mol�1. We estimateS Æm(AmO2; r; 298:15 K) = (67� 10) J �K�1 �mol�1from the values for the other measured atinide dioxides. This value is also onsistentwith preliminary alulations of the vaporisation data for ameriium oxides dissolvedin plutonium oxides [66ACK/FAI℄.The Gibbs energy of formation is derived from the seleted enthalpy of formationand entropy. �fGÆm(AmO2; r; 298:15 K) = �(874:5� 4:3) kJ �mol�1:V.3.2.4. Solid Am(III) hydroxidesA number of solubility studies have been reported for preipitated Am(OH)3(s). Con-iting data are, however, proposed for the following reation (f. Table V.4):Am(OH)3(s) + 3H+ *) Am3+ + 3H2O(l): (V.12)



Oxygen and hydrogen ompounds and omplexes 93The di�erene in log10 �Ks:0 (V.12) values an be rationalised by partile size onsid-erations and possible hanges in the solid hydroxide phase.Am(OH)3(s) is generally prepared by addition of basi reagents to Am(III) solu-tions. The amorphous hydroxide formed initially at room temperature and atmo-spheri pressure then transforms to a rystalline phase. The rate of this transforma-tion depends on solution omposition and aidity, temperature, radiolysis, details ofpreparation and pretreatment of the preipitate.Milligan et al. [68MIL/BEA℄ and Haire et al. [77HAI/LLO℄ found that rapid dryingof freshly preipitated 241Am(OH)3(s) at room temperature yields a stable amorphoussolid onsisting of very small partiles (1.5 to 2 nm). Ageing under water after aninitial heating at 80ÆC for 90 minutes leads instead to a rystalline struture, as in-diated by eletron di�ration of 5-week aged suspensions [68MIL/BEA℄. Eletronmirosopy observations showed, however, that rystalline rod-like partiles alreadyexist in a uid sol aged only for 2 hours at 25ÆC [77HAI/LLO℄. The ageing proessesontinue for weeks and are aelerated at higher temperatures. Silva [82SIL℄ reportedthat omplete onversion required 3 weeks boiling in 5 M NaOH under reux on-ditions. The rystallisation time was redued to 3 to 4 days if the suspension wasevaporated to near dryness. Rod-like strutures of approximately 1�m diameter and10�m length were formed. In a paper still in press at the moment that the the �naldraft of this book was ompleted, Morss and Williams [94MOR/WIL℄ reported onthe preparation and haraterisation of a more rystalline 243Am(OH)3(s) than foundby Silva [82SIL℄. A preipitate of Am(III) oxalate �rst alined to AmO2(s) in air,was then redued to Am2O3(s) under H2(g) at 800ÆC and �nally hydrated in thepresene of steam at 225ÆC. Rai et al. [83RAI/STR℄ reported that an inrease of pHaelerates the transformation rate of Am(OH)3(am) at room temperature.The destrution of rystallinity by self-irradiation was studied by Haire et al.[77HAI/LLO℄. The rate of this proess depended on the spei� ativity of the iso-tope used. In pure water, the omplete degradation required 1 day with 244Cm(III)(spei� ativity 3 � 103 MBq/mg) and 5 months with 241Am(III) (spei� ativ-ity 120 MBq/mg). In the latter ase rystal damage was evident already after twoweeks. Unlike the fresh amorphous preipitate, the produt of degradation did notregenerate rystallinity upon heating. A hydrous oxide phase was suggested to form.The distintion between amorphous and rystalline Am(OH)3(s) may be ambigu-ous. Rather than a ontinuous network of polynulear speies, the freshly preipitatedamorphous body of Am(OH)3(s) an be onsidered an agglomerate of very small rys-tals too minute to give di�ration lines but visible by eletron mirosopy (the 1.5to 2 nm partiles seen by Milligan et al. [68MIL/BEA℄). The ageing proesses allowaggregation to larger rods and the appearane of di�ration patterns [82SIL℄. Thevarious studies in the literature annot desribe the dissolution proess (V.12) with aunique solubility onstant (f. Table V.4), beause of the omplex ageing behaviourof Am(OH)3(s) suspensions. Although ameriium trihydroxide appears to be formedin all ases, it is diÆult to explain why so di�erent values were obtained. Possiblereasons for the lower values of �Ks;0 reported in Refs. [84BER/KIM, 84KIM/BER℄are that the equilibrium was not attained during the measurements or that a di�erentphase involving formation of oxo bridges was present. The value found by Stadler and



94 Disussion of data seletionKim [88STA/KIM℄ is in agreement with that obtained by Silva [82SIL℄ for rystallinematerial, but no haraterisation of the �nal preipitated produt was aomplished.Based on alorimetri measurements of the enthalpy of solution of 243Am(OH)3(r)in 6 M HCl, and on entropy values estimated by analogy with rare earth hydrox-ides, Morss and Williams [94MOR/WIL℄ alulated a solubility onstant �KÆs;0 nearlythree orders of magnitude lower than reported by Silva [82SIL℄. This may reet thedi�erent behaviour of well-rystallised and mirorystalline Am(OH)3(s).The studies of Pazukhin and Kohergin [89PAZ/KOC℄ and of Pershin and Sapozh-nikova [90PER/SAP℄ are disarded by this review for the reasons spei�ed in Ap-pendix A.When a single solid phase is in equilibrium with the aqueous solution, the solubilityof Am(OH)3(s) an be expressed as,[Am℄TOT = [Am3+℄ + [AmOH2+℄ + [Am(OH)+2 ℄ + [Am(OH)3(aq)℄= �K s;0[H+℄3 + �K s;1[H+℄2 + �K s;2[H+℄ + �K s;3= �K s;0 �[H+℄3 + ��1[H+℄2 + ��2[H+℄ + ��3�and therefore,[Am℄TOT = �K s;0 = �[H+℄3 + ��1[H+℄2 + ��2[H+℄ + ��3� (V.13)=  [H+℄3 + ��Æ1 aH2OAm3+AmOH2+H+ [H+℄2+ ��Æ2 a2H2OAm3+Am(OH)+2 2H+ [H+℄ + ��Æ3 a3H2OAm3+Am(OH)3(aq)3H+1AThis implies that solubility urves obtained in the presene of Am(OH)3(s) of dif-ferent solubility produts should be expressed as the same funtion of [H+℄ as longas the same aqueous speiation of ameriium ours in the di�erent solutions. InFigure V.8 the solubility data of ameriium(III) hydroxide in 0.1 M NaClO4 [82SIL,84BER/KIM, 84KIM/BER, 88STA/KIM℄ are plotted aording to Eq. (V.13), us-ing the realulated values of �K s;0 taken from Table V.5. It an be seen that alldata points fall on the same urve. Deviation of the data at pH � 8 from Refs.[84BER/KIM, 84KIM/BER℄ indiates that either equilibrium is not reahed, or thereis a onversion of the solid to a di�erent phase. The solid line in Figure V.8 wasalulated with the seleted set of standard equilibrium onstants (f. Table III.2),extrapolated to 0.1 M NaClO4 using the spei� ion interation equations desribedin Appendix B, as well as the assoiated unertainty.In priniple, all the solubility onstants in Table V.5 ould be used for the purposeof thermodynami alulations. However, this review prefers to evaluate the Gibbsenergy of formation of Am(OH)3(r) from the data of Silva [82SIL℄. Only this authoronduted a areful haraterisation of the solid phase.The seleted solubility onstant for Am(OH)3(r), f. Table V.5 and Appendix A,is thus log10 �KÆs;0(V:12;Am(OH)3; r; 298:15 K) = 15:2� 0:6:



Oxygen and hydrogen ompounds and omplexes 95Figure V.8: Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 solu-tions at 25ÆC from Refs. [82SIL, 84BER/KIM, 84KIM/BER, 88STA/KIM℄ plottedas \log10[Am℄TOT � log �10K s;0" vs. � log10[H+℄, where for eah experimental study theorresponding value of �K s;0 is taken from Table V.5. The ontinuous urve representsthe values alulated with the seleted set of equilibrium onstants (f. Table III.2)extrapolated to 0.1 M NaClO4 using the spei� ion interation equations desribedin Appendix B, and the dotted urves show the assoiated unertainties. The bot-tom diagram shows the alulated aidity ranges of predominane for eah Am(III)speies under the same onditions as desribed above.
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96 Disussion of data seletionThe value proposed by Morss and Williams [94MOR/WIL℄, nearly three orders ofmagnitude lower than that seleted here, was in disagreement with their preditionsbased on the relative basiity of atinide and lanthanide hydroxides as a funtionof ioni size. For this reason, Morss and Williams [94MOR/WIL℄ reommended aworking value for log10 �KÆs;0 of (14:5�2), whih di�ers slightly from but is onsistentwith the value reommended by this review.The two studies using a well haraterised amorphous ameriium hydroxide[83RAI/STR, 85NIT/EDE2℄ reported similar solubilities at pH � 7. Although thereare some diÆulties in interpreting the data by Rai et al. in the full pH range (f.Appendix A), this review seletslog10 �KÆs;0(V:12;Am(OH)3; am; 298:15 K) = 17:0� 0:6:From the solubility onstants for Am(OH)3(r) and Am(OH)3(am), the followingGibbs energies of formation are derived:�fGÆm(Am(OH)3; am; 298:15 K) = �(1213:1� 5:9) kJ �mol�1�fGÆm(Am(OH)3; r; 298:15 K) = �(1223:4� 5:9) kJ �mol�1:The only experimental data on the enthalpy of formation of Am(OH)3(s) has beenreported in the paper by Morss and Williams [94MOR/WIL℄ still in press at themoment that the �nal draft of this book was ompleted. The authors gave a valueof �fHÆm(Am(OH)3; r; 298:15 K) = �(1371:2� 7:9) kJ �mol�1. It has to be stressedhowever that this value refers to a solid whih may exhibit a degree of rystallinitydi�erent than that of the Am(OH)3(s) used by Silva [82SIL℄ and reommended bythis review.V.3.2.5. Am(IV) and Am(V) hydroxidesThere are very few studies of ameriium hydroxides of oxidation states higher than(III). Proedures for the preparation of Am(IV) and Am(V) preipitates in alka-line solutions with attempts to haraterise the orresponding aqueous speies werereported by Penneman, Coleman and Keenan [61PEN/COL℄, by Cohen [72COH℄and by Tananaev [90TAN℄. Kim et al. [85MAG/CAR, 86BUP/MAG, 88KIM/BUC,88STA/KIM, 88STA/KIM2℄ measured the solubility of 241Am(OH)3(s) in 3 and 5 MNaCl. The high dose rates of �-radiation produed the oxidation of Am(III) toAm(V), as evidened by spetrosopi tehniques. For the reationAmO2OH(s) *) AmO+2 +OH� (V.14)the value of log10Ks;0 = �(9:3 � 0:5) was obtained both in 3 M and 5 M NaCl. Inalkaline solutions, the following equilibrium was assumedAmO+2 +OH� *) AmO2OH(aq) (V.15)for whih log10 �1(V.15, 3 M NaCl) = (1:5� 0:5) [85MAG/CAR℄ and log10 �1(V.15,5 M NaCl)= (1:7�0:6) [88KIM/BUC, 88STA/KIM℄ were proposed. However, aord-ing to these values, very little AmO2OH(aq) should be present in the solutions. This



Oxygen and hydrogen ompounds and omplexes 97review does not aept these values beause of the lak of strutural haraterisationof the solid and other experimental shortomings, f. Appendix A.No data are seleted for Am(IV), (V) and (VI) hydroxides. Estimates may bemade by analogy with other atinides.V.3.2.6. Ternary and quaternary ameriium oxidesa) Crystallographi dataShulz and Penneman [86SCH/PEN℄ have summarised the rystallographi struturesof the numerous ternary and quaternary oxide phases ontaining Am(IV), Am(V) andAm(VI), and Table V.6 has been abstrated from their Table 8.3. Further detailsof the preparation and properties of these oxides an be obtained from the originalreferenes quoted by [86SCH/PEN℄.b) Thermodynami dataThe only thermodynami data for the ternary oxides are the enthalpies of formation ofthe perovskite-type ompounds BaAmO3(r) and SrAmO3(r), measured by Goudi-akas et al. [90GOU/HAI℄. BaAmO3(r) was prepared from BaCO3(s) and AmO2(s) attemperatures up to 1350 K and its X-ray pattern was indexed as a pseudo-ubi ellwith a = 4:367�10�10m, although it probably has a distorted struture. SrAmO3(r)was formed from the o-preipitated oxalates at 1100 K, and its X-ray pattern wasindexed as an orthorhombi ell { ompare the idealised ubi strutures given inTable V.6. For the alorimetri measurements, the ternary oxides were dissolved inan aqueous mixture of 1 M HCl and 0.1 M KI. Using auxiliary data onsistent withthose used in the present work, Goudiakas et al. [90GOU/HAI℄ derived the followingvalues for the enthalpies of formation of the perovskite-type oxides:�fHÆm(SrAmO3; r; 298:15 K) = �(1539:0� 4:1) kJ �mol�1�fHÆm(BaAmO3; r; 298:15 K) = �(1544:6� 3:4) kJ �mol�1These values orrespond to the following enthalpies of reation from AmO2(r) andMO(r): �(64 � 5) kJ �mol�1 for M = Ba, and �(16 � 5) kJ � mol�1 for M = Sr.The appreiably lower stability of the Sr ompound oxide follows similar behaviourfor the analogous perovskite oxides of BaO(s) and SrO(s) with ZrO2(s) and CeO2(s).V.3.3. Ameriium hydridesNo new data have been published sine Flotow et al. [84FLO/HAS℄ reviewed thephase diagram and thermodynami data for the Am-H system and our assessmenthas utilised some of the data estimated therein.



98 Disussion of data seletionTable V.6: Crystallographi data for ternary and quaternary oxide phases (adaptedfrom [86SCH/PEN, Table 8.3℄).Crystal Spae Group and Lattie parameters �1010=mPhase Symmetry Strutural Type a b  angleAmGeO4(r) tetragonal I41/a 5.04 11.03AmAlO3(r) hexagonal R3m, LaAlO3 5.336 12.91�-Am2(MoO4)3 tetragonal I41/a 5.24 11.52�-Am2(MoO4)3 orthorhombi 9.095 10.527 10.820Am2(WO4)3(r) tetragonal I41/aAmVO3(r) orthorhombi Pbnm, GdFeO3 5.45 5.58 7.76AmVO4(r) tetragonal ziron 7.31 6.42Am0:33NbO3(r) pseudo- P4/mm, 3.819 7.835tetragonal La0:33TaO3�-AmNbO4 monolini I2 5.444 11.25 5.141 �=94.95Æ�-AmNbO4 tetragonal I41/a 5.30 11.34Am0:33TaO3(r) tetragonal I41/a 3.889 7.820AmTaO4(r) monolini I2 5.489 11.21 5.115 �=95.37ÆAmNbTiO6(r) orthorhombi Pnam 5.34 11.00 7.53AmTaTiO6(r) orthorhombi Pnam 5.33 10.95 7.49AmSO3(r) orthorhombi P6mm, GdFeO3 5.540 5.785 8.005AmPaO4(r) f Fm3m 5.458SrAmO3(r) ubi perovskite 4.23 (see text)Sr3AmO6(r) ubi Ba3WO6SrAm2O4(s)(a)BaAmO3(r) ubi perovskite 4.356 (see text)Ba3AmO6(r) ubi F43m 8.81BaAm2O4(s)(a)Ba2AmNbO6(r) ubi F43m 8.520Ba2AmTaO6(r) ubi F43m 8.518Ba2AmPaO6(r) ubi F43m 8.793LiAmO2(s)(a)Li2AmO3(s)(a)Li3AmO4(r) tetragonal Li3UO4 4.459 8.355Li4AmO5(r) tetragonal I4/m 6.666 4.415Li6AmO6(r) hexagonal Li6ReO6 5.174 14.59Li7AmO6(r) hexagonal R3 5.54 15.65Li8AmO6(r) hexagonal Li8PbO6 5.62 15.96LiAm(MoO4)2(r) tetragonal I41/a, 5.20 11.39LiGd(MoO4)2Na2AmO3(r) monolini C2/ 5.92 10.26 11.23 �=100.12ÆNa3AmO4(r) f Fm3m 4.757Na4AmO5(r) f Fm3m 4.70Na6AmO6(r) hexagonal Li6ReO6 4.76 16.10NaAm(MoO4)2(r) tetragonal sheelite 5.25 11.55Na5Am(MoO4)4(r) Na5La(WO4)4 11.515 11.429K2AmO4(r) tetragonal I4/mmm 4.286 13.05K2Am2(MoO4)4(s)(a)K10Am2(MoO4)8(s)(a)(a) Struture not known.



Oxygen and hydrogen ompounds and omplexes 99V.3.3.1. The ameriium-hydrogen systemOlson and Mulford [66OLS/MUL℄ and Roddy [73ROD℄ have shown that there are twosolid hydrides of ameriium, AmH2�x(r), with a very wide range of homogeneity froma hydrogen stoihiometry slightly less than 2 to at least 2.7, and AmH3(r). Above700 K Am(r, �) begins to dissolve appreiable amounts of hydrogen, as does the fAm(r, �) at higher temperatures. In the two studies mentioned, hydrogen pressureswere measured as a funtion of r = H/Am (r = 0 to 3) and temperature (773 to1073 K for [66OLS/MUL℄ using 241Am, and 748 to 1152 K for [73ROD℄ using 243Am).In both studies, an invariant diphasi �eld was found between Am with dissolvedhydrogen and AmH2�x(r). From H=Am =� 1:9 to 2.7, the single-phase AmH2+x(r)is stable. In both these �elds, equilibrium was easily established. Above H=Am = 2:7,AmH3(r) exists in equilibrium with hydrogen saturated AmH2+x(r); the hydrogenpressures in this region su�er from onsiderable hysteresis, and no reliable pressuresan be given. Flotow et al. [84FLO/HAS℄ have presented a shemati phase diagrambased in these results.V.3.3.2. Ameriium dihydridea) Crystal strutureAmH2�x(r) rystallises in the f CaF2 uorite struture, spae group Fm3m, witha lattie parameter whih dereases as H/Am inreases. The quoted values areH/Am a� 1010=m RefereneLower Phase Boundary 5.349 [66OLS/MUL℄1.96 5:344� 0:0015 [73ROD℄2.34 5:341� 0:0022 [73ROD℄2.67 5:338� 0:004 [66OLS/MUL℄b) Thermodynami propertiesThe assessed thermodynami properties for AmH2(r) are alulated from the hydro-gen pressures for the diphasi region Am(r, saturated with hydrogen) + AmH2�x(r),whih are assumed to apply to the reation Am(r)+H2(g)*) AmH2(r). The uner-tainty in the experimental pressures, partiularly at low pressures, does not warranta more omplete analysis.The experimental pressures for the diphasi region Am(r) + AmH2�x(r) mea-sured by Olson and Mulford [66OLS/MUL℄, using 241Am, and by Roddy [73ROD℄agree well at temperatures around 1100 K, but the earlier measurements are abouta fator of two higher at 773 K, for an unknown reason. In analysing these data, wehave aepted the values for the standard entropy and heat apaity for AmH2(r)



100 Disussion of data seletionestimated by Flotow et al. [84FLO/HAS℄, but rounded them in Joule units:SÆm(AmH2; r; 298:15 K) = (48:1� 3:8) J �K�1 �mol�1CÆp;m(AmH2; r) = (24:8 + 4:5� 10�2T=K) J �K�1 �mol�1(298:15 to 1200 K)CÆp;m(AmH2; r; 298:15 K) = (38:2� 2:5) J �K�1 �mol�1These give �fSÆm(AmH2; r; 950K) = 147:3 J �K�1 �mol�1, as ompared to the valuesof 137.7 and 156:2 J �K�1 �mol�1 alulated from the studies by Olson and Mulford[66OLS/MUL℄ and Roddy [73ROD℄ respetively.The enthalpy of formation of AmH2(r)�fHÆm(AmH2; r; 298:15 K) = �(175:8� 15:0) kJ �mol�1is then derived from the Gibbs energy of formation at 1165 K�fGÆm(AmH2; r; 1165 K) = �8:340 kJ �mol�1derived from the onordant values (at this temperature) for the equilibrium hydrogenpressure in the diphasi region obtained from the equations given in the two studiesnoted above.Most of the unertainty in the enthalpy of formation arises from the unertaintyof �fSÆm(AmH2; r). The Gibbs energy of formation is alulated from the seletedenthalpy of formation and entropy.�fGÆm(AmH2; r; 298:15 K) = �(135� 15) kJ �mol�1V.3.3.3. Ameriium trihydridea) Crystal strutureAmH3 rystallises with a hexagonal struture. Sine at lose to ambient pressures,it is only stable at low temperatures, the X-ray patterns are not good enough tode�ne the omplete struture, but it is presumably the same as PuH3(r), spaegroup P63/mm, AsNa3(r) type. The lattie parameters are a = (3:764� 0:0044)�10�10;  = (6:763� 0:0073)� 10�10m [73ROD℄.b) Thermodynami propertiesAmH3(r) is formed only sluggishly at low temperatures (e.g. > 200 h at 125ÆC and0.92 bar), and neither Olson and Mulford [66OLS/MUL℄ nor Roddy [73ROD℄ ouldobtain any equilibrium pressures pertaining to this phase. No reliable thermodynamidata an therefore be given.



Group 17 (halogen) ompounds and omplexes 101Table V.7: Literature values of equilibrium onstants for the formation of AmF(3�n)nomplexes.Method Medium t(ÆC) log10�1 log10�2 log10�3 Referenesol 0.1 M HClO4 23 (a) [54FEA℄dis 0.5 M NaClO4 25 3:39 � 0:01 6:11 � 0:03 9.0 [69AZI/LYL℄dis 1 M NaClO4 25 2:93 � 0:10 [69JON/CHO℄emf 0.1 M NaClO4 25� 0:5 3:32 � 0:06 [73MAK/STE℄dis 1 M NaClO4 25 2:93 � 0:10 [75DEG/CHO℄dis 1 M NaClO4 10 2:39 � 0:01 [76CHO/UNR℄25 2:49 � 0:0240 2:57 � 0:0255 2:71 � 0:03ix 0.1 M NaClO4 25 2:59 � 0:01 4:75 � 0:04 [84NAS/CLE2℄(a) For the reation: AmF+2 + F� *) AmF3(aq), Feay reports log10KÆ3 = (3:11� 0:07).V.4. Group 17 (halogen) ompounds and omplexesAs proedures for the estimation of the enthalpies of formation and standard entropiesfor ameriium halide ompounds are used extensively in this review, and sine theseestimation proedures are the same for all the halide ompounds, data seletion for allthe aqueous halide omplexes is disussed �rst in Setion V.4.1, while the disussionof the data seletion for all the halide ompounds is postponed to Setion V.4.2.V.4.1. Aqueous group 17 (halogen) omplexesV.4.1.1. Aqueous Am(III) uoridesThe number of experimental studies on Am(III) omplexation with uoride ions isrelatively limited. They were mainly designed to determine possible orrelations withanalogous omplexes of 4f elements. The equilibrium onstants for the reationsAm3+ + nF� *) AmF(3�n)n (V.16)reported in Table V.7 are onsiderably larger than for the orresponding aqueousomplexes with hloride ions (f. Table V.8). The values reported by Choppin et al. inRefs. [69JON/CHO, 75DEG/CHO℄ are disregarded in this review beause they referto preliminary work. The reations (V.16) are haraterised by a positive enthalpyterm. These are indiations that the AmF(3�n)n omplexes are predominantly inner-sphere, in ontrast to the other Am(III) halide omplex speies.Conlusive evidene exists for the formation of the �rst two uoride omplexes.Aziz and Lyle [69AZI/LYL℄ reported equilibrium data for AmF2+, AmF+2 and



102 Disussion of data seletionAmF3(aq), at I = 0:5 M. A liquid-liquid partition tehnique was used in the range ofF� onentration from 1� 10�4 to 4� 10�3 M. Nash and Cleveland [84NAS/CLE2℄found no evidene for the existene of the third omplex up to a F� onentrationof 8 � 10�3 M in a 0.1 M perhlorate medium. Ioni strength e�ets alone annotexplain the observed di�erene. Corretions to thermodynami onditions still yieldvery disordant values of �Æ1 and �Æ2 . The data of Ref. [69AZI/LYL℄ are rejetedby this review, beause the extration mehanism of Am(III) speies in the organiphase was not well haraterised.The experimental data of Choppin and Unrein [76CHO/UNR℄ and Nash and Cleve-land [84NAS/CLE2℄ are used to alulate the thermodynami value of log10�Æ1 . The�rst stability onstant determined by Makarova, Stepanov and Shestakov[73MAK/STE℄ is not inluded in the seleted data set beause the eletromigrationmethod used does not appear to be suÆiently aurate for quantitative measure-ments of this type.Extrapolation to in�nite dilution is performed by using estimated values of ioninteration oeÆients (f. Appendix B, Setion B.1.4), obtaining �"(V:16;n=1) =�(0:12� 0:1) kg �mol�1 and �"(V:16;n=2) = �(0:36� 0:1) kg �mol�1, whih results inlog10 �Æ1(V:16; n = 1; 298:15 K) = 3:4� 0:4;alulated as the unweighted average of the two aepted values [76CHO/UNR,84NAS/CLE2℄.For the seond formation reation, this review selets the equilibrium onstantproposed by Nash and Cleveland [84NAS/CLE2℄, obtaininglog �Æ2(V:16; n = 2; 298:15 K) = 5:8� 0:2:Contrary to the seletion in the IAEA review [92FUG/KHO℄, no values are reom-mended for the formation of AmF3(aq) beause the only existing data by [54FEA℄and [69AZI/LYL℄ are rejeted by the present review as explained previously and inAppendix A.The Gibbs energies of formation alulated using the auxiliary data for Am3+ andF� are �fGÆm(AmF2+; aq; 298:15 K) = �(899:6� 5:3) kJ �mol�1�fGÆm(AmF+2 ; aq; 298:15 K) = �(1194:9� 5:1) kJ �mol�1.Choppin and Unrein [76CHO/UNR℄ determined �rHm(V:16; n = 1) = (27:6 �2:1) kJ � mol�1 at I = 1 M. The values determined by Nash and Cleveland[84NAS/CLE2℄ at I = 0:1 M are �rHm(V:16; n = 1) = (22:9 � 1:6) kJ � mol�1and �rHm(V:16; n = 2) = (24� 5) kJ �mol�1. Although no major shortomings anbe identi�ed in the experimental proedures of Refs. [76CHO/UNR, 84NAS/CLE2℄this review does not reommend any enthalpy value beause of the unertainty in theinuene of temperature on ativity oeÆients.



Group 17 (halogen) ompounds and omplexes 103V.4.1.2. Aqueous Am(III) hlorine omplexesV.4.1.2.1. Aqueous Am(III) hloridesMost of the available data on omplex formation of Am(III) with hloride ions werepublished in the sixties. Sine this time a number of reviews have appeared, but theyare restrited mainly to data ompilations. Reent evaluations of literature data arereported in Refs. [92FUG/KHO, 88CHA/ROB℄.Equilibrium data for the omplexation reationsAm3+ + nCl� *) AmCl(3�n)n (V.17)are given in Table V.8. The existene of the speies AmCl2+ and AmCl+2 is wellestablished. Anion exhange measurements in very highly onentrated media indi-ated the presene of negatively harged speies, probably AmCl�4 [56WAR/WEL,66MAR℄. On the basis of spetrophotometri studies, higher order omplexes werelaimed to be stable only in non-aqueous solvents [67RYA, 70MAR/BOM,72BAR/KOT℄. Marus and Bomse [70MAR/BOM℄ alulated the stepwise forma-tion onstant of AmCl3�6 both in propylene arbonate and in aetonitrile-suino-nitrile mixtures. However, these are onstants for non-aqueous media and thereforeof limited use in this review.The Am(III) hloride omplexes are so weak that relatively high onentrationsof omplexing ligand are required to get a measurable variation of the intensiveproperties monitored throughout the experiments. The ratio of water to salt inonentrated media is far lower than in dilute solutions. Under these irum-stanes, the replaement of a water moleule in the inner oordination sphere ofthe metal ion by a hloride ion should be enhaned. Aording to Marus andShiloh [69MAR/SHI℄, outer-sphere interations have very little e�et on the absorp-tion bands in the Am(III)/hloride system. On this basis, the spetral hanges ob-served at high ligand onentrations were asribed to the presene of inner-sphereomplexes [64SHI/MAR, 69MAR/SHI, 69BAR/MIK℄. However, beause of the ex-tensive hange of ioni strength, it is diÆult to distinguish unambiguously betweenomplexation e�ets and ativity e�ets. This onsideration applies also to the NMRinvestigation by Vdovenko, Kolokl'tsov and Stebunov [66VDO/KOL℄ and Vdovenkoand Stebunov [69VDO/STE℄, to the solubility study of Marus [67MAR℄ and to theeletrophoresis measurements of Marin [69MAR2℄.The temperatures at whih the experiments were arried out vary between 20Æ and30ÆC, f. Table V.8. No enthalpy measurements are available to orret log10�1 to25ÆC. However, by analogy with EuCl2+ [63CHO/UNR℄, the temperature dependeneof log10�1 is expeted to be negligible within the investigated range. The onversionto molality units is not straightforward beause of the ontinuous variation of theioni media at �xed ioni strength. For example, the numerial value of molality inthe 4 M Na(ClO4,Cl) medium used by Sekine [64SEK, 65SEK℄ hanges from 4.95 min the absene of omplexing ligands to 4.37 m in the NaCl solution. Moreover, theonentration dependene of interation oeÆients annot be negleted at suh highioni strengths. Therefore, no data from experiments at I = 3 M [82FUK/KAW,



104 Disussion of data seletionTable V.8: Literature values of equilibrium onstants for the reationAm3+ + nCl� *) AmCl(3�n)n :Method Medium t(ÆC) log10�1 log10�2 Refereneix 0.206 M HCl ? 0.35 [56WAR/WEL℄ix 0.5 M HCl ? 0.24ix 4 M H(ClO4,Cl) 20 �0.16�0.02 �0.74�0.1 [62GRE℄dis 1 M H(ClO4,Cl) 22 � 1 �0.05 � 0.1 [62PEP/MAS℄ix 1 M H(ClO4,Cl) 26 � 1 �0.05 � 0.05 [64BAN/PAT℄ix 1 M Na(ClO4,Cl) 26 � 1 0.15 � 0.03dis 4 M Na(ClO4,Cl) 25 �0.15 � 0.07 �0.69 � 0.10 [64SEK,65SEK℄prx LiCl, var ? 0.032 �0.97 [66VDO/KOL℄sol 0 25� 1 �0.45 � 0.04(a) [67MAR℄and 40� 1sp (H,Li)Cl, var 25 � 1 �1.99 � 0.05 [69BAR/MIK℄em HCl, var 15 1.0 0.34 [69MAR2℄sp LiCl, var ? �2.2 � 0.1 �4.70 � 0.06 [64SHI/MAR,69MAR/SHI℄prx LiCl, var ? 0.26 � 0.12 �0.05 � 0.29 [69VDO/STE℄dis 1 M H(ClO4,Cl) 30�0.1 �0.14�0.02 �0.52�0.04 [71KHO/NAR℄1 M Li(ClO4,Cl) �0.25�0.021 M Na(ClO4,Cl) 0.02 � 0.02 �0.37 � 0.051 M NH4(ClO4,Cl) 0.12�0.02 0.03 � 0.02dis 3 M (Li,H)(ClO4,Cl) 20 �0.26�0.02 �0.66�0.04 [82FUK/KAW,85SAT/MIT℄(a) This onstant refers to the solubility proess AmCl3 � xH2O(s)*) AmCl+2 +Cl� + x H2O(l).85SAT/MIT℄ and at I = 4 M [62GRE, 64SEK, 65SEK℄ are used in the present anal-ysis. For the remaining data, the plot of (log10�1 + 6D) aording to the spei� ioninteration theory shows no obvious trend with ioni strength. Although a mediume�et on stability onstants was sometimes observed [64BAN/PAT, 71KHO/NAR℄,these di�erenes are smaller than the satter in the data obtained in H+ or Na+ontaining media. This set of data [56WAR/WEL, 62PEP/MAS, 64BAN/PAT,71KHO/NAR℄ is used to alulate log10�Æ1 . Extrapolation to in�nite dilution with aweighted linear regression proedure is inappropriate. This review orrets the dataat di�erent ioni strengths using an estimated value of �". By ombining experi-mental and estimated interation oeÆients (f. Appendix B), this review obtains�" = �(0:22 � 0:1) kg � mol�1 and �(0:13 � 0:1) kg �mol�1 for the H(ClO4,Cl) andthe Na(ClO4,Cl) media, respetively. The unertainty is inreased to �0:1 beauseof the approximation onerning "(AmCl2+;ClO�4 ). The derived set of thermodynami



Group 17 (halogen) ompounds and omplexes 105values for Reation V.17 appears to belong to the same parent distribution. Thus,the weighted average is aepted:log10 �Æ1(V:17; n = 1; 298:15 K) = 1:05� 0:06:The reommended value of the standard Gibbs energy of formation is alulatedto be �fGÆm(AmCl2+; aq; 298:15 K) = �(735:9� 4:8) kJ �mol�1:No values for log10 �Æ2 are seleted. The interpretation of the solvent extration mea-surements made by Khopkar and Narayanankutty [71KHO/NAR℄ annot be taken asde�nitive (f. Appendix A). Although Grenthe [62GRE℄ and Sekine [64SEK, 65SEK℄found evidene for the formation of very weak AmCl+2 speies, this review prefers notto use the reported values of log10 �2, beause their orretion to I = 0 from a mixedioni medium of high ioni strength is not suÆiently aurate.V.4.1.2.2. Aqueous Am(III) perhloratesStability onstant data are available for perhlorate omplexes of Am(III) only. Sol-vent extration measurements apparently indiated that weak AmClO2+4 speies formbelow 2 M ClO�4 , with equilibrium onstants �1 = (0:86�0:06) at ioni strength 2 M�xed with HBF4 [72BAI/CHO℄, and �Æ1 = (4 � 0:9) as estimated by Lebedev andMazur in NaClO4 media of variable onentrations [81LEB/MAZ℄. Celeda, Holuband Smirous [74CEL/HOL℄ found no signi�ant e�et of ClO�4 on eletromigrationveloity measurements.The formation of the aqueous outer-sphere omplex Am(ClO4)+2 was reported inthe presene of exess perhlorate ions up to 8 m [81LEB/MAZ℄. The reported ther-modynami onstant at 25ÆC is �Æ2 = (2:0� 0:1). The positive enthalpy and entropyvalues derived from experiments in the temperature range 25 to 55ÆC would suggest,however, that the perhlorate omplexes are predominantly inner-sphere.The large hange of ioni strength neessary to investigate omplex formationmakes the extrapolation to in�nite dilution extremely suseptible to error. Thus,no lear distintion an be made between very weak omplexation e�ets and largevariations of ativity oeÆients. Beause of these onsiderations, this review doesnot reommend equilibrium onstants for any of the ameriium perhlorates.V.4.1.3. Aqueous Am(III) bromides and iodidesOnly a few studies addressed omplex formation of Am(III) with bromide and iodideions. Shiloh et al. [64SHI/MAR, 69SHI/GIV℄ showed by spetrophotometry theformation of the �rst two halide omplexes in highly onentrated solutions. Theequilibrium onstant for the formation of the inner-sphere omplex AmBr2+ wasreported to be log10�1 = �(3:3 � 0:1). As disussed in Appendix A, it is diÆultto distinguish between omplexation and ativity e�ets in suh onentrated media([LiBr℄ � 8:7 M). Fukusawa et al. [82FUK/KAW℄ and Sato et al. [85SAT/MIT℄



106 Disussion of data seletionreported log10 �1 = �(0:52 � 0:04) and log10 �2 = �(0:55 � 0:03) for the bromideomplexes of ameriium(III) in 3 M Li(ClO4,Br) at 220ÆC. Extrapolation to I = 0is hampered by the variation of the anioni omposition of the medium during theexperiments. Therefore, no values are seleted.V.4.1.4. Higher oxidation states of ameriiumNo thermodynami data are available on the formation of Am(IV), (V) and (VI)halide omplexes.High onentrations of uorides ions were found to stabilise Am(IV) in aqueoussolutions [61ASP/PEN, 73VAR/BAY℄. The lose orrespondene between the ab-sorption spetrum of these soluble Am speies and that of solid AmF4 suggests theexistene of AmF4(aq). Similar observations were made for Am(VI) [82KEL℄. How-ever, no thermodynami data are available.Dioxoameriium(V) was found to be present in 3 M and 5 M NaCl solutions be-ause of radiolyti oxidation of Am(III), but no omplex formation was observed[85MAG/CAR, 88STA/KIM℄. The outer-sphere omplex between AmO2+2 and Br�was postulated to be an intermediate in the redution proess of Am(VI) to Am(V)by bromide ions [77COO/WOO℄. However, no equilibrium data were reported.V.4.2. Ameriium halide ompoundsV.4.2.1. IntrodutionThere are rather few experimental studies from whih aurate thermodynami datafor ameriium halides an be derived:1. The enthalpy of solution of AmCl3(r) [63FUG/CUN℄2. The vapour pressure of AmF3(r) [55CAR/CUN℄3. The equilibriumAmOCl(r)+2HCl(g)*) AmCl3(r)+H2O(g) [54KOC/CUN,76WEI/WIS℄4. The equilibriumAmOBr(r)+2HBr(g)*) AmBr3(r)+H2O(g) [82WEI/WIS℄However, beause of the systemati trends in the thermodynami behaviour of theatinide elements, reliable values of both the enthalpy of formation and the en-tropy of many ameriium halides have been developed, partiularly by Fuger et al.[83FUG/PAR℄ in the most reent review of the thermohemistry of the atinide ha-lides. Sine very little thermodynami information on ameriium halides has beenpublished sine that review, the present values are derived predominantly from thiswork, with some ampli�ation of the high-temperature properties, and onsiderationof some additional ompounds.Sine the proedures [83FUG/PAR℄ for the estimation of the enthalpies of forma-tion and standard entropies of the halides are the same for all the halides, the detailsand relevant data used are given here, and only the derived values given in the latertext.



Group 17 (halogen) ompounds and omplexes 107Table V.9: Data used to estimate �fHÆm(AmX3; r; 298:15K). Values are in kJ�mol�1and refer to 298.15 K. M = U M = Np M = Pu Referener(M3+)/(10�10 m) 1.025 1.010 1.000 [76SHA℄�fHÆm(M3+, aq) �489:1� 3:8 �527:2� 2:1 �592:0� 2:1 [76FUG/OET℄�fHÆm(MF3, r) �1502:1� 5:0 �1585:7� 3:0 [83FUG/PAR℄�fHÆm(MCl3, r) �866.0 � 3.8 �959:8� 1:7 [83FUG/PAR℄�fHÆm(MBr3, r) �698:7� 4:2 �730:5� 2:1 �792:9� 2:1 [83FUG/PAR℄�fHÆm(MI3; r) �467:4� 4:2 �513:0� 2:1 �579:9� 2:5 [83FUG/PAR℄V.4.2.1.1. Estimation of enthalpies of formationConsideration of thermodynami data for the atinide halides shows that plots of theenthalpy di�erene (�fHÆm(MX3; r; 298:15 K) � �fHÆm(M3+; aq; 298:15 K)) (whereM = U, Np, Pu and X = F, Cl, Br, I), as a funtion of the ioni radius of theM3+ ion, are very lose to linear | see for example Figure 2 in the earlier re-view by Fuger [82FUG℄. It is therefore assumed that this linear funtion an beextended to inlude ameriium. This assumption an be tested for AmCl3(r),for whih a reliable enthalpy of formation is available. The estimated value is�fHÆm(AmCl3; r; 298:15K) = �(975�7) kJ�mol�1, as ompared with the experimen-tal value (see Setion V.4.2.3.2) of �(977:8� 1:3) kJ �mol�1. The values estimatedin the text are therefore judged to be quite reliable within rather onservative errorlimits based on the ombined unertainties of the data used in the estimation proe-dure. These data are summarised in Table V.9. Table V.10 summarizes the valuesused to estimate �fHÆm(AmF4; r; 298:15 K) by similar proedures but using valuesfor thorium in plae of neptunium and dioxides as well as the aqueous ions. It maybe noted that some of the values in Tables V.9 and V.10 for the Np and Pu speieswill not be idential with those to be seleted in forthoming NEA reviews, sinethe latter volumes are not �nalized at this time. However the di�erenes will not belarge, and the e�et on the estimated values for the Am speies will be within theestimated unertainties.The values for the orresponding quantities of the ameriium speies used in theestimations are: r(Am3+) = 0:975 � 10�10m, r(Am4+) = 0:850 � 10�10m [76SHA℄and the following enthalpies of formation derived in this work:�fHÆm(Am3+; aq; 298:15 K) = �(616:7� 1:5) kJ �mol�1�fHÆm(Am4+; aq; 298:15 K) = �(406�6) kJ �mol�1�fHÆm(AmO2; r; 298:15 K) = �(932:2� 3:0) kJ �mol�1.



108 Disussion of data seletionTable V.10: Data used to estimate �fHÆm(AmF4; r; 298:15K). Values are in kJ�mol�1and refer to 298.15 K. M = Th M = U M = Pu Referener(M4+)=(10�10 m) 0.94 0.89 0.86 [76SHA℄�fHÆm(M4+; aq) �769:0� 2:5 �591:2� 3:3 �536:4� 3:3 [76FUG/OET℄�fHÆm(MF4; r) �2097:9� 8:4 �1914:2� 4:2 �1846 �21 (a) [83FUG/PAR℄�fHÆm(MO2; r) �1226:4� 3:5 �1085:0� 1:0 �1055:8� 1:0 [89COX/WAG,82GLU/GUR℄(a) This value is itself an estimate.V.4.2.1.2. Estimation of standard entropiesThere are no measured values of the entropies of any ameriium halide. These valuesare therefore all estimated, following [83FUG/PAR℄ and earlier workers, from thevalues for the halides of the other atinide elements, often by relating the di�erenein entropy to the number of unpaired eletrons, assuming a spin-only ontribution tothe entropy.V.4.2.2. Ameriium uoride ompoundsThe triuoride and tetrauoride of ameriium and the six-valent AmO2F2(r) arewell established ompounds, and there is onsiderable evidene that the hexauorideAmF6(r) an be formed under strongly uorinating onditions.There are a number of omplex uorides ontaining three-, four- and �ve-valentameriium, whose strutures and methods of preparation have been summarised byShulz and Penneman [86SCH/PEN℄. Sine there are no thermodynami data forthese ternary ompounds, they are not onsidered further in this review.V.4.2.2.1. Ameriium triuoridea) Crystal strutureAmeriium triuoride has the hexagonal LaF3(r) type rystal struture, the type inwhih all the earlier atinide and many lanthanide triuorides rystallise. This stru-ture was disussed in detail by Taylor [76TAY℄. The real struture is a distortionof the idealised fully-apped trigonal prism, with two moleules per unit ell, spaegroup P63/mm. Subsequent work, disussed by Taylor [76TAY℄, indiates that thetrue ell ontains six moleules; however, it is still not lear whether the spae groupis P31 or P63m, orresponding to slightly di�erent distortions or the smaller ell.The re�nement of the neutron di�ration data gives the same R-fators for eahstruture. The lattie parameters given by Asprey, Keenan and Kruse [65ASP/KEE℄



Group 17 (halogen) ompounds and omplexes 109have thus been onverted to this larger ell (by multiplying the a parameter by p3),a = (7:044� 0:002)� 10�10,  = (7:225� 0:002)� 10�10 m.b) Enthalpy of formation and entropyA value for the standard enthalpy of formation of ameriium triuoride was estimatedby Fuger et al. [83FUG/PAR℄ by the proedure noted in Setion V.4.2.1.1 to be:�fHÆm(AmF3; r; 298:15 K) = �(1588� 13) kJ �mol�1:This value is preferred to that of �1605 kJ � mol�1 estimated by Morss [86MOR℄by a slightly di�erent proedure from the systematis of the lanthanide as well asthe atinide trihalides. However, as noted by Morss, the orrelations involving theenthalpies of solution of the trihalides are rather irregular for the elements Nd to Eu,(whih have similar molar volumes to AmF3), whereas the orrelation of Fuger et al.[83FUG/PAR℄, involving atinides only, gives exellent preditions in all ases (forNpX3(r) as well as AmX3(r)) where it has been tested.The standard entropy is estimated (see Setion V.4.2.1) to be:SÆm(AmF3; r; 298:15 K) = (127:6� 5:0) J �K�1 �mol�1:This value is very lose to that estimated by assuming the entropy of formationof AmF3(r) is the same as that of PuF3(r) (�fSÆm = �232:5 J � K�1 � mol�1[83FUG/PAR℄), namely 127:1 J �K�1 �mol�1.The Gibbs energy of formation is alulated from the seleted enthalpy formationand entropy.�fGÆm(AmF3; r; 298:15 K) = �(1518:8� 13:1) kJ �mol�1:) Vapour pressureCarniglia and Cunningham [55CAR/CUN℄ measured the vapour pressure of am-eriium triuoride from 1126 to 1469 K by the e�usion method, using tantalumells, and target olletion of the e�usate. The mass of e�usate was alulatedfrom the �-radiometri assay of the targets using the half-life of 241Am given byHollander, Perlman and Seaborg [53HOL/PER℄. These authors in fat gave valuesof 470 and 475 y for the half-life of 241Am, so it is assumed that Carniglia andCunningham [55CAR/CUN℄ used a value of 472.5 y. However, the preferred valuetoday is (432:7 � 0:5) y, [86VAN, p.127℄, so all the pressures of AmF3(g) given by[55CAR/CUN℄ are redued by a fator of (432.7/472.5) = 0.916.In one series of experiments, twin e�usion ells were used to ompare the vapourpressures of PuF3(r) and AmF3(r). The measured pressures of PuF3(r) were loseto those determined by Phipps et al. [50PHI/SEA℄, whih agree with urrently a-epted values [83FUG/PAR℄, indiating that the general alibration of the measuringsystem was not seriously in error.It should be noted that despite the great are taken to exlude oxygen from the ap-paratus, the samples of PuF3(r) after the e�usion experiments were invariably found



110 Disussion of data seletionto ontain some oxyuoride; however, Carniglia and Cunningham [55CAR/CUN℄noted that this was unlikely to a�et the vapour pressure measurements appreiably.The experimental values for the vaporisation of AmF3(r) for the assumed proessAmF3(r) *) AmF3(g) (V.18)an be �tted by the linear expression between 1140 and 1469 K tolog10 p(bar) = �20813=T + 9:071;giving �rGÆm(V:18; 1140 to 1469K) = (398462� 173:663 T ) J �mol�1:The experimental point at the lowest temperature (1126 K) deviates notieablyfrom this and has been omitted from the �tting.Carniglia and Cunningham [55CAR/CUN℄ noted that the derived entropy of sub-limation is onsistent with the monomeri sublimation assumed, rather than a moreompliated vaporisation proess, though small amounts of dimer moleules ould bepresent in the vapour.The entropy of sublimation for the orresponding vaporisation of UF3(r) at 1300 K,the mean temperature of the measurements, alulated from the thermal funtionsgiven by Glushko et al. [82GLU/GUR℄, is 191:0 J � K�1 � mol�1. However, it wouldbe expeted that the entropy of AmF3(g) would be appreiably smaller than thatof UF3(g) owing to smaller eletroni ontributions, so this is onsistent with theentropy of vaporisation obtained from the study by Carniglia and Cunningham. Inorder to orret the measurements of Carniglia and Cunningham [55CAR/CUN℄ toroom temperature, it is therefore assumed that the enthalpy and entropy orretionsto 298.15 K are the same as those for the vaporisation of UF3(r) [82GLU/GUR℄:�rHÆm(V:18; 1300 K)��rHÆm(V:18; 298:15 K) = �22:65 kJ �mol�1�rSÆm(V:18; 1300 K)��rSÆm(V:18; 298:15 K) = �32:94 J �K�1 �mol�1:The values for the sublimation of AmF3(r) to AmF3(g) at 298.15 K are thus�rHÆm(V:18; 298:15 K) = (421:1� 7:0) kJ �mol�1�rSÆm(V:18; 298:15 K) = (206:6� 10:0) J �K�1 �mol�1:The derived enthalpy of formation and entropy are:�fHÆm(AmF3; g; 298:15 K) = �(1167�15) kJ �mol�1SÆm(AmF3; g; 298:15 K) = (334�11) J �K�1 �mol�1The latter value is onsistent with a gaseous moleule with similar moleular parame-ters as those of UF3(g) [82GLU/GUR℄ , but with a smaller eletroni ontribution tothe entropy. The standard entropies at 298.15 K (for 1 bar standard state pressure)for UF3(g) and PuF3(g) are 347:4 J � K�1 � mol�1 [82GLU/GUR, 85HIL/GUR℄ and336:2 J �K�1 �mol�1 [85HIL/GUR℄, respetively.



Group 17 (halogen) ompounds and omplexes 111The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy.�fGÆm(AmF3; g; 298:15 K) = �(1159:3� 15:1) kJ �mol�1d) Melting pointBurnett [66BUR℄ reported the melting point of a sample of AmF3(r), preparedby reating the hydrate of AmF3 preipitated from onentrated HF solution withNH4 � HF2 at 400 K, to be (1666� 20) K, when supported on a molybdenum holderin a graphite furnae.e) Solubility in aqueous solutionsThe solubility produt obtained with the seleted value of �fGÆm(AmF3; r; 298:15K)is AmF3(r) *) Am3+ + 3F� log10Ks;0(298:15 K) = �13:3� 2:5As disussed above, this value is derived from the estimated values of the seletedenthalpy of formation and the entropy of the solid phase. The ameriium solubilitiesalulated with this seleted value for Ks;0 are orders of magnitude higher than theameriium onentrations reported by Feay [54FEA℄ and by Nash and Cleveland[84NAS/CLE2℄ for uoride solutions having [ClO�4 ℄ � 0:1 M. However, it is notertain that these solutions were indeed in equilibrium with rystalline ameriiumtriuoride rather than an amorphous (or even hydrated) triuoride (f. Appendix A).Therefore the seletion made by this review an not be on�rmed with solubility data.V.4.2.2.2. Ameriium tetrauoridea) Crystal strutureAmeriium tetrauoride has the monolini UF4 type rystal struture, spae groupC2/, a = 12:538� 10�10 m, b = 10:516� 10�10 m,  = 8:204� 10�10 m, � = 126:18Æ[73ASP/HAI℄.b) Thermodynami dataThe standard enthalpy of formation of AmF4(r) has been estimated by two (related)orrelations: Fuger and Parker [83FUG/PAR℄ used the same proedure as used forthe trihalides, namely orrelating �fHm(MF4; r)��fHm(M4+; aq) with the atomiradius of the metal ion, for M = Th, U, Pu, whih, with the values noted in theintrodution, Setion V.4.2.1.1, gives a value of �(1720 � 25) kJ � mol�1 for theenthalpy of formation of AmF4(r). The extrapolation is less satisfatory in this



112 Disussion of data seletionase, sine �fHÆm(Am4+; aq; 298:15 K) is not experimentally well de�ned. A relatedorrelation is to plot �fHÆm(MF4; r)��fH Æm(MO2; r) also against the ioni radiusof the M4+ ion, whih gives a value of �(1705� 15) kJ �mol�1. The seleted value is�fHÆm(AmF4; r; 298:15 K) = �(1710� 21) kJ �mol�1;whih is onsistent with the semi-quantitative deomposition measurements disussedbelow.The value of the standard entropy estimated by Fuger et al. [83FUG/PAR℄ by theproedure noted in Setion V.4.2.1,SÆm(AmF4; r; 298:15 K) = (148:5� 5:0) J �K�1 �mol�1;is essentially idential to that estimated by assuming the entropy of formation ofAmF4 is the same as that of PuF4(�312:7 J � K�1 � mol�1) [83FUG/PAR℄, namely148:2 J �K�1 �mol�1.The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy. �fGÆm(AmF4; r; 298:15 K) = �(1617� 20) kJ �mol�1) Vapour pressureChudinov and Choporov [70CHU/CHO℄ measured the vapour pressure of AmF4(r)by the e�usion method from a nikel ell. However, their AmF4(r) was preparedin situ by the reation of F2(g) with AmO2(r) at a pressure of < 1 atm for 4 daysat 673 K. This reation is known to give AmF4(r) [54ASP℄ in agreement with therelevant thermodynami data. The results from a �rst run in the apparatus gavepressures whih above 800 K were lower than expeted from the normal extrapola-tion from lower temperatures. After a further uorination, however, the total vapourpressure gave a satisfatorily linear relation between log10p and 1/T up to �925 K.Above this temperature, the vapour dereased with inreasing temperature, indiat-ing deomposition (or reation) of the AmF4(r). AmF4(r) is indeed now knownto start to dissoiate appreiably at about this temperature, as disussed more fullybelow.Their [70CHU/CHO℄ equation for the vapour pressure under these onditions islog10 p(bar) = �11911=T + 6:564; from 729 to 908 Korresponding to the Gibbs energy of sublimation of�subGÆm(V:19; 729 to 908 K) = (228000� 125:7 T ) J �mol�1for the assumed proess AmF4(r) *) AmF4(g): (V.19)There are no reliable thermal funtions for either AmF4(r) or AmF4(g) with whihthe entropy of sublimation of � 126 J �K�1 �mol�1 an be ompared, but �vapS for



Group 17 (halogen) ompounds and omplexes 113the orresponding reation involving uranium (whih is ertainly predominantly asimple evaporation) is about 192 J �K�1 �mol�1, using the thermal funtions given byFuger et al. [83FUG/PAR℄ for UF4(r) and Glushko et al. [82GLU/GUR℄ for UF4(g)(C2v symmetry). It is unlikely that the entropy of vaporisation of AmF4(r) woulddi�er by more than 20 J �K�1 �mol�1 from this value, so it may be that the reationmeasured by Chudinov and Choporov [70CHU/CHO℄ was more ompliated than thesimple vaporisation to AmF4(g).In fat, the reation3AmF4(r) + AmO2(r) *) 4AmF3(r) + O2(g)onsidered by Chudinov and Choporov [70CHU/CHO℄ to aount for the deompo-sition above 950 K is thermodynamially favourable even at low temperatures, soould have led to some redution in the vapour pressure of AmF4(r), partiularlyon the �rst run, when some unreated AmO2(r) ould have been present. Moreover,Gibson and Haire [88GIB/HAI℄ suggested that nikel ells reat with the uorineevolved from AmF4(r), equivalent to the redution of AmF4(r) by Ni(r), whih isof ourse thermodynamially favourable at all temperatures. Thus nikel ould loseits passivity at these temperatures, perhaps by reation of the nikel uoride �lmwith AmF3(r) or AmF4(r).Sine the properties of AmF4(g) are of minimal importane for the present pur-poses, this speies is not onsidered further in this ompilation.d) Deomposition of AmF4The suggestion of Chudinov and Choporov [70CHU/CHO℄ that AmF4(r) loses u-orine at temperatures above � 1000 K aording to the reation2AmF4(r) *) 2AmF3(r) + F2(g);has reently been on�rmed semi-quantitatively by Gibson and Haire [88GIB/HAI℄.These authors heated � 5mg of AmF4(r) in a (leaking) LaF3(r) e�usion ell ina tantalum furnae leading to a quadrupole mass-spetrometer. Fluorine gas wasidenti�ed in the vapour, even at the lowest temperature of the study (� 850 K). Onheating to � 1000 K the F2(g) signal disappeared. The mass-spetrometer employedould not detet speies with mass numbers as high as those for ameriium uorides.AmF3(r) (identi�ed by X-ray di�ration) was found to be present in the Knudsenell after the experiments, in an amount approximately equal to the starting amount.From the details of the experiments, in whih all the AmF4(r) was onverted intoAmF3(r) in a few minutes at 1000 K, it is estimated that the pressure of F2(g) intheir (leaking) e�usion ell was 3� 10�5 to 5� 10�5 bar; the p(F2) alulated fromthe seleted data at 298.15 K, extrapolated to 1000 K without any Cp;m orretion is5� 10�5 bar.In their experiments, Chudinov and Choporov [70CHU/CHO℄ used a larger sampleof AmF4(r), and an appreiably smaller e�usion ori�e, so they would have onvertedonly part of their sample to AmF3(r), leading to a lower pressure of AmF4(g) (due



114 Disussion of data seletionto lak of saturation in the Knudsen ell), but not to omplete deomposition toameriium triuoride, as in the experiments of Gibson and Haire [88GIB/HAI℄.If the study of Chudinov and Choporov [70CHU/CHO℄ represents, even approx-imately, the vapour pressure of AmF4(r), the F2/AmF4 ratio in the vapour overAmF3(r) + AmF4(r) is about 10, suggesting that AmF4(r) ertainly vaporizesmainly by deomposition.Jouniaux [79JOU℄ has studied the vaporisation and redeposition of ameriium u-orides in gaseous uorine in a nikel tube with a temperature gradient at pF2(g) = 1and 5 bar. The volatilization was assumed to our via the tetrauoride. They reportenthalpies of adsorption of 251 and 349 kJ �mol�1 at the two pressures, but it is farfrom lear to whih preise proess or proesses these values refer.V.4.2.2.3. Ameriium pentauorideFargeas et al. [86FAR/FRE℄ have studied the vaporisation of ameriium ompoundsin atmospheres of HF(g), F2(g) (both of these with and without O2(g)) and BF3+F2gases, followed by deposition in a tube with a temperature gradient running from 1073to 123 K. The position of deposition of any volatile ompounds along the temperaturegradient tube was identi�ed radiometrially. Fargeas et al. [86FAR/FRE℄ noted thatthe position (and thus temperature) of deposition is strongly orrelated with thetype of volatile speies (MF5, MO2F2, et.), depending little on the metal M . Fromtheir experiments, they suggest that ameriium is deposited as both AmF5(s) andAmF6(s). More de�nitive identi�ation of the formation of AmF5(g) would be verywelome.V.4.2.2.4. Ameriium hexauorideDrobihevski et al. [80DRO/PRU℄ suggested that AmF6 an be formed in both theondensed and gaseous states by the reation of KrF2 with AmF3 in anhydrous HFat 313 to 333 K. They were not able to isolate any pure ameriium uoride fromthis reation, but found that 241Am, identi�ed by its -spetrum, was present inthe vapour, that when the solvent was evaporated, a dark brown solid vaporised togive a vapour with a symmetri infra-red ative absorption peak at (604 � 3) m�1(the similar peaks of UF6(s) and PuF6(s) lie at 624 and 615 m�1, respetively), andthat on hydrolysis this solid yielded AmO2+2 in solution, all of whih, they suggest,indiates that a volatile higher ameriium uoride, probably AmF6, an be formedunder strongly uorinating onditions. The temperature gradient experiments of Far-geas et al. [86FAR/FRE℄, whih also suggest that 0.04% AmF6(g) an be formed inan atmosphere of BF3(g) + F2(g), have been disussed in Setion V.4.2.2.3. Howevermore reently Gibson and Haire [92GIB/HAI℄ were unable to detet the formationof a volatile ameriium uoride either by mass-spetrometri or radiometri analysiswhen AmO2(r), AmF4(r) or Am(r) were heated in uorinating agents suh asF2(g), F2(g) + BF3(g) and ClF3(g) + BF3(g).



Group 17 (halogen) ompounds and omplexes 115Drobihevski et al. [80DRO/PRU℄ have estimated the enthalpy of the reationAmF4(r) + F2(g) *) AmF6(g)at 298.15 K to be +(67�21) kJ �mol�1, by analogy with ruthenium, and Gibson andHaire [92GIB/HAI℄ give the same estimated value, without an unertainty. This isprobably not a totally independent estimate, sine [92GIB/HAI℄ merely refer to themethods used by [80DRO/PRU℄ and [86MOR℄ in desribing their own assessmentproedure. With this enthalpy of reation, the fration of AmF6(g) in equilibriumwith AmF4(r) and F2(g) at 1 bar would be 10�10 to 10�8 at 300 to 400 K, butwould, of ourse, be higher in more strongly uorinating atmospheres. The balaneof evidene probably points to AmF6(g) being formed, at least transiently, in suhatmospheres. A repetition of the experiments of [80DRO/PRU℄, but using 243Am,with its lower irradiation ux, would be valuable.V.4.2.2.5. Dioxoameriium(VI) uorideDioxoameriium(VI) uoride, AmO2F2(r), was haraterised by Keenan [68KEE℄.It is formed by the ation of an HF/F2 mixture on sodium ameriyl(VI) aetate,initially at liquid N2 temperature, but �nally at room temperature. X-ray patternsof the produt after evaporation of the solvent indiated the presene of a phase witha hexagonal struture, spae group R3m, UO2F2 type, with a = 4:136 � 10�10 m, = 15:85� 10�10 m, isostrutural with the other atinide(VI) oxyuorides.No further information is available on this ompound.V.4.2.2.6. Ternary uoridesa) Li and Na ompoundsPenneman et al. [67PEN/KEE℄ have prepared the ompounds LiF � AmF4(r) and7NaF �6AmF4(r) by heating hlorides with the appropriate ation ratio in elementaluorine at 350ÆC for � 16 h. The strutures and lattie parameters of these phasesare:� LiAmF5(r), tetragonal, LiUF5-type, spae group I41/a, a = (14:63 � 0:02) �10�10 m,  = (6:449� 0:005)� 10�10 m.� Na7Am6F31(r), hexagonal, Na7Zr6F31-type [68BUR/ELL℄, spae group R3 a =(14:48� 0:02)� 10�10 m,  = (9:665� 0:003)� 10�10 m.b) Rb ompoundsKruse and Asprey [62KRU/ASP℄ have prepared the Am(IV) omplex uorideRb2AmF6(r) by treating Am(IV) hydroxide or Am(V) arbonates with onen-trated RbF { HF solutions. Orange pink rystals of Rb2AmF6(r) were found to



116 Disussion of data seletionhave an orthorhombi ell with lattie parameters a = (6:98 � 0:02) � 10�10 m,b = (12:09� 0:02)� 10�10 m,  = (7:56� 0:02)� 10�10 m.The orresponding Na and K ompounds of U and Th have hexagonal symmetry,but the larger Rb+ ion auses a slight distortion to the overall orthorhombi symme-try, but the distorting inuene is so weak that the rystals tend to revert to highersymmetry by twinning.V.4.2.3. Ameriium hloridesAmeriium is the �rst atinide element for whih ommon truly divalent ompoundsare stable, and both the dihloride and the trihloride of ameriium, as well as thetrivalent oxyhloride AmOCl(r), have been well haraterised.V.4.2.3.1. Ameriium dihloridea) Crystal strutureAmeriium dihloride, prepared (together with AmCl3(r)) by the reation of amer-iium metal with HgCl2(s) has the orthorhombi PbCl2(r) type rystal struture,spae group Pnma, a = 8:963� 10�10 m, b = 7:573� 10�10 m,  = 4:532� 10�10 m,Baybarz [73BAY℄.b) Enthalpy of formationMorss [86MOR℄ estimated the enthalpy of formation of AmCl2(r) to be �654 kJ �mol�1, with an unknown unertainty, based on the assumption that the hypothetialenthalpy of solution is similar to that of SmCl2(r), the lanthanide dihloride with thesame ioni radius of the ation as ameriium in ameriium dihloride. However, sinethis involves the highly unertain value of the enthalpy of formation of Am2+(aq),the most that an probably be said of the enthalpy of formation of AmCl2 is that itis likely to be more negative than 2�fHÆm(AmCl3; r)=3, namely �652 kJ �mol�1.V.4.2.3.2. Ameriium trihloridea) Crystal strutureAmeriium trihloride has the hexagonal UCl3(r) type rystal struture, spae groupP63/m, a = 7:382� 10�10 m,  = 4:214� 10�10 m, as determined from single rystalX-ray di�ration data by Burns and Peterson [70BUR/PET℄. This is the struturaltype in whih all the known atinide trihlorides rystallise.b) Thermodynami dataThe enthalpy of solution of AmCl3(r) in 0.001 and 1.5 M HCl solutions was measuredby Fuger and Cunningham [63FUG/CUN℄. When ombined with the enthalpy of



Group 17 (halogen) ompounds and omplexes 117solution of �-Am(r) in the same solutions (where the in�nite dilution value has beenused for the 0.001 M HCl solution), and the enthalpies of formation of the hloride ion[89COX/WAG℄ and Parker, Wagman and Garvin [76PAR/WAG℄, the derived valuesfor the enthalpy of formation of AmCl3 are �(978:2 � 1:7) and �(977:8 � 1:3) kJ �mol�1, respetively (see [83FUG/PAR℄ for details). Following [83FUG/PAR℄ thevalue aepted is�fHÆm(AmCl3; r; 298:15 K) = �(977:8� 1:3) kJ �mol�1:The standard entropy is estimated (see Setion V.4.2.1) to beSÆm(AmCl3; r; 298:15 K) = (164:8� 6:0) J �K�1 �mol�1:This value is lose to that estimated by assuming the entropy of formation of AmCl3(r)is the same as that of UCl3(r) (�fSÆm = �225:8 J�K�1�mol�1 [83FUG/PAR℄), namely164:2 J �K�1 �mol�1.The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy. �fGÆm(AmCl3; r; 298:15 K) = �(910:7� 2:3) kJ �mol�1The heat apaity at 298.15 K is estimated to be similar to that of UCl3(r)[89COR/KON℄ y :CÆp;m(AmCl3; r; 298:15 K) = (103� 10) J �K�1 �mol�1:) Melting dataWeigel and Kohl [85WEI/KOH℄ measured the melting point, Tfus = (991� 5) K andthe enthalpy of fusion of AmCl3(r) using a ommerial DTA apparatus.AmCl3(r) *) AmCl3(l) (V.20)Their values are aepted, but with inreased unertainties.�fusHÆm(AmCl3; 911 K) = (48:1� 4:0) kJ �mol�1:There is too muh unertainty in the heat apaities of solid and liquid AmCl3 toattempt a meaningful extrapolation of this value to 298.15 K.d) Vapour pressureWeigel and Shuster [85WEI/SCH℄ attempted to measure the vapour pressure ofAmCl3(r) by a variant of the stati boiling-point method, using very small amountsof ameriium trihloride trapped under a molybdenum up oating in a bath of liquidy The value of CÆp;m(UCl3; r; 298:15 K) in Table III.1 of the uranium NEA-TDB review[92GRE/FUG, p.36℄ is erroneous, f. the disussion in Appendix D, p.348



118 Disussion of data seletiontin. Their desription of the experimental diÆulties, plus the numerous quite appre-iable orretions whih have to be applied to the measured stati pressure, suggestthat this tehnique is ertainly diÆult to use on a miro-sale. This is borne outby the extreme variation in the resulting pressures. The authors arried out sevenruns; within runs, individual points deviated from a linear log10p vs. 1/T plot byup to a fator of two in the pressure, and between runs, the pressures at the sametemperature di�ered by up to a fator of ten. Moreover, with amounts of 100 to200 �g of ameriium trihloride (prepared from ameriium dioxide) under a Mo up,in ontat with hydrogen-redued Sn(l) at temperatures up to 1343 K, there anbe no guarantee that volatile reation produts suh as H2O, HCl or molybdenumoxyhlorides do not form a part, if not the major part, of the measured pressures.Given these problems, and that the pressures derived by Weigel and Shuster;log10p(1098 to 1343 K) = 7:8 � 11826=T (bar) are about two orders of magnitudehigher than those of plutonium trihloride, it seems unlikely that these represent thevapour pressure of ameriium trihloride, and no further treatment of the results isattempted.V.4.2.3.3. Ameriium oxyhloridea) Crystal strutureAmeriium oxyhloride AmOCl(r) has the tetragonal PbFCl type rystal struture,spae group P4/nmm, a = 3:99� 10�10 m,  = 6:77� 10�10 m [54KOC/CUN℄. Thisis the strutural type in whih all the known MOX atinide oxyhalides rystallise.b) Thermodynami dataThe equilibrium onstant of the reationAmCl3(r) + H2O(g) *) AmOCl(r) + 2HCl(g) (V.21)was studied by Koh and Cunningham [54KOC/CUN℄ from 682 to 880 K, and byWeigel and Wishnewsky [76WEI/WIS℄, using both 241AmCl3(r) (from 767 to 864 K)and 243AmCl3(r) (from 752 to 854 K). The results of these three studies are in exel-lent agreement, and all the equilibrium onstants are �tted to one linear expressionlog10Kp(V:21; 682 to 880 K) = 6:676� 4360=T (bar);orresponding to�rGÆm(V:21; 682 to 880 K) = (83472� 127:81T ) kJ �mol�1for the Gibbs energy for the above reation.To utilise this expression to alulate the standard properties of AmOCl(r) at298.15 K, the heat apaity hange for this reation must be estimated. For this, the



Group 17 (halogen) ompounds and omplexes 119heat apaity of AmCl3(r) is assumed to be the same as that of UCl3(r) and thatof AmOCl(r) is taken to be a smooth urve, between 298.15 and 1100 K,CÆp;m = (61:284 + 4:58933� 10�2 T�1:730645� 10�5T 2 � 269380=T 2) J �K�1 �mol�1based on values alulated from CÆp;m(3UO2 +U+ 2UCl3)=6:If the enthalpy and entropy of the hydrolysis reation are taken to be those at themean temperature of the two studies 781 K, the orretions to 298.15 K are:�rHÆm(V:21; 781 K)��rHÆm(V:21; 298:15 K) = �1741 J �mol�1�rSÆm(V:21; 781 K)��rSÆm(V:21; 298:15 K) = �3:57 J �K�1 �mol�1:With the values given above for AmCl3(r) and the CODATA Key Values[89COX/WAG℄ for H2O(g) and HCl(g), the �nal values for AmOCl(r) are�fHÆm(AmOCl; r; 298:15 K) = �(949:8� 6:0) kJ �mol�1SÆm(AmOCl; r; 298:15 K) = (111�10) J �K�1 �mol�1.These values are slightly di�erent from those given by Fuger et al. [83FUG/PAR℄who used a onstant heat apaity di�erene of 6:3 J �K�1 �mol�1 for the hydrolysisreation (V.21). The major unertainties in the enthalpy of formation and entropyindeed ome from the heat apaity orretion.The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy.�fGÆm(AmOCl; r; 298:15 K) = �(902:5� 6:7) kJ �mol�1:V.4.2.3.4. Ternary and quaternary hloridesComplex hlorides of AmCl3 with one and three moles of CsCl have been identi�ed,together with a series of ompoundsM2AmCl5(s) (M = K, NH4, Rb) and the quater-nary halide Cs2NaAmCl6. Data for the enthalpy of formation of the latter ompoundare available.V.4.2.3.4.1. Ternary hlorides CsAmCl4, Cs3AmCl6, M2AmCl5(M = K, NH4, Rb)CsAmCl4(s) and Cs3AmCl6(s) were prepared by Bagnall, Laidler and Stewart[68BAG/LAI℄ from aidi aqueous solutions; their strutures are not known. Thepentahlorides have been desribed and haraterised by Shleid et al. [87SCH/MOR℄.Solutions of 243AmCl3 in hydrohlori aid were mixed with the solid alkali hlorideand evaporated to dryness at 200 { 300ÆC under a stream of HCl(g), to yield tan-yellow powders of the ternary hlorides. X-ray examination indiated they have anorthorhombi rystal struture, spae group Pnma, isotypi with K2PrCl5(r) and



120 Disussion of data seletionTable V.11: Lattie parameters for ameriium ternary hlorides.Lattie parameters �1010=mCompound a b K2AmCl5(r) 12.6832 8.7038 7.9525(NH4)2AmCl5(r) 13.0482 8.7939 8.1630Rb2AmCl5(r) 13.0854 8.8707 8.1629
many other similar lanthanide and atinide ompounds. The lattie parameters ofthe ameriium ompounds are given in Table V.11.The ammonium ompound forms a onvenient intermediary for the synthesis ofAmCl3(r).V.4.2.3.4.2. Quaternary hloride Cs2NaAmCl6Shoebrehts et al. [89SCH/GEN℄ have haraterised Cs2NaAmCl6(r) and measuredits enthalpy of solution in 1 molal hydrohlori aid solution.Cs2NaAmCl6(r) was found to have the f ideal-ryolite struture, spae groupFm3m, with a = 10:8546�10�10m for a sample ontaining 241Am. This is signi�antlysmaller than the parameter reported by Soderholm et al. [86SOD/EDE℄ for a sampleontaining 243Am; the reason for this di�erene is not lear.Shoebrehts et al. [89SCH/GEN℄ measured the enthalpy of solution of the 241Amompound in an 1 M HCl solution to be �(51:62 � 0:85) kJ � mol�1 at 298.15 K.We have aepted all the auxiliary data used by Shoebrehts et al., exept for�fHÆm(CsCl; r; 298:15 K), for whih we prefer the value �(442:31� 0:16) kJ �mol�1suggested by Glushko et al. [82GLU/GUR℄ rather than the value proposed by Parker[76PAR/WAG℄, �(442:69 � 0:04) kJ � mol�1, sine the former value is essentiallyin agreement with all the experimental data onsidered by the CODATA Key Val-ues Task Group, Cox et al. [89COX/WAG℄. The derived enthalpy of formation ofCs2NaAmCl6(r) is�fHÆm(Cs2NaAmCl6; r; 298:15 K) = �(2315:8� 1:8) kJ �mol�1:The standard entropy and heat apaity at 298.15 K have been estimated in thisreview by assuming that the di�erenes from sums of the onstituent hlorides arelose to zero: SÆm(Cs2NaAmCl6; r; 298:15 K) = (440� 15) kJ �mol�1CÆp;m(Cs2NaAmCl6; r; 298:15 K) = (260� 15) kJ �mol�1:



Group 17 (halogen) ompounds and omplexes 121The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy.�fGÆm(Cs2NaAmCl6; r; 298:15 K) = �(2164:8� 4:9) kJ �mol�1V.4.2.3.5. Molten salt systemsThere are a number of studies on the distribution of atinides in molten hlorides[74MAR/SPI, 91MAR℄ and on the eletrohemial proessing of atinides in moltenCd/KCl-LiCl euteti mixtures [92KOY/JOH, 93ACK/SET℄ whih ontain data onpartition oeÆients. However these studies are outside the sope of this review andwill not be onsidered further.V.4.2.4. Ameriium bromidesBoth the dibromide and tribromide of ameriium, as well as the trivalent oxybromideAmOBr(r) have been well haraterised. Baybarz [73BAY℄ reported that in thereation of ameriium metal with suÆient HgBr2(r) to form approximately equalamounts of AmBr2(r) and AmBr3(r), the X-ray pattern of the produt in fat on-tained no lines attributable to these ompounds, but showed lines for an unidenti�edphase, similar to that obtained by the hydrogen redution of CfBr3(r). This possiblenew phase learly needs further investigation.V.4.2.4.1. Ameriium dibromidea) Crystal strutureAmeriium dibromide, prepared by the reation of ameriium metal and HgBr2(r),has the tetragonal EuBr2(r) type rystal struture, spae group P4/n, a = 11:592�10�10 m,  = 7:121� 10�10 m [73BAY℄.b) Thermodynami dataThere are no published thermodynami data for this ompound.V.4.2.4.2. Ameriium tribromidea) Crystal strutureAmeriium tribromide was �rst prepared on the mirogramme sale by the ation ofAlBr3(r) on AmO2(r), and puri�ed by sublimation [51FRI℄. Milligramme amountsof the tribromide of the longer-lived 243Am isotope were prepared by Asprey, Keenanand Kruse [65ASP/KEE℄ from AmCl3(r) and ammonium bromide at 672 to 723 Kin a stream of hydrogen. Asprey et al. on�rmed the rystal struture, �rst reportedby Zahariasen [48ZAC℄, to be the orthorhombi PuBr3(r) type, spae group Cmm,



122 Disussion of data seletionwith a = 4:064� 10�10 m, b = 12:66� 10�10 m,  = 9:144� 10�10 m.b) Thermodynami dataThe standard enthalpy of formation and standard entropy were estimated by Fugeret al. [83FUG/PAR℄ by the proedure noted in the introdution (Setion V.4.2.1.1)and are aepted in this review.�fHÆm(AmBr3; r; 298:15 K) = �(810�10) kJ �mol�1SÆm(AmBr3; r; 298:15 K) = (205�17) J �K�1 �mol�1.The Gibbs energy of formation alulated from these values is�fGÆm(AmBr3; r; 298:15 K) = �(787� 11) kJ �mol�1:V.4.2.4.3. Ameriium oxybromidea) Crystal strutureAmeriium oxybromide AmOBr(r) has the tetragonal PbFCl(r) type rystal stru-ture, spae group P4/nmm, a = 3:982�10�10 m,  = 7:644�10�10 m [79WEI/WIS℄.This is the strutural type in whih all the known MOX atinide oxyhalides rystallise.b) Thermodynami dataThe equilibrium onstant of the reationAmBr3(r) + H2O(g) *) AmOBr(r) + 2HBr(g) (V.22)was studied by Weigel, Wishnevsky and Guldner [82WEI/WIS℄ from 719 to 890 K.The equilibrium onstants from this study are �tted to the linear expression,log10Kp(V:22; 719 to 890 K) = 6:671� 4408:3=T (bar)orresponding to�rGÆm(V:22; 719 to 890 K) = (84396 + 127:72 T ) kJ �mol�1for the Gibbs energy for the above reation. It will be seen that the equilibriumonstants for the bromide hydrolysis are almost idential with those for the orre-sponding reation involving the hlorides, being on average about 15% lower in thetemperature range studied.The heat apaity hange for this reation is assumed to be the same as thatestimated for the reation involving hlorides, so the di�erenes to onvert to enthalpyand entropy values at 298.15 K are similar:



Group 17 (halogen) ompounds and omplexes 123�rHÆm(V:22; 805 K)��rHÆm(V:22; 298:15 K) = �1860 J �mol�1�rSÆm(V:22; 805 K)��rSÆm(V:22; 298:15 K) = �3:71 J �K�1 �mol�1.With the values given above for AmBr3(r) and CODATA Key Values for H2O(g)and HBr(g) [89COX/WAG℄ (f. Table IV.1), the �nal values for AmOBr(r) are�fHÆm(AmOBr; r; 298:15 K) = �(893 �12) kJ �mol�1SÆm(AmOBr; r; 298:15 K) = (128 �20) J �K�1 �mol�1.These values are slightly di�erent from those seleted in the review by Fuger et al.[83FUG/PAR℄ who used a onstant heat apaity di�erene of 6:3 J �K�1 �mol�1 forthe hydrolysis reation (V.22). The major ontribution to the unertainties given isindeed the heat apaity orretion.The Gibbs energy of formation is alulated from the seleted enthalpy of formationand entropy. �fGÆm(AmOBr; r; 298:15 K) = �(861� 13) kJ �mol�1V.4.2.5. Ameriium iodidesBoth the diiodide and triiodide of ameriium, as well as the trivalent oxyiodideAmOI(r) have been well haraterised.V.4.2.5.1. Ameriium diiodidea) Crystal strutureAmeriium diiodide is prepared [72BAY/ASP℄ by the ation of HgI2(r) on ameri-ium metal. The divaleny of ameriium in this ompound was on�rmed by mag-neti suseptibility measurements. It has the monolini EuI2(r) type rystal stru-ture, spae group P, P2/ or P21/, a = 7:677 � 10�10 m, b = 8:311 � 10�10 m, = 7:925� 10�10 m, � = 98:5Æ.b) Thermodynami dataThere are no published thermohemial data for this ompound, but Baybarz et al.[72BAY/ASP℄ reported that it melts with deomposition at �973 K.V.4.2.5.2. Ameriium triiodidea) Crystal strutureBased on mirogramme samples of the strong -emitting 241Am isotope, ameriiumtriiodide prepared by Fried [51FRI℄ from ameriium dioxide and AlI3(r) was �rst re-ported [48ZAC℄ to rystallise in the orthorhombi PuBr3(r) type struture. However,in more reent work using the more easily handled 243Am isotope, Asprey, Keenan



124 Disussion of data seletionand Kruse [64ASP/KEE, 65ASP/KEE℄ prepared AmI3(r) from AmCl3(r) and am-monium iodide at 672 to 723 K in a stream of hydrogen; its struture was found to behexagonal BiI3(r) type. They were unable to onvert this to an orthorhombi phase,at any temperature from 673 to 1173 K. More reently Haire et al. [83HAI/YOU℄have shown that the triiodide prepared from the metal and iodine at 300ÆC hasthe orthorhombi PuBr3(r) struture, while samples prepared from AmBr3(r) orAmCl3(r) and HI(g) above 600ÆC had the hexagonal BiI3(r) struture. There is areversible transition between the polymorphs at 673 � 30 K, but the onversion ofthe high temperature hexagonal phase to the low temperature orthorhombi phase isvery sluggish, so the hexagonal phase an easily be quenhed to room temperature,e.g. from the melt. Subsequently Haire et al. [85HAI/BEN℄ showed that the onver-sion of the hexagonal struture to the orthorhombi also ours by the impositionof a pressure of � 2 GPa at ambient temperature, in aord with the onsiderablysmaller molar volume of the latter.The lattie parameters for the two phases given by [83HAI/YOU℄ are:� low temperature phase, orthorhombi PuBr3(r) type, spae group CmCm,a = 4:28� 10�10 m, b = 13:94� 10�10 m,  = 9:974� 10�10 m.� high temperature phase, hexagonal BiI3(r) type, spae group R3, a = 7:637�10�10 m,  = 20:91� 10�10 m.Their parameters for the orthorhombi phase agree with those reported by Zahari-asen [48ZAC℄ within the rather large unertainties of the latter; those of the hexag-onal phase are appreiably greater (by 1.8 and 2.9%) than those reported by Aspreyand o-workers [64ASP/KEE, 65ASP/KEE℄. The reason for this disrepany is notknown { both studies utilized the longer-lived 243Am isotope, so radiation damage isnot likely to be the ause.b) Enthalpy of formation and entropyThe standard enthalpy of formation and standard entropy were estimated by Fugeret al. [83FUG/PAR℄ by the proedure noted in the introdution and are seleted inthis review.�fHÆm(AmI3; r; 298:15 K) = �(612 � 7) kJ �mol�1SÆm(AmI3; r; 298:15 K) = (234 � 20) J �K�1 �mol�1.The Gibbs energy of formation derived from these values is�fGÆm(AmI3; r; 298:15 K) = �(613� 9) kJ �mol�1:V.4.2.5.3. Ameriium oxyiodidea) Crystal strutureBaybarz et al. [72BAY/ASP℄ prepared ameriium oxyiodide by heating AmI2(r) inmoist air at �673 K. AmOI(r) has the tetragonal PbFCl(r) type rystal struture,



Group 16 (halogen) ompounds and omplexes 125spae group P4/nmm, a = 4:011 � 10�10,  = 9:204 � 10�10 m [72BAY/ASP℄. Thisis the strutural type in whih all the known MOX atinide oxyhalides rystallise.b) Thermodynami dataThere are no published thermodynami data for this ompound.V.5. Group 16 (halogen) ompounds and omplexesThere are no experimental studies involving the thermodynami properties for ameri-ium halogenides, so this review summarizes the preparative and strutural data forthese phases, but inludes a few estimated values for the entropies of the monohalo-genides.V.5.1. Sulphur ompounds and omplexesV.5.1.1. Ameriium sulphidesThe monosulphide, a \substoihiometri sesquisulphide" (with a omposition lose toAm3S4(r)), the true sesquisulphide and the substoihiometri disulphide are known.The so-alled �-sesquisulphide is treated with the oxysulphides.V.5.1.1.1. AmS(r)Damien [71DAM℄ obtained a phase with the f NaCl(r) type struture, spae groupFm3m, mixed with the Am3S4(r) phase, (whih Damien alled -Am2S3), by heatingthe sesquisulphide in vauum (� 10�5 Torr) at 650ÆC. By analogy with other atinideelements, this was assumed to be the monosulphide, but the preise omposition isnot known. The lattie parameter of this presumably sulphur-saturated ompositionwas 5:592� 10�10 m.The lattie parameter of the single-phase AmS(r) prepared by Charvillat et al.[76CHA/BEN℄ from stoihiometri amounts of ameriium hydride and sulphur was5:600 � 10�10 m. These authors also prepared the diphasi mixture of AmS(r) +Am3S4(r) after Damien, �nding a lattie parameter inreasing from 5:592�10�10 to5:618� 10�10 m as the annealing temperature was inreased from 800ÆC to 1100ÆC.This may indiate an appreiable range of homogeneity for this phase.During this heating, there was a ontinuous loss of weight, and at 1300ÆC, nomonosulphide was present. This may be due to preferential loss of Am(g) from themonosulphide: 4AmS(r) *) Am3S4(r) + Am(g)or loss of AmS(g). The former seems more likely, sine as Damien [71DAM℄ noted, thedeomposition of Am2S3(r) at as low a temperature as 650ÆC implies that Am2S3(r)is appreiably less stable than the orresponding Pu and Np ompounds. This,



126 Disussion of data seletiontogether with the higher volatility of elemental Am, ould lead to the ongruentlyvaporising omposition in this system being near Am3S4(r).There are no experimental thermodynami data for AmS(r), but Gr�nvold, Drowartand Westrum [84GRO/DRO℄ estimated the standard entropy to beSÆm(AmS; r; 298:15 K) = (92� 12) J �K�1 �mol�1;based on estimated lattie and magneti ontributions of 75.3 [62WES/GRO℄ and16:7 J �K�1 �mol�1, respetively.V.5.1.1.2. Am2S3(r)Damien [71DAM℄ prepared Am2S3(r) on the 50 mg sale by heating ameriiumhydride with the stoihiometri amount of sulphur at 500ÆC. Reation was ompletein four days to give a blak powder with an X-ray pattern whih ould be indexed asan orthorhombi ell, with a = 7:39�10�10, b = 3:98�10�10 and  = 15:36�10�10 m.The struture is assumed to be the same as that of Pu2S3(r), namely the �-Ce2S3type spae group. The sample probably ontained some Am3S4(r).There are no experimental thermodynami data for Am2S3(r), but Moskvin[73MOS, 73MOS2℄ has estimated the standard entropy and heat apaity of Am2S3(r)to be 133 and 244 J �K�1 �mol�1, respetively. These are appreiably di�erent fromthe experimental values for U2S3(r) [84GRO/DRO℄, 190 and 133:7 J � K�1 �mol�1,and may not be very reliable.V.5.1.1.3. Am3S4(r)This phase was �rst identi�ed by Zahariasen [48ZAC, 49ZAC2℄; it has the ubiTh3P4(r) struture. More reently it has been prepared by Damien [71DAM℄ (whoalled it -Am2S3), by the deomposition of the sesquisulphide in vauum. Fur-ther work by Charvillat et al. [76CHA/BEN℄ showed that the lattie parameterof this phase inreases with the temperature of deomposition, suggesting that itprobably has a range of omposition. Even the highest lattie parameter found by[76CHA/BEN℄ (8:434 � 10�10 m by deomposition at 1300ÆC) is appreiably lowerthan found by Zahariasen (8:445� 10�10 m).V.5.1.1.4. AmS2(r)When Damien and Jove [71DAM/JOV℄ heated ameriium hydride with exess sulphurin a Pyrex tube at 400ÆC for one week, they found a oarse blak material whihontained a tetragonal phase with a = 3:938 � 10�10 and  = 7:981 � 10�10 m.The intensities of the X-ray pattern suggest that this phase has a pseudo-ell of theCu2Sb(r) type, spae group P4/nmm similar to the substoihiometri plutoniumdisulphide, with the omposition MS1:9(r). No analysis of the ompound was made,so the exat omposition is not known.



Group 16 (halogen) ompounds and omplexes 127V.5.1.1.5. Ameriium OxysulphidesThere are two oxysulphides known, Am2O2S(r), and a phase related to the sesquisul-phide, Am10OS14(r).a) Am2O2S(r)This phase was prepared by Haire and Fahey [77HAI/FAH℄ by reduing Am(III)oxysulphate Am2O2SO4(r) in H2/Ar at � 800ÆC. Well-rystallised samples wereobtained in as short a time as 2 h. Am2O2S(r) is isostrutural with hexagonalLa2O2S(r), spae group P�3m, with a = 3:910� 10�10 and  = 6:772� 10�10 m.b) Am10OS14(r)This ompound was prepared by Damien, Maron and Jove [72DAM/MAR℄ by heat-ing Am2S3(r) ameriium disulphide in vauum in a platinum ruible. Am2S3(r)is formed at 850ÆC; on further heating to 1100ÆC, a tetragonal phase with a =14:87 � 10�10 and  = 19:73 � 10�10 m is formed. The similar plutonium and lan-thanide phases were �rst thought to be polymorphs of the sesquisulphides, but Carre,Laruelle and Besan�on [70CAR/LAR℄ showed that they were oxysulphides with theomposition M10OS14(r), with spae group I41/ad. The ameriium ompound isassumed to be similar.V.5.1.2. Ameriium sulphatesV.5.1.2.1. Aqueous ameriium sulphatesYakovlev and Kosyakov [56YAK/KOS℄ �rst reported some qualitative spetrophoto-metri observations on the formation of ameriium-sulphate omplexes. There are fewreliable quantitative studies available in the literature on the ameriium(III) sulphatesystem, and all of them refer to solutions of low pH (pH � 3.6, f. Table V.12). Onlyextration tehniques suh as ation exhange [60LEB/PIR, 64BAN/PAT, 67NAI,68AZI/LYL, 68NAI℄ and solvent extration [64SEK, 65SEK2, 67CAR/CHO,68AZI/LYL, 78RAO/BAG, 80KHO/MAT℄ as well as eletromigration [90ROS/REI℄were used to determine the omposition and the stability onstants of the omplexesformed. No solubility measurements were reported. Am(SO4)(3�2n)n (n = 1 and 2)and Am(HSO4)+2 speies have been suggested to interpret the various experimentaldata.The data listed in Table V.12 refer to equilibria of the typeAm3+ + n SO2�4 *) Am(SO4)(3�2n)n : (V.23)The ation-exhange experiments performed by Lebedev, Pirozhkov and Yakovlev[60LEB/PIR℄ at I = 0:75 and 1.5 M were interpreted assuming the formation of theAmSO+4 and Am(SO4)�2 omplexes. The sareness of the experimental data andthe narrow onentration range investigated at I = 1:5 M does not allow a reliable



128 Disussion of data seletionTable V.12: Literature equilibrium onstants for the ameriium(III) sulphate system.Method Medium pH t(ÆC) log10 �1 log10 �2 Refereneix 1.5 M NH4(X (a); SO4) � 4 20{25 1.76 2.11 [60LEB/PIR℄0.75 M NH4(X (a); SO4) 1.78ix 1 M H(ClO4;HSO4) 0 26�1 1.18 1.38 [64BAN/PAT℄1 M Na(ClO4; SO4) 3 1.49 2.48dis 1 M Na(ClO4; SO4) 3{4 25 1.57�0.09 2.66�0.08 [64SEK, 65SEK2℄dis 2 M Na(ClO4; SO4) 3 25�0.1 1.43�0.06 1.85�0.12 [67CAR/CHO,67CAR/CHO2℄dis 2 M Na(ClO4; SO4) 3 0 1.11�0.07 1.73�0.10 [67CAR/CHO2℄40 1.58�0.07 2.03�0.1255 1.65�0.06 2.38�0.10ix 1 M H(ClO4;HSO4) 0 27 1.22�0.01 (b) [67NAI, 68NAI℄1 M Na(ClO4; SO4) 3 1.49�0.01 2.36�0.01dis 0.5 M Na(ClO4; SO4) 3.6 25�0.5 1.86�0.01 2.83�0.02 [68AZI/LYL℄ix 1:86�0.01 2.80�0.03dis I �! 0 3 25�0.1 3.76�0.11 5.64�0:10() [72MCD/COL℄dis 1 M H(ClO4;HSO4) 0 25�0:1 1.82�0:01(d) 3.12�0:01(d) [78RAO/BAG℄2 M H(ClO4;HSO4) �0:3 1:711� 0:004(d) 3:04� 0:01(d)dis 1 M NH4(ClO4; SO4) 3 30 1.72�0.02 [80KHO/MAT℄em 0.1 M Na(ClO4; SO4) 2.8 25 2.50�0.3 3.6�0.4 [90ROS/REI℄5.5 2.50�0.2 3.1�0.7(a) Lebedev, Pirozhkov and Yakovlev [60LEB/PIR℄ report that the ioni strength was kept on-stant by addition of ammonium hloride or perhlorate.(b) Nair reports log10K = (0:54� 0:03) for: Am3+ + 2HSO�4 = Am(H2SO4)+2 .() MDowell and Coleman report log10 �Æ3 = (5:29� 0:05).(d) The stability onstants of Rao et al. [78RAO/BAG℄ for the reations: Am3+ + nHSO�4 *)Am(SO4)(3�2n)n + nH+, were ombined with the protonation onstant of SO2�4 used by Raoet al. (log10K1 = 1:18 and 1:08 at I = 1 and 2 M respetively) to give the values presented inthis Table.determination of the the equilibrium onstants whih are therefore disregarded bythis review. Furthermore, beause the authors did not speify the omposition of theioni media used, the log10 �1 value at I = 0:75 M is not inluded in the extrapolationto I = 0 performed by this review.Bansal, Patil and Sharma's results [64BAN/PAT℄ are not seleted by this review,as the reported values refer to unpublished work by Nair and Welh.Nair [67NAI, 68NAI℄ used a dissoiation onstant of HSO�4 not onsistent with theauxiliary data adopted in the NEA reviews, and therefore his experimental data arereinterpreted using log10K1 = (1:22 � 0:03) at I = 1 M. The results obtained atpH = 3 are not a�eted by the aid onstant. At pH = 0, the dependene of thepartition data with [SO2�4 ℄ indiates the presene of AmSO+4 . There is no evideneof Am(HSO4)+2 formation; thus, this review does not support the existene of theameriium hydrogen-sulphate omplexes.



Group 16 (halogen) ompounds and omplexes 129Figure V.9: Extrapolation to I = 0 of experimental data for the equilibrium on-stants of formation of AmSO+4 , aording to reation (V.23), using the spei� ioninteration equations (f. Appendix B). Both experiments with [H+℄ � 1 M (2) and[H+℄ � 1 mM (�) are plotted. The result of the weighted linear regression for theexperiments with [H+℄ � 1 mM is shown as a straight line, and the dotted linesrepresent the unertainty range.
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Reinterpretation of the solvent extration data of Rao et al. [78RAO/BAG℄ usingan aid onstant for HSO�4 onsistent with the data in Chapter IV, leads to slightlydi�erent formation onstants (f. Appendix A).The re-evaluated values from Refs. [67NAI, 68NAI, 78RAO/BAG℄ and the equi-librium onstants from all other referenes listed in Table V.12 exept [60LEB/PIR,64BAN/PAT℄ are onverted to molal units to perform an extrapolation using thespei� ion interation equations of Appendix B. The orreted stability onstantsobtained at [H+℄ � 1 M (2, Figure V.9) and [H+℄ � 1 mM (�, Figure V.9) seemnot to belong to the same parent distribution. The apparent disrepany, betweenpH � 0 and pH � 3 data, may be attributed to the di�erene in ioni media used(H+=HSO�4 =ClO�4 and Na+=SO2�4 =ClO�4 ). The lak of data obtained in onentratedaid solutions does not allow a reliable estimate of the pH inuene on the sum of ioninteration oeÆients, �", and even though the results of Rao et al. [78RAO/BAG℄(I = 1 and 2 M H+=HSO�4 =ClO�4 ) are onsidered satisfatory by this review, theywill not be inluded in the extrapolation to I = 0. The weighted linear regression,performed on pH � 3 data, results inlog10 �Æ1(V:23; 298:15 K) = 3:85� 0:03and �"1 = (�0:16 � 0:03) kg � mol�1. The seleted value for log10 �Æ1 is lose to



130 Disussion of data seletionTable V.13: Values of the formation onstants for Am(SO4)�2 obtained at pH� 3extrapolated to I = 0. The equilibrium onstants, reported in Table V.12 in molarunits, have been onverted to molal units in aordane with Eq. (II.32). The �terms orrespond to a 95% unertainty.Referene Medium t/(ÆC) log10 �2 log10 �Æ2[64SEK, 65SEK2℄ 1 M Na(ClO4,SO4) 25 2:62� 0:05 5:72� 0:10[67CAR/CHO℄ 2 M Na(ClO4,SO4) 25 1:76� 0:12 4:92� 0:22[67NAI, 68NAI℄ 1 M Na(ClO4,SO4) 27 2:32� 0:05 5:42� 0:10[68AZI/LYL℄ 0.5 M Na(ClO4,SO4) 25 2:81� 0:04 5:57� 0:06
the value (log10 �Æ1 = 3:82) obtained by Bidoglio et al. [87BID/TAN℄ and to theequilibrium onstant determined experimentally at I � 0:1 M by MDowell andColeman [72MCD/COL℄. The slight di�erene is due to the fat that Bidoglio per-formed the regression to I = 0 using molar (instead of molal) units for the ionistrength. From the determined value of �"1 and the ion interation oeÆients"(Am3+;ClO�4 ) and "(Na+;SO2�4 ) given in Appendix B this review obtains: "(AmSO+4 ;ClO�4 ) =(0:22 � 0:08) kg � mol�1, whih is in good agreement with the seleted estimate for"-values for the interation between perhlorate and omplexes of ameriium witheletri harge of +1 (f. Setion B.1.4).No reliable extrapolation to I = 0 M an be obtained from the sattered Am(SO4)�2formation onstants. Furthermore, no evidene of Am(SO4)�2 was found in thepH� 0 results reported in [68NAI℄, whih is in ontradition with the study of[78RAO/BAG℄, performed under similar onditions, f. Appendix A. As there is noapparent reason for suh disrepany, this review extrapolates to zero ioni strengthonly the values of log10 �2 obtained at pH � 3, using the spei� ion interation equa-tions of Appendix B, and �"2 = (�0:30� 0:08) kg �mol�1. The results are presentedin Table V.13. The values of Sekine [64SEK, 65SEK2℄, Nair [67NAI, 68NAI℄ andKhopkar and Mathur [80KHO/MAT℄ do not agree with the data by De Carvalhoand Choppin [67CAR/CHO℄. Beause there is no apparent reason to prefer one setof data over the other, an unweighted average of all these equilibrium onstants isseleted, and the unertainty assigned to over the range of expetation of all seletedvalues: log10 �Æ2(V:23; 298:15 K) = 5:4� 0:7:whih is in good agreement with the value experimentally determined by MDowelland Coleman [72MCD/COL℄.It should be mentioned that the experimental data used for these alulations refer



Group 16 (halogen) ompounds and omplexes 131to slightly di�erent temperatures (f. Table V.13). However, the study of De Carvalhoand Choppin [67CAR/CHO2℄ shows that the temperature e�ets on the values of theequilibrium onstants are not large in this temperature range.The seleted Gibbs energies of formation are alulated to be�fGÆm(AmSO+4 ; aq; 298:15 K) = �(1364:7� 4:8) kJ �mol�1�fGÆm(Am(SO4)�2 ; aq; 298:15 K) = �(2117:5� 6:3) kJ �mol�1 .The equilibrium onstants reported by De Carvalho and Choppin [67CAR/CHO,67CAR/CHO2℄ (f. Table V.12) are used to determine the enthalpy and entropyhanges. A weighted linear regression of \ln�n vs. 1=T (K�1)" leads to the followingnon-standard values:�rHm(V:23; n = 1; 298:15 K) = (17:0�3:2) kJ �mol�1�rSm(V:23; n = 1; 298:15 K) = (84�10) J �K�1 �mol�1�rHm(V:23; n = 2; 298:15 K) = (19:0�11) kJ �mol�1�rSm(V:23; n = 2; 298:15 K) = (102�36) J �K�1 �mol�1at I = 2 M, pH = 3 and 298.15 K. The values for the formation of AmSO+4 agreewith �rHm;1 = (18:4�3:3) kJ �mol�1 and �rSm;1 = (88�13) J �K�1 �mol�1 reportedin Ref. [67CAR/CHO2℄.V.5.1.2.2. Solid ameriium sulphatesHydrated and anhydrous Am(III) sulphates, Am2(SO4)3 �nH2O(r) (n = 0; 5; 8), andthe trivalent oxysulphate (AmO)2SO4(r), have been prepared. Yellow-pink rystalsof Am2(SO4)3 � 8H2O(r) were obtained by evaporation of a 5 M solution; they rys-tallise in the monolini system, spae group C2/ with a = 13:619 � 10�10 m,b = 6:837 � 10�10 m,  = 18:405 � 10�10 m, � = 102:67Æ [72BUR/BAY℄. Onthe basis of analyses for Am, SO2�4 and water Yakovlev et al. [58YAK/GOR℄ sug-gested the preipitate obtained by the addition of ethanol to a solution of Am(III) in0.5 M H2SO4 was the pentahydrate; no further haraterization was made. Hall andMarkin [57HAL/MAR℄ have reported thermogravimetri results for the dehydrationof Am2(SO4)3 hydrates, and showed that the sulphate ontent of the white produtformed at 550 - 650ÆC orresponded to anhydrous Am(III) sulphate. The oxysul-phate of Am(III), (AmO)2SO4(r), was obtained by Haire and Fahey [77HAI/FAH℄by stopping the alination of the Am(III) sulphate hydrates in air at � 750ÆC;it has a body-entered orthorhombi rystal struture with a = 4:225 � 10�10 m,b = 4:103 � 10�10 m,  = 13:328 � 10�10 m. The preise spae group has not beenestablished.Fedoseeva and Budantseva [89FED/BUD℄ suggest the produt of nitrite redutionof Am(VI) sulphate solutions at unknown pH to be an unspei�ed hydrate of theAm(V) sulphate. However the X-ray di�ration pattern of this phase was quitedistint from the well-established Np(V) analogue, so this identi�ation is far fromertain.



132 Disussion of data seletionYakovlev and Kosyakov [58YAK/KOS℄ reported the existene of Am(III) doublesulphates of type MAm(SO4)2 �xH2O(s) (with M = K, Rb, Cs and Tl) as well asK3Am(SO4)3 �H2O(s), K8Am2(SO4)7(s) and Tl8Am2(SO4)7(s).V.5.2. Selenium ompoundsV.5.2.1. SelenidesThe monoselenide, a \substoihiometri sesquiselenide" (with a omposition lose toAm3Se4) and the substoihiometri diselenide are known.V.5.2.1.1. AmSe(r)Damien and Wojakowski [75DAM/WOJ℄, and Charvillat et al. [76CHA/BEN℄ pre-pared a phase with the f NaCl(r) type struture, spae group Fm3m, mixed withthe Am3Se4(r) phase, by heating the hydride with selenium in equimolar ratio at800ÆC in vauum (� 10�5 Torr) for 24 h, followed by annealing the produts in alu-mina ruibles at 1100ÆC. By analogy with other atinide elements, this was assumedto be the monoselenide, but the preise omposition is not known. The lattie pa-rameter of this presumably selenium-saturated omposition was 5:821�10�10 m. Onfurther heating to 1250ÆC, the monoselenide was no longer observed.There are no experimental thermodynami data for AmSe(r), but Gr�nvold,Drowart and Westrum [84GRO/DRO℄ estimated the standard entropy to beSÆm(AmSe; r; 298:15 K) = (109� 12) J �K�1 �mol�1;based on estimated lattie and magneti ontributions of 92.1 [62WES/GRO℄ and16:7 J �K�1 �mol�1, respetively.V.5.2.1.2. Am3Se4(r)Mithell and Lam [70MIT/LAM℄ �rst prepared this phase, mixed with anotherunidenti�ed phase, from equimolar amounts of ameriium and selenium heated �rstto � 200ÆC, and annealed at 1000 and then 800ÆC. The major phase had a bstruture. Th3P4-type, spae group I�43d, a = 8:782 � 10�10 m, and was assumedto be Am3Se4(r). Damien and Wojakowski [75DAM/WOJ℄, and Charvillat et al.[76CHA/BEN℄ also prepared this phase together with AmSe(r) by reating ameri-ium hydride with selenium and annealing at 1100ÆC. They report a somewhat largerlattie parameter of 8:799� 10�10 m.V.5.2.1.3. AmSe2(r)When Damien and Jove [71DAM/JOV℄ heated ameriium hydride with exess se-lenium in a Pyrex tube at 673 K for one week they found a oarse blak materialwhih ontained a tetragonal phase with a = 4:096� 10�10 and  = 8:347� 10�10 m.



Group 16 (halogen) ompounds and omplexes 133The intensities of the X-ray pattern suggest that this phase has a pseudo-ell of theCu2Sb(r) type, spae group P4/nmm, similar to the substoihiometri plutoniumdiselenide, with the omposition MSe1:8(r). No analysis of the ompound was made,so the exat omposition is not known.V.5.3. Tellurium ompoundsV.5.3.1. TelluridesThe monotelluride, Am3Te4(r), the sesquitelluride, the substoihiometri ditellurideand the tritelluride have been identi�ed.V.5.3.1.1. AmTe(r)Damien and Wojakowski [75DAM/WOJ℄, and Charvillat et al. [76CHA/BEN℄ pre-pared a phase with the f NaCl(r) type struture, spae group Fm3m, mixed withthe Am3Te4(r) phase, by heating the hydride with tellurium in equimolar ratio at800ÆC in vauum (� 10�5 Torr) for 24 h, followed by annealing the produts inalumina ruibles at 1200ÆC. By analogy with other atinide elements, this was as-sumed to be the monotelluride, but the preise omposition is not known. The lattieparameter of this presumably tellurium-saturated omposition was 6:171� 10�10 m.There are no experimental thermodynami data for AmTe(r), but Gr�nvold,Drowart and Westrum [84GRO/DRO℄ estimated the standard entropy to beSÆm(AmTe; r; 298:15 K) = (121� 12) J �K�1 �mol�1;based on estimated lattie and magneti ontributions of 104.6 [62WES/GRO℄ and16:7 J �K�1 �mol�1, respetively.V.5.3.1.2. Am3Te4(r)Mithell and Lam [70MIT/LAM℄ �rst prepared this phase, mixed with anotherunidenti�ed phase, from equimolar amounts of ameriium and tellurium heated �rstto � 420ÆC, and annealed at 1000 and then 800ÆC. The major phase had a b stru-ture, Th3P4-type, spae group I�43d, a = 9:393 � 10�10 m and was assumed to beAm3Te4(r).Damien and Wojakowski [75DAM/WOJ℄, Charvillat et al. [76CHA/BEN℄ also pre-pared this phase together with AmTe(r) by reating ameriium hydride with tel-lurium and annealing at 1100ÆC. They reported a rather larger lattie parameter of9:404� 10�10 m. This phase is also the deomposition produt of higher ameriiumtellurides above 900ÆC [72DAM/CHA℄. They suggested that this phase has an ap-preiable range of homogeneity, sine its lattie parameter inreased with annealingtemperature from 9:382� 10�10 m at 900ÆC to 9:420� 10�10 m at 1100ÆC.



134 Disussion of data seletionV.5.3.1.3. AmTe2(r)Damien [72DAM℄ obtained a tetragonal phase with a = 4:366�10�10 and  = 8:969�10�10 m by thermal dissoiation of AmTe3(r) in vauum at 400ÆC. The intensitiesof the X-ray pattern suggest that this phase has a pseudo-ell of the Cu2Sb(r) type,spae group P4/nmm, similar to the substoihiometri plutonium ditelluride. Noanalysis of the ompound was made, so the exat omposition is not known, butby analogy with PuTe2�x(r) it was assumed to be substoihiometri. SubsequentlyBurns, Damien and Haire [79BUR/DAM℄ prepared 243AmTe2�x(r) from the elementsat 550ÆC for 20 h and removing exess Te by distillation. Re�nement of the rystalstruture was onsistent with 27% vaanies in one of the two Te latties, suggestingthe omposition was AmTe1:73(r). The lattie parameters of the tetragonal ell werea = 4:358� 10�10 and  = 9:027� 10�10 m.V.5.3.1.4. AmTe3(r)Damien [72DAM℄ obtained a tetragonal phase with a = 4:339�10�10 and  = 2:557�10�9 m by vapour phase reation of exess Te (Te=Am = 3:5) and ameriium hydrideat 350ÆC for 5 d. After removal of unreated Te by distillation, the weight inreaseorresponded to a omposition of AmTe3. However, the line intensities suggestedthat the phase is isostrutural with NdTe3(r) (Norling and Stein�nk [66NOR/STE℄)and that its true symmetry is orthorhombi, spae group Cmm, with the a and bparameters essentially equal.V.5.3.2. Ameriium oxytellurideIn their study of the thermal deomposition of AmTe2(r), Charvillat and Damien[72DAM/CHA℄ found that in the X-ray pattern of the major omponent Am3Te4(r)obtained by heating to 900ÆC, there were four additional lines with d-spaings loseto those of four of the strongest lines of Pu2O2Te(r). It seems likely therefore thatAm2O2Te(r) was formed, presumably by reation with silia, in this study.V.6. Group 15 ompounds and omplexesV.6.1. Nitrogen ompounds and omplexesThere are no experimental studies involving the thermodynami properties for am-eriium pnitides, so this review summarizes the preparative and strutural data forthese phases.V.6.1.1. Ameriium nitridesOnly the mononitride has been identi�ed. As noted below, even in the presene ofammonia/hydrogen mixtures, whih orrespond to quite high e�etive nitrogen pres-sures, no higher nitrides were found that orrespond to those in the earlier atinideelement-nitrogen systems.



Group 15 ompounds and omplexes 135Akimoto [67AKI℄ was the �rst to report the preparation of a phase with theNaCl(r) struture, spae group Fm3m, by heating, in sealed quartz tubes, eitherameriium hydride and ammonia at 800ÆC for 30 minutes, or ameriium powder (ob-tained by deomposition of the hydride) with nitrogen at 750ÆC for 1 h. Sine only100�g of Am was used, no further analysis was possible. The lattie parameters ofthe blak produts, assumed to be AmN(r), were 5:000� 10�10 and 5:005� 10�10 mrespetively, with an unertainty of 0:005� 10�10 m.Charvillat et al. [75CHA/BEN, 76CHA/BEN℄ repeated the preparation from nitro-gen (600 Torr pressure, 550ÆC, 12 h) �nding a phase with the slightly smaller lattieparameter of (4:995�0:002)�10�10 m, as have Radhenko et al. [82RAD/RYA℄ using70% N2(g) + 30% H2(g) at 800ÆC, who found a = (4:991 to 4:993)� 10�10 m for thesingle phase produts. In neither of these studies were any further analyses arriedout.It is lear from the method of preparation that these \mononitride" phases maywell ontain dissolved oxygen.V.6.1.2. Ameriium azide omplexesA preliminary report by Cuillerdier, Musikas and Marteau [77CUI/MUS℄ on theomplex formation between ameriium(III) and azide ions, was followed by Ph.D.thesis [81CUI℄ and the publiations by Musikas et al. [80MUS/MAR, 83MUS/CUI℄,whih report that solvent extration experiments yielded log10 �1 = 1:3, log10 �2 = 1:6and log10 �3 = 1:4, and absorption spetrophotometri measurements resulted inlog10 �1 = 1:0 and log10 �2 = 1:4. The papers by Musikas et al. indiate that thespetrophotometri experiments were performed at I = 5 M, without stating learlywhih bakground eletrolyte was used, although Cuillerdier [81CUI℄ indiates thatsodium perhlorate was employed.Choppin and Barber [89CHO/BAR℄ performed a solvent extration study at pH =5:9 and I = 0:5 M NaClO4, involving a few rare earths and atinides. For ameri-ium, they obtained log10 �1 = (0:67� 0:05) at 25ÆC. Choppin and Barber obtained�rHm(CmN2+3 ; I =0:5) = (15:1� 2:8) kJ �mol�1 from a temperature variation studyinvolving Cm3+.The spei� ion interation equations (f. Appendix B) are not appropriate to per-form ioni strength extrapolations for the study reported in [80MUS/MAR, 81CUI,83MUS/CUI℄, and the onstant reported by Choppin and Barber [89CHO/BAR℄ isadopted. A value of �" = �(0:1 � 0:1) kg � mol�1 is derived from the followingestimates: "(AmN2+3 ;ClO�4 ) � "(AmOH2+;ClO�4 ) = (0:39 � 0:04) (f. Setion B.1.4), and"(N�3 ;Na+) = (0:0 � 0:1) [92GRE/FUG, p.267℄. This review assumes that the uner-tainties reported in [89CHO/BAR℄ are �1 standard deviation. The ioni strengthorretion yields: log10 �Æ1(298:15 K) = 1:67� 0:10where the unertainty has been inreased to reet the 95% on�dene level. TheGibbs energy of formation is alulated to be:�fGÆm(AmN2+3 ; aq; 298:15 K) = �(260:0� 5:2) kJ �mol�1



136 Disussion of data seletionV.6.1.3. Ameriium nitrite omplexesRao, Kusumakumari and Patil [78RAO/KUS℄ performed a solvent extration studyon the omplexation of Am(III) and Cm(III) by nitrite ions. For ameriium theyreport log10 �1 = (0:96�0:03) at 1 M NaClO4 and 25ÆC. The aid onstant of nitrousaid was measured under the same onditions: log10K1 = 2:86. When extrapolatedto I = 0 using the equations in Appendix B, the aid onstant (log10KÆ1 = 3:10)agrees with the value seleted by Grenthe et al. [92GRE/FUG℄, f. Table IV.2. Thisreview selets the formation onstant for AmNO2+2 reported by Rao, Kusumakumariand Patil [78RAO/KUS℄ after extrapolation to I = 0 (again using the equations inAppendix B) and inreasing the unertainty to �0:2:log10 �Æ1(298:15 K) = 2:1� 0:2No Gibbs energy of formation an be alulated beause there is no seleted valuefor the NO�2 ion.V.6.1.4. Ameriium nitrate ompounds and omplexesV.6.1.4.1. Aqueous ameriium nitratesThe ameriium(III)-nitrate system has been investigated by solvent extration, mainlyin 1.0 M HNO3-XClO4 media (where X = H, Na, Li or NH4), as presented in Ta-ble V.14. The experimental measurements were interpreted assuming the formationof AmNO2+3 and Am(NO3)+2 . The orresponding stability onstants indiate that thenitrate omplexes are weak. It is therefore diÆult to distinguish between omplexformation and hanges in the ativity fators of the solutes aused by the (often large)hanges in solute onentration. Hene, this review relies only on the data obtainedfor the AmNO2+3 speies aording toAm3+ +NO�3 *) AmNO2+3 ; (V.24)and onsiders that there is no lear evidene of the existene of higher omplexes.Early qualitative spetrophotometri observation by Yakovlev and Kosyakov[56YAK/KOS℄ evidened the formation of ameriium-nitrate omplexes, althoughthe omposition of the omplexes was not reported. The ation-exhange data ob-tained by Lebedev, Pirozhkov and Yakovlev [60LEB/PIR℄ revealed the existene ofthe AmNO2+3 omplex. Lahr and Knoh [70LAH/KNO℄ found evidene for the for-mation of Am(NO3)(3�n)n (n = 1; 2; 3). However, very large hanges in the solutionomposition were made in this study (0 to 8 M HNO3), and the data might perhapsalso be explained by ativity fator variations. The same reasoning an be appliedto Refs. [66GIV, 69SHI/GIV℄. Chiarizia, Danesi and Sibona studied the ompetitiveomplexation of Am(III) in NH+4 =SCN�=NO�3 media [73CHI/DAN℄ and interpretedtheir results assuming the formation of Am(SCN)(3�n)n (n = 1; 2; 3) and AmNO2+3omplexes. The thioyanate data ontradit all previous observations, and this re-view rejets the orresponding equilibrium onstants for the thioyanate omplexes(f. Setion V.7.1.4), and disregards the proposed log10 �1(NO�3 ).



Group 15 ompounds and omplexes 137
Table V.14: Literature equilibrium onstants for the Ameriium(III)-nitrate system,aording to the reationsAm3+ + nNO�3 *) Am(NO3)(3�n)n .n Method Medium(a) pH t(ÆC) log10 �n Referene1 ix 1.0 M NH4X(b) 1.5 20{25 0.60 [60LEB/PIR℄1 dis 1.0 M H(ClO4;NO3) 0 22 � 1 0.26 �0.07 [62PEP/MAS℄1 dis 1.0 M (H,Na)ClO4 0 26 � 1 0.15�0.03 [64BAN/PAT℄1 0 0.27 � 0.02()1 3 0.20 � 0.031 3 0.23 � 0.03()1 dis 1.0 M HClO4 0 25 0.26 � 0.02 [65CHO/STR℄1 sp 1 { 15 M HNO3 � 0 25 �1.30�0.09 [66GIV, 69SHI/GIV℄1 dis 8.0 M H(ClO4;NO3) � 0 20 � 1 �0.33 [70LAH/KNO℄2 �0.773 �1.41 dis 1.0 M HClO4 0 30 0.29 � 0.01 [71KHO/NAR℄1 1.0 M LiClO4 2.5 0.30 � 0.011 1.0 M NaClO4 2.5 0.26 � 0.011 1.0 M NH4ClO4 2.5 0.23 � 0.012 0.13 � 0.061 dis 2.0 M NH4ClO4 2.0 25 0.20 � 0.03 [73CHI/DAN℄(a) A signi�ant amount of the anion in the bakground eletrolyte was substituted by NO�3in these studies.(b) Lebedev, Pirozhkov and Yakovlev [60LEB/PIR℄ report that the ioni strength was keptonstant by addition of ammonium hloride or perhlorate.() Value obtained in this review by a reinterpretation of original data (f. Appendix A).



138 Disussion of data seletionThe equilibrium onstant from the reinterpretation of the solvent extration dataof Bansal, Patil and Sharma's [64BAN/PAT℄ (f. Appendix A) are in agreement withthe results of Peppard, Mason and Huher [62PEP/MAS℄, those of Choppin andStrasik [65CHO/STR℄, and those of Khopkar and Narayanankutty [71KHO/NAR℄.The orresponding values of log10�1 are aepted by this review. These equilibriumonstants are onverted to molal units and extrapolated to zero ioni strength usingthe spei� ion interation equations (f. Appendix B) with �" = (�0:06� 0:06) kg �mol�1. An unertainty of �0:1 has been assigned to all log10 �1 values in order totake into aount the hange of the anioni omposition of the media. For the samereason, an unweighted average of the data orreted to I = 0 is performed, yielding:log10 �Æ1(V:24; 298:15 K) = 1:33� 0:20:It should be mentioned that the experimental data used for this alulation referto slightly di�erent temperatures (f. Table V.14). No reliable enthalpy data areavailable in the literature, and therefore this review onsiders that an inreased un-ertainty of �0:20 is representative of the eventual (minor) temperature e�ets onthe equilibrium onstants.The Gibbs energy of formation is alulated to be�fGÆm(AmNO2+3 ; aq; 298:15 K) = �(717:1� 4:9) kJ �mol�1:Vasil'ev et al. [75VAS/AND℄ studied the Am(VI){NO�3 system in 0 � [HNO3℄ �18 M solutions using a spetrophotometri tehnique and suggested the formationof AmO2(NO3)(2�n)n (n = 2; 3). Vasil'ev et al. interpreted their measurements at[HNO3℄ < 10 M aording to the following reationAmO2(H2O)2+6 + 2NO�3 *) AmO2(NO3)2(H2O)2(aq) + 4H2O(l)with log10 �2 = (3:93� 0:04). As it is not possible to extrapolate data from this highand varying ioni strength to I = 0 with the spei� ion interation approah, thisequilibrium onstant is not seleted in this review.No other investigations of Am(IV/V/VI){NO�3 are found in the literature.V.6.1.4.2. Solid ameriium nitratesVasil'ev et al. [90VAS/KAL℄ prepared hydrated Am(III) nitrate by dissolving theoxide in 8 M HNO3. The solution was �rst evaporated and then dried under He(g),to give a yellow-rose Am(NO3)3�xH2O preipitate. The authors used di�erent thermalanalysis (DTA) to study the thermal deomposition of the prepared solid:Am(NO3)3(s) �! AmO2(s)whih indiates that Am(III) is oxidised to Am(IV) during thermal deomposition.From the area of the DTA urve for the thermal deomposition, the authors estimatedthe standard heat of formation of the anhydrous rystalline Am(III) nitrate:�fHÆm(Am(NO3)3; r; 298:15 K) = �(640� 100) kJ �mol�1:As not enough experimental and omputational details are given in Ref. [90VAS/KAL℄,this value an not be reommended.



Group 15 ompounds and omplexes 139V.6.2. Phosphorus ompounds and omplexesV.6.2.1. Aqueous ameriium phosphorus omplexesV.6.2.1.1. Aqueous ameriium(III)-phosphate omplexesThere are few reliable studies available in the literature on ameriium omplexationby phosphate anions, and most of these studies were performed on solutions of lowpH and fairly high onentration of phosphori aid. Experimental studies of equi-libria in the ameriium phosphori aid system are ompliated by the presene ofseveral ompeting ligands: H3PO4(aq), H2PO�4 , HPO2�4 and PO3�4 . Tehniques suhas ation exhange [66BOR/ELE, 71MOS2℄, spetrophotometry [79LEB/FRE2℄ andsolvent extration [86RAO/MAH, 88RAO/MAH℄ have been used to determine theomposition and the stability onstants of the ameriium(III){phosphate omplexes.The mono- and dihydrogen phosphate omplexes AmHPO+4 and Am(H2PO4)(3�n)n(n = 1 to 4) have been suggested to interpret the various experimental data (f.Table V.15).In order to reanalyze all the available literature data (Table V.15 and Appendix A)the free ligand onentration, [HpPO(p�3)4 ℄ was omputed using the seleted protona-tion onstants of phosphate (Table IV.2) and the orresponding spei� interationoeÆients (Table B.4). Equilibrium onstants obtained in reinterpretations of ex-perimental data given in seleted referenes were analysed using the spei� ion in-teration equations (f. Appendix B) and values of "(Am(HpPO4)3+n(p�3)n ;ClO�4 ) estimatedin Setion B.1.4.One of the limitations of the spei� ion interation method (f. Appendix B)is that it only takes into aount the interations between ions of di�erent hargeswhile disregarding interations with unharged speies. This assumption is suÆientin most of the experimental onditions enountered in the literature for I � 4 M.However, at higher onentration of a neutral speies, in this ase H3PO4(aq), the ion-neutral interation should be onsidered [76PIT/SIL℄. Beause the appropriate ion-neutral interation oeÆients are not known for the ameriium phosphate system,it is not possible to make the proper orretions to zero ioni strength. This reviewnevertheless deides to onsider the data olleted at [H3PO4℄ � 4 M, but annotinlude the resulting stability onstants in the table of seleted standard reationdata (Table III.2).Borisov et al. [66BOR/ELE℄ studied the Am(III)-phosphate system, at I = 0.2 MNH4ClO4, using a ation exhange resin. The variation of the distribution oeÆientvs. [H2PO�4 ℄, at pH = 2, 3 and 4, indiates the formation of AmH2PO2+4 . Thesame experimental tehnique was used by Moskvin [71MOS2℄ at 1.0 M NH4Cl andat pH = 0.3 and 1.8, proposing the existene of the four omplexes Am(H2PO4)(3�n)n ,with n = 1 to 4. The ation exhange tehnique appears however inadequate tostudy this system where several potential ligands (PO3�4 , HPO2�4 and H2PO�4 ) mayform various ationi omplexes. Hene, the data of Borisov et al. [66BOR/ELE℄ andMoskvin [71MOS2℄ an not be seleted in this review, f. Appendix A.Lebedev et al. [79LEB/FRE2℄ studied the spetral hanges in the ameriium ab-



140 Disussion of data seletionTable V.15: Literature equilibrium onstants for the ameriium-phosphate system.Method Ioni Media pH t (ÆC) log10 � ReferenesAm3+ +HPO2�4 *) AmHPO+4dis I �! 0 7, 8 30 4:14 � 0:08(a;b) [86RAO/MAH℄dis 0.5 M NH4ClO4 7 10 3.63 [88RAO/MAH℄20 3.76Am3+ +H2PO�4 *) AmH2PO2+4ix 0.2 M NH4ClO4 2, 3, 4 20 1:69 � 0:05 [66BOR/ELE℄ix I �! 0 2, 3, 4 20 2:51ix 1.0 M NH4Cl 0.3, 1.8 ? 1.48 [69MOS, 71MOS2℄ix I �! 0 ? 2.39 [69MOS℄sp 1 to 13 M 0 to 1 23 2:73 � 0:06() [79LEB/FRE2℄H(ClO4;H2PO4)dis 0.5 M NH4ClO4 2, 3 30 1.97 [86RAO/MAH℄dis I �! 0 2, 3 30 2:13 � 0:08(a)dis 0.5 M NH4ClO4 2 10 1.64 [88RAO/MAH℄20 1.6941 2.36Am3+ + 2H2PO�4 *) Am(H2PO4)+2ix 1.0 M NH4Cl 0.3, 1.8 ? 2.10 [69MOS, 71MOS2℄ix I �! 0 ? 3.63 [69MOS℄sp 1 to 13 M 0 to 1 23 3:72 � 0:02() [79LEB/FRE2℄Am3+ + 3H2PO�4 *) Am(H2PO4)3(aq)ix 1.0 M NH4Cl 0.3, 1.8 ? 2.85 [69MOS, 71MOS2℄ix I �! 0 ? 5.62 [69MOS℄Am3+ + 4H2PO�4 *) Am(H2PO4)�4ix 1.0 M NH4Cl 0.3, 1.8 ? 3.40 [69MOS, 71MOS2℄ix I �! 0 ? 6.3 [69MOS℄



Group 15 ompounds and omplexes 141Table V.15 (ontinued)Method Ioni Media pH t (ÆC) log10 � ReferenesAm4+ + 3H2PO�4 *) Am(H2PO4)+3pot 10 to 15 M 0 to 1 23 14:2� 1() [79LEB/FRE2℄H(ClO4;H2PO4)AmO2+2 + 2H2PO�4 *) AmO2(H2PO4)2(aq)sp 0.1 to 2 M 0.4 to 1.4 23 3.3 �0:1() [79LEB/FRE℄H(ClO4;H2PO4)pot 0.2 to 5 M 0 to 1 4:61 � 0:05()H(ClO4;H2PO4)(a) Value orreted from I = 0:5 M NH4ClO4 to I = 0 by the authors of theoriginal publiation [86RAO/MAH℄ using the Davies equation.(b) Rao et al. [86RAO/MAH℄ report the following values at 0.5 M NH4ClO4for the formation of AmHPO+4 : log10 �1(pH = 7) = 3.60 and 3.92, andlog10 �1(pH = 8) = 2.41 and 4.14.() Value orreted to I = 0 by the authors [79LEB/FRE, 79LEB/FRE2℄ andit orresponds therefore to �Æ. Beause of the extreme onentration ondi-tions, the reation involves the exhange between ligands and solvation watermoleules, and the orresponding equilibrium onstant was also orreted forthe variation in water ativity.sorption band at 506 nm produed by H2PO�4 omplexation, at high onentrationsof phosphori aid: 0:1 � [H3PO4℄ � 13 M. The ioni strength in these solutions isestimated to be (0:35� 0:10) M from the alulated dissoiation of H3PO4(aq) intoH2PO�4 . As disussed in Appendix A, this data are not onsidered due to the extremeonentration onditions.Rao, Mahajan and Natarajan [86RAO/MAH℄ onduted a solvent extration ex-periment using a liquid ation exhanger. They measured the distribution oeÆientat di�erent total phosphate onentrations (at 30ÆC and 0.5 M NH4ClO4). Theyinterpreted their results assuming the presene of AmH2PO2+4 (at pH = 2 and 3) andAmHPO+4 (at pH = 7 and 8). The reanalysis of the experimental data agrees withthe formation of the �rst dihydrogen phosphate omplex, but this review onsidersthat the experimental data obtained in neutral and weakly basi solutions mightsu�er from systemati errors, and furthermore the stoihiometry of the predominantomplex (AmHPO+4 or AmPO4(aq)) an not be determined unambiguously from theavailable data (f. Appendix A), hene the equilibrium onstant for the formation



142 Disussion of data seletionof AmHPO+4 listed in Table V.15, is disregarded by this review. Similar onditions(pH = 2 and 7, and I = 0:5 M NH4ClO4) were used by Rao, Mahajan and Natarajanin another study [88RAO/MAH℄ to investigate the e�et of temperature variation(at 10, 20 and 41ÆC). The authors based their onlusions on the hemial modelpresented previously [86RAO/MAH℄. For the same reasons this review selets onlythe data obtained at pH = 2, and onludes that the existene of AmHPO+4 is notlearly proven in the studies of Rao et al. [86RAO/MAH, 88RAO/MAH℄.For the equilibrium: Am3+ +H2PO�4 *) AmH2PO2+4 (V.25)the stability onstant from [86RAO/MAH℄ at 30ÆC and I = 0:5 M is onverted tomolal units and extrapolated to zero ioni strength using the spei� ion interationequations, f. Appendix B, yielding the following seleted value:log10 �Æ1(V:25; 298:15 K) = 3:0� 0:5:where the unertainty has been inreased to take into aount the temperature dif-ferene. The Gibbs energy of formation is alulated to be�fGÆm(AmH2PO2+4 ; aq; 298:15 K) = �(1753:0� 5:8) kJ �mol�1:The data of Rao, Mahajan and Natarajan's obtained at di�erent temperatures[86RAO/MAH, 88RAO/MAH℄ yield for reation (V.25): �rHm;1 = (14�6) kJ�mol�1and �rSm;1 = (82�19) J�K�1 �mol�1 at 25Æ and I = 0:5 M. Beause of the unertaintyin the inuene of temperature on ativity oeÆients, the equilibrium onstants arenot extrapolated to I = 0 to obtain standard values for the enthalpy and entropy ofomplex formation. Furthermore, the temperature variation of log10 �1 is small andof the same order of magnitude as the unertainty in the individual values of theequilibrium onstants.V.6.2.1.2. Higher valenes of ameriiumYanir et al. [69YAN/GIV℄ studied the stability of higher oxidation states of ameriiumin 4 to 16 M H3PO4 solutions, using spetrophotometry. The authors reported thatanodi oxidation of the initial Am(III) solution lead to Am(VI) in [H3PO4℄ � 5 M,while Am(IV) was formed at higher phosphori aid onentrations, with a maxi-mum oxidation yield at [H3PO4℄ � 12 M. This qualitative information indiates thatthe experimental determination of the Am(IV)/Am(III) and Am(VI)/Am(V) redoxpotentials is possible in phosphate media. Erin et al. [75ERI/SHA℄ demonstratedthat Am(IV) ould also be produed in solutions with [H3PO4℄ � 5 by oxidation ofAm(III) followed by hromatographi separation using olumns �lled with zironiumphosphate.The formal potential of the Am(IV)/Am(III) ouple was measured by Yanir et al.[70YAN/GIV℄ in 11.5 to 14.5 M H3PO4 solutions, obtaining EÆ(IV=III) = (1:75 �0:01) V versus SHE at 25ÆC. Nugent et al. [71NUG/BAY℄ reported a value of 1.78 V,



Group 15 ompounds and omplexes 143measured in 10 M H3PO4 solutions at 25ÆC, referring to unpublished work by J.R.Stokely and R.D. Baybarz. Myasoedov et al. [77MYA/LEB℄ measured EÆ(IV=III) =(1:800� 0:005) and (1:770� 0:005) V in 12 and 15 M H3PO4 solutions, respetively.All these experimental results indiate that the onditional redox potential in highphosphori aid onentrations ([H3PO4℄ > 11 M) is EÆ(IV=III) = (1:77 � 0:02) Vversus SHE.The omplex formation of Am(IV) with H2PO�4 has been studied by Lebedev etal. [79LEB/FRE2℄ who measured the oxidation potentials of the Am(IV)/Am(III)ouple in 10 to 15 M H3PO4 solutions. Using the stability onstants for the Am(III)omplexes, AmH2PO2+4 and Am(H2PO4)+2 , measured spetrophotometrially in thesame study, f. Table V.15, Lebedev et al. obtained log10 �Æ3 = (14:2 � 1) for thefollowing reation: Am4+ + 3H2PO�4 *) Am(H2PO4)+3 :However, as disussed in Appendix A, it is not possible to separate media e�etsfrom omplex formations in these highly onentrated solutions, and an equilibriumonstant for this reation an not be reommended by this review.While in aqueous solutions eletrohemial oxidation of Am(III) to Am(IV) isfound to take plae at high H3PO4 onentration (> 10 M), f. Ref. [79LEB/FRE2℄,in aetonitrile media this oxidation ours at [H3PO4℄ = 0.3 to 2 M [87PER/LEB℄.The stabilisation of tetravalent ameriium is ertainly important, but the reportedvalues are not onsidered beause of the non-aqueous media.The formal potential of the Am(VI)/Am(V) ouple was measured by Yanir etal. [70YAN/GIV℄, obtaining EÆ(VI=V) = (1:34 � 0:07) V versus SHE, in 0.5 to4.3 M H3PO4 solutions at 22ÆC. Lebedev et al. [79LEB/FRE℄ studied the ameriyl-phosphate system using spetrophotometry and potentiometry at 0 � [H3PO4℄ �12 M. They interpreted their measurements by the presene of AmO2(H2PO4)2(aq)at [H3PO4℄ � 0:1 M. The values of log10 �Æ2 for:AmO2+2 + 2H2PO�4 *) AmO2(H2PO4)2(aq)were found to be (3:3� 0:1) and (4:61� 0:05) by spetrophotometri and potentio-metri tehniques respetively. The experimental data are not adequate to prove theproposed hemial model, and this equilibrium onstant is not reommended by thisreview.Marus et al. [72MAR/YAN℄ evaluated the e�et of phosphori aid media on theirprevious measurements of the formal potential for Am(IV)/Am(III) [70YAN/GIV℄ toobtain a value of the standard redox potential, EÆ(IV=III), using stability onstantestimates (from analogous lanthanides and atinides) on assumed stoihiometries forthe omplexes. However, these types of orrelations are unreliable owing to the lakof any diret evidene on the Am(IV; V; VI) speiation in phosphori aid solutions.Reliable evaluations of the standard potentials EÆ(IV=III) and EÆ(VI=V) are thusnot possible from the available measurements in phosphate media.



144 Disussion of data seletionV.6.2.1.3. Other aqueous ameriium-phosphate systemsElesin et al. [67ELE/LEB℄ studied the omplex formation of ameriium and othertrivalent atinides with trimetaphosphori aid, H3P3O9, using an ion exhange teh-nique (0.2 M NH4ClO4, 25ÆC). At, pH = 2 and 4, two omplexes were suggested todesribe the experimental results: AmP3O9(aq) and AmHP3O+9 . The formation on-stants at I = 0:2 M for these omplexes were reported to be log10 �1 = (3:48� 0:04)and (3:3 � 0:2) respetively. No reliable auxiliary data (protonation onstants forP3O3�9 ) are available and therefore these omplexes are not inluded in the seleteddata set.Di�erent Soviet investigations have reported the prodution and stabilisation oftetra-, penta- and hexavalent ameriium in aqueous potassium phosphotungstate so-lutions, K10P2W17O61 [76SAP/SHI, 76SAP/SPI, 77KOS/TIM, 80MIL/LIT,82ERI/KOP, 82KUL/LEB, 83ERI/KOP, 86ERI/KOP℄, based on the following re-dox reation shemes: 2Am(V) *) Am(IV) + Am(VI)Am(VI) + Am(III) *) Am(V) + Am(IV)Am(V) + Am(III) *) 2Am(IV)Milyukova, Litvina and Myasoedov [80MIL/LIT℄ reported log10 �2 = 5.4 and 9for the Am(III) and Am(IV) omplexes Am(P2W17O61)17�2 and Am(P2W17O61)16�2respetively. These equilibrium onstants, apparently obtained at room temperature,were alulated from spetrophotometri data on solutions of varying ioni medium.This review does not reommend values for any of these interations.V.6.2.2. Solid ameriium phosphorus ompoundsV.6.2.2.1. Solid ameriium phosphidesOnly the monophosphide has been identi�ed, even in the presene of exess phospho-rus.Charvillat et al. [75CHA/BEN, 76CHA/BEN℄ heated ameriium hydride with ex-ess red phosphorus at 580ÆC for 3 days, �nding a single-phase produt with theNaCl(r) struture, spae group Fm3m, with a lattie parameter of (5:7114�0:0003)�10�10 m. Again, oxygen ontamination is possible, but is probably less serious thanwith the nitride.V.6.2.2.2. Solid ameriium phosphatesKeller and Walter [65KEL/WAL℄ have preipitated Am(III) phosphates by additionof dilute solutions of Na2HPO4 or (NH4)2HPO4 to weakly aid Am(III) solutions. Thehydrate ontains up to 0.5 H2O per mole of AmPO4 and rystallises with a hexagonalunit ell a = (6:99 � 0:01) � 10�10 m,  = (6:39 � 0:01) � 10�10 m. The light pinkompletely anhydrous AmPO4(r) is formed by alination above 200ÆC, and has the



Group 15 ompounds and omplexes 145monolini ThSiO4-type lattie, spae group P21/h with a = (6:73�0:02)�10�10 m,b = (6:93� 0:02)� 10�10 m,  = (6:41� 0:02)� 10�10 m, � = 103:83Æ. This has anappreiably higher density than the hydrate.Rai et al. [92RAI/FEL℄ performed a solubility study of 243Am(III) in phosphatemedia. The experimental data at pH< 3 were interpreted aording to the followingreation AmPO4 � xH2O(am) *) Am3+ + PO3�4 + xH2O(l) (V.26)This review selets the solubility onstant obtained by Rai et al. [92RAI/FEL℄ withthe unertainty inreased to �0:6 log10-units (f. Appendix A):log10KÆs;0(V:26; 298:15 K) = �24:79� 0:60:The temperature at whih the experiments were performed was not spei�ed byRai et al., but the inreased unertainty will ompensate for possible temperaturee�ets. The orresponding value of �fGÆm for AmPO4(am, hydr) an not be seletedby this review due to the unknown stoihiometry of the solid phase.Ternary phosphates of Am(VI) with the general formula MAmO2PO4 � xH2O(r),(0 < x < 3) and (M = NH4, K, Rb and Cs) were prepared by Lawaldt et al.[82LAW/MAR℄ from Am(VI) in 2 M nitri aid solutions by addition of 0.1 M H3PO4andM2CO3(s) to obtain a pH of 3.5. The lemon-yellow ompounds have a tetragonalstruture, spae group P4/nmm or I4/mmm with a = (6:91 to 6:99) � 10�10 m, = (8:82 to 9:06)�10�10 m. The Rb and Cs ompounds may have some M replaedby H.V.6.3. Arseni ompoundsV.6.3.1. ArsenidesOnly the monoarsenide has been identi�ed, even in the presene of exess arseni.Charvillat and Damien [73CHA/DAM℄ heated some ameriium hydride (241Am)with exess arseni in a Pyrex tube at 600 K for one week. The X-ray di�rationpatterns of the produt (� 50 mg) indiated the presene of arseni and an f phase.After vaporisation of the exess arseni, the lattie parameter of the f phase, NaCl-type, spae group Fm3m, was a = 5:873 � 10�10 m after annealing at 1000ÆC for10 h. By analogy with the orresponding neptunium and plutonium phases, this wasassumed to be the monoarsenide.Roddy [74ROD℄ repeated this preparation using the longer-lived 243Am isotope,and various heat treatments. He found the following lattie parameters: (5:880 �0:001) 10�10 m after heating of 675ÆC for 1 h and at 400ÆC for 7 d, and (5:880 �0:002) 10�10 m after annealing at 1000ÆC for 10 h. The lower lattie parameter afterannealing at 1000ÆC may of ourse result from some oxygen ontamination, as notedby Roddy.



146 Disussion of data seletionV.6.3.2. ArsenatesKeller and Walter [65KEL/WAL℄ have obtained the AmAsO4(r) by alination at1000ÆC of the preipitate from mixing Am(NO3)3 and (NH4)2HAsO4 solutions. Ithas the monolini ThSiO4-type lattie, spae group P21/h with a = (6:89� 0:02)�10�10 m, b = (7:06� 0:02)� 10�10 m,  = (6:62� 0:02)� 10�10 m, � = 105:5Æ.Ternary arsenates of Am(VI) with the general formula MAmO2AsO4 � xH2O(r),(0 < x < 3) and (M = NH4, K, Rb and Cs) were prepared by Lawaldt et al.[82LAW/MAR℄ from Am(VI) in 2 M nitri aid solutions by addition of 0.1 M H3AsO4andM2CO3(s) to obtain a pH of 3.5. The lemon-yellow ompounds have a tetragonalstruture, spae group P4/nmm or I4/mmm with a = (7:09 to 7:15) � 10�10 m, = (8:93 to 17:73) � 10�10 m. The Rb and Cs ompounds may have some Mreplaed by H.No thermodynami data are available for the arsenates of ameriium.V.6.4. Antimony ompoundsV.6.4.1. AntimonidesThree antimonides have been identi�ed: Am4Sb3(r), and AmSb(r) and AmSb2(r);the detailed phase relationships are not known.The mixed ompound AmSbTe(r) is also disussed in Setion V.6.4.1.4.V.6.4.1.1. Am4Sb3(r)Charvillat et al. [75CHA/BEN℄ obtained this phase by heating ameriium hydridewith antimony in a molar ratio of 4:3 in a sealed evauated tube at 550ÆC for 7 days.The X-ray di�ration patterns of the produt indiated the presene of two phases,an f phase, NaCl(r) type, with a = 6:240 � 10�10 m, and a b phase of type(anti) Th3P4(r), spae group I�4d with a = 9:2392 � 10�10 m. Phases of this typeare well-known in the lanthanide-antimony systems.V.6.4.1.2. AmSb(r)Mithell and Lam [70MIT/LAM℄ �rst prepared the monoantimonide, both by ar-melting the elements, and by heating equimolar amounts of the elements at 630ÆCfor 1 h in an evauated quartz apsule.This phase has also been identi�ed by Roddy [74ROD℄, using 243Am, and Charvillatet al. [76CHA/BEN℄, by reating the elements with or without hydrogen in sealedontainers.AmSb has the usual NaCl(r) f struture, spae group Fm3m, with a parameterbetween 6:2380 � 10�10 and 6:241 � 10�10 m, depending on the heat treatment orpossibly purity. The as-ast material had a slightly larger parameter of 6:2426 �10�10 m [70MIT/LAM℄.



Group 14 ompounds and omplexes 147V.6.4.1.3. AmSb2(r)AmSb2(r) was prepared by Charvillat et al. [77CHA/DAM℄ by reation of exessantimony and ameriium hydride in a sealed quartz tube at 700ÆC. Annealing for7 d was required to obtain well-rystallised produts. The struture was found to beorthorhombi with a = 6:18�10�10, b = 6:05�10�10 and  = 17:59�10�10 m. Basedon the analogous ompound of plutonium, for whih single rystal X-ray pitures weretaken, the struture is taken to that to LaSb2(r), spae group Cma.The preise omposition (and oxygen ontent) of this phase is not known.V.6.4.1.4. AmSbTe(r)Charvillat et al. [77CHA/DAM℄ also prepared the mixed antimonide-telluride, byreation of stoihiometri amounts of AmSb(r) and Te(r) in quartz tubes at 750ÆCfor 7 d. It has the tetragonal (anti) Cu2Sb(r) struture, spae group P4/nmm, witha = 4:326� 10�10,  = 9:17� 10�10 m. Again, the preise omposition is not known.V.6.5. Bismuth ompoundsOnly the monobismuthide has been identi�ed.This phase was obtained by Roddy [74ROD℄, using 243Am, by reating the elementswith or without hydrogen in quartz tubes. The �nal mixture ontained ameriiummetal and an f phase, NaCl(r) struture, spae group Fm3m, with a = 6:338 �10�10 m (975ÆC for 2 d) or 6:335 � 10�10 m (as above 800ÆC for 14 d). No higherompounds were found.V.7. Group 14 ompounds and omplexesV.7.1. Carbon ompounds and omplexesV.7.1.1. Ameriium arbidesThe phase diagram of the Am-C system has not been established in any detail, butthe \monoarbide" and sesquiarbide have been identi�ed. Workers at Euratom[73EUR℄ prepared samples of ameriium arbides by arbothermi redution andby ar melting. Samples of overall omposition AmC1:04 and AmC1:25 annealed at1000ÆC for 24 h, ontained an f NaCl-type phase with a = 5:02 � 10�10m, mixedwith a sesquiarbide phase having a slightly smaller lattie parameter than that notedbelow. Although the preise omposition and oxygen and nitrogen ontents of thef phase were not established, it is presumably the monoarbide AmC(r).Ameriium sesquiarbide has been prepared by Mithell and Lam [70MIT/LAM2℄.It is isostrutural with Pu2C3(r), spae group I43d, a = (8:2757� 0:0002)� 10�10 mfor a sample annealed at 1000ÆC for 1 h. The preise omposition was not established.From the systematis of the atinide arbides, Holley et al. [84HOL/RAN℄ haveestimated thermodynami properties of Am2C3(r) whih orrespond to:



148 Disussion of data seletionSÆm(Am2C3; r; 298:15 K) = (145�20) J �K�1 �mol�1 ,�fHÆm(Am2C3; r; 298:15 K) = �(151�42) kJ �mol�1 ,whih are aepted by this review. The standard Gibbs energy of formation is alu-lated from these seleted enthalpy of formation and entropy:�fGÆm(Am2C3; r; 298:15 K) = �(156� 42) kJ �mol�1:Ameriium arbides with C/Am > 2, annealed at 1000ÆC for 24 h, showed noevidene of a diarbide struture [73EUR℄, so this phase is presumably stable only athigh temperatures, if at all (f. PuC2(r) [84HOL/RAN℄).V.7.1.2. Ameriium arbonate ompounds and omplexesSeveral ompilations have been published on available and estimated thermody-nami data for ameriium arbonate systems [85PHI/PHI, 86WAN, 88PHI/HAL℄,but only a few have attempted a ritial review [84KER, 86KER/SIL, 85NEW/SUL,88MOU/ROB, 89NIT/STA℄. Several artiles have appeared with estimates of for-mation onstants [82ALL, 83ALL, 87BRO/WAN, 88CAN℄, however, the number ofexperimentally derived thermodynami values for solubility produts of solids andformation onstants of solution speies are rather limited. This review onentrateson thermodynami onstants determined from experiments (f. Table V.16) and on-siders estimates only when they have good hemial justi�ation and when rediblemeasured data are missing.V.7.1.2.1. Aqueous ameriium hydroxide-arbonate systemsMany di�erent soluble speies have been proposed for the ameriium-water-arbonatesystem: pure arbonate and/or biarbonate and/or mixed hydroxy-arbonate om-plexes. After reinterpretation of literature data, this review �nds no evidene forthe formation of Am(III)-biarbonate or hydroxo-arbonate omplexes (f. SetionsV.7.1.2.1.b and V.7.1.2.1.). Only the omplexes AmCO+3 , Am(CO3)�2 and Am(CO3)3�3have been well established. All the reported stability onstants are presented in Ta-ble V.16. Only the data from a few seleted referenes are used in the seletionproedures desribed below.a) Am(III) arbonate omplexesAmeriium omplexation by arbonate has been investigated by solvent extration,spetrophotometry, eletromigration [82BID, 82LUN, 89NIT/STA℄ and solubility[84BER/KIM, 89ROB, 90FEL/RAI, 91MEI/KIM℄. These studies have demonstratedthe existene of Am(CO3)(3�2n)n , with n = 1, 2 and 3. There is no experimental evi-dene on the existene of Am(CO3)5�4 , even at the highest arbonate onentrations(f. disussion of Refs. [69SHI/GIV, 83BOU/GUI, 89ROB℄ in Appendix A).Bidoglio [82BID℄ used a solvent extration tehnique to study the ameriium spe-iation at I = 0.2 M (NaClO4). He interpreted his experimental data assuming the



Group 14 ompounds and omplexes 149Table V.16: Literature equilibrium onstants for the ameriium(III)-arbonate-watersystem.Method Ioni t log10K RefereneMedium (ÆC)AmCO3OH(s) + 2H+ *) Am3+ +HCO�3 +H2O(l)sol 0.1 M NaClO4 25 2:74 � 0:17 [84SIL/NIT℄sol 0.1 M NaClO4 25 2:77 � 0:15 [85SIL℄sol I ! 0 25 2:53 � 0:16 [85SIL℄AmCO3OH(s)*) Am3+ +CO2�3 +OH�sol 0.1 to 0.3 M NaClO4 25? �21:03 � 0:11 [84BER/KIM℄sol I ! 0 ? �22:5(a) [90FEL/RAI℄sol 0.1 M NaClO4 25 �18:70 � 0:12 [92RUN/MEI℄0:5Am2(CO3)3(s)*) Am3+ + 1:5CO2�3sol 3.0 M NaClO4 20 �15:08 � 0:15 [89ROB℄sol 0.1 M NaClO4 25 �14:945 � 0:09 [91MEI/KIM℄sp 0.1 { 0.3 M NaClO4 25 �14:85 � 0:05 [91MEI/KIM℄sol 0.1 M NaClO4 22 �14:785 � 0:05 [91MEI/KIM2℄sol 0.1 M NaClO4 25 �14:725 � 0:09 [92RUN/MEI℄sol 0.1 M NaCl 21 �17:1� 0:15 [93GIF/VIT℄sol 4 M NaCl 21 �15:2� 0:2 [93GIF/VIT℄NaAm(CO3)2(s)*) Na+ +Am3+ + 2CO2�3sol 0.1 M ? �18:32(b) [85KIM, 85KIM2℄I ! 0 ? �17:56(b) [85KIM2℄sol I ! 0 ? �17:38(b) [86AVO/BIL℄Am3+ +CO2�3 *) AmCO+3dis 1.0 M NaClO4 25 5:81 � 0:04 [82LUN℄em 1.0 M NaClO4 25 5:3� 0:4 [82LUN℄sol 0.1 to 0.3 M NaClO4 25? 5:08 � 0:92 [84BER/KIM℄sp 0.1 M NaClO4 22.5 6:69 � 0:15 [89NIT/STA℄sp I ! 0 25 8:16 � 0:10 [89NIT/STA℄sol 3.0 M NaClO4 20 5:45 � 0:12 [89ROB℄



150 Disussion of data seletionTable V.16 (ontinued)Method Ioni t log10K RefereneMedium (ÆC)Am3+ +CO2�3 *) AmCO+3 (ontinued)sol I ! 0 ? 7.6 [90FEL/RAI℄sol 0.1 { 0.3 M NaClO4 25 5:97 � 0:15 [91MEI/KIM℄sp 0.1 { 0.3 M NaClO4 25 6:48 � 0:03 [91MEI/KIM℄sol 0.1 M NaCl 21 7:7� 0:18 [93GIF/VIT℄sol 4 M NaCl 21 5:3� 0:25 [93GIF/VIT℄Am3+ + 2CO2�3 *) Am(CO3)�2dis 0.2 M NaClO4 25 11:45 � 0:08 [82BID℄dis 1.0 M NaClO4 25 9:72 � 0:10 [82LUN℄em 1.0 M NaClO4 25 8:5� 0:5 [82LUN℄sol 0.1 to 0.3 M NaClO4 25? 9:27 � 2:2 [84BER/KIM℄sol 3.0 M NaClO4 20 8:92 � 0:15 [89ROB℄sol I ! 0 ? 12.3 [90FEL/RAI℄sol 0.1 { 0.3 M NaClO4 25 9:58 � 0:24 [91MEI/KIM℄sp 0.1 { 0.3 M NaClO4 25 9:94 � 0:24 [91MEI/KIM℄sol 0.1 M NaCl 21 11:21 � 0:21 [93GIF/VIT℄sol 4 M NaCl 21 9:2� 0:36 [93GIF/VIT℄Am3+ + 3CO2�3 *) Am(CO3)3�3sol 0.1 to 0.3 M NaClO4 25? 12:12 � 0:85 [84BER/KIM℄sol 3.0 M NaClO4 20 11:44 � 0:12 [89ROB℄sol I ! 0 ? 15.2 [90FEL/RAI℄sol 0.1 M NaCl 21 12:8� 0:25 [93GIF/VIT℄sol 4 M NaCl 21 11:4� 0:25 [93GIF/VIT℄Am3+ +HCO�3 *) AmHCO2+3dis 0.2 M NaClO4 25 4:79 � 0:08 [82BID℄dis 0.5 M NaClO4 15 1:91 [88RAO/MAH℄25 2:0025 2:13Am3+ + 2HCO�3 *) Am(HCO3)+2dis 0.2 M NaClO4 25 8:15 � 0:09 [82BID℄dis 0.5 M NaClO4 35 3:83 [88RAO/MAH℄



Group 14 ompounds and omplexes 151Table V.16 (ontinued)Method Ioni t log10K RefereneMedium (ÆC)Am3+ +CO2�3 +OH� *) AmCO3OH(aq)sol 0.1 to 0.3 M NaClO4 25? 12:15� 0:15 [84BER/KIM℄Am3+ +CO2�3 + 2OH� *) AmCO3(OH)�2sol 0.1 to 0.3 M NaClO4 25? 18:29� 0:17 [84BER/KIM℄Am3+ + 2CO2�3 +OH� *) Am(CO3)2OH2�dis 0.2 M NaClO4 25 15:57� 0:08 [82BID℄sol 0.1 to 0.3 M NaClO4 25? 16:16� 0:14 [84BER/KIM℄(a) Felmy, Rai and Fulton [90FEL/RAI℄ ombined their solubilities at pH> 6:5with those of Silva [85SIL℄ to obtain this solubility onstant.(b) These values refer to solubility experiments performed by Vitorge [84VIT℄within the MIRAGE projet. However, Vitorge did not publish himselfthe results from the treatment of the data.formation of the �rst and seond biarbonate, the seond arbonate and the mixedhydroxy-arbonate Am(CO3)2OH2� omplexes. Lundqvist [82LUN℄ and Nitshe,Standifer and Silva [89NIT/STA℄ showed using two di�erent CO2 partial pressuresthat the biarbonate omplexes must be muh weaker than reported by Bidoglio;hene, the interpretation of the extration data seems to be in error and the stabilityonstants initially reported [82BID℄ are not onsidered in this review. The only qual-itative information available from the data of Bidoglio [82BID℄ is the predominaneof Am(CO3)�2 at 8 � pH � 9 and �4:4 � log10[CO2�3 ℄ � �3 (f. Appendix A), whihis in agreement with the observations of Lundqvist, Robouh, and Meinrath and Kim[82LUN, 89ROB, 91MEI/KIM℄.Lundqvist [82LUN℄ studied ameriium omplexation in arbonate media using asolvent extration tehnique at I = 1.0 M (NaClO4) and reported the formationof AmCO+3 and Am(CO3)�2 . Although HCO�3 was the predominating ion of thearbonate system under the experimental onditions (pCO2 = 0.1 and 1.0 atm), therewas no evidene for Am(HCO3)(3�n)n omplexes.Bernkopf and Kim [84BER/KIM℄ reported solubility measurements of a solid withstarting omposition Am(OH)3(s) at I = 0:1 and 0.3 M NaClO4, pCO2 = 10�3:5 atm(f. Setion V.7.1.2.2.a). Bernkopf and Kim interpreted their solubility data assumingthe presene of hydroxide (Am(OH)(3�i)i ; i = 1; 2; 3), arbonate (Am(CO3)(3�2n)n ;n = 1; 2; 3) and mixed hydroxy-arbonate (Am(OH)i(CO3)(3�i�2n)n ; i = 1; 2 and



152 Disussion of data seletionn = 1; 2) omplexes. The solid phase was assumed to be AmCO3OH(s). This reviewonsiders that the transformation of the initial solid, Am(OH)3(s)!\AmCO3OH(s)",may be slow and it may have ourred during the experiments (f. Appendix A), andtherefore the reported equilibrium onstants from this study are not onsidered inthe seletion proedure.Rao, Mahajan and Natarajan [88RAO/MAH℄ reported ameriium(III) solvent ex-tration experiments at pH = 6 and 7 and at I = 0:5 M. This review reinterprets thedata showing that these experiments reveal the existene of arbonate omplexes (f.Appendix A), whih is in agreement with other experimental observations presentedin the literature. Therefore, the stability onstants for the biarbonate omplexesreported in [88RAO/MAH℄ are rejeted by this review, f. Setion V.7.1.2.1.b.Nitshe, Standifer and Silva [89NIT/STA℄ determined the formation onstant ofAmCO+3 in 0.1 M NaClO4 solutions by absorption spetrophotometry. No evidenewas found for the existene of ameriium biarbonate omplexes.Robouh [89ROB℄ measured the solubility of Am2(CO3)3(r) as a funtion of ar-bonate onentration at I = 3 M NaClO4. The solubility data were analysed interms of arbonate omplexes (Am(CO3)(3�2n)n ; n = 1; 2; 3) and a solubility produtfor Am2(CO3)3(r) (f. Setion V.7.1.2.2.b). No evidene of Am(CO3)5�4 formationwas found by spetrophotometry in the 0.1 to 3.0 M Na2CO3 range. The equilibriumonstants reported by Robouh (f. Table V.16) are re-evaluated by this review. Asthe data obtained by Robouh [89ROB℄ in bath experiments (log10[CO2�3 ℄ � �3:5)an equally well be desribed with the solubility of Am2(CO3)3(s) or AmCO3OH(s),only the equilibrium onstants unequivoally resulting from the measurements atonstant pCO2, i.e. log10 �Æ1 and log10KÆs;0(V:36), are used in the seletion proedure.Meinrath and Kim [91MEI/KIM℄ investigated the ameriium omplexation in ar-bonate media, performing solubility and spetrosopi experiments. The data ol-leted at ioni strengths of 0.1 and 0.3 M NaClO4, at pH = 6 to 9, and under aontrolled CO2 partial pressure (pCO2 = 0:01 atm) were interpreted by the formationof AmCO+3 and Am(CO3)�2 . The stability onstants obtained from the solubility datareported by Meinrath and Kim agree with the re-evaluation performed by this review(f. Appendix A). The values of �1 and �2 reported in [91MEI/KIM℄ are thereforeinluded in the seletion proedure. The value of �2 determined spetrophotometri-ally is however disregarded (f. Appendix A). The value for the solubility produtof Am2(CO3)3(r) is disussed in Setion V.7.1.2.2.b.The solubility of 243AmCO3OH(r) in arbonate media was investigated by Felmy,Rai and Fulton [90FEL/RAI℄, over wide ranges of [CO2�3 ℄, [HCO�3 ℄ and pH values. Asshown in Figure 3 of [90FEL/RAI℄, the authors inluded the solubility data reportedby Silva and Nitshe [84SIL/NIT, 85SIL℄ during the �tting of their own solubilitydata. This review onsiders instead the equilibrium onstants for reationsAmCO3OH(r) + H++(n� 1)CO2�3 *) Am(CO3)(3�2n)n +H2O(l) (V.27)obtained exlusively from solubility data of Felmy, Rai and Fulton (f. disussion ofRef. [90FEL/RAI℄ in Appendix A). The stepwise equilibrium onstants for arbonateomplexation (K2 and K3, derived from values of Ks;n(V:27)) are inluded in theseletion proedure.



Group 14 ompounds and omplexes 153Figure V.10: Extrapolation to I = 0 of literature equilibrium onstants [82LUN,89NIT/STA, 91MEI/KIM℄ and the reinterpreted value from [89ROB℄ for the forma-tion of AmCO+3 , aording toAm3+ + CO2�3 *) AmCO+3 ,using the spei� ion interation equations (f. Appendix B). The dashed lines rep-resent the unertainty limits estimated by this review, f. Eq. (V.28).
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Gi�aut and Vitorge [93GIF/VIT℄ reported equilibrium onstants for the formationof Am(CO3)(3�2n)n (n = 1 to 3) from an interpretation of their solubility data at 0.1and 4 M NaCl, f. Table V.16. However, due to the lak of details in this publiation,the reported equilibrium onstants an not be redited in this review, f. Appendix A.The values of log10 �1 from Refs. [82LUN, 89NIT/STA, 91MEI/KIM℄ and thereinterpreted value from [89ROB℄ are extrapolated to I = 0 using the spei� ioninteration equations and the weighted linear regression proedure as desribed inAppendies B and C (f. Figure V.10). The extrapolation is performed with a valueof �"1 = �(0:24�0:05) kg �mol�1 obtained from the ion interation oeÆients givenin Setion B.1.4. The result of the extrapolation to I = 0 for AmCO+3 yields:log10 �Æ1(298:15 K) = 7:8� 0:3 (V.28)This value agrees within the unertainties with the onstants given by Moulinet al. [88MOU/ROB℄ (log10 �Æ1 = 7:6), Nitshe, Standifer and Silva [89NIT/STA℄(log10 �Æ1 = (8:16� 0:10)), and the value estimated by Cantrell [88CAN℄ (log10 �Æ1 =7:7).The values of the seond stepwise equilibrium onstant, K2, from Refs. [82LUN,91MEI/KIM, 90FEL/RAI℄ are onverted to molal units and extrapolated to zero ioni



154 Disussion of data seletionstrength with the spei� ion interation equations of Appendix B. The �" valuefor this reation is obtained from the estimated ion interation oeÆients given inSetion B.1.4 (�"2 = �(0:14� 0:07) kg �mol�1). The weighted average of the threevalues of log10KÆ2 yields: log10KÆ2 (298:15 K) = 4:5� 0:2The value of the third stepwise equilibrium onstant, K3, obtained by Felmy, Rai andFulton [90FEL/RAI℄ is seletedlog10KÆ3 (298:15 K) = 2:9� 0:5where the unertainty has been inreased beause of the unknown temperature ofthis study. These stepwise equilibrium onstants lead to the following seleted valuesfor the overall formation onstants:log10 �Æ2(298:15 K) = 12:3� 0:4log10 �Æ3(298:15 K) = 15:2� 0:6The value of log10 �Æ2 agrees with the values seleted by Moulin et al. [88MOU/ROB℄,(log10 �Æ2 = 11:8), and with the value estimated by Cantrell [88CAN℄ (log10 �Æ2 = 12:8).The Gibbs energies of formation for the arbonate omplexes of ameriium(III)derived from the seleted formation onstants are:�fGÆm(AmCO+3 ; aq; 298:15 K) = �(1171:1� 5:1) kJ �mol�1�fGÆm(Am(CO3)�2 ; aq; 298:15 K) = �(1724:7� 5:3) kJ �mol�1�fGÆm(Am(CO3)3�3 ; aq; 298:15 K) = �(2269:2� 6:0) kJ �mol�1:As an illustration, Figure V.11 shows the distribution of arbonate omplexes ofAm3+ in ompetition with the hydrolysis produts.b) Am(III) biarbonate omplexesFormation onstants for the �rst two biarbonate omplexes of ameriium werereported by Bidoglio [82BID℄, f. Table V.16. However, the �rst stability on-stants appears too large ompared with log10 �1(MHCO2+3 ) = 2 to 3 for M = Y[85SPA, 92GRE/SPA℄, M = La [81CIA/FER℄ and for other rare earths [90WOO,87CAN/BYR, 93LEE/BYR℄. Lundqvist [82LUN℄ and Nitshe, Standifer and Silva[89NIT/STA℄ showed that, if the biarbonate formation onstants of Bidoglio wereorret, these speies would have been deteted in their experiments. Furthermore,the re-evaluation of the distribution oeÆients reported by Bidoglio [82BID℄ indi-ates that Am(CO3)�2 was the predominant ameriium omplex in the aqueous phase(f. Appendix A).Although HCO�3 was the predominating ion of the arbonate system in the sol-vent extration experiments performed by Lundqvist [82LUN℄, there no evidene forAm(HCO3)(3�n)n omplexes (f. previous Setion).



Group 14 ompounds and omplexes 155Figure V.11: Calulated distribution diagrams for the aqueous ameriium(III)hydroxide-arbonate system at I = 0 and 25ÆC. The diagrams have been alulatedusing the seleted equilibrium onstants in Table III.2 for a �xed partial pressureof CO2(g) (upper diagram) and for a onstant level of total inorgani arbon (lowerdiagram). Solid phase preipitation has been suppressed in these alulations.
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156 Disussion of data seletionRao, Mahajan and Natarajan [88RAO/MAH℄ interpreted their solvent extrationexperiments at pH = 6 and 7 and at I = 0:5 M assuming the formation of AmHCO2+3and Am(HCO3)+2 . This review re-evaluates the data showing that these experimentsreveal instead the existene of arbonate omplexes (f. Appendix A). Therefore, evenif the equilibrium onstants reported in [88RAO/MAH℄ for the biarbonate omplexesappear to be of the right order of magnitude, they are nevertheless rejeted by thisreview.Ewart et al. [92EWA/SMI℄ used a hemial model inluding the equilibrium on-stants for AmHCO2+3 and Am(HCO3)+2 seleted by Phillips et al. [88PHI/HAL℄ (whihoriginate from the values reported by Bidoglio [82BID℄), to �t the ameriium onen-trations measured in \onrete equilibrated waters". However, due to experimentalshortomings in these measurements, no quantitative information an be extratedfrom the data, f. the disussion of Ref. [86EWA/HOW℄ in Appendix A.This review onludes that there is no experimental evidene whih an prove theexistene of ameriium biarbonate omplexes. Further experimental work is nees-sary before the reality of these omplexes in aqueous solutions is established.) Mixed Am(III) hydroxide-arbonate omplexesSeveral authors have suggested the formation of mixed arbonate/hydroxide om-plexes of ameriium:� Bernkopf and Kim [84BER/KIM℄ proposed the formation of three mixed om-plexes (AmCO3OH(aq), AmCO3(OH)�2 and Am(CO3)2OH2�) to explain theirsolubility data.� Bidoglio [82BID℄ assumed the presene of Am(CO3)2OH2� in the analysis ofhis solvent extration data.� Shiloh, Givon and Marus [69SHI/GIV℄ proposed the omplex Am(CO3)3OH4�to explain their solubility data.� Ewart et al. [86EWA/HOW, 87CRO/EWA℄ used the hemial model proposedby Bernkopf and Kim [84BER/KIM℄, adjusting the equilibrium onstants forAmCO3(OH)�2 and Am(CO3)2OH2� to �t the ameriium onentrations mea-sured in \onrete equilibrated waters".However, the disussions in Setions V.7.1.2.1.a and V.7.1.2.2, and in Appendix A,show that all the available experimental data an be reinterpreted with the assump-tion that only ameriium arbonate omplexes and/or hydrolysis produts are formedin aqueous solutions.Further experimental work is needed to on�rm or deny the existene of mixedAm(III) hydroxy-arbonate omplexes in aqueous solutions.



Group 14 ompounds and omplexes 157d) Higher valenes of ameriiumAlthough Am(V) is very unstable with respet to redution and disproportionationin non-omplexing aqueous media, it beomes quite stable in arbonate solutions.Moskvin and Poznyakov [79MOS/POZ℄ report a opreipitation study (using Fe(III)hydroxide as the host solid phase) of several atinides(V) as a funtion of the onen-tration of some ligands in NH4Cl solutions at pH � 8:5. For Am(V), Moskvin andPoznyakov report log10 �1 = (2:02� 0:09) for:AmO+2 +HCO�3 *) AmO2HCO3(aq)at I = 0:25 M, and (20 � 2)ÆC. Although this study reveals an interation betweenAm(V) and either arbonate or biarbonate, the experimental evidene is not on-lusive as to the omposition of the omplexes formed. This equilibrium onstant istherefore rejeted by this review.Gi�aut and Vitorge [93GIF/VIT℄ studied the solubility of 241Am in 0.1 and 4 MNaCl solutions at 21ÆC. The larger solubility in the onentrated hloride solutionswas interpreted as the radiolyti oxidation of Am(III) to Am(V), and the solubilityurve at 4 M NaCl was interpreted with the formation of two Am(V) arbonateomplexes: AmO+2 + CO2�3 *) AmO2CO�3AmO+2 + 2CO2�3 *) AmO2(CO3)3�2for whih they report log10 �1 = (5:5 � 0:3), log10 �2 = (8:9 � 0:4). Gi�aut andVitorge also laimed that these omplexes were in equilibrium with NaAmO2CO3(s).However, owing to the lak of details in Ref. [93GIF/VIT℄, the reported equilibriumonstants an not be redited in this review, f. Appendix A.The apparent normal potential of the Am(VI)/Am(V) ouple was measured bySimakin et al. [74SIM/VOL℄: EÆ(VI=V) = (0:90 � 0:01) V vs. SHE in 1 M K2CO3solutions at 20ÆC. Later Simakin [77SIM℄ reported that this normal potential wasindependent of the onentration of Na2CO3 (EÆ(VI=V) = 0:90 V vs. SHE), but thatit dereased with the onentration of K2CO3 [77SIM℄. Bourges et al. [83BOU/GUI℄performed areful spetrophotometri and potentiometri measurements of this redoxouple in arbonate media at 25ÆC. The apparent normal potential was found to beindependent of [CO2�3 ℄ in 2 M NaHCO3-NaCO3 mixtures: EÆ(VI=V) = (0:975�0:01)V vs. SHE. Myasoedov et al. [86MYA/LEB℄ reported EÆ(VI=V) = (0:910� 0:003) Vvs. NHE for 3 M K2CO3 solutions.The apparent normal potential of the Am(IV)/Am(III) ouple has been measuredin [NaHCO3 + Na2CO3℄ = 2 M solutions: EÆ(IV=III) = (0:92 � 0:01) V vs. SHEat pH = 9:7 [82HOB/SAM℄, and EÆ(IV=III) = (0:924 � 0:01) V vs. SHE at 25ÆC,[CO2�3 ℄ = 1M [83BOU/GUI℄. The potential of the Am(IV)/Am(III) ouple was foundby Bourges et al. [83BOU/GUI℄ to derease with the onentration of the arbonateanion in these [NaHCO3+Na2CO3℄ = 2 M solutions. Myasoedov et al. [86MYA/LEB℄measured EÆ(IV=III) = (0:870� 0:002) V vs. NHE in 3 M KHCO3/K2CO3 solutions.



158 Disussion of data seletionThe measurements of Bourges et al. [83BOU/GUI℄ for both the Am(VI)/Am(V)and Am(IV)/Am(III) ouples performed in 2 M NaHCO3/Na2CO3 media, have beenreinterpreted by Robouh [89ROB℄ assuming the following equilibria:AmO2(CO3)4�3 + e� *) AmO2(CO3)5�3 (V.29)Am(CO3)6�5 + e� *) Am(CO3)3�3 + 2CO2�3 (V.30)whih presume that Am(IV)(CO3)6�5 ; Am(V)O2(CO3)5�3 and Am(VI)O2(CO3)4�3 arethe limiting omplexes for the IV, V and VI oxidation states (as expeted by anal-ogy with U(IV); Np(V) and U(VI)-Pu(VI), respetively). Furthermore, the measure-ments of Bourges et al. show that Am(CO3)3�3 is the Am(III) limiting omplex, whihon�rms Shiloh, Givon and Marus's [69SHI/GIV℄ observations, (f. Appendix A).Based on the redox reations mentioned above, Ferri, Grenthe and Salvatore[83FER/GRE℄ used the data of Bourges et al. [83BOU/GUI℄ to alulate the for-mation onstant for the equilibriumAmO+2 + 3CO2�3 *) AmO2(CO3)5�3whih they report to be log10 �3(Am(V)) = (16:4 � 0:4) at I = 3 M NaClO4. Thisappears to be a mistake, and this review believes that the reported value orrespondsinstead to reation (V.29).Grenthe, Robouh and Vitorge [86GRE/ROB℄ also used the data of Bourges et al.[83BOU/GUI℄ to estimate log10 �5 = 40 at an unspei�ed ioni strength for reationAm4+ + 5CO2�3 *) Am(CO3)6�5Similarly, this review reinterprets the data of Bourges et al. [83BOU/GUI℄ (f.Appendix A) aording to reations (V.29) and (V.30) and selets the following valuesat zero ioni strength:log10KÆ(V:29; 298:15 K) = 13:1� 0:6EÆ(V:29; 298:15 K) = (0:775� 0:038) V;and log10KÆ(V:30; 298:15 K) = 20:1� 0:9EÆ(V:30; 298:15 K) = (1:19� 0:05) V:It should be noted that the result for reation (V.29) an be ombined with thestandard redox potential for the AmO2+2 /AmO+2 ouple, and the formation reationsfor the arbonate omplexes:AmO2+2 + e� *) AmO+2 (V.31)AmO2+2 + 3CO2�3 *) AmO2(CO3)4�3AmO+2 + 3CO2�3 *) AmO2(CO3)5�3



Group 14 ompounds and omplexes 159where log10KÆ(V:29) = log10KÆ(V:31) + log10 (�Æ3(Am(V))=�Æ3(Am(VI))). A valuefor log10KÆ(V:31) = (27:0� 1:5) an be alulated from the seleted Gibbs energiesin Table III.1, yielding: log10 �Æ3(Am(VI))�Æ3(Am(V)) = 13:9� 1:6This an be ompared with the value (14:2� 0:3) whih is alulated from the datain the uranium NEA-review [92GRE/FUG℄. Comparisons with values for neptuniumand plutonium should be made when the orresponding NEA-reviews are available.The result for reation (V.30) is ombined with the Gibbs energy of formation forAm(CO3)3�3 and CO2�3 to obtain�fGÆm(Am(CO3)6�5 ; aq; 298:15 K) = �(3210:2� 7:9) kJ �mol�1:whih is ombined with the seleted value for �fGÆm(Am4+; aq; 298:15 K) to give:Am4+ + 5CO2�3 *) Am(CO3)6�5 log10 �Æ5 = 39:3� 2:1This value is omparable with the analogous equilibrium onstant obtained for ura-nium (log10 �Æ5 = (34:0� 0:9) [92GRE/FUG℄). The large unertainty in the value oflog10 �Æ5 given above for the formation of Am(CO3)6�5 arises from the unertainty inthe value of �fGÆm(Am4+; aq; 298:15 K) obtained by the estimation proedures dis-ussed in Setion V.2.3.V.7.1.2.2. Solid ameriium arbonatesOnly thermodynami data for four ameriium arbonate solids have been reported:{ AmCO3OH(s) [84BER/KIM, 84SIL/NIT, 85SIL, 88STA/NIT,90FEL/RAI, 92RUN/MEI℄{ Am2(CO3)3(s) [69SHI/GIV, 89ROB, 91MEI/KIM, 91MEI/KIM2,92RUN/MEI, 93GIF/VIT℄{ NaAm(CO3)2(s) [84VIT, 85KIM, 85KIM2, 86AVO/BIL℄{ NaAmO2CO3(s) [93GIF/VIT℄The values of the solubility produts reported in the literature are given in Table V.16,p.149.As desribed in the following two setions, the expeted partial pressure of CO2(g)below whih Am2(CO3)3(s) will (perhaps slowly) be onverted into AmCO3OH(s) ispCO2 � 0:1 bar (f. [91MEI/KIM2, 92RUN/MEI, 92VIT℄).a) AmCO3OH(s)Ameriium hydroxy-arbonate displays two strutural forms, orthorhombi and hexag-onal. The ell parameters of the orthorhombi struture are a = 4:958 � 10�10,b = 8:487�10�10 and  = 7:215�10�10 m [85SIL℄. Standifer and Nitshe [88STA/NIT℄reported a rystallographi study identifying AmCO3OH(r), preipitated at 60ÆC



160 Disussion of data seletionand pH = 5.9, exhibiting an hexagonal struture. The orresponding ell parametersare a = 12:22 � 10�10 and  = 9:70 � 10�10 m. Solubility studies (f. Table V.16)have been performed only for the orthorhombi form.Shiloh, Givon and Marus [69SHI/GIV℄ studied the solubility of a hemially har-aterised Am2(CO3)3(s) in 0.1 to 0.6 M potassium arbonate media; the authorsinterpreted their results assuming the formation of Am(CO3)3OH4�. This reviewreinterprets their results, taking into aount the inuene of the ioni strength, andproposes the following equilibrium:AmCO3OH(s) + 2CO2�3 *) Am(CO3)3�3 +OH�; (V.32)showing that Am(CO3)3�3 is the predominant omplex up to [CO2�3 ℄ = 2 M. However,from these measurements is not possible to determine if the solid phase in equilibriumwith the arbonate solutions is AmCO3OH(s) or Am2(CO3)3(s), f. Appendix A.Bernkopf and Kim [84BER/KIM℄ reported a solubility produt onstant for theompound AmCO3OH(s). The value was obtained from solubility measurementsonduted in dilute biarbonate media (0.1 to 0.3 M NaClO4), at onstant CO2 partialpressure (pCO2 = 10�3:5 atm), and starting with Am(OH)3(s). The solid phase wasnot haraterised but was assumed to be AmCO3OH(s). This review onsiders thatthe transformation of the initial solid, Am(OH)3(s) !\AmCO3OH(s)", may be slowand it may have ourred during the experiments (f. Appendix A), and thereforedoes not onsider the reported solubility onstant in the seletion proedure.Silva and Nitshe [84SIL/NIT, 85SIL℄ studied the solubility of ameriium in dilutearbonate solutions. The experiments were performed at onstant ioni strength (I =0.1 M NaClO4), onstant pH (pH = 6.12 � 0.03), and under ontrolled CO2 partialpressure (pCO2 = 0:00792 atm). The solid phase, haraterised by its X-ray di�rationpattern to be orthorhombi AmCO3OH(r).The solubility of ameriium in arbonate media was also investigated by Runde,Meinrath and Kim [92RUN/MEI℄ under ontrolled pCO2 atmosphere, with pH varyingfrom 4 to 6 at I = 0:1 M NaClO4. AmCO3OH(s) was assumed to be stable at pCO2 =3� 10�4 atm by analogy with the neodymium-arbonate system [92RUN/MEI℄.The solubility produt re-evaluated from Silva's study (f. disussion of Ref. [85SIL℄in Appendix A) for the reationAmCO3OH(r) *) Am3+ + CO2�3 +OH�; (V.33)as well as the value reported by Runde, Meinrath and Kim [92RUN/MEI℄ are ex-trapolated to zero ioni strength using �" = (0:45 � 0:04) kg � mol�1 as alulatedfrom the seleted ion interation oeÆients (Appendix B). The solubility produtsat I = 0 are averaged to givelog10KÆs;0(V:33; 298:15 K) = �21:2� 1:4:where the unertainty has been assigned to over the maximum range of expetany.The derived Gibbs energy of formation is�fGÆm(AmCO3OH; r; 298:15 K) = �(1404:8� 9:3) kJ �mol�1:



Group 14 ompounds and omplexes 161The solubility onstant, log10KÆs;3(V:32) = log10(KÆs;0(V:33)��Æ3) = �(5:51�0:08),determined by this review from the data of Shiloh, Givon and Marus [69SHI/GIV℄(f. Appendix A), agrees with the value obtained with the seleted equilibrium on-stants: log10(KÆs;0(V:33) � �Æ3) = �(6:0 � 1:5). However, as mentioned above, it isnot possible from the data in [69SHI/GIV℄ to onlude with on�dene whih is thesolid phase in equilibrium.The equilibrium onstant at 298.15 K for the reationAm(OH)3(r) + CO2(g) *) AmCO3OH(r) + H2O(l) (V.34)an be alulated from the auxiliary data in Chapter III and from the values oflog10KÆs;0(V.33) and log �10 KÆs;0(V.12):log10KÆp(V:34; 298:15 K) = 4:2� 1:5whih results in a CO2(g) equilibrium partial pressure for the equilibrium betweenthe two solids in reation (V.34) of pCO2 = (0:6� 2)� 10�4 bar. This value is onsis-tent with the onlusions presented by Vitorge [92VIT℄.b) Am2(CO3)3(s)Shiloh, Givon and Marus [69SHI/GIV℄ studied the solubility of a hemially har-aterised Am2(CO3)3(s) in 0.1 to 0.6 M potassium arbonate media; the authorsinterpreted their results assuming the formation of Am(CO3)3OH4�. Newton andSullivan [85NEW/SUL℄ reinterpreted their results, taking into aount the inueneof the ioni strength, and proposed the following equilibrium:0:5Am2(CO3)3(s) + 1:5CO2�3 *) Am(CO3)3�3 ; (V.35)showing that Am(CO3)3�3 is the predominant omplex up to [CO2�3 ℄ = 2 M. How-ever, from these measurements is not possible to determine whih is the solid phasein equilibrium with the arbonate solutions: Am2(CO3)3(s) or AmCO3OH(s), f.Appendix A.Robouh [89ROB℄ measured the solubility of Am2(CO3)3(r) as a funtion ofarbonate onentration at I = 3 M NaClO4. Two set of experiments were per-formed: one where the total arbonate onentrations were known, and anotherusing ontrolled CO2(g) partial pressure. The solubility data were analysed in termsof arbonate omplexes (Am(CO3)(3�2n)n , n = 1; 2; 3) and a solubility produt forAm2(CO3)3(r). The solid phase was haraterised by its X-ray di�ration pattern.The reported equilibrium onstants (f. Table V.16) are re-evaluated by this review(f. Appendix A).Meinrath and Kim [91MEI/KIM℄ studied the solubility of ameriium in arbon-ate media. The data were olleted at 0.1 and 0.3 M NaClO4 ioni strength, pH =6 to 9, under pCO2 = 0:01 atm, and was interpreted by the formation of AmCO+3and Am(CO3)�2 in the aqueous solutions. The solid phase was haraterised as



162 Disussion of data seletionAm2(CO3)3(r) by X-ray di�ration, thermogravimetry and di�erential thermal anal-ysis. A reinterpretation of these experimental data, f. Appendix A, results in valuesfor equilibrium onstants whih agree with those originally reported in [91MEI/KIM℄.Two additional investigation of the solubility of ameriium in arbonate mediahave been reported by Meinrath and Kim [91MEI/KIM2℄ and Runde, Meinrath andKim [92RUN/MEI℄ under ontrolled pCO2 , with pH varying from 4 to 6, at I =0:1 M NaClO4. AmCO3OH(s) was assumed [92RUN/MEI℄ to be the stable phaseat pCO2 = 3 � 10�4 atm by analogy with the neodymium system (f. Appendix A),while at pCO2 � 0:01 atm the stable solid phase was assumed on the same grounds tobe Am2(CO3)3(s) [91MEI/KIM2, 92RUN/MEI℄, whih is in agreement with previousexperimental observations [84SIL/NIT, 85SIL, 89ROB℄.Gi�aut and Vitorge [93GIF/VIT℄ reported solubility onstants for Am2(CO3)3(s)from an interpretation of their solubility data at 0.1 and 4 M NaCl, f. Table V.16.However, due to the lak of details in this publiation, the reported values an notbe redited in this review, f. Appendix A.Four values of the equilibrium onstant for reation,0:5Am2(CO3)3(r) *) Am3+ + 1:5CO2�3 ; (V.36)are onsidered in this review: the re-evaluated onstant from the data by Robouh[89ROB℄ (f. Appendix A), the values obtained by Meinrath and Kim [91MEI/KIM,91MEI/KIM2℄ from their solubility measurements, and the value reported by Runde,Meinrath and Kim [92RUN/MEI℄. These onstants are onverted to molal units andextrapolated to zero ioni strength using the spei� ion interation equations ofAppendix B. The value obtained from the data of Robouh [89ROB℄ is disrepant.The di�erene in temperatures seems not large enough to explain the disagreementin the values of KÆs;0(V.36), and there is no apparent reason to prefer the values fromKim et al. over those of Robouh. Therefore an unweighted average of the four valuesis performed, giving:log10KÆs;0(V:36; 298:15 K) = �16:7� 1:1:where the unertainty has been assigned to over the maximum range of expetany.The Gibbs energy of formation, is derived to be�fGÆm(Am2(CO3)3; r; 298:15 K) = �(2971:7� 15:8) kJ �mol�1:It should be mentioned that the solubility onstant, log10KÆs;3(V:35) =log10(KÆs;0(V:36)� �Æ3) = �(3:68� 0:08), determined by this review from the data ofShiloh, Givon and Marus [69SHI/GIV℄ (f. Appendix A), di�ers from the value ob-tained with the seleted equilibrium onstants: log10(KÆs;0(V:36)��Æ3 ) = �(1:5�1:3).However, as mentioned above, it is not possible from the data in [69SHI/GIV℄ to on-lude with on�dene whih is the solid phase in equilibrium.The equilibrium onstant at 298.15 K for the reationAmCO3OH(r) + 12CO2(g) *) 12Am2(CO3)3(r) + 12H2O(l) (V.37)



Group 14 ompounds and omplexes 163Figure V.12: Calulated solubility and predominane area diagram for the ameri-ium(III) hydroxide-arbonate system in the range 6 � pH � 10:5 as a funtionof the CO2(g) partial pressure, at I = 0 and 25ÆC. Solubility limiting phases areindiated on the graph.
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may be alulated from the auxiliary data in Chapter III, and the values oflog10KÆs;0(V.36) and log �10 Ks;0(V.33):log10KÆp(V:37; 298:15 K) = 0:4� 1:8whih results in a CO2(g) equilibrium partial pressure for the equilibrium betweenthe two solids in reation (V.37) of pCO2 = (0:16� 1:2) bar. This value is onsistentwith the experimental observations in Refs. [91MEI/KIM2, 92RUN/MEI℄ and withthe onlusions of Vitorge [92VIT℄.The limits established by the values of log10KÆp(V.37) and log10KÆp(V.34) are shownin the predominane area diagram in Figure V.12 for a total ameriium(III) onen-tration of 10�6 M in dilute solutions at 298.15 K. The solubility of ameriium undersimilar onditions is shown in Figure V.13.) Double sodium-ameriium arbonatesKeller and Fang [69KEL/FAN℄ investigated the thermal deomposition of synthetiNaAm(CO3)2(s) and Na3Am(CO3)3(s). No thermodynami data are available on thelast solid.



164 Disussion of data seletion

Figure V.13: Calulated solubility diagram for the ameriium(III) hydroxide-arbonate system in the range 5 � pH � 11 and �8 � log10 pCO2 � 0, at 25ÆCand standard onditions (I = 0).
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Group 14 ompounds and omplexes 165Several publiations have appeared with values for the solubility produt ofNaAm(CO3)2(s) [85KIM, 85KIM2, 86AVO/BIL℄, f. Table V.16. These values arebased on solubility experiments performed by Vitorge [84VIT℄. However, the exper-imental details have not appeared in the open literature. Robouh [89ROB℄ har-aterised this solid by X-ray di�ration in some of his experiments, but not enoughdetails were given to allow a re-evaluation of his data (f. Appendix A). Due to thelak of experimental details mentioned above, a value for the solubility produt ofNaAm(CO3)2(s) an not be reommended by this review.d) Other ameriium arbonate ompoundsShultz and Penneman [86SCH/PEN℄ listed the ameriium solids reported in theliterature, and Weigel [85WEI℄ did a ritial and exhaustive review of the Am(V)and Am(VI) arbonate solids, whih an be summarised as follows:� Pentavalent ameriium:1. Mono-arbonate solids of the type MAmO2CO3(r) (where M = K, Rb,Cs, NH4) display a hexagonal symmetry, spae group C6/mm, a = (5:10�0:02)� 10�10 m,  = (11:0� 0:7)� 10�10 m.2. K3AmO2(CO3)2(s) is a tan preipitate formed in 3.5 M K2CO3 ameriiumsolutions oxidised with ozone.3. Tri-arbonates M5AmO2(CO3)3(s) (where M = K, Cs, NH4) have alsobeen reported, no rystallographi parameters are available.� Hexavalent ameriium: Na2x�2(AmO2+2 )(CO3)x of unknown stoihiometry isreadily formed when adding methanol to an Am(VI) { 0.1 M NaHCO3 so-lution. Similar preipitates were obtained with Ca and Ba ations, but nostoihiometri, or rystallographi data have been reported.More reently Gi�aut and Vitorge [93GIF/VIT℄ have studied the solubility of241Am in 0.1 and 4 M NaCl solutions at 21ÆC. The larger solubility in the on-entrated hloride solutions was interpreted as the radiolyti oxidation of Am(III)to Am(V), and the solubility urve at 4 M NaCl was interpreted with the followingsolubility equilibria:NaAmO2CO3(s) *) Na+ +AmO+2 + CO2�3for whih they report log10Ks;0 = �(10:5 � 0:3). Gi�aut and Vitorge also laimedthe formation of two Am(V) arbonate omplexes (AmO2CO�3 and AmO2(CO3)3�2 ).However, owing to the lak of details in Ref. [93GIF/VIT℄, the reported solubilityonstant an not be redited in this review, f. Appendix A.V.7.1.3. Ameriium yanide omplexesQualitative information on the interation between ameriium(III) and yanide ionswas provided by Cuillerdier et al. [77CUI/MUS, 81CUI℄, who report log10 �1 � 4 at



166 Disussion of data seletionI = 5 M and 25ÆC without giving any experimental details. More experimental workis needed to on�rm the omposition and stability of the omplexes formed. No valuean be reommended for this system.V.7.1.4. Ameriium thioyanate omplexesThere are several separation proedures of lanthanoid and atinoid elements in aque-ous thioyanate media. However, very few diret experimental determinations of thethermodynami values of the ameriium(III)-thioyanate system have been reported;and no ritial ompilations of these data seem to exist.Ameriium omplexation by thioyanate is quite weak, and its study requireslarge onentrations of the thioyanate ligand. Therefore, large bakground ele-trolyte onentrations have been used in order to keep ativity oeÆients nearlyonstant. Most investigations have been performed by solvent extration using 1.0 or5.0 M NaSCN=NaClO4 aqueous solutions. Mononulear speies, suh as AmSCN2+,Am(SCN)+2 , Am(SCN)3(aq) and Am(SCN)�4 , have been suggested to interpret thedi�erent experimental measurements, aording to:Am3++n SCN� *) Am(SCN)(3�n)n : (V.38)Table V.17 presents all the stability onstants (�1; �2; �3 and �4;) reported in the lit-erature and the experimental details: temperature, pH, ioni media and the tehniqueused for the investigations. We note that Ref. [70KIN/CHO℄ is only a preliminary re-port of the study in [74KIN/CHO℄. It should be noted that some authors reported thepresene of only AmSCN2+ and Am(SCN)+2 (model \�1; �2") [65CHO/KET, 71HAR,71KHO/NAR, 72HAR/PET2, 74KHO/MAT℄, while others reported that the om-plex Am(SCN)+2 is negligible and interpreted their data assuming the formation ofAm(SCN)3(aq) (model \�1; �3") [64SEK, 65SEK3, 74KIN/CHO℄ y . Hene, the diretomparison of stability onstants reported in the literature is hindered by the fatthat either �2 or �3 was not alulated in several ases.The solvent extration experiments performed by Choppin and Ketels[65CHO/KET℄, display a temperature dependene opposite to that reported in laterpubliations [72HAR/PET, 74KIN/CHO℄. Therefore, this work was not onsideredby this review.Khopkar and Narayanankutty [71KHO/NAR℄ and Khopkar and Mathur[74KHO/MAT℄ studied the Am(III){SCN� system, using dinonylnaphthalene sulpho-nate liquid ion exhangers. The variation of the distribution oeÆient vs. [SCN�℄was interpreted assuming the presene of AmSCN2+ and Am(SCN)+2 omplexes. Re-analysis of the data shows that a better �t is obtained assuming the formation ofAm(SCN)3(aq), instead of Am(SCN)+2 . The omplexation of ameriium by thioya-nate ligands is rather weak and the determination of the stability onstants is verysensitive to hanges in the hemial model. This review onsiders that the work ofKhopkar et al. evidenes only the existene of AmSCN2+.y It should be noted however, that while Kinard and Choppin [74KIN/CHO℄ used the \�1; �3"model to interpret their data, they only reported values of �1.



Group 14 ompounds and omplexes 167Table V.17: Experimental equilibrium onstants for the ameriium(III)-thioyanatesystem.Method Ioni pH t log10 �1 log10 �2 log10 �3 RefereneMedium(a) (ÆC)ix 5.0 M NH4ClO4 4.0 ? 0:24(b) �0:04(b) [62LEB/YAK℄0.5 M NH4ClO4 4.0 ? 0.66�0:02I �! 0 4.0 ? 1.61�0:01(b)dis 5.0 M NaClO4 3{4 25 0.85�0.05 0.55�0:15() [64SEK, 65SEK3℄dis 1.0 M NaClO4 2.0 25 0.50�0.01 0.85�0:02 [65CHO/KET℄40 0.40�0.0455 0.19�0.05dis 5.0 M NaClO4 3.0 10 0.42�0.02 [70KIN/CHO℄25 0.60�0.0540 0.68�0.0250 0.72�0.02sp 1.0 M NaClO4 2.0 22 0.76�0.02 0.83 �0:07 [71HAR℄dis 1.0 M NaClO4 2.0 17.7 0.31�0.06 �0:8 �2:5 0.35�0:1425 0.36�0.02 0.05 �0:14 �0:16�0.1830 0.37�0.04 �0:8 �2:0 0.21�0.1735 0.33�0.03 �0:6 �0:7 0.11�0.1144.3 0.43�0.03 �0:15 �0:3 �0:20�0.28dis 1.0 M LiClO4 2.5 30 0.07�0.04 0.24 �0.03 [71KHO/NAR℄1.0 M NaClO4 2.5 30 0.17�0.05 0.51 �0.031.0 M NH4ClO4 2.5 30 0.12�0.06 0.54 �0.03dis 1.0 M NaClO4 2.0 25 0.36�0:03 0.04 �0:20 �0:15�0:23 [72HAR/PET℄18 0.30�0:08(d) 0.36�0:14(d)25 0.36�0:03(d) 0.17�0:06(d)30 0.38�0:03(d) 0.22�0:18(d)35 0.35�0:03(d) 0.11�0:11(d)45 0.47�0:03(d) 0.01�0:06(d)sp 1.0 M NaClO4 2.0 22 0.76�0.03 0.83 �0.07 [72HAR/PET2℄dis 2.0 M NH4NO3 2.0 25 �0:52�0.14 0.74 �0.03 0.87�0.05 [73CHI/DAN℄dis 1.0 M NH4ClO4 2.8 30 0.17�0.07 0.62 �0.03 [74KHO/MAT℄15 0.14�0:08(e) 0.68 �0:03(e)37 0.12�0:07(e) 0.64 �0:03(e)45 0.21�0:04(e) 0.59 �0:02(e)



168 Disussion of data seletionTable V.17 (ontinued)Method Ioni pH t log10 �1 log10 �2 log10 �3 RefereneMedium(a) (ÆC)dis 5.0 M NaClO4 3.0 10 0.42�0.02 [74KIN/CHO℄25 0.60�0.0540 0.68�0.0255 0.72�0.02(a) A signi�ant amount of the anion in the bakground eletrolyte was substitutedby SCN� in these studies.(b) Values orreted to I = 0 using Davies equation.() Sekine [64SEK, 65SEK3℄ reports log10 �4 = 0:00� 0:15(d) Values digitised by this review from Figure 12 and Figure 7 in Refs. [71HAR,72HAR/PET℄ respetively (�1, �3 model).(e) Values digitised by this review from Figure 3 in Ref. [74KHO/MAT℄.Harmon et al. [71HAR, 72HAR/PET℄ observed the spetral hanges in the 503 nmameriium absorption band produed by SCN� omplexation. The authors alu-lated the formation onstant of AmSCN2+ and Am(SCN)+2 from the spetral data.This review onsiders that, beause of the sattering in the data, no reliable onlu-sion on the existene of Am(SCN)+2 and/or Am(SCN)3(aq) an be extrated. Hene,the stability onstants obtained by Harmon et al. from their spetrophotometri mea-surements are not aepted here.Chiarizia et al. [73CHI/DAN℄ studied the ompetitive omplexation in NH4SCN=-NH4NO3 media and interpreted the thioyanate system assuming the formation ofAmSCN2+, Am(SCN)+2 and Am(SCN)3(aq) omplexes. The resulting speiation dia-gram indiates that AmSCN2+ and Am(SCN)3(aq) are the predominant speies, whileAmSCN2+ never exeeds 5%. This ontradits all other experimental evidene, andtherefore, the reported stability onstants (log10�n) are disregarded by this review.Lebedev and Yakovlev's ion exhange study [62LEB/YAK℄, and Sekine's [64SEK,65SEK3℄, Kinard and Choppin's [74KIN/CHO℄ solvent extration experiments learlyevidened the existene of the AmSCN2+ and Am(SCN)3(aq) omplexes, at high ionistrength (I = 5 M). As the spei� ion interation equations are valid up to I � 3 M,the orresponding stability onstants are not extrapolated to zero ioni strength, andtherefore these values are not seleted in this review, even though they are onsideredreliable.At lower ioni strength (I � 1 M) there is some experimental evidene showing theexistene of some weak omplexes Am(SCN)(3�n)n with n > 1, but more experimentalwork is needed to on�rm the stoihiometry of the speies formed. Hene, the valuesof �2 and �3 reported in the literature at I � 1 M, f. Table V.17, are disregardedby this review, and the orresponding stability onstants are not seleted.Attempts to investigate the formation of higher order thioyanate omplexes, usingtributylphosphate or quaternary amines as extrating agents, indiated the presene



Group 14 ompounds and omplexes 169Table V.18: Literature review of the thermodynami funtions for the Am(III)-thioyanate system.I t log10 �Æn �rGm �rHm �rSm Referene(M) (ÆC) ( kJ �mol�1) ( kJ �mol�1) ( J �K�1 �mol�1)Am3+ + SCN� *) AmSCN2+1.0 25 0:50� 0:01 �2:89� 0:08 �18:2�1:3 �52�4 [65CHO/KET℄5.0 25 �3:39� 0:29 10:6�1:2 47 [70KIN/CHO℄1.0 25 0:36� 0:03 �1:97� 0:08 6.7�2:9 29�8 [71HAR,72HAR/PET℄5.0 25 0:60� 0:05 �3:40� 0:31 11.8�2:1 50�7 [74KIN/CHO℄1.0 30 0:12� 0:07 �0:71� 0:42 2.5�2:3 10�8 [74KHO/MAT℄Am3+ + 2SCN� *) Am(SCN)+21.0 30 0:65� 0:03 �3:68� 0:17 �4:8�1:1 �4�4 [74KHO/MAT℄Am3+ + 3SCN� *) Am(SCN)3(aq)1.0 25 �0:15� 0:23 �0:79� 0:63 �25�17 �84�63 [71HAR,72HAR/PET℄of anioni speies Am(SCN)�4 [64SEK, 65SEK3, 74KIN/CHO℄, but no reliable sta-bility onstants have been reported.The values for the equilibrium onstant for AmSCN2+ determined at I = 0:5 Mby Lebedev and Yakovlev [62LEB/YAK℄ and at I = 1 M by Harmon et al. [71HAR,72HAR/PET℄ and Khopkar et al. [71KHO/NAR, 74KHO/MAT℄ are extrapolated tozero ioni strength (f. Appendix A) with the spei� ion interation equations ofAppendix B using �"1 = �(0:15 � 0:05) kg �mol�1. The unweighted average of theextrapolated values yields:log10 �Æ1(V:38; n = 1; 298:15 K) = 1:3� 0:3:The Gibbs energy of formation is derived to be�fGÆm(AmSCN2+; aq; 298:15 K) = �(513:4� 6:4) kJ �mol�1:Table V.18 presents a literature review of thermodynami funtions for the for-mation of AmSCN2+, Am(SCN)+2 , and Am(SCN)3(aq) omplexes. As mentionedearlier, the study of [65CHO/KET℄ is disregarded by this review beause its oppo-site temperature dependene of �1. The enthalpy hanges obtained in Appendix A



170 Disussion of data seletionTable V.19: Strutural data for ameriium siliidesPhase Symmetry Spae Group Iso-type Cell ParametersCompound = (10�10 m)Am5Si3(r) tetragonal I4/mm W5Si3(r) a = 11:419 � 0:016 = 5:538 � 0:008AmSi(r) orthorhombi Pnma FeB(r) a = 8:400 � 0:015b = 4:064 � 0:007 = 6:036 � 0:011AmSi1:6�x(r) hexagonal P6/mmm AlB2(r) a = 3:871 � 0:009 = 4:120 � 0:009AmSi2(r) tetragonal I41/amd �-ThSi2 a = 4:015 � 0:007 = 13:733 � 0:022
from the equilibrium onstants determined at I = 1 M by Harmon et al. [71HAR,72HAR/PET℄ and by Khopkar and Mathur [74KHO/MAT℄ yield the following values:�rHÆm(V:38; n = 1; I = 1M; 298:15 K) = (5:5� 7) kJ �mol�1�rSÆm(V:38; n = 1; I = 1M; 298:15 K) = (23� 27) J �K�1 �mol�1:Extrapolation of these equilibrium onstants to I = 0 aording to the equations ofAppendix B, followed by a weighted linear regression \ln�1 vs. 1=T (K�1)" onstrainedwith the seleted value of log10 �Æ1 = 1:3, would lead to the following standard valuesat 298.15 K: �rHÆm(V:38; n = 1) = (10 � 12) kJ � mol�1 and �rSÆm(V:38; n = 1) =(60 � 40) J � K�1 � mol�1. However, this review does not reommend these valuesbeause of the unertainty in the inuene of temperature on ativity oeÆients.V.7.2. Silion ompounds and omplexesV.7.2.1. Ameriium siliidesWeigel et al. [84WEI/WIT℄ have prepared the four siliides of ameriium given inTable V.19. The samples were prepared by the reation of 241AmF3(r) and silionin alumina ruibles at 980 - 1200ÆC in vauo, by the following general reation:4AmF3(r) + (7 + 4y) Si(r) �! 4AmSi1+y(r) + 3 SiF4(g)Inhomogeneous samples were re-annealed in vauo at 1000 - 1200ÆC. The siliideswere haraterised by high temperature X-ray di�ration up to 900Æ. InsuÆient



Group 13 ompounds 171information was obtained to draw a reliable phase diagram, but all four siliideswere reported to melt between 1173 and 1273 K, and a possible phase transforma-tion in AmSi(r) was observed between 813 and 943 K. The phase relationships inthe Am-Si system are thus very similar to those in the U-Si and Pu-Si systems.The AmSi1:6�x(r) is probably a single phase region extending from Am2Si3(r) toAm3Si5(r).V.7.2.2. Aqueous ameriium siliatesNo thermodynami data have been reported in the literature on ameriium siliateomplexes in aqueous solution nor have any speies been demonstrated. Beause ofa lak of data, the trivalent lanthanoids an not be used for guidane. Complexes ofthe form FeSiO(OH)2+3 were prepared with trivalent iron [71POR/WEB℄.V.7.2.3. Solid ameriium siliate ompoundsVery little has been reported on siliate ompounds of ameriium. AmSiO4(r) wasreported by Keller [63KEL, 67KEL℄ as having a tetragonal struture with the unitell parameters a = 6:87 � 10�10 and  = 6:20 � 10�10 m. However, tetravalentAm is unlikely to be of importane in natural aquati systems. High-temperaturesolid state reations in the AmIII-oxide-SiO2 system an lead to ompounds of theform Am9:3320:67(SiO4)6O2(r) (where 2 stands for vaanies in the rystal lattie)and Am8(SiO6)2(r) [79ALL℄, similar to the orresponding lanthanoid ompounds.The former are stated to rystallise with the hexagonal apatite type of struture asdo the polyoxides M IAm9(SiO4)6O2(r) and M IIAm8(SiO4)6O2(r). Beause of thesimilarity in hemial behaviour between the trivalent atinoids and lanthanoids, onewould expet ameriium(III) to form a variety of ompounds with silia as do therare earths [86GSC/EYR℄. Rare earth disiliates preipitate as a gel from solutionsof rare earth hloride and silii aid [77BOC/CHA℄. No data are available on thesolubility onstant of any ameriium siliate ompounds.V.7.3. Germanium ompoundsCrystallographi information for AmGeO4(r) is given in Table V.6.V.8. Group 13 ompoundsV.8.1. Aluminium ompoundsCrystallographi information for AmAlO3(r) is given in Table V.6.V.8.2. Thallium ompoundsThe existene of TlAm(SO4)2 �xH2O(s) and Tl8Am2(SO4)7(s) has been reported byYakovlev and Kosyakov [58YAK/KOS℄ (f. Setion V.5.1.2.2). No thermodynamidata has been reported on these ompounds.



172 Disussion of data seletionV.9. Group 9 ompoundsV.9.1. Cobalt ompoundsFedoseeva and Budantseva reported the synthesis of the ameriium(V) sulphate om-pound Co(NH3)6AmO2(SO4)2 �2H2O(s) [89FED/BUD℄ (f. Setion V.5.1.2.2). Nothermodynami data has been reported on this ompound.V.10. Group 6 omplexesV.10.1. Molybdates and tungstatesCrystallographi information for the molybdates and tungstates of ameriium aregiven in Table V.6.V.10.2. Polyphosphotungstate omplexesThe stabilisation of Am(IV), Am(V) and Am(VI) by phosphotungstate ions in aque-ous solutions is disussed in Setion V.6.2.1.3, p.144. In addition, omplexes ofAm(III) and Am(IV) with the anions W10O12�36 , PW11O7�39 and SiW11O8�39 are men-tioned in [89YUS, 89YUS/FED℄. No thermodynami data an be seleted for any ofthese systems.V.11. Group 5 omplexesCrystallographi information for the ternary and quaternary oxides of ameriium andvanadium, niobium or tantalum are given in Table V.6.V.12. Group 4 omplexesCrystallographi information for the quaternary oxides of ameriium and titaniumare given in Table V.6.V.13. Atinide ompounds and omplexesV.13.1. Atinide ompoundsV.13.1.1. U0:5Am0:5O2(r)Bartsher and Sari [83BAR/SAR℄ have measured the oxygen potentials inU0:5Am0:5O2�X(r) for both hypo- and hyper-stoihiometri oxides, 1:87 �O=(U + Am) < 2:09, between 873 and 1573 K by equilibration with CO(g)/CO2(g)and H2(g)/H2O(g) mixtures. These results have been used to derive partial molarenthalpies and entropies of dissolution of oxygen in the oxides (presented only in theform of plots). The results are ompared to the similar U-Pu-O and U-Ce-O systems[83BAR/SAR℄.



Group 2 (alkaline-earth) and group 3 ompounds 173V.13.1.2. Other ternary and quaternary oxidesCrystallographi information for the ternary and quaternary oxides of ameriium andprotatinium are given in Table V.6.V.13.2. Atinide omplexesV.13.2.1. Atinide-atinide interationsThe tendeny of atinide(V) ations, MO+2 , to interat with ertain ations (mostlymultiharged) has been desribed in many publiations using an array of tehniques,mainly absorption spetrophotometry, proton spin relaxation, potentiometri teh-niques and Raman spetrosopy. These interations have been reviewed by Grentheet al. in the uranium NEA-TDB review [92GRE/FUG℄, where it is noted that allrelevant studies before 1977 were extensively reviewed in Ref. [79FRO/RYK℄.Complexes of AmO+2 with UO2+2 and NpO2+2MO+2 +M0O2+2 *) MM0O3+4were reported [81GUI/HOB, 82GUI/BEG℄ for I = 10 M (perhlorate) and in mediaof variable ioni strength for the speies AmO+2 -UO2+2 . As disussed by Grenthe et al.[92GRE/FUG℄, no data an be reommended for these ation assoiation reations.V.14. Group 2 (alkaline-earth) and group 3 ompoundsCrystallographi information for AmSO3(r) and for the ternary and quaternaryoxides of ameriium and the alkaline-earths are given in Table V.6.V.15. Group 1 (alkali) ompoundsV.15.1. Ternary and quaternary oxidesThe only thermodynami data for the ternary oxides are the enthalpies of formationof the perovskite-type ompounds BaAmO3(r) and SrAmO3(r), as disussed inSetion V.3.2.6. Crystallographi information for the other ternary and quaternaryoxides are given in Table V.6.V.15.2. Ternary uoridesA disussion on the ternary uorides LiAmF5(r), Na7Am6F31(r) and Rb2AmF6(r)is presented in Setion V.4.2.2.6.V.15.3. Ternary and quaternary hloridesA disussion on the ternary hlorides CsAmCl4(r), Cs3AmCl6(r), M2AmCl5(r)(M = K, NH4, Rb) and the quaternary hloride Cs2NaAmCl6(r) is presented inSetion V.4.2.3.4.



174 Disussion of data seletionV.15.4. Alkali sulphatesThe existene of MAm(SO4)2 � xH2O(s) (with M = K, Rb and Cs) as well asK3Am(SO4)3 � H2O(s) and K8Am2(SO4)7(s) has been reported by Yakovlev andKosyakov [58YAK/KOS℄. No thermodynami data has been reported on these om-pounds (f. Setion V.5.1.2.2).V.15.5. Alkali phosphatesTernary phosphates of Am(VI), MAmO2PO4 � xH2O(r) (with M = K, Rb and Cs)have been reported by Lawaldt et al. [82LAW/MAR℄, f. Setion V.6.2.2.2.V.15.6. Alkali arsenatesTernary arsenates of Am(VI), MAmO2AsO4 � xH2O(r) (with M = K, Rb and Cs)have been reported by Lawaldt et al. [82LAW/MAR℄, f. Setion V.6.3.2.V.15.7. Alkali arbonatesThe Am(III) ompounds NaAm(CO3)2(r) and Na3Am(CO3)3(s), are disussed inSetion V.7.1.2.2.. The ameriium(V) arbonates: MAmO2CO3(r), with M =Na, K, Rb, Cr; K3AmO2(CO3)2(s) and M5AmO2(CO3)3(s), with M = K and Csare disussed in Setion V.7.1.2.2.d, where arbonates of ameriium(VI) of unknownstoihiometry are also mentioned.
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Chapter VIIIFormula listThis hapter presents, in standard order of arrangement (f. Setion II.1.8) a list offormulae of ameriium ontaining speies. The meaning of the phase designators,(aq), (r), et., is explained in Setion II.1.4.The formulae that are not disussed in the present review are provided with infor-mation on referenes that may ontain thermodynami data on these ompounds oromplexes (for omplete itations see Chapter VI). The formulae for whih seleteddata are presented in Chapter III, as well as those whih are disussed but for whihno data are reommended by this review, are marked orrespondingly.The inlusion of these formulae in this hapter is to be understood as informationon the existene of published material on these formulae. It in no way implies thatthe present review gives any redit to either the thermodynami data or the hemialomposition or existene of these speies.Some ameriium formulae are reported only in [87BRO/WAN℄. Note however, thatthere is no experimental indiation for the existene of these speies, and that onlyestimates for their equilibrium onstants of formation are given in the theoretialwork of [87BRO/WAN℄.
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230 Formula listFormula Referenes�-Am data seleted in the present reviewAm(r) data seleted in the present reviewAm(g) data seleted in the present review-Am data seleted in the present reviewAm(l) data seleted in the present reviewAm2+ data seleted in the present reviewAm3+ data seleted in the present reviewAm4+ data seleted in the present reviewAm5+ [82FUG℄Am6+ [82FUG℄Am+3 [72KRE℄Am+4 [72KRE℄AmO(r) [62WES/GRO℄, [86BRA/LAG℄AmO1:5(r) [86BRA/LAG℄AmO1:6(r) see p. 89AmO1:71(r) see p. 89AmO2(r) data seleted in the present reviewAmO+2 data seleted in the present reviewAmO2+2 data seleted in the present reviewAmO+3 [81LEB℄Am2O3(r) data seleted in the present reviewAmH2(r) data seleted in the present reviewAmH3(r) see p. 100AmOH+ [84KER℄AmOH2+ data seleted in the present reviewAmOH3+ [87BRO/WAN℄Am(OH)+2 data seleted in the present reviewAm(OH)2+2 [87BRO/WAN℄AmO2OH(aq) see pp. 87, 96AmO2OH(r) see p. 96AmO2OH+ see p. 87Am(OH)3(am) data seleted in the present reviewAm(OH)3(aq) data seleted in the present reviewAm(OH)3(r) data seleted in the present reviewAm(OH)3(s) [88STA/KIM2℄Am(OH)+3 [87BRO/WAN℄AmO2(OH)2(aq) see p. 87AmO2(OH)2(r) [87BRO/WAN℄AmO2(OH)�2 see p. 87Am(OH)4(aq) [87BRO/WAN℄Am(OH)4(r) [52LAT℄, [72KRE℄, [73MOS℄, [85PHI/PHI℄Am(OH)�4 see pp. 80AmO2(OH)�3 see p. 87AmO2(OH)2�3 see p. 87Am(OH)�5 [87BRO/WAN℄Am(OH)2�5 [87BRO/WAN℄AmO2(OH)2�4 see p. 87



Formula list 231Formula ReferenesAmO2(OH)3�4 see p. 87Am(OH)2�6 [87BRO/WAN℄Am(OH)3�6 [87BRO/WAN℄AmO2(OH)3�5 [87BRO/WAN℄AmO2(OH)4�5 [87BRO/WAN℄Am2(OH)4+2 [78ALL/BEA℄, [82SIL℄, [83ALL℄, [86WAN℄, [87BRO/WAN℄(AmO2)2(OH)2+2 [87BRO/WAN℄Am3(OH)4+5 [82SIL℄, [83ALL℄, [86WAN℄, [87BRO/WAN℄(AmO2)3(OH)2+4 [87BRO/WAN℄(AmO2)3(OH)+5 [87BRO/WAN℄(AmO2)3(OH)�7 [87BRO/WAN℄Am4(OH)4+12 [87BRO/WAN℄(AmO2)4(OH)+7 [87BRO/WAN℄Am6(OH)9+15 [87BRO/WAN℄AmF2+ data seleted in the present reviewAmF3+ [87BRO/WAN℄AmF2(r) [86BRA/LAG℄AmF+2 data seleted in the present reviewAmF2+2 [87BRO/WAN℄AmF3(aq) see p. 101AmF3(r) data seleted in the present reviewAmF3(g) data seleted in the present reviewAmF+3 [87BRO/WAN℄AmF4(aq) see p. 106AmF4(r) data seleted in the present reviewAmF4(g) see p. 112AmF�4 [78ALL/BEA℄, [87BRO/WAN℄AmF5(g) see p. 114AmF5(s) see p. 114AmF�5 [87BRO/WAN℄AmF2�5 [87BRO/WAN℄AmF6(r) see p. 114AmF6(g) see p. 114AmF6(s) see p. 114AmF2�6 [87BRO/WAN℄AmF3�6 [87BRO/WAN℄AmO2F(aq) [87BRO/WAN℄AmO2F+ [87BRO/WAN℄AmO2F2(aq) [87BRO/WAN℄AmO2F2(r) see p. 115AmO2F�2 [87BRO/WAN℄AmO2F�3 [87BRO/WAN℄AmO2F2�3 [87BRO/WAN℄AmO2F2�4 [87BRO/WAN℄AmO2F3�4 [87BRO/WAN℄AmO2F3�5 [87BRO/WAN℄AmO2F4�5 [87BRO/WAN℄



232 Formula listFormula ReferenesAmCl2+ data seleted in the present reviewAmCl3+ [82JEN℄, [87BRO/WAN℄AmCl2(r) see p. 116AmCl+2 see p. 104AmCl2+2 [87BRO/WAN℄AmCl3(aq) [87BRO/WAN℄AmCl3(r) data seleted in the present reviewAmCl3(s) [54KOC/CUN℄AmCl+3 [87BRO/WAN℄AmCl4(aq) [87BRO/WAN℄AmCl4(r) [72KRE℄, [86BRA/LAG℄AmCl�4 [87BRO/WAN℄AmCl�5 [87BRO/WAN℄AmCl2�5 [87BRO/WAN℄AmCl2�6 [87BRO/WAN℄AmCl3�6 [87BRO/WAN℄AmClO(r) [72KRE℄AmOCl(r) data seleted in the present reviewAmOCl(s) [76WEI/WIS℄AmO2Cl(aq) [87BRO/WAN℄AmO2Cl+ [87BRO/WAN℄AmO2Cl2(aq) [87BRO/WAN℄AmO2Cl�2 [87BRO/WAN℄AmO2Cl�3 [87BRO/WAN℄AmO2Cl2�3 [87BRO/WAN℄AmO2Cl2�4 [87BRO/WAN℄AmO2Cl3�4 [87BRO/WAN℄AmO2Cl3�5 [87BRO/WAN℄AmO2Cl4�5 [87BRO/WAN℄AmClO2+4 see p. 105AmClO�4 [76SMI/MAR℄Am(ClO4)+2 see p. 105AmBr2+ see p. 105AmBr3+ [87BRO/WAN℄AmBr2(r) see p. 121AmBr+2 see p. 105AmBr2+2 [87BRO/WAN℄AmBr3(aq) [87BRO/WAN℄AmBr3(r) data seleted in the present reviewAmBr3(s) [82WEI/WIS℄AmBr+3 [87BRO/WAN℄AmBr4(aq) [87BRO/WAN℄AmBr4(r) [72KRE℄, [86BRA/LAG℄AmBr�4 [87BRO/WAN℄AmBr�5 [87BRO/WAN℄AmBr2�5 [87BRO/WAN℄AmBr2�6 [87BRO/WAN℄



Formula list 233Formula ReferenesAmBr3�6 [87BRO/WAN℄AmOBr(r) data seleted in the present reviewAmO2Br(aq) [87BRO/WAN℄AmO2Br+ see p. 106AmO2Br2(aq) [87BRO/WAN℄AmO2Br�2 [87BRO/WAN℄AmO2Br�3 [87BRO/WAN℄AmO2Br2�3 [87BRO/WAN℄AmO2Br2�4 [87BRO/WAN℄AmO2Br3�4 [87BRO/WAN℄AmO2Br3�5 [87BRO/WAN℄AmO2Br4�5 [87BRO/WAN℄AmBr3�6H2O(r) [73MOS2℄, [73MOS℄AmI2+ [87BRO/WAN℄AmI3+ [87BRO/WAN℄AmI2(r) see p. 123AmI+2 [87BRO/WAN℄AmI2+2 [87BRO/WAN℄AmI3(aq) [87BRO/WAN℄AmI3(r) data seleted in the present reviewAmI+3 [87BRO/WAN℄AmI4(aq) [87BRO/WAN℄AmI4(r) [72FUG℄, [72KRE℄, [86BRA/LAG℄AmI�4 [87BRO/WAN℄AmI�5 [87BRO/WAN℄AmI2�5 [87BRO/WAN℄AmI2�6 [87BRO/WAN℄AmI3�6 [87BRO/WAN℄AmOI(r) see p. 124AmO2I(aq) [87BRO/WAN℄AmO2I+ [87BRO/WAN℄AmO2I2(aq) [87BRO/WAN℄AmO2I�2 [87BRO/WAN℄AmO2I�3 [87BRO/WAN℄AmO2I2�3 [87BRO/WAN℄AmO2I2�4 [87BRO/WAN℄AmO2I3�4 [87BRO/WAN℄AmO2I3�5 [87BRO/WAN℄AmO2I4�5 [87BRO/WAN℄AmIO2+3 [87BRO/WAN℄AmIO3+3 [87BRO/WAN℄AmO2IO3(aq) [87BRO/WAN℄AmO2IO+3 [87BRO/WAN℄Am(IO3)+2 [87BRO/WAN℄Am(IO3)2+2 [87BRO/WAN℄AmO2(IO3)2(aq) [87BRO/WAN℄AmO2(IO3)�2 [87BRO/WAN℄



234 Formula listFormula ReferenesAm(IO3)3(aq) [87BRO/WAN℄Am(IO3)+3 [87BRO/WAN℄AmO2(IO3)�3 [87BRO/WAN℄AmO2(IO3)2�3 [87BRO/WAN℄Am(IO3)4(aq) [87BRO/WAN℄Am(IO3)�4 [87BRO/WAN℄AmO2(IO3)2�4 [87BRO/WAN℄AmO2(IO3)3�4 [87BRO/WAN℄Am(IO3)�5 [87BRO/WAN℄Am(IO3)2�5 [87BRO/WAN℄AmO2(IO3)3�5 [87BRO/WAN℄AmO2(IO3)4�5 [87BRO/WAN℄Am(IO3)2�6 [87BRO/WAN℄Am(IO3)3�6 [87BRO/WAN℄AmS(r) data seleted in the present reviewAmS1:5(r) [86BRA/LAG℄AmS2(r) see p. 126Am2S3(r) see p. 126Am3S4(r) see p. 126AmSO+4 data seleted in the present reviewAmSO2+4 [87BRO/WAN℄AmO2SO4(aq) [87BRO/WAN℄AmO2SO�4 [87BRO/WAN℄Am(SO4)2(aq) [87BRO/WAN℄Am(SO4)�2 data seleted in the present reviewAmO2(SO4)2�2 [87BRO/WAN℄AmO2(SO4)3�2 [87BRO/WAN℄Am(SO4)2�3 [87BRO/WAN℄Am(SO4)3�3 [87BRO/WAN℄AmO2(SO4)4�3 [87BRO/WAN℄AmO2(SO4)5�3 [87BRO/WAN℄Am(SO4)4�4 [87BRO/WAN℄Am(SO4)5�4 [87BRO/WAN℄AmO2(SO4)6�4 [87BRO/WAN℄AmO2(SO4)7�4 [87BRO/WAN℄Am(SO4)6�5 [87BRO/WAN℄Am(SO4)7�5 [87BRO/WAN℄AmO2(SO4)8�5 [87BRO/WAN℄Am(SO4)8�6 [87BRO/WAN℄Am2O2S(r) see p. 127(AmO2)2SO4(r) see p. 131Am10OS14(r) see p. 127Am(H2SO4)+2 see p. 128Am2(SO4)3�8H2O(r) see p. 131AmSe(r) data seleted in the present reviewAmSe2(r) see p. 132Am3Se4(r) see p. 132



Formula list 235Formula ReferenesAmTe(r) data seleted in the present reviewAmTe2(r) see p. 134AmTe3(r) see p. 134Am3Te4(r) see p. 133Am2O2Te(r) see p. 134AmN(r) see p. 134AmN2+3 data seleted in the present reviewAm(N3)+2 see p. 135Am(N3)3(aq) see p. 135AmNO2+2 data seleted in the present reviewAmNO2+3 data seleted in the present reviewAmNO3+3 [87BRO/WAN℄AmO2NO3(aq) [87BRO/WAN℄AmO2NO+3 [87BRO/WAN℄Am(NO3)+2 see p. 136Am(NO3)2+2 [87BRO/WAN℄AmO2(NO3)2(aq) see p. 138AmO2(NO3)�2 [87BRO/WAN℄Am(NO3)3(aq) see p. 137Am(NO3)3(s) see p. 138Am(NO3)+3 [87BRO/WAN℄AmO2(NO3)�3 see p. 138AmO2(NO3)2�3 [87BRO/WAN℄Am(NO3)4(aq) [87BRO/WAN℄Am(NO3)�4 [87BRO/WAN℄AmO2(NO3)2�4 [87BRO/WAN℄AmO2(NO3)3�4 [87BRO/WAN℄Am(NO3)�5 [87BRO/WAN℄Am(NO3)2�5 [87BRO/WAN℄AmO2(NO3)3�5 [87BRO/WAN℄Am(NO3)2�6 [87BRO/WAN℄Am(NO3)3�6 [87BRO/WAN℄AmNH3+3 [87BRO/WAN℄AmNH4+3 [87BRO/WAN℄Am(NH3)3+2 [87BRO/WAN℄Am(NH3)4+2 [87BRO/WAN℄Am(NH3)3+3 [87BRO/WAN℄Am(NH3)4+3 [87BRO/WAN℄Am(NH3)3+4 [87BRO/WAN℄Am(NH3)4+4 [87BRO/WAN℄Am(NH3)3+5 [87BRO/WAN℄Am(NH3)4+5 [87BRO/WAN℄Am(NH3)3+6 [87BRO/WAN℄Am(NH3)4+6 [87BRO/WAN℄AmO2NH+3 [87BRO/WAN℄AmO2NH2+3 [87BRO/WAN℄AmO2(NH3)+2 [87BRO/WAN℄



236 Formula listFormula ReferenesAmO2(NH3)2+2 [87BRO/WAN℄AmO2(NH3)+3 [87BRO/WAN℄AmO2(NH3)2+3 [87BRO/WAN℄AmO2(NH3)+4 [87BRO/WAN℄AmO2(NH3)2+4 [87BRO/WAN℄AmO2(NH3)+5 [87BRO/WAN℄AmO2(NH3)2+5 [87BRO/WAN℄(NH4)2AmCl5(r) see p. 120AmS2(NO3)3(aq) [75ROZ/NIK℄AmP(r) see p. 144AmPO4(am; hydr) data seleted in the present reviewAmPO4(aq) [87BRO/WAN℄AmPO4(r) see p. 144AmPO+4 [87BRO/WAN℄AmO2PO�4 [87BRO/WAN℄AmO2PO2�4 [87BRO/WAN℄Am(PO4)2�2 [87BRO/WAN℄Am(PO4)3�2 [87BRO/WAN℄AmP3O9(aq) see p. 144AmO2(PO4)4�2 [87BRO/WAN℄AmO2(PO4)5�2 [87BRO/WAN℄Am(PO4)5�3 [87BRO/WAN℄Am(PO4)6�3 [87BRO/WAN℄AmO2(PO4)7�3 [87BRO/WAN℄AmO2(PO4)8�3 [87BRO/WAN℄Am(PO4)8�4 [87BRO/WAN℄Am(PO4)9�4 [87BRO/WAN℄AmO2(PO4)10�4 [87BRO/WAN℄AmO2(PO4)11�4 [87BRO/WAN℄Am(PO4)11�5 [87BRO/WAN℄Am(PO4)12�5 [87BRO/WAN℄AmO2(PO4)13�5 [87BRO/WAN℄AmO2(PO4)14�5 [87BRO/WAN℄Am(PO4)14�6 [87BRO/WAN℄Am(PO4)15�6 [87BRO/WAN℄AmHPO+4 see p. 140AmHPO2+4 [87BRO/WAN℄AmH2PO+4 [84VIE/TAR℄AmH2PO2+4 data seleted in the present reviewAmH2PO3+4 [87BRO/WAN℄AmO2HPO4(aq) [87BRO/WAN℄AmO2HPO�4 [87BRO/WAN℄AmO2H2PO4(aq) [87BRO/WAN℄AmO2H2PO+4 [87BRO/WAN℄Am(HPO4)2(aq) [87BRO/WAN℄Am(HPO4)�2 [87BRO/WAN℄Am(H2PO4)+2 see p. 140



Formula list 237Formula ReferenesAm(H2PO4)2+2 [87BRO/WAN℄AmHP3O+9 see p. 144AmO2(HPO4)2�2 [87BRO/WAN℄AmO2(HPO4)3�2 [87BRO/WAN℄AmO2(H2PO4)2(aq) see pp. 141, 143AmO2(H2PO4)�2 [87BRO/WAN℄Am(HPO4)2�3 [87BRO/WAN℄Am(HPO4)3�3 [87BRO/WAN℄Am(H2PO4)3(aq) see p. 140Am(H2PO4)+3 see pp. 141, 143AmO2(HPO4)4�3 [87BRO/WAN℄AmO2(HPO4)5�3 [87BRO/WAN℄AmO2(H2PO4)�3 [87BRO/WAN℄AmO2(H2PO4)2�3 [87BRO/WAN℄Am(HPO4)4�4 [87BRO/WAN℄Am(HPO4)5�4 [87BRO/WAN℄Am(H2PO4)4(aq) [87BRO/WAN℄Am(H2PO4)�4 see p. 140AmO2(HPO4)6�4 [87BRO/WAN℄AmO2(HPO4)7�4 [87BRO/WAN℄AmO2(H2PO4)2�4 [87BRO/WAN℄Am(HPO4)6�5 [87BRO/WAN℄Am(HPO4)7�5 [87BRO/WAN℄Am(H2PO4)�5 [87BRO/WAN℄Am(H2PO4)2�5 [87BRO/WAN℄AmO2(HPO4)8�5 [87BRO/WAN℄AmO2(HPO4)9�5 [87BRO/WAN℄Am(HPO4)8�6 [87BRO/WAN℄Am(HPO4)9�6 [87BRO/WAN℄Am(H2PO4)2�6 [87BRO/WAN℄NH4AmO2PO4(s) see p. 144AmAs(r) see p. 145AmAsO4(r) see p. 146NH4AmO2AsO4(s) see p. 146AmSb(r) see p. 146AmSb2(r) see p. 147Am4Sb3(r) see p. 146AmSbTe(r) see p. 147AmBi(r) see p. 147AmC(r) see p. 147Am2C3(r) data seleted in the present reviewAmCO+3 data seleted in the present reviewAmCO2+3 [87BRO/WAN℄Am(C2O4)+ [85PAZ/KRI℄AmC2O+4 [69SEK/SAK℄, [87BRO/WAN℄AmC2O2+4 [87BRO/WAN℄AmO2CO3(aq) [87BRO/WAN℄



238 Formula listFormula ReferenesAmO2CO�3 see p. 157Am(CO3)2(aq) [87BRO/WAN℄Am(CO3)2(r) [87BRO/WAN℄Am(CO3)�2 data seleted in the present reviewAmO2C2O4(aq) [87BRO/WAN℄AmO2C2O�4 [87BRO/WAN℄AmO2(CO3)2�2 [87BRO/WAN℄AmO2(CO3)3�2 see p. 157Am(C2O4)2(aq) [87BRO/WAN℄Am(C2O4)�2 [69SEK/SAK℄, [87BRO/WAN℄Am(CO3)2�3 [87BRO/WAN℄Am(CO3)3�3 data seleted in the present reviewAmO2(C2O4)2�2 [87BRO/WAN℄AmO2(C2O4)3�2 [87BRO/WAN℄AmO2(CO3)4�3 data seleted in the present reviewAmO2(CO3)5�3 data seleted in the present reviewAm(CO3)4�4 [87BRO/WAN℄Am(CO3)5�4 [78ALL/BEA℄, [87BRO/WAN℄Am(C2O4)2�3 [87BRO/WAN℄Am(C2O4)3�3 [69SEK/SAK℄, [87BRO/WAN℄AmO2(CO3)6�4 [87BRO/WAN℄AmO2(CO3)7�4 [87BRO/WAN℄Am(CO3)6�5 data seleted in the present reviewAm(CO3)7�5 [87BRO/WAN℄AmO2(CO3)8�5 [87BRO/WAN℄AmO2(CO3)9�5 [87BRO/WAN℄Am(CO3)8�6 [87BRO/WAN℄Am(CO3)9�6 [87BRO/WAN℄Am2(CO3)3(r) data seleted in the present reviewAmHCO2+2 [87BRO/WAN℄AmHCO3+2 [87BRO/WAN℄AmHCO2+3 see pp. 149, 154AmHCO3+3 [87BRO/WAN℄AmCO3OH(aq) see pp. 150, 156AmCO3OH(r) data seleted in the present reviewAmO2HCO2(aq) [87BRO/WAN℄AmO2HCO+2 [87BRO/WAN℄Am(HC2O4)2+ [85PAZ/KRI℄Am(HCO2)+2 [87BRO/WAN℄Am(HCO2)2+2 [87BRO/WAN℄AmO2CH3CO2(aq) [79MOS/POZ℄AmO2HCO3(aq) see p. 157AmO2HCO+3 [87BRO/WAN℄Am(OH)2CO�3 see pp. 150, 156AmO2OHCO�3 [87BRO/WAN℄Am(HCO3)+2 see pp. 149, 154Am(HCO3)2+2 [87BRO/WAN℄



Formula list 239Formula ReferenesAmO2(HCO2)2(aq) [87BRO/WAN℄AmO2(HCO2)�2 [87BRO/WAN℄Am(OH)3CO�3 [87BRO/WAN℄Am(HCO2)3(aq) [87BRO/WAN℄Am(HCO2)+3 [87BRO/WAN℄AmO2(CH3CO2)2(r) [73MOS℄AmOH(CO3)2�2 see pp. 150, 156AmO2(OH)2CO2�3 [87BRO/WAN℄AmO2(HCO3)2(aq) [87BRO/WAN℄AmO2(HCO3)�2 [87BRO/WAN℄AmO2(HCO2)�3 [87BRO/WAN℄AmO2(HCO2)2�3 [87BRO/WAN℄Am(HCO2)4(aq) [87BRO/WAN℄Am(HCO2)�4 [87BRO/WAN℄Am(CH3CO2)4(r) [73MOS℄Am(HCO3)3(aq) [87BRO/WAN℄Am(HCO3)+3 [87BRO/WAN℄Am(CO3)3OH4� see p. 156AmO2(HCO2)2�4 [87BRO/WAN℄Am(HCO2)�5 [87BRO/WAN℄Am(HCO2)2�5 [87BRO/WAN℄AmO2(HCO3)�3 [87BRO/WAN℄AmO2(HCO3)2�3 [87BRO/WAN℄Am(HCO3)4(aq) [87BRO/WAN℄Am(HCO3)�4 [87BRO/WAN℄AmO2(HCO2)3�5 [87BRO/WAN℄Am(HCO2)2�6 [87BRO/WAN℄AmO2(HCO3)2�4 [87BRO/WAN℄AmO2(HCO3)3�4 [87BRO/WAN℄Am(HCO3)�5 [87BRO/WAN℄Am(HCO3)2�5 [87BRO/WAN℄Am(HC2O4)�4 [60MOS/KHA℄AmO2(HCO3)3�5 [87BRO/WAN℄Am(HCO3)2�6 [87BRO/WAN℄Am(HCO3)3�6 [87BRO/WAN℄(AmO2)2(OH)3CO�3 [87BRO/WAN℄Am2(CO3)3�2H2O(r) [73MOS2℄, [73MOS℄Am2(C2O4)3�10H2O(r) [73MOS℄(AmO2)3(OH)3CO+3 [87BRO/WAN℄AmCN2+ see p. 165AmCN3+ [87BRO/WAN℄Am(CN)+2 [87BRO/WAN℄Am(CN)2+2 [87BRO/WAN℄Am(CN)3(aq) [87BRO/WAN℄Am(CN)+3 [87BRO/WAN℄Am(CN)4(aq) [87BRO/WAN℄Am(CN)�4 [87BRO/WAN℄



240 Formula listFormula ReferenesAm(CN)�5 [87BRO/WAN℄Am(CN)2�5 [87BRO/WAN℄Am(CN)2�6 [87BRO/WAN℄Am(CN)3�6 [87BRO/WAN℄AmO2CN(aq) [87BRO/WAN℄AmO2CN+ [87BRO/WAN℄AmO2(CN)2(aq) [87BRO/WAN℄AmO2(CN)�2 [87BRO/WAN℄AmO2(CN)�3 [87BRO/WAN℄AmO2(CN)2�3 [87BRO/WAN℄AmO2(CN)2�4 [87BRO/WAN℄AmO2(CN)3�4 [87BRO/WAN℄AmO2(CN)3�5 [87BRO/WAN℄AmO2(CN)4�5 [87BRO/WAN℄NH4AmO2CO3(r) see p. 165AmN(CH2COO)3(aq) [72EBE/SAB℄(NH4)5AmO2(CO3)3(s) see p. 165Am(N(CH2COO)3)3�2 [72EBE/SAB℄AmSCN2+ data seleted in the present reviewAmSCN3+ [87BRO/WAN℄Am(SCN)+2 see p. 166Am(SCN)2+2 [87BRO/WAN℄Am(SCN)3(aq) see p. 166Am(SCN)+3 [87BRO/WAN℄Am(SCN)4(aq) [87BRO/WAN℄Am(SCN)�4 see p. 169Am(SCN)�5 [87BRO/WAN℄Am(SCN)2�5 [87BRO/WAN℄Am(SCN)2�6 [87BRO/WAN℄Am(SCN)3�6 [87BRO/WAN℄AmO2SCN(aq) [87BRO/WAN℄AmO2SCN+ [87BRO/WAN℄AmO2(SCN)2(aq) [87BRO/WAN℄AmO2(SCN)�2 [87BRO/WAN℄AmO2(SCN)�3 [87BRO/WAN℄AmO2(SCN)2�3 [87BRO/WAN℄AmO2(SCN)2�4 [87BRO/WAN℄AmO2(SCN)3�4 [87BRO/WAN℄AmO2(SCN)3�5 [87BRO/WAN℄AmO2(SCN)4�5 [87BRO/WAN℄AmSi(r) see p. 170AmSi1:6(r) see p. 170AmSi2(r) see p. 170Am5Si3(r) see p. 170AmSiO4(r) see p. 171Am8(SiO6)2(r) see p. 171AmGeO4(r) see p. 98



Formula list 241Formula ReferenesAmAlO3(r) see p. 98TlAm(SO4)2(s) see p. 131Tl8Am2(SO4)7(s) see p. 131�-Am2(MoO4)3 see p. 98�-Am2(MoO4)3 see p. 98Am2(WO4)3(r) see p. 98Am(P2W17O61)16�2 see p. 144Am(P2W17O61)17�2 see p. 144AmVO3(r) see p. 98AmVO4(r) see p. 98Am0:33NbO3(r) see p. 98�-AmNbO4 see p. 98�-AmNbO4 see p. 98Am0:33TaO3(r) see p. 98AmTaO4(r) see p. 98AmNbTiO6(r) see p. 98AmTaTiO6(r) see p. 98AmSO3(r) see p. 98AmO2NpO3+2 see p. 173U0:5Am0:5O2(r) see p. 172AmO2UO3+2 [81GUI/HOB℄AmPaO4(r) see p. 98SrAmO3(r) data seleted in the present reviewSr3AmO6(r) see p. 98SrAm2O4(s) see p. 98BaAmO3(r) data seleted in the present reviewBa3AmO6(r) see p. 98BaAm2O4(s) see p. 98Ba2AmNbO6(r) see p. 98Ba2AmTaO6(r) see p. 98Ba2AmPaO6(r) see p. 98LiAmO2(s) see p. 98Li2AmO3(s) see p. 98Li3AmO4(r) see p. 98Li4AmO5(r) see p. 98Li6AmO6(r) see p. 98Li7AmO6(r) see p. 98Li8AmO6(r) see p. 98LiAmF5(r) see p. 115LiAm(MoO4)2(r) see p. 98Na2AmO3(r) see p. 98Na3AmO4(r) see p. 98Na4AmO5(r) see p. 98Na6AmO6(r) see p. 98Na7Am6F31(r) see p. 115NaAmO2CO3(s) see p. 165NaAm(CO3)2(r) see p. 163



242 Formula list
Formula ReferenesNa3Am(CO3)3(r) see p. 163NaAm(MoO4)2(r) see p. 98Na5Am(MoO4)4(r) see p. 98K2AmO4(r) see p. 98K2AmCl5(r) see p. 120KAm(SO4)2(s) see p. 131K8Am2(SO4)7(s) see p. 131K3Am(SO4)3�H2O(s) see p. 131KAmO2PO4(s) see p. 144KAmO2AsO4(s) see p. 146KAmO2CO3(r) see p. 165K3AmO2(CO3)2(s) see p. 165K5AmO2(CO3)3(s) see p. 165K2Am2(MoO4)4(s) see p. 98K10Am2(MoO4)8(s) see p. 98Rb2AmF6(r) see p. 115Rb2AmCl5(r) see p. 120RbAm(SO4)2(s) see p. 131RbAmO2PO4(s) see p. 144RbAmO2AsO4(s) see p. 146RbAmO2CO3(r) see p. 165CsAmCl4(s) see p. 119Cs3AmCl6(s) see p. 119CsAm(SO4)2(s) see p. 131CsAmO2PO4(s) see p. 144CsAmO2AsO4(s) see p. 146CsAmO2CO3(r) see p. 165Cs5AmO2(CO3)3(s) see p. 165Cs2NaAmCl6(r) data seleted in the present review



Appendix ADisussion of seleted referenes[54FEA℄Feay, D.C., Some hemial properties of urium, Ph.D. thesis, Radiation Laboratory,University of California, report UCRL-2547, Berkeley, California, 1954, 50p.Feay reports the solubility of urium and ameriium triuoride in aqueous solutionsontaining exess uoride as a funtion of temperature (0, 23 and 47ÆC). Analysis ofthese solubility data [54FEA℄ yieldedAmF+2 + F� *) AmF3(aq) log10KÆ3 = 3:11�0:07�rHÆm = (21:9�2:1) kJ �mol�1�rSÆm = (133�17) J �K�1 �mol�1AmF3(s) *) AmF3(aq) log10KÆs;3 = �4:83�0:07�rHÆm = (14:6�2:1) kJ �mol�1�rSÆm = (44�17) J �K�1 �mol�1The experiments were performed from undersaturation. However, equilibriummight not have been reahed beause of inadequate stirring (Feay states that thesamples were both self stirred due to gas evolution, and manually with a platinumwire). Only few experimental determinations were performed at eah temperature,and this review onsiders it possible that the solid might have redissolved ompletelyin the samples most diluted in uoride ([F�℄TOT � 0:001 M). Furthermore, it isnot possible to determine the nature of the predominant ameriium speies in solu-tion based only on these few solubility measurements, and Feay did not report anyharaterisation of the solid phase either. Beause of all these onsiderations, theequilibrium onstants and thermodynami data reported by Feay are disregarded inthis review.[56WAR/WEL℄Ward, M., Welh, G.A., The hloride omplexes of trivalent plutonium, ameriium andurium, J. Inorg. Nul. Chem., 2 (1956) 395{402.The authors investigated the omplex formation of seleted trivalent atinides (Am,Cm and Pu) in hydrohlori aid solutions by using an ion exhange method. The243



244 Disussion of seleted referenesmeasurements were presumably made at room temperature. Preliminary experimentsof atinide distribution between the ation exhanger and the solution phase weremade at fairly high ioni strength, using mixtures of perhlorate and hloride ions.The results suggested the formation of the �rst two hloro omplexes. As indiated inFigure 1 of the original paper, the preliminary ameriium experiments were performedat [H+℄ = 0:5 M, while the hloride ion onentration was varied between 0 and 3.5 M.Ward and Welh derived the dissoiation onstant of AmCl2+ from dupliate mea-surements of the ameriium distribution oeÆients in 0.206 M and 0.5 M HCl solu-tions. The authors laimed that of all the ameriium speies present in the solution,only the adsorption of Am3+ ions on the resin was signi�ant. Carleson and Irv-ing [54CAR/IRV℄, Grenthe [62GRE℄ and Irving and Khopkar [64IRV/KHO℄ haveshown that the individual distribution ratios of the unomplexed lanthanide andatinide(III) ions on strong ation exhangers are about 10 to 20 times higher thanthose alulated for divalent omplex speies. Therefore, this indiates that orre-tions for the presene of AmCl2+ in the resin should be negligible at the relativelylow hloride onentrations used by Ward and Welh.Aording to the terminology adopted by this review, the formation onstants atI = 0:206 M and 0.5 M are log10 �1 = 0:35 and 0.24, respetively, with no unertaintyvalues assigned by Ward and Welh. Assuming that the variation of anioni ompo-sition at onstant ioni strength does not hange the ion interation oeÆients, i.e.,"(Am3+;Cl�) = "(Am3+;ClO�4 ) and "(AmCl2+;Cl�) = "(AmCl2+;ClO�4 ), the measured di�erenein the distribution oeÆients of ameriium between hloride-free and hydrohloriaid solutions may entirely be attributed to omplex formation e�ets. However,beause of the very limited number of experimental points, this review assigns anunertainty of � 0.2 in the value of log10 �1. The Davies equation used by the au-thors to alulate the standard equilibrium onstant is of doubtful appliation at ionistrengths larger than 0.1 M. The orretion made by this review with the spei� ioninteration equations in Appendix B using �"1 = �(0:22� 0:1) kg �mol�1, results inlog10 �Æ1 = (1:13 � 0:20) and (1:18 � 0:20) from the values reported at I = 0:206 Mand 0.5 M respetively.Ameriium uptake by an anion exhanger in 8 M HCl solutions was taken as anevidene for the formation of negatively harged hloro omplexes. However, noquantitative data were reported.[56YAK/KOS℄Yakovlev, G.N., Kosyakov, V.N., Gorbenko-Germanov, D.S., Zenkova, R.A., Korovin,A.P., Sobolev, Y.P., Spetrophotometri studies of the behaviour of ameriium ions insolutions, Pro. International Conf. on the Peaeful Uses of Atomi Energy, held 1955, inGeneva, Switzerland, Vol. VII, New York: United Nations, 1956, pp.363{368.Formation of ameriium(III) omplexes in perhlori, hydrohlori, nitri and sul-phuri aids was investigated by Yakovlev et al. [56YAK/KOS℄ using spetrophotom-etry. At high aid onentrations (pH < 0), spetral shifts and dereases of molarextintion oeÆients of the harateristi peaks in the UV and IR regions are at-tributed to the formation of ameriium omplexes. However, the omposition of thepredominant speies in solution and the orresponding stability onstants an not be



Disussion of seleted referenes 245extrated from these qualitative results.[60LEB/PIR℄Lebedev, I.A., Pirozhkov, S.V., Yakovlev, G.N., Determination of the omposition andthe instability onstants of oxalate, nitrate and sulphate omplexes of AmIII and CmIIIby the method of ion exhange, Radiokhimiya, 2(5) (1960) 549{558, in Russian; Englishtransl.: pp.39{47.Lebedev, Pirozhkov and Yakovlev [60LEB/PIR℄ used an ion exhange tehniqueto study the ameriium(III) nitrate and sulphate systems at pH = 3.5 to 4, andI = 1 M and I = 0:75 M for the nitrate and sulphate systems respetively. Thelinear variation of the distribution oeÆients with inreasing ligand onentrationreveals the presene of the omplexes AmNO2+3 and AmSO+4 (f. Tables V.14 andV.12, respetively). An additional experiment performed at high sulphate onen-tration (at I = 1:5 M) was interpreted assuming the formation of both AmSO+4 andAm(SO4)�2 , but the sareness of the experimental data and the narrow onentrationrange investigated do not allow a reliable determination of equilibrium onstants, andtherefore the values reported by Lebedev, Pirozhkov and Yakovlev for the sulphatesystem at I = 1:5 M are disregarded by this review.[61PEN/COL℄Penneman, R.A., Coleman, J.S., Keenan, T.K., Alkaline oxidation of ameriium; prepa-ration and reations of Am(IV) hydroxide, J. Inorg. Nul. Chem., 17 (1961) 138{145.The authors reported qualitative observations on the stability of Am(OH)4(s) pre-pared by hypohlorite or ozone oxidation of Am(OH)3(s) suspensions in NaOH so-lutions. A soluble hydrolysis speies of Am(VI) was laimed to be produed whenusing ozone as oxidising agent.[61PEP/MAS℄Peppard, D.F., Mason, G.W., Huher, I., Stability onstants of ertain lanthanide(III) andatinide(III) hloride and nitrate omplexes, Report TID-14716, UAC-5777, 1961, 13p.This report appears to be the same study as Ref. [62PEP/MAS℄.[61STA/GIN℄Starik, I.E., Ginzburg, F.L., State of miroamounts of radioelements in dilute solution,Sov. Radiohem., 3 (1961) 49{55.This qualitative study on the sorption of ameriium on ion exhangers ontains nodata pertinent to this review.[62GRE℄Grenthe, I., Chloride omplexes of trivalent ameriium. Short ommuniation, Ata Chem.Sand., 16 (1962) 2300.The author used a ation exhange resin to study the Am(III) omplexation withCl� ions in a 4 M H(ClO4,Cl) medium at 20ÆC. A ombination of graphial and urve�tting methods was used in the data analysis, as desribed in Ref. [62GRE2℄. Thealulations suggest a ontribution of the omplex speies AmCl2+ to the total ameri-



246 Disussion of seleted referenesium adsorption on the resin. Grenthe found the stability onstants for the formationof AmCl2+ and AmCl+2 to be log10 �1 = �(0:16� 0:02) and log10 �2 = �(0:74� 0:1),respetively. The unertainties assigned by the author appear to be equal to thestandard deviation of the mean values. Taking also into aount the temperaturedi�erene from the referene state, this review estimates the unertainty in log10 �1as �0:05 and in log10 �2 as �0:2.[62LEB/YAK℄Lebedev, I.A., Yakovlev, G.N., Determination of the omposition and stability onstants ofthioyanate omplexes of Am(III), Cm(III) and Ce(III) by ion exhange, Sov. Radiohem.,4 (1962) 273{275.Ameriium omplexation by the thioyanate ligand was studied using a ation ex-hange tehnique at two ioni strengths (0.5 and 5.0 M NaSCN=NaClO4), at pH = 4.The experimental data, obtained at I = 0:5 M, show that only AmSCN2+ is formedat [SCN�℄ � 0:36 M. The distribution oeÆient at [SCN�℄ � 0:4 M deviated fromlinearity, indiating that a higher omplex may be present. At I = 5:0 M, there isevidene for two omplexes: AmSCN2+ and Am(SCN)3(aq). The authors did notreport the orresponding stability onstants at I = 5:0 M, only the values orretedto zero ioni strength by the Davies equation were given. Beause this empirialrelation is not valid at ioni strengths greater than 0.1 M (f. Appendix B), the re-ported onstants at I = 0 are not onsidered by this review. The stability onstantdetermined at I = 0:5 M, log10 �1 = (0:66 � 0:05) (f. Table V.17), is onvertedto molal units and extrapolated to zero ioni strength using the spei� interationequations, f. Appendix B, with �" = �(0:15 � 0:05) kg � mol�1. This results inlog10 �Æ1 = (1:42�0:2), where the unertainty has been inreased to take into aountthe unknown temperature at whih this study was performed.[62PEP/MAS℄Peppard, D.F., Mason, G.W., Huher, I., Stability onstants of ertain lanthanide(III) andatinide(III) hloride and nitrate omplexes, J. Inorg. Nul. Chem., 24 (1962) 881{888.The authors determined the formation onstants of the �rst hloro and nitrateomplexes of Am(III) and various lanthanides in 1 M H(ClO�4 ,Cl� or NO�3 ) me-dia at (22 � 1)ÆC. Solvent extration with di[para-(1,1,3,3-tetramethylbutyl)phenyl℄phosphoni aid in toluene was used as the experimental method. Although thehelating agent used belongs to a group of ompounds known to extrat appreiableonentrations of aids, the extrated speies did not ontain bulk anions. This wasestablished on the basis of the third order dependene of the ameriium distributionoeÆient on the hydrogen ion onentration. Modelling of the experimental datagave log10 �1 = �(0:05�0:01) and log10 �1 = (0:26�0:07) for the formation of AmCl2+and AmNO2+3 , respetively. The orretions for the small di�erene in temperaturefrom the referene value of 25ÆC are negligible. These stability onstants, onvertedto molal units, are extrapolated to zero ioni strength, using the seleted intera-tion oeÆients (f. Appendix B, Setion B.1.4), to give: log10 �Æ1 = (0:95 � 0:15)and log10 �Æ1 = (1:29� 0:1) for AmCl2+ and AmNO2+3 , respetively, where the uner-tainty for the nitrate omplex has been inreased to �0:1 for the reasons disussed



Disussion of seleted referenes 247in Setion V.6.1.4.1, p.138. These values have been used to alulate the standardequilibrium onstants in Setions V.4.1.2.1 and V.6.1.4.1.[64BAN/PAT℄Bansal, B.M.L., Patil, S.K., Sharma, H.D., Chloride, nitrate and sulphate omplexes ofeuropium(III) and ameriium(III), J. Inorg. Nul. Chem., 26 (1964) 993{1000.This study reports ion exhange measurements of equilibrium onstants for theformation of Am(III) and Eu(III) omplexes with Cl�, NO�3 and SO2�4 ions at (26�1)ÆC. The experiments were performed in the following ioni media: Na(ClO4,X)at pH = 3, and H(ClO4,X), where X, the omplexing anions (Cl�;NO�3 or SO2�4 ),were progressively replaed with perhlorate ions to keep a �xed ioni strength of1.0 M. For all ligands, slightly higher values of equilibrium onstants were measuredin Na+-ontaining solutions. This may be asribed to medium dependent variationsof the ativity oeÆients. Bansal, Patil and Sharma reported log10 �1(AmCl2+) =�(0:05�0:05) and (0:15�0:03), at pH = 0 and pH = 3 respetively. The assumptionmade by Bansal, Patil and Sharma that ion exhange ourred only for Am3+ appearsto be orret. As disussed under Ref. [56WAR/WEL℄, the distribution of the partlyomplexed speies at the highest ligand onentration studied should have been lessthan one tenth of that of the free metal ions. As also realulated by this review,no statistially signi�ant evidene for the formation of higher order omplexes isfound. The reported equilibrium onstants are orreted to zero ioni strength usingthe spei� ion interation equations of Appendix B yielding log10 �Æ1(AmCl2+) =(0:96� 0:15) and (1:25� 0:15), at pH = 0 and pH = 3 respetively.A reanalysis of the experimental data obtained in nitrate media by this reviewyields log10 �1(AmNO2+3 ) = (0:27�0:02) (in H+) and (0:23�0:03) (in Na+). These re-sults are in agreement with other literature values. The reported and/or re-evaluatedequilibrium onstants are orreted to zero ioni strength using the spei� ion inter-ation equations of Appendix B. This results in log10 �Æ1(AmNO2+3 ) = (1:30�0:1) and(1:38 � 0:10), in HClO4 and NaClO4 solutions respetively, where the unertaintieshave been inreased to �0:1 for the reasons disussed in Setion V.6.1.4.1, p.138.The experimental data for the Am(III){SO2�4 system were interpreted by Bansal,Patil and Sharma assuming the formation of AmSO+4 and Am(SO4)�2 . These resultsrefer to an unpublished work by Nair and Welh, and hene, are not onsidered bythis review.[64SEK℄Sekine, T., Complex formation of La(III), Eu(III), Lu(III) and Am(III) with oxalate, sul-phate, hloride and thioyanate ions, J. Inorg. Nul. Chem., 26 (1964) 1463{1465.A solvent extration study of the ameriium hloride, sulphate and thioyanatesystems is summarised in this paper. The experimental details are given in [65SEK,65SEK2, 65SEK3℄, respetively.



248 Disussion of seleted referenes[64SHI/MAR℄Shiloh, M., Marus, Y. The hemistry of trivalent neptunium plutonium and ameriiumin halide solutions, Report IA-924, Israel Atomi Energy Commission, Soreq ResearhEstabl., 1964, 26p.The ameriium study desribed in this report is also presented in referenes[69MAR/SHI℄ (hloride omplexation) and [69SHI/GIV℄ (bromide omplexation).[65CHO/KET℄Choppin, G.R., Ketels, J., Thioyanate omplexes of some trivalent lanthanide and a-tinide elements, J. Inorg. Nul. Chem., 27 (1965) 1335{1339.The authors studied ameriium omplexation in SCN� media using a solvent ex-tration tehnique (bis-2-ethyl-hexyl orthophosphori aid, hdehp, in toluene and1.0 M NaSCN/NaClO4 at pH = 2). At 25ÆC, the data were interpreted assumingthe formation of AmSCN2+ and Am(SCN)+2 omplexes. The extration behaviourof ameriium was also investigated at higher temperatures (40 and 55ÆC) in orderto determine the thermodynami funtions for the formation of AmSCN2+ (f. Ta-ble V.18): �rHm(298:15 K) = �(18:25 � 1:25) kJ � mol�1 and �rSm(298:15 K) =�(51:49� 4:18) J �K�1 �mol�1. �rHm and �rSm seem to have a temperature depen-dene opposite to that reported in the later publiations [70KIN/CHO, 72HAR/PET,74KIN/CHO℄ and are therefore not onsidered in this review. Values of �rHm and�rSmonerning the formation of the seond omplex were not reported, due to theunertainties in the determination of the orresponding formation onstant.[65CHO/STR℄Choppin, G.R., Strazik, W.F., Complexes of trivalent lanthanide and atinide ions: I.Outer-sphere ion pairs, Inorg. Chem., 4 (1965) 1250{1254.Choppin and Strazik performed a solvent extration experiment using dinonyl-naphthalene sulphoni aid, dissolved in n-heptane, as a liquid ation exhanger.The ioni strength was kept onstant (I = 1:0 M HClO4/HNO3). The data wereinterpreted assuming the formation of AmNO2+3 with log �1 = (0:26 � 0:02). Thereported equilibrium onstant is orreted to zero ioni strength using spei� ioninteration equations (f. Appendix B). An unertainty of �0:1 is assigned to allnitrate log10 �1 values in order to take into aount the variation in the anioni om-position of the media. This results in log10 �Æ1 = (1:29� 0:10).[65SEK℄Sekine, T., Solvent extration studies of trivalent atinide and lanthanide omplexes inaqueous solutions: I. Chloride omplexes of La(III), Eu(III), Lu(III), and Am(III) in 4 MNaClO4, Ata Chem. Sand., 19 (1965) 1435{1444.A synergi solvent extration system omposed of 2-thenoyltriuoroaetone and tri-butylphosphate in CCl4 was used to study omplex formation of Am3+, La3+, Eu3+and Lu3+ with hloride ions at 25ÆC. The measurements were made at a onstantaidity of log10[H+℄ = �2. The hloride ion onentration was varied between 0.4 Mand 3.6 M by using NaClO4 as inert eletrolyte to keep the ioni strength �xed at4 M Na+. The extration mehanism was proved to be the same both in the presene



Disussion of seleted referenes 249and in the absene of the ligand. The experimental method and the alulation pro-edure used by the author are satisfatory. The stability onstants of AmCl2+ andAmCl+2 were reported to be log10 �1 = �(0:15� 0:07) and log10 �2 = �(0:69� 0:10).The unertainties provided by Sekine (three times the standard deviation) reet theauray of the urve �tting proedure. They do not take into aount the largehanges in the ioni medium during the experiments. This review therefore assignslarger unertainties as follows: �0:14 in log10 �1 and �0:2 in log10 �2.[65SEK2℄Sekine, T., Solvent extration study of trivalent atinide and lanthanide omplexes inaqueous solutions. II. Sulphate omplexes of La(III), Eu(III), Lu(III), and Am(III) in 1 MNa(ClO4), Ata Chem. Sand., 19 (1965) 1469{1475.Sekine studied the sulphate omplexation of ameriium(III) at 25ÆC by a solventextration method (3 < pH < 4; I = 1 M Na2SO4=NaClO4 at 25ÆC). The varia-tion of the distribution oeÆient with inreasing [SO2�4 ℄ was interpreted assumingthe presene of AmSO+4 and Am(SO4)�2 omplexes. The author used an unspei�edvalue from [58BJE/SCH℄ for the seond dissoiation onstant of H2SO4. The om-plexation onstants given by the author are used in the seletion proedure desribedin Setion V.5.1.2.1. Extrapolation to zero ioni strength (f. Appendix B) yieldslog10 �Æ1 = (3:87� 0:11) and log10 �Æ2 = (5:72� 0:10).[65SEK3℄Sekine, T., Solvent extration study of trivalent atinide and lanthanide omplexes inaqueous solutions: IV. Thioyanate omplexes of La(III), Eu(III), Lu(III) and Am(III) in5 M NaClO4 solution at 25ÆC, Ata Chem. Sand., 19 (1965) 1519{1525.Sekine measured the distribution oeÆient of Am(III) between an aqueous phaseat I = 5:0 M NaSCN/NaClO4 and 3 � pH � 4, and an organi phase ontaining2-thenoyltriuoroaetone in CCl4, at 25ÆC. The variation of the distribution oeÆ-ient as a funtion of [SCN�℄ indiated the formation of the omplexes AmSCN2+,Am(SCN)3(aq) and Am(SCN)�4 . All the attempts to inlude the seond omplex,Am(SCN)+2 , in the statistial data analysis sheme produed a poorer �t to thedata, indiating that this onstant was not statistially needed to �t the distributiondata, i.e., Am(SCN)+2 never exeeded 5% in the investigated experimental onditions[65SEK℄. Even though the stability onstants were obtained from aurate experi-mental data [65SEK℄, no extrapolation to zero ioni strength is performed beauseof the high eletrolyte onentration used (I = 5 M).[66BOR/ELE℄Borisov, M.S., Elesin, A.A., Lebedev, I.A., Filimonov, V.T., Yakovlev, G.N., Investigationof the omplexing of trivalent atinides and lanthanides in phosphori aid solutions, Sov.Radiohem., 8 (1966) 40{44.Borisov et al. studied the omplexation of ameriium(III) in phosphori aid solu-tions using a ation exhange tehnique at 0.2 M NH4ClO4, (20� 2)ÆC. The exper-imental results were interpreted assuming the formation of AmH2PO2+4 . A plot oflog10((Kd;0=Kd) � 1) vs. log10[H2PO�4 ℄ (where Kd;0 is the distribution oeÆient in



250 Disussion of seleted referenesthe absene of ligand) shows that the omplexing ligand is H2PO�4 and that only the�rst omplex is formed. A reinterpretation of the data shows that Kd;1 (the partitionoeÆient of the omplex) has to be negative, but this assumption is not provenexperimentally by Borisov et al. Hene, the reported equilibrium onstants are notseleted by this review.[66GIV℄Givon, M. Nitrate omplexing of ameriium, in: Pro. XXXVI Meeting Israel Chem. So.,held in Tel Aviv, Otober 1966, Israel J. Chem., 4 (1a) (1966) 3p.This abstrat reports the ameriium(III)-nitrate study presented in detail later byShiloh, Givon and Marus [69SHI/GIV℄.[66MAR℄Marus,Y., Anion exhange of metal omplexes: XV. Anion exhange and amine extra-tion of lanthanides and trivalent atinides from hloride solutions, J. Inorg. Nul. Chem.,28 (1966) 209{219.The distribution data of Am(III) between an anion exhanger and LiCl solutionsin the onentration range 8 to 13.5 M were interpreted by assuming the presene ofAmCl+2 and AmCl�4 . No equilibrium onstants were alulated.[66VDO/KOL℄Vdovenko, V.M., Kolokol'tsov, V.B., Stebunov, O.B., Relaxation proesses in omplexformation. I. Copper and ameriium hlorides in aqueous solutions, Sov. Radiohem., 8(1966) 266{269.The authors alulated the equilibrium onstants of hloride omplexes of Am(III)from measurements of proton nulear magneti relaxation time as a funtion of LiClonentration within the range 0.5 M and 4.5 M. There is no indiation about thetemperature of the experiments. The stability onstants reported for AmCl2+ andAmCl+2 were log10 �1 = 0:032 and log10 �2 = �0:97, respetively, without any uner-tainty estimation. The omputation proedure losely resembles that generally usedfor the interpretation of spetrophotometri measurements. The experimental datawere revised in Ref. [69VDO/STE℄ by using an alternative method of estimation.Although the same notation was used in the two papers, the equilibrium onstantswere reported as stepwise dissoiation onstants in Ref. [66VDO/KOL℄, and as step-wise formation onstants in Ref. [69VDO/STE℄. They are represented here as overallstability onstants. The reanalysis by Vdovenko and Stebunov [69VDO/STE℄ of theexperimental data gave log10 �1 = (0:26 � 0:12) and log10 �2 = �(0:046 � 0:29). Inview of the large hanges in the ativity oeÆients of the various ameriium speies,it is not possible to use these data to alulate standard equilibrium onstants.[67CAR/CHO℄De Carvalho R.G., Choppin G.R., Lanthanide and atinide sulphate omplexes: I. Deter-mination of stability onstants, J. Inorg. Nul. Chem., 29 (1967) 725{735.Ameriium(III) omplexation in sulphuri aid solutions was studied by De Car-valho and Choppin [67CAR/CHO℄ using a solvent extration method at 2.0 M Na2SO4=-



Disussion of seleted referenes 251NaClO4 ioni media, pH = 3, and (25 � 0:1)ÆC. The formation of AmSO+4 andAm(SO4)�2 omplexes was suggested to �t the experimental results. The authors useda value ofK = 10 for the H++SO2�4 *) HSO�4 equilibrium; this value was taken as anaverage of two literature data [51ZEB/ALT, 54SUN℄ and is in good agreement withthe estimate made by this review. The stability onstants for AmSO+4 and Am(SO4)�2are used in the seletion proedure desribed in Setion V.5.1.2.1. Extrapolation toI = 0 (f. Appendix B) yields log10 �Æ1 = (3:79� 0:18) and log10 �Æ2 = (4:92� 0:20).[67CAR/CHO2℄De Carvalho R.G., Choppin G.R., Lanthanide and atinide sulphate omplexes: II. Deter-mination of thermodynami parameters, J. Inorg. Nul. Chem., 29 (1967) 737{743.The authors report a list of stability onstants alulated from solvent extrationdata (similar to [67CAR/CHO℄) at 0, 25, 40 and 55ÆC and at I = 2 M (f. Ta-ble V.12). A weighted linear regression of \ln�n vs. 1=T (K�1)" (for n = 1 or 2) bythis review leads to the re-determination of the enthalpy and entropy hanges (�rHmand �rSm), f. Setion V.5.1.2.1.[67MAR℄Marus, Y., The solubility of ameriium(III) hloride in onentrated lithium hloridesolutions, Radiohim. Ata, 8 (1967) 212{214.Marus studied the solubility of well-haraterised AmCl3(r) in aqueous LiCl so-lutions by approahing equilibrium both from over- and undersaturation. The LiClonentration was varied between 9 M and 13.2 M without addition of an inert ele-trolyte to keep a onstant ioni strength. No signi�ant di�erenes were observedbetween solubility measurements at (25� 1)ÆC and (40� 1)ÆC. The solubility urvewas modelled by assuming the formation of AmCl+2 . The numerial value of theequilibrium onstant for the reation AmCl3(s) *) AmCl+2 + Cl� was reported to belog10KÆs;2;1 = �(0:45 � 0:04). The empirial relationship used to desribe the varia-tion of the mean ativity oeÆient of AmCl+2 with hloride onentration does nottake into aount properly ativity e�ets in the high ioni strength media. Sine it isnot possible to obtain standard equilibrium onstants from data obtained in solutionsof varying and very high ioni strength, the reported value is not onsidered by thepresent review.[67NAI℄Nair G.M., Ameriium(III) sulphate omplexes, Pro. Nul. Radiat. Chem. Symp., held 6-9Marh 1967, in Poona, Chemistry Committee, Department of Atomi Energy, Govermentof India, pp.405{410.Preliminary presentation of the ameriium(III) sulphate hemistry. The experi-mental details and the exhaustive treatment of data are presented in a later publia-tion [68NAI℄.



252 Disussion of seleted referenes[67RYA℄Ryan, J.L., Otahedral hexahalide omplexes of the trivalent atinides, in: Lanthanide/atinide hemistry, Advanes in Chemistry Series No 71, Amerian Chemial SoietyPubliations, 1967, pp.331{334.The author reported spetrophotometrial indiations on the presene of AmCl3�6speies in non-aqueous solutions.[68AZI/LYL℄Aziz A., Lyle S.J., Naqvi S.J., Chemial equilibria in ameriium and urium sulphate andoxalate systems and an appliation of a liquid sintillation ounting method, J. Inorg.Nul. Chem., 30 (1968) 1013{1018.The authors studied the ameriium(III) sulphate system ombining a ation ex-hange and solvent extration tehniques at I = 0:5 M (Na2SO4=NaClO4), pH = 3.6and (25� 0:5)ÆC. Both experimental methods indiate the formation of AmSO+4 andAm(SO4)�2 omplexes. The reported stability onstants are used in the seletion pro-edure desribed in Setion V.5.1.2.1. Extrapolation to I = 0 (f. Appendix B) yieldslog10 �Æ1 = (3:91� 0:04) and log10 �Æ2 = (5:57� 0:06).[68NAI℄Nair, G.M., Ameriium(III) sulphate omplexes, Radiohim. Ata, 10 (1966) 116{119.Nair studied the ameriium(III)-sulphate system using a ation exhange teh-nique, at 27ÆC, I = 1 M (H+, Na+)(HSO�4 , SO2�4 , ClO�4 ) media [67NAI, 68NAI℄. Theexperimental results were interpreted assuming the formation of AmSO+4 , Am(HSO4)+2and Am(SO4)�2 . The SO2�4 onentration was alulated using K = 0:302 for the se-ond dissoiation onstant of H2SO4, reported in Ref. [55EIC/RAB℄.This review reinterprets the experimental distribution oeÆients, Kd, obtained atpH = 0. The seond dissoiation onstant of H2SO4 was alulated for eah of theexperimental points reported by Nair, and log10K1 was found to vary between 1.16and 1.29. As expeted, these values are di�erent from the dissoiation onstants ofHSO�4 given in Ref. [89SMI/MAR℄ for NaClO4 media, beause the ativity oeÆientsof sulphate and bisulphate ions hange when NaClO4 is replaed by mixtures ofsulphuri and perhlori aids. The ioni strength is found to vary only slightly inthe experiments of Nair (0:97 M < I < 1:04 M), whih should not a�et onsiderablythe resulting stability onstants. The linear variation of ((KÆd=Kd) � 1) vs. [SO2�4 ℄indiates the presene of AmSO+4 only, with log10 �1 = (1:88 � 0:10). There is noneed to inlude either Am(HSO4)+2 or Am(SO4)�2 to interpret the experimental data.The results obtained at pH = 3 are not a�eted by the aid onstant. The stabilityonstants reported by Nair, log10 �1 = (1:49� 0:01) and log10 �2 = (2:36� 0:01), arein agreement with our realulations and are used by this review. The unertaintyof log10 �2 is however inreased to �0:05. As expeted there is a di�erene betweenthe value of �1 in sodium and aid sulphato/perhlorate media.These stability onstants are used in the seletion proedure desribed in Se-tion V.5.1.2.1. The values obtained at pH = 3 are extrapolated to I = 0 (f. Ap-pendix B) to yield log10 �Æ1 = (3:79� 0:06) and log10 �Æ2 = (5:42� 0:10).



Disussion of seleted referenes 253[69AZI/LYL℄Aziz, A., Lyle, S.J., Equilibrium onstants for aqueous uoro omplexes of sandium,yttrium, ameriium(III) and urium(III) by extration into di-2-ethylhexyl phosphori aid,J. Inorg. Nul. Chem., 31 (1969) 3471{3480.The omplexation of S3+, Y3+, Am3+ and Cm3+ with uoride ions in 0.5 MNaClO4 at pH = 3.6 was studied by solvent extration with di-2-ethylhexyl phos-phori aid, hdehp, in toluene. The temperature was kept onstant at 25ÆC. Azizand Lyle proposed an equilibrium model involving the formation of AmF2+, AmF+2and AmF3(aq). The stability onstants at zero ioni strength are, respetively,log10 �Æ1 = (4:37 � 0:05), log10 �Æ2 = (7:66 � 0:06) and log10 �Æ3 = (11:1), as real-ulated by this review using the ion interation oeÆients given in Appendix B.The distribution oeÆient, D, between the organi and the aqueous phase wasfound to derease regularly with inreasing the uoride ion onentration up to1:5 � 10�3 M. This was assoiated with the depressing role of omplex formationin the aqueous solution on the extration of the aqua ion Am3+. At higher F� on-entrations, the extration of the neutral omplex AmF3(aq) was also laimed toour. However, at pH = 3.6, hdehp is known to be a good extrating agent also fordivalent ions. Although this was apparently exluded on the basis of the observedthird order dependene of D on the hdehp onentration, the extration mehanismproposed by Aziz and Lyle is not adequately proven. The formation onstants ofAmF2+ and AmF+2 are at least one order of magnitude higher than reported in othertwo-phase distribution studies where the partition mehanism ould be identi�edmore preisely [76CHO/UNR, 84NAS/CLE2℄.[69BAR/MIK℄Barbanel, Yu. A., Mikhailova, N.K., Study of the omplex formation of Am(III) with theCl� ion in aqueous solutions by the method of spetrophotometry, Sov. Radiohem., 11(1969) 576{579.The absorption spetra of Am(III) ions were studied in aqueous HCl and LiCl so-lutions at (25�1)ÆC. The ligand onentrations were varied between zero and 12.6 Mfor HCl, and 10.75 M for LiCl solutions. The authors determined the stability on-stant of AmCl2+ from the hange of the molar absorbanes in the wavelength region500 to 510 nm, obtaining log10 �1 = �(2� 0:05). This is a mixed onstant obtainedby using the onentration of the Am speies and the ativity of the hloride ions.The experimental approah and the alulation proedure used by the authors arenot satisfatory. The results of this study are not used in the present review beauseof the onsiderable variation of ioni strength throughout the experiments.[69DES℄D�esir�e, B., D�etermination de la premi�ere onstante d'hydrolyse d'�el�ements trivalents dess�eries \4f" et \5f", Th�ese Dotorale 3�eme yle, Fault�e des Sienes de Paris, 1969, 45p,in Frenh.The ontent of this thesis was published in two di�erent papers. Information onlanthanides is given in Ref. [71GUI/DES℄, while hydrolysis data of interest to thisreview are reported in Ref. [69DES/HUS℄.



254 Disussion of seleted referenes[69DES/HUS℄D�esir�e, B., Hussonnois, M., Guillaumont, R., D�etermination de la premi�ere onstanted'hydrolyse de l'am�eriium, du urium, du berk�elium et du alifornium, C.R. Hebd. Aad.Si. Paris, Ser. C, 269 (1969) 448{451, in Frenh.The authors investigated the hydrolysis behaviour of the trivalent atinides Am3+,Cm3+, Bk3+ and Cf3+ using a solvent extration tehnique (2-thenoyltriuoroaeto-ne, tta, in benzene). The ioni strength was bu�ered at 0.1 M with (H, Li)ClO4. Forameriium, the pH range studied was 4.2 to 5.9. The slope of the log10D vs. pHplot (where D is the distribution oeÆient) is very lose to the theoretial slope of3 expeted in the presene of Am3+. However, despite the spread observed in thedata, a seond-power dependene on pH was laimed to result above pH = 5.2. Thiswas taken as an indiation of AmOH2+ formation in the aqueous phase. The �rsthydrolysis onstant proposed by the authors is log �10 �1 = �(5:92�0:11) at (23�1)ÆC.Our re-evaluation used a weighted least-squares proedure with error estimates onexperimental parameters derived from D�esir�e's thesis [69DES℄ and from a ompan-ion paper [69GUI/FER℄. Within the auray of the measurements this review an�nd no evidene that AmOH2+ was present in any notieable amount, whih is inaordane with alulations done using the value for log �10 �Æ1 seleted in the presentreview and extrapolated to 0.1 M ioni strength.[69MAR2℄Marin, B., Comportement des lanthanides et transuraniens trivalents en milieu hlorhy-drique, Ph.D. Thesis, Universit�e de Paris, Report CEA-R-3803, 1969.The omplex formation of trivalent lanthanides, Am3+ and Cm3+ with hloride ionswas studied by paper eletrophoresis at 15ÆC. The stability onstants of AmCl2+ andAmCl+2 were determined to be, respetively, log10 �1 = 1:0 and log10 �2 = 0:34. Noonstant ioni medium was used, with Cl� onentrations varying from 10�2 M to10 M. Sine no appropriate methods are available for their orretion to I = 0, thesevalues are not redited by this review.[69MAR/KIK℄Marin, B., Kikindai, T., Etude ompar�ee de l'hydrolyse de l'europium et de l'am�eriiumen milieu hlorure par �eletrophor�ese sur papier, C.R. Hebd. Aad. Si. Paris, Ser. C, 268(1969) 1{4, in Frenh.The ameriium and europium hydrolysis in HCl/KCl medium (I = 5 � 10�3 M)was investigated between pH = 2.5 and 5 using paper eletrophoresis. The tempera-ture was �xed at (15�1)ÆC. Two plateaux were found in the eletrophoreti mobilityurve. The �rst was assigned to the aqua ion Am3+ (at pH < 2:5), and the seondto the hydroxo omplex AmOH2+ (at pH > 3:5). The individual eletrial mobilityvalues were then used to alulate the stability onstant (alled hydrolysis onstantin the original paper) for the AmOH2+ speies. The hydrolysis onstant log �10 �1 asde�ned in the present review, was determined to be �(3:05 � 0:05) for AmOH2+and �(3:15 � 0:05) for EuOH2+. InsuÆient experimental details an be extratedfrom the paper (eletrode alibration proedure, pH ontrol on the support for ele-



Disussion of seleted referenes 255trophoresis, total Am onentration, existene of eletro-osmoti ow). Calulationsof eletrial mobilities from the position of broad Am peaks along the paper stripare likely to be a�eted by large errors. The reported onstant is not redited by thepresent review.[69MAR/SHI℄Marus, Y., Shiloh, M., A spetrophotometri study of trivalent atinide omplexes insolution: IV. Ameriium with hloride ligands, Israel J. Chem., 7 (1969) 31{43.Marus and Shiloh measured the spetral hanges of Am(III) in various aqueousand non-aqueous solutions at inreasing onentrations of hloride ions. In order toobtain further information about the nature of soluble ameriium speies, attemptswere made to ompare the solution spetra with those obtained for haraterised solidameriium hlorides.Pronouned hanges were observed for the absorption bands at 235 nm and 503 nmin aqueous LiCl media at 0.5 M aidity. Both wavelengths were used to alulate theformation onstants of AmCl2+ and AmCl+2 with good internal agreement, obtaininglog10 �1 = �(2:2� 0:1) and log10 �2 = �(4:7� 0:06) at 22ÆC. The LiCl onentrationwas hanged from 0 to 13.7 M, but no onstant ioni strength was maintained. Theproedure for estimating equilibrium onstants used the ativity of the hloride ionsand the onentration of the ameriium speies giving, therefore, mixed onstants.Marus and Shiloh onluded that the weak omplexes seen by spetrophotometrywere of the inner-sphere type, with, however, a mixed inner-outer sphere haraterfor AmCl2+.The large variation of ativity oeÆients, and the questionable assumption of in-variane of the extintion oeÆients with hanges in the LiCl onentration renderthe reported values of limited appliation for the estimation of equilibrium onstantsat I = 0.[69MOS℄Moskvin, A.I., Complex formation of the atinides with anions of aids in aqueous solu-tions, Sov. Radiohem., 11 (1969) 447{449.This publiation is a ompilation of stability onstants of atinide omplexes, pre-sented at the Mosow Seminar on Analytial Chemistry (1964). No experimentaldetails were reported. The tabulated values for the ameriium(III) phosphate systemare given at I = 1:0 M. These data are presented in Table V.15, but are not aeptedby this review.[69SHI/GIV℄Shiloh, M., Givon, M., Marus, Y., A spetrophotometri study of trivalent atinideomplexes in solutions: III. Ameriium with bromide, iodide, nitrate and arbonate ligands,J. Inorg. Nul. Chem., 31 (1969) 1807{1814.Spetrophotometri studies were used to identify the Am(III) omplexes presentin aqueous solutions ontaining bromide, iodide, nitrate or arbonate ions. Themeasurements were made at 25ÆC. No onstant ioni strength medium was used.The formation of AmBr2+ was laimed to our only in onentrated LiBr solutions



256 Disussion of seleted referenesabove 8.7 M. The observed spetral hanges in the visible region were assoiated withinner-sphere interations. The reported stability onstant, log10 �1 = �(3:3� 0:1), isa mixed onstant inorporating both ativity and onentration terms. However, asdisussed in this Appendix under Ref. [69MAR/SHI℄, it is diÆult to derive reliablequantitative information on this weak omplex beause it requires large variations inthe ativity oeÆients throughout the experiments. Similar arguments apply to thereported equilibrium onstant for AmNO2+3 , log10 �1 = (�1:30�0:09), obtained fromspetra in solutions ontaining up to 15 M HNO3 [69SHI/GIV, Fig. 3℄.Spetral hanges in the ameriium iodide system were observed only in onen-trated MgI2 solutions (4.1 M), but no quantitative data were reported.Shiloh, Givon and Marus also studied the solubility of a hemially haraterisedAm2(CO3)3(s) in 0.1 to 0.6 M potassium arbonate media [69SHI/GIV℄. The authorsdid not onsider the inuene of the ioni strength, whih varied from 0.4 to 2 M,but interpreted their results by assuming the formation of Am(CO3)3OH4�. Newtonand Sullivan [85NEW/SUL℄ later pointed out, in their review of atinide arbonateomplexes, that these solubility data did not distinguish between Am(CO3)3OH4�and Am2(CO3)4�5 . They also found that, if a reasonable ioni strength orretion isinluded in the analysis, the solubility data may be desribed by the reation0:5Am2(CO3)3(s) + 1:5CO2�3 *) Am(CO3)3�3 (V.35)with Ks;3(V:35) = (Ks;0(V:36) � �3) showing that Am(CO3)3�3 is the predominantomplex up to [CO2�3 ℄ = 2 M. Following the reinterpretation by Robouh [89ROB℄,the solubility data, digitised from Figure 4 in [69SHI/GIV℄, are used by this reviewto perform an extrapolation using the spei� interation equations (f. Appendix B)making the assumption [CO2�3 ℄ � [K2CO3℄. The following relation for the ionistrength orretion (f. Figure A.1) is obtained:log10Ks;3(V:35; I)= �(3:68� 0:08) + 3D + (0:28� 0:12)� [K2CO3℄; (A.1)where Ks;3(V:35) and [K2CO3℄ are expressed in molal units, and the Debye-H�ukelterm, D, is de�ned in Eq. (B.2) of Appendix B.However, the low equilibrium partial pressures of CO2(g) in experiments with higharbonate onentrations (speially in this work where the solutions were apparentlyequilibrated with atmospheri CO2(g)) would favor the formation of AmCO3OH(s)at the expense of Am2(CO3)3(s), as outlined by Vitorge [92VIT℄ and aording toEq. (V.37) in p.162. In the presene of solid ameriium hydroxy-arbonate, thesolubility data may be desribed by the reationAmCO3OH(s) + 2CO2�3 *) Am(CO3)3�3 +OH� (V.32)with Ks;3(V:32) = (Ks;0(V:33) � �3). Similar proedure and assumptions as thosedesribed above for reation (V.35) are now applied to reation (V.32). The followingrelation for the ioni strength orretion (f. Figure A.1) is then obtained:
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Figure A.1: Experimental solubility data from [69SHI/GIV℄ extrapolated to I = 0using the spei� ion interation equations (f. Appendix B). Upper diagram (a)assuming reation: 0:5Am2(CO3)3(s) + 1:5CO2�3 *) Am(CO3)3�3 . Lower diagram(b) assuming reation: AmCO3OH(s) + 2CO2�3 *) Am(CO3)3�3 + OH�. The linesorrespond to Eqs. (A.1) and (A.2) respetively, and the dotted urves represent the95% on�dene intervals.
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258 Disussion of seleted refereneslog10Ks;3(V:32; I)= �(5:51� 0:08) + 3D + (0:20� 0:16)� [K2CO3℄: (A.2)Although the solubility data of Shiloh, Givon and Marus show unequivoally thatAm(CO3)3�3 is the predominant omplex up to [CO2�3 ℄ = 2 M, it is not possible toonlude with on�dene whih is the equilibrium reation taking plae, and the dataan not be used in the seletion proedures desribed in Setion V.7.1.2.2.[69VDO/STE℄Vdovenko, V.M., Stebunov, O.B., Relaxation proesses during omplex formation: IV.Determination of the stability onstants of the omplexes from the data of the protonrelaxation method, Sov. Radiohem., 11 (1969) 625{629.In this paper Vdovenko and Stebunov realulated equilibrium onstants for Am(III)omplexation with hloride ions from experimental data in Ref. [66VDO/KOL℄.[70KIN/CHO℄Kinard, W.F., Choppin, G.R., The thermodynami of omplexing of trivalent atinide ionsby thioyanate, Report TID-25671, Florida state University, Thallahasse, Florida, 1970,13p.This appears to be the same study reported as Ref. [74KIN/CHO℄ where moreexperimental details are given. The stability onstants obtained at various tempera-tures are reported identially in the two publiations, whih indiates that a misprintmay be present in Table I of Ref. [70KIN/CHO℄ (50 instead of 55ÆC).[70LAH/KNO℄Lahr, H., Knoh, W., Bestimmung von Stabilit�atskonstanten einiger Aktinidenkomplexe:II. Nitrat- und Chloridkomplexe von Uran, Neptunium, Plutonium und Ameriium, Ra-diohim. Ata 13 (1970) 1-5, in German.Lahr and Knoh studied the formation of ameriium(III) nitrate omplexes in 8 MH+ at 20ÆC. They used an extration method based on tri-n-otylamin dissolved inxylene. They found for the reation Am3+ + nNO�3 *) Am(NO3)(3�n)n : �n(NO�3 ) =0:47; 0:17 and 0.04 for n = 1, 2 and 3, respetively. The nitrate onentration variedfrom 0 to 8 M. This should result in large hanges in the ativity fators of the variousspeies. The \equilibrium onstants" given by the authors are better regarded asempirial parameters than as true stability onstants. It is not possible to extrapolatedata from this high ioni strength to I = 0. This review therefore disregards thesedata.In spite of the title, no measurements of ameriium omplexation in the hloridesystem are reported.



Disussion of seleted referenes 259[70MAR/BOM℄Marus, Y., Bomse, M., Otahedral hloride omplexes of trivalent atinides and lan-thanides in solution, Israel J. Chem., 8 (1970) 901{911.The objetive of this paper was to investigate the formation of hexaoordinatedspeies of Am3+, Cm3+ and various lanthanides in hloride-ontaining solutions.For this purpose, Marus and Bomse used solvents of low dieletri onstants. Allmeasurements were made at 25ÆC by using spetrophotometry. The stepwise equi-librium onstant for the formation of AmCl3�6 from AmCl2�5 was alulated to beK6 = (150� 20) in a mixed solvent aetonitrile/suinonitrile, and K6 = (60� 20) inpropane-1,2-diol arbonate. These are onditional onstants whih due to the non-aqueous media are not onsidered in this review.[71HAR℄Harmon, H.D., The thioyanate and hloride omplexes of some trivalent atinides, Ph.D.thesis in inorgani hemistry, University of Tennessee, Knoxville, Tennessee, 1971, 143p.Attempts were made to selet appropriate synergi mixtures for solvent extrationstudies of Am3+, Bk3+ and Es3+ omplexation with hloride ions. However, only pre-liminary data were reported. See the disussion in this Appendix of [72HAR/PET℄and [72HAR/PET2℄ for the experimental details on the ameriium(III)-thioyanatesystem studied by spetrophotometry and solvent extration.[71KHO/NAR℄Khopkar, P.K., Narayanankutty, P., E�et of ioni media on the stability onstants ofhloride, nitrate and thioyanate omplexes of ameriium(III) and europium(III), J. Inorg.Nul. Chem., 33 (1971) 495{502.A solvent extration tehnique with dinonylnaphthalene sulphoni aid(hdnns) in n-hexane was used to investigate the omplexation of Am3+ and Eu3+with hloride, nitrate and thioyanate ions. The authors used onstant ioni strengthmedia (1 M) at (30� 0:1)ÆC, in whih the ratio of perhlorate to ligand ions was var-ied. The e�et of varying the ation of the bakground eletrolyte (Li+, H+, Na+ orNH+4 ) on the equilibrium onstants was also studied.Khopkar and Narayanankutty assumed that only Am3+ was extrated into theaqueous phase. To larify this, the dependene of the ameriium distribution ra-tio with the hdnns onentration in the organi phase at onstant onentrations ofinorgani ligands in the aqueous solution should have been investigated. As hdnns be-haves as a liquid ation exhanger, divalent or monovalent ameriium omplexes mayalso have been extrated. However, the order of extratability of the omplex ions isexpeted to derease with dereasing the harge/size ratio. Aording to the onsid-erations made in this Appendix under Ref. [56WAR/WEL℄, the assumption made byKhopkar and Narayanankutty appears to be reasonable, beause the onentrationof the omplexing anions never exeeded 1 M.The speies AmCl2+ and AmCl+2 were laimed to be present in the ameriiumhloride system. The values of log10 �1 ranged from �(0:25� 0:02) to +(0:12� 0:02),depending upon whether lithium or ammonium was used, f. Table V.8. Althoughless regularly, the value of log10 �2 was also found to inrease with dereasing degree



260 Disussion of seleted referenesof solvation of the bulk ation. Similar observations were made by Bansal, Patil andSharma [64BAN/PAT℄. The observed variations are likely to be due to hanges inthe ativity oeÆients whih are independent of the nature of the medium only atvery low ioni strengths. The stability onstants of AmCl2+ are slightly smaller thanthose measured by other authors at lower temperatures, as expeted for the formationof outer-sphere omplexes. However, aording to the enthalpy value for EuCl2+reported by Choppin and Unrein [63CHO/UNR℄, the variation of the equilibriumonstant with temperature between 30 and 25ÆC should be negligible. The di�erenebetween the various sets of values may also be asribed to the alulation proedure.With respet to the single variable �1 model, the addition of �2 is expeted to givea smaller value for �1. It is, however, diÆult to estimate the statistial signi�aneof the model with two preditor variables, beause no experimental raw data weregiven in the paper. For this reason, only �1 is onsidered for alulation of thethermodynami value, but the assoiated unertainty is inreased to �0:1 logarithmiunits. The stability onstants at zero ioni strength are log10 �Æ1(AmCl2+) = (0:87�0:15) and (1:12�0:15) in aid and sodium ioni media respetively, as realulated bythis review using the ion interation oeÆients given in Appendix B. Apparently,the addition of AmCl+2 in the data analysis was found to be signi�ant only forsolutions at 30ÆC, while no improvement of the error sum was obtained for preliminaryexperimental data at room temperature.AmNO2+3 and Am(NO3)+2 were laimed to be present in the ameriium nitrate sys-tem. The values of log10 �1(AmNO2+3 ) ranged between (0:23�0:02) and (0:30�0:02),depending upon whether Li+ or NH+4 was used, f. Table V.14. These values are in fairagreement with other published results [62PEP/MAS, 64BAN/PAT, 65CHO/STR℄.The stability onstants are onverted to molal units and extrapolated to zero ionistrength using the spei� ion interation equations of Appendix B, resulting inlog10 �Æ1(AmNO2+3 ) = (1:32� 0:1), (1:32� 0:1) and (1:41� 0:1) in aid, lithium andsodium ioni media respetively, where the unertainties have been inreased to �0:1for the reasons disussed in Setion V.6.1.4.1, p.138.From the distribution data, AmSCN2+ and Am(SCN)+2 seem to be evidened inthe ameriium thioyanate system. The orresponding values of the stability on-stants, obtained in Na+ and NH+4 media, are reported to be indistinguishable withinthe experimental errors. The experimental data were not reported, but the measureddistribution oeÆients (at 30ÆC and I = 1:0 M NH+4 ) were obtained by digitisingthe available �gure. Two di�erent models were then tested by this review. First, itwas assumed the presene of the �rst two omplexes obtaining values of log10 �1 andlog10 �2 similar to those proposed by Khopkar and Narayanankutty. Then we �ttedthe data by assuming the formation of AmSCN2+ and Am(SCN)3(aq), as suggestedby Sekine [65SEK3℄ and Harmon [72HAR/PET℄, obtaining a somewhat better leastsquares �t to the data. This indiates that omplexation by the thioyanate ligandis rather weak and that the determination of the orresponding stability onstantsmay be very sensitive to hanges in the hemial model. The presene of AmSCN2+is ertainly evidened in the experiments of Khopkar et al., but no onlusion on theformation of the seond and/or third omplex an be dedued. Hene, the reportedformation onstant of Am(SCN)+2 in [71KHO/NAR℄ is not seleted by this review.



Disussion of seleted referenes 261The value of log10 �1 at 30ÆC reported in [71KHO/NAR℄ is onverted to molal unitsand extrapolated to zero ioni strength using the spei� interation equations, f. Ap-pendix B, with �" = �(0:15�0:05) kg�mol�1. This results in log10 �Æ1 = (1:23�0:11).[71MOS2℄Moskvin, A.I., Investigation of the omplex formation of trivalent plutonium, ameriiumand urium in phosphate solutions, Sov. Radiohem., 13 (1971) 688{693.Moskvin studied the ameriium(III) phosphate system by an ation exhange teh-nique in 1.0 M, NH4Cl solutions at an unknown temperature using a wide range oftotal phosphate onentration: 0:05 � [H3PO4℄TOT � 6:8 M. The experiments wereperformed both at pH = 1.8 and at [H+℄ = 0:5 M. The variation of the distribution o-eÆient, Kd, with inreasing [H2PO�4 ℄ was interpreted assuming the formation of fouromplexes of the general omposition Am(H2PO4)(3�n)n with n = 1 to 4. However, us-ing the speiation proposed by Moskvin, non-realisti negative values are alulatedfor the partition oeÆients of the ationi ameriium speies (Am3+, AmH2PO2+4and Am(H2PO4)+2 ). The ation exhange tehnique appears inadequate to study thissystem where there are several potential ligands whih may form many ationi om-plexes. Therefore the equilibrium onstants proposed by Moskvin are rejeted by thisreview.[72BAI/CHO℄Baisden, P.A., Choppin, G.R., Kinard, W.F., Ion pairing of Am(III) with perhlorate, J.Inorg. Nul. Chem., 34 (1972) 2029{2032.The authors studied the ion pair formation between Am(III) and ClO�4 ions by sol-vent extration with dinonylnaphthalene sulphoni aid in n-heptane at 25ÆC. Theioni strength of the aqueous phase was �xed at 2 M by using HBF4 as bakgroundeletrolyte. Therefore, ativity oeÆients varied when the medium was hanged from\inert" anions to ligand anions. The equilibrium onstant derived by the authors,however, refers to a \pure" perhlorate medium. As desribed in an earlier report[67CHO/KEL℄, ativity e�ets in the mixed eletrolyte solutions were aounted forby introduing, as onstant parameters, the ativity oeÆients of the pure bak-ground eletrolyte and of the pure ligand solution, instead of orreting eah datapoint of mixed omposition. Moreover, as also stated by the authors, no ativityoeÆients were available for HBF4. Apparently, these values were derived indiretlyfrom the experimental measurements of stability onstants for the Am(III) omplexwith p-toluene sulphoni aid (hpts) in the systems HClO4-hpts and HBF4-hpts.It is diÆult to evaluate the unertainty assoiated with the approximations madeby the authors. Hene, it is not lear if the very low value reported, �1 = (0:86�0:06),represents an e�etive formation onstant or rather reets hanges of the ionimedium. Moreover, possible interations of Am(III) with HBF4 were not onsid-ered quantitatively. In view of these onsiderations, the present review does notinlude the reported onstant in the seleted data set.



262 Disussion of seleted referenes[72COH℄Cohen, D., Ameriium(VI) in basi solution, Inorg. Nul. Chem. Letters, 8 (1972) 533{535.This is a spetrophotometri study of Am(VI) in 1 M CsOH. Redution of Am(VI)and formation of an Am(V) preipitate was reported to our in one or two days. Noequilibrium onstants were reported.[72HAR/PET℄Harmon, H.D., Peterson, J.R., MDowell, W.J., Coleman, C.F., The tetrad e�et: thethioyanate omplex stability onstants of some trivalent atinides, J. Inorg. Nul. Chem.,34 (1972) 1381{1397.The authors studied the formation of ameriium(III) thioyanate omplexes in1.0 M NaSCN/NaClO4 media at pH = 2. Solvent extration experiments were on-duted at 18, 25, 30 and 35ÆC to investigate the temperature e�ets. The treatmentof the data showed that mono-, di- and tri-thioyanate omplexes were formed at0 < [SCN�℄ � 1:0 M, aording to:Am3+ + n SCN� *) Am(SCN)(3�n)n : (A.3)The authors used two models in whih the presene of Am(SCN)+2 was onsid-ered (�1; �2; �3) or omitted (�1; �3). The results indiate that neither of the abovemodels was onsistently superior, even if the (�1; �3) model was onsiderably moree�etive for Bk(III), Cf(III) and Es(III). As disussed in [71KHO/NAR℄ the om-plexation by the thioyanate ligand is rather weak and the determination of theorresponding stability onstants may be very sensitive to hanges in the hemialmodel. The presene of AmSCN2+ is ertainly evidened in this work, while no un-ambiguous evidene of the formation of the seond and/or the third omplex anbe obtained from this solvent extration data set. Therefore the values of �2 and�3 reported by Harmon et al. are not seleted by this review. The �rst formationonstant log10 �1(I = 1 M) = (0:36 � 0:05), f. Table V.17, is onverted to mo-lal units and extrapolated to zero ioni strength with the spei� ion interationequations of Appendix B using �"1 = �(0:15 � 0:05) kg � mol�1. This results inlog10 �Æ1 = (1:41� 0:08).Due to the unertainty in the speiation mentioned above, the values of �3 ob-tained at di�erent temperatures (18 to 45ÆC) are not used by this review to alulateenthalpy and entropy hanges. However, the values of �1 are used to determine thereation enthalpy and entropy at I = 1 M by a weighted linear regression \ln�1vs. 1=T (K�1)" obtaining: �rHm(A:3; n = 1; I = 1 M) = (8:2� 4:8) kJ �mol�1 and�rSm(A:3; n = 1; I = 1 M) = (34�16) J�K�1 �mol�1. These values are in agreementwith the results reported by the authors (f. Table V.18).



Disussion of seleted referenes 263[72HAR/PET2℄Harmon, H.D., Peterson, J.R., Bell, J.T., MDowell, W.J., A spetrophotometri studyof the formation of ameriium thioyanate omplexes, J. Inorg. Nul. Chem., 34 (1974)1711{1719.The authors performed spetrophotometri measurements, in 1.0 M NaSCN/NaClO4 media to observe the spetral hanges of the 503 nm ameriium absorp-tion peak, produed by SCN� omplexation. They determined the formation on-stants of AmSCN2+ and Am(SCN)+2 and suggested the presene of Am(SCN)3(aq)at [SCN�℄ � 1:0 M. In order to reprodue the tabulated equilibrium onstants, thisreview digitised the molar absorptivities at 503 nm as a funtion of [SCN�℄ in Fig-ure 2 of the original paper. The software SQUAD [85LEG℄ is used to extrat thestability onstants. The large satter in the spetrosopi data makes it impossibleto derive all three equilibrium onstants. A value of log10 �1 = (0:88� 0:06) an onlybe obtained from the data at [SCN�℄ � 0:1 M, but not from data at higher thioya-nate onentration. We attempted (�xing log10 �1) to determine log10 �2 or log10 �3.No reliable onlusion on the existene of Am(SCN)+2 and/or Am(SCN)3(aq) an beextrated from the data beause of the onsiderable satter in the values. This reviewtherefore disregards all these spetrophotometri results.[72MCD/COL℄MDowell, W.J., Coleman, C.F., The sulphate omplexes of some trivalent transplutoniumatinides and europium, J. Inorg. Nul. Chem., 34 (1972) 2837{2850.MDowell and Coleman performed a solvent extration experiment to investigatesulphate omplexes of ameriium(III), using a benzene solution of 1-nonyldeylamineand an aqueous sulphuri aid { sodium sulphate solution. The experimental datawere interpreted assuming the formation of Am(SO4)(3�2n)n (n = 1; 2; 3).As low onentrations of H2SO4{Na2SO4 were used, the Debye-H�ukel relationwas appropriately applied. The stability onstants log10 �Æ1 and log10 �Æ2 presented inTable V.12, are in good agreement with the values extrapolated by this review, f.Setion V.5.1.2.1, using the spei� ion interation equations of Appendix B. Furtherexperimental work is neessary to on�rm the presene of Am(SO4)3�3 . The value oflog10 �Æ3 is therefore not seleted by this review.[72SHA/STE℄Shalinets, A.B., Stepanov, A.V., Investigation of omplex formation of the trivalent a-tinide and lanthanide elements by the method of eletromigration. XVII. Hydrolysis, Sov.Radiohem., 14 (1972) 290{293.The authors studied the hydrolysis of Am(III) and Cm(III) in 5�10�3 M NH4ClO4at 25ÆC. An eletromigration tehnique without solid support was used. 10�5 MCe(III) was added to the solutions as a arrier, probably to redue Am and Cm ad-sorption on the wall of the eletromigration ell. The derease of eletrial mobilitieswith inreasing pH from 2 to 5 was modelled assuming the formation of the mononu-lear speies AmOH2+ and Am(OH)+2 . The hydrolysis onstants realulated fromthe reported formation onstants (using log10Kw = �13:83 whih had been deter-mined previously [65STE/SHV℄) are log �10 �1 = �(3:13 � 0:1) and log �10 �2 = �6:76.



264 Disussion of seleted referenesThese values are orders of magnitude higher than those obtained in a number of other,more areful studies. The experimental tehnique used by Shalinets and Stepanovan easily give inonsistent results beause of onvetive uxes and the diÆult de-termination of the front of the migrating speies whih move as a plume rather thanas a sharp peak. The reported hydrolysis onstants are not used in the evaluation inthis review.[73CHI/DAN℄Chiarizia, R., Danesi, P.R., Sibona, G., Liquid anion exhange of thioyanate-nitrateatinide and lanthanide omplexes, J. Inorg. Nul. Chem., 35 (1973) 3595{3604.The authors studied the Am(III)-SCN�-NO�3 system using a solvent extrationtehnique at 25ÆC. Triaprylmethylammonium hloride in o-xylene was equilibratedwith a 2.0 M NH4SCN�=NH4NO3 aqueous phase at pH = 2. The author laimsto have determined the stability onstants of the ameriium nitrate and thioya-nate omplexes, from the distribution oeÆients. There was however a onsider-able satter in the data. The reported formation onstant of the AmNO2+3 omplexlog10 �1(NO�3 ) = (0:20� 0:03) seems to be in agreement with previous literature val-ues [62PEP/MAS, 64BAN/PAT, 65CHO/STR, 71KHO/NAR℄. The formation of thethioyanate omplexes AmSCN2+, Am(SCN)+2 and Am(SCN)3(aq) were suggested.However, the speiation diagram obtained by this review with the proposed equi-librium data shows that AmSCN2+ never exeeds 5%, while Am(SCN)+2 is the pre-dominant speies at �0:6 � log10[SCN�℄ � �0:2. This is in omplete disagreementwith all previous observations. This review onsiders that before onduting a studyon ompetitive omplexation (nitrate-thioyanate), a better knowledge of the simplesystems, Am-SCN� and Am-NO�3 , is neessary. Therefore, the stability onstantsreported by Chiarizia, Danesi and Sibona are disregarded by this review.[73HUS/HUB℄Hussonnois, M., Hubert, S., Brillard, L., Guillaumont, R., D�etermination de la premi�ereonstante d'hydrolyse de l'einsteinium, Radiohem. Radioanal. Letters, 15 (1973) 47{56,in Frenh.The authors studied the hydrolysis behaviour of Es3+ [73HUS/HUB℄ using a liquid-liquid partition tehnique (2-thenoyltriuoroaetone, tta, in benzene) in the preseneof ameriium. The pH dependene of the ameriium extration reported in Ref.[69DES/HUS℄ was used to alulate the equilibrium pH of the aqueous phases. For thesame reasons as disussed in this Appendix under Ref. [69DES/HUS℄, the �rst hydrol-ysis onstant obtained for this element (log �10 �1 = �(5:3� 0:1) at 0.1 M (H,Li)ClO4)is not aepted by this review. See also the omments under [76HUB/HUS℄.[73KOR℄Korotkin, Y.S., Hydrolysis of transuranium elements: II. Hydrolysis of ameriium(III) andurium(III) in pure nitri aid solutions, Sov. Radiohem., 15 (1973) 682{685.This is an experimental study involving distribution hromatography, eletromigra-tion and paper hromatography, similar to [74KOR2℄. As disussed in this Appendixunder referenes [73KOR2, 74KOR2℄, the experimental methods are not very reliable,



Disussion of seleted referenes 265and the reported observations are not redited by this review.[73KOR2℄Korotkin, Yu.S., Hydrolysis of transuranium elements: III. Hydrolysis of ameriium(III) inthe presene of ions with positive and negative hydration energies, Sov. Radiohem., 15(1973) 776{781.The author investigated the Am(III)-H2O system in lithium, sodium and potas-sium nitrates and perhlorates (0.1 M and 1 M ioni strength) at 18 to 20ÆC. Theharge of the predominating speies was determined as a funtion of pH using papereletromigration and reversed phase hromatography.The proposed hydrolysis sheme between pH = 1 and 11 inludes the formationof mixed hydroxo-nitrates, mono- and polynulear hydroxo speies, and negativelyharged olloids. The experiments were arried out at a total ameriium onentra-tion in the order of 2� 10�6 M. Hene, the measurements in the neutral to alkalinepH range were likely inuened by the preipitation of Am(OH)3(s). Korotkin re-ported the following values for the �rst and the seond hydrolysis onstants in 0.1 MLiNO3 (pH between 3 and 4) with no error estimate given: log �10 �1 = �2:5 andlog �10 �2 = �6:6. This would imply that Am hydrolysis starts already in aidi me-dia, an observation in ontrast with those made by other investigations. There is noinformation available on the proedure used to alulate equilibrium onstants andon the way pH measurements were made. Moreover, it is not lear how equilibriumdata derived using a dynami elution method were inuened by sorption-desorptionkinetis of individual ameriium speies on the stationary phase. In view of the short-omings of this study, the reported hydrolysis onstants are not used by the presentreview.[73MAK/STE℄Makarova, T.P., Stepanov, A.V., Shestakov, B.I., Eletromigration investigation of theomparative stability of uoro-omplexes of the MF2+ type of ertain rare-earth andatinide elements, Russ. J. Inorg. Chem., 18 (1973), 783{785.The authors investigated the formation of Am(III) omplexes with uoride ions in0.1 M NaClO4 at (25� 0:5)ÆC by using an eletromigration tehnique. The experi-ments were arried out by using a porous bed of arborundum powder as stationaryphase.In the investigated onentration range (from 10�3 to 10�2 M total uorides atpH = 1.8), the authors found the presene of AmF2+ only. Even after ion strengthorretions, the value log10 �Æ1 = (3:96 � 0:06) is higher than determined in morepreise studies. It is often diÆult to obtain reliable quantitative values of eletrialmobility with the eletromigration method used by the authors. The shape of themoving spot depends on the rate of equilibration between the speies present in thesystem, their interations with the stationary phase, and on the possible existeneof eletro-osmoti ows and assoiated phenomena of hydrodynami dispersion. Ifnot properly aounted for, all this is likely to introdue systemati errors into themeasurements. For this reason, the reported equilibrium onstant is not inluded inthe seleted set of data.



266 Disussion of seleted referenes[74CEL/HOL℄Celeda, J., Holub, J., Smirous, F., A ionophoreti study of the assoiation of Pm3+and Am3+ ions in onentrated solutions of alium perhlorate and nitrate, ColletionCzehoslov. Chem. Commun., 39 (1974) 3599{3602.This is a qualitative study on omplex formation of Am(III) in Ca(ClO4)2 andCa(NO3)2 media by using paper eletrophoresis. The authors laimed that the mono-valent omplex Am(NO3)+2 was present in the nitrate onentration range from 1 to8 M.[74KHO/MAT℄Khopkar, P.K., Mathur, J.N., Thioyanate omplexing of some trivalent atinides andlanthanides, J. Inorg. Nul. Chem., 36 (1974) 3819{3825.A solvent extration tehnique (as in Ref. [71KHO/NAR℄) was used atI = 1:0 M (NH4SCN/NH4ClO4), to determine the thermodynami parameters (�rGm,�rHm, �rSm) orresponding to the omplex formation between Am3+ and thioy-anate, f. Table V.18. The formation of AmSCN2+ and Am(SCN)+2 was suggestedat 15, 30, 37 and 45ÆC. The presene of AmSCN2+ is ertainly evidened in this ex-perimental study, but no onlusions on the formation of the seond omplex an beobtained. Beause the interpretation of the experimental data is dependent on thehemial model hosen, the reported formation onstants for Am(SCN)+2 are not red-ited by this review. See also the omments in this Appendix for Ref. [71KHO/NAR℄.The value of log10 �1 interpolated at 25ÆC is onverted to molal units and extrapo-lated to zero ioni strength using the spei� interation equations, f. Appendix B,with �" = �(0:15� 0:05) kg �mol�1. This results in log10 �Æ1 = (1:20� 0:15).The values of �1 are used to determine the reation entropy and enthalpy at I = 1Mby a weighted linear regression \ln�1 vs. 1=T (K�1)" obtaining: �rHm;1 (I = 1 M)= (2:7 � 4:6) kJ � mol�1 and �rSm;1 (I = 1 M) = (12 � 15) J � K�1 � mol�1. Thesevalues are in agreement with the results reported by the authors (f. Table V.18).[74KIN/CHO℄Kinard, W.F., Choppin, G.R., Complexing of trivalent atinide ions by thioyanate, J.Inorg. Nul. Chem. 36 (1974) 1131{1134.The authors performed a solvent extration study using dinonylnaphthalene sul-phoni aid, dissolved in n-heptane, as a liquid ation exhanger. The ioni strengthwas kept onstant (I = 5:0 M NaSCN/NaClO4) at pH = 3. Only AmSCN2+ wasformed up to [SCN�℄ = 0:5 M, while Am(SCN)3(aq) was evidened at 1:5 � [SCN�℄ �2:5 M. From the log10 �1 values, determined at di�erent temperatures (10, 25, 40,55ÆC), Kinard and Choppin alulated the entropy and enthalpy hanges at 25ÆC:�rHm = (11:76�2:05) kJ�mol�1 and �rSm = (50:2�6:6) J�K�1 �mol�1. These valuesare in satisfatory agreement with the values reported by Harmon [72HAR/PET℄, butdi�er onsiderably from those reported earlier by Choppin and Ketels [65CHO/KET℄.We used the equilibrium onstants reported by Kinard and Choppin [74KIN/CHO℄(f. Table V.17) to verify the reported thermodynami values by performing a weightedlinear regression \ln�1 vs. 1=T (K�1))", obtaining at I = 5 M: �rHm = (12:36 �



Disussion of seleted referenes 2673:21) kJ�mol�1, and �rSm = (51:95�10:49) J�K�1 �mol�1. These values are in agree-ment with the results reported by Kinard and Choppin, f. Table V.18. Even thoughthe stability onstants are obtained from aurate experimental data [74KIN/CHO℄,no extrapolation to zero ioni strength will be performed, beause of the high ele-trolyte onentration used (I = 5 M).[74KOR℄Korotkin, Y.S., Hydrolysis of transuranium elements. IV. Sorption homogeneity of mi-roamounts of ameriium(III), Sov. Radiohem., 16 (1974) 218{222.Qualitative information is given on the e�et of various alkali metal ations onAm(III) hydrolysis between pH = 0 and 6 studied by ation exhange. Hydrolysiswas reported to begin at pH = 0.4 both in HClO4 and in aqueous solutions ontain-ing K+ ions. Aording to Korotkin, small onentrations of Li+ ions should shifthydrolysis towards pH = 4. This is in ontradition with an earlier statement by thesame author [73KOR℄, laiming that 50% hydrolysis in 0.1 M LiNO3 ours alreadyat pH = 2.5. Sine the reliability of the experimental tehnique used by Korotkin isquestionable, the reported observations are not redited by this review.[74KOR2℄Korotkin, Y.S., Hydrolysis of transuranium elements: V. Hydrolysis of ameriium andurium in perhlori aid solutions, Sov. Radiohem., 16 (1974) 223{226.This is a qualitative study of Am(III) and Cm(III) hydrolysis in the pH range from1 to 9 using eletromigration and reverse-phase hromatography. Hydrolysis was re-ported to begin at pH = 0.5 to 1. The same onlusion was drawn in Ref. [73KOR℄dealing with Am3+ and Cm3+ hydrolysis in nitri aid solutions. This pH value isonsiderably di�erent from that obtained by other determinations. As disussed inthis Appendix under Refs. [73KOR2℄ and [74KOR℄, these experimental methods arenot very reliable, and the reported observations are not redited by this review.[75KOR℄Korotkin, Y.S., Study of the hydrolysis of ameriium and urium, Sov. Radiohem., 17(1975) 528{533.This paper gives results and onlusions very similar to those reported in Ref.[73KOR2℄.[75VAS/AND℄Vasil'ev, V.Y., Andreihuk, N.N., Ryabinin, M.A., Rykov, A.G., Spetrophotometri studyof omplex formation and solvation of atinide ions: XII. Forms of existene of ameri-ium(VI) in nitri aid solutions, Sov. Radiohim. 17 (1975) 28{30.The authors used a spetrophotometri tehnique to investigate the ameriium(VI)-nitrate system, in 0 � [HNO3℄ � 18 M media. They interpreted their experimentalresults assuming the presene of AmO2(NO3)2(aq) at 6 � [HNO3℄ � 11 M, and sug-gested the formation of AmO2(NO3)�3 at higher nitri aid onentrations. Beauseof the large hange in the ioni media (0 � I � 18 M), this review onsiders thatno reliable values of equilibrium onstants an be obtained from these measurements.



268 Disussion of seleted referenes[76CHO/UNR℄Choppin, G.R., Unrein, P.J., Thermodynami study of atinide uoride omplexation, in:Transplutonium 1975 (M�uller, W., Lindner, R., eds.), Amsterdam: North-Holland, 1976,pp.97{107.Potentiometri and solvent extration tehniques were used to investigate the om-plex formation of various tri- and tetravalent atinides with uoride ions in 1 MNaClO4 at pH = 2.7. For Am(III), solvent extration experiments with dinonyl-naphthalene sulphoni aid in n-heptane were made at 10, 25, 40 and 55ÆC. Prelimi-nary results from this work have been reported by Choppin [69JON/CHO,75DEG/CHO℄.In the investigated range of ligand onentration, Choppin and Unrein only foundthe existene of AmF2+, and alulated a value for the stability onstant of log10 �1 =(2:49 � 0:02) at 25ÆC. The extrapolation to standard onditions by using the ioninteration oeÆients reported in Appendix B gives log10 �Æ1 = (3:58 � 0:21) wherethe unertainty is inreased to represent the 95% on�dene level.The enthalpy hange of the reation in the 1 M perhlorate medium was deter-mined by Choppin and Unrein to be �rHm = (27:6 � 2:1) kJ � mol�1. This reviewapplies the Van't Ho� relation to the equilibrium onstants obtained by Choppinand Unrein at di�erent temperatures after orretion to in�nite dilution. These al-ulations yield �rHÆm = (16:2 � 0:5) kJ � mol�1. However, this review does not feelon�dent to reommend this value beause of the unertainties a�eting the spei�ion interation oeÆients in the investigated temperature range.[76HUB/HUS℄Hubert, S., Hussonnois, M., Brillard, L., Guillaumont, R., Thermodynami funtions foromplexing of M3+ ions (M3+ = Pu3+aq to Fm3+aq ), in: Transplutonium 1975 (M�uller, W.,Lindner, R., eds.), Amsterdam: North-Holland, 1976, pp.109{118.The authors reported enthalpy and entropy hanges for the �rst hydrolysis rea-tions of trivalent transuranium elements from Pu to Fm in 0.1 M (H,Li)ClO4 mediumwithin the temperature range 10 to 50ÆC. They alulated the values of log �10 �1 forAm(III) at eah temperature from the di�erene in distribution oeÆient measuredbetween pH = 3.2 and pH = 5.4 using 2-thenoyltriuoroaetone, tta, in benzene. Thisdi�erene was attributed entirely to the formation of AmOH2+ at pH = 5.4. How-ever, as mentioned in the disussion of Ref. [69DES/HUS℄ in this Appendix, thereis no statistial support for the seletion of suh a model from the data obtainedat 25ÆC. The sign of the reported values for enthalpy and entropy hanges is thatexpeted for the formation of inner-sphere omplexes. However, the authors' laimthat enhanement of hydrolysis ours with inreasing temperature is based only ontwo data points. Beause of the sare experimental details, it is not possible tomake a proper unertainty estimate. It is thus diÆult to obtain from these dataunambiguous evidene for the proposed hydrolysis sheme. See also the ommentsunder [73HUS/HUB℄.



Disussion of seleted referenes 269[78RAO/BAG℄Rao, P.R.V., Bagawde, S.V., Ramakrishna, V.V., Patil, S.K., Sulphate omplexing ofsome trivalent atinides, J. Inorg. Nul. Chem., 40 (1978) 123{127.The authors studied the ameriium(III) omplexation in sulphate mediaby the dinonylnaphthalene sulphoni aid extration method, at I = 1 and 2 MH2SO4=HClO4, and 25ÆC. The variation of the distribution oeÆient with inreas-ing [SO2�4 ℄ was interpreted by the formation of Am(SO4)(3�2n)n (n = 1, 2) omplexes,f. Table V.12. The authors used 0.066 and 0.084 (at I = 1 and 2 M, respetively)as the dissoiation onstants of HSO�4 , taken from [51ZEB/ALT, 76FAR/BUC℄.This review reinterprets the experimental results of Rao et al. to study the inueneof the ioni media on the data treatment. In order to alulate the stability onstantsof the ameriium omplexes, values of [SO2�4 ℄ have to be omputed from the reportedtotal sulphuri and perhlori aid onentrations. Using the spei� ion interationequations (f. Appendix B) we ompute the equilibrium onstant for the reationH+ + SO2�4 *) HSO�4 (log10KÆ = (1:98� 0:05), f. Table IV.2) as a funtion of ionistrength: log10K(I) = (1:98� 4D ��"Im), where in H2SO4=HClO4 media,�"Im = mH+("(HSO�4 ;H+) � "(SO2�4 ;H+))� "(H+;ClO�4 ) mClO�4 � "(H+;HSO�4 ) mHSO�4Assuming that "(H+;SO2�4 ) � "(Li+;SO2�4 ) = �(0:03 � 0:04) kg � mol�1, and "(H+;HSO�4 )� "(Na+;HSO�4 ) = �(0:01� 0:02) kg �mol�1, we alulate the protonation onstant ofsulphate for eah of the experimental points given by Rao et al. [78RAO/BAG, Ta-ble 3℄ (this gives log10K1 values in the range 1.17 to 1.30 at I = 1 M, and between1.20 to 1.32 at I = 2 M). As expeted, these values are di�erent from the dissoia-tion onstants of HSO�4 given in Ref. [89SMI/MAR℄ for NaClO4 media, beause theativity oeÆients of sulphate and bisulphate ions hange when NaClO4 is replaedby mixtures of sulphuri and perhlori aids.Our alulations lead to: log10 �1 = (1:97 � 0:02), log10 �2 = (2:89 � 0:04) at[H+℄ � 1 M, and log10 �1 = (1:97 � 0:02), log10 �2 = (2:96 � 0:04) at [H+℄ � 2 M.However, as the assumption "(H+;HSO�4 ) � "(Na+;HSO�4 ) = �(0:01 � 0:02) kg �mol�1 isquite doubtful, we inrease the unertainties of the alulated equilibrium onstantsfor the ameriium omplexes to �0:3 logarithmi units.[79LEB/FRE℄Lebedev, I.A., Frenkel, V.Y., Kulyako, Y.M., Myasoedov, B.F., Complex formation byameriium(VI) in phosphori aid solutions, Sov. Radiohem., 21 (1979) 699{705.Spetrophotometry and potentiometry were used to investigate the Am(VI)-phos-phate system in 0 � [H3PO4℄ � 12 M media. The ioni strength was not keptonstant. The experimental data indiate the presene of the AmO2(H2PO4)2(aq)omplex. The di�erene in the stability onstants determined by the two experimen-tal tehniques (log10 �2(sp) = 3:3; log10 �2(pot) = 4:6) are explained by the authoras being due to the formation of \�rst- or seond-sphere" omplexes. This reviewbelieves that more experimental work is needed to obtain a reliable value for this



270 Disussion of seleted referenesstability onstant.[79LEB/FRE2℄Lebedev, I.A., Frenkel, V.Y., Kulyako, Y.M., Myasoedov, B.F., Investigation of om-plex formation of ameriium(III) and ameriium(IV) in phosphori aid solutions., Sov.Radiohem., 21 (1979) 692{698.Lebedev et al. studied the ameriium-phosphate system in 0.01 to 13 M H3PO4media using spetrophotometry. The ioni strength was not kept onstant. Thederease in absorptivity of the 506 nm peak at 0:1 � [H3PO4℄ � 5 M was attributedto the formation of AmH2PO2+4 , while the further derease at [H3PO4℄ � 5 M wasredited to the presene of Am(H2PO4)+2 . This review onsiders that the dereaseof molar extintion data (or sattering) at the high phosphori aid onentrationsmay be an ioni strength artifat in quasi \non-aqueous" media (I � (0:35� 0:10) Mfor 4 M � [H3PO4℄ � 13 M, from alulated [H2PO�4 ℄), and not to the formation ofthe seond omplex as suggested by the authors. Hene, the formation equilibriumonstant for Am(H2PO4)+2 reported by Lebedev et al. [79LEB/FRE2℄ is disregarded.The authors also measured the oxidation potentials of the ouple Am(III)/Am(IV)in 10 to 15 M H3PO4 media. The ioni strength was not kept onstant, and it isestimated to be I � (0:3 to 1:6) M, from alulated [H2PO�4 ℄ values. The dereaseof E1=2 was assigned to the presene of Am(H2PO4)+3 . As previously stated, thisreview does not rely on data obtained at suh high onentrations, and therefore, theorresponding stability onstant will not be onsidered.[80KHO/MAT℄Khopkar, P.K., Mathur, J.N., Complexing of alifornium(III) and other trivalent atinidesby inorgani ligands, J. Inorg. Nul. Chem., 42 (1980) 109{113.Khopkar and Mathur studied the ameriium(III)-sulphate omplexes using a sol-vent extration tehnique at 30ÆC, pH = 3 and I = 1 M (NH4)2SO4=NH4ClO4. Thelinear variation of K�1d vs. [SO2�4 ℄ indiates the formation of the AmSO+4 omplex.The orresponding stability onstant is used in the seletion proedure desribedin Setion V.5.1.2.1. Extrapolation to I = 0 (f. Appendix B) yields log10 �Æ1 =(4:04� 0:07).[81LEB/MAZ℄Lebedev, I.A., Mazur, Y.F., Investigation of the omplex formation of ameriium(III),urium(III), and alifornium(III) with perhlorate ions in aqueous solution, Sov. Ra-diohem., 23 (1981) 291{299.The authors measured the distribution oeÆients of Am(III), Cm(III) and Cf(III)between di-2-ethylhexyl phosphori aid in deane and aqueous (Na,H)ClO4 solutionswith perhlorate onentrations varied between 0.1 and 8 M at pH = 1. Interpretationof the data below 2 M onsidered the presene of Am(ClO4)2+ with �Æ1 = (4� 0:9),while the outer-sphere omplex Am(ClO4)+2 was laimed to be present at higheronentrations. The formation onstant for Am(ClO4)+2 was measured at 25, 35,45 and 55ÆC obtaining, respetively, �Æ2 = (2:0 � 0:1); (2:3 � 0:2); (2:6 � 0:3); and(2:9 � 0:4). The positive values of �rHÆm = (9:8 � 1:8) kJ � mol�1 and �rSÆm =



Disussion of seleted referenes 271(38:8 � 6:7) J � K�1 � mol�1 derived from these measurements appear to indiate,however, an inner-sphere harater of the omplex.The model equation used by Lebedev and Mazur inluded two di�erent termsaounting for the formation of outer-sphere and inner-sphere omplex speies. Boththe latter reation and the extration proess were formally written as a displaementof water moleules into the �rst hydration sphere of atinide ions. Thus, the waterativity appeared as a variable raised to a power index, x, representing the hydrationnumber of the trivalent atinides. Although postulated to be always equal to 8 in theonentration range from 2 M to 8 M, possible undeteted variations of the hydrationnumber with ioni strength ould have inuened the data analysis. The 10-fold lowervalue of �Æ2 alulated in the ase of Cf(III) resulted from the assignment of a lowerhydration number to alifornium ions.Moreover, ativity orretions on behalf of the mean ativity oeÆients of(Na,H)ClO4 only, appear to be too rude taking into aount the large hanges inthe ioni strength. In view of the unertainties of the ioni strength orretions, thereported equilibrium onstants are not used in the present review.[82BID℄Bidoglio, G., Charaterisation of Am(III) omplexes with biarbonate and arbonate ionsat groundwater onentration levels, Radiohem. Radioanal. Letters, 53 (1982) 45{60.Bidoglio studied the extration of ameriium from aqueous arbonate-biarbonatesolutions to an organi phase (a solution of 1,3-diphenyl 1,3-propanedione, hdbm, inbenzene) at I = 0:2 M (NaClO4) and 25ÆC. The experimental data were interpretedassuming the formation of the omplexes AmHCO2+3 , Am(HCO3)+2 , Am(CO3)�2 andAm(CO3)2OH2�. Lundqvist [82LUN℄ and Nitshe, Stanlife and Silva [89NIT/STA℄showed using two di�erent partial pressures of CO2(g) that the biarbonate om-plexes must be muh weaker, Bidoglio, and therefore Bidoglio's interpretation of hisextration data seems to be in error. The author did not measure the distributionoeÆient in the absene of arbonate ligand, and therefore no reliable stability on-stants an be determined from the experimental data.Following the reinterpretation made by Robouh [89ROB℄, the distribution oeÆ-ients are plotted in Figure A.2 as a funtion of [CO2�3 ℄. The fat that the points atdi�erent pH values fall on the same urve indiates the formation of only arbonateomplexes in the aqueous solutions, and from the slope of the urve, it an be deduedthat if the extrated speies is Am(OH)3(hdbm)3, then the predominant speies inthe aqueous phase is Am(CO3)�2 at 8:3 � pH � 9 and �4:4 � log10[CO2�3 ℄ � �3,whih is in agreement with the results of Lundqvist [82LUN℄, Robouh [89ROB℄ andMeinrath and Kim [91MEI/KIM℄.No experimental evidene for the formation of hydroxy-arbonate omplexes ispresent, and therefore the stability onstants initially reported by Bidoglio [82BID℄are not redited by this review.The seond hydrolysis onstant (log �10 �2 = �14:7) was alulated from the pHdependene of the distribution oeÆients, D, in the absene of arbonate ligands.These D values ould only be obtained by extrapolation from experimental urvesat variable arbonate onentrations to [CO2�3 ℄ = 0. Beause of the predominant



272 Disussion of seleted referenesFigure A.2: Distribution oeÆients of Am(III),D, ombined with pH-values in 0.2 MNaClO4 at 25ÆC [82BID℄. The ontinuous line is drawn assuming the formation ofonly Am(CO3)�2 in the aqueous phase.
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omplexation with arbonates, identi�ation of the minor Am(OH)+2 speies appearsto be diÆult, and therefore this onstant is not onsidered in this review.[82FUK/KAW℄Fukasawa, T., Kawasuji, I., Mitsugashira, T., Investigation on the omplex formationof some lanthanoids(III) and atinoids(III) with hloride and bromide, Bull. Chem. So.Japan, 55 (1982) 726{729.The authors investigated the omplexation of various trivalent lanthanides andatinides (Sm, Eu, Gd, Tb, A, Am, Cm, Bk and Cf) with hloride and bromide ionsby using a solvent extration tehnique (bis(2-ethylhexyl)phosphori aid, hdehp, inotane) at 20ÆC. The ioni strength was kept at 3.0 M using appropriate mixturesof LiClO4, LiCl and LiBr. The experiments were arried out at onstant aidity of0.15 M perhlori aid. Investigation of the extration mehanism showed that thesame speies was extrated into the organi phase both in the presene and in theabsene in the aqueous phase of hloride and bromide ions. This allowed a simpli�edtreatment of the experimental data for the determination of equilibrium onstants.Fukasawa et al. reported log10 �1 = �(0:26 � 0:02) and log10 �2 = �(0:66 � 0:04)for the hloro omplexes of ameriium and log10 �1 = �(0:52� 0:04) and log10 �2 =�(0:55� 0:03) for the bromo omplexes of ameriium.A reanalysis of the data made by this review on�rms the proposed model. Al-though slightly di�erent values for �1 and �2 are obtained, the values reported by



Disussion of seleted referenes 273Fukasawa et al. are preferred beause of the diÆult digitalisation of the experimen-tal data from the original paper. Extrapolation to zero ioni strength using thespei� ion interation oeÆients of Appendix B and negleting temperature e�etson �" values would give log10 �Æ1 = (0:46� 0:18) and log10 �Æ1 = (0:09� 0:19) for the�rst hloride and bromide omplexes of Am3+, respetively. Even onsidering a verylarge unertainty, the log10 �Æ1 value of AmCl2+ would be outside the range of valuesseleted by this review [56WAR/WEL, 62PEP/MAS, 64BAN/PAT, 71KHO/NAR℄.This may be due to the e�et of hanges in the anioni omposition at onstant ionistrength on the values of �". For this reasons the values proposed by Fukasawa etal. have not been retained for the alulation of reommended equilibrium onstants.[82LUN℄Lundqvist, R., Hydrophili omplexes of the atinides: I. Carbonates of trivalent ameri-ium and europium, Ata Chem. Sand., A36 (1982) 741{750.Lundqvist investigated Am(III) and Eu(III) omplexation with arbonate and hy-droxide in 1 M NaClO4 solutions at 25ÆC by studying the distribution of Am(III)between the aqueous phase and tributyl phosphate.Hydrolysis studies of 241Am(III) were onduted both at traer onentration levelsand in the presene of non-radioative Eu arrier (5� 10�5 to 2� 10�4 M) in orderto redue ameriium sorption on glass surfaes. The extration urves di�ered inthe two ases. Assuming a solubility onstant �Ks;0 for Eu(OH)3(am) idential tothat seleted by this review for Am(OH)3(am), preipitation might have ourred forthe test solutions above pH = 8 to 8.5. However, this should not have inuenedthe relative distribution of ameriium between the organi and the aqueous phases,as long as equilibrium was ahieved in the two phases. Lundqvist obtained morereproduible results with the arrier-ontaining solutions. Nevertheless, the authoralulated log �10 �1 = �(7:5�0:3) from the pH value of 50% derease of Am extrationin the absene of Eu arrier.This review tries to re-estimate hydrolysis onstants from the two sets of data.The experimental points at traer onentrations of ameriium an only be �ttedwith a single variable model ��1 up to pH = 9.7, a result whih is in disagreementwith a number of other studies. A satisfatory regression equation of the seondset of experimental data was obtained by using a (��1, ��2) model. In this ase,the addition of ��2 meets the 1% but not the 5% signi�ane level of the F-test toenter. It is not possible, however, to selet alternative hydrolysis shemes inludingpolynulear speies, as suggested by the relatively high onentration of Eu arrier.The alulated equilibrium onstants log �10 �1 = �7:3 and log �10 �2 = �15:0, are loseto those seleted by this review when orreted to the ommon referene state I=0with �"1 = (0:04 � 0:05) and �"2 = �(0:04 � 0:07) kg � mol�1 (f. Appendix B).This results in log �10 �Æ1 = �(6:4 � 0:4) and log �10 �Æ2 = �(13:8 � 0:2). The reportedunertainties reet the diÆulties in seleting a model.The formation onstants of AmCO+3 and Am(CO3)�2 were obtained from studiesof the solvent extration of Am(III) as a funtion of [CO2�3 ℄. It was assumed forthe analysis of the distribution data that the ameriium arbonate omplexes didnot extrat into the organi phase. This was on�rmed by eletromigration exper-



274 Disussion of seleted referenesiments. Although HCO�3 was the predominant ion of the arbonate system underthe experimental onditions (pCO2 = 0.1 and 1.0 atm), there was no evidene forAm(HCO3)(3�n)n omplexes. The determined stability onstants, onverted to mo-lal units, are extrapolated to zero ioni strength using the seleted ion interationoeÆients (f. Appendix B, Setion B.1.4), to give log10 �Æ1 = (8:00 � 0:10) andlog10 �Æ2 = (12:57� 0:21). These values are used in the seletion proedure desribedin Setion V.7.1.2.1.[82NAI/CHA℄Nair, G.M., Chander K., Joshi, J.K., Hydrolysis onstants of plutonium(III) and ameri-ium(III), Radiohim. Ata, 30 (1982) 37{40.The authors used a potentiometri method to measure the hydrolysis onstantsof Am(III), Pu(III), Sm(III) and Eu(III) in 1 M NaClO4 at 25ÆC. The ameriiumtitration was arried out in the pH range from 4 to 7.2 until the preipitation ofthe hydroxide was observed. The authors estimated the value of the �rst hydrolysisonstant, log �10 �1 = �(7:03 � 0:04), using a weighted least-square treatment of theexperimental formation urve (�n vs. pH). The weight of eah point was iterativelyalulated during the regression proedure rather than externally supplied as the in-verse of the variane of individual measurements. This led to an underestimation ofthe unertainty assigned to the ��1 value. For di�erent [Am℄TOT onentrations, theexperimental points did not oinide into a single urve below pH = 6.5. Titratedonentrations were so low that sattering in the data may be asribed to systematierrors in the measurement of small hanges of ligand number (�n). A realulation ofthe best �tting urve using a model inluding Am(OH)+2 as additional speies pro-vides a statistially signi�ant derease of the residual sum of squares. Although thehydrolysis onstants derived from these alulations are of the orret order of mag-nitude, the hoie of suh a model is questionable, beause the highest average ligandnumber ahieved is only 0.6, and the addition of ��2 appears to be sensitive to only afew points of the formation urve. However, this does not seem to be a suÆient rea-son to disard the two-variable model. This review alulates log �10 �1 = �(7:2� 0:2)and log �10 �2 = �(15:0 � 0:3). The assoiated unertainties reet the diÆultiesin seleting a model. Conversion to I = 0 using the spei� ion interation oef-�ients reported in Setions V.3.2.4 and B.1.4 yields log �10 �Æ1 = �(6:3 � 0:2) andlog �10 �Æ2 = �(13:8� 0:3).[82RAI/STR℄Rai, D., Strikert, R.G., Solubilities of atinide solids under oxi onditions, Report PNL-SA-10368, Pai� Northwest Laboratory, Rihland, Washington, 1982, 18p.This referene inludes the same solubility results for Am(OH)3(r) as referene[83RAI/STR℄ but without giving any details.



Disussion of seleted referenes 275[82SIL℄Silva, R.J., Thermodynami properties of hemial speies in nulear waste. Topial re-port: The solubilities of rystalline neodymium and ameriium trihydroxides, LBL-15055,Lawrene Berkeley Laboratory, Berkeley, California, 1982, 57p.Solubility measurements of 243Am(OH)3(r) and Nd(OH)3(r) were made in 0.1 MNaClO4 solutions at (25� 1)ÆC within the pH range 6 to 10.This is the only solubility study with ameriium hydroxide using an X-ray hara-terised rystalline solid. The solid phase was prepared by rigorously ontrolled high-temperature transformation of Am(OH)3(am). Optial viewing by Sanning EletronMirosopy of Nd(OH)3(r) samples at the end of the solubility experiments showedno hanges in the rystals. By analogy, this was taken as a proof that no seondarysolid phases were formed during the equilibration period of 243Am(OH)3(r) (ontattimes of 17, 28 and 48 days). The �-radiation damage of the rystal struture ob-served by Haire et al. [77HAI/LLO℄ for 241Am(OH)3(r) an reasonably be onsiderednegligible in Silva's experiments, beause of the muh lower spei� ativity of 243Am(6.8 MBq/mg) ompared with 241Am (120 MBq/mg).Di�erent tehniques of solid/liquid separation were tested on the samples equili-brated for 48 days. Eah measured ameriium onentration was then given equalweight and onsidered as an individual data point, instead of using average values.This improperly inreased the degrees of freedom from (18 � p) to (30 � p), wherethe integer refers to the number of observations and p is the number of unknownregression oeÆients in the model. Silva used a least-squares proedure keepinglog �10 �1 = �(7:7 � 0:3) onstant and solving simultaneously for �Ks;0, ��2, ��3 and��4. The log �10 �1 value was taken from a previous work where the �rst hydrolysisonstant of Cm(III) was measured by potentiometry [83EDE/BUC℄. There is, how-ever, a typing error in Table 9 of Ref. [82SIL℄. The listed value of log �10 �1 refers toan ioni strength of 0.1 M KCl. Silva reported thermodynami onstants after ionistrength orretions with the Davies equation. The same equation was used in thisreview to realulate equilibrium onstants at 0.1 M NaClO4, obtaining log �10Ks;0 =(16:6�0:4), log �10 �2 =�(16:7�0:7), log �10 �3 =�(25:0�0:3), and log �10 �4 �34:9. Verysimilar values of hydrolysis onstants for Nd(III) were derived from the Nd(OH)3(r)solubility measurements.This review performs a reinterpretation of the ameriium solubility data of Silvausing only 18 experimental points. The lak of measurements in the pH range from8 to 8.8, and the sare data points in the plateau region make these data unsuitablefor an interpretation using the full model. The results of the least-squares re�nementsindiate that the two-variable model inluding �Ks;0 and ��2 yields the greatest initialderease of the residual mean square (RMS). The stepwise additions of ��1 and ��3further derease the RMS, but the ahieved redution is not suÆient to justifythe inlusion of ��3 in the regression equation. Figure A.3 shows that Silva's dataompare well with those obtained by Stadler and Kim [88STA/KIM℄ who observedthe solubility urve to level down at higher pH values, f. Figure A.9. The statistialF-ratio tests indiate that adding ��1 to the model is signi�ant at 5% but not at 1%.Examination of the residuals shows that the model does not perform satisfatorilybelow pH = 8 if ��1 is used, instead, as a �xed parameter. A statistially signi�ant



276 Disussion of seleted referenesFigure A.3: Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 fromSilva [82SIL℄ (4) and from Ref. [88STA/KIM℄ (2). The ontinuous urve representsthe values alulated with the set of equilibrium onstants re-estimated by this reviewfrom experimental data in Ref. [82SIL℄, and the dotted urves show the assoiatedunertainties.
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desription of the experimental data is then provided bylog �10Ks;0 = 15:9� 0:6log �10 �1 = �6:9� 0:6log �10 �2 = �15:1� 0:6Conversion to the molality sale and extrapolation to I = 0 with the seleted spei�ion interation oeÆients (f. Setion B.1.4) giveslog �10KÆs;0 = 15:2� 0:6log �10 �Æ1 = �6:5� 0:6log �10 �Æ2 = �14:4� 0:6[83BOU/GUI℄Bourges, J.Y., Guillaume, B., Koehly, G., Hobart, D.E., Peterson, J.R., Coexistene ofameriium in four oxidation states in sodium arbonate - sodium biarbonate medium,Inorg. Chem., 22 (1983) 1179{1184.Bourges et al. ombined spetrophotometry and yli voltammetry to study thespeiation of ameriium in arbonate/biarbonate media at 25ÆC. These results learlydemonstrate the oexistene of the four oxidation states of ameriium (III, IV,V,VI)in onentrated arbonate media. The authors measured the apparent normal po-tential of the Am(VI)/Am(V) and Am(IV)/Am(III) ouples in [HCO�3 ℄ = 1:15 M,



Disussion of seleted referenes 277[CO2�3 ℄ = 0:85 M solutions, obtaining: EÆ(VI=V) = 0:971 V vs. SHE and EÆ(IV=III) =0:925 V vs. SHE respetively. Bourges et al. also investigated the inuene of thearbonate onentration on these formal potentials in aqueous solutions ontainingmixtures of NaHCO3 and Na2CO3 ([HCO�3 ℄ + [CO2�3 ℄ = 2 M). The apparent normalpotential of the Am(VI)/Am(V) ouple was found to be pratially independent of[CO2�3 ℄: EÆ(VI=V) = (0:975 � 0:01) V vs. SHE. The value of EÆ(IV/III), insteaddereased monotonially with inreasing [CO2�3 ℄. Corretions for the liquid juntionpotential were apparently not performed by Bourges et al., and estimations withthe Henderson's equation [73BAT, pp.36{44℄ show that an additional unertainty of�0:015 V should be added to their measurements.Several authors [83FER/GRE, 86GRE/ROB, 89ROB℄ have reinterpreted these ex-perimental measurements, assuming the following equilibria:AmO2(CO3)4�3 + e� *) AmO2(CO3)5�3 (A.4)Am(CO3)6�5 + e� *) Am(CO3)3�3 + 2CO2�3 : (A.5)These reinterpretations indiate that Am(CO3)6�5 , AmO2(CO3)5�3 and AmO2(CO3)4�3are the limiting omplexes for the IV,V and VI oxidation states (as expeted by anal-ogy with U(IV); Np(V) and U(VI)-Pu(VI), respetively). Furthermore, the measure-ments of Bourges et al. show that Am(CO3)3�3 is the Am(III) limiting omplex, whihis in agreement with the reinterpreted observations of Shiloh, Givon and Marus (f.the disussion of Ref. [69SHI/GIV℄ in this Appendix).Following the reinterpretations in Refs. [83FER/GRE, 89ROB, 86GRE/ROB℄, thisreview assumes that the apparent normal potentials measured by Bourges et al.[83BOU/GUI℄, refer to reations (A.4) and (A.5). From the formal redox potential ofthe Am(VI)/Am(V) ouple it is possible to obtain log10K(A:4; [CO2�3 ℄TOT = 2 M) =(16:48�0:42). The extrapolation of this equilibrium onstant from [NaHCO3℄ = 2 Mto standard onditions with the spei� ion interation equations of Appendix B isquite unertain due to the unertainty in the values of the ion interation oeÆientsfor the ameriium omplexes. Nevertheless, assuming that �" is similar to that of thesame reation involving uranium omplexes in NaClO4 medium but with inreasedunertainty, �" = (�0:61� 0:3) kg �mol�1 [92GRE/FUG, p.322℄, and using �z2 = 9,we obtain EÆ(A:4) = (0:775� 0:038) V vs. SHE, i.e., log10KÆ(A:4) = (13:1� 0:6).The formal redox potential of the Am(IV)/Am(III) ouple, whih dereases withthe ratio [Na2CO3℄/[NaHCO3℄, f. [83BOU/GUI, Figure 9℄, an be interpreted a-ording to reation (A.5):EÆ0 = EÆ(A:5) + RT ln(10)F log10 0� Am(CO3)6�5Am(CO3)3�3 [CO2�3 ℄22CO2�3 1Awhere EÆ0 stands for the formal redox potential of the Am(IV)/Am(III) ouple. Thespei� ion interation equations in Appendix B are used to alulate the ativ-ity oeÆients with "(Am(CO3)6�5 ;Na+)) � "(U(CO3)6�5 ;Na+)) = �(0:27 � 0:15) kg � mol�1,f. Table B.4, obtaining EÆ(A:5) = (1:19 � 0:05) V vs. SHE, i.e., log10KÆ(A:5) =(20:1� 0:9).



278 Disussion of seleted referenes[83CAC/CHO℄Caei, M.S., Choppin, G.R., The determination of the �rst hydrolysis onstant of Eu(III)and Am(III), Radiohim. Ata, 33 (1983) 101{104.This is a solvent extration study of Am(III) and Eu(III) hydrolysis in 0.7 MNaCl at 21ÆC using a ompetitive method of omplex formation with oxalate ions.Experiments were performed only at pH � 6 and pH � 8. Stability onstants ofAm(C2O4)(3�2n)n (n = 1 and 2) were �rst determined at pH = 5.9 where hydrolysis isnegligible. The set of data at pH = 8.05 was then modelled assuming the existene ofAm(OH)2+ only. A alulation of the relative amounts of hydrolysis speies shows,however, that the formation of Am(OH)+2 annot be negleted in the data analy-sis. This alulation was made using the value for log �10 �Æ2 seleted in the presentreview and the spei� ion interation equations in Appendix B assuming that �"for the hydrolysis reation would be the same in hloride as in perhlorate media(�"2 = �0:04 kg �mol�1). It is not possible from these data to obtain a hydrolysisonstant for Am(OH)+2 . This would have required additional experiments at variouspH values. The ��1 value has to be derived from the best �t parameters of the ex-perimental urve at pH = 8.05. These are obtained as a ombination of equilibriumonstants for all ompetitive reations in the system (seond hydrolysis, omplexformation with hloride and oxalate). Taking into aount the limited number ofmeasurements, the single pH value studied, and the various orretions that have tobe made, the reported value for log �10 �1 is not aepted by this review.[83EDE/BUC℄Edelstein, N., Buher, J., Silva, R., Nitshe, H., Thermodynami properties of hemialspeies in nulear waste, Report ONWI-399, LBL-14325, Lawrene Berkley Laboratory,Berkley, California, 1983, 115p.A number of tehniques were used by the authors to investigate atinide omplexformation in neutral and basi solutions.The only quantitative information of interest to this review refers to the �rst hy-drolysis onstants of Cm(III) and Nd(III). These were determined by potentiometrimeasurements of [H+℄ in 0.1 M KCl solutions. Data analysis was limited to the por-tion of the titration urve before preipitation of metal hydroxides ourred. Theformation of polymeri hydrolysis speies was examined and disarded during theregression analysis. Although this would have required more systemati pH titra-tions over a range of metal onentrations, the single variable model proposed by theauthors provides a log �10 �1 value for Cm and Nd of the orret order of magnitude�(7:7� 0:3).The authors measured also the solubility in 0.1 M NaClO4 of 243Am(OH)3(s) at25ÆC. The hydroxide was laimed to be amorphous, but no haraterisation of thesolid phase was made. It is diÆult to make an interpretation of the few experi-mental data reported [83EDE/BUC, Appendix D℄. However, the value proposed forlog �10Ks;0 = (17:5�0:3) at 0.1 M ioni strength is in agreement with that found by Raiet al. [83RAI/STR℄, for the solubility produt of well-haraterised Am(OH)3(am).



Disussion of seleted referenes 279[83RAI/STR℄Rai, D., Strikert, R.G., Moore, D.A., Ryan, J.L., Am(III) hydrolysis onstants and solu-bility of Am(III) hydroxide, Radiohim. Ata, 33 (1983) 201{206.The authors measured Am(III) onentrations in the presene of ameriium(III)hydroxide at (22� 2)ÆC. The experiments were onduted using both 241Am in 1:5�10�3 M CaCl2 solutions, and 243Am in pH-adjusted deionized water. Beause ofradiolysis e�ets in 241Am solutions, the thermodynami hydrolysis onstants wereestimated from the best �tting urve of the 243Am solubility data. The followingvalues were obtained by Rai et al.: log �10KÆs;0 = (17:5� 0:3); log �10 �Æ2 = �(17:1� 0:5);log �10 �Æ3 � �27. The authors proposed an upper limit of log �10 �Æ1 � �8:2, althoughno statistial improvement was found by adding AmOH2+ in the model.No bakground salt was added to keep the ativity oeÆients onstant. However,the study was made at suh low ioni strength that unertainties in the ativityoeÆient orretions to I = 0, iterated during the alulations by means of theDavies equation, should have only a�eted data at higher ameriium solubilities.This is one of the few solubility studies of ameriium trihydroxide reporting theharaterisation of the solid phase. X-ray di�ration analysis of the preipitate atpH = 7.5 and 9.6 indiate the presene of Am(OH)3(am), while a mixed phase ofa higher degree of rystallinity was deteted above pH = 9.6. This fat was notaddressed in the alulation of the equilibrium onstants. The use of tetrapropyl am-monium hydroxide as basi titrant may have inuened the surfae properties of thepreipitate. Reanalysis of the experimental data below pH = 9.6 does not provide astatistial support for seleting a partiular hydrolysis sheme. The solubility urverealulated using the hydrolysis onstants (f. Table III.2) and the solubility prod-ut for the rystalline hydroxide, log10 �KÆs;0 = (15:2 � 0:6) seleted by this review,is in fair agreement (within �0:5 log10-units) with the experimental data betweenpH � 7:5 and pH = 13. However, this is in ontradition with the X-ray di�ra-tion measurements showing the presene of a rystalline phase only above pH = 9.6.Keeping the hydrolysis onstants �xed to the values seleted by this review and ad-justing the solubility produt to the experimental points below pH = 7.5, a value oflog10 �KÆs;0 = (17:0� 0:6) has been obtained. This is very lose to the value reportedby Rai et al. Together with our statistial analysis, this might indiate that thepoints at pH � 7:5 have the highest weight in the regression proedure. Figure A.4shows the solubility data for haraterised Am(OH)3(am) obtained by Rai et al., andby Nitshe and Edelstein [85NIT/EDE2℄ in 0.1 M NaClO4. The Figure also showsalulated solubilities at the ioni strengths used by Rai et al., determined on thebasis of the dissolved ameriium onentrations, the amount of aid or base usedto keep solutions eletrially neutral, and the hydrolysis onstants seleted here (f.Table III.2).[83SIL℄Silva, R.J., The solubilities of rystalline neodymium and ameriium trihydroxide, in:Materials and Moleular Researh Division, Annual Report 1982, LBL-15150, LawreneBerkeley Laboratory, Berkeley, California, 1983, pp.251{253.This is a summary of Ref. [82SIL℄.



280 Disussion of seleted referenesFigure A.4: Solubility measurements of amorphous Am(III) hydroxide from[83RAI/STR℄ in pH-adjusted deionized water (2), and from [85NIT/EDE2℄ in 0.1 MNaClO4 (�). The ontinuous urves represents the values alulated with the se-leted set of hydrolysis onstants (f. Table III.2) at low ioni strengths. The up-per ontinuous urve orresponds to log �10KÆs;0 = (17:0 � 0:6), and the lower one tolog �10KÆs;0 = (15:2� 0:6). The dotted urves show the assoiated unertainties.
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[84BER/KIM℄Bernkopf, M.F., Kim, J.I., Hydrolysereaktionen und Karbonatkomplexierung von drei-wertigem Ameriium im nat�urlihen aquatishen System, Report RCM-02884, Inst. f�urRadiohemie, Tehnishe Universit�at M�unhen, 1984, 200p., in German.The authors measured the solubility of 241Am(OH)3(s), 241AmO2(s) andEu(OH)3(s) in 0.1 M NaClO4 solutions at room temperature (25ÆC ?). Results arealso given on the solubility of 241AmCO3OH(s) and EuCO3OH(s) in NaHCO3 andNa2CO3 solutions.Similar experiments reported by the same authors in a ompanion publiation[84KIM/BER℄ resulted in di�erent solubility vs. pH urves (f. Figure A.5). Appar-ently the same solid phases were used in the two studies. The experimental matrix inTable A.1 shows, however, that ageing onditions di�ered not only from one experi-ment to the other, but even within a single data set. Several investigators have shownthat hanges of solid phase in aqueous suspensions of Am(III) hydroxides due to age-ing onditions beome evident in hours and ontinue for weeks (f. Setion V.3).Figure A.5 indiates a fairly good agreement between solubility measurements ofAm(OH)3(s) using the bath-type proedure. Major disagreement between the solu-



Disussion of seleted referenes 281Table A.1: Experimental matrix desribing the di�erent proedures used to measure241Am(III) solubility in 0.1 M NaClO4 by Kim et al. [84BER/KIM, 84KIM/BER℄.Solid Proedure Ativity Contat Referene(MBq�ml�1) timeAm(OH)3(s) bath, pH < 8 20 (a) [84BER/KIM℄titration, pH > 8 5.9 (b)AmO2(s) bath, pH � 8 35 ()titration, pH > 8 1 (b)Am(OH)3(s) bath 23.7 (d) [84KIM/BER℄AmO2(s) bath 63 (pH < 4) (d)12.6 (pH > 4) (d)(a) several days(b) one titration point per day() two months(d) from one week to several months.bilities reported in [84BER/KIM℄ and in [84KIM/BER℄ exists above pH � 8 wherethe experimental proedure hanged from \bath" to \titration". This indiates thatin some of the experiments either equilibrium is not reahed or there is a onversionof the solid to a di�erent phase.This review re-estimates the hydrolysis onstants from the solubility data belowpH = 8 of the Am(OH)3(s) experiments in Ref. [84BER/KIM℄. The reported val-ues of log10[OH�℄ are orreted for liquid juntion e�ets by experimental measure-ments using the same setup as Bernkopf and Kim [84BER/KIM℄. The relationshipbetween orreted and experimental values for the hydroxide ion onentration be-omes: log10[OH�℄orr : = (log10[OH�℄exp: � 0:07). Values of log10[H+℄ are alulatedfrom the orreted hydroxide ion onentrations and the ioni produt of water in0.1 M NaClO4, whih is realulated (using the spei� ion interation equationsin Appendix B) to log10Kw = �13:798. The least squares adjustment of the hy-drolysis onstants from the solubility data is fully insensitive to the value of ��1whih annot be derived from this set of experimental data. This review �ndslog �10Ks;0 = (13:7� 0:2) and log �10 �2 = �(14:7� 0:2).The realulated solubility onstant �Ks;0 di�ers onsiderably from those found forwell-haraterised Am(OH)3(am) and Am(OH)3(r) [83RAI/STR, 82SIL℄. No har-aterisation of the solid was reported by Bernkopf and Kim. Hene, it is not lear ifthe di�erene is attributable to partile size e�ets or to a hydroxide phase of di�erentsolubility. For this reason, only log �10 �2 is inluded in the set of seleted equilibriumonstants. The standard value is alulated with the spei� ion interation equationsof Appendix B to be log �10 �Æ2 = �(14:0� 0:2).



282 Disussion of seleted referenesFigure A.5: Comparison of solubility data of Am(III) hydroxide in 0.1 M NaClO4reported by Bernkopf and Kim [84BER/KIM℄ (4 at pH < 8, and � at pH � 8) andby Kim et al. [84KIM/BER℄ (Æ at pH < 8, and ? at pH � 8). The data points in Ref.[84KIM/BER℄ above pH = 10 are not inluded beause they annot be distinguishedunequivoally from those referring to the dissolution experiment of AmO2(s). Onlythe data points at pH < 8 (4 [84BER/KIM℄ and Æ [84KIM/BER℄) have been onsid-ered in the least squares re-evaluations. The ontinuous urve represents the valuesalulated with the equilibrium onstants log �10Ks;0 and log �10 �2 re-estimated by thisreview from data in Ref. [84BER/KIM℄, and the dotted urves show the assoiatedunertainties.
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The reation AmO2(s) + 32H2O(l) *) Am3+ + 3OH� + 14O2(g)was proposed to ontrol Am(III) solubility in the presene of AmO2(s). These sol-ubility data are in omplete disagreement with similar measurements reported byKim et al. [84KIM/BER℄. This review does not onsider the postulated dissolutionmehanism of AmO2(s) as proven. The equilibrium onstants obtained from thesesets of data are therefore not aepted in the present review.Bernkopf and Kim also reported a solubility produt onstant for the mixed hy-droxy-arbonate solid AmCO3OH(s) [84BER/KIM℄. The value was obtained fromthe results of solubility measurements onduted under oversaturated onditions withrespet to Am(III) in dilute biarbonate media (at I = 0:1 to 0:3 M NaClO4), start-ing with a solid Am(OH)3(s). The arbonate onentration was varied by hang-ing the pH of the solution under onstant CO2(g) partial pressure (pCO2 = 10�3:5



Disussion of seleted referenes 283Figure A.6: Solubility data of ameriium(III) reported by Bernkopf and Kim[84BER/KIM℄ in the absene of CO2(g) in 0.1 M NaClO4 (4 at pH < 8, and �at pH � 8) and at pCO2 = 10�3:5 atm (�) in 0.1 to 0.3 M NaClO4.
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atm). The solid phase was not haraterised but was assumed to be AmCO3OH(s).Bernkopf and Kim interpreted their solubility results assuming the presene of hy-droxide (Am(OH)(3�i)i ; i = 1; 2; 3), arbonate (Am(CO3)(3�2n)n ; n = 1; 2; 3) andmixed hydroxy-arbonate (Am(OH)i(CO3)(3�i�2n)n ; i = 1; 2 and n = 1; 2) omplexes.However, it is not possible to distinguish between AmCO3(OH)�2 and Am(CO3)�2from solubility data obtained at a onstant pCO2 . The fat that Am(OH)3(s) andAmCO3OH(s) have exatly the same solubility in the pH range 6 to 8 (f. Figure A.6and Figure 6.23 in [84BER/KIM℄), makes it diÆult to distinguish between the twosolids. It is possible that the transformation of the initial solid, Am(OH)3(s) !\AmCO3OH(s)", may have ourred slowly during the experiments. These solubil-ity data, whih may be based on a \varying" solid, are questionable; the proposedequilibrium onstants are therefore not taken into aount in the present review.[84KIM/BER℄Kim, J.I., Bernkopf, M., Lierse, Ch., Koppold, F., Hydrolysis reations of Am(III) andPu(VI) ions in near neutral solutions, in: Geohemial Behaviour of Disposed RadioativeWaste (Barney, G.S., Navratil, J.D., Shulz, W.W., eds.), ACS Symp. Ser., No. 246,Washington, D.C.: Amerian Chemial Soiety, 1984, pp.115{134.Kim et al. measured the solubility of Am(III) and Pu(VI) in 0.1 M NaClO4 solu-tions as a funtion of pH, f. Table A.1. Two sets of experiments were performedusing di�erent Am(III) solid phases: 241Am(OH)3�xH2O(s) and 241AmO2(s). The dis-



284 Disussion of seleted referenessolution proess of AmO2(s) ould not be identi�ed. It was postulated to involve amehanism turning the solution phase into a more reduing medium with inreasingpH. Sine no meaningful solubility onstant ould be obtained, this set of experi-mental data is not onsidered in the present analysis. The formation onstants ofAm(OH)(3�n)n speies and the solubility produt of Am(OH)3(s) reported by Kim etal. are log10 �1 = (7:44 � 0:83); log10 �2 = (13:92 � 0:63); log10 �3 = (18:47 � 0:52);log10Ks;0 = �(27:16�0:47). There is probably a typing error in Table I of the originalpaper beause the alulated value of log10(Ks;0 � �3) = �8:69 does not orrespondto the ordinate value of the plateau region of the solubility urve for the Am(OH)3(s)experiment (log10 [Am℄TOT = �9:4, f. Figure A.5). These formation onstants areone or two orders of magnitude higher than those reported by Bernkopf and Kim[84BER/KIM℄ in a ompanion paper. This disrepany might well be due to an er-roneous proedure used to interpret the solubility measurements. Reanalysis of thedata made by this review over the entire pH range indiated only log10 �3 as the mainsoure of disagreement.The equilibrium onstants are re-estimated from experimental data in Figure 1 of[84KIM/BER℄. The values of log10[OH�℄ are orreted for the liquid juntion poten-tial, and log10[H+℄ is derived as desribed in the disussion of Ref. [84BER/KIM℄in this Appendix. The data are displayed in Figure A.5. Only experimental pointsbelow pH = 8 were inluded in the least-squares alulations. The reason for thisseletion is also given in the disussion of Ref. [84BER/KIM℄ in this Appendix. Noimprovement of statistis was obtained by using ��1 as additional preditor variable.The omputation gives log �10Ks;0 = (13:9 � 0:2) and log �10 �2 = �(14:3 � 0:3). Onlythe log �10 �2 value has been seleted by this review beause the exat nature of thehydroxide is unlear. Extrapolation to I = 0 with the spei� ion interation equa-tions of Appendix B yields log �10 �Æ2 = �(13:6� 0:3).[84NAS/CLE2℄Nash, K.L., Cleveland, J.M., Thermodynamis of the system: Ameriium(III)-uoride.Stability onstants, enthalpies, entropies and solubility produt, Radiohim. Ata, 37(1984) 19{24.The authors investigated the formation of Am(III) uoride omplexes by using aation exhange tehnique. The ioni strength of the aqueous phases was bu�eredat 0.1 M with NaClO4 and the pH was �xed at 3.5. The onentration of free F�ions in the test solutions was measured diretly with ion seletive eletrodes arefullyalibrated.Nash and Cleveland reported the stepwise equilibrium onstants for the formationof AmF2+(K1 = 386�20) and AmF+2 (K2 = 147�24) at 25ÆC. Conversion to molalityunits and orretion to I = 0 by using �"1 = �(0:12 � 0:1) and �"2 = �(0:36 �0:1) kg �mol�1 (f. Appendix B, Setion B.1.4) result in log10 �Æ1 = (3:23� 0:05) andlog10 �Æ2 = (5:80� 0:15), where �Æn refer to the overall formation reationAm3+ + nF� *) AmF(3�n)n : (A.6)and the unertainties assigned by the authors are doubled to represent the 95%on�dene level.



Disussion of seleted referenes 285The experiments were also performed at 5Æ and 45ÆC. From the temperaturevariation of the equilibrium onstants, the authors alulated the enthalpy hangeaompanying the reations. No attempts an be made here to orret the re-ported value of �rHm to I = 0, beause only equilibrium onstants at 25ÆC weregiven by Nash and Cleveland. Making the approximation that ioni strength ef-fets an be negleted, this would give �rHÆm(A:6; n = 1) = (23� 4) kJ �mol�1 and�rHÆm(A:6; n = 2) = (24� 10) kJ �mol�1 (unertainties represent the 95% on�denelevel). The value for n = 1 is lose to that obtained in Ref. [76CHO/UNR℄. However,this approximation is not reommended by this review.The 241Am ativity in the aqueous phase was found to derease systematially withinreasing F� onentrations above 8� 10�3 M. This was asribed to the formationof the sparingly soluble AmF3(s) with a solubility produt Ks;0 = (5:1� 1:6)� 10�16.This equilibrium onstant an be extrapolated to I = 0 with the spei� ion inter-ation equations of Appendix B, yielding log10KÆs;0 = �(16:5 � 0:3), a value whihis onsiderably lower than that alulated by using the estimated Gibbs energy offormation of AmF3(r) seleted by this review. Sine freshly preipitated amorphoussolids usually exhibit higher solubilities than rystalline forms, the observed loss of241Am ativity from the aqueous phase may possibly refer to the formation of a dif-ferent solid ompound or, as also suggested by Nash and Cleveland, to sorption ofolloidal partiles on the walls of the reation vessel.[84SIL℄Silva, R.J., The behaviour of ameriium in aqueous arbonate systems, Si. Basis Nul.Waste Management VII (MVay, G.L., ed.), held November 1983 in Boston, New York:North Holland Elsevier, 1984, pp.875{881.This referene summarizes the results from the solubility studies on Am(OH)3(r)and AmCO3OH(r) in Refs. [82SIL, 85SIL℄.[84SIL/NIT℄Silva, R.J., Nitshe, H., Thermodynami properties of hemial speies of waste radionu-lides, in: NRC Nulear waste geohemistry '83 (Alexander, D.H., Birhard, G.F., eds.),Symp. held 30{31 August 1983, in Reston, Virginia, Report NUREG/CP-0052, U.S. Nu-lear Regulatory Commission, Washington, D.C., 1984, pp.70{93.This report ontains the same experimental data as Ref. [85SIL℄.[85MAG/CAR℄Magirius, S., Carnall, W.T., Kim, J.I., Radiolyti oxidation of Am(III) to Am(V) in NaClsolutions, Radiohim. Ata, 38 (1985) 29{32.Am(OH)3(s) was freshly preipitated by addition of NaOH to a 5 M NaCl solu-tion ontaining 10�3 M Am(III). Radiolysis reations ourred beause of the rel-atively high dose rate of �-radiation (40 MBq/ml), leaving only Am(V) speies inthe aqueous phase. The solubility data were interpreted with a model onsideringAmO2OH(s) as the solubility limiting solid phase, and AmO+2 and AmO2OH(aq) asthe predominating aqueous speies. The reported values of the solubility produt andthe formation onstant of AmO2OH(aq) are respetively, log10Ks;0 = �(9:3 � 0:5)



286 Disussion of seleted referenesand log10 �1 = (1:5�0:5). For the same reasons as disussed under Ref. [88STA/KIM℄in this Appendix, these data are not inluded in the seleted data set.[85NIT/EDE℄Nitshe, H., Edelstein, N.M., Solubilities and speiation of atinides ions in near- neutralsolution, Report LBL-18900, Lawrene Berkeley Laboratory, Berkeley, California, 1985,75p.This appears to be the same study as Ref. [85NIT/EDE2℄.[85NIT/EDE2℄Nitshe, H., Edelstein, N.M., Solubilities and speiation of seleted transuranium ions. Aomparison of a non-omplexing solution with a groundwater from the Nevada tu� site,Radiohim. Ata, 39 (1985) 23{33.Atinide solubilities (NpV, NpVI, PuIV, PuV, PuVI, AmIII) in a natural groundwaterand in 0.1 M NaClO4 solutions were measured by monitoring with time the atinidepreipitation from supersaturated solutions at pH = (7:0 � 0:1) and at (25 � 1)ÆC.No thermodynami data were reported.For 243Am(III), equilibrium onentrations in 0.1 M NaClO4 at pH = (7:0 � 0:1)were found to be in agreement with those measured by Rai et al. [83RAI/STR℄, f.Figure A.4. Aordingly, X-ray di�ration analysis of the preipitate, Am(OH)3(s),indiated that it mainly ontained the amorphous hydroxide. The formation of hy-drolysis speies was laimed to derease the molar absorptivity value of Am(III) at503 nm in 0.1 M NaClO4.[85SAT/MIT℄Satoh, I., Mitsugashira, T., Hara, M., Kishimoto, M., Suzuki, S., A study of the pro-dution of transuranium elements and its appliation to the solution hemistry in To-hoku University, in: Ameriium and urium hemistry and tehnology (Edelstein, N.M.,Navratil, J.D., Shulz, W.W., eds.), Dordreht: D.Reidel Publ. Co., 1985, pp.261{273.This is the same study as reported under Ref. [82FUK/KAW℄.[85SIL℄Silva, R.J., Preparation, haraterisation and solubility onstant of AmOHCO3, in: Am-eriium and urium hemistry and tehnology (Edelstein, N.M., Navratil, J.D., Shulz,W.W. eds.), Dordreht: D. Reidel Publ. Co., 1985, pp.225{238.The solubility of AmCO3OH(r) in dilute arbonate solutions was measured bySilva [85SIL℄. The solid was identi�ed from the similarity of its X-ray powder di�ra-tion pattern with that reported for NdCO3OH(r) type A [74DEX/CAR℄. The sol-ubility produt was obtained from measurements made under both undersaturatedand oversaturated solution onditions (i.e., by dissolution of the haraterised solid ina solution initially free of ameriium and by preipitation of the solid from a solutioninitially supersaturated with respet to ameriium). The experiments were performedat onstant ioni strength (I = 0:1 M NaClO4), onstant pH (pH = (6:12 � 0:03))and under ontrolled CO2 partial pressure (pCO2 = 0.00792 atm) at (25� 1)ÆC. Thestability of the preipitate was monitored vs. time (measured solubility: log10 S =



Disussion of seleted referenes 287(5:60� 0:06)), but the variation of the solubility with pH and/or pCO2 was not inves-tigated. For reation:AmCO3OH(s) + 2H+ *) Am3+ +HCO�3 +H2O(l)Silva obtained log10 �Ks;0 = (2:77 � 0:15) at I = 0:1 M, whih he extrapolated to(2:53� 0:16) at I = 0. These values are equivalent to log10Ks;0 = �(20:94� 0:16) atI = 0:1 M, and log10KÆs;0 = �(21:80� 0:16) at I = 0 for reation:AmCO3OH(s) *) Am3+ +OH� + CO2�3 (V.33)The experimental data reported by Silva were reinterpreted as follows. Values of[H+℄ were obtained from the reported pH-values and single ion ativity oeÆientsalulated with Eq.(B.4). Values of pCO2 were onverted from atm to bar units (f.Setion II.3.2), and were used together with the alulated [H+℄-values and the knownequilibrium onstant of the CO2(g)/CO2�3 system (Table IV.2 and Appendix B) todetermine the free arbonate onentrations: log10 [CO2�3 ℄ = (�17:53 + log10 pCO2 �2 log10[H+℄), at I = 0:1 M NaClO4. The seleted value for the stability onstantof AmCO+3 (f. Table III.2) was extrapolated to 0.1 M NaClO4 with the spei� ioninteration equations of Appendix B, log10 �1 = (6:51 � 0:20), and used to alu-late the free ameriium onentrations that orrespond to the [Am℄TOT values mea-sured by Silva [85SIL℄. This proedure resulted in log10Ks;0(V:33) = �(20:8 � 0:3)at I = 0:1 M. This solubility produt is onverted to molal units and extrapolatedto zero ioni strength, using the seleted interation oeÆients (f. Appendix B,Setion B.1.4), to give: log10KÆs;0 = �(22:3� 0:3). While the reinterpreted value at0.1 M NaClO4 agrees with the value obtained by Silva [85SIL℄, the di�erene in thevalues at I = 0 is due to the dissimilar methods used for ioni strength extrapolations.[86EWA/HOW℄Ewart, F.T., Howse, R.M., Thomason, H.P., Williams, S.J., Cross, J.E., The solubility ofatinides in the near-�eld, Si. Basis Nul. Waste Management IX (Werme, L.O., ed .),Mat. Res. So. Symp. Pro., 50 (1986) 701{708.Ewart et al. determined the solubility of plutonium, ameriium and neptunium in\onrete equilibrated water" (demineralised water equilibrated for some weeks withaged onrete). The analysis of the water gave as main omponents [Ca2+℄ = 0:01 M,[Cl�℄ = 0:002 M and [SO2�4 ℄ = 0:003 M, with pH = 12 and [CO2�3 ℄TOT = 3� 10�5 M.This water was �ltered and the pH adjusted with NaOH or HCl before atinidehlorides were added to reah a total onentration of � 10�5 M. The solutions weremixed, and after an equilibration time (30 minutes in the ase of Am [86EWA/HOW℄)they were �ltered, aidi�ed, and the atinide onentrations measured by liquidsintillation. In another report within the same projet, Thomason and Williams[92THO/WIL, Figure 1℄ show that the Am(III) onentrations measured after 3hours did not di�er from the measurements after 30 mins. of equilibration time. Thetemperature of the experiments was not reported by Ewart et al. [86EWA/HOW℄.The atinide solid phases ontrolling the measured solubilities were not determinedexperimentally, and therefore these onentrations are not adequate to determineequilibrium onstants.



288 Disussion of seleted referenesFigures omparing the experimental solubilities and those alulated with thePHREEQE ode [80PAR/THO℄ were presented by Ewart et al. in this paper[86EWA/HOW℄, as well as in later publiations [87CRO/EWA, 87EWA/TAS,92EWA/SMI℄ where a few more experimental data were inluded in the graphs.Although the spread in the data is about one logarithmi unit, the ameriium(III)solubilities measured at pH = 10.5 suggest a disontinuity in the shape of the sol-ubility urve. Figure A.7 displays the experimental data extrated from Figure 6in [92EWA/SMI℄. In the initial publiation [86EWA/HOW℄, Ewart et al. desribedtheir ameriium onentrations assuming that the solubility limiting solid phasehanged from AmCO3OH(s) to Am(OH)3(s) at pH � 9:2 and that ameriium(III)mixed hydroxo-arbonate omplexes were present in the aqueous solution, as sug-gested by Kim et al. [84BER/KIM, 86AVO/BIL℄. In a later publiation, Ewart etal. [92EWA/SMI℄ stated that the ameriium onentrations ould equally well be de-sribed with a model ontaining instead the biarbonate omplexes AmHCO2+3 andAm(HCO3)+2 suggested by Bidoglio [82BID℄ and adopted by Phillips et al.[88PHI/HAL℄.Figure A.7 ompares the ameriium onentrations reported by Ewart et al.[92EWA/SMI, Figure 6℄ with the alulated solubility urve for Am(OH)3(r) usingthe equilibrium onstants seleted in this review (f. Table III.2). The alulationsillustrated in Figure A.7 show that with a few exeptions, speially at pH = 10.5, theameriium(III) levels an be desribed by the solubility of Am(OH)3(r), and that hy-drolysis omplexes of Am(III) are predominant. The disrepany around pH = 10.5might be due to an unknown experimental artifat, or to some proess like a hangein the solid phase present in the experiments (hange in hemial omposition orrystallinity), or to a hange in the kinetis of the solid-solution proesses whih reg-ulate the onentration of ameriium(III). Due to the lak of haraterisation of thesolid phase and the short equilibration times in these experiments, is not possible toreah any de�nite onlusion from the data reported by Ewart et al.[86RAO/MAH℄Rao, V.K., Mahajan, G.R., Natarajan, P.R., Phosphate omplexation of ameriium(III),Radiohim. Ata, 40 (1986) 145{149.The authors studied the omplexation of ameriium(III) by phosphate using asolvent extration tehnique (dinonylnaphthalene sulphoni aid in benzene, and anaqueous phase ontaining 0.5 M NH+4 =H2PO�4 =ClO�4 ) at 30ÆC and pH = 2, 3, 7 and 8.The data was interpreted assuming the formation of AmH2PO2+4 and Am(HPO4)+.This review alulates [HiPO(i�3)4 ℄ from the tabulated [H3PO4℄TOT , using the seleteddissoiation onstants of phosphori aid extrapolated to 0.5 M NH4ClO4 with thespei� ion interation equations of Appendix B (log10Ki = �11:28; �6:53 and�1:81, at 30ÆC and I = 0:5 M). The distribution oeÆient data at pH = 2 and 3show that H2PO�4 is the omplexing ligand, and reanalysis of these data aordingto reation Am+3 +H2PO�4 *) AmH2PO2+4 (A.7)gives log10 �1(A:7) = (1:97� 0:43) whih is in agreement with the results of Rao et
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Figure A.7: Ameriium onentrations determined by Ewart et al. [86EWA/HOW,92EWA/SMI℄ in \onrete equilibrated water". The ontinuous urve shows thesolubility of Am(OH)3(r) alulated with the equilibrium onstants seleted by thisreview (f. Table III.2), and the dotted urves display the assoiated unertainty. Thelower diagram shows the alulated aidity ranges of predominane for eah Am(III)speies under the same onditions as the upper plot.

�12�10�8
�6�4

7 8 9 10 11 12 13
log10[Am℄TOT

� log10 aH+

33 33 33 3333 33 3333 3333 3333 3333

00:20:40:60:8
1

7 8 9 10 11 12 13Fration
� log10 aH+

Am3+ AmOH2+Am(OH)+2Am(OH)3(aq)AmCO+3) s=



290 Disussion of seleted referenesal. (f. Table V.15). This value, extrapolated to I = 0, is seleted in this review asdesribed in Setion V.6.2.1.1.The experimental data obtained at pH = 7 and 8 might be inaurate beausethe ativity of the aqueous phase was obtained from the di�erene of ativities inthe organi phase before and after equilibration. Sine Am3+ is known to be ab-sorbed on glass walls at neutral pH values [83CAC/CHO℄, the ameriium ativityin the aqueous phase obtained in this way may be inorret, resulting in erroneousdistribution oeÆients. The available experimental data indiate the presene ofa new omplex (AmHPO+4 or AmPO4(aq)) but are insuÆient to determine eitherits stoihiometry or its stability onstant. Thus, the value of log10 �1(AmHPO+4 ) re-ported by Rao, Mahajan and Natarajan (f. Table V.15) is disregarded by this review.[87CRO/EWA℄Cross, J.E., Ewart, F.T., Tweed, C.J., Thermohemial modelling with appliation to nu-lear waste proessing and disposal, Report AERE-R12324, UK Atomi Energy Authority,Harwell, UK, 1987, 45p.See omments under [86EWA/HOW℄.[87PER/LEB℄Perevalov, S.A., Lebedev, I.A., Myasoedov, B.F., Complex formation of Am(III) andAm(IV) with phosphate ions in aetonitrile solutions, Sov. Radiohem., 29 (1987) 572{577.Perevalov et al. [87PER/LEB℄ investigated the omplex formation of Am(III) inaetonitrile solutions ontaining 0.05 to 2.0 M H3PO4 using a spetrophotometritehnique. The spetral shift and the broadening of the 503 nm peak was interpretedby the formation of AmH2PO2+4 and Am(H2PO4)+2 in the organi solvent. The or-responding stability onstants are: log10 �1 = 12:0 and log10 �2 = 24:6. The stabilityonstants are many orders of magnitude larger than the ones obtained in aqueoussolutions.The authors investigated also the omplex formation of Am(IV) in the same non-aqueous media. The derease of the formal potential for the ouple Am(IV)/Am(III)with inreasing H3PO4 onentration was interpreted by the presene of the omplexAm(IV)(H2PO4)+3 , for whih the stability onstant was alulated to be:Am4+ + 3H2PO�4 *) Am(H2PO4)+3 log10 �3 = 46:4� 0:2These results obtained in aetonitrile solutions have an informative value, but willnot be inluded in this review.[87RAO/MAH℄Rao, V.K., Mahajan, G.R., Natarajan, P.R., Hydrolysis and arboxylate omplexation oftrivalent ameriium, Inorg. Chim. Ata, 128 (1987) 131{134.The authors investigated the omplexation of Am(III) with aetate and tartrateions in 0.5 M NaClO4 solutions at pH = 4 and pH = 8. Solvent extration with di-nonylnaphthalene sulphoni aid in benzene was used as the experimental tehnique.



Disussion of seleted referenes 291The tartrate (L2�) ions were onsidered to be the only omplexing agents in the sys-tem, even though almost equal onentrations of HL� and L2� are present at pH = 4,as alulated with the values of the dissoiation onstants of tartari aid, H2L, usedby the authors. Moreover, a disagreement exists between free ligand onentrationsestimated from total tartrate onentrations, and those used in the regression analysisof the experimental data (see Table 1 and Figure 2 of the original paper).The value of the �rst hydrolysis onstant, log �10 �1 = �(6:80 � 0:30) was derivedfrom the data for the tartrate system at pH = 8. However, by using the values ofthe omplexation onstants reported by Rao, Mahajan and Natarajan, the Am(III)speiation is alulated to be largely dominated by AmL2+ and AmL�2 at pH = 8 andat the relatively high onentrations of tartrate ions used throughout the experiments(from 5� 10�3 M to 8� 10�2 M). Therefore, the derived value of ��1 may only be anartifat of the urve �tting proedure.[88KIM/BUC℄Kim, J.I., Bukau, G., B�uppelmann, K., Klenze, R., Lierse, Ch., Stadler, S. Chemis-hes verhalten von Np, Pu und Am unter nat�urlihen aquatishen bedingungen. Hy-drolyse, arbonat-komplexierung, a-radiolyse, kolloidbildung, huminsto�-harakterisierungund speziation, Report RCM-00988, Inst. f�ur Radiohemie, Tehn. Univers. M�unhen,1988, 134p., in German.The information in this report on the hydrolysis of ameriium is also given in Refs.[88STA/KIM, 88STA/KIM2℄, see the omments in this Appendix on the orrespond-ing referenes. The results of Bernkopf and Kim on the arbonate omplexation ofAm(III) are also summarised in this report, f. the disussion of [84BER/KIM℄ inthis Appendix.[88RAO/MAH℄Rao, V.K., Mahajan, G.R., Natarajan, P.R., The thermodynamis of omplexation oftrivalent ameriium by phosphate and arbonate in neutral aqueous solutions, Lanthanideand Atinide Researh, 2 (1988) 347{361.Rao, Mahajan and Natarajan arried out solvent extration experiments as a fun-tion of temperature to investigate the Am(III) arbonate system at I = 0:5 MNaClO4, pH = 6 and 7. The results presented in Figures 3 and 4 of Ref. [88RAO/MAH℄were interpreted by Rao, Mahajan and Natarajan assuming the formation of theAmHCO2+3 omplex. This review uses the experimental data at 25ÆC, whih onsistsof the total arbonate onentrations, pH and distribution oeÆients [88RAO/MAH,Table 3℄, to hek the hemial model. The following values were used for the �rstand seond aidity onstants in the arbonate system,CO2�3 +H+ *)HCO�3 log10K1(I = 0:5 M) = 6:074�0:027CO2�3 + 2H+*)CO2(aq) + H2O(l) log10K2(I = 0:5 M)= 15:731�0:035Figure A.8 shows that the distribution oeÆients measured at di�erent pH values fallon the same urve (log10D versus log10[CO2�3 ℄) in ontradition with the alulationsand with the onlusions of Rao, Mahajan and Natarajan [88RAO/MAH, Figure 3℄.



292 Disussion of seleted referenesFigure A.8: Distribution oeÆients of Am(III), D, measured by Rao, Mahajan andNatarajan [88RAO/MAH℄ in aqueous solutions ontaining arbonate at I = 0:5 MNaClO4, pH = 6 and 7, and at 25ÆC.
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The points in Figure A.8 indiate the formation of ameriium arbonate omplexes(rather than biarbonate). As no solvent extration was measured in the absene ofligand in order to asertain the extration mehanism, it is not possible to determinethe stoihiometry of the predominant ameriium omplex in the aqueous phase, orits stability onstant. This review rejets the hemial model proposed by Rao,Mahajan and Natarajan and onsiders that the biarbonate omplex, AmHCO2+3 , isnot evidened by this experimental work.Rao, Mahajan and Natarajan also studied the temperature dependene of Am(III)omplexation by phosphate ions using a solvent extration tehnique at I = 0:5 MNH+4 =H2PO�4 =ClO�4 , pH = 2 and 7, and at temperatures of 10, 20 and 41ÆC. Theexperimental results were interpreted assuming the formation of AmH2PO2+4 andAmHPO+4 . These speies were previously suggested by Rao, Mahajan and Natara-jan in a previous study [86RAO/MAH℄. The reported equilibrium onstants are re-produed in Table V.15. The authors alulated enthalpy hanges from the vari-ation of the equilibrium onstants with temperature, and reported �rHm = 2:37and 1:34 kJ � mol�1 for the formation of AmH2PO2+4 and AmHPO+4 respetively.However, from the values of log10 �1 given in Table 2 of [88RAO/MAH℄, the values�rHm = (40� 18) and (24� 4) kJ �mol�1 are instead obtained for AmH2PO2+4 andAmHPO+4 respetively. There is no apparent reason for suh a large disrepany.The experimental data obtained at pH = 7 are not onsidered suÆient for thedetermination of either the stoihiometry or the stability onstant of the predom-inant ameriium speies at neutral pH (f. disussion of Ref. [86RAO/MAH℄ inthis Appendix), and therefore, the orresponding log10 �1(AmHPO+4 ) values (at 10and 20ÆC, Table V.15) are not aepted by this review. This review alulates



Disussion of seleted referenes 293[H2PO�4 ℄, from the tabulated [H3PO4℄TOT at pH =2 using the seleted dissoiationonstant of phosphori aid extrapolated to I = 0:5 M NH4ClO4 with the spei�ion interation equations in Appendix B (log10K3 = �1:71; �1:76 and �1:86, at10, 20 and 41ÆC, respetively). The variation of the distribution oeÆient vs.[H2PO�4 ℄ indiates the formation of AmH2PO2+4 (pH = 2 and 3). Reanalysis ofthese data gives log10 �1(A:7) = (1:74 � 0:30), (1:80 � 0:16), and (1:97 � 0:28) at10, 20 and 41ÆC, respetively. These equilibrium onstants and that obtained fromthe reevaluation of Ref. [86RAO/MAH℄ may be used to determine the enthalpy andentropy hanges from a weighted linear regression \ln�1(A.7) vs. 1=T (K�1)", yield-ing �rHm;1 = (14 � 6) kJ � mol�1 and �rSm;1 = (82 � 19) J � K�1 � mol�1 at 25Æand I = 0:5 M. Extrapolation of the equilibrium onstants to I = 0 with the aimof obtaining the reation enthalpy in standard onditions is not attempted beauseit would require the extra assumption that �" is onstant with temperature, intro-duing an error of unknown magnitude. Furthermore, the small variation of log10 �1with temperature is similar in value to the unertainty in the individual values of theequilibrium onstants.[88STA/KIM℄Stadler, S., Kim, J.I., Chemishes Verhalten von Ameriium in nat�urlihen w�assrigenL�osungen: Hydrolyse, Radiolyse und Redox-Reaktionen, Report RCM-01188, Institute f�urRadiohemie der Tehnishen Universit�at, M�unhen, 1988, 141p., in German.The authors investigated the pH dependene of Am(OH)3(s) solubility in the fol-lowing solutions at (25�0:5)ÆC: 0.1 M NaClO4 (f. Figures A.9 and A.3), 0.1 M NaCl,0.6 M NaCl, 3 M NaCl and 5 M NaClO4. The e�et of �-indued radiolysis on solu-bility was studied using di�erent total onentrations of 241Am. This is a reasonablyareful work, but no attempts were made to haraterise the solid phase. Preipi-tation of trivalent lanthanides with OH� from solutions ontaining Cl�, SO2�4 , NO�3was found to form basi salts of omposition depending both on the bulk anion on-entration and on the age of the system [61AKS/ERM, 70MIR/POL℄. It is possiblethat formation of mixed-anion preipitates might our also in the Am/H2O/NaClsystem studied by Stadler and Kim.The reported solubility produts are onordant with the value measured by Silva[82SIL℄ for 243Am(OH)3(r). It is unlear, however, if the same phase ontrols theameriium solubility in the two ases, beause of the markedly di�erent onditionsof preparation of the starting solids. Parallel shift of solubility urves ourred byinreasing total ameriium ativity, with no further hange above 44 MBq/ml. Assuggested by the authors, the higher values determined for the solubility produtprobably results from an inrease of available surfae area of the solid phase due toradiation damage.This review realulates hydrolysis onstants from the experimental data (plottedin Figures A.9 and A.3) in 0.1 M NaClO4 with low radiation e�et (� 3:7 MBq/ml).The experimental pH-values reported in [88STA/KIM, Table 7.3℄ are onverted tolog10[H+℄ values by introduing a orretion fator aounting for the liquid juntionpotential (measured by this review using the same experimental setup as Stadlerand Kim) and the value of the ativity oeÆient of H+ realulated for internal



294 Disussion of seleted referenesFigure A.9: Solubility measurements of Am(III) hydroxide in 0.1 M NaClO4 and25ÆC from Stadler and Kim [88STA/KIM℄. The ontinuous urve represents the sol-ubility values alulated with the set of equilibrium onstants re-estimated by thisreview from experimental data in Ref. [88STA/KIM℄ and the dotted urves show theassoiated unertainties.
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onsisteny with the equations given in Appendix B. The orretion found by thisreview is: � log10[H+℄ = (pHexp:�0:0522). The least-squares Marquardt omputationgives log �10Ks;0 = 15:5� 0:4log �10 �1 = �7:0� 0:4log �10 �2 = �15:1� 0:4log �10 �3 = �26:4� 0:5This review inreases the estimated unertainties beause of the sare informationavailable on the omposition of the solid phase. The thermodynami onstants arealulated using the �"n values reported in Setion V.3.2.4 obtaining log �10 �Æ1 =�(6:6� 0:4), log �10 �Æ2 = �(14:4� 0:4), log �10 �Æ3 = �(25:7� 0:5).The solubility measurements in 5 M NaClO4 are too few to derive reliable infor-mation on equilibrium onstants.Solubility experiments of Am(OH)3(s) in 3 M NaCl at 74 Bq/ml resulted in muhhigher ameriium onentrations, beause of radiolyti oxidation of Am(III) to Am(V).Stadler and Kim �tted these experimental data with a model assuming AmO+2 andAmO2OH(aq) as main soluble speies, and AmO2OH(s) as solubility-ontrolling solid



Disussion of seleted referenes 295phase. Although no haraterisation was made of the Am(OH)3(s) solid/liquid inter-fae where Am(III) oxidation to Am(V) should our, spetrophotometri evidene ofAm(V) speies in solution was reported. Aording to the alulated formation on-stant, log10 �1 = (1:7�0:6), only 2% of AmO2OH(aq) should be present in solution atpH = 13, the highest pH value investigated. This review onsiders the experimentalproedure not preise enough to obtain a reliable value of the hydrolysis onstantfor AmO2OH(aq). The order of magnitude of the solubility produt of AmO2OH(s)is in agreement with other studies on di�erent pentavalent atinides. The authorsreported the value of log10Ks;0 = �(9:3� 0:5) for the reationAmO2OH(s) *) AmO+2 +OH�: (A.8)Stadler and Kim mentioned an ioni strength e�et on pH measurements. It isnot lear, however, if these were orreted for the liquid juntion potential. If this isnot the ase, a displaement of the Am(V) solubility urve along the X-axis of about+0:7 pH units (as experimentally measured by this review) would our at 3 M NaCl.Least-squares �t of the orreted data with a model negleting AmO2OH(aq) wouldthen give log10Ks;0(A:8) = �(9:8� 0:5), i.e., log �10Ks;0 = (4:2� 0:5). Beause of thehigh onentration of Cl� ions, formation of mixed preipitates and soluble ameri-ium hloro omplexes may not be disregarded. However, no haraterisation of thesolid phase was reported, and therefore this solubility onstant for AmO2OH(s) isnot reommended by this review.[88STA/KIM2℄Stadler, S., Kim, J.I., Hydrolysis reations of Am(III) and Am(V), Radiohim. Ata,44/45 (1988) 39{44.This appears to be the same study reported as Ref. [88STA/KIM℄ where moreexperimental details are given.[89NIT/STA℄Nitshe, H., Standifer, E.M., Silva, R.J., Ameriium(III) arbonate omplexation in aque-ous perhlorate solution, Radiohim. Ata, 46 (1989) 185{189.The authors determined the formation onstant of AmCO+3 in 0.1 M NaClO4 so-lutions by absorption spetrophotometry [89NIT/STA℄. The shift in the absorptionband at 502.8 nm (to longer wavelength with inreasing [CO2�3 ℄) was analysed bya non-linear least-squares method to estimate the �rst stability onstant (�1). Byonduting the measurements at two di�erent CO2(g) partial pressures (0.1 and 1.0atm), it was possible to di�erentiate between arbonate and biarbonate omplexa-tion. No evidene was found for the existene of ameriium biarbonate omplexes.The authors applied the spei� ion interation equations (f. Appendix B) on theavailable literature data [82LUN, 84BER/KIM, 89ROB, 89NIT/STA℄ and extrap-olated the value of the equilibrium onstant to zero ioni strength. The resultslog10 �Æ1 = (8:16 � 0:10) and �" = �(0:11 � 0:07) kg � mol�1 are in agreement withseleted values in the present review.



296 Disussion of seleted referenes[89PAZ/KOC℄Pazukhin, E.M., Kohergin, S.M. Stability onstants of hydrolysed forms of ameriium(III)and solubility produt of its hydroxide, Sov. Radiohem., 31 (1989) 430{436.Pazukhim and Kohergin reported ameriium solubilities as a funtion of [H+℄ in3 M NaClO4 at (25� 0:5)ÆC. Most of the measurements were performed with 241Am,but some experiments were dupliated with 243Am. Contamination by atmospheriCO2(g) was prevented. The authors reported values for the formation onstants ofameriium hydroxo speies using a value for the ioni produt of water log10Kw =�14:0. On this basis we alulate the following values for the solubility and hydrolysisonstants at I = 3 M: log �10 �1 = �(6:40�0:11), log �10 �2 = �(13:40�0:16), log �10 �3 =�(20:30 � 0:17) and log �10Ks;0 = (14:60 � 0:11). Extrapolation to I = 0 usingthe spei� ion interation equations of Appendix B gives: log �10 �Æ1 = �(5:1 � 0:2),log �10 �Æ2 = �(12:1� 0:2), log �10 �Æ3 = �(19:2� 0:2) and log �10KÆs;0 = (13:1� 0:2).The most striking di�erene between the solubility urves reported by other authors[83RAI/STR, 82SIL, 84BER/KIM, 84KIM/BER, 88STA/KIM℄ and the experimentalresults of [89PAZ/KOC℄ is the muh higher solubility values reported in this work.This results in a very high value for log10(�Ks;0 � ��3), suggesting the presene ofa highly soluble Am(OH)3(s). However, this is in ontradition with the value oflog �10Ks;0 obtained in the regression analysis whih points to a solid of high rystal-linity. Indeed, the log �10Ks;0 is two orders of magnitude lower than that reported byother authors who arefully haraterised the solid phase.The method used by Pazukhin and Kohergin for the preparation of solidAm(OH)3(s) hanged with the pH-range. Moreover, no haraterisation of the solidwas made, the equilibration time was very short (1 to 2 hours), and the entrifuga-tion proedure used (10000 rpm during 25 min) may have not di�erentiated betweensmaller ameriium olloids and true dissolved ameriium speies. The onsequeneof this last onsideration would be a muh higher apparent solubility. Based on thesefators, the measurements reported by Pazukhin and Kohergin are disregarded inthis review.[89ROB℄Robouh, P., Contribution �a la pr�evision du omportement de l'am�eriium, du pluto-nium et du neptunium dans la g�eosph�ere; donn�ees himiques, Ph.D. thesis, presentedin Strasbourg, 13 Nov. 1987, Report CEA-R-5473, Commissariat �a l'Energie Atomique,Gif-sur-Yvette, Frane, 1989, 216p., partly in Frenh.The solubility of Am2(CO3)3(s) as a funtion of the onentration of arbonate insolution was studied at 3 M NaClO4 ioni strength and (20� 1)ÆC, f. Figure A.10.X-ray di�ration studies were made of the solid phase, and the solid was identi�ed asthe normal arbonate of ameriium(III) by analogy of the X-ray di�ration patternwith that of lanthanides. Two sets of experiments were performed: the �rst one withknown total arbonate onentration (3�10�4 � [CO2�3 ℄TOT � 1:0 M and� 7 � pH �10:5); the seond one under ontrolled CO2(g) partial pressure (pCO2 = 0:1; 0:3 and1:0 atm and 5:1 � pH � 7:8). The solubility data were analysed in terms of arbonateomplexes (Am(CO3)(3�2n)n n = 1; 2; 3) and a solubility produt for Am2(CO3)3(s).No evidene of Am(CO3)5�4 formation was found by spetrophotometry in the 0.1 to



Disussion of seleted referenes 297Figure A.10: Solubility measurements of Am(III) at 3 M NaClO4 and 20ÆC fromRobouh [89ROB℄. The diagram shows experimental points (Æ) obtained under on-trolled CO2(g) partial pressure (0.1, 0.3 and 1.0 atm) and data from bath experi-ments sampled after 10 and 20 weeks of equilibration time (3 and 2 respetively).The ontinuous urve represents the solubility of Am2(CO3)3(r) alulated with theset of equilibrium onstants re-estimated by this review from data in Ref. [89ROB℄,and the dotted urves show the assoiated unertainty.
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3.0 M Na2CO3 range, whih is in agreement with the observations of Shiloh et al. andBourges et al. (f. disussion of Refs. [69SHI/GIV, 83BOU/GUI℄ in this Appendix).The reported thermodynami onstants are presented in Table V.16.This review re-evaluates the experimental data as follows. The aid equilibriumonstants for the arbonate system given in Table IV.2 are extrapolated �rst to 20ÆCand then to 3.49 m NaClO4 (using however "-values valid at 25Æ) and onverted tomolar units:CO2�3 + 2H+*)CO2(g) + H2O(l) log10Kp;2(I = 3 M; 20ÆC) = 17:81�0:05CO2�3 + 2H+*)CO2(aq) + H2O(l) log10K2(I = 3 M; 20ÆC) = 16:21�0:05CO2�3 +H+ *)HCO�3 log10K1(I = 3 M; 20ÆC) = 9:62�0:04These equilibrium onstants di�er slightly from the values used by Robouh. There-fore the \pH" (= log10[H+℄) measurements reported in Tables 2a and 2b of [89ROB℄were adjusted to the di�erent log10[H+℄ values of the solutions used to alibratehis glass eletrode. These orreted values, were used with pCO2 (in bar units) or[CO2�3 ℄TOT data to obtain revised values of log10[CO2�3 ℄ whih are shown in Fig-



298 Disussion of seleted referenesure A.10. An unweighted least squares �tting of the data yielded the following equi-librium onstants (at I = 3:0 M): log10 �1 = (5:73 � 0:24), log10 �2 = (9:09 � 0:25),log10 �3 = (11:50� 0:18), and log10Ks;0 = �(15:27� 0:14) for reation:0:5Am2(CO3)3(r) *) Am3+ + 1:5CO2�3 : (V.36)These values, onverted to molal units, are extrapolated to zero ioni strength(using however the ion interation oeÆients in Appendix B whih are valid at 25ÆC).This yields: log10 �Æ1 = (7:80�0:32), log10 �Æ2 = (11:60�0:38), log10 �Æ3 = (12:88�0:42)and log10KÆs;0(V:36) = �(17:54� 0:24).There is however an alternative interpretation for the data obtained with the bathexperiments. The alulated partial pressures of CO2(g) in these solutions is ingeneral muh lower (8�10�3 bar in average) than in the experiments at onstant pCO2 .This would favor the transformation of Am2(CO3)3(s) into AmCO3OH(s) aordingto: 12Am2(CO3)3(s) + 12H2O(l) *) AmCO3OH(s) + 12CO2(g)as outlined by Vitorge [92VIT℄. Under the onditions studied by Robouh the solu-bilities of these two solids are of the same order of magnitude, and beause Robouhonly determined the nature of the solid phase by X-ray analysis on experiments atontrolled pCO2 , it is possible that the hydroxy-arbonate was present in the bathexperiments. If that is the ase, the solubility of ameriium at high values of [CO2�3 ℄should be desribed with the following reations:AmCO3OH(s) + H+ + CO2�3 *) Am(CO3)�2 (A.9)AmCO3OH(s) + H+ + 2CO2�3 *) Am(CO3)3�3 (A.10)(see also Ref. [94GIF℄). Figure A.11 shows that indeed the data obtained in the bathexperiments an be explained with the solubility of AmCO3OH(s). The values of theequilibrium onstants, Ks;i = (Ks;0(V:33)�KH2O� �i), used to draw the ontinuousurve in Figure A.11 orrespond to 3.33 and 6.23 at I = 0 for reations (A.9) and(A.10). These values are similar to the equilibrium onstants obtained from the datain Refs. [85SIL, 90FEL/RAI℄, but di�er from the values given in Refs. [84BER/KIM,92RUN/MEI℄.As the data obtained by Robouh [89ROB℄ in bath experiments (log10[CO2�3 ℄ ��3:5) an equally well be desribed with the solubility of both Am2(CO3)3(s) andAmCO3OH(s), only the equilibrium onstants unequivoally resulting from the mea-surements at onstant pCO2 , i.e. log10 �Æ1 and log10KÆs;0(V:36), are used in the seletionproedure desribed in Setions V.7.1.2.1.a and V.7.1.2.2.b.Robouh mentioned [89ROB, pp.57{58℄ that the solid ameriium arbonate in on-tat for more than 8 months with solutions ontaining [Na2CO3℄� 1 M was onvertedto NaAm(CO3)2(r). However, it is not lear for whih experimental points [89ROB,Table 2b, page 60℄ the X-ray di�ration pattern was obtained. Furthermore, the re-ported solubilities are too few to permit an aurate determination of the solubility



Disussion of seleted referenes 299Figure A.11: Ameriium(III) solubility measurements at 3 M NaClO4 and 20ÆCfrom Robouh [89ROB℄. The diagram shows only experimental data from bathexperiments sampled after 10 and 20 weeks of equilibration time (3 and 2 re-spetively). The urve shows the values alulated assuming equilibrium withAmCO3OH(s) and the following equilibrium onstants: log10Ks;2(A:9) = 2:79 andlog10Ks;3(A:10) = 6:82.
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produt for this mixed-arbonate ompound.[89ROS/REI℄R�osh, F., Reimann, T., Buklanov, G.V., Milanov, M., Khalkin, V.A., Dreyer, R., Eletro-migration of arrier-free radionulides. 13. Ion mobilities and hydrolysis of 241Am-Am(III)in aqueous inert eletrolytes, J. Radioanal. Nul. Chem., 134 (1989) 109{128.R�osh et al. present an eletromigration study of 241Am at [ClO�4 ℄ = 0:1 M and25ÆC. The eletromigration method used does not su�er from the possible artifatsof other eletromigration methods using solid stationary phases (see onsiderationsunder Refs. [69MAR/KIK, 72SHA/STE, 73KOR2℄ in this Appendix). The ion mo-bilities of the ameriium(III) aqua ion were found to be pH-dependent even in theaidi pH region where Am(III) hydrolysis does not our. The authors proposed ahange in the hydration sphere to explain these observations. On the other hand,they assumed that this e�et was negligible in the pH range 5.5 { 7.9, and asribedonly to hydrolysis the observed variations in the overall ameriium mobility. Thesedata were �tted with a model assuming the presene of Am3+ and AmOH2+ only, ob-taining a value of log �10 �1 = �(6:9� 0:2). No attempts were made to test alternativehydrolysis shemes. A dramati drop of the overall ameriium mobility was observedabove pH = 9. This was interpreted as the formation of the hydroxide Am(OH)3, and



300 Disussion of seleted referenesa value of log �10 �3 = �(23:8� 0:9) was reported. It is not lear how this alulationwas made. No indiation was given on the nature of this hydroxide, either solid or asoluble speies. Indeed the experiments were made by injeting 1 { 2 �l of an am-eriium stok solution into the starting position of the migration tube, but no dataare given on the total ameriium onentration involved. We expet that to opewith detetion limits, quite high ameriium onentrations were used, and thereforeloal preipitation may have ourred. R�osh et al. also proposed an upper limitlog �10 K4 � �12:9 for the fourth hydrolysis omplex, even though no experimentalevidene for this omplex was found.Based on the above onsiderations the data of R�osh et al. [89ROS/REI℄ have notbeen redited by this review.[90FEL/RAI℄Felmy, A.R., Rai, D., Fulton, R.W., The solubility of AmOHCO3() and the aqueousthermodynamis of the system Na+{Am3+{HCO�3 {CO2�3 {OH�{H2O, Radiohim. Ata,50 (1990) 193{204.Felmy, Rai and Fulton investigated the solubility of 243Am in arbonate media overwide ranges of CO2�3 /HCO�3 onentrations and pH values:� at pCO2 = 0:001 atm and 5:2 < pH < 9:3� at 10:6 < pH < 11:3 and 0:03 <[Na2CO3℄ < 0:1 M� at 11:7 < pH < 13:0 and [Na2CO3℄ = 0.07 M.The ioni strength of the solutions was not kept onstant. Although the temper-ature at whih the experiments were performed was not mentioned by Felmy, Raiand Fulton, this review assumes it to be lose to 25ÆC. The authors presented X-raypattern similar to the one presented by Silva and Nitshe [84SIL/NIT℄ and identi�edthe preipitate as AmCO3OH(s). The solubility data were then interpreted assumingthe formation of Am(CO3)(3�2i)i (i = 1, 2, 3) omplexes, whih is in agreement withother experimental observations (f. Setion V.7.1.2.1). Felmy, Rai and Fulton usedthe Pitzer virial oeÆient approah [79PIT℄ together with a nonlinear least-squarestehnique to alulate standard equilibrium onstants (f. Table V.16). The authorsdid not inlude their solubility results at pH � 6:5 in the least-squares �t, beausethey suspeted that the solutions were undersaturated. These experimental pointswere instead replaed with the solubility results of Silva and Nitshe [84SIL/NIT,85SIL℄. If only solubility measurements at pH > 6:5 are onsidered, it is only possibleto obtain values for the equilibrium onstants involving the predominant aqueousameriium omplexes in this pH range. Assuming, as Felmy, Rai and Fulton did,that Am(CO3)(3�2i)i (i = 1, 2, 3) are the predominant omplexes, it is possible to usereations like:AmCO3OH(r) + H++(i� 1)CO2�3 *) Am(CO3)(3�2i)i +H2O(l) (A.11)



Disussion of seleted referenes 301or: AmCO3OH(r) + (i� 2)H2O(l) + (i� 1)CO2(g)*) Am(CO3)(3�2i)i + (2i� 3)H+et., to �t the data at pH > 6:5. This review digitises the solubilities at �xed pCO2(onverted from atm to bar units) [90FEL/RAI, Figure 8℄ and at varying onentra-tions of Na2CO3 for 78 day equilibration [90FEL/RAI, Figure 9 and Table 1℄, and per-forms a least-squares �t of these solubilities, all of them measured at 6:5 < pH < 11.The measurements on 0.07 M Na2CO3 solutions with added NaOH [90FEL/RAI, Fig-ure 5℄ at 11:7 � pH � 13:0 were not inluded in our re-evaluation beause not enoughexperimental details are provided in the publiation. The �tting proedure involvedthe alulation of [H+℄ from reported pH-values, and of the ioni strength and theativity oeÆients (using the spei� ion interation equations in Appendix B) by aniteration proedure. Owing to the low ioni strengths of these solutions, the resultsof the alulations are not sensitive to the method used to obtain single ion ativityoeÆients. The alulations show that a systemati error of �0:05 in the pH-values,for example from juntion potentials, would result in errors between �0:05 and �0:1in the �tted equilibrium onstants.Our alulations yield values for log �10KÆs;i(A.11) of �(0:8 � 0:2), (3:7 � 0:4) and(6:4 � 0:5) for i = 1, 2 and 3 respetively. These values an be ompared withthose alulated from the equilibrium onstants reported by Felmy, Rai and Fulton[90FEL/RAI℄: �0:9, 3.8 and 6.7 respetively. The experimental data at onstantpCO2 for pH > 6:5 are ompared in Figure A.12 with the omputed solubilities.Combining the realulated values with log10KÆs;0(V:33) = �(22:3 � 0:3), from thereinterpretation of the experiments reported by Silva [85SIL℄, and the ioni produtof water results in log10 �Æ1 = (7:5 � 0:4), log10 �Æ2 = (12:0 � 0:5) and log10 �Æ3 =(14:7 � 0:5). It should be noted that while the onstants for the �rst and seondomplex agree with the values reported by Felmy, Rai and Fulton: 7.6 and 12.3respetively, there is some disrepany between the value of �Æ3 given by Felmy, Raiand Fulton (15.2) and our results. This di�erene arises from the fat that themeasurements in 0.07 M Na2CO3 at 11:7 � pH � 13:0 ould not be inluded inour evaluation. Therefore, the equilibrium onstants at I = 0 for the formation ofAmCO+3 , Am(CO3)�2 and Am(CO3)3�3 reported by Felmy, Rai and Fulton are inludedin the seletion proedure of Setion V.7.1.2.1.a with the unertainties obtained inour realulation.On the basis of the solubility data above pH = 12.5, Rai et al. revised the upperlimit proposed in a former paper [83RAI/STR℄ for the Am(OH)3(aq) omplex, f.Table V.4.[90PER/SAP℄Pershin, A.S., Sapozhnikova, T.V., Hydrolysis of Am(III), J. Radioanal. Nul. Chem., 143(1990) 455{462.The authors performed two potentiometri titrations. No information was given onioni strength or temperature for the pH measurements. The solubility produt was



302 Disussion of seleted referenesFigure A.12: Solubility measurements of AmCO3OH(r) from Felmy, Rai and Ful-ton [90FEL/RAI℄ at pCO2 = 0:001 atm. The ontinuous urve represents the valuesalulated with the set of equilibrium onstants re-evaluated by this review fromexperimental data in [90FEL/RAI℄, and the dotted urves show the assoiated un-ertainty.
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derived from a jump on the titration urves assoiated by the authors to the onset ofpreipitation. Pershin and Sapozhnikova report the following value for the solubilityprodut: log �10Ks;0 = �27:3. For lak of information on how the experiments wereonduted this onstant is disregarded in this review.[90ROS/REI℄R�osh, F., Reimann, T., Buklanov, V., Milanov, M., Khalkin, V.A., Dreyer, R., Eletro-migration of arrier-free radionulides. XIV. Complex formation of 241Am{Am(III) withoxalate and sulphate in aqueous solution, J. Radioanl. Nul. Chem., 140 (1990) 159{169.R�osh et al. [90ROS/REI℄ investigated the formation of ameriium sulphato om-plexes using an eletromigration tehnique at 298.15 K and I = 0:1 M, in HClO4/-Na2SO4 (pH = 2.8) and NaClO4/Na2SO4 (pH = 5.5) media. The derease of the am-eriium mobility with inreasing [SO2�4 ℄ was interpreted by the formation of AmSO+4as the predominant speies. The orresponding stability onstant was found to belog10 �1 = (2:5�0:3), and this value is used in the seletion proedure desribed in Se-tion V.5.1.2.1. Extrapolation to I = 0 (f. Appendix B) yields log10 �Æ1 = (3:8� 0:6).This review onsiders that the experimental data presented by R�osh et al. are insuf-�ient to prove the existene of Am(SO4)�2 , and therefore rejets the reported valueof log10K2.



Disussion of seleted referenes 303[90TAN℄Tananaev, I.G., Hydroxides of pentavalent ameriium, Sov. Radiohem., 32 (1990) 305{307.The proedure for the synthesis and the X-ray haraterisation of several dou-ble hydroxides of ameriium(V) (MAmO2(OH)2 � xH2O(r), M = Li, Na, K; andM2AmO2(OH)3 � xH2O(r), M = Na, K) were reported in this paper. The existeneof these solid phases was taken as an evidene for the presene in basi media of theorresponding aqueous Am(V) hydroxo omplexes. No values for equilibrium on-stants were reported.[90TAN2℄Tananaev, I.G., Forms of Np(V) and Am(V) in basi aqueous media, Sov. Radiohem.,32 (1990) 476{479.From spetrophotometri measurements Tananaev onluded that in alkaline so-lutions of Am(V), the dominant hydroxo omplexes are AmO2(OH)1�nn , with n =1 : : : 4. No values for the equilibrium onstants are reported in this work.[91MEI/KIM℄Meinrath, G., Kim, J.I., The arbonate omplexation of the Am(III) ion, Radiohim. Ata,52/53 (1991) 29{34.The authors investigated the ameriium omplexation in arbonate media, per-forming solubility and spetrosopi experiments. The data were olleted in a ionimedia of 0.1 M NaClO4 (at 6 � pH < 8) and 0.3 M NaClO4 (at 8 < pH < 9), under aontrolled CO2(g) partial pressure (pCO2 = 0:01 atm), and at 25ÆC [91MEI/KIM, Ta-ble 4℄, f. Figure A.13. The results were interpreted by the formation of AmCO+3 andAm(CO3)�2 . The preipitate, analysed by X-ray di�ration, thermogravimetry anddi�erential thermal analysis, was haraterised as Am2(CO3)3(r). The equilibriumonstant, for the reationCO2(g) + H2O(l) *) 2H+ + CO2�3 ; (A.12)was experimentally determined in 0.1 M NaClO4 as log10K = �(17:62� 0:10). Forthis very simple equilibrium the unertainty at the 95% level (�0:2 log10-units) seemsto be onsiderable, and may indiate that the eletrode measurements perhaps werenot very aurate.The spetrophotometri and photoaousti results are essentially based on fourspetra measured in arbonate media. The seond formation onstant, determinedonly from one spetrum at pH = 8.7 in ombination with the solubility results, isto be disregarded due to insuÆient auray of the olleted data. The value oflog10 �1(0:1 M) = (6:48� 0:03) determined spetrophotometrially is in good agree-ment with previous results by Nitshe, Standifer and Silva [89NIT/STA℄ and is se-leted by this review.The solubilities presented in Figure 3 or Ref. [91MEI/KIM℄ were digitised by thisreview, and the data were re-analysed as follows. Ativity oeÆient orretions,



304 Disussion of seleted referenesFigure A.13: Solubility measurements of Am2(CO3)3(r) from Meinrath and Kim[91MEI/KIM℄ at 0.1 M NaClO4 and pH < 8 (2) and 0.3 M NaClO4 and pH � 8(3), and at pCO2 = 0:01 atm and 25ÆC. The ontinuous urve represents the valuesalulated with the set of equilibrium onstants determined by Meinrath and Kim[91MEI/KIM℄, and the dotted urves show the assoiated unertainty.
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using the spei� ion interation equations of Appendix B, were used to obtain [H+℄from the reported pH-values and to alulate ameriium(III)-arbonate equilibriumonstants at I = 0:3 M (for the points at pH > 8) from the �tted equilibriumonstants at I = 0:1 M. The reported value of pCO2 was onverted from atm to barunits, and then used to alulate values of [CO2�3 ℄ using log10K(A:12) = �17:53 and�17:28 at I = 0:1 and 0:3 M respetively (experimental points at pH < 8 and > 8).The alulations show that a systemati error of �0:05 in the pH-values, for examplefrom juntion potentials, would result in errors between �0:1 and �0:2 in the �ttedequilibrium onstants.Our least-squares �tting yields the following values at I = 0:1 M NaClO4: log10 �1 =(6:1� 0:3), log10 �2 = (9:5� 0:3), and log10Ks;0 = �(15:0� 0:2), where the solubilityonstant refers to the reation:0:5Am2(CO3)3(r) *) Am3+ + 1:5CO2�3 : (V:36)These values are in agreement with the ones reported by Meinrath and Kim (f.Table V.16) whih are onsequently inluded in the seletion proedure desribed inSetion V.7.1.2. The omplexation onstants (solubility method) and the solubilityproduts (solubility and spetrophotometri methods) given by Meinrath and Kim



Disussion of seleted referenes 305are onverted to molal units and extrapolated to I = 0 with the spei� ion intera-tion model of Appendix B to yield: log10 �Æ1 = (7:26� 0:30) log10 �Æ2 = (11:29� 0:47),log10KÆs;0(V:36) = �(16:54� 0:18) and �(16:45� 0:10) (solubility and spetrometryexperiments, respetively).[91MEI/KIM2℄Meinrath, G., Kim, J.I., Solubility produts of di�erent Am(III) and Nd(III) arbonates,Eur. J. Solid State Inorg. Chem., 28 (1991) 383{388.Meinrath and Kim investigated the formation of Am2(CO3)3(s), NdCO3OH(s) andNd2(CO3)3(s) under di�erent CO2(g) partial pressures in the pH range of 4.1 to 6.2 at(22�1)ÆC. The hemial omposition of the Nd(III) preipitates were haraterised byX-ray di�ration measurements, FTIR spetrosopy and thermogravimetry togetherwith di�erential thermal analysis.Nd2(CO3)3(s) was found to be formed at pCO2 � 0:01 atm, while at pCO2 = 0:031%(i.e. atmospheri onditions) the Nd preipitate appears to be at �rst a mixture ofNd2(CO3)3(s) and NdCO3OH(s), with a steady inrease of the amount of the hydroxyarbonate solid with time.The solubility of 241Am(III), obtained for pCO2 = 1% and 100%, were interpretedassuming | by analogy | the formation of Am2(CO3)3(s). The equilibrium on-stant for the reation CO2(g) + H2O(l) *) 2H+ + CO2�3 , was experimentally deter-mined in 0.1 M NaClO4 as log10K = �(17:62 � 0:07), and used by Meinrath andKim for the data treatment. There are no graphs or tables in the paper present-ing the experimental measurements on ameriium, and therefore it is not possibleto judge the unertainty in the results. The solubility produt reported by Mein-rath and Kim (f. Table V.16) onverted to molal units, is extrapolated to zeroioni strength using the spei� ion interation equations (f. Appendix B) yieldinglog10KÆs;0(V:36) = �(16:38� 0:10) (f. Setion V.7.1.2.2).[91VIT/TRA℄Vitorge, P., Tran The, P., Solubility limits of radionulides in interstitial water { Ameriiumin ement. Task 3 { Charaterization of radioative waste forms. A series of �nalreports (1985{89) { No. 34, Report EUR 13664, 1991, Commission of the EuropeanCommunities, Luxembourg, 39p.Vitorge and Tran The investigated the solubility of 241Am in ement leahates andin KOH solutions of variable onentration (0 < [KOH℄ < 10 M) in the presene of0.04 M Ca(OH)2(s). No preautions were taken to avoid ontat with atmospheriCO2(g), even though the addition of Ca(OH)2(s) was ontributing to the removalof dissolved CO2 by preipitation of solid alium arbonate. The measurement ofameriium onentrations in the supernatant showed that equilibrium was attained inabout 100 days. No haraterisation of the solubility limiting solid phase was made.Inorporation of ameriium(III) in preipitating CaCO3(s) might have also ourred.The temperature of the solubility experiments is not mentioned in [91VIT/TRA℄.The solubility of ameriium in alkaline solutions in the presene of exess Ca(OH)2(s)was found to be in agreement with the values given by Bernkopf and Kim [84BER/KIM℄,Ewart et al. [86EWA/HOW℄ and Stadler and Kim [88STA/KIM℄. Vitorge and Tran The



306 Disussion of seleted referenesreported log10Ks;3 = �11:1 for reation:Am(OH)3(s) *) Am(OH)3(aq) (A.13)This is in agreement with the equilibrium onstant seleted in this review (f. Ta-ble III.2) for rystalline ameriium hydroxide, i.e. log10KÆs;3 = �(10:5 � 0:8) (ionistrength e�ets are negligible for reation (A.13) whih does not involve hargedaqueous speies).The observed inrease in ameriium onentration with inreasing onentrationof KOH was interpreted assuming the formation of Am(OH)�4 :Am(OH)3(aq) + OH� *) Am(OH)�4with log10K4 = �0:2. This value, however, is disregarded beause of variations inioni strength and the lak of haraterisation of the solid phase.[92EWA/SMI℄Ewart, F.T., Smith-Briggs, J.L., Thomason, H.P., Williams, S.J., The solubility of a-tinides in a ementitious near-�eld environment, Waste Management, 12 (1992) 241{252.See omments under [86EWA/HOW℄.[92RAI/FEL℄Rai, D., Felmy, A.R., Fulton, R.W., Solubility and ion ativity produt of AmPO4 �xH2O(am), Radiohim. Ata, 56 (1992) 7{14.Rai, Felmy and Fulton investigated the ameriium solubility in phosphate media,from over- and under-saturation, for phosphate onentrations ranging from 10�3 to10�5:2 M.A pink ameriium phosphate solid was prepared by adding 5 mg 243Am in a stoksolution to 30 ml of 0.1 M NaH2PO4 (pH = 4.5). After a few days of equilibration,the preipitate was �ltered, washed, suspended in deaerated water samples (the pHwas varied in the range 3 to 1 by adding HCl), and shaken ontinuously for 50 days.243Am was then added to half of the bathes to inrease the ameriium onentrationin the solution (i.e. oversaturation). The samples were shaken again and analysedafter di�erent equilibration times.Chemial and X-ray di�ration analysis show the presene of an amorphous amer-iium phosphate solid: AmPO4 �xH2O(am). The solubility data may be summarisedas follows:� at pH � 3, the ameriium onentration is very low (� 10�9 M) and lose to theanalytial detetion limit of the equipment used by the authors. No reliableinformation on the omplex formation an be therefore obtained in this pHregion.� at 2 < pH � 3 the ameriium onentration dereases by two orders of magni-tude with one pH unit. This is in disagreement with the expeted trend. Aninspetion of Table 5 in [92RAI/FEL℄ shows that phosphate onentrations aresystematially larger than the orresponding ameriium solubilities in the pHrange � 2 to � 3. There is no lear reason for this imbalane.



Disussion of seleted referenes 307Figure A.14: Solubility measurements of AmPO4 �xH2O(am) from Rai, Felmy andFulton [92RAI/FEL℄ (at 21 days, 2, and 86 days, Æ, equilibration time). The on-tinuous urve represents the values alulated with the solubility produt reportedin [92RAI/FEL℄ (i.e. log10KÆs;0 = �24:79) in ombination with the seleted aidityonstants for phosphori aid given in Table IV.2 and the spei� ion interationequations in Appendix B. The dotted urves show the alulated unertainty on thesolubility when the unertainty in the value of log10KÆs;0 is set to �0:6.
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The authors used both Davies equation [62DAV℄ and the Pitzer virial oeÆientapproah [73PIT, 79PIT℄ to alulate the standard solubility produt:AmPO4 �xH2O(am) *) Am3+ + PO3�4 +xH2O(l)log10KÆs;0 = �24:79� 0:18:The temperature was not mentioned by Rai, Felmy and Fulton, but this reviewassumes it to be lose to 25ÆC.A plot of the produt of the ameriium and phosphate solubilities measured by Rai,Felmy and Fulton [92RAI/FEL, Table 5℄ vs. the orresponding aidities [92RAI/FEL,Table 1℄, is ompared in Figure A.14 with the orresponding alulated values.[92RUN/MEI℄Runde, W., Meinrath, G., Kim, J.I., A study of solid-liquid phase equilibria of trivalentlanthanide and atinide ions in arbonate systems, Radiohim. Ata, 58/59 (1992) 93{100.Runde, Meinrath and Kim investigated the solubility of 241Am in arbonate mediaat 0.1 M NaClO4 and (25:0�0:2)ÆC using the methodology desribed in [91MEI/KIM℄.



308 Disussion of seleted referenesThe results are interpreted assuming the formation of Am2(CO3)3(s) (at pCO2 >0:01 atm), and AmCO3OH(s) (at pCO2 = 3 � 10�4 atm). There are no graphs ortables in the paper presenting the experimental measurements on ameriium, andtherefore it is not possible to judge the unertainty in the results. The solubilityproduts reported by Runde, Meinrath and Kim, presented in Table V.16, are on-verted to molal units and extrapolated to zero ioni strength using the spei� ioninteration equations (f. Appendix B) yielding log10KÆs;0(V:33) = �(20:18 � 0:24)and log10KÆs;0(V:36) = �(16:32� 0:18) (f. Setion V.7.1.2.2).[92VIT℄Vitorge, P., Am(OH)3(s), AmOHCO3(s) and Am2(CO3)3(s) stabilities in environmentalonditions, Radiohim. Ata, 58/59 (1992) 105{107.The author desribes the equilibria between the ameriium solids present in thewater-biarbonate-arbonate system, as follows:Am(OH)3(s) + CO2(g) *) AmCO3OH(s) + H2O(l)AmCO3OH(s) + 12CO2(g) *) 12Am2(CO3)3(s) + 12H2O(l)By ombining the aid onstants of H2CO3(aq) and the solubility produts of thedi�erent solids, Vitorge onludes that Am2(CO3)3(s) is stable at pCO2 > 0:1 atm,while at pCO2 � 10�13 atm the solid that preipitates is Am(OH)3(s), and themixed solid AmCO3OH(s) should be predominant under atmospheri onditions(pCO2 � 0:001 atm). These thermodynami onsiderations are in good agreementwith experimental evidene as well as with the alulations performed in this review(f. Setion V.7.1.2.2).[93GIF/VIT℄yGi�aut, E., Vitorge, P. Evidene of radiolyti oxidation of 241Am in Na+ / Cl� / HCO�3 /CO2�3 media, Si. Basis Nul. Waste Management XVI (Interrante, C.G., Pabalan, R.T.,eds.), Mat. Res. So. Symp. Pro., 294 (1993) 747{751.Gi�aut and Vitorge measured ameriium onentrations in 0.1 and 4 M NaClsolutions with added Am2(CO3)3(r). The solutions ontained known amounts ofy Additional experimental details and data are given in a dotoral thesis [94GIF℄ published afterthis volume had been sent for independent peer-reviewing.In his thesis, Gi�aut laims that the Am(III) solid phase in his experiments, performed at pCO2 <10�2 atm, was in fat AmCO3OH(s) instead of Am2(CO3)3(s) as stated in [93GIF/VIT℄. Owingto this, the results at 21ÆC for the Am(III) system reported in Gi�aut's thesis (log10 �Æ1 = 8:9,log10 �Æ2 = 13:5, log10 �Æ3 = 14:8 and log10KÆs;0(V:33) = �22:5) [94GIF, pp. 155 and 159℄ di�eronsiderably from the equilibrium onstants given in [93GIF/VIT℄. But the values reported forAm(V) [94GIF, p.147℄ do not di�er signi�antly from the the equilibrium onstants in [93GIF/VIT℄.Gi�aut extrapolated the equilibrium onstants for Am(V) to I = 0, obtaining: log10 �Æn = 4:7, 7.0and 5.6 for AmO2(CO3)1�2nn with n = 1 to 3, and log10KÆs;0(NaAmO2CO3(s)) = �11:4 [94GIF,p.148℄.This work also presents ameriium solubility urves in 4 M NaCl and reduing onditions in thetemperature range 20 to 70ÆC. Gi�aut interpreted these experimental data assuming the formationof either AmCO3OH(s) or NaAm(CO3)2(s).



Disussion of seleted referenes 309total sodium arbonate/biarbonate. Free arbonate onentrations were alulatedfrom glass eletrode measurements of log10 [H+℄. All measurements were performedat 21ÆC, exept for a few 4 M NaCl solutions whih were equilibrated at 70ÆC.Higher solubilities in onentrated hloride media were interpreted as the radiolytioxidation of Am(III) to Am(V). This was onsistent with the fat that addition ofmetalli iron, whih imposed reduing onditions, resulted in solubilities at 4 M NaClsimilar to the solubilities in 0.1 M NaCl media. This also showed that, in 4 M NaCl,hloride omplex formation was negligible ompared with arbonate omplexing. Theresults in 4 M NaCl media were interpreted with the formation of AmO2CO�3 andAmO2(CO3)3�2 in equilibrium with NaAmO2CO3(s), while in dilute hloride mediathe formation of Am(CO3)(3�2n)n (n = 1 to 3) and Am2(CO3)3(s) was assumed, f.Table V.16 and Setion V.7.1.2.1.d.The equilibrium onstants are extrapolated here to I = 0 with the spei� ioninteration equations of Appendix B, and the unertainties are adjusted to a 95% levelassuming that the reported unertainties are ��. The results for the ameriium(III)system in 0.1 M NaCl give (assuming that hloride omplex formation is negligibleand that "(Am3+;Cl�) � "(Am3+;ClO�4 ), et.): log10 �Æ1 = (9:0�0:4), log10 �Æ2 = (12:9�0:4),log10 �Æ3 = (14:1 � 0:5) and log10KÆs;0(V:36) = �(18:7 � 0:3). The extrapolation ofthe ameriium(V) results in 4 M NaCl to I = 0 is performed using the �"n valuesfor the analogous neptunium(V) system [86GRE/ROB℄, again assuming that theomplex formation between AmO+2 and Cl� is negligible, even in these onentratedhloride solutions. These assumptions yield: log10 �Æ1(AmO2CO�3 ) = (4:6 � 0:7),log10 �Æ2(AmO2(CO3)3�2 ) = (7:3 � 0:8), and log10KÆs;0 = �(11:0 � 0:6), where thesolubility onstant refers to reation:NaAmO2CO3(s) *) Na+ +AmO+2 + CO2�3However, no solid phase haraterisation is reported in [93GIF/VIT℄, and no ex-perimental details are given whih would allow the estimation of pCO2. Due to lak ofinformation, the equilibrium onstants reported in [93GIF/VIT℄ an not be reditedin this review.





Appendix BIoni strength orretionsyThermodynami data always refer to a seleted standard state. The de�nition givenby IUPAC [82LAF℄ is adopted in this review as outlined in Setion II.3.1. Aordingto this de�nition, the standard state for a solute B in a solution is a hypothetialsolution, at the standard state pressure, in whih mB = mÆ = 1mol � kg�1, and inwhih the ativity oeÆient B is unity. However, for many reations, measurementsannot be made aurately (or at all) in dilute solutions from whih the neessaryextrapolation to the standard state would be simple. This is invariably the ase forreations involving ions of high harge. Preise thermodynami information for thesesystems an only be obtained in the presene of an inert eletrolyte of suÆientlyhigh onentration, ensuring that ativity fators are reasonably onstant throughoutthe measurements. This appendix desribes and illustrates the method used in thisreview for the extrapolation of experimental equilibrium data to zero ioni strength.The ativity fators of all the speies partiipating in reations in high ionistrength media must be estimated in order to redue the thermodynami data ob-tained from the experiment to the standard state (I = 0). Two alternative methodsan be used to desribe the ioni medium dependene of equilibrium onstants:� One method takes into aount the individual harateristis of the ioni me-dia by using a medium dependent expression for the ativity oeÆients of thespeies involved in the equilibrium reations. The medium dependene is de-sribed by virial or ion interation oeÆients as used in the Pitzer equationsand in the spei� ion interation theory.� The other method uses an extended Debye-H�ukel expression in whih the a-tivity oeÆients of reatants and produts depend only on the ioni hargeand the ioni strength, but it aounts for the medium spei� properties byintroduing ioni pairing between the medium ions and the speies involved iny This Appendix ontains essentially the text written by Grenthe and Wanner [92GRE/WAN℄whih was also printed in the uranium NEA{TDB review as Appendix B [92GRE/FUG℄. Theequations presented here are an essential part to the review proedure and are required to usethe seleted thermodynami values. Main di�erenes between this Appendix and the one inGrenthe et al. [92GRE/FUG℄ are: Table B.1, Eq. (B.11) and Setions B.1.2 and B.1.4. Theontents of Tables B.3 and B.4 has also been revised.311



312 Ioni strength orretionsthe equilibrium reations. Earlier, this approah has been used extensively inmarine hemistry, f. Refs. [79JOH/PYT, 79MIL, 79PYT, 79WHI℄.The ativity fator estimates are thus based on the use of Debye-H�ukel type equa-tions. The \extended" Debye-H�ukel equations are either in the form of spei� ioninteration methods or the Davies equation [62DAV℄. However, the Davies equationshould in general not be used at ioni strengths larger than 0.1 mol�kg�1. The methodpreferred in the NEA Thermohemial Data Base review is a medium-dependent ex-pression for the ativity oeÆients, whih is the spei� ion interation theory inthe form of the Br�nsted-Guggenheim-Sathard approah. Other forms of spei�ion interation methods (the Pitzer and Brewer \B-method" [61LEW/RAN℄ and thePitzer virial oeÆient method [79PIT℄) are desribed in the NEA Guidelines for theextrapolation to zero ioni strength [92GRE/WAN℄.The spei� ion interation methods are reliable for interomparison of experimen-tal data in a given onentration range. In many ases this inludes data at ratherlow ioni strengths, I = 0:01 to 0.1 M, f. Figure B.1, while in other ases, notablyfor ations of high harge (� +4 and � �4), the lowest available ioni strength isoften 0.2 M or higher, see for example Figures V.12 and V.13 in [92GRE/FUG℄. It isreasonable to assume that the extrapolated equilibrium onstants at I = 0 are morepreise in the former than in the latter ases. The extrapolation error is omposed oftwo parts, one due to experimental errors, the other due to model errors. The modelerrors seem to be rather small for many systems, less than 0.1 units in log10KÆ. Forreations involving ions of high harge, whih are extensively hydrolysed, one annotperform experiments at low ioni strengths. Hene, it is impossible to estimate theextrapolation error. This is true for all methods used to estimate ativity orretions.Systemati model errors of this type are not inluded in the unertainties assignedto the seleted data in this review.It should be emphasised that the spei� ion interation model is approximate.Modifying it, for example by introduing the equations suggested by Ciavatta [90CIA,Eqs. (8{10)℄ (f. Setion B.1.4), would result in slightly di�erent ion interation o-eÆients and equilibrium onstants. Both methods provide an internally onsistentset of values. However, their absolute values may di�er somewhat. Grenthe et al.[92GRE/FUG℄ estimate that these di�erenes in general are less than 0.2 units inlog10KÆ, i.e., approximately 1 kJ �mol�1 in derived �fGÆm values.B.1. The spei� ion interation equationsB.1.1. BakgroundThe Debye-H�ukel term, whih is the dominant term in the expression for the ativityoeÆients in dilute solution, aounts for eletrostati, non-spei� long-range in-terations. At higher onentrations short range, non-eletrostati interations haveto be taken into aount. This is usually done by adding ioni strength dependentterms to the Debye-H�ukel expression. This method was �rst outlined by Br�nsted[22BRO, 22BRO2℄, and elaborated by Sathard [36SCA℄ and Guggenheim [66GUG℄.The two basi assumptions in the spei� ion interation theory are desribed below.



The spei� ion interation equations 313Assumption 1: The ativity oeÆient j of an ion j of harge zj in the solutionof ioni strength Im may be desribed by Eq. (B.1).log10 j = �z2jD +Xk "(j;k;Im)mk (B.1)D is the Debye-H�ukel term:D = ApIm1 +BajpIm (B.2)where Im is the molal ioni strength:Im = 12Xi miz2iA and B are onstants whih are temperature and pressure dependent, and aj isan ion size parameter (\distane of losest approah") for the hydrated ion j. TheDebye-H�ukel limiting slope, A, has a value of (0:509� 0:001) kg1=2 �mol�1=2 at 25ÆCand 1 bar, (f. Setion B.1.2).The term Baj in the denominator of the Debye-H�ukel term has been assigneda value of Baj = 1:5 kg1=2 � mol�1=2 at 25ÆC and 1 bar, as proposed by Sathard[76SCA℄ and aepted by Ciavatta [80CIA℄. This value has been found to minimise,for several speies, the ioni strength dependene of "(j;k;Im) between Im = 0:5 mand Im = 3:5 m. It should be mentioned that some authors have proposed di�erentvalues for Baj, ranging from Baj = 1:0 [35GUG℄ to Baj = 1:6 [62VAS℄. However,the parameter Baj is empirial and as suh orrelated to the value of "(j;k;Im). Hene,this variety of values for Baj does not represent an unertainty range, but ratherindiates that several di�erent sets of Baj and "(j;k;Im) may desribe equally well theexperimental mean ativity oeÆients of a given eletrolyte. The ion interationoeÆients at 25ÆC listed in Tables B.3 through B.5 have thus to be used withBaj = 1:5 kg1=2 �mol�1=2.The summation in Eq. (B.1) extends over all ions k present in solution. Theirmolality is denotedmk, and the spei� ion interation parameters, "(j;k;Im), in generaldepend only slightly on the ioni strength. The onentrations of the ions of the ionimedium is often very muh larger than those of the reating speies. Hene, the ionimedium ions will make the main ontribution to the value of log10 j for the reatingions. This fat often makes it possible to simplify the summation Pk "(j;k;Im)mk sothat only ion interation oeÆients between the partiipating ioni speies and theioni medium ions are inluded, as shown in Eqs. (B.4) to (B.8).Assumption 2: The ion interation oeÆients "(j;k;Im) are zero for ions of the sameharge sign and for unharged speies. The rationale behind thisis that ", whih desribes spei� short-range interations, mustbe small for ions of the same harge sine they are usually far fromone another due to eletrostati repulsion. This holds to a lesserextent also for unharged speies.



314 Ioni strength orretionsEq. (B.1) will allow fairly aurate estimates of the ativity oeÆients in mixturesof eletrolytes if the ion interation oeÆients are known. Ion interation oeÆientsfor simple ions an be obtained from tabulated data of mean ativity oeÆients ofstrong eletrolytes or from the orresponding osmoti oeÆients. Ion interationoeÆients for omplexes an either be estimated from the harge and size of the ionor determined experimentally from the variation of the equilibrium onstant with theioni strength.Ion interation oeÆients are not stritly onstant but may vary slightly withthe ioni strength. The extent of this variation depends on the harge type and issmall for 1:1, 1:2 and 2:1 eletrolytes for molalities less than 3.5 m. The onentra-tion dependene of the ion interation oeÆients an thus often be negleted. Thispoint was emphasised by Guggenheim [66GUG℄, who has presented a onsiderableamount of experimental material supporting this approah. The onentration de-pendene is larger for eletrolytes of higher harge. In order to aurately reproduetheir ativity oeÆient data, onentration dependent ion interation oeÆientshave to be used, f. Lewis, Randall, Pitzer and Brewer [61LEW/RAN℄, Baes andMesmer [76BAE/MES℄, or Ciavatta [80CIA℄. By using a more elaborate virial expan-sion, Pitzer and o-workers [73PIT, 73PIT/MAY, 74PIT/KIM, 74PIT/MAY, 75PIT,76PIT/SIL, 78PIT/PET, 79PIT℄ have managed to desribe measured ativity oeÆ-ients of a large number of eletrolytes with high preision over a large onentrationrange. Pitzer's model generally ontains three parameters as ompared to one in thespei� ion interation theory. The use of the theory requires the knowledge of allthese parameters. The derivation of Pitzer oeÆients for many omplexes suh asthose of the atinides would require a very large amount of additional experimentalwork, sine no data of this type are urrently available.The way in whih the ativity oeÆient orretions are performed in this reviewaording to the spei� ion interation theory is illustrated below for a general aseof a omplex formation reation. Charges are omitted for brevity.mM+ q L + n H2O(l) *) MmLq(OH)n + n H+The formation onstant of MmLq(OH)n, ��q;n;m, determined in an ioni medium (1:1salt NX) of the ioni strength Im, is related to the orresponding value at zero ionistrength, ��Æq;n;m, by Eq. (B.3).log �10 �q;n;m = log �10 �Æq;n;m +m log10 M + q log10 L + n log10 aH2O� log10 q;n;m � n log10 H+ (B.3)The subsript (q,n,m) denotes the omplex ion MmLq(OH)n. If the onentrationsof N and X are muh greater than the onentrations of M, L, MmLq(OH)n and H+,only the molalities mN and mX have to be taken into aount for the alulation ofthe term Pk "(j ;k ;Im)mk in Eq. (B.1). For example, for the ativity oeÆient of themetal ation M, M, Eq. (B.4) is obtained at 25ÆC and 1 bar.log10 M = �z2M0:509pIm1 + 1:5pIm + "(M;X;Im)mX (B.4)



The spei� ion interation equations 315Under these onditions, Im � mX = mN. Substituting the log10 j values in Eq. (B.3)with the orresponding forms of Eq. (B.4) and rearranging leads tolog �10 �q;n;m ��z2D � n log10 aH2O = log �10 �Æq;n;m ��"Im (B.5)where, at 25ÆC and 1 bar:�z2 = (mzM � qzL � n)2 + n�mz2M � qz2L (B.6)D = 0:509pIm1 + 1:5pIm (B.7)�" = "(q;n;m;N or X) + n"(H;X) � q"(N;L) �m"(M;X) (B.8)Here (mzM � qzL � n), zM and zL are the harges of the omplex MmLq(OH)n, themetal ion M and the ligand L, respetively.Equilibria involving H2O(l) as a reatant or produt require a orretion for the a-tivity of water, aH2O. The ativity of water in an eletrolyte mixture an be alulatedas log10 aH2O = ��Pkmkln(10)� 55:51 (B.9)where � is the osmoti oeÆient of the mixture and the summation extends over allsolute speies k with molality mk present in the solution. In the presene of an ionimedium NX in dominant onentration, Eq. (B.9) an be simpli�ed by negleting theontributions of all minor speies, i.e., the reating ions. Hene, for a 1:1 eletrolyteof ioni strength Im � mNX, Eq. (B.9) beomeslog10 aH2O = �2mNX�ln(10)� 55:51 : (B.10)Values of osmoti oeÆients for single eletrolytes have been ompiled by variousauthors, e.g., Robinson and Stokes [59ROB/STO℄. The ativity of water an also bealulated from the known ativity oeÆients of the dissolved speies.In the presene of an ioni medium N�+X�� of a onentration muh larger thanthose of the reating ions, the osmoti oeÆient an be alulated aording toEq. (B.11) (f. Eqs. (23-39), (23-40) and (A4-2) in [61LEW/RAN℄).1� � = A ln(10)jz+z�jIm(Baj)3 "1 +BajqIm � 2 log10(1 +BajqIm)� 11 +BajpIm#� ln(10) "(N;X)mNX  �+���+ + ��! (B.11)were �+ and �� are the number of ations and anions in the salt formula (�+z+ =��z�), and in this ase Im = 12 jz+z�jmNX(�+ + ��)



316 Ioni strength orretionsThe ativity of water is obtained by inserting Eq. (B.11) into Eq. (B.10). It shouldbe mentioned that in mixed eletrolytes with several omponents at high onentra-tions, it is neessary to use Pitzer's equation to alulate the ativity of water. Onthe other hand, aH2O is near onstant (and equal to 1) in most experimental studies ofequilibria in dilute aqueous solutions, where an ioni medium is used in large exesswith respet to the reatants. The medium eletrolyte thus determines the osmotioeÆient of the solvent.In natural waters the situation is similar; the ioni strength of most surfae watersis so low that the ativity of H2O(l) an be set equal to unity. A orretion maybe neessary in the ase of seawater, where a suÆiently good approximation for theosmoti oeÆient may be obtained by onsidering NaCl as the dominant eletrolyte.In more omplex solutions of high ioni strengths with more than one eletrolyteat signi�ant onentrations, e.g., (Na+, Mg2+, Ca2+)(Cl�, SO2�4 ), Pitzer's equation(f. [92GRE/WAN℄) may be used to estimate the osmoti oeÆient; the neessaryinteration oeÆients are known for most systems of geohemial interest.Note that in all ion interation approahes, the equation for mean ativity oef-�ients an be split up to give equations for onventional single ion ativity oeÆ-ients in mixtures, e.g., Eq. (B.1). The latter are stritly valid only when used inombinations whih yield eletroneutrality. Thus, while estimating medium e�etson standard potentials, a ombination of redox equilibria with H+ + e� *) 12 H2(g) isneessary (f. Example B.3).B.1.2. Ioni strength orretions at temperatures other than 298.15 KValues of the Debye-H�ukel parameters A and B in Eqs. (B.2) and (B.11) are listed inTable B.1 for a few temperatures at a pressure of 1 bar below 100ÆC and at the steamsaturated pressure for t � 100ÆC. The values in Table B.1 may be alulated fromthe stati dieletri onstant and the density of water as a funtion of temperatureand pressure, and are also found for example in Refs. [74HEL/KIR2, 79BRA/PIT,81HEL/KIR, 84ANA/ATK, 90ARC/WAN℄.The term Baj in the denominator of the Debye-H�ukel term D, f. Eq. (B.2), hasbeen assigned in this review a value of 1:5 kg1=2 � mol�1=2 at 25ÆC and 1 bar, f.Setion B.1.1. At temperatures and pressures other than the referene and standardstate, the following possibilities exist:� The value of Baj is alulated at eah temperature assuming that ion sizes areindependent of temperature and using the values of B listed in Table B.1.� The value of Baj is kept onstant at 1:5 kg1=2 � mol�1=2. Due the variation ofB with temperature, f. Table B.1, this implies a temperature dependene forion size parameters. Assuming that ion sizes are in reality onstant, then itis seen that this simpli�ation introdues an error in D whih inreases withtemperature and ioni strength (this error is less than �0:01 at t � 100ÆC andI < 6 m, and less than �0:006 at t � 50ÆC and I � 4 m).



The spei� ion interation equations 317Table B.1: Debye-H�ukel onstants as a funtion of temperature at a pressure of 1 barbelow 100ÆC and at the steam saturated pressure for t � 100ÆC. The unertainty inthe A parameter is estimated by this review to be �0:001 at 25ÆC, and �0:006 at300ÆC, while for the B parameter the estimated unertainty ranges from �0:0003 at25ÆC to �0:001 at 300ÆC.t p A B � 10�10(ÆC) (bar) (kg �mol�1) 12 (kg 12 �mol� 12 �m�1)0 1.00 0.491 0.32465 1.00 0.494 0.325410 1.00 0.498 0.326115 1.00 0.501 0.326820 1.00 0.505 0.327725 1.00 0.509 0.328430 1.00 0.513 0.329235 1.00 0.518 0.330040 1.00 0.525 0.331250 1.00 0.534 0.332675 1.00 0.564 0.3371100 1.013 0.600 0.3422125 2.32 0.642 0.3476150 4.76 0.690 0.3533175 8.92 0.746 0.3593200 15.5 0.810 0.365250 29.7 0.980 0.379300 85.8 1.252 0.396� The value of Baj is alulated at eah temperature assuming a given tempera-ture variation for aj and using the values of B listed in Table B.1. For exam-ple, in the aqueous ioni model of Helgeson et al. [88TAN/HEL, 88SHO/HEL,89SHO/HEL, 89SHO/HEL2℄ ioni sizes follow the relation: aj(T )= aj(298:15 K; 1 bar) + jzjjg(T; p) [90OEL/HEL℄, where g(T; p) is a temper-ature and pressure funtion whih is tabulated in [88TAN/HEL, 92SHO/OEL℄,and is approximately zero at temperatures below 175ÆC.The values of "(j;k;Im) obtained with the methods desribed in Setion B.1.3 attemperatures other than 25ÆC will depend on the value adopted for Baj. As longas a onsistent approah is followed, values of "(j;k;Im) absorb the hoie of Baj,and for moderate temperature intervals (between 0 and 200ÆC) the hoie Baj =1:5 kg1=2 �mol�1=2 is the simplest one and is reommended by this review.The variation of "(j;k;Im) with temperature is disussed by Lewis, Randall, Pitzerand Brewer [61LEW/RAN℄, Millero [79MIL℄, Helgeson et al. [81HEL/KIR,90OEL/HEL℄, Gi�aut et al. [93GIF/VIT2℄ and Grenthe and Plyasunov [94GRE/PLY℄.The absolute values for the reported ion interation parameters di�er in these studiesdue to the fat that the Debye-H�ukel term used by these authors is not exatly the



318 Ioni strength orretionssame. Nevertheless, ommon to all these studies is the fat that values of (�"=�T )pare usually � 0:005 kg �mol�1 �K�1 for temperatures below 200ÆC. Therefore, if valuesof "(j;k;Im) obtained at 25ÆC are used in the temperature range 0 to 50ÆC to performioni strength orretions, the error in (log10 j)=Im will be � 0:13. It is lear that inorder to redue the unertainties on solubility alulations at t 6= 25Æ, studies on thevariation of "(j;k;Im)-values with temperature should be undertaken.B.1.3. Estimation of ion interation oeÆientsB.1.3.1. Estimation from mean ativity oeÆient dataExample B.1:The ion interation oeÆient "(H+;Cl�) an be obtained from published values of�;HCl vs. mHCl.2 log10 �;HCl = log10 +;H+ + log10 �;Cl�= �D + "(H+;Cl�)mCl� �D + "(Cl�;H+)mH+log10 �;HCl = � D + "(H+;Cl�)mHClBy plotting log10 �;HCl + D vs. mHCl a straight line with the slope "(H+;Cl�) isobtained. The degree of linearity should in itself indiate the range of validity ofthe spei� ion interation approah. Osmoti oeÆient data an be treated in ananalogous way.B.1.3.2. Estimations based on experimental values of equilibrium onstants at dif-ferent ioni strengthsExample B.2:Equilibrium onstants are given in Table B.2 for the reationUO2+2 + Cl� *) UO2Cl+: (B.12)The following formula is dedued from Eq. (B.5) for the extrapolation to I = 0:log10 �1 + 4D = log10 �Æ1 ��"Im (B.13)The linear regression is done as desribed in Appendix C. The following results areobtained: log10 �Æ1 = 0:170� 0:021�"(B.12) = �(0:248� 0:022) kg �mol�1The experimental data are depited in Figure B.1, where the dashed area representsthe unertainty range that is obtained by using the results in log10 �Æ1 and �" andorreting bak to I 6= 0.Example B.3:When using the spei� ion interation theory, the relationship between the redoxpotential of the ouple UO2+2 =U4+ in a medium of ioni strength Im and the orre-sponding quantity at I = 0 should be alulated in the following way. The reation
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Table B.2: The preparation of the experimental equilibrium onstants for the extrap-olation to I = 0 with the spei� ion interation method at 25ÆC and 1 bar, aordingto Reation (B.12). The linear regression of this set of data is shown in Figure B.1.Im log10 �1(exp)(a) log10 �(b)1;m log10 �1;m + 4D0.1 �0:17� 0:10 �0:174 0:264� 0:1000.2 �0:25� 0:10 �0:254 0:292� 0:1000.26 �0:35� 0:04 �0:357 0:230� 0:0400.31 �0:39� 0:04 �0:397 0:220� 0:0400.41 �0:41� 0:04 �0:420 0:246� 0:0400.51 �0:32� 0:10 �0:331 0:371� 0:1000.57 �0:42� 0:04 �0:432 0:288� 0:0400.67 �0:34� 0:04 �0:354 0:395� 0:0400.89 �0:42� 0:04 �0:438 0:357� 0:0401.05 �0:31� 0:10 �0:331 0:491� 0:1001.05 �0:277� 0:260 �0:298 0:525� 0:2601.61 �0:24� 0:10 �0:272 0:618� 0:1002.21 �0:15� 0:10 �0:193 0:744� 0:1002.21 �0:12� 0:10 �0:163 0:774� 0:1002.82 �0:06� 0:10 �0:021 0:860� 0:1003.5 0:04� 0:10 �0:021 0:974� 0:100(a) Equilibrium onstants for Reation (B.12) with as-signed unertainties, orreted to 25ÆC where ne-essary.(b) Equilibrium onstants orreted from molarity tomolarity units, as desribed in Setion II.2.



320 Ioni strength orretionsFigure B.1: Plot of log10 �1+4D vs. Im for Reation (B.12), UO2+2 +Cl� *) UO2Cl+ at25ÆC and 1 bar. The straight line shows the result of the weighted linear regression,and the dotted lines represent the unertainty range obtained by propagating theresulting unertainties at I = 0 bak to I = 4 m.
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in the galvani ell Pt jH2(g) j H+ k UO2+2 ;U4+ j Ptis UO2+2 +H2(g) + 2H+ *) U4+ + 2H2O(l): (B.14)For this reationlog10K Æ = log100� aU4+ � a2H2OaUO2+2 � a2H+ � fH21A ;log10K Æ = log10K + log10 U4+ � log10 UO2+2 � 2 log10 H+� log10 f;H2 + 2 log10 aH2O;fH2 � pH2 at reasonably low partial pressure of H2(g), aH2O � 1, andlog10 U4+ = �16D + "(U4+;ClO�4 )mClO�4log10 UO2+2 = �4D + "(UO2+2 ;ClO�4 )mClO�4log10 H+ = �D + "(H+;ClO�4 )mClO�4 :



The spei� ion interation equations 321Hene, log10KÆ = log10K � 10D+ �"(U4+;ClO�4 ) � "(UO2+2 ;ClO�4 ) � 2"(H+;ClO�4 )�mClO�4 : (B.15)The relationship between the equilibrium onstant and the redox potential islnK = nFRT E (B.16)lnKÆ = nFRT EÆ: (B.17)E is the redox potential in a medium of ioni strength I, EÆ is the orrespondingstandard potential at I = 0, and n is the number of transferred eletrons in thereation onsidered. Combining Eqs. (B.15), (B.16) and (B.17) and rearranging themleads to Eq. (B.18).E � 10D RT ln(10)nF ! = EÆ ��"mClO�4  RT ln(10)nF ! (B.18)For n = 2 in the present example and T = 298:15 K, Eq. (B.18) beomesE[mV℄� 295:8D = EÆ[mV℄� 29:58�"mClO�4where �" = �"(U4+;ClO�4 ) � "(UO2+2 ;ClO�4 ) � 2"(H+;ClO�4 )� :In general however, formal potentials are reported with referene to the standardhydrogen eletrode, f. Setion II.1.6.5, as exempli�ed in Tables V.2 and V.3 of theuranium NEA review [92GRE/FUG℄. In that ase, the H+ appearing in the redutionreation might already be in standard onditions. For example, experimental dataare available on the formal potentials for reationsUO2+2 + 4H+ + 2 e� *) U4+ + 2H2O(l) (B.19)and UO2+2 + e� *) UO+2 (B.20)While reation (B.19) orresponds to (B.14), reation (B.20) is equivalent toUO2+2 + 12 H2(g) *) UO+2 +H+ (B.21)The ations in reation (B.14) represent aqueous speies in the ioni media usedduring the experiments. However, in reation (B.21) H+ represents the ation inthe standard hydrogen eletrode, and therefore it is already in standard onditions,and its ativity oeÆient must not be inluded in any extrapolation to I = 0 ofexperimental values for reation (B.20).



322 Ioni strength orretionsB.1.4. On the magnitude of ion interation oeÆientsCiavatta [80CIA℄ made a ompilation of ion interation oeÆients for a large numberof eletrolytes. Similar data for omplexations of various kinds were reported bySpahiu [83SPA℄ and Ferri, Grenthe and Salvatore [83FER/GRE℄. These and someother data for 25ÆC and 1 bar have been olleted and are listed in Setion B.3.It is obvious from the data in these tables that the harge of an ion is of greatimportane for the magnitude of the ion interation oeÆient. Ions of the sameharge type have similar ion interation oeÆients with a given ounter-ion. Basedon the tabulated data, Grenthe et al. [92GRE/FUG℄ proposed that it is possible toestimate, with an error of at most �0:1 in ", ion interation oeÆients for aseswhere there are insuÆient experimental data for an extrapolation to I = 0. Theerror that is made by this approximation is estimated to �0:1 in �" in most ases,based on omparison with �" values of various reations of the same harge type.Sine there are no interation oeÆient data for ameriium speies, using thearguments presented in the previous paragraph, this review estimates the followinginteration oeÆients at 25ÆC and 1 bar,"(Am3+;ClO�4 ) � "(Nd3+;ClO�4 ) = (0:49� 0:03) kg �mol�1"(AmOH2+;ClO�4 ) � "(YHCO2+3 ;ClO�4 ) = (0:39� 0:04) kg �mol�1"(Am(OH)+2 ;ClO�4 ) � "(YCO+3 ;ClO�4 ) = (0:17� 0:04) kg �mol�1Estimates of ion interation oeÆients for other ameriium omplexes were alsomade from ions of the same harge, i.e."(AmOH2+;ClO�4 ) � "(AmF2+;ClO�4 ) � "(AmCl2+;ClO�4 ) � "(AmN2+3 ;ClO�4 )� "(AmNO2+2 ;ClO�4 ) � "(AmNO2+3 ;ClO�4 ) � "(AmH2PO2+4 ;ClO�4 )� "(AmSCN2+;ClO�4 )"(Am(OH)+2 ;ClO�4 ) � "(AmF+2 ;ClO�4 ) � "(AmCO+3 ;ClO�4 )et. Similarly, for negatively harged aqueous omplexes of ameriium this reviewestimates: "(Am(CO3)�2 ;Na+) � "(Am(SO4)�2 ;Na+) = �(0:05� 0:05) kg �mol�1"(Am(CO3)3�3 ;Na+) = �(0:15� 0:05) kg �mol�1Ciavatta [90CIA℄ has proposed an alternative method to estimate values of " fora �rst or seond omplex, ML or ML2, in an ioni media NX, aording to thefollowing relationships, "(ML; N orX) � ("(M;X) + "(L;N))=2 (B.22)"(ML2; N orX) � ("(M;X) + 2"(L;N))=3 (B.23)Ciavatta obtained [90CIA℄ an average deviation of�0:05 kg�mol�1 between "-estimatesaording to Eqs. (B.22) and (B.23) and the "-values at 25ÆC obtained from ionistrength dependeny of equilibrium onstants.



Ion interation oeÆients versus equilibrium onstants for ion pairs 323B.2. Ion interation oeÆients versus equilibrium onstants for ion pairsIt an be shown that the virial type of ativity oeÆient equations and the ionipairing model are equivalent provided that the ioni pairing is weak. In these ases thedistintion between omplex formation and ativity oeÆient variations is diÆultor even arbitrary unless independent experimental evidene for omplex formationis available, e.g., from spetrosopi data, as is the ase for the weak uranium(VI)hloride omplexes. It should be noted that the ion interation oeÆients evaluatedand tabulated by Ciavatta [80CIA℄ were obtained from experimental mean ativityoeÆient data without taking into aount omplex formation. However, it is knownthat many of the metal ions listed by Ciavatta form weak omplexes with hlorideand nitrate ion. This fat is reeted by ion interation oeÆients that are smallerthan those for the non-omplexing perhlorate ion, f. Table B.3. This review takeshloride and nitrate omplex formation into aount when these ions are part of theioni medium and uses the value of the ion interation oeÆient "(Mn+;ClO�4 ) as asubstitute for "(Mn+;Cl�) and "(Mn+;NO�3 ). In this way, the medium dependene ofthe ativity oeÆients is desribed with a ombination of a spei� ion interationmodel and an ion pairing model. It is evident that the use of NEA reommended datawith ioni strength orretion models that di�er from those used in the evaluationproedure an lead to inonsistenies in the results of the speiation alulations.It should be mentioned that omplex formation may also our between nega-tively harged omplexes and the ation of the ioni medium. An example is thestabilisation of the omplex ion UO2(CO3)5�3 at high ioni strength, see for exampleSetion V.7.1.2.1.d (page 322) in the uranium review [92GRE/FUG℄.B.3. Tables of ion interation oeÆientsTables B.3 through B.5 ontain the seleted spei� ion interation oeÆients usedin this review, aording to the spei� ion interation theory desribed. Table B.3ontains ation interation oeÆients with Cl�, ClO�4 and NO�3 , Table B.4 anioninteration oeÆients with Li+, with Na+ or NH+4 and with K+. The oeÆientshave the units of kg �mol�1 (m) and are valid for 298.15 K and 1 bar. The speiesare ordered by harge and appear, within eah harge lass, in standard order ofarrangement, f. Setion II.1.8.In some ases, the ioni interation an be better desribed by assuming ion intera-tion oeÆients as funtions of the ioni strength rather than as onstants. Ciavatta[80CIA℄ proposed the use of Eq. (B.24) for ases where the unertainties in Tables B.3and B.4 are �0:03 kg �mol�1 or greater." = "1 + "2 log10 ImFor these ases, and when the unertainty an be improved with respet to the useof a onstant value of ", the values "1 and "2 given in Table B.5 should be used.It should be noted that ion interation oeÆients tabulated in Tables B.3 throughB.5 may also involve ion pairing e�ets, as desribed in Setion B.3. In diret om-



324 Ioni strength orretionsparisons of ion interation oeÆients, or when estimates are made by analogy, thisaspet must be taken into aount.



Tables of ion interation oeÆients 325Table B.3: Ion interation oeÆients "j;k (kg �mol�1) at 25ÆC and 1 bar for ationsj with k = Cl�, ClO�4 and NO�3 , taken from Ciavatta [80CIA℄ unless indiated oth-erwise. The unertainties represent the 95% on�dene level, most of them wereestimated by Ciavatta [88CIA℄. The ion interation oeÆients marked with y anbe desribed more aurately with an ioni strength dependent funtion, listed inTable B.5. As disussed in Setion B.2, are should be taken when using the oeÆ-ients "(Mn+;Cl�) and "(Mn+;NO�3 ) reported by Ciavatta [80CIA℄, whih were evaluatedwithout taking hloride and nitrate omplexation into aount.j k ! Cl� ClO�4 NO�3#H+ 0:12� 0:01 0:14� 0:02 0:07� 0:01NH+4 �0:01� 0:01 �0:08� 0:04y �0:06� 0:03yH2gly+ �0:06� 0:02Tl+ �0:21� 0:06yZnHCO+3 0:2(h)CdCl+ 0:25� 0:02CdI+ 0:27� 0:02CdSCN+ 0:31� 0:02HgCl+ 0:19� 0:02Cu+ 0:11� 0:01Ag+ 0:00� 0:01 �0:12� 0:05yYCO+3 0:17� 0:04(d)UO+2 0:26� 0:03()UO2OH+ �0:06� 3:7() 0:51� 1:4()(UO2)3(OH)+5 0:81� 0:17() 0:45� 0:15() 0:41� 0:22()UF+3 0:1� 0:1(f) 0:1� 0:1(f)UO2F+ 0:04� 0:07(b) 0:29� 0:05()UO2Cl+ 0:33� 0:04()UO2ClO+3 0:33� 0:04(f)UO2Br+ 0:24� 0:04(f)UO2BrO+3 0:33� 0:04(f)UO2IO+3 0:33� 0:04(f)UO2N+3 0:3� 0:1(f)UO2NO+3 0:33� 0:04(f)UO2SCN+ 0:22� 0:04(f)NpO+2 0:25� 0:05(b)PuO+2 0:17� 0:05(b)Am(OH)+2 0:17� 0:04(j)AmF+2 0:17� 0:04(j)



326 Ioni strength orretionsTable B.3 (ontinued)j k ! Cl� ClO�4 NO�3#AmSO+4 0:22� 0:08(k)AmCO+3 0:17� 0:04(j)AlOH2+ 0:09(a) 0:31(a)Al2CO3(OH)2+2 0:26(a)Pb2+ 0:15� 0:02 �0:20� 0:12yZn2+ 0:33� 0:03 0:16� 0:02ZnCO2+3 0:35� 0:05(h)Cd2+ 0:09� 0:02Hg2+ 0:34� 0:03 �0:1� 0:1yHg2+2 0:09� 0:02 �0:2� 0:1yCu2+ 0:08� 0:01 0:32� 0:02 0:11� 0:01Ni2+ 0:17� 0:02Co2+ 0:16� 0:02 0:34� 0:03 0:14� 0:01FeOH2+ 0:38(d)FeSCN2+ 0:45(d)Mn2+ 0:13� 0:01YHCO2+3 0:39� 0:04(d)UO2+2 0:21� 0:02(i) 0:46� 0:03 0:24� 0:03(i)(UO2)2(OH)2+2 0:69� 0:07() 0:57� 0:07() 0:49� 0:09()(UO2)3(OH)2+4 0:50� 0:18() 0:89� 0:23() 0:72� 1:0()UF2+2 0:3� 0:1(f)USO2+4 0:3� 0:1(f)U(NO3)2+2 0:49� 0:14(g)AmOH2+ 0:39� 0:04(j)AmF2+ 0:39� 0:04(j)AmCl2+ 0:39� 0:04(j)AmN2+3 0:39� 0:04(j)AmNO2+2 0:39� 0:04(j)AmNO2+3 0:39� 0:04(j)AmH2PO2+4 0:39� 0:04(j)AmSCN2+ 0:39� 0:04(j)Mg2+ 0:19� 0:02 0:33� 0:03 0:17� 0:01Ca2+ 0:14� 0:01 0:27� 0:03 0:02� 0:01Ba2+ 0:07� 0:01 0:15� 0:02 �0:28� 0:03



Tables of ion interation oeÆients 327Table B.3 (ontinued)j k ! Cl� ClO�4 NO�3#Al3+ 0:33� 0:02Fe3+ 0:56� 0:03 0:42� 0:08Cr3+ 0:30� 0:03 0:27� 0:02La3+ 0:22� 0:02 0:47� 0:03La3+ ! Lu3+ 0:47! 0:52(d)UOH3+ 0:48� 0:08(g)UF3+ 0:48� 0:08(f)UCl3+ 0:59� 0:10(g)UBr3+ 0:52� 0:10(f)UI3+ 0:55� 0:10(f)UNO3+3 0:62� 0:08(g)Am3+ 0:49� 0:03(j)Be2OH3+ 0:50� 0:05(e)Be3(OH)3+3 0:30� 0:05(e) 0:51� 0:05(e) 0:29� 0:05(e)Al3CO3(OH)4+4 0:41(a)Fe2(OH)4+2 0:82(d)Y2CO4+3 0:80� 0:04(d)Pu4+ 1:03� 0:05(b)Np4+ 0:82� 0:05(b)U4+ 0:76� 0:06(f)Th4+ 0:25� 0:03 0:11� 0:02Al3(OH)5+4 0:66(a) 1.30(a)



328 Ioni strength orretionsTable B.3 (ontinued)Footnotes:(a) Taken from Hedlund [88HED℄.(b) Taken from Riglet, Robouh and Vitorge [89RIG/ROB℄, where the followingassumptions were made : "(Np3+;ClO�4 ) � "(Pu3+;ClO�4 ) = 0:49 kg � mol�1 asfor other (M3+;ClO�4 ) interations, and "(NpO2+2 ;ClO�4 ) � "(PuO2+2 ;ClO�4 ) �"(UO2+2 ;ClO�4 ) = 0:46 kg �mol�1.() Evaluated in NEA-TDB review on uranium thermodynamis[92GRE/FUG℄, using "(UO2+2 ;X) = (0:46� 0:03) kg �mol�1, where X = Cl�,ClO�4 and NO�3 , f. Setion B.2.(d) Taken from Spahiu [83SPA℄.(e) Taken from Bruno [86BRU℄, where the following assumptions were made:"(Be2+;ClO�4 ) = 0:30 kg�mol�1 as for other "(M2+;ClO�4 ), "(Be2+;Cl�) = 0:17 kg�mol�1 as for other "(M2+;Cl�), and "(Be2+;NO�3 ) = 0:17 kg �mol�1 as for other"(M2+;NO�3 ).(f) Estimated in NEA-TDB review on uranium thermodynamis[92GRE/FUG℄.(g) Evaluated in NEA-TDB review on uranium thermodynamis [92GRE/FUG℄using "(U4+;ClO�4 ) = (0:76� 0:06) kg �mol�1.(h) Taken from Ferri et al. [85FER/GRE℄.(i) It is realled that these oeÆients were not used in the NEA-TDB reviewon uranium thermodynamis [92GRE/FUG℄ beause they were evaluatedby Ciavatta [80CIA℄ without taking hloride and nitrate omplexation intoaount. Instead, Grenthe et al. used "(UO2+2 ;X) = (0:46� 0:03) kg �mol�1,for X = Cl�, ClO�4 and NO�3 .(j) Estimated in this review (p.322).(k) Evaluated in this review (p.130).



Tables of ion interation oeÆients 329Table B.4: Ion interation oeÆients "j;k (kg �mol�1) at 25ÆC and 1 bar for anionsj with k = Li+;Na+and K+, taken from Ciavatta [80CIA℄ unless indiated otherwise.The unertainties represent the 95% on�dene level, most of them were estimatedby Ciavatta [88CIA℄. The ion interation oeÆients marked with y an be desribedmore aurately with an ioni strength dependent funtion, listed in Table B.5.j k ! Li+ Na+ K+#OH� �0:02� 0:03y 0:04� 0:01 0:09� 0:01F� 0:02� 0:02(a) 0:03� 0:02HF�2 �0:11� 0:06(a)Cl� 0:10� 0:01 0:03� 0:01 0:00� 0:01ClO�3 �0:01� 0:02ClO�4 0:15� 0:01 0:01� 0:01Br� 0:13� 0:02 0:05� 0:01 0:01� 0:02BrO�3 �0:06� 0:02I� 0:16� 0:01 0:08� 0:02 0:02� 0:01IO�3 �0:06� 0:02(b)HSO�4 �0:01� 0:02N�3 0:0� 0:1(b)NO�2 0:06� 0:04y 0:00� 0:02 �0:04� 0:02NO�3 0:08� 0:01 �0:04� 0:03y �0:11� 0:04yH2PO�4 �0:08� 0:04y �0:14� 0:04yHCO�3 �0:00� 0:02()SCN� 0:05� 0:01 �0:01� 0:01HCOO� 0:03� 0:01CH3COO� 0:05� 0:01 0:08� 0:01 0:09� 0:01SiO(OH)�3 �0:08� 0:03(a)Si2O2(OH)�5 �0:08� 0:04(b)B(OH)�4 �0:07� 0:05yUO2(OH)�3 �0:09� 0:05(b)UO2F�3 0:00� 0:05(b)UO2(N3)�3 0:0� 0:1(b)(UO2)2CO3(OH)�3 0:00� 0:05(b;d)Am(SO4)�2 �0:05� 0:05(e)Am(CO3)�2 �0:05� 0:05(e)SO2�3 �0:08� 0:05ySO2�4 �0:03� 0:04y �0:12� 0:06y �0:06� 0:02



330 Ioni strength orretionsTable B.4 (ontinued)j k ! Li+ Na+ K+#S2O2�3 �0:08� 0:05yHPO2�4 �0:15� 0:06y �0:10� 0:06yCO2�3 �0:08� 0:03() 0:02� 0:01SiO2(OH)2�2 �0:10� 0:07(a)Si2O3(OH)2�4 �0:15� 0:06(b)CrO2�4 �0:06� 0:04y �0:08� 0:04yUO2F2�4 �0:08� 0:06(b)UO2(SO4)2�2 �0:12� 0:06(b)UO2(N3)2�4 �0:1� 0:1(b)UO2(CO3)2�2 �0:02� 0:09(d)PO3�4 �0:25� 0:03y �0:09� 0:02Si3O6(OH)3�3 �0:25� 0:03(b)Si3O5(OH)3�5 �0:25� 0:03(b)Si4O7(OH)3�5 �0:25� 0:03(b)Am(CO3)3�3 �0:15� 0:05(e)P2O4�7 �0:26� 0:05 �0:15� 0:05Fe(CN)4�6 �0:17� 0:03U(CO3)4�4 �0:09� 0:10(b;d)UO2(CO3)4�3 �0:01� 0:11(d)UO2(CO3)5�3 �0:62� 0:15(d)U(CO3)6�5 �0:30� 0:15(d)(UO2)3(CO3)6�6 0:37� 0:11(d)(a) Evaluated in NEA-TDB review on uranium thermodynamis[92GRE/FUG℄.(b) Estimated in NEA-TDB review on uranium thermodynamis[92GRE/FUG℄.() From [80CIA℄. These values di�er from those reported in the NEA-TDBuranium review [92GRE/FUG℄. See the disussion in Setion D.4.(d) See the disussion in Setion D.4.(e) Estimated in this review (p.322).



Tables of ion interation oeÆients 331Table B.5: Ion interation oeÆients "(1;j;k) and "(2;j;k) (in units of kg � mol�1) forations j with k = Cl�, ClO�4 and NO�3 (�rst part), and for anions j with k =Li+, Na+ and K+ (seond part), aording to the relationship " = "1 + "2 log10 Im.The data are from Ciavatta [80CIA℄ and valid at 25ÆC and 1 bar. The unertaintiesrepresent the 95% on�dene level, and most of them were estimated by Ciavatta[88CIA℄.j k ! Cl� ClO�4 NO�3# "1 "2 "1 "2 "1 "2NH+4 �0:088� 0:002 0:095� 0:012 �0:075� 0:001 0:057� 0:004Ag+ �0:1432� 0:0002 0:0971� 0:0009Tl+ �0:18� 0:02 0:09� 0:02Hg2+2 �0:2300� 0:0004 0:194� 0:002Hg2+ �0:145� 0:001 0:194� 0:002Pb2+ �0:329� 0:007 0:288� 0:018j k ! Li+ Na+ K+# "1 "2 "1 "2 "1 "2OH� �0:039� 0:002 0:072 � 0:006NO�2 0:02� 0:01 0:11� 0:01NO�3 �0:049� 0:001 0:044� 0:002 �0:131� 0:002 0:082� 0:006B(OH)�4 �0:092� 0:002 0:103� 0:005H2PO�4 �0:109� 0:001 0:095� 0:003 �0:1473� 0:0008 0:121� 0:004SO2�3 �0:125� 0:008 0:106� 0:009SO2�4 �0:068� 0:003 0:093 � 0:007 �0:184� 0:002 0:139� 0:006S2O2�3 �0:125� 0:008 0:106� 0:009HPO2�4 �0:19� 0:01 0:11� 0:03 �0:152� 0:007 0:123� 0:016CrO2�4 �0:090� 0:005 0:07� 0:01 �0:123� 0:003 0:106� 0:007PO3�4 �0:29� 0:02 0:10� 0:01





Appendix CAssigned unertaintiesyOne of the objetives of the NEA Thermohemial Data Base (TDB) projet is toprovide an idea of the unertainties assoiated with the data seleted in this review.As a rule, the unertainties de�ne the range within whih the orresponding data anbe reprodued with a probability of 95% at any plae and by any appropriate method.In many ases, statistial treatment is limited or impossible due to the availability ofonly one or few data points. A partiular problem has to be solved when signi�antdisrepanies our between di�erent soure data. This appendix outlines the statis-tial proedures whih were used for fundamentally di�erent problems and explainsthe philosophy used in this review when statistis were inappliable. These rules arefollowed onsistently throughout the series of reviews within the TDB Projet. Fourfundamentally di�erent ases are onsidered:1. One soure datum available2. Two or more independent soure data available3. Several data available at di�erent ioni strengths4. Data at non-standard onditions: Proedures for data orretion and realu-lation.C.1. One soure datumThe assignment of an unertainty to a seleted value that is based on only one exper-imental soure is a highly subjetive proedure. In some ases, the number of datapoints the seleted value is based on allows the use of the \root mean square" [82TAY℄deviation of the data points Xi to desribe the standard deviation sX assoiated withy This Appendix ontains essentially the text written by Wanner [94WAN℄ whih was also printedin the uranium NEA{TDB review as Appendix C [92GRE/FUG℄. Beause of its importane inthe seletion of data and to guide the users of the values in Chapters III and IV, the text isreprodued here after some minor revision.333



334 Assigned unertaintiesthe average X: sX = vuut 1N � 1 NXi=1(Xi �X)2 : (C.1)The standard deviation sX is thus alulated from the dispersion of the equallyweighted data points Xi around the average X, and the probability is 95% that anXi is within X�1:96 sX , see Taylor [82TAY, pp.244-245℄. The standard deviation sXis a measure of the preision of the experiment and does not inlude any systematierrors.Many authors report standard deviations sX alulated with Eq. (C.1) (but oftennot multiplied by 1.96), but these do not represent the quality of the reported valuesin absolute terms. It is thus important not to onfuse the standard deviation swith the unertainty �. The latter reets the reliability and reproduibility of anexperimental value and also inludes all kinds of systemati errors sj that may beinvolved. The unertainty � an be alulated with Eq. (C.2), assuming that thesystemati errors are independent.� X = qs2X +Pj(s2j) (C.2)The estimation of the systemati errors sj (whih, of ourse, have to relate to X andbe expressed in the same unit) an only be made by a person who is familiar with theexperimental method. The unertainty � has to orrespond to the 95% on�denelevel preferred in this review. It should be noted that for all the orretions andrealulations made (e.g., temperature or ioni strength orretions) the rules of thepropagation of errors have to be followed, as outlined in Setion C.4.2.More often, the determination of sX is not possible beause either only one or twodata points are available, or the authors did not report the individual values. Theunertainty � in the resulting value an still be estimated using Eq. (C.2) assumingthat s2X is muh smaller than Pj(s2j), whih is usually the ase anyway.C.2. Two or more independent soure dataFrequently, two or more experimental data soures are available, reporting experi-mental determinations of the desired thermodynami data. In general, the quality ofthese determinations varies widely, and the data have to be weighted aordingly forthe alulation of the mean. Instead of assigning weight fators, the individual souredata Xi are provided with an unertainty �i that also inludes all systemati errorsand represents the 95% on�dene level, as desribed in Setion C.1. The weightedmean X and its unertainty � X are then alulated aording to Eqs. (C.3) and(C.4). X � PNi=1 �Xi�2i �PNi=1 � 1�2i � (C.3)



Two or more independent soure data 335� X = vuuut 1PNi=1 � 1�2i � (C.4)Eqs. (C.3) and (C.4) may only be used if all the Xi belong to the same parent dis-tribution. If there are serious disrepanies among the Xi, one proeeds as desribedbelow under Setion C.2.1. It an be seen from Eq. (C.4) that � X is diretly de-pendent on the absolute magnitude of the �i values, and not on the dispersion of thedata points around the mean. This is reasonable beause there are no disrepaniesamong the Xi, and beause the �i values already represent the 95% on�dene level.The seleted unertainty � X will therefore also represent the 95% on�dene level.In ases where all the unertainties are equal �i = �, Eqs. (C.3) and (C.4) redueto Eqs. (C.5) and (C.6). X = 1N NXi=1Xi (C.5)� X = �pN (C.6)Example C.1:Five data soures report values for the thermodynami quantity X. The reviewerhas assigned unertainties that represent the 95% on�dene level as desribed inSetion C.1. i Xi �i1 25:3 0:52 26:1 0:43 26:0 0:54 24:85 0:255 25:0 0:6Aording to Eqs. (C.3) and (C.4), the following result is obtained:X = 25:3� 0:2:The alulated unertainty � X = 0:2 appears relatively small but is statistiallyorret, for the values are assumed to follow a Gaussian distribution. As a onse-quene of Eq. (C.4), � X will always ome out smaller than the smallest �i. Assuming�4 = 0:10 instead of 0.25 would yield X = (25:0 � 0:1), and �4 = 0:60 would resultin X = (25:6� 0:2). In fat, the values (Xi � �i) in this example are at the limit ofonsisteny, that is, the range (X4 � �4) does not overlap with the ranges (X2 � �2)and (X3 � �3). There might be a better way to solve this problem. Three possiblealternatives seem more reasonable:



336 Assigned unertaintiesi. The unertainties �i are reassigned beause they appear too optimisti afterfurther onsideration. Some assessments may have to be reonsidered and theunertainties reassigned. For example, multiplying all the �i by 2 would yieldX = (25:3� 0:3).ii. If reonsideration of the previous assessments gives no evidene for reassigningthe Xi and �i (95% on�dene level) values listed above, the statistial on-lusion will be that all the Xi do not belong to the same parent distributionand annot therefore be treated in the same group (f. item iii below for a non-statistial explanation). The values for i = 1, 4 and 5 might be onsidered asbelonging to Group A and the values for i = 2 and 3 to Group B. The weightedaverage of the values in Group A is XA(i = 1; 4; 5) = (24:95 � 0:21) and ofthose in Group B XB(i = 2; 3) = (26:06� 0:31), the seond digit after the de-imal point being arried over to avoid loss of information. The seleted valueis now determined as desribed below under \Disrepanies" (Setion C.2.1),Case I. XA and XB are averaged (straight average, there is no reason for givingXA a larger weight than XB), and � X is hosen in suh a way that it oversthe omplete ranges of expetany of XA and XB. The seleted value is thenX = (25:5� 0:9).iii Another explanation ould be that unidenti�ed systemati errors are assoiatedwith some values. If this seems likely to be the ase, there is no reason forsplitting the values up into two groups. The orret way of proeeding wouldbe to alulate the unweighted average of all the �ve points and assign anunertainty that overs the whole range of expetany of the �ve values. Theresulting value is then X = (25:45 � 1:05), whih is rounded aording to therules in Setion C.4.3 to X = (25:4� 1:1).C.2.1. DisrepaniesTwo data are alled disrepant if they di�er signi�antly, i.e., their unertainty rangesdo not overlap. In this ontext, two ases of disrepanies are onsidered. Case I: Twosigni�antly di�erent soure data are available. Case II: Several, mostly onsistentsoure data are available, one of them being signi�antly di�erent, i.e., an \outlier".Case I. Two disrepant data: This is a partiularly diÆult ase beause thenumber of data points is obviously insuÆient to allow the preferene of one of thetwo values. If there is absolutely no way of disarding one of the two values andseleting the other, the only solution is to average the two soure data in order toobtain the seleted value, beause the underlying reason for the disrepany must beunreognized systemati errors. There is no point in alulating a weighted average,even if the two soure data have been given di�erent unertainties, beause there isobviously too little information to give even only limited preferene to one of thevalues. The unertainty � X assigned to the seleted mean X has to over the range



Two or more independent soure data 337of expetation of both soure data X1; X2, as shown in Eq. (C.7),� X = ���Xi �X���+ �max; (C.7)where i = 1; 2, and �max is the larger of the two unertainties �i, see Example C.1.iiand Example C.2.Example C.2:The following redible soure data are given:X1 = 4:5� 0:3X2 = 5:9� 0:5:The unertainties have been assigned by the reviewer. Both experimental methodsare satisfatory, and there is no justi�ation to disard one of the data. The seletedvalue is then: X = 5:2� 1:2:Illustration for Example C.2: uXuX1 uX2 -4 4.5 5 5.5 6 6.5 XCase II. Outliers: This problem an often be solved by either disarding theoutlying data point, or by providing it with a large unertainty to lower its weight.If, however, the outlying value is onsidered to be of high quality and there is noreason to disard all the other data, this ase is treated in a way similar to Case I.Example C.3 illustrates the proedure.Example C.3:The following data points are available. The reviewer has assigned the unertaintiesand sees no justi�ation for any hange.i Xi �i1 4:45 0:352 5:9 0:53 5:7 0:44 6:0 0:65 5:2 0:4



338 Assigned unertaintiesThere are two sets of data that, statistially, belong to di�erent parent distributions Aand B. Aording to Eqs. (C.3) and (C.4), the following average values are found forthe two groups: XA(i = 1) = (4:45�0:35) and XB(i = 2; 3; 4; 5) = (5:62�0:23). Theseleted value will be the straight average of XA and XB, analogous to Example C.1:X = 5:0� 0:9:C.3. Several data at di�erent ioni strengthsThe extrapolation proedure used in this review is the spei� ion interation modeloutlined in Appendix B. The objetive of this review is to provide seleted data setsat standard onditions, i.e., among others, at in�nite dilution for aqueous speies.Equilibrium onstants determined at di�erent ioni strengths an, aording to thespei� ion interation equations, be extrapolated to I = 0 with a linear regressionmodel, yielding as the interept the desired equilibrium onstant at I = 0, and asthe slope the stoihiometri sum of the ion interation oeÆients, �". The ioninteration oeÆient of the target speies an usually be extrated from �" and islisted in the orresponding table of Appendix B.The available soure data may sometimes be sparse or may not over a suÆientrange of ioni strengths to allow a proper linear regression. In this ase, the orretionto I = 0 should be arried out aording to the proedure desribed in Setion C.4.1.If suÆient data are available at di�erent ioni strengths and in the same inertsalt medium, a weighted linear regression will be the appropriate way to obtain boththe onstant at I = 0, XÆ, and �". The �rst step is the onversion of the ionistrength from the frequently used molar (mol � dm�3, M) to the molal (mol � kg�1,m) sale, as desribed in Setion II.2. The seond step is the assignment of anunertainty �i, to eah data point Xi at the molality mk;i, aording to the rulesdesribed in Setion C.1. A large number of ommerial and publi domain omputerprograms and routines exist for weighted linear regressions. The subroutine publishedby Bevington [69BEV, pp.104-105℄ has been used for the alulations in the examplesof this appendix. Eqs. (C.8) through (C.12) present the equations that are used forthe alulation of the interept XÆ and the slope ��":XÆ = 1�  NXi=1 m2k;i�2i NXi=1 Xi�2i � NXi=1 mk;i�2i NXi=1 mk;iXi�2i ! (C.8)��" = 1�  NXi=1 1�2i NXi=1 mk;iXi�2i � NXi=1 mk;i�2i NXi=1 Xi�2i ! (C.9)� XÆ = vuut 1� NXi=1 m2k;i�2i (C.10)��" = vuut 1� NXi=1 1�2i ; (C.11)where � = NXi=1 1�2i NXi=1 m2k;i�2i �  NXi=1 mk;i�2i !2 : (C.12)



Several data at di�erent ioni strengths 339In this way, the unertainties �i are not only used for the weighting of the data inEqs. (C.8) and (C.9), but also for the alulation of the unertainties � XÆ and ��"in Eqs. (C.10) and (C.11). If the �i represent the 95% on�dene level, � XÆ and ��"will also do so. In other words, the unertainties of the interept and the slope donot depend on the dispersion of the data points around the straight line but ratherdiretly on their absolute unertainties �i.Example C.4:Ten independent determinations of the equilibrium onstant log �10 � for the reationUO2+2 +HF(aq) *) UO2F+ +H+ (C.13)are available in HClO4/NaClO4 media at di�erent ioni strengths. Unertainties thatrepresent the 95% on�dene level have been assigned by the reviewer. A weightedlinear regression, (log �10 �+2D) vs. mk, aording to the formula log �10 �(C:13)+2D =log �10 �Æ(C:13) � �"mk, will yield the orret values for the interept log �10 �Æ(C.13)and the slope �". In this ase, mk orresponds to the molality of ClO�4 . D is theDebye-H�ukel term, f. Appendix B.i mClO�4 ;i log �10 �i(C:13) + 2D �1 0:05 1:88 0:102 0:25 1:86 0:103 0:51 1:73 0:104 1:05 1:84 0:105 2:21 1:88 0:106 0:52 1:89 0:117 1:09 1:93 0:118 2:32 1:78 0:119 2:21 2:03 0:1010 4:95 2:00 0:32The results of the linear regression are:interept = 1.837 � 0.054 = log �10 �Æ(C.13)slope = 0.029 � 0.036 = ��".Calulation of the ion interation oeÆient "(UO2F+;ClO�4 ) = �" + "(UO2+2 ;ClO�4 ) �"(H+;ClO�4 ): From "(UO2+2 ;ClO�4 ) = (0:46 � 0:03) kg �mol�1; "(H+;ClO�4 ) = (0:14 �0:02) kg �mol�1 (see Appendix B) and the slope of the linear regression, �" =�(0:03 � 0:04) kg �mol�1, it follows that "(UO2F+;ClO�4 ) = (0:29 � 0:05) kg �mol�1.Note that the unertainty (�0:05) kg �mol�1 is obtained based on the rules of errorpropagation as desribed in Setion C.4.2:� = q(0:04)2 + (0:03)2 + (0:02)2 :



340 Assigned unertaintiesThe resulting seleted values are thuslog �10 �Æ(C:13) = 1:84� 0:05"(UO2F+;ClO�4 ) = (0:29� 0:05) kg �mol�1:C.3.1. Disrepanies or insuÆient number of data pointsDisrepanies are prinipally treated as desribed in Setion C.2. Again, two asesan be de�ned. Case I: Only two data are available. Case II: An \outlier" annotbe disarded. If only one data point is available, the proedure for orretion to zeroioni strength outlined in Setion C.4 should be followed.Case I. Too few molalities: If only two soure data are available, there will beno straightforward way to deide whether or not these two data points belong to thesame parent distribution unless either the slope of the straight line is known or thetwo data refer to the same ioni strength. Drawing a straight line right through thetwo data points is an inappropriate proedure beause all the errors assoiated withthe two soure data would aumulate and may lead to highly erroneous values oflog10KÆ and �". In this ase, an ion interation oeÆient for the key speies inthe reation in question may be seleted by analogy (harge is the most importantparameter), and a straight line with the slope �" as alulated may then be drawnthrough eah data point. If there is no reason to disard one of the two data pointsbased on the quality of the underlying experiment, the seleted value will be theunweighted average of the two standard state data obtained by this proedure, andits unertainty must over the entire range of expetany of the two values, analogousto Case I in Setion C.2. It should be mentioned that the ranges of expetany ofthe orreted values at I = 0 are given by their unertainties whih are based onthe unertainties of the soure data at I 6= 0 and the unertainty in the slope of thestraight line. The latter unertainty is not an estimate but is alulated from theunertainties in the ion interation oeÆients involved, aording to the rules of errorpropagation outlined in Setion C.4.2. The ion interation oeÆients estimated byanalogy are listed in the table of seleted ion interation oeÆients (Appendix B),but they are agged as estimates.Case II. Outliers and inonsistent data sets: This ase inludes situations whereit is diÆult to deide whether or not a large number of points belong to the sameparent distribution. There is no general rule on how to solve this problem, and de-isions are left to the judgement of the reviewer. For example, if eight data pointsfollow a straight line reasonably well and two lie way out, it may be justi�ed to dis-ard the \outliers". If, however, the eight points are sattered onsiderably and twopoints are just a bit further out, one an probably not onsider them as \outliers".It depends on the partiular ase and on the judgement of the reviewer whether it isreasonable to inrease the unertainties of the data to reah onsisteny, or whetherthe slope �" of the straight line should be estimated by analogy.



Several data at di�erent ioni strengths 341Example C.5:Six reliable determinations of the equilibrium onstant log10 � of the reationUO2+2 + SCN� *) UO2SCN+ (C.14)are available in di�erent eletrolyte media:I = 0.1 M (KNO3): log10 �(C.14) = 1:19� 0:03I = 0.33 M (KNO3): log10 �(C.14) = 0:90� 0:10I = 1.0 M (NaClO4): log10 �(C.14) = 0:75� 0:03I = 1.0 M (NaClO4): log10 �(C.14) = 0:76� 0:03I = 1.0 M (NaClO4): log10 �(C.14) = 0:93� 0:03I = 2.5 M (NaNO3): log10 �(C.14) = 0:72� 0:03The unertainties are assumed to represent the 95% on�dene level. From the valuesat I = 1 M, it an be seen that there is a lak of onsisteny in the data, and thata linear regression like in Example C.4 would not be appropriate. Instead, the use of�" values from reations of the same harge type is enouraged. Analogies with �"are more reliable than analogies with single " values due to anelling e�ets. For thesame reason, the dependeny of �" on the type of eletrolyte is often smaller thanfor single " values.A reation of the same harge type as Reation C.14, and for whih �" is wellknown, is UO2+2 + Cl� *) UO2Cl+ (C.15)The value of �"(C:15) = �(0:25� 0:02) was obtained from a linear regression using16 experimental data between I = 0:1 M and I = 3 M Na(Cl,ClO4) [92GRE/FUG℄.It is thus assumed that�"(C:14) = �"(C:15) = �0:25� 0:02The orretion of log10 �(C:14) to I = 0 is done using the spei� ion interationequation, f. TDB-2, whih uses molal units:log10 � + 4D = log10 �Æ ��"Im (C.16)D is the Debye-H�ukel term in molal units and Im the ioni strength onverted tomolal units by using the onversion fators listed in [76BAE/MES, p.439℄. The fol-lowing list gives the details of this alulation. The resulting unertainties in log10 �are obtained based on the rules of error propagation as desribed in Setion C.4.2.



342 Assigned unertaintiesIm eletrolyte log10 � 4D �"Im log10 �Æ0.101 KNO3 1:19 � 0:03 0.438 �0:025 1:68 � 0:03(a)0.335 KNO3 0:90 � 0:10 0.617 �0:084 1:65 � 0:10(a)1.050 NaClO4 0:75 � 0:03 0.822 �0:263 1:31 � 0:041.050 NaClO4 0:76 � 0:03 0.822 �0:263 1:32 � 0:041.050 NaClO4 0:93 � 0:03 0.822 �0:263 1:49 � 0:042.714 NaNO3 0:72 � 0:03 0.968 �0:679 1:82 � 0:13(a)(a) These values were orreted for the formation of the nitrateomplex UO2NO+3 by using log10K(UO2NO+3 ) = (0:30 � 0:15)[92GRE/FUG℄.As was expeted, the resulting values log10 �Æ are inonsistent and have thereforeto be treated as desribed in Case I of Setion C.2. That is, the seleted value willbe the unweighted average of log10 �Æ, and its unertainty will over the entire rangeof expetany of the six values. A weighted average would only be justi�ed if the sixvalues of log10 �Æ were onsistent. The result islog10 �Æ = 1:56� 0:39C.4. Proedures for data handlingC.4.1. Corretion to zero ioni strengthThe orretion of experimental data to zero ioni strength is neessary in all aseswhere a linear regression is impossible or appears inappropriate. The method usedthroughout the review is the spei� ion interation equations desribed in detailin Appendix B. Two variables are needed for this orretion, and both have to beprovided with an unertainty at the 95% on�dene level: the experimental sourevalue, log10K or log10 �, and the stoihiometri sum of the ion interation oeÆients,�". The ion interation oeÆients (see Tables B.3, B.4 and B.5 of Appendix B)required to alulate �" may not all be known. Missing values therefore need to beestimated. It is realled that the eletri harge has the most signi�ant inueneon the magnitude of the ion interation oeÆients, and that it is in general morereliable to estimate �" from known reations of the same harge type, rather than toestimate single " values. The unertainty of the orreted value at I = 0 is alulatedby taking into aount the propagation of errors, as desribed below. It should benoted that the ioni strength is frequently given in moles per dm3 of solution (molar,M) and has to be onverted to moles per kg H2O (molal, m), as the model requires.Conversion fators for the most ommon inert salts are given in Table II.5.



Proedures for data handling 343Example C.6:For the equilibrium onstant of the reationM3+ + 2H2O(l) *) M(OH)+2 + 2H+ (C.17)only one redible determination in 3 M NaClO4 solution is known, log �10 �(C.17) =�6:31, to whih an unertainty of �0:12 has been assigned. The ion interationoeÆients are as follows:"(M3+;ClO�4 ) = (0:56� 0:03) kg �mol�1"(M(OH)+2 ;ClO�4 ) = (0:26� 0:11) kg �mol�1"(H+;ClO�4 ) = (0:14� 0:02) kg �mol�1:The values of �" and ��" an be obtained readily (f. Eq. C.19):�" = "(M(OH)+2 ;ClO�4 ) + 2"(H+;ClO�4 ) � "(M3+;ClO�4 ) = �0:02 kg �mol�1��" = q(0:11)2 + (2� 0:02)2 + (0:03)2 = 0:12 kg �mol�1:The two variables are thus:log �10 �(C:17) = �6:31� 0:12�" = �(0:02� 0:13) kg �mol�1Aording to the spei� ion interation model the following equation is used toorret for ioni strength for the reation onsidered here:log �10 �(C:17) + 6D = log �10 �Æ(C:17)��"mClO�4D is the Debye-H�ukel term: D = 0:509pIm=(1 + 1:5pIm). The ioni strength Imand the molality mClO�4 (Im � mClO�4 ) have to be expressed in molal units, 3 MNaClO4 orresponding to 3.5 m NaClO4 (see Setion II.2), giving D = 0.25. Thisresults in log �10 �Æ(C:17) = �4:88:The unertainty in log �10 �Æ is alulated from the unertainties in log �10 � and �" (f.Eq. C.19):�log �10 �Æ = r�2log �10 � + �mClO�4 ��"�2 = q(0:12)2 + (3:5� 0:12)2 = 0:44:The seleted, rounded value islog �10 �Æ(C:17) = �4:9� 0:4:



344 Assigned unertaintiesC.4.2. Propagation of errorsWhenever data are onverted or realulated, or other algebrai manipulations areperformed that involve unertainties, the propagation of these unertainties has tobe taken into aount in a orret way. A lear outline of the propagation of errorsis given by Bevington [69BEV℄. A simpli�ed form of the general formula for errorpropagation is given by Eq. (C.18), supposing that X is a funtion of Y1; Y2; : : : ; YN :�2X = NXi=1  �X�Yi�Yi!2 (C.18)Eq. (C.18) an be used only if the variables Y1; Y2; : : : ; YN are independent orif their unertainties are small, that is the ovarianes an be disregarded. One ofthese two assumptions an almost always be made in hemial thermodynamis, andEq. (C.18) an thus almost universally be used in this review. Eqs. (C.19) through(C.23) present expliit formulas for a number of frequently enountered algebraiexpressions, where ; 1; 2 are onstants.X = 1Y1 � 2Y2 : �2X = (1�Y1)2 + (2�Y2)2 (C.19)X = �Y1Y2 and X = �Y1Y2 : ��XX �2 = ��Y1Y1 �2 + ��Y2Y2 �2 (C.20)X = 1Y �2 : �XX = 2�YY (C.21)X = 1 e�2Y : �XX = 2�Y (C.22)X = 1 ln(�2Y ) : �X = 1�YY (C.23)Example C.7:A few simple alulations illustrate how these formulas are used. The values havenot been rounded.Eq: (C:19) : �rGm = 2[�(277:4� 4:9)℄ kJ �mol�1 � [�(467:3� 6:2)℄ kJ �mol�1= �(87:5� 11:6) kJ �mol�1Eq: (C:20) : K = (0:038�0:002)(0:0047�0:0005) = (8:09� 0:92)Eq: (C:21) : K = 4(3:75� 0:12)3 = (210:9� 20:3)Eq: (C:22) : KÆ = e��rGÆmRT ; �rGÆm = �(2:7� 0:3) kJ �mol�1R = 8:3145 J �K�1 �mol�1T = 298:15 KKÆ = 2:97� 0:36Note that powers of 10 have to be redued to powers of e, i.e., the variable has to bemultiplied by ln(10), e.g.,log10K = (2:45� 0:10); K = 10log10K = e(ln(10) log10K) = (282� 65):



Proedures for data handling 345Eq: (C:23) : �rGÆm = �RT lnKÆ ; KÆ = (8:2� 1:2)� 106R = 8:3145 J �K�1 �mol�1T = 298:15K�rGÆm = �(39:46� 0:36) kJ �mol�1lnKÆ = 15:92� 0:15log10KÆ = lnKÆ= ln(10) = 6:91� 0:06Again, it an be seen that the unertainty in log10KÆ annot be the same as inlnKÆ. The onstant onversion fator of ln(10) = 2:303 is also to be applied to theunertainty.C.4.3. RoundingThe standard rules to be used for rounding are:1. When the digit following the last digit to be retained is less than 5, the lastdigit retained is kept unhanged.2. When the digit following the last digit to be retained is greater than 5, the lastdigit retained is inreased by 1.3. When the digit following the last digit to be retained is 5 anda) there are no digits (or only zeroes) beyond the 5, an odd digit in the lastplae to be retained is inreased by 1 while an even digit is kept unhanged.b) other non-zero digits follow, the last digit to be retained is inreased by 1,whether odd or even.This proedure avoids introduing a systemati error from always dropping or notdropping a 5 after the last digit retained.When adding or subtrating, the result is rounded to the number of deimal plaes(not signi�ant digits) in the term with the least number of plaes. In multipliationand division, the results are rounded to the number of signi�ant digits in the termwith the least number of signi�ant digits.In general, all operations are arried out in full, and only the �nal results arerounded, in order to avoid the loss of information from repeated rounding. For thisreason, several additional digits are arried in all alulations until the �nal seletedset of data is developed, and only then are data rounded.C.4.4. Signi�ant digitsThe unertainty of a value basially de�nes the number of signi�ant digits a valueshould be given. Examples: 3.478� 0.0083.48 � 0.012.8 � 0.4



346 Assigned unertaintiesIn the ase of auxiliary data or values that are used for later alulations, it is often notonvenient to round to the last signi�ant digit. In the value (4:85�0:26), for example,the \5" is lose to being signi�ant and should be arried along a realulation pathin order to avoid loss of information. In partiular ases, where the rounding tosigni�ant digits ould lead to slight internal inonsistenies, digits with no signi�antmeaning in absolute terms are nevertheless retained. The unertainty of a seletedvalue always ontains the same number of digits after the deimal point as the valueitself.



Appendix DCorretions to the UraniumNEA-TDB reviewy
Ingmar GRENTHE Ignasi PUIGDOMENECHDepartment of Inorgani Chemistry OECD Nulear Energy AgenyRoyal Institute of Tehnology Le Seine { Saint GermainS-100 44 Stokholm (Sweden) 12, boulevard des IlesF{92130 Issy{les{Moulineaux (Frane)M. C. Amaia SANDINO Malolm H. RANDD-76137 Karlsruhe (Germany) WintersHill ConsultanyDry Sandford, AbingdonOxon OX13 6JP (United Kingdom)D.1. IntrodutionReaders of the uranium review [92GRE/FUG℄ have pointed out to us several minorproblems and misprints.� The labels \U(OH)4(aq)" and \UO2CO3(aq)" should be interhanged in Fig-ure V.19, p.325.� In Setion V.3.3.1.4, p.136, the referene in the �rst line should be \Cordfunke[66COR℄", while in the seond line after Eq. (V.22), the referene [66COR℄should read [63COR/ALI℄.� The value of �fHÆm(UO4 � 4H2O; r; 298:15 K) should be �(2384:7 � 2:1) kJ �mol�1 (instead of �2394:8 kJ � mol�1), both in Table III.1, p.32, and in Se-tion V.3.3.1.4, p.136.y Although this text has been prepared by the authors listed, most of the orretions mentioned init have been pointed out by various observant readers: D. Cubiiotti, J. Fuger, R.J. Lemire, P.Vitorge and others. It must be stressed that this Appendix has not been submitted to independentpeer-review. Judgement should be used when applying the omments and values given in thisand following pages. 347



348 Corretions to the Uranium NEA-TDB review� The title and the last page number for Ref. [63COR/ALI℄, whih were omittedin the uranium book an be found in the Referene list of this Appendix.� In Figures V.7, V.8, V.19 and V.20, the variable \pe", whih denotes the Y -axis, is not de�ned anywhere in the uranium review. The de�nition of thisvariable is given in Setion II.1.6.5 of this volume.� Several errors in Appendies B and C of [92GRE/FUG℄ have been orretedand reprinted in this volume, for example, Eqs. (B.11) and (C.9). Likewise,footnotes \()" and \(i)" in Table B.3 of [92GRE/FUG℄ have been revised.� In the �rst line of Setion V.9.5.2.3, p.347, the ompound should be Ba2SrUO6(r)and not Ba2CaUO6(r).The authors of the uranium volume agreed that updates of the review to inludelater publiations would not be made, but that the seleted values ould be revised iferrors were disovered. Problems brought to our attention with the seleted uraniumthermodynami data in Chapter III and with the spei� ion interation oeÆientsin Appendix B of Ref. [92GRE/FUG℄ are dealt with in the following Setions.D.2. Uranium trihlorideThe value of CÆp;m(UCl3; r; 298:15K) in Table III.1 of the uranium NEA-TDB review[92GRE/FUG, p.36℄ is erroneous. Grenthe et al. [92GRE/FUG, pp.200{202℄ adoptedthe values reported by Cordfunke, Konings and Westrum [89COR/KON℄, but thenumbers were mistyped. The orret value is CÆp;m(UCl3; r; 298:15 K) = (102:5 �0:5) J �K�1 �mol�1, instead of 95:1 J �K�1 �mol�1, and the thermal funtion quotedin Table III.3 [92GRE/FUG, p.61℄ should readCÆp;m=( J �K�1 �mol�1) = 87:78 + 31:127� 10�3T=K+ 4:853� 105(T=K)�2:We note however that this funtion has a minimum at � 315K. In order to removethis artifat the original data [47GIN/COR℄ should be re�tted.D.3. Aqueous uranium hydroxide omplexesD.3.1. UO2(OH)2(aq)Conerns have been expressed about the inadequay of the seleted values for thisspeies, namely:UO2+2 + 2H2O(l)*) UO2(OH)2(aq) + 2H+ log10 ��Æ2(298:15 K) � �10:3whih orresponds to �fGÆm(UO2(OH)2; aq; 298:15 K) � �1368 kJ �mol�1. This up-per stability limit would suggest that this omplex is not a predominating hydrolysisspeies in the uranium(VI) system. However, Figures V.4 to V.5, V.7 and V.18 inpages 115, 116, 128 and 322 of Ref. [92GRE/FUG℄ show that this speies predomi-nates over a large range of onditions. Most of these Figures might be misleading,



Uranium arbonate omplexes and ompounds 349beause for the sake of larity they were onstruted suppressing the preipitation ofsolid phases. Nevertheless, Figure V.5 in [92GRE/FUG℄ shows that UO2(OH)2(aq)an reah onentrations approahing 10�5 M in equilibrium with shoepite if theseleted upper limit for log10 ��Æ2 is used. It appears therefore, that some additionalomments are required for this omplex.The seleted values expressed the knowledge on this system by the date the draftwas sent for peer-review. Later publiations (for example [91CHO/MAT, 92BIS/KRA,92SIL, 94TOR/CAS℄) have shown that the atual value of �fGÆm for this omplexis probably larger than the lower limit set by Grenthe et al. by about 8 kJ �mol�1,f. the footnote in p.113 of Ref. [92GRE/FUG℄. Nevertheless, a revised value for thisomplex is not o�ered beause of the deision taken that the uranium book wouldnot be updated in the near future to take aount of subsequent publiations.D.3.2. U(IV) hydroxide omplexesUsers of the seleted data set for this system should be aware of the aveats expressedin setion \A potential inonsisteny" in [92GRE/FUG, pp.129{131℄. Although it ap-pears that the stability of U(OH)4(aq) has been overestimated by orders of magnitudein [92GRE/FUG℄, the inonsistenies mentioned by Grenthe et al. still remain unre-solved, and a re-examination of this system is being undertaken simultaneously withthe neptunium and plutonium NEA-reviews.D.4. Uranium arbonate omplexes and ompoundsAlthough no remarks have been made on the seleted thermodynami values on-erning this hemial system, a re-adjustment of the method for ioni strength or-retions has taken plae within the NEA-TDB projet as disussed below. This hasinsigni�ant onsequenes on the seleted thermodynami values, but might havenon-negligible e�ets on the ioni strength extrapolations in arbonate solutions forusers of the spei� ion interation equations disussed in Appendix B.More important is the fat that the thermodynami data seleted by Grenthe etal. [92GRE/FUG℄ are not likely to reet the behaviour of U(IV) at pH < 7, beausemixed hydroxide arbonate/biarbonate omplexes of U(IV) are probably formed inthose aqueous solutions (f. [92GRE/FUG, p.323℄). Experimental information on theomplexes formed and their stability is still badly needed 3 years after the publiationof the NEA review.The grounds for the hange in the parameters of the ioni strength orretionmethod for arbonate solutions, and its e�ets on the seleted uranium values, arepresented in the following disussions.For onsisteny, the auxiliary data presented in Chapter IV have to be used withthe values seleted in the NEA-TDB reviews. For the aqueous arbonate system, theequilibrium onstants are alulated from the CODATA Key Values [89COX/WAG℄with the unertainties re-evaluated in Chapter VI of [92GRE/FUG℄. For example forthe reation CO2�3 + 2H+ *) CO2(g) + H2O(l) (D.1)



350 Corretions to the Uranium NEA-TDB reviewlog10KÆp = (18:15� 0:04) is obtained ombining the values given in Table IV.2.The seleted data in the NEA-TDB projet should be used in ombination withthe spei� ion interation equations (f. Appendix B). This will ensure onsistenybetween the ioni strength orretions used in the modelling alulations and duringthe NEA review proedure.However, a member of the team for the Np/Pu review (Dr. Vitorge, CEA, Frane)has pointed out that for the aqueous arbonate system the experimental equilibriumonstants in NaClO4 media are poorly represented by the ombination of CODATAKey Values and the spei� ion interation equations (using the values of "(Na+;CO2�3 )and "(Na+;HCO�3 ) adopted in [92GRE/FUG℄). Nevertheless, it must be stated that thealulated and experimental values do agree within the unertainty of the extrapola-tions. A better agreement between the CODATA Key Values and the experimentalmeasurements is obtained using the "-values reported by Ciavatta [80CIA℄. Appar-ently the values of "(Na+;CO2�3 ) and "(Na+;HCO�3 ) adopted in [92GRE/FUG℄ were ob-tained from a �tting of ativity (or osmoti) oeÆient data for Na2CO3 and NaHCO3solutions. However, Dr. Vitorge pointed out that this proedure is inadequate, be-ause hydrolysis will take plae in these solutions of the \pure" salts, introduing asystemati error in the "-values obtained by the �tting proedure. These argumentsweighted against the poliy of keeping the values of the spei� ion interation pa-rameters onstant throughout the NEA-TDB reviews, and it was �nally deided thatit would be reasonable to hange the values of the two key "-values to those given in[80CIA℄: "(Na+;CO2�3 ) = �(0:08� 0:03) kg �mol�1; (D.2)"(Na+;HCO�3 ) = (0:00� 0:02) kg �mol�1: (D.3)In order to keep internal onsisteny among the NEA-TDB reviews, this hangeof "-values requires a re-evaluation of the values seleted in the NEA review onuranium thermodynamis [92GRE/FUG℄. Grenthe at al. seleted data for 10 aque-ous arbonate/biarbonate omplexes of uranium, inluding mixed omplexes withhydroxo or oxo groups. Furthermore, the uranium review ontains seleted valuesfor two omplexes ontaining both dioxouranium(VI) and either dioxoplutonium(VI)or dioxoneptunium(VI). Two solid phases have seleted values: UO2CO3(r) andNa4UO2(CO3)3(r).In addition to formation and reation data 7 spei� ion interation oeÆientswere seleted by Grenthe et al. [92GRE/FUG, Table B.4℄ for aqueous omplexes ofuranium and arbonate (inluding a mixed arbonate-hydroxo omplex).The seletion proedure followed by Grenthe et al. is repeated here using the new"-values as desribed in the following Setions. As expeted, the e�et of the new"-values (f. Eqs. (D.2) and (D.3)) in the seleted thermodynami data for uraniumomplexes and ompounds is quite small, but the hanges are larger on the values ofthe spei� ion interation oeÆients of uranium arbonate omplexes. The resultsof these re-evaluations are summarized in Tables D.1, D.2 and D.3.



Uranium arbonate omplexes and ompounds 351Table D.1: Spei� ion interation oeÆients (", in units of kg �mol�1) for uraniumarbonate omplexes revised for the hanged "-values given in Eqs. (D.2) and (D.3).The value in emphasized typefae is taken diretly from Ref. [92GRE/FUG℄ and is nota�eted by this re-evaluation. All ioni speies listed in this table are aqueous speies.All data refer to the referene temperature of 298.15 K and to the standard state,i.e., a pressure of 0.1 MPa. The unertainties listed represent total unertainties andorrespond in priniple to the statistially de�ned 95% on�dene interval."((UO2)CO3(OH)�3 ;Na+) = 0.00�0.05"(UO2(CO3)2�2 ;Na+) = �0:02� 0:09"(U(CO3)4�4 ;Na+) = �0:09� 0:10"(UO2(CO3)4�3 ;Na+) = �0:01� 0:11"(UO2(CO3)5�3 ;Na+) = �0:62� 0:15"(U(CO3)6�5 ;Na+) = �0:30� 0:15"((UO2)3(CO3)6�6 ;Na+) = 0:37� 0:11
D.4.1. U(VI) arbonate omplexesD.4.1.1. UO2CO3(aq)The two values of the equilibrium onstants for reationUO2+2 + CO2�3 *) UO2CO3(aq) (D.4)from Refs. [72SER/NIK, 91GRE/LAG℄ and the four values obtained from reinter-pretations of the data in Refs. [69TSY, 79CIA/FER, 84GRE/FER℄ are orreted toI = 0 using �"(D:4) = �(0:38� 0:04) kg �mol�1 instead of �(0:41� 0:04) kg �mol�1.The revised values are given in Table D.4.Note that the values of log10 �1 for Refs. [79CIA/FER, 84GRE/FER, 91GRE/LAG℄have been realulated from the orresponding equilibrium onstants of reationsinvolving CO2(g): UO2+2 +H2O(l) + CO2(g)*) UO2CO3(aq)ombined with values of log10Kp(D:1) alulated from the CODATA Key Values(f. Table IV.2) and the spei� ion interation equations (f. Appendix B) using"(Na+;CO2�3 ) = �(0:08� 0:03) kg �mol�1.The weighted average of the values extrapolated to I = 0 and listed in Table D.4is: log10 �Æ1(D:4; 298:15 K) = 9:67� 0:05whih is essentially equal to the value obtained by Grenthe et al. [92GRE/FUG℄:log10 �Æ1 = (9:68� 0:04).



352 Corretions to the Uranium NEA-TDB review
Table D.2: Thermodynami data for uranium arbonate omplexes and ompoundsfrom Ref. [92GRE/FUG℄ revised for the hanged "-values given in Eqs. (D.2) and(D.3). Values in emphasized typefae are taken diretly from Ref. [92GRE/FUG℄and are not a�eted by this re-evaluation. All ioni speies listed in this table areaqueous speies. Unless noted otherwise, all data refer to the referene temperatureof 298.15 K and to the standard state, i.e., a pressure of 0.1 MPa and, for aqueousspeies, in�nite dilution (I = 0). The unertainties listed below eah value repre-sent total unertainties and orrespond in priniple to the statistially de�ned 95%on�dene interval. Values obtained from internal alulation, f. footnotes (a) and(b), are rounded at the third digit after the deimal point and may therefore not beexatly idential to those given in Chapter V of [92GRE/FUG℄. Systematially, allthe values are presented with three digits after the deimal point, regardless of thesigni�ane of these digits.Compound �fGÆm �fHÆm SÆm CÆp;m(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1) (J �K�1 �mol�1)UO2CO3(aq) �1535:650(b) �1689:230(b) 53:710(a)�1:813 �2:512 �10:394UO2CO3(r) �1563:160(b) �1689:760(a) 144 :200 120 :100�1:805 �1:808 �0 :300 �0 :100U(CO3)6�5 �3362:860(b) �3987:350(b) �84:970(a)�6:285 �5:334 �27:654(UO2)2(PuO2)(CO3)6�6 ()(UO2)2(NpO2)(CO3)6�6 ()
(a) Value alulated internally with the Gibbs-Helmholtz equation, �fGÆm = �fHÆm � T�fSÆm.(b) Value alulated internally from reation data (see Table D.3).() Only reation data are seleted for this ompound, f. Table D.3.
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Table D.3: Thermodynami data for reations involving uranium ompounds andomplexes revised for the hanged "-values given in Eqs. (D.2) and (D.3). Values inemphasized typefae are taken diretly from Ref. [92GRE/FUG℄ and are not a�etedby this re-evaluation. All ioni speies listed in this table are aqueous speies. Unlessnoted otherwise, all data refer to the referene temperature of 298.15 K and to thestandard state, i.e., a pressure of 0.1 MPa and, for aqueous speies, in�nite dilution(I = 0). The unertainties listed below eah value represent total unertainties andorrespond in priniple to the statistially de�ned 95% on�dene interval. Valuesobtained from internal alulation, f. footnote (a), are rounded at the third digitafter the deimal point and may therefore not be exatly idential to those given inChapter V of [92GRE/FUG℄. Systematially, all the values are presented with threedigits after the deimal point, regardless of the signi�ane of these digits.Speies Reation log10KÆ �rGÆm �rHÆm �rSÆm(kJ �mol�1) (kJ �mol�1) (J �K�1 �mol�1)UO2CO3(aq) CO2�3 + UO2+2 *) UO2CO3(aq)9:670 �55:197 5 :000 201:901(a)�0:050 �0:285 �2 :000 �6:776UO2CO3(r) CO2�3 + UO2+2 *) UO2CO3(r)14:490 �82:710�0:040 �0:228U(CO3)6�5 5 CO2�3 + U4+ *) U(CO3)6�533:900 �193:503 �20 :000 581:931(a)�1:000 �5:708 �4 :000 �23:378(UO2)2(PuO2)(CO3)6�6 PuO2(CO3)4�3 + 2 UO2(CO3)4�3 *) (UO2)2(PuO2)(CO3)6�6 + 3 CO2�3�8:200 46:806�1:300 �7:420(UO2)2(NpO2)(CO3)6�6 NpO2(CO3)4�3 + 2 UO2(CO3)4�3 *) (UO2)2(NpO2)(CO3)6�6 + 3 CO2�3�9:400 53:656�1:300 �7:420(a) Value alulated internally with the Gibbs-Helmholtz equation, �rGÆm = �rHÆm � T�rSÆm.



354 Corretions to the Uranium NEA-TDB reviewTable D.4: Experimental equilibrium data for reation: UO2+2 + CO2�3 *)UO2CO3(aq). This table supersedes the orresponding values in Table V.42, p.309of Ref. [92GRE/FUG℄.Method Ioni t log10 �(a)1 log10 �Æ(a)1 RefereneMedium (ÆC)emf, gl 0.1 M (NaClO4) 25 9:30� 0:20(b;d) 10:13� 0:20 [69TSY℄sol, sp � 0:03 M 25 9:87� 0:30(d) [72SER/NIK℄emf, gl 3.0 M (NaClO4) 25 8:60� 0:18(b;) 9:14� 0:23 [79CIA/FER℄sol 0.5 M (NaClO4) 25 8:38� 0:10(b;) 9:57� 0:11 [84GRE/FER℄3.0 M (NaClO4) 25 8:89� 0:10(b;) 9:43� 0:18emf, gl 0.5 m (NaClO4) 25 8:54� 0:05 9:73� 0:07 [91GRE/LAG℄(a) log10 �1 refers to equilibrium onstant in the ioni medium and at the temperaturegiven in the table, log10 �Æ1 (in molal units) at I = 0 and 298.15 K.(b) Re-evaluated by Grenthe et al. [92GRE/FUG, Appendix A℄.() The reported onstant is orreted for the di�erent protonation onstant of ar-bonate used in the NEA reviews (f. Table IV.2) orreted for medium e�ets withthe spei� ion interation equations (f. Appendix B), using the same proedureas Grenthe et al. [92GRE/FUG, Appendix A℄.(d) Unertainties estimated by Grenthe et al. [92GRE/FUG℄.D.4.1.2. UO2(CO3)2�2 and UO2(CO3)4�3The seletion proedure for the values of log10 �Æ2 and log10 �Æ3 is not a�eted by thehange in the key "-values. However, from the values of �"2 and �"3 the two seletedion interation oeÆients are instead:"(UO2(CO3)2�2 ;Na+) = �(0:02� 0:09) kg �mol�1 (D.5)"(UO2(CO3)4�3 ;Na+) = �(0:01� 0:11) kg �mol�1: (D.6)D.4.1.3. (UO2)3(CO3)6�6The seletion proedure for the value of the standard equilibrium onstant of for-mation of this omplex, log10 �Æ6;3, is not a�eted by the hange in the key "-values.However, the value of the seleted ion interation oeÆient is derived to be:"((UO2)3(CO3)6�6 ;Na+) = (0:37� 0:11) kg �mol�1:D.4.2. Mixed U(VI) hydroxide-arbonate omplexesThe seletion proedure for the value of the standard equilibrium onstant of forma-tion of these omplexes ((UO2)11(CO3)6(OH)2�12 , (UO2)3O(OH)2(HCO3)+ and(UO2)2CO3(OH)�3 ) is not a�eted by the hange in the key "-values, beause thereations onsidered by by Grenthe et al. [92GRE/FUG℄ did involve CO2(g) as



Uranium arbonate omplexes and ompounds 355a omponent, rather than arbonate or biarbonate ions, f. reations (V.164) to(V.167) and Table III.2 in Ref. [92GRE/FUG℄. For the same reason, the value of"((UO2)2CO3(OH)�3 ;Na+) seleted by Grenthe et al. remains unhanged.D.4.3. Mixed U(VI), Np(VI) and Pu(VI) arbonate omplexesThe equilibrium onstants at (22 � 1)ÆC in 3 M NaClO4 reported in [86GRE/RIG℄for the reations2UO2(CO3)4�3 +MO2(CO3)4�3 *) (UO2)2(MO2)(CO3)6�6 + 3CO2�3M = Np; Pu (D.7)are extrapolated to I = 0 assuming that "-values are the same for the omplexes withM = U, Np and Pu, i.e. using �" = (0:16� 0:36) kg �mol�1, obtaininglog10KÆ(D:7; M = Np; 298:15 K) = �9:4�1:3log10KÆ(D:7; M = Pu; 298:15 K) = �8:2�1:3The standard Gibbs energies of formation for (UO2)2(NpO2)(CO3)6�6 and(UO2)2(PuO2)(CO3)6�6 will be seleted in the forthoming NEA review on the hem-ial thermodynamis of neptunium and plutonium.D.4.4. U(V) arbonate omplexesThe seletion proedure used by Grenthe et al. to obtain the value for the standardredox potential for reationUO2(CO3)4�3 + e� *) UO2(CO3)5�3 (D.8)is not a�eted by the hange in the key "-values, beause no arbonate or biarbonateions are involved in this reation. However, from the value of �"(D:8) = �(0:61 �0:10) obtained by Riglet [90RIG, p.105℄, the seleted ion interation oeÆient is:"(UO2(CO3)5�3 ;Na+) = �(0:62� 0:15) kg �mol�1:Note that at eah of the NaClO4 onentrations studied by Riglet, she measuredapparent normal potentials relative to the standard hydrogen eletrode and, therefore,ativity oeÆient orretions for H+ aording to the reation: 12H2(g) *) H+ + e�are not inluded in the value of �".D.4.5. U(IV) arbonate omplexesD.4.5.1. U(CO3)4�4The seleted stepwise equilibrium onstant for reationU(CO3)4�4 + CO2�3 *) U(CO3)6�5 (D.9)



356 Corretions to the Uranium NEA-TDB reviewis not a�eted by the "-values given in Eqs. (D.2) and (D.3). Grenthe et al. esti-mated y "(U(CO3)4�4 ;Na+) = �(0:09 � 0:10) kg � mol�1 [92GRE/FUG, p.324℄, whih isombined with the experimental value of �"(D:9) = �(0:13�0:11) kg �mol�1 to yield"(U(CO3)6�5 ;Na+) = �(0:30� 0:15) kg �mol�1. The seleted "-values are"(U(CO3)4�4 ;Na+) = �(0:09� 0:10) kg �mol�1;"(U(CO3)6�5 ;Na+) = �(0:30� 0:15) kg �mol�1:The value of "(U(CO3)6�5 ;Na+), whih is derived from the estimate of "(U(CO3)4�4 ;Na+),is used in next Setion to extrapolate the value of log10 �5 to I = 0.D.4.5.2. U(CO3)6�5The normal redox potential of the reationUO2(CO3)4�3 + 2 e� + 2CO2(g) *) U(CO3)6�5 (D.10)was determined in 3 M NaClO4 solutions at 25ÆC by Ciavatta et al. [83CIA/FER℄:EÆ = �(0:279 � 0:001)V, i.e., log10K(D:10) = �(9:432 � 0:034). The proedureindiated in Grenthe et al. [92GRE/FUG, Appendix A℄, will also be followed here.Reation (D.10) is ombined with the equilibriaUO2+2 + 2 e� + 4H+ *) U4+ + 2H2O(l) (D.11)UO2+2 + 3CO2�3 *) UO2(CO3)4�3 (D.12)CO2(g) + H2O(l) *) CO2�3 + 2H+ (D.13)whose seleted onstants are extrapolated to I = 3 M NaClO4 using the spei�ion interation equations of Appendix B (with the "-values given by Eqs. (D.2) and(D.3)), obtaining, log10K(D:11) = (11:96�0:37), log10K(D:12) = (22:61�0:51) andlog10K(D:13) = �(17:61� 0:18). Finally, for reationU4+ + 5CO2�3 *) U(CO3)6�5 (D.14)the equilibrium onstant is alulated to be log10 �5 = (36:44� 0:68). The value of"(U(CO3)6�5 ;Na+) = �(0:30�0:15) kg �mol�1, estimated in the previous setion followingthe proedure of Grenthe et al. (f. pages 660 and 324 in Ref. [92GRE/FUG℄), is usedto obtain �"(D:14) = �(0:66� 0:22) kg �mol�1, whih allows us to alulate:log10 �Æ5(298:15 K) = 34:1� 1:0;whih is essentially the same value as that reported by Grenthe et al., (34:0 � 0:9)[92GRE/FUG, p.324℄. The large unertainty is due to the aumulation of unertain-ties for the extrapolation of the equilibrium onstants for reations (D.11) to (D.13)from I = 0 to I = 3 M, and then for the extrapolation of log10 �5 bak to I = 0.y Grenthe et al. onsistently listed "(U(CO3)4�4 ;Na+) = (0:09 � 0:10) both in p.324 and in p.697[92GRE/FUG℄. This appears to be a misprint, and the value should in fat have a negativesign.



Uranium arbonate omplexes and ompounds 357D.4.6. Solid uranium arbonatesD.4.6.1. UO2CO3(r)The four reliable values of the equilibrium onstants for reationUO2CO3(r) *) UO2+2 + CO2�3 (D.15)from Refs. [72SER/NIK, 76NIK2, 84GRE/FER℄ are orreted to I = 0 using�"(D:15) = �(0:38 � 0:04) kg � mol�1. The revised values are listed in Table D.5.The weighted average of the values extrapolated to I = 0 is:log10KÆs;0(D:15; 298:15 K) = �14:49� 0:04whih is essentially equal to the value obtained by Grenthe et al. [92GRE/FUG℄:log10KÆs;0 = �(14:47� 0:04).Table D.5: Experimental equilibrium data for reation: UO2CO3(r) *) UO2+2 +CO2�3 . This table supersedes the orresponding values in Table V.42, p.311 of Ref.[92GRE/FUG℄.Method Ioni t log10K(a)s;0 log10KÆ(a)s;0 RefereneMedium (ÆC)sol 0.0002 to 0.02 M 25 �14:26(j) �14:26� 0:30(d) [72SER/NIK℄sol 0.01 M(h) 25 �14:15� 0:08 �14:50� 0:17(d) [76NIK2℄sol 0.5 M (NaClO4) 25 �13:31� 0:03(b;) �14:49� 0:04 [84GRE/FER℄3.0 M (NaClO4) 25 �13:94� 0:03(b;) �14:48� 0:15(a) log10Ks;0 refers to equilibrium onstant in the ioni medium and at the temperaturegiven in the table, log10KÆs;0 (in molal units) at I = 0 and 298.15 K.(b) Re-evaluated by Grenthe et al. [92GRE/FUG, Appendix A℄.() The reported onstant is orreted for the di�erent protonation onstant of arbon-ate used in this review (f. Table IV.2) orreted for medium e�ets with the spei�ion interation equations (f. Appendix B), following the proedure of Grenthe et al.[92GRE/FUG, Appendix A℄.(d) Unertainties estimated by Grenthe et al. [92GRE/FUG℄.(h) Ioni strength assumed to be similar to that reported in Ref. [72SER/NIK℄.(j) Value refers to I = 0.D.4.6.2. Na4UO2(CO3)3(r)The extrapolation to I = 0 of the measurements [56BLA/COL℄ of the equilibriumonstant for Na4UO2(CO3)3(r) *) 4Na+ +UO2(CO3)4�3 (D.16)is not a�eted by the new "-values de�ned in Eqs. (D.2) and (D.3). The value of�"(D:16) = �(0:09 � 0:06) kg � mol�1 obtained by Grenthe et al. [92GRE/FUG,



358 Corretions to the Uranium NEA-TDB reviewp.328℄ now leads to "(UO2(CO3)4�3 ;Na+) = �(0:13 � 0:07) kg � mol�1, whih still di�erssigni�antly from the value given in Eq. (D.6) and Table D.1.D.5. Uranium mineralsThe thermodynami data for uranium minerals have been the subjet of some ex-pressed ritiism regarding the NEA-TDB review for uranium. Taking into aountthe omplex hemistry of these solid phases, it is to be expeted that the numberof publiations with experimental determinations of thermodynami parameters foruranium minerals is low. The existing literature on this subjet was reviewed byGrenthe et al., [92GRE/FUG℄, and we are not aware of any other experimental workwhih esaped the attention of the NEA-review team and that ould have been usedto reommend thermodynami data on uranium minerals.Nevertheless, a few publiations have been found [81OBR/WIL, 81VOC/PIR,83OBR/WIL, 83VOC/PEL, 84VOC/GRA, 84VOC/GOE, 86VOC/GRA,88ATK/BEC, 90VOC/HAV℄ whih by mistake were not inluded in the disussionsof Chapter V in Ref. [92GRE/FUG℄. As the quality of the experimental data givenin these referenes is not adequate to inlude them in a seletion proedure, it isimportant to note that this omission does not really a�et the set of seleted ther-modynami uranium data given in the NEA review.Two studies presented by O'Brien and Williams in [81OBR/WIL, 83OBR/WIL℄deal with the stabilities of di�erent seondary uranyl minerals. These referenes areParts 3 and 4 of a series of papers. Parts 1 and 2 [79HAA/WIL, 80ALW/WIL℄ in thesame series were reviewed and disussed by Grenthe et al. [92GRE/FUG℄ (SetionsV.5.1.3.2. and V.7.1.2.2.b, pp. 254{255 and 328, and the omments on [79HAA/WIL℄in Appendix A, pp. 646{648).O'Brien and Williams [81OBR/WIL℄ reported the Gibbs energies of formation ofsodium, potassium, and ammonium zippeites, (basi dioxouranium(VI) sulphates).There are almost no experimental details on the tehnique and data analysis usedin this work as well as no information about the auxiliary data used. In Part 4,[83OBR/WIL℄, O'Brien and Williams reported the thermodynami stabilities, i.e.,Gibbs energies of formation, of shr�okingerite, Ca3NaUO2(CO3)3FSO4 � 10H2O(r),and grimselite, K3NaUO2(CO3)3 � H2O(r), alulated from solubility experiments.The method used for these measurements is essentially the same as was previouslyused by Haake et al., [79HAA/WIL℄ in Part 1 of this series. The authors performedorretions for ioni strength e�ets to the equilibrium onstants for the aqueousomplexes, but the data su�er from the same aw as previous studies, i.e., neglet ofthe formation of hydrolysis speies, whih in the investigated pH range (7.69 to 10.00)is expeted to be important for the uranium system, introduing a large unertaintyin the alulated solubility produts, and therefore on the resulting values of thethermodynami data.The solubility produts of obalt, nikel, and opper uranylphosphate, (meta-torbenite) were measured by Vohten et al., [81VOC/PIR℄. The solid ompoundswere synthesised and adequately haraterised. However, the solubility experiments



Uranium minerals 359and the orresponding data analysis have serious limitations, e.g., lak of uraniumand phosphorous analysis, standardisation of the pH eletrode with bu�er solutionswhih were out of the pH range under investigation, no orretion for ioni strengthe�ets on the auxiliary thermodynami data (whih were taken from Sill�en et al.[64SIL/MAR℄, and only inluded uranyl phosphorus omplexes), et. Furthermore,the authors did not speify in whih ioni medium the solubility experiments weredone. It might be assumed that this was just pure water. No enough details weregiven for a thorough evaluation.Sabugalite is a hydrated aid aluminium uranylphosphate whih rystal hemi-al formula orresponds to HAl(UO2)4(PO4)4 � 16H2O(r). The study performed byVohten and Pelsmaekers, [83VOC/PEL℄, gives some information on the solubilityof this ompound under onditions not well de�ned, in two ioni media, phosphoriand hydrohlori aid. The lak of experimental details along with the absene ofthe raw data does not allow further alulations of thermodynami values.Bassetite is a seondary uranyl phosphate and has the rystal hemial formulaFe(UO2)2(PO4)2 � 8H2O(r). This ompound together with its fully oxidised formwere synthesised and extensively investigated by Vohten et al. [84VOC/GRA℄, usingvarious tehniques, i.e., powder di�ration, M�ossbauer and infrared spetrosopy,zeta- potential measurements and thermal analysis. The authors also measured thesolubility of this solid as a funtion of the aidity, at 2:4 < pH < 6:0 in HCl mediumunder nitrogen atmosphere. They reported solubility values based only on the totaliron onentration in solution. The ioni strength of the experiments is unknown.The experimental details are so sare that it is not possible to obtain any furtherinformation.The synthesis and properties of several uranyl arsenates have been reported in[84VOC/GOE, 86VOC/GRA℄. Vohten and Goeminne [84VOC/GOE℄ measured thesolubility of opper (meta-zeunerite), obalt (meta-kirhheimerite) and nikel uranylarsenates at room temperature. The orresponding ioni medium was not spei�ed.The experimental methodology and data analysis were basially the same as pre-viously desribed in other publiations by the same authors (see the omments on[81VOC/PIR℄ given previously in this setion). Therefore, all the data exhibit anal-ogous limitations. A similar study on manganese and iron (meta-kahlerite and itsfully oxidised form) uranyl arsenates was reported by Vohten et al. [86VOC/GRA℄.Again, the same proedures were used whih render the measurements unsuitable forthe extration of additional thermodynami data.The stability �eld of bequerelite, CaU6O19 � 11H2O(r), was reported as a fun-tion of temperature and alium onentration by Atkins et al. [88ATK/BEC℄. Theyalso measured the solubility of this solid and Ca2UO5 � (1.3{1.7)H2O(r), at 20ÆC intwo ioni media, pure water and a 0.5 M NaOH solution. Very few details aboutthe experimental proedure are given. Thus, these solubility values do not providesuÆient information to extrat thermodynami data.Vohten and Van Haverbeke, [90VOC/HAV℄, investigated the transformation ofshoepite, hemially equivalent to UO3 � 2H2O(r), into bequerelite, billietite andw�olsendor�te, whih orrespond to CaU6O19 � 11H2O(r), BaU6O19 � 11H2O(r), andPbU2O7 � 2H2O(r), respetively. These transformation reations were obtained at



360 Corretions to the Uranium NEA-TDB review60ÆC. The solubilities of these ompounds were also measured at 25ÆC in water asa funtion of the pH. Care was taken to avoid the presene of CO2(g). However,the stability of these solids at room temperature in the absene of alium, barium,and lead, in the aqueous solution at the pH values investigated was not addressed.Based on the solubilities measured under these experimental onditions, the authorsalulated the solubility produts for bequerelite and billietite. They laimed touse auxiliary data from various soures of published thermodynami data for theuranyl hydroxo speies, but the set of omplexes along with the orresponding ther-modynami values used are not reported. Moreover, they presented two distributiondiagrams for the aqueous uranyl speies involved in these two systems, whih arelearly inorret (for example, the omplex UO2OH+ predominates at pH � 9 intheir �gures). Therefore, all the thermodynami data derived from this study will bestrongly a�eted by these unertainties.To failitate the task of geohemists searhing for thermodynami data to modeluranium migration in aquati environments, the tables in Chapters IX and X of Ref.[92GRE/FUG℄ have been ombined, re-organised, updated with new referenes andpurged of aqueous omplexes. Furthermore, only solid phases whih are believed(perhaps arbitrarily) to be important for modelling radionulide migration were leftin the table. Thus, solids ontaining alkali metals other than sodium, and potassiumhave not been inluded. For the same reason, intermetalli ompounds and alloys,halides, nitrates, et., have been exluded. Other systems have also been exludedbeause they have been thoroughly disussed in [92GRE/FUG℄, like simple oxides,hydroxides, sulphides, sulphites, sulphates, arsenates and their hydrates, et. Solidphases for whih there is only stoihiometri or strutural information have also beenexluded (e.g., those having only Ref. [83FLE℄ in Chapter IX of [92GRE/FUG℄) in or-der to present the reader with a table ontaining literature soures of thermodynamiand/or solubility data of uranium minerals. The solid phases have been rearrangedinto families (phosphates, sulphates et.). The result of all these hanges is givenin Table D.6. It is stressed that this table does not bring new information to thereader, but it is provided only as a onveniene to geohemial modellers. Table D.6in ombination with Chapter IX in 92GRE/FUG onstitute a onvenient way of ob-taining bibliographi information. It must be noted that it is intended that thesetables should be as omprehensive as possible, but any errors or omission will begladly reeived by the NEA seretariat.



Uranium minerals 361Table D.6: Minerals of uranium and related solid phases of interest for geohemialmodeling. The inlusion of these formulae in this Table is to be understood asinformation on the existene of published material. It does not imply that the authorsof this Appendix give any redit to either the thermodynami data or the hemialomposition or existene of these speies. The ompounds for whih seleted data arepresented in Chapter III of [92GRE/FUG℄, as well as those whih are disussed but forwhih no data are reommended in Ref. [92GRE/FUG℄, are marked orrespondingly.Formula Name ReferenesTernary and quaternary oxides and hydroxides(a):PbU2O7 � 2H2O(r) w�olsendor�te [90VOC/HAV℄Ni(UO2)3O3(OH)2 � 4-6H2O(r) [91VOC/HAV℄Mn(UO2)3O3(OH)2 � 4-6H2O(r) [91VOC/HAV℄MgUO4(r) data seleted in [92GRE/FUG℄MgU2O6(r) [81GOL/TRE2℄MgU2O7(r) [81GOL/TRE2℄MgU3O10(r) data seleted in [92GRE/FUG℄Mg(UO2)6O4(OH)6 � 10-13H2O(r) [91VOC/HAV℄Mg3U3O10(r) [83FUG℄CaUO4(r) data seleted in [92GRE/FUG℄��CaUO4 data seleted in [71NAU/RYZ℄� �CaUO4 data seleted in [92GRE/FUG℄Ca3UO6(r) data seleted in [92GRE/FUG℄CaU2O6(r) [81GOL/TRE, 82MOR, 83FUG,85PHI/PHI, 86MOR, 88PHI/HAL℄CaU2O7(r) aliouranoite, anhydr. [81GOL/TRE, 82MOR, 83FUG,85PHI/PHI, 86MOR, 88PHI/HAL℄CaU6O19 � 11H2O(r) bequerelite [88ATK/BEC, 90VOC/HAV,94CAS/BRU, 94SAN/GRA℄�� SrUO4(r) data seleted in [92GRE/FUG℄� � SrUO4(r) data seleted in [92GRE/FUG℄[79TAG/FUJ, 86MOR℄SrUO4(r) [83KOH℄Sr2UO5(r) data seleted in [92GRE/FUG℄Sr3UO6(r) data seleted in [92GRE/FUG℄Sr2U3O11(r) data seleted in [92GRE/FUG℄SrU4O13(r) data seleted in [92GRE/FUG℄BaUO3(r) data seleted in [92GRE/FUG℄BaUO4(r) data seleted in [92GRE/FUG℄Ba3UO6(r) data seleted in [92GRE/FUG℄BaU2O7(r) bauranoite, anhydr. data seleted in [92GRE/FUG℄Ba2U2O7(r) data seleted in [92GRE/FUG℄Ba6Dy2(UO6)3(r) [82MOR℄
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Table D.6 (ontinued)Formula Name ReferenesTernary and quaternary oxides and hydroxides (ontinued):Ba2MgUO6(r) data seleted in [92GRE/FUG℄Ba2CaUO6(r) data seleted in [92GRE/FUG℄Ba2SrUO6(r) data seleted in [92GRE/FUG℄BaU6O19 � 11H2O(r) billietite [90VOC/HAV℄NaUO3(r) data seleted in [92GRE/FUG℄�� Na2UO4 data seleted in [92GRE/FUG℄� �Na2UO4 data seleted in [92GRE/FUG℄Na3UO4(r) data seleted in [92GRE/FUG℄Na4UO5(r) data seleted in [92GRE/FUG℄[71COR/LOO, 78COR/OHA,81LIN/BES, 82HEM, 82WAG/EVA,83FUG, 85PHI/PHI, 85TSO/BRO,86MOR, 88PHI/HAL℄Na2U2O7(r) data seleted in [92GRE/FUG℄Na6U7O21(r) [78COR/OHA℄Na6U7O24(r) data seleted in [92GRE/FUG℄[71COR/LOO, 81LIN/BES,82HEM, 82MOR, 82WAG/EVA,83FUG, 86MOR℄Na4O4UO4 � 9H2O(r) [82WAG/EVA℄Na2U2O7 � 1:5H2O(r) [65MUT, 82WAG/EVA℄KUO3(r) data seleted in [92GRE/FUG℄[81COR/OUW, 81LIN/BES,82HEM, 82MOR, 83FUG,83KAG/KYS, 85PHI/PHI, 86MOR,88PHI/HAL℄K2UO4(r) data seleted in [92GRE/FUG℄K4UO5(r) [81LIN/BES℄K2U2O7(r) data seleted in [92GRE/FUG℄[75OHA/HOE2, 81LIN/BES,85FUG, 86MOR℄K2U4O13(r) [81LIN/BES℄K2U6O19 � 11H2O(r) ompreignaite [94SAN/GRA℄K2U7O22(r) [81LIN/BES℄



Uranium minerals 363Table D.6 (ontinued)Formula Name ReferenesSulphates(b;):Ca3NaUO2(CO3)3FSO4 � 10H2O(r) shroekingerite [82HEM, 83OBR/WIL℄Zn2(UO2)6(SO4)3(OH)10 � 8H2O(r) Zn-zippeite [79HAA/WIL, 81OBR/WIL,82HEM℄(d)Co2(UO2)6(SO4)3(OH)10 � 8H2O(r) Co-zippeite [79HAA/WIL, 81OBR/WIL,82HEM℄(d)Ni2(UO2)6(SO4)3(OH)10 � 8H2O(r) Ni-zippeite [79HAA/WIL, 81OBR/WIL,82HEM℄(d)Mg2(UO2)6(SO4)3(OH)10 � 8H2O(r) Mg-zippeite [79HAA/WIL, 81OBR/WIL,82HEM℄(d)Na4(UO2)6(SO4)3(OH)10 � 4H2O(r) Na-zippeite [81OBR/WIL, 82HEM℄K4(UO2)6(SO4)3(OH)10 � 4H2O(r) zippeite [81OBR/WIL, 82HEM℄Phosphates:U3(PO4)4(r) [73MOS, 78ALL/BEA℄(e)U(HPO4)2 � 4H2O(r) data seleted in [92GRE/FUG℄U(HPO4)2(r) [71MOS, 84VIE/TAR, 86WAN℄(f)U(HPO4)2H3PO4 �H2O(r) [55SCH℄(g)UO2HPO4 � 4H2O(r) H-autunite data seleted in [92GRE/FUG℄UO2HPO4(r) See footnote (h)(UO2)2(HPO4)2(r) See footnote (h)H2(UO2)2(PO4)2(r) See footnote (h)H2(UO2)2(PO4)2 � 10H2O(r) See footnotes (h) and (i)UO2(H2PO4)2 � 3H2O(r) [54SCH/BAE℄(j)(UO2)3(PO4)2(r) data seleted in [92GRE/FUG℄(UO2)3(PO4)2 � 4H2O(r) data seleted in [92GRE/FUG℄[92SAN/BRU℄(UO2)3(PO4)2 � 6H2O(r) data seleted in [92GRE/FUG℄NH4UO2PO4 � 3H2O(r) uramphite [61KAR, 71NAU/RYZ, 84VIE/TAR,88PHI/HAL℄NH4UO2PO4(r) NH4-autunite, anhydr. [56CHU/STE, 65VES/PEK,84VIE/TAR, 85PHI/PHI,86WAN℄(k)(NH4)2(UO2)2(PO4)2(r) [78LAN, 88PHI/HAL℄HAl(UO2)4(PO4)4 � 16H2O(r) sabugalite [83VOC/PEL℄HAl(UO2)4(PO4)4(r) sabugalite, anhydr. [84GEN/WEI℄Pb2UO2(PO4)2 � 2H2O(r) parsonsite [84NRI2℄Pb2UO2(PO4)2(r) parsonsite, anhydr. [84GEN/WEI℄Pb(UO2)2(PO4)2 � 10H2O(r) [65MUT/HIR℄Pb(UO2)2(PO4)2 � 2H2O(r) przhevalskite [84NRI2℄(l)Pb(UO2)2(PO4)2(r) przhevalskite, anhydr. [78LAN, 85PHI/PHI, 88PHI/HAL℄



364 Corretions to the Uranium NEA-TDB reviewTable D.6 (ontinued)Formula Name ReferenesPhosphates (ontinued):Pb(UO2)3(PO4)2(OH)2(r) [84GEN/WEI℄Pb2(UO2)3(PO4)2(OH)4 � 3H2O(r) dumontite [84NRI2℄Pb(UO2)4(PO4)2(OH)4 � 7H2O(r) renardite(m) [84NRI2℄Pb(UO2)4(PO4)2(OH)4 � 8H2O(r) [84NRI2℄Cu(UO2)2(PO4)2 � 8-12H2O(r) torbernite [65MUT/HIR, 84NRI2℄Cu(UO2)2(PO4)2 � 8H2O(r) meta-torbernite [81VOC/PIR, 84NRI2, 84VIE/TAR℄Cu(UO2)2(PO4)2(r) torbernite, anhydr. [78LAN, 85PHI/PHI, 88PHI/HAL℄Ni(UO2)2(PO4)2 � 7H2O(r) [81VOC/PIR, 84VIE/TAR℄Co(UO2)2(PO4)2 � 7H2O(r) [81VOC/PIR, 84VIE/TAR℄Fe(UO2)2(PO4)2OH � 6H2O(r) [84VOC/GRA℄Fe(UO2)2(PO4)2 � 8H2O(r) bassetite [65MUT/HIR, 84VOC/GRA℄(n)Fe(UO2)2(PO4)2(r) bassetite, anhydr. [78LAN, 85PHI/PHI,86WAN, 88PHI/HAL℄Mg(UO2)2(PO4)2 � 10H2O(r) saleeite [65MUT/HIR℄Mg(UO2)2(PO4)2(r) saleeite, anhydr. [78LAN, 85PHI/PHI,86WAN, 88PHI/HAL℄CaU(PO4)2 � 2H2O(r) ningyoite [65MUT, 65MUT/HIR, 78LAN,84VIE/TAR, 88PHI/HAL℄(i)CaU(PO4)2(r) [86WAN℄Ca(UO2)2(PO4)2 � 10H2O(r) autunite [65MUT, 65MUT/HIR, 84VIE/TAR℄(i)Ca(UO2)2(PO4)2(r) autunite, anhydr. [78LAN, 85PHI/PHI,86WAN, 88PHI/HAL℄Ca(UO2)4(PO4)2(OH)4(r) [84GEN/WEI℄Sr(UO2)2(PO4)2(r) Sr-autunite, anhydr. [78LAN, 85PHI/PHI, 86WAN,88PHI/HAL℄Sr(UO2)2(PO4)2 � 10H2O(r) [65MUT/HIR℄Ba(UO2)2(PO4)2(r) uranoirite, anhydr. [78LAN, 84GEN/WEI, 85PHI/PHI,86WAN, 88PHI/HAL℄Ba(UO2)2(PO4)2 � 10H2O(r) uranoirite II [65MUT/HIR℄NaUO2PO4(r) Na-autunite, anhydr. [65VES/PEK, 85PHI/PHI,86WAN℄(k)Na2(UO2)2(PO4)2(r) [78LAN, 88PHI/HAL℄(k)Na2(UO2)2(PO4)2 � 10H2O(r) [65MUT/HIR℄KUO2PO4(r) K-autunite, anhydr. [56CHU/STE, 65VES/PEK,82WAG/EVA, 84VIE/TAR,85PHI/PHI, 86WAN℄(k)K2(UO2)2(PO4)2(r) [78LAN, 88PHI/HAL℄(k)KUO2PO4 � 3H2O(r) See footnote (o) [61KAR, 71NAU/RYZ, 84VIE/TAR,85PHI/PHI, 88PHI/HAL℄K2(UO2)2(PO4)2 � 10H2O(r) [65MUT/HIR℄



Uranium minerals 365Table D.6 (ontinued)Formula Name ReferenesPyrophosphates:UPO5(r) data seleted in [92GRE/FUG℄UP2O7 � xH2O(r) [67MER/SKO℄(p)UP2O7(r) data seleted in [92GRE/FUG℄(UO2)2P2O7(r) data seleted in [92GRE/FUG℄Arsenates:(UO2)3(AsO4)2(r) troegerite, anhydr. data seleted in [92GRE/FUG℄UO2HAsO4(r) hydrogen spinite [56CHU/SHA, 84GEN/WEI℄NH4UO2AsO4(r) [56CHU/SHA℄Pb2UO2(AsO4)2(r) hallimondite [84GEN/WEI℄Zn(UO2)2(AsO4)2(r) meta-lodevite, anhydr. [84GEN/WEI℄Cu(UO2)2(AsO4)2(r) meta-zeunerite, anhydr. [84GEN/WEI℄Cu(UO2)2(AsO4)2 � 8H2O(r) meta-zeunerite [84VOC/GOE℄Ni(UO2)2(AsO4)2 � 7H2O(r) [84VOC/GOE℄Co(UO2)2(AsO4)2(r) meta-kirhheimerite, anhydr. [84GEN/WEI℄Co(UO2)2(AsO4)2 � 7H2O(r) meta-kirhheimerite, [84VOC/GOE℄heptahydrateFe(UO2)2(AsO4)2(r) kahlerite, anhydr. [84GEN/WEI℄Fe(UO2)2(AsO4)2 � 8H2O(r) meta-kahlerite [86VOC/GRA℄Mn(UO2)2(AsO4)2 � 8H2O(r) [86VOC/GRA℄Mg(UO2)2(AsO4)2(r) novaekite, anhydr. [84GEN/WEI℄Ca(UO2)2(AsO4)2(r) uranospinite, anhydr. [84GEN/WEI, 91FAL/HOO℄Ca(UO2)4(AsO4)2(OH)4(r) arsenuranylite, anhydr. [84GEN/WEI℄Ba(UO2)2(AsO4)2(r) meta-heinrihite, anhydr. [84GEN/WEI℄NaUO2AsO4 � 4H2O(r) Na-uranospinite [71NAU/RYZ℄NaUO2AsO4(r) [56CHU/SHA, 91FAL/HOO℄KUO2AsO4(r) abernathyite, anhydr. [56CHU/SHA, 71NAU/RYZ,82WAG/EVA℄Carbonates:UO2CO3(r) rutherfordine data seleted in [92GRE/FUG℄UO2CO3 � H2O(r) [82HEM℄(q)UO2(HCO3)2 � H2O(r) [76BOU/BON, 78COR/OHA,82WAG/EVA, 83FUG,86MOR℄Ca3NaUO2(CO3)3FSO4 � 10H2O(r)shroekingerite [82HEM, 83OBR/WIL℄Ca2UO2(CO3)3 � 10-11H2O(r) liebigite [80BEN/TEA, 80ALW/WIL,82HEM, 83OBR/WIL℄(r)



366 Corretions to the Uranium NEA-TDB reviewTable D.6 (ontinued)Formula Name ReferenesCarbonates (ontinued):CaMgUO2(CO3)3 � 12H2O(r) swartzite [80ALW/WIL, 80BEN/TEA,82HEM℄(r)Mg2UO2(CO3)3 � 18H2O(r) bayleyite [80ALW/WIL, 80BEN/TEA,82HEM℄(r)CaNa2UO2(CO3)3 � 6H2O(r) andersonite [80ALW/WIL, 80BEN/TEA,83OBR/WIL℄(r)Ca2CuUO2(CO3)4 � 6H2O(r) voglite [82HEM℄Ca3Mg3(UO2)2(CO3)6(OH)4 � 18H2O(r)rabbittite [82HEM℄Na4UO2(CO3)3(r) data seleted in [92GRE/FUG℄K3NaUO2(CO3)3 �H2O(r) grimselite [83OBR/WIL℄Siliates:USiO4(r) oÆnite data seleted in [92GRE/FUG℄(UO2)2SiO4 � 2H2O(r) soddyite [82HEM, 92NGU/SIL, 94CAS/BRU℄PbUO2SiO4 � H2O(r) kasolite [82HEM℄(H3O)KUO2SiO4(r) boltwoodite(s) [82HEM℄Na0:7K0:3(H3O)UO2SiO4 �H2O(r) Na-boltwoodite(s) [82HEM, 92NGU/SIL℄Cu(UO2)2(SiO3OH)2 � 6H2O(r) upro sklodowskite [82HEM℄Mg(UO2)2(SiO3OH)2 � 5H2O(r) sklodowskite [82HEM℄(t)Ca(UO2)2(SiO3OH)2(r) uranophane, anhydr. [78LAN, 80BEN/TEA, 86WAN,88LEM, 88PHI/HAL℄Ca(UO2)2(SiO3OH)2 � 5H2O(r) uranophane [82HEM, 92NGU/SIL, 94CAS/BRU℄Ca(UO2)2Si6O15 � 5H2O(r) haiweeite [82HEM℄Na2(UO2)2Si6O15 � 4H2O(r) Na-weeksite [92NGU/SIL℄K2(UO2)2Si6O15 � 4H2O(r) weeksite [82HEM℄Vanadates:Pb(UO2)2(VO4)2(r) urienite, anhydr. [84GEN/WEI℄Al(UO2)2(VO4)2OH(r) vanuralite, anhydr. [84GEN/WEI℄CuUO2VO4(r) sengierite, anhydr. [84GEN/WEI℄Ca(UO2)2(VO4)2(r) tyuyamunite, anhydr. [78LAN, 80BEN/TEA,85PHI/PHI, 88PHI/HAL℄Ba(UO2)2(VO4)2(r) franevillite, anhydr. [84GEN/WEI℄NaUO2VO4(r) strelkinite, anhydr. [84GEN/WEI℄K2(UO2)2(VO4)2 � 3H2O(r) arnotite [62HOS/GAR℄K2(UO2)2(VO4)2(r) arnotite, anhydr. [78LAN, 80BEN/TEA,85PHI/PHI, 88PHI/HAL℄



Uranium minerals 367Table D.6 (ontinued)Footnotes:(a) Simple oxides and hydroxides of uranium are disussed in Setion V.3.3 (pp.131{148) of[92GRE/FUG℄.(b) Only binary and ternary sulphates are listed. Simple uranium sulphates are disussed inSetion V.5.1.3.2 (pp.249{254) of [92GRE/FUG℄.() It should be noted that there is some disagreement in the literature on the number of watermoleules in the formulae of the zippeite family.(d) See Setion V.5.1.3.2. (pp.254{255) and the disussion of Ref. [79HAA/WIL℄ in Appendix A(p.646) of [92GRE/FUG℄.(e) See the disussion in Setion V.6.2.2.5.b (p.294) of [92GRE/FUG℄.(f) See the disussion in Setion V.6.2.2.7.b (p.297) of [92GRE/FUG℄.(g) See the disussion in Setion V.6.2.2.9 (p.298) of [92GRE/FUG℄.(h) Compounds with formula H2(UO2)2(PO4)2 � xH2O(r) (x = 0 to 10) are disussed in Se-tions V.6.2.1.1.b and V.6.2.2.10. (pp. 284{286 and 299{300 respetively) of [92GRE/FUG℄.Grenthe et al. seleted thermodynami data for UO2HPO4 � 4H2O(r), f. Table III.1 in[92GRE/FUG℄.(i) See the disussion of Ref. [65MUT℄ in Appendix A (p.599) of Ref. [92GRE/FUG℄.(j) See the disussions in Setions V.6.2.1.1.b and V.6.2.2.8 (pp. 284{286 and 298) and theomments on [54SCH/BAE℄ in Appendix A (p.564) of Ref. [92GRE/FUG℄.(k) Vesel�y et al. [65VES/PEK℄ reported solubility produts for hydrated alkali phosphates.Grenthe et al. [92GRE/FUG℄ reinterpreted the results of Ref. [65VES/PEK℄, f. Table V.40(p.283), Setion V.6.2.1.1.b (pp.286), and Appendix A (pp.600{601) of [92GRE/FUG℄. Itshould be noted that Langmuir [78LAN℄ inorretly referred as sodium and potassiun au-tunite the anhydrous ompounds.(l) Nriagu gives 4 waters of hydration for this mineral [84NRI2, Table 1℄.(m) The stoihiometry of the mineral renardite is not lear, and it is related to dewindtite:Pb3(IO2)6(PO4)4O2(OH)2 � 12H2O(s) (see [91FIN/EWI℄).(n) Muto, Hirono and Kurata give 10 moleules of water of hydration for this mineral[65MUT/HIR℄.(o) This formula is related to meta-ankoleite: K2(UO2)2(PO4)2 � 6H2O(r).(p) See the disussion of Ref. [67MER/SKO℄ in Appendix A (p.603) of [92GRE/FUG℄.(q) Hemingway [82HEM℄ inorretly assigned the name of sharpite to this solid.(r) Disussed in Setion V.7.1.2.2.b (pp.327{328) of [92GRE/FUG℄.(s) There is some unertainty in the omposition of boltwoodite and Na-boltwoodite, f.[81STO/SMI, 91FIN/EWI, 92NGU/SIL℄.(t) Hemingway [82HEM℄ reports estimated data for a solid with 6 water moleules.
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