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RAPPORT CEA-R-6573—Pascal REILLER

«La base de données thermochimique PRODAA. Une base de données dédiée aux opérations

miniéres pour l'uranium. »

Résumé Ce document présente les données thermochimiques, constants et fonctions,
dans la base de données PRODATA, développée pour répondre aux besoins dORANQ
en erme d’exploration, d’eXpitation et de remédiation des activités minieres pour l'uran

incluses
Mining
um.

Les réactions de complexation, dissolutpr@cipitation de phases solides et de gaz peuvent étre

exportées sous forme de fichiers qui peuvent étre utilisés paurchdes trois logiciels

PHREEQC, CHESS, et Geochemist's WorkBench (GWB). La base PRODATA inclyt les

données pour l'uranium et le radium, ainsi que pour les éléments nécessaires a la simu
leur comportement dans différents contextes pour un tot@8déléments. La sélectiodes

données est fondée sur celles de CODATA eladease de 'OCDEAEN. La cohérence et la

lation de

tracabilité sont vérifiees autant que possible. La correction de force ionique est faite soit par

I'équation de Davies, soit par la théorie de I'interaction $igge (SIT). Des applications des

fichiers d’extration sont proposées pour des solutions contenant les 38 éléments inclus dans

PRODATA. Des diagrammes de Pourbaix en fonction de la pression partiel@g)d' et des
diagrammes de spéciations a pressiomoaphérique d’@g) et a 1 atm d’k(g) sont proposs
afin de tester les performances de la base de données.
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RAPPORT CEA-R-6573— PascalREILLER

« The PRODATA Thermochemical DatabaseA Database Applied fao Uranium Mining Operations »

Abstract- This document presents the thermochemical data, i.e. constants and functions,
included in the database PRODATA, which is developed to answer the needs of O

that are
RANO

Mining in terms of exploratiorgxploitation, and remediation of uranium mining facilities. The
reactions for complexation, dissolutipnecipitation and gas solubility can be exported in three

database files that can be used by eithetwsoé packages PHREEQC,HESS, and
Geochemist'sWorkBench (GWB). The PRODATA database includes data for uranium

and

radium, and all elements that are necessary to model their comportment in the different contexts

for a total of 38 elements. The data setecis based on CODATA and NEAECD selections,

The coherency and traceability are checked whenever possible. The ionic strength correction is

done through either the Davies equation or the specific ion interaction theory (SIT). Appl
of the databaséles is proposed for a solution that is contag the 38 elements included
PRODATA. Pourbaix diagrams at varying(@) fugacity, and speciations at atmosphergp
and 1 atm H(g), are proposed to exemplify the performance of the database.
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1. Context

The general objectives and caext of this database hae been exposed in details ii‘ReiIIer and Descoste:*f
[2020REI/DES]. The PRODATA database was ddweped to provide a tool that can export database files for three

different software packageghat allow calculating equilibrium distribution of species in different types of chemical

and geochemical cotexts.

Evaluation of environmental impact of anthropicactivities, particularly of mining activities, must be considered
before any industrial project developmentOne of the approaches currently developed relies on predictive reactive
transport modelling. Such strategy requires on the one hand,a thorough description of the physco-chemical
reactions that govern the mobility of contaminants of concernand, on the other hand, their couplings in order to
better constrain the studied systemThese approaches allow testing several evolution scenarii on space atirtie
scales beyond the ones probed by laboratory and field experimen‘m. This is particularly true for:
(i) mining and nuclear industries |2001ZHU/HU||20060UR/DAVI including the management of legacy sites
|2016DZO/LEE”2019HUS/LEE; (ii) uranium in the framework of long-term safety assessmenbf radioactive
waste repositories 2003LEE/W|N||2007M0N/MUG||201BCLA/MAR||2019MUR/WAGI; (i) management of
polluted soils and aquifers inherited from the use of depleteduranium from armor-piercing ammunition
2002CHEN/Y1A [2003MIT/ELE]; (iv) assessment of the ecotoxicological impact of uraniu
2018PAR/AVA|[2019HUS/LEH 2020LAR/CHA1. Ore may also use suctan approach for mining exploration,
optimizing mining operations especially in the case oln Situ Leaching orln Situ Recovery(ISR) mines
2007DAV/CUR|2016JOH/TUT||2019LAG/REG , and remediation|2007YAB/FAN].

Uranium is considered as a trace element that is showing complex aqueous chemistry, especially in natural
environments. Its mobility is generally govened by pH and redoxthe presence of inorganic e.g, $°, §°
7 < eifs |1992GRE/FU(H2003GUI/FAN| |2020GRE/GAq) and organic ligands {2005HUM/AND
2008BON/COT, but also adsorption reactions at the mineral water interfaces [2003ZHE/TOK|{|2008BAC/PLA
2009MEL/AZE] 201OSTE/MAY"20118RA/BAE||2011JOS/SCIH2015MAR/VER{ 2015SMI/BRY]|2016AMA/FRO

2018TRA/TEUJ2019TRA/TEU]. Hence, assessing and understanding the geochemical mechanisms controlling the

mobility of uranium in the environment requires also the consideration of the othermajor elements chemical

properties that are oftenobserved at highersignificant concertrations.

The environmental footprint of uranium mines is driven on the one hand by the mining extraction process,
and, on the other hand, by the composition of thereated ore. The extraction processes generally involve highly
concentrated and oxidizing solutions in sulphuric acid or under alkaline conditions in order to increase
uranium solubility. In addition to 226Ra  one of the main radioactive decay product®f 238U | the ores are
generally associated to other metalse.g, Pb, CuNi, Fe, Mc& f sdlements (e.g, *4 t& & &ementsare

showing different geochemical behaviours than U, and may become in turn (secondary) contaminants.

The geochemical behviour of 226Ra is particular. Through its radioactive haHife (1 600 years) and its high
specific activity (36.6 GBq ¢!), 226Ra is always observed at elementary concentrations drastically lower than
uranium. As an illustration, for a uranium ore older than 1 My, with an averageU content of s© ca.12 500

“ « %), the ®cular equilibrium will lead to a hypothetical226Raconcentration of 342 ppt.The migration of226Ra

in the environment is mainly governed by adsorption reactions see e.g. 2014SAJ/BR‘T|2016REI/LY
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2017ROB/TEF1|2018BOR/BEA , coprecipitation through solid solution formation with other alkaline earth
sulphate minerals|2010CUR/FUJJ2019LES/BEA, and carbonate bearing mineral42011JON/BUT|.

The description of the physicechemical reactions involved, directly or indirectly, in the fate of contaminants is
usually gathered in a thermodynamic database. It includes redaand aqueous complexation formation equilibria,
dissolution or formation of solid or gaseous phases; sometimes, coprecipitation or adsorption reactions are also
included. To perform the calculation on these intricate systemsseveral modelling codes are \ailable, from
agueous speciation calculation to reactive transporteven if this approach has inherent Iimitations,
particularly concerning uncertainties |[1999EMR/ART]|2011EKB/ODE|2011MAY/FIL

Currently, ORANO Mining, the historic French uranium mining company (former AREVA Mines and Cogema,

https://www.orano.group/en/expertise/from —exoloration—to—recvclinq/leadinq—uranium-oroducer}, has to

answer to different national regulators and nuclear safety agenciefor the exploration, exploitation, and
remediation of its sites.This includes thebuilding of Safety Cases, applying Safety Assessment processdsch
require evaluation of the chemistry of uranium radium, and other eventual secondary pollutantsin different
contexts, including speciation and transport. Different software packagesare usually needed to attain these
objectives,which provided databasesare generally not built around the same core of dat&.o provide robust cases,
there is a need to have a common database for the differeswftware packagesused to perform the calculatons.
ORANO Mining is using widely available speciation codes, PHREEQ@ |1999PAR/APF||2013PAR/APF1, CHESS

fet =St f*...SFece—ei ‘7o twithSvhich tharmodynamic database files are providedHowever, a

thermodynamic databasethat can be used with severakodes, and can be gXoited in monitoring of mining
activities, is seldom found.Besides thermodynamic databasegrovided with the different modelling codes do not
systematically share either the same thermodynamic data, the same traceability, or the same completeness

[0I9HUMIFIL & "% ..~ .te'f cete F=TEde o f27ce% 3ol "Fe—Zoca ,—— f2+

therefore be limited.

Uranium is the central element of the nucleafuel cycle. Its thermodynamic properties have been the subject
of a large body of work. The data selections that are subject of the largest consensus have been commissioned by
the ThermochemicalDataBase (TDB) project from the Nuclear Energy Agency (NEwWjthin the Organization for
the Economic Ceoperation and Development (OECD) 1988WAN| |2003MON/\NAN| |2015RAG/BRA § The
selection is including inorganic‘19926RE/FUC"20036UI/FAN and selected organic complexe QOOSHUM/AND]
aPHREEQ database file has been made available recentBOlgMAR/SAlj. The selection criteria being rather

strict, it is inevitable that some data are ejected, and the selected data cannot be used as is to perform calculations

in relevant media for mining activities and environmental monitoring.A recent study suggests that database files
that are sit on the NEAOECD database selection can be more likegcommended to estimate uranium speciation
m , but effectively needed some implementations from other sources, even if traceability issues may
appear |2019HUM/FIL].

Despite of the great interest in the monitoring of mining activities, radium has not been the subject of the same
attention. Nevertheless, some data are available, and have sometimes been included in databaBegerform

relevant speciation calculation in actual situations, the database used should be containing tteéevant chemical

https://www.usg_s.gov/software/phreegc-version-3|
http://chess.geosciences.minesparistech.fr/?set_language=eh
http://www.qwb.com |

https://www.oecd -nea.ora/jcms/pl_22166/thermochemical-databasetdb-project]

-
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equilibria and species predominant in the systemo describe the geochemistry of the site, and should also be as

consistent as possible. In additiorto uranium, the TDB project from NEAOECD has commissioned reviews on

elements relevant for the management of radioactive wastes that can be directly implemented in a database
e.g. ZOOSBRO/CUFf |2005GAM/BUG] |20050LI/NOL| |2009RAN/FUG] |2013LEM/BER1. From the strict

definition of the selection criteria of the NEAOECD selection, it can be understood that complementary data must

be implemented either on already reviewed elements, or on elements that are necessary fatural or mining

systems, such ag.g, Ca, Mg, SiAl, or Fe

Some thermodynamic database files provided witlsoftware packagesare containing a large body of data on
several complexes and phases. But the data within these database files are not alweasy to trace, as they are
necessarily in the NEAOECD reviews. There is a pressing demand from nuclear safety authorities to provide
evidence that the data used to evaluate a speciation calculation are traceable and retrievable, which if achieved

provides a further confidence in the evaluation of a safety case.

From these constraints and legal obligations, there is a need for the building of a thermodynamic database
dedicated to uranium mining activities from exploration to remediation: the PRODATA databa. This database
was thought as a tool in which thermodynamic data (constants and functions) relevant for mining activities and
environmental monitoring can be compiled, and database files for the different speciation codes can be exported

on demand.
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2. General Considerations

2.1. Definition of Secies

From the start of the project, it was decided that the tool used to handle the database should allawexport
the reaction constants and that the reactions could be written in different ways, but in consistembanner. As an

example, the carbonation reaction uranium could be written as well as relative to $”ion,
6 6? 7 . T
6> E 7 z 6" 717'f ’
and as relative to ~ Zion.
? 3 . . . 18
& E 7 Z 60 77 fSE 7

These two ways of wriing the same equilibrium are giving different values ofZ ‘ %,- ‘that are differing from

the protonation equilibrium of ~ 8%to :.

YEZ ]
The simplest way to handle the situation is to develop a database of thermodymn& functions of formation
i.e, Gibbs energy QU)QU), enthalpy ((‘,U*é"), and entropy (59;,) that would allow calculating the

thermodynamic functions of reaction i.e, Gibbs energy (z;,é)é‘?), enthalpy (g,é*g’), and entropy ((',5530) that

would be used to calculate the thermodynamic constasbf reaction.
In the preceding example, the Gibbs energy of reaction of the first reaction could be written as follows.
ta)d Lawak o 7irifi0F s & Faa:
The second expression of the same formation is written as follows.

)L )ik e 7irifS0E )Y TRy &iFad: 3

Under standard conditions, the thermodynamic constants of reaction aréhen calculated.

ia)a

S ig, U
Z g LF46H§I’

Using tabulated and recommended values of thermodynamic functions of formation of tipeecedingreactions,
allows calculating the Z * - Walues as follows.
)V L)k o0 iifsoF )Y &Rl 87 L Fswudzzm F{wtvwsF FWtyrr;
ia)V=-56.737 « +* 25
7 %p- %=9.94
"L widk o sfioE@)d TiFa)d EiFa)d 7
ia)U=2209 ¢ o 25
7 %p- N=-0.39
These constants are given in different ways using the differesbftware packages

x PHREEQG s requiring the equilibrium definition and the definition of the thermodynamic constant

under standard conditions (25 °C, 1 bar) 6 this equilibrium constant, eventually the ¢3* Y of the
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equilibrium to calculate Z ‘%p- :6;using theV fei— ‘"~ "ftZf—<'eeSc’a o fofZs—<...fZ £5'":
7 ‘% YL B:6;is possible.

x CHESS and GWB are requiring individua ‘ %o- : 6;at fixed temperature values. It is the responsibility

of the database developer to calculate th ‘ %e- :6;values with the desired relationship.
Havingthe functions of formation being developed, iis then necessary to develop dataases of reactions.
X A database of formation of complexes in solution;
X A database for the dissolution of phases;
X A database for the dissolution of gases.

Using the stoichiometric coefficients for the different reactions, the functions of formation of the dferent
species can then be used to calculate the functions of reactions, and finally thég%p- Y ¢s* Jor Z ‘%o~ :6;needed
for each softwarepackageextraction. The different ways to write the reactions can then be implemented in order

to be able to change the type of species, and calculate the constants and functions oftr@adn a consistently.

2.2. Variation With Temperature

The general dependence of the thermodynamic constants are described in detailsIFhmigdoménechet al.

[1997PUI/PLY]. When the U*é‘P:GU; values of the different species are known,hie general dependence can be
written as follows,
*U6% s s

U n- U. gU. a g =
HIKG U6 L HKG Y6% F— st o Fap

. . (1)
F s v Lo & SN 2 %a 6
A46ZsT; [y 20 4Zssrt; [y 6
or equivalently as follows.
3)y L1 afF o) Y:eeY; F:6F 6Y5) :mY, E;U%’@ B6,@ & 6;0 = @6 2)
U | |
The variation of the %’a values for any species in solution can be expressed as follows.
%% :6; L =E > 6E 76° E—@E—A EBZ*6; E C6Z*6; EDV6 E— ERTE— (3)
o - 6; . 5 E 5o *6; *6; 7 &

The variation of the acetate complexes of alkaline earth metatefined ifShock and Koretsky [1993SHO/KOHR

—

could bedrawn under two hypotheses:
. 4 %% is assumed to be nill;

ii. 4 %% is known, and the temperature interval is small enough for 3%% to be considered constant.
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In the first hypothesis equation|(l) is altered to the following,

U.pU
3¥5:6% s _ s

> (g, 16 ~ ¢ Q, U U. - _ p— 4
2% 1O L 2% m6%F 47Zssr,; 6FGUp )
which is represented as the plain line igFigure 2.2-1
In the second hypothesis,o/éu’,_,;1 :6; L 5 and equation () is altered to the following,
. ) . - *U:6Y s s 3 %k . . 6
cogp Ugge cor U gU. a a T =i dal : 0. L 0A) ; 5
Z' % “6;, L Z' % ~:67, F 4Zz-sr;|6F6UpF4GZz-sr;6F6’E 2% HJ]EUp (5)

which is represented as the dashed line |Rigure 2.2-1

Figure 2.2-1. Variations of log10K°(T) for the formation of MgAcetate * complex using thermodynamic
functions in |Shock and Koretsky [19938HO/KOR]| blue line Equation ( 4), and orange dashed line

Equation (5).

Chess andsWBboth require the explicit calculation of Z * %y U:6;, which can be automated easily. Conversely,
PHREE@ offers the possibility to define the é*g’ :6Y%via the - delta_h keyword, and/or to define an analytical

expression of H K & Y 6;viathe #analytic  or #a_e keyword,

Ny # . #
H&,- Y6; L #5E#66E—67 E #g7 ' %g 6; E€§ E # 6° (6)
where T is in Kelvin.
Considering that %’a is not known, Eqis then rewritten as follows,

HiG U6 L Hig Gel p a0 S o a%a 6% s @
ki =26; K =65 47ssr, 60 aZsr 60

where #g L #g L # L #. L r, and

0. al é*au:GU; S
oL G =00 E 7T o
xU-gU
a a -* !
#LF 47ssr;
Definingthe #gvalues is then useless BBHREE@ is using theV f e1— ‘" f“—f—<'e -7 ‘%fZ6,. — 7 f—1

7-
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Considering that éo/éjﬁ is constant in the tempeature interval then

Hke U6 L Hke 6% E é*§:6U;_s“ 3% 6UF ,of, 7 6UF 2% 6
o T T 4Zssr; 6Y T 46Zss; a’da 46Z%sT;
*9:6Y s (®)
SR E e 26
424:sr; 6 @

where #5 L # L r, and

%* U.pU oA

3¥3:6% s 3 %a 0 )3 A0
K _ . 6UF Lok, 76V
471, 6V 462ssT; a%a

4 %a

467ssr;

#: L HKG Y6 E

#e L F

*U.gU
%5 165

# L F———
7 47ssT;

#a L ZsT;, ® ;%%

A large number of species do not show a recommended value at least f4f; in the NEAOECDzommissioned
compilation of thermochemical daa, when the majority deesshow a value of U*gJor a* ;J Hence, the different
coefficients in equation cannot be calculated in a coherent way for every reactions f®#HREE@, and it could

be for neither (HESS nor GWBNevertheless, the difference in calculated” ‘ % Y 6; could be significant as shown

in[Figure2.2-1

In view of the limited temperature range to which the database will be appliedind of the limited number of
instances where theo/éu’é1 values are available for aquous species,was chosentouse only th&/ fei— ‘"7 f“—f—«<'e
to calculate the Z * % U 6;valuesin a first approximation. Hence, the use of PRODATA will not be recommended

to estimatethe aqueous speciation andransformation of phases at temperature higher thar80°C.

2.3. Choice of theMaster Species

As already stressed i|ReiIIer and Descostes [2020REI/DE$]9ach softwarepackagehas its own requirements

concerning the formatting of its database file. The definitions of species PHREE®@ relies on the definition ofa
master species in solution SOLUTION_MATER_SPECIES, which can undergo reactions which species are
formedin solution (SOLUTION_SPECIES from eventual redox species to complexes. The species in solution can
be in equilibrium with solid phasesor gases PHASES. From the definition of the redo species, all reactions can
be defined either from the SOLUTION_MASTER_SPECIESor from another SOLUTION_SPECIES As an
example, the formation of a hydroxo complex of a metal ion ' > can either be defined as the complexation with

?
’

I>g 2?3 125
from the hydrolysis of a water molecule.
>E o 7 1?5 g >
The successive hydrolysis can be defined as successive reactions,

I>Ee o 2 . L E. >
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or as stepwise reactions.

CHES&nd GWBdo not support the definition of stepwise reactions. They both requirghat an equilibrium be
defined relative to the equivalent of either theSOLUTION_MASTER_SPECIES i.e, basis - species for
CHESS andbasis species for GWB  or the redox SOLUTION_SPECIES defined species i.e,
redox - couples for CHESS andedox couples for GWR Choices of master species must be made for the

definition of the reaction database in order to ease the process of exporting the database files.

2.4. Expressions of Redox Equilibria

The first choice that is to be done is the expression of redox coupl@HREE is imposing the definition of the

oxidation of  and reduction of ~.

t ¢ Z ¢ f“Ev >EVY
t PEtY Z gif"
The other redox couples can be defined relative teither 1, or 4:f “,
E 2Z PEt g f"
FEzZFE{>Z 7Ev,
oreven g¢:f".
PEF Z ®
> EravgfszZ E
" Eravg Z P Erdwg f4SE
In CHESS and GWSB it is required that the definition of thhedox-couplesbe given relative to ¢: f . In GWB
thefree electron keyword is linking the oxidation of water.
rave Zrdwg f“E ZEF
Hence the database of reactioris fixed to the more stringent definitionrelative to  ¢: f *for the sake of easing

the export of the database files.

It can be noted thatPHREE@ does not require the definition of the redox potentibof a solution, but rather the

pe value calculated as follows.

g

iL4625r

(9)
From a general point of view the relationship between the Nernst potential ' L%’of a redox reaction and its

equilibrium constant, or Gibbsenergy of reaction, can be usefully recalled.

G A6 ST @ Yy V ca)
'Y 10
gL 30 L F 3( (10)
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2.5. Swap Between Master and Redox Species

In some instances, it can be useful to export particular databases using diffetanaster or redox species. The

simplest example & the swap between ions of the carbonate system, which can be defined either relative to &7,
FECZ
2 Et >7Z G f%E 4
2 Et >Z 4 %E ¢
or relative to 7.
12 PE >
E 72 G f%E
TE 7 6 %E g
This choice implies the definition of different equilibria for the carbonation of metal ions for CHESS and GWB

as explained in

1> 62 5 . _.126k
Ee 7272 © 7«

> E. 272 . plP%kE. 2

The same is true for the swap between redox speciesg, in the case of uranium.

& E >Z "TErgwe f Eravg & Eravg Z " Erdwg f4E 7
& Et >Z P Eravgf“E ¢ & Erdw g f“Esavg Z ¢Eu”
© Erdvg Z ZErdwg f“E > ®Eravg.f E ¢ Z &Et ”

This implementation is defined as multiple choices foligands

6? 2 2 67 72 >
7 e & / a

[eo]
(2]
(2}
Vv

and also for some redox couples.

g? ?, ¢7>/ 16>, g> 8>.

2.6. Correction of lonic Strength Effect

2.6.1. Debye-Hickel

In completely dissociated and dilited electrolyte solution, the DebyeHiickel[1923DEB/HU( theory describes

the deviation from ideality from a coulombic point of view. The activity coeficient of an ion is written as follows.

. #\B¥+
Z ' %L F————
o SES$¥ 4

where Aand B are calculated at each temperatur{1974bHEL/KlR .

7" %vx A(S
z&:Y,Y 4§76
Y1 (
VY 4 g6

(11)

(12)
$L (13)

In more concentrated solution,the WATEQ DebydHuckel equation or so-called b-dot equation is written as

follows.

10-
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#\E¥ g

Z' %L F——2 E> 14
ooy SESN% % (14)

Theradius of closest approactior the hydrated ionl, :E,Jand b parameter are taken fromKielland [1937KIE]

CHESS and GWB are using Equatibhor 14, with :((ﬂand bvalues given in the database file. PHREEQC can use
Equation 14.

In thesedefinition s, the :Band b couples oparameter depend on the ion couples. They are thus difficult to use

in the case of mktures of electrolytes or mixtures of ions.

2.6.2. Equationsfrom Cecil W. Davies

|Davies [1938DAV]proposed an empirical equationfor the mean activity coefficientderived from the Debye
Huckel |[1923DEB/HUQ theory, which is valid up to 0.1IM.

2 %G L F# V'V l‘¥—1§_Era1;G (15)
SE¥+g

Twenty four years lateffDavies [1962DAV]extended the validity of the expression to 0.3 M

Z2'%LLF# VV F¥—J5;Ermge (16)
SE¥+4

This latter expression is used by default iPHREE@ br ionic species.The extended DebyeHuickel expression
(Equation 14) is also possibleFor uncharged species the extended Debydiickel expression is reduced to the
Seschenow equation |1889SET],

Z %L >+ (17)
where >js assumed to be 0.1 for all uncharged species.

2.6.3. Specific ion Interaction Theory (SIT)
In some instances of the monitoring of mining operation, the total concentration of ions can be importamst.g.

for ISRprocesses.

2.6.3.1. General Description
From Equation14, it canbe seen that several couples of values can satisfy a possible fit far %eQys. + . Fixing
the value of $=8to a unique value for all salts allows the variation for each salt to be represented by thdo
parameter. This was proposed using the Specific ion Interaction Theory (SIT) by adoptirg= 1.5 G2 | K 342
see NEAOECD reviews for detail§1992GRE/FUC 2003GUI/FAN||20206RE/GAC.

The account ofthe ionic strength effectis written as follows.

. HY 4 oo
Z % L F\.?—-E_EI Y RGA ;| b
SE sa¥ b

e PENOPES G Z o o 7"PES”

HY+ . .

%FEJY% EJZ %p=4 & (18)
S E sa¥ 4 ’

¢BLEK | .5:1%;34 ' oF“B a4;F« B &;

7 % WL Z % WPE ¢\P

-11-
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The water activity in an NX electrolyteis calculatedfrom the osmotic coefficient 0,

7 %o=s & L FO Al 19
el T avans (19)
Z3sr; g - o — S
sFO L—\ﬁl-i;E$=UU¥+g, FtZksE $=¥ 4 OF————|
$ U @3} SF$:UU¥"5 (20)
FZsr Y07&”’ IQNI% op

It is to bereminded that in the abowe equation $—U— 1.5 for SIT.

As an examplethe first hydrolysis of uranium(VI) in an NaCl mediacan be written as follows.

& E ¢ Z & TE 7

The dependence ofZ ‘ %oUwith ionic strength at 25°C and 1 bar is written agollows.

7%, 0L Z‘g/wotPFti FeVe EZ %= e
SEsawt

S 1 xvalue is then written as follows
¢BLB 4 4aZ;EB *aZ;FB ¢az;
2.6.3.2. Particular Cases

Some cases whre the linear representation does not satisfactorily fits the ionic strength comportment, and a
“fr<f—=<'s 7 B ... fGiaydttafl0BOGIA]proposedthe relationship,

YL % E Y% Z %ot (21)

where the term ¢ Y+ is approaching O when+ \ r.

Other relationships have been proposed, such as the one frddpahiu|2002SPA.

BEA *4B+ - (22)
Bretti et al.|[2004BRE/FOT|2006BRE/FOT| who added a term whichtakes into account the formaion of weak

ion pairs,
L BFB
BEA - a& ®—aS (23)

where Y,and \Q are parameters atlm g 0 andIim g » &espectively.

Creaet al.[2004CRE/ROB]Jproposed thefollowing relationship,

HY i s aen
5 Eys ERETEVE (24)

Z % L Z %y VE o\
SE s&w

from which |[2017BRE/CIQ proposed a restricted version

#E %

Z % L 2 %y VE Nf————
S E saw 4

E%4 E%y " (25)

These case will not be represented in PRODATA.
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Correction of lonic Strength Effect General Considerations

2.6.3.3. Estimation of Missing Specific lon Interaction Coefficients
A large number of values for the specific ion interaction are available in literature. Nevertheless, a consistent

number of values are not available, yet. This is leading to two situations:
1. The value of Bs not known and not defined, which means that during an Sidalculation B= 0;

2. The value of Bcan be approximated by analogythe most common being the likecharged analogy

frequently used in the NEAOECD reviews

3. The value of Ban be evaluated from the evolutiorvs.a physical property, such as the ionic radiusr

charge over ionic radius ratio.

2.6.3.3.1 Charge over radius ( zi/r ) evolutions for free ions

The variationsof Y: ¢ & ?;vs.l/r for 2, Z3 and Z(ref) areshown inFigure 2.6-1| There are tendencies

that could eventually be proposed. However, it can also be seen that reliable correlaticnwould be difficult to

establish. Particularly the case of $”in  Z is clearly out of the general trend.

Linear correlation could be proposed as 1/r =f( B (dashed gey lines), but are more relevant when calculated
as B=f(1/r) (plain lines, but plotted in the same graph), which allow calculating the 95% uncertainties hyperboles
(dotted lines). These tentative correlations ardeading to high uncertainties on the estinated Y- >4 ?;values,

particularly in the case of 2.

As an example, no value has been proposed up to now fir ,6>4 Z; when ¥: ,>4Z%;and Y: ,%74 7;

are available qurentheet al.[1992GRE/FUG] Using the regrasion irfFigure 2.61}1 (r=1.2A, 1/r =0.83A1) gives
Y: ,%74 Z;=-0.18 + 0.33The impact on the Z * %@ . s is shownin|Figure 2.6-2(dotted line). It can also be noted

thatin Zgzand 2, Y. © 4 7;are mostly the same for ,®>and £ and that their 1/r values are close. Then
using the analogy Y: ,5>aZ; Y. f®aZ; L0.07 «% +* Z5the evolution of Z ‘% s is shown in dotted
line. Finally, the equivalenceB >4 Z; L B %4 Z };is oftenusedto avoid a nil value. The obtainedZ ‘ %pU- . ¢
variation with Im is reported in(dash—dotted line). The global impact on the speciation of the cation

will follow the variation of the Z*%oU- .6
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c
Figure 2.6-1. Evolutions of the specific ion interaction coefficients for the divalent free ions in (a) Cl -, (b)
CIOs, and (¢) NGs'.

Figure 2.6-2. Evolutions of the activity coefficient of Pb 2+ in Cl media using various values for XPb2+,CH):

(a) not implementing a value i.e. x= 0 (plain line); (b) using XPb2*,CIQy) =-0.18 kgw mol-1 (dotted line)

from the regression 1/r = f( ¥ in|Figure 2.6-1§; (c) using the close value of 1/r between Pb 2+ and Ba?*

(dashed line) ; and (c) using the XPb2*,CIOy) = 0.15 kgw mol - value for XPb2+,Ct)

14-



Correction of lonic Strength Effect General Considerations

2.6.3.3.2 Frequency distribution of Bralues

It is difficult to estimate a priori an Y: & ;valueto extrapolate the formation constant to infinite dilution. Values

for +2 cations are ranging from Y:: g4i7: 874 f; = 0.89 % 0.23 % ' 2% [2003GUI/FAN| to
Y:e;r ;84 ;=-00220.16+% ** Z25|2012GAM/GA}, the majority of them beingca.0.4 «%p »* 2° see

Figure 2.6-3] When no other argument can be done this value can eventually be used.

Figure 2.6-3. "f“—Fe...> Tce="¢,—-ZGClIO") |BISOCIA||1983SPA||1995SIL/BID {|2001LEM/FUG
2003GUI/FAN] |2005BRO/CUR 2005GAM/BUG| 2009RAN/FUG| |2012GAM/GAJ| (2013LEM/BER
2016BRO/EKB {|2018JOR/DEM||2020LEM/PAL ].

2.6.3.3.3 Estimation for complexes

In some instances, the specific ion interaction coefficients are not determined due to insufficiently available

datavs.ionic strength. The aforenentioned hypotheses care also used here. Nevertheless, it has been shown that

such hypotheses may not be justifiefOZOaSHA/RE .

|Ciavatta [1990CIA]proposed different empirical expressiors for estimating missing specific ion interaction

coefficients of complexes. Foan ML complex in an XY background electrolyte, he proposes

. Y 4:EY &;
VoA L—— (26)

and for the formation of an MLz complex from M and 2ls, the proposed expression is the following.
Y. 4;EtY &;

Y. g4 ;L (27)
u

As useful as they can be, these hypotheses also to be used with carg2020aSHA/RE].

2.6.3.3.4 Estimation from charges

Thoenenet al.[2014THO/HUM] |provided a detailed analyss of the charge evolution of8 '>4 2= Z 3; and

Y: '74& f . These estimations will be used in PRODATA in cases whereatioer estimation is possible.

2.6.3.4. Rationale on Soecific lon Interaction Coefficients

In some instances, the speciatiothat will be done using PRODATA could occur in relatively high ionic strength

media|2020REI/DEY, particularly in the ISR framework. The reliability of theoutput of the speciation calculation
would then be impacted by the account of ionic strength, and by the presence and value of the specific ion

-15-



General Considerations Correction of lonic Strength Effect

interaction coefficients implemented in the database file fore.g. PHREE@. Other relationships have been

proposed, such as the Pitzer modgl1991PIT|. Discussion on different models can be found jGrenthe et aI.|

[1997GRE/PLY] For the sake of consistency with the approach in the NEBECD approacf11992GRE/FUC=

2003GUI/FAN||2020GRE/GAC, only SIT model will be used.
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OxygenHydrogen-Water Selection of Data

3. Selection of Data

3.1. OxygenHydrogen-Water

The definition of the common master species is imposeatliquid ¢ ,and ~for oxygen and hydrogen in
solution. The functions of formation fromthe NEAOECD reviews{l9926RE/FUCﬁZOOSGUI/FANI2020GRE/GACP
from CODATA recommended value are included. The specific ion interaction coefficients for
Y. 4%;and Y "4 7; >=<ca fa’sand *=<7Z2aza 3= are taken from the NEAOECD
reviews |1992GRE/FUC 2003GUI/FAN||2020GRE/GAC).

Gaseous dioxygenk g:%00and dihydrogen k g:%0are selected inNEAOECD reviews|1992GRE/FUG
2003GUI/FAN| |2020GRE/GACP from CODATA recommended value511989COXNVAG|. Unfortunately, the

dissolution of dioxygenand dihydrogenin water k 4:f & ¢:f “;0are not apparent in the auxiliary data in the

NEA commissioned selection frortGrentheet al. [199ZGRE/FUG'to the IatterlGrentheet al. [ZOZOGRE/GAO' As
these values are mandatory for the defition of the thermodynamic database filedor software packages they are

selected from the compilation from the National Bureau of Standa|11982WAG/EVZ1. It can be noticed th

et al. [1989SHO/HEL] and later|Schulte et al. [2001SCH/SHO] proposed estimations of functions of
formations of 4:f “based on the Z ‘ %- Yvalues calculated from the function of formations i
[L1982WAG/EVA]. The values in PRODATA will then be taken directly from the functions of reaction calculated
from|Wagmanet al.[1982WAG/EVA]

Table 3.1-1. Thermodynamic functions for the O 2-Hz-H20 system from|Wagman et al. [1982WAG/EVA] | and
calculated constants.

Reaction &s¥r oo’ cas? ctdr éat ¥
ke *Y% ke *Y% re 7Y ce 7Y
t ¢ Z g f“EVFf Ev > 490.658+0.892 -85.96+ 0.16 16.378 £ 0.895 559.96 +£0.90 -11.70 £ 0.89
t PEtY Z of% 17.6+4.8 3.08+0.84  17.6+4.8 42+16 42+16
% ? oif" 16.4+32 2.87+0.565 117456
%7 oif" 17.6+4.8 -3.08+0.84 42416

* calculated from ¢y) Jand ¢y* Y from [1982WAG/EVA; calculated from Z ‘% % and ¢y) Jand ¢y ¥ from [2003GUI/FAN].

Table 3.1-2. Specific ion interaction coefficients for H *and OH .

Specific ion interaction coefficient Value % Reference

Y. *aZ; 0.12+0.01 [1992GRE/FUG
Y. Cazg; 0.14 +0.01

I 0.07 + 0.01

Y ca 7?; -0.02 + 0.03

Y. fra ?; 0.04 +0.01

Y. 2a 7, 0.09 +0.01

3.2. Group 17

The thermodynamic functions and constants inNEAOECD reviews|1992GRE/FUC|5|2003GUI/FAN|
[20050LINOL[2020GRE/GAGfor F(-1), F(0), CIfl), CIgh), CI(v), CIvIT), Br(-1), Br(0), Br(1), Br(v), I(-1), 1(0), and
I(V) are accepted The definition of the common master species °, Z, "7, and °.The specific ion interaction
coefficients for the halide ions are taken from the NE®ECD reviews|19926RE/FUC|5|20036UI/FAN|
2020GRE/GAQ.
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The dissolution of Z:%to Z:f “is taken fromlWagmanet al. [1982WAG/EVA]| the dissolution of 4:%to
6. [ is taken fromWagmanet al.[1982WAG/EVA]

The formation of Zis recalculatedfrom|{Ramette and Sandford [1965RAM/SAN

[y

Table 3.2-1. Thermodynamic functions and calculated constants for halogens

i i-sY " sy oty ot ¥
Reaction (kJ mol-t) oo (k3 mol-1) (k3 mol-t) (kJ mol-t)
t ZErav g %Et >Z Z:f“E ¢
32.267 £ 0.216 -5.65+0.04  6.973 +0.080 24.930+3206  -23.400 + 3.200
t ZErav g f“Et >Z Z:f%E &
24.078 + 0.497 -4.22 +0.09 30.780 + 3.238

tPErdv g %Et >Z f%E ¢

-117.589 + 3.134 20.60 £ 0.55 16.103+3.142 -152.850+4.126  19.420 + 4.125
t?Erdvg f Et >Z ¢:f“E 4

-125.778 + 3.102 22.04 £ 0.54 -147.000 + 4.15¢
"Egf42 72 -16.401 + 0.39% 2.87+0.07 -52.003+3235 -17.019%0.280  -54.379 + 4.134

a|1982WAG/EVA|; b calculated from Z ‘% * L B:s©6;in |1965RAM/SAd

* calculated from ¢yy) I} or ¢y* §'of [2003GUI/FAN].

Table 3.2-2. Specific ion inte raction coefficients for halogen ions

Specific ion interaction coefficient Value £ Reference

Y. fra’; 0.02 £ 0.02 [1992GRE/FUG
Y. >a’?; 0.03 £ 0.02

Y. CA4Z; 0.10 + 0.03

Y. CAZg; 0.15+0.01

Y. f4Z; 0.03+0.01

Y. frazg; 0.01+0.01

R YE 0.00 + 0.01

Y. >4z -0.05 + 0.02 2002SPA

Y. Car?; 0.13+0.02 1992GRE/FUG
Y. frar’?; 0.05+0.01

Y. ar?; 0.01 £ 0.02

Y. C4&%; 0.16 £ 0.01

Y. fra%; 0.08 + 0.02

Y- fra 7; -0.06 + 0.02

Y. >a%; 0.02 +0.02

Only Zand ?arestable in water.The perchlorate ion Z §is defined as a named specieRerchlorate -
towhichall Y '>aZZ;arereferredas¥: '"8HUFKORUDW

The Pourbaix diagrams of iodine are plotted inFigure 3.2-1
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c
Figure 3.2-1. Pourbaix diagram of 10-4 mol kgw? | using PHREEPLOT(a), CHESSb), and GWB (c)in a 0.1

mol kgw™ hypothetical indifferent electrolyte solution.

3.3. Group 16

3.3.1. Sulphur
The thermodynamic functions and constantsand specific ion interaction coefficientsn|Guillaumont et al.
[2003GUI/FAN] for S(VI), S(V), S(1), S(0), and S{I) are accepted inPRODATA ie. §, 2, ¢, ¢,

6% o 7:f% 6 & 6 2S(cr), ¢:% o % ¢ :f“ 7 and 7.The definition of the common master

species could beeither  “or  §. The specific ion nteraction coefficients are taken from the NEAOECD reviews
1992GRE/FU( 2003GUI/FAN||20206RE/GAO it is noteworthy thatno B ? & >;value has been selected.

As there is a large difference in the thermodynamic functions of the () species betweerim
Hemingway [1995ROB/HEM]and NEAOECD|1992GRE/FUG|2003GUI/FAN ZOZOGRE/GACP, and also with
Wagmanet al.[1982WAG/EVA]|Shock and Helgeson [1988SHO/HE|pr{Chivot [2004CHI]| e.g, ¢y) Y 7;is
(448 + 03 - + 2° [L095ROB/HEM, (12.243 * 2.115) « «* 75 [2003GUIFAN], (12.08 + 0.64) + «* 25
1982WAG/EVA,11.966 « «‘ Z2°[1988SHO/HEL],and 12.2 « «* Z5[2004CH].

?

Hence, as an example the redox equilibrium between ?and  §” is written for the different sources in

Table 3.3-1] When writing the equilibrium relative to  or 4:%evidences thecommonalities anddifferences in

Gibbs energies of formation, formation constants, andeMnst potentials. The Gibbs energies fronGuillaumont et

al. [2003GUI/FAN] anleagmanet al. [1982WAG/EVA]|are giving coherent ¢3) Uz * Y- Uand E° values, when
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there is large discrepancy with the values 1>Robie and Hemingway [1995ROB/HEM]IA problem can be seen in
the enthalpy of formation values, where ¢y*Y: 7;is -(16.3 £ 1.5) « «* Z5[2003GUI/FAN|, +(16.3 + 0.2)
o o 25, and-(17.6 £4.8) « o 25. The simplest reason could be a misprint,
as the abstute values are coherent between the three sourcel.can be noted that this misprint was not apparent
in|Robieet al.[1979ROB/HEM]| It can bealso benoted that ir1Robie and Hemingway [1995ROB/HEI\/|]as well as
Robieet al.[1979ROB/HEM]| S-orthorhombic(cr) is the reference state.

>

Table 3.3-1. Functions of reaction , redox reaction constants, and potentials for the reduction of SO to

HS using different sour ces of data.

Reaction ¢ sV oowY E° etV Reference
(kJ mol-1) (mV) (kJ mol-1)
SPEZfE{>Z 7Evg -192.313+2.080  33.69+0.36 249.1+2.7 -250.28+1.455  [2003GUI/FA
-159.6+0.2 27.96+0.04 206.8+0.3 -217.6+0.22 1995ROB/HE&
-250.2+0.20
-191.906+0.597  33.62+0.10 248.6+0.7 -251.65+ 4.86 1982WAG/EVA
E >Z TEt §f"4 789.41+3.255  -138.30+0.57 1982WAG/EVA
E >Z TEt % 756.247+2.073 -132.49+0.36 2003GUI/FA
788.8+0.3 -138.19+0.05 1995ROB/HE
756.61+0.59 -132.55+0.10 1982WAG/EV.
E 27 ¢ % -45.686+ 2.055 8.00+0.36 2003GUI/FA
-78.2+0.5 13.70+0.09 1995ROB/HE
-45.64+0.42 8.00+0.07 1982WAG/EV.

ausing ¢y* % ?;in [1995ROB/HEM; b using corrected F¢s* % ?;in [1995ROB/HEM

It is interesting to recalculate the Q,);’ : ?;value from the ¢y* Y and 55’3, values for the reductive dissolution

of mprimptmiUging the three sources as follows.
pfmk' E 6:%Z °E 7
Thenthe ¢g)Y: 7 L ¢s) Yas all the other ¢y) Yvalues are nil.

Using the ¢y* Y and 55; in the three references one can obtain the following values.

ia*U=-16.3 ¢ o 25  45%=-95734 ¢ 25 75 ;.)U=12243 .« ¢ 725 [2003GUI/FAN

ca* U= 17.6 0 o 25  45Y9=-09.684 ¢ 25 75 ;,)U=12.421 . o¢ 25 [1982WAG/EVA

¢a*%=16.3 ¢ o 25 5,59=20573 ¢ 25 75 ;.)U=4484 . o 75 1995ROB/HEM

It is worthy to notice that the apparent error in the sign of@*g’ . 7;seems to be at the origin of the erroneous

value of ¢y) ;J 7. When using the opposite value of,u*g’ : 7;in|[Robie and Hemingway [1995ROB/HEI\/1Qhen

the correct ¢5) YL ¢y)Y:  ?;value is obtained.

¢a*Y=-16.3+0.2¢ o 25 ;5%=.9573+0.90 +* 25 ?° ) VL )V ?:=122+0.2 ¢ o 25

|Robie and Hemingway [1995ROB/HEI\/|}seIected the monoclinic form of elemental sulphur, which differs in
terms of ¢y* % (mim=(0.3%0.1)¢ «* 25and 5% : kmim= (33.03+ 0.05) «* 25 7?5 from the orthorhombic
form OU) U: mprfmpfmk;‘é-a(;l:]* U: mprfmpfmk;‘aaoi 5_? mprfmpfmk;‘ﬁa(sz-os * 0-05) . 25 ?5- Only the

WY kmimajg7a(0.33 £0.24) « «* Z25value were selected ifWagmanet al.[1982WAG/EVA]

From the problems encountered for ¢;) U. 2. it is difficult to ascertain the Z ‘Yhp- K 1o ‘e ... Z <»athat

would be obtained is consistent. Nevetheless, the values are added for scoping calculation.
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ete' L Z<sE..s Z TErdv g %E ~ éé)§:(249.34_ro,17) s
ca*P=(269.2£0.14) » «* 25
¢a5Y=(-36.03£0.893) » ' 25
7 * %o~ $=-43.68+0.03

For the sake & completeness, S¢lI1), SWI), SW), SIV), S(Il), S(1), S¢1) and polysulfide data fro
[2004CHI] are included. Thk latter compilation of thermodynamic functions, isreferring to the CODATA values
1989COX/WAQG as those o|!GuiIIaumont et al.[2003GUI/FAN]| which assures a maximum of consistency.

Table 3.3-2. Thermodynamic functions from |Chivot [2004CHI] | and constants calculated for the Sspecies.

— — — R
Reaction (';"5“ 20 (’;Z,Sy 20 oo ('f 0 (';; ’ 20
t PEravegfsZ ¢ E 4 -1115.036 127.643 -22.36 -1344.77 193.930
Et >Z & g f" -744.41 -0.406 0.07 -909.27 0.07
t SEt 272 ¢ PEravg f4E 4 -966.504 292,553 -51.25 -1173.19 353.81
t PEt 2Z §§E 4 -808.61+0.94  -70.806 + 7.985  12.40 + 1.40 9736+ 4.1 2.69 £4.02
Et >Z G f%E -300.60 + 0.23  -50.268 + 4.013 8.81+0.70 -323.78+0.32 21.45 £ 0.24
t SEt 27 ¢ YEsavg f4E 4 -600.40 675.027 -118.26 -753.540 761.76
6 PE 7 43 -614.63 -14.222 2.49 -749.35 4.19
6 YEt 27 456 8:f" -616.72 -16.312 2.86 -733.46 20.08
u YEv>Z ; %Et ifSEt 4 -958.14 832.348 -145.82 -1167.34 965.62
v §Ex>7Z ¢ PEudvwg:fSEu g4 -1 040.56 1281.359 -224.48 -1224.24 1514.680
w §Ez>72 ¢ PEwg fYEV ¢ -958.14 1895.210 -332.02 -1175.7 2169.18
t Et 272 PEuUdVGfYE ¢ 84.706 1392.897 -244.02 35.041 1526.941
t YEsVWEt >Z PEzq -324.406 56.833 -432.92
savS Erdw gif“E > Z Y Erédvg 83.593 -166.131 29.10 45.225 -147.327
t P Eravg f4Et 22 §TE 4 66.583 -348.158 60.99 39.306 -310.756
tav Ergwe f5Eu>Z §PEsivg 65.955 -513.804 90.01 37.632 -469.941
U E s fSEv >Z ¥ Et ¢4 67.154 -677.622 118.714 62 -603.083

Figure 3.3-1. Specific ion interaction coefficients for sulphur ions

Specific ion interaction coefficient Value + Reference

Y. ca §7; -0.03 + 0.04 [1992GRE/FUG

\ - -0.12 + 0.06

Y- >a §7; -0.06 + 0.02

Y. a4 & 0.14 + 0.05 2013LEM/BER], Footnote p.476
Y. fra -0.01 + 0.02 1992GRE/FUG

\ i -0.08 + 0.05

Y frag §7; -0.08 + 0.06

The Pourbaix diagram of 104 mol kgwt sulphur in a hypothetic indifferent electrolyte at 0.1 « * Z « %°is drawn
inor PHREEPLOJTCHESS, and GWB. There are slight differences in the limits of acidity couples, and
area of S(cr). The limits of the acidity couples can be attributed to the particular mode of calcutati for
PHREEPLOT see|Kinniburgh and Cooper [2004KIN/COOI]and|Kinniburgh and Cooper [2011KIN/COO|]f0r

details compared to calculation in activity for CHESS and GWB.
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c
Figure 3.3-2. Pourbaix diagram of 104 mol kgw?! Sin a 0.1 mol kgw?! NaClQ; solution , obtained using
PHREEPLOT(a), CHESS (b), andsWB(c) no gasis allowed to equilibrate

3.3.2. Selenium

The thermodynamic functions constants and specific ion interaction coefficienténlOIin et aI.[20050LI/NOL]|

are accepted The choice of tle common master species could be done between eithert §?, £ §?, 17 orone

of the Sefll) aqueous species.

For Se¢ll) aqueous species, thezy* Y or 5Yvalues have only been selected for g 1: f “ No ¢y* Yor 5Yvalues

for  for 157 are selected i|10|in et aI.[20050LI/NOL]| It is then tempting to choose ¢ I f “asacommon

master species, otherwise nogz* ¥ or Z * % 6;could be included.

The ¢y* U #: and 55’ 17 ;values are promsed infWagmanet al. [1982WAG/EVA]|and|Naumov et al.

[1974NAU/RYZ]. The coherent obtained Gibbs energiesof reaction and Z ‘%e Svalues can be compared in
In view of the coherent values obtained, the enthalpy of formation fronl\Wagman et al.
[1982WAG/EVA]is added in PRODATAThe 5%ariation could also be comparedavourably betweer]Wagmanet
al. [1982WAG/EVA]andNaumovet al.[1974NAU/RYZ]
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Naumovet al.[1974NAU/RYZ][also proposed a valuefor ¢* U +?: with which the values from Wagmanet

al. [1982WAG/EVA] and 20050LI/NOL| are coherent (c.f.lTabIeS.&B].lNaumov et al. [L1974NAU/RYZ]|also
proposed a value for ¢* U. 467 which is included in PRODATA.

The Pourbaix diagram obtainedvith PHREEPLOTCHESS, and GWB extraction of the database are plotted in

Figure 3.3-3| There are slight differences between the limits of the aciditgouples, and the Se(cr)/ ¢ *:f “ limit
given a greater area in the decreasing order GWBHREEPLO;Tand CHESS

c
Figure 3.3-3. Pourbaix diagram of 10-4 mol kgw? Sein a 0.1 mol kgw* NaClsolution PHREEPLOT(a), CHESS

(b), and GWB (c), with the common master species Se042-; all solid phases are allowed to precipitate.

Table 3.3-3. Comparison of the rmodynamic functions and constants for the formation of HSe -and S&-from
Se(cr) in|Olin et al. [20050LI/NOL] jWagman et al. [L982WAG/EVA] | andNaumov et al. [1974NAU/RYZ]

Reaction ¢i-sY O Wi - sY 0 Wi it
a 20 a 2?20 a 20

t..E EtY¥z ¥ 43.471+2.024 -7.62+0.39 44.0+0.8 -7.71+0.14 159+7.2
43.9+ 8.4 -7.69+1.47 15.9+8.4c

LBt 72 157 112.670+6.2942 -19.74+1.10 129.3+8.4c -19.78+1.29 64.0+8.4

20050LI/NOLY]; b|1982WAG/EVA;

o]
O

1974NAU/RYZ.
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Table 3.3-4. Specific ion interaction coefficients for selenium ions

Specific ion interaction coefficient Value Reference
V. frat §; -0.12 Analogy S(VI)
Y. fra t %; -0.01
Y. frat 8% -0.08 Analogy S(IV)
Y. fra t %; 0.02

3.4. Group 15

3.4.1. Nitrogen

The thermodynamic functions and constants inNEAOECD reviews |19920RE/FUCF|2003GUI/FAN|

2020GRE/GAQfor N(-III), N(0), azide, and NY) are acepted i.e, 2% 7 f% 5 6% 3, 2%

7. The Z'%y for the acidity of N(Il) is selected ianuiIIaumont et al. [2003GUI/FAN]| whereas no
thermodynamic functions are selected for either NI ) species.

2E 2 o f 7 %y %=3.21+0.16

¢a*V=-(11.4+3.0)¢ o 25

The ¢a)¥:  2;is chosen froreragmanet al.[1982WAG/EVA]

Nitrogen phases ¢ g4:...J7and g ;:...é&re added toPRODATAfromlWagmanet al.[1982WAG/EVA]|and
Robie and Hemingway [1995ROB/HEI\/|] respectively.For ¢ g:..;thermodynamic functions are recalculated

from|Wagmanet al.[1982WAG/EVA]|in coherence withNEAOECD reviewq 2003GUI/FAN||2020GRE/GAC .

The functions of formationof 4:%are taken fom the NEAOECIZ12003GUI/FAN. The dissolution of ¢:f %
istakes ""fe —SE fe’sie .., ‘3and¢r-[20163ANl|

The redox chemistry of nitrogen in waer is rather complicated and often mediated by bacteria e.g,

4 & ¥ gand ¥ 4 f<The Zand :f “species are notincluded by defaultin PRODATA, but
can be added on demand.

The specific ion interaction coefficients are taken from the NE®ECD review119926RE/FUCI20036UI/FAN
2020GRE/GAQ.

Table 3.4-1. Thermodynamic functions and constants for nitrogen species from Wagman et al.
[1982WAG/EVA] .

Reaction i N oot Y ¢cESU et [ it U
P 20 g 20 o 20 g 20
TErav o %2 2 76.540+ 1545  -13.41% 0.27 34.254+ 1.600  100.400 + 4.817  -106.45 £ 4.80
e 1.7 3E 2 -6.39% 0.75 112+013  -183.8+0.9 25.490 + 0.646  -365.6 % 0.8
6 9---nE z ; Et > -94.25 + 6.89 16.51+1.21 109.80 + 6.94 -81.07 £ 0.34 -46.80 + 0.87
o %7 o f“ 18.192 -3.19 18.192

* calculated from ¢y) Jin [1982WAG/EVA a calculated from Z * % Yand ¢;) &, or from ¢y* Yin [2003GUI/FAN| & [2016SAN.

Table 3.4-2. Specific ion interaction coefficients for nitrogen ions

Specific ion interaction coefficient Value Reference

Y >4 ; ; 0.07 £ 0.01 [1992GRE/FUG
Y- ¢4 ; 0.08 £ 0.01

Y. fra 7; -0.04 + 0.03

Y. a7, -0.11 + 0.04

Y. ca ¢, 0.06 + 0.04
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|Table 3.4-2| Continued

Specific ion interaction coefficient Value Reference

Y. fra ¢; 0.00 + 0.02

Y. *a ¢ -0.04 + 0.02

Y. >4 ¢ -0.04 £ 0.02  [2002SPA

Y. fra?; 0.00 £ 0.10 1992GRE/FUG
a b

Figure 3.4-1. Pourbaix diagram of 10-4mol kgw? Nin a 0.1 mol kgw? NaClsolution (PHREEPLOT)including
(a) and not including (b) N(0), NO2-, and Ns-.

3.4.2. Phosphor
The thermodynamic functions and constants for R() from NEAOECD review:119926RE/FUC'2003GUI/FAN|

2020GRE/GAQ, are accepted irPRODATAThe definition of the common master species cabe either ¢ £,
€2 or  £7.The specific ion interaction coefficients for are taken from the NE®ECD review§1992GRE/FUG:

20036UI/FAN||ZOZOGRE/GAC .

It can be noted that the uncertainty of thePk¢y) Y ovalues of 37, 82, & & are mostly the sameThis is
unlikely as theuncertainties of the Z * - Walues are not that different. The values of bothyy) g’and Pkég) ;’ aare

recalculated ifTable 3.4-3]from the selected Z ‘ %- Yand P:Z ‘ %,- Y;values and referring to the selected value of
W) 17:=-(1025491+ 1579 « +* 25

The same occurs betweeryg*Y:  §%:and ¢*Y: ¢ 2., 8% : §:and 8% : s 3;thathavethe same

uncertainty. The ¢y* g’and 5ij valuesare recalculatedin|Table 3.4-3from the ¢3* ;’ é: g,é*au » 655;9, and é: ¢é5§’ ;

values, and referring to the selected valuefoey*Y:  §7;=-(1 284.400 + 4.08§ « «* 75 5% =-(220.970 +
12.846) ' 25 ?5in NEAOECD reviewd 2003GUI/FAN||ZOZOGRE/GAC).

25-



Table 3.4-3. Thermodynamic constants and functions for the phosphate system  with ¢ (G%) recalculated

from the selected constants in NEA-OECD reviews [2003GUI/FAN }|2020GRE/GACQ].

Reaction oo &s¥a éas?® &tPa et P &P ‘@®
— 20. S g ?U; T g ?U: S g ?U; ‘gu® ?U. cgu® ?U;
S ESdw g %Esavg Z [Eu”
117.34+ -669.781 + -1 025.491+ -855.655+ -1 284.400+ -623.425+ -220.970+
0.28 1.575 1.576 4.085 4.085 12.843 12.846
S..Esdw g f“Esavg Z L[ Eu”
120.93+ -690.254 + -841.030+ -505.710+
0.19 1.108 3.928 12.794
g'? E > Z g’?
12.35+ -70.494+ -1095.985+ -14.600+ -1 299.000% 187.470+ -33.500+
0.03 0.171 1.585 3.800 5.579 12.758 18.105
67? > 3 2
s E 772 & 3
7.212+ -41.166+ -1137.151+ -3.600+ -1 302.600% 126.000+ 92.500+
0.013 0.074 1.587 1.000 5.668 3.363 18.415
? > 5 . =
6 8E Z 7 g:f"
214+ -12.215+ -1149.366+ 8.480+ -1294.120+ 69.412+ 161.912+
0.03 0.171 1.596 0.600 5.700 2.093 18.534
PEt 272 ¢ %
19.562+ -111.660+ -18.200+
0.033 0.187 3.929
FEU”Z 5, gf"
21.702+ -123.875+ -9.720+
0.044 0.252 3.975
FEtZZ 5 gif"
9.352+ -53.381+ 4.880+
0.033 0.187 1.168

acalculated from Z ‘ %- Yin [2003GUI/FAN]; b calculated from ¢5) Yand ¢3)Y:  37:in [2003GUI/FAN]

Even if not stable in water, he values for P{lll) fromlWagmanet al.[1982WAG/EVA]jare included. The function
of formation of P(V) being significantly different betweerrWagmanet al. [1982WAG/EVA]|and|Guillaumont et al.

[2003GUI/FAN], they are recalculated from the functions of reaction (able 3.4-4

Figure 3.4-2. Pourbaix diagram of 10-4 mol kgw® P in a hypothetic indifferent 0.1 mol kgw! electrolyte
solution (PHREEPLOT)
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Table 3.4-4. Thermodynamic functions and constants of P( -lll) calculated from |Wagman et al.l
[1982WAG/EVA].

Reaction ¢-sPa oo iqsy P
(kJ mol-?) (kJ mol-1)

PEzf Est >Z ZEvV 4 162.240 + 1.348 -28.42 + 0.24 85.309 + 0.800
PEv>Z ZEt gf“ 1143.556+1.167  -200.34 + 0.20

PEzZFEss>Z 4 f%EvV g 95.500 +1.528 -16.73+ 0.27 18.569 +0.351
PEU>Z 4 f“Et &f" 1076.816+0.920 -188.65+ 0.16

7 f“E >Z 3 66.740+0.719 -11.69 + 0.13 85.309+ 0.800
57 1 %E > -78.7+3.3 13.79+0.58 6.609+ 1.578

acalculated from ¢y) Y of [1982WAG/EVA; bcalculated from Z ‘ %- Yand ¢y) £ of [2003GUI/FAN].

Table 3.4-5. Specific ion interaction coefficients for phosphate ions

Specific ion interaction coefficient Value Reference

Y. fra §; -0.25+0.03  [2003GUI/FAN|
Y. >a §; -0.09 + 0.02

\ - -0.15 + 006

Y. >a §; -0.10 + 0.06

Y. fPa¢ & -0.08 + 0.04

Y. ag & -0.14 + 0.04

3.4.3. Arsenic

3.4.3.1. Inorganic Compounds
3.4.3.1.1 Oxo-compounds of As(lll) and As(V)

The thermodynamic functions constants, and specific interaction coeffients for As(ll) i.e, the two
allotropic forms of eg .:..;7 ¢ 2 g ¢ 2 e oif% ;e ;if% andAsy) % gl 0 L e &

6 * goand , e« g f“% are taken fromlOIin et al. [20050L|/NOL]|AS the « 2 ¢+ Zand =« 4:f*“

7 * .:f “couples of molecules are equivalent s « 7and ; * ,:f “are chosenfor arsenite.

Table 3.4-6. Specific ion interaction coefficients for arsenic ions

Soecific ion interaction coefficient Value Reference

Y. fPag ¢ & -0.01+£0.01  [2020LEM/PAL]
Y. dg ¢ 4 -0.12+0.02  [2002SPA

Yo fra o 87, -0.21 + 0.06

Y- a4 - §7; -0.02 £ 0.01

3.4.3.1.2  As(-lll)

The thermodynamic functions and constants for As(ll) i.e, « ;:f%and + ;:% are calculatal from
Ferguson and Gavis [19ZFER/GAV]

Table 3.4-7. Thermodynamic functions and constants for As( -lI1).
Reaction ¢-s¥a oo’ LS
¢« 8 EUu”Z ¢ JifYEt 5% 751.9 -131.7 103.389
e . %Et ¢:%Z ¢ 8 Eu” -721.4 126.4

acalculated from ¢y) Yin [1972FER/GAV]; b calculated from Z ‘% Yand ¢y) Yin [20050LI/NOL|.
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c
Figure 3.4-3. Pourbaix diagram of 10-4 mol kgw?! As in a hypothetic indifferent 0.1 mol kgw? electrolyte

solution using PHREEPLOT (a), CHESS (b), and GWB (cAll solid phases are allowed to precipitate.

3.4.3.1.3 Arsenosul phide

Arsenosulphide are particularly frequent compounds observed in mining contextThe formation of
Robie et al. [1979ROB/HEM]| and

arsenosuphide componentsare available inlNaumov et al. [1974NAU/RYZ]
|Robie and Hemingway [1995ROB/HEMfor realgar (AsS) andin|Naumov et al. [1974NAU/RYZ]||Robie et al.|
[1979ROB/HEM],|Wagman et al. [1982WAG/EVA]|or |Robie and Hemingway [1995ROB/HEM]for orpiment

*c 7. The functions of formation are different for each solidn function of the source Values fronmRobieet al.

[1979ROB/HEM] are taken fromlWagmanet al. [1968WAG/EVA]|and are therefore coherent Witthagmanet al.
[1982WAG/EVA]

Values ir1Robie and Hemingway [1995ROB/HEI\/|§1re traced tomore recent direct determination from
Bryndzia and Kleppa [1988TAR/KLE] In [Robie and Hemingway [1995ROB/HEI\/|]the only arsenic form in

reference state is native As(cr) no soluble species are defined , which §j=(35.69 + 0.84) «* 25 ?Svalueis

in agreement with the one selected in NEADECD review of S0050LI/NOL], 5% = (35.100+0.600) «* 25 ?5

The formation of realgar can be writtenrelative to reference stateof native elements
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As(cr) + Sorthorhombic (cr) ™AsS(cr) ¢z* =-(30.9 £ 5.0)+ «* 2
caB=-(4.24£059) « B *
¢a) =-(29.64+5.00) « +* B
7 %- =5.19+0.88
)Y e ;=-(29.64%500) + «* B

which is the valueianobie and Hemingway [1995ROB/HEI\11]or realgar.Contraryto 7, it does not seem to have

any misprint.

The values of ¢5) Y s 7;and ¢g* % e+ ,;in[Robie and Hemingway [199ROB/HEM]|land[Wagmanet al.

[1982WAG/EVA] are very different, when the 59 s 7,are alike|Robie and Hemingway [1995ROB/HEN|§10 not

give ary functions of formation for the arsenic oxoanionsThe formation from the native elements can then be

compared.
1995ROB/HEM 1982WAG/EVA
t el EU L7 e 7l et Y= -(91.6+4.9 « «* 25 -(169.0£0.8) » «* 25
5= -(3.93+0.53) «‘ 2% 7?5 -(2.00£11.87) «* 25 °?5
ia) = 2(90.43+4.20) « o' B -168.4+3.45 « o 25
7 Yo o 15.84+0.74 29.50+ 0.60

The calculated ¢5) Uand 2 ‘ %o~ valuesare the same than the tabulated ones and no misprint seems to occur.
Nevertheless, as the values |IWagman et al. [1982WAG/EVA]|are difficult to trace, the value fronm
Hemingway [1995ROB/HEM] traced to direct determination in|Taras Bryndzia and Kleppa [1988TAR/KLH]
will be selected inPRODATA.

The Pourbaix diagram of AsS system is seen Iﬁigure 3.4-4

Figure 3.4-4. Pourbaix diagram of 10 -4 mol kgw?! As and S in a hypothetic indifferent 0.1 mol kgw!

electrolyte solution using GWB. All solid phases are allowed to precipitate
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Table 3.4-8. Thermodynamic functions of arsenosul phide from native elements in |Robie and Hemingway
[1995ROB/HEM] , and calculated dissolution to oxoanions from NEA -OECD review|20050LI/NOL ].

Gt &V &sY 0 W éas”
g ?U; ‘g ?2U u?U: g ’?U; T g ?U;
LE L2 e Ly
-30.9+5.0 -4.24 + 0.5% -29.64 = 5.00 5.19+0.88 -29.64 = 5.00
e .Ergwg %Etavg Z o Y E ?Ev >
-150.190+ 2.685° -25.911+2.219 4,54 + 0.39
e I.Erdw s %Etdv, Z g+ 2E CEt
17.310+ 2.610° 43.560+2.127 -7.63 £ 0.37
t el JEU L7 e 11l
-91.6t4.22 -3.93+0.53 -90.43 £ 4.20 15.84 + 0.74 -90.43+4.20
o 7E §:%EXx ¢ Zt e PEu TE{”
405.500+9.141° 453.358+9.033 -79.42+£1.58
., Exg Zt g+ JEu Ew?
328.100+ 8.158° 375.813+9.317 -65.84+1.63

1995ROB/HEM,; bcalculated using ¢g* Yand ¢;5%rom [1995ROB/HEM and ¢) Y20050LI/NOL].

o]

3.4.3.2. Organic Compounds
Due to microbial activity, the methylation of As(V) can occur leading to the formation of monomethylarsonic
7 ¢ 7 6.f “;and dimethylarsinic :: ;5 ¢ ¢ :f ;acids|20028ME/KIN|2019ALL/STA]. These acids are

showing acid base propertieghat are to be taken into account in monitoring of mining activities As(V) can also

be included in arsenosugarand anarsenolipids [2019ALL/STA).

The methylation of As(lll) can lead to the formation of monomethylarsonous acid: 7 ¢ 5 &:f %5

dimethylarsinous acid :: ;;6 = :f % and arsonobetaineAB zwitterion :: ;;; ¢~ 7 |2019ALL/STA].

The protonation constants of these acids have nget been traced in the literature.

As the thermodynamic furctions of formation of monomethylarsenic acid and monomethylarsonate ions, and

dimethylarsonic acid and dimethylarsinate ions are not known and are metastable from the point of view of

carbon chemistry , the species will be defined agndependent species as presented irIReiIIer and Descostesf
[2020REI/DES].

The protonation constants of monomethylarsonate : ; « §7; i.e. Monomethylarsonate -2 in
PHREE@, Monomethylarsonate[2 -] in CHESS and Monomethylarsonate -- in GWB and
dimethylarsinate S & i.e. Dimethylarsinate - in PHREE@ and GWB, and
Dimethylarsinate[ -] in CHESS are taken fromAggett and Kadwani [1983AGG/KADQ]

7 ° g’)E >Z 7 ° 7 ? Z‘OWSU:SZS

77 E 72 g7 6f" 2 %4 §= 4.26

;o Bt 272 S e 5 sif“ 7 %dP=1251

76t 6E TZ: g s ifS Z' % "= 6.25
3.5. Carbon

Formation functions of native C as graphite are defined in NE@GECD reviews'1992GRE/FUC||2003GUI/FAN

2020GRE/GAQ from CODATA|1989COX/WAG. Formation functions of diamond is taken fromRobie and|

Hemingway [1995ROB/HEM] even of low relevance for monitoringof uranium mining operations. The most

stable oxidation states of carbon are GV),as g and C{V) as 4 All the other oxidation states are to some

extend metastable or havelimited domain of stability. As an example, a Pourbaix diagram using the
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thermodynamic functions of C speciesup to G2 from |Shock and Helgeson [19908HO/HE|_can be drawn in

Figure3.5-1

Figure 3.5-1. Pourbaix diagram of carbon 10-2 mol kgw?! using PHREEPLOT andthe thermodynamic

constants calculated from thermodynamic functions  for carbon species up to Ci2 in|Shock and Helgeson

[1990SHO/HEL] .

NEA-OECD reviews|19926RE/FUCIIZOOSGUI/FAN||ZOZOGRE/GAq)provide the thermodynamic functionsfor

g% and the dissolution of  :%dn water to the carbonate systemj.e. 4:f Z,and 87 taken from
,

CODATA1989COX/WAQG. The definition of the common master species can be made mgieither 7 or 5.
The specific ion interaction coefficients for the carbonate ions are taken from NEBECD reviewqd2003GUI/FAN

|20206RE/GAC). The specific ion interaction coefficient values are also given in NEBECD reviews

1992GRE/FUCHZOOSGUI/FAN||2020GRE/GAC) Table3.5-2). It can be noted that noY: 4:f“a”; are
recommendedin NEA-OECD reviewsgven ifKénigsbergeret al.[1999KON/KON]fprovided avalue for dGsles  a

in the framework of the|Pitzer [1991PIT]|model.

As in the case of the ¢ & ¢ System, the dissolution of g:%ot0 g. [ % is not selected in the NEA

commissioned selections. The thermoghamic functions are then selected from the functions of reaction

calculatedfrom|Wagmanet al.[1982WAG/EVA]

Thermodynamic functions for organic ligands and complexes with metal ions have been selectefHimmmel et|
al. [2005HUM/AND] or can be found elsewhere e.g, 19908HO/HEL| |19958Hq |19958HO/KOF

1999PRA/SHQ , but are of no concern for the moment being.
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Table 3.5-1. Thermodynamic functions and constant sfor C(-1V) and C(IV) |1982WAG/EVA|19926RE/FUG

2003GUI/FAN J|2020GRE/GAQ.

. i-sY 5 iasV et¥ éat ¥
Reaction (kJ mol-1) oY (k3 mol-1) (kJ mol-1) (kJ mol-1)
Et 6:%Z g%
-50.777+0.16 8.90+0.22 -50.777+0.16  -66.818 +0064  -66.818+ 0.064
g %7 gif" 16.390+0.1792  -2.87+0.03 -34.387+0.2400 -20.312+0.3262  -87.13+0.32
E 6:%Z % -394373+0.133  69.09+0.02 -394.373+0.133 -393.510+0.130 -393.510+0.130
6 %72 oif" 8.403+0.235 -1.47+0.04 -385.970+£0.270  -17.750+0.152 -413.260+ 0.200
6 %E ¢ Z E >
44.668+ 0.209 -7.83+0.04 -586.845+0.251  -10.590+0.242 -689.930+ 0.200
6 %E ¢ Z S Et
103.613+0.364  -18.15+ 0.06 -527.900 + 0.390 4.110+0.285 -675.230+0.250
PE > Z G f“E ¢
-36.265+0.108 6.35+0.02 -9.160+ 0.040
8 Et >Z 4 f%E &
-95.210+0.278 16.68+0.05 -23.860+0.145
g >2 7 -58.945+0.298 10.33+0.05 -14.700+0.150

acalculated from the ¢y) Zor ¢y* Jin [1982WAG/EVA; b calculated from Z “ %¢ Yand ¢y) Yor ¢5* Yin [2003GUI/FAN].

Table 3.5-2. Specific ion interaction coefficients for carbonate ions

Specific ion interaction coefficient Value Reference

Y. fra %, -0.08+0.03  [1992GRE/FUG
Y. >4 8% 0.02+0.01

Y. fra  I; 0.00 £ 0.02

Y. ca 3, -0.06 + 0.05

3.6. Metalloids

3.6.1. Silicon

3.6.1.1. Native Slicon and Slicic Acid

The thermodynamic functions of native silicorand quartz, and solubility constant are taken frompGuillaumont
et al.[2003GUI/FAN]. It can be noted that the funtions of formation from forthcoming review of ancillary data are

used ir1Grentheet aI.[ZOZOGRE/GAol This does not change the constants, but the functions of formation of the

complexes are modified The functions of formation for the silicate ions will be changed when this review will &

published.

The common master speciessi < ;g:f “ Accounting for the dissolution of g: % the dissolution of Si(cr) is
written as follows.
C..EV g 2 ¢ g f“EVFPEV” 7% 2= 62.92 + 0.20E° =-0.931 V)
¢a) V=-(359.175+1.144) « «* 25
¢a*U=-(313.640 + 3.159) ¢ «* 2°
C..E 6 fSEt g Z < gif“ 7% =148.88+0.13
¢a*V=-(873.600+3.033) * +* 25

Wagmanet al.[1982WAG/EVA]fare proposing a different value of¢y) %k < ;g:f “0=-1316.6 « «* 25than
NEAOECD1992GRE/FUQ2003GUI/FAN é0) V=-(1307.735+1.15 + +* 2°  ofRobie and Hemingway
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[1995ROB/HEM]  ¢y) ¥ =-(1307.5+ 2.1) » «‘ 25 This is changing thevalue of ¢5) Y =-368.084 « «* 25
7" Yp- ;e# 64.49, and E° =0.954 V for the Si(cr)/ < ;g:..;touple.

As it will be seen in the following, formation functions for silicate phases proposed |Wagman et al.|
[1982WAG/EVA] anleobie and Hemingway [1995ROB/HEI\/|]WiII end up in large differences ine.qg.silicate
solubility constant calculated using either sources. For the sake of consistency, the phasiaRchh)ie and Hemingwa)1
[1995ROB/HEM] will be preferred.

3.6.1.2. Allotropic Forms of Solid SiQ
The formation functions of quartz froniGuiIIaumont et al. [2003GUI/FAN]|is accepted in PRODATA. There are

some other allotropic forms of < & The low temperature solubility of quartz is taken fron||Rimstidt [1997RIM] |as

follows.

. SsrgtGsryy,
Z'%l LF
9 6

Firatw\vGratvy,

This is equivalent tothe following expression.

éa* ! —SE égot
4HSr 6 4H3Ir

Z'%-'L F

The following equilibrium is accounted for inPRODATAonly as Z * %o- é’and éar ;’ No formation function will
be defined as it would change thezy) &, ¢o* Y, and §% of < ;5:f “from[Guillaumont et al.[2003GUI/FAN]

<eEt ¢ Z < gif" 7' %y $=-3.74 £ 0.04
ca*V=-21.20£0.21¢ o 25

The same equilibriumfor = < gwith the data from|Wagmanet al.[1982WAG/EVA]lends up with

¢a)Y=14.208 « «* 25
7 %e 9=-2.50
and will not be included in PRODATA.

Other allotropic forms of <« gare included in PRODATA The thermodynamic functions of <« galpha(cr),

< gbeta(cr), coesite, cristobalite, dishovite, and tidymite are taken from|Fabrichnayaet al. [2004FAB/SAX]|
which was developedwithin the framework of CODATA|1989COX/WAC. The formation of <« g:f e; and
chalcedony are taken froqNordstrom et al.[1990NOR/PLU]| Finally, the formation of silicatite is taken fro
and Hemingway [1995ROB/HEM]

Several allotropic forms will be recommended in the forthcoming NEAECD review on ancillary data. These

data will be included if necessary dér publication.

Table 3.6-1. Thermodynamic functions and solubility constants of silica allotropic forms.

Reaction cs? isY oo W it ¥ oty Reference
e 7Y e Y g 70 e 7Y
<gEt ¢ Z < gif"

Quartz -856.287 + 1.002 22.832+0.571 -4.00+0.10 -910.70 + 1.00 25.40 + 3.00 2003GU|/FAN]
Quartz-lowtemp -3.74 £ 0.04 21.21+0.21 1997RI

Quartz- {cr) -856.283 22.828 -4.00 -910.700 25.400 2004FAB/SAX
Quartz- Kcr) -856.151 22.696 -3.98 -910.495 25.195 2004FAB/SAX
Coesite -851.726 18.271 -3.20 -906.400 21.100 2004FAB/SAX
Cristobalite -852.987 19.532 -3.42 -906.034 20.734 2004FAB/SAX
Stishovite -814.567 -18.888 3.31 -874.000 -11.300 2004FAB/SAX
Tridymite -853.585 20.130 -3.53 -906.913 21.613 2004FAB/SAX
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|Table 3.6-1| Continued

[9) U

Reaction st ¢ st oo W ot VY oty Reference
Ly 70 Sy 0. S g 20 g 70
Coif e 271 13.97 TO90NOR/PLY
Chalcedony -853.719 20.264 -3.55 -905.048 19.748 lQQONOR/P&J
Silicatite -852.355 + 0.800 18.90 + 0.83 -3.31+0.15 -902.1+0.8 16.800 + 3.059 1995ROB/HE_]

3.6.1.3. Slicate lons

The thermodynamic functions and specific ion interaction coefficients of silicate ions are taken from

Guillaumontet al.[2003GUI/FAN]| The B < ;g5:f “4” ?;values are supposed to be nil.

Figure 3.6-1. Thermodynamic functions and constants for silicate ions 1982WAG/EVA||1992GRE/FUG
2003GUI/FAN J2020GRE/GAQ.

. sV ; ias? ety eat ¥
Reaction (kJ mol-1) ooV (kJ mol 1) (k3 mol) (kJ mol )
¢ gif4Z < ZE
55.995 + 0.118 -9.81 + 0.02 -1251.740 £ 1.162 25.600 + 2.001 -1431.360 + 3.743
< gifuZ gt SEEL
132.084 + 0.514 -23.14 £ 0.09 -1175.651 + 1.265 75.000 + 15.000 -1 381.960 + 15.330
to gf%Z ¢ 70 FTEt TE ¢
108.452 +1.714 -19.00 £ 0.30 -2 269.878 + 2.878
t<¢ gif52 66 6E TE ¢
46.234 + 1.714 -8.10 £ 0.30 -2 332.096 + 2.878
u¢ g'f“Z2 ¢ .. TPEu’Eug,
163.249 + 1.722 -28.60 £ 0.30 -3048.536 + 3.870
Uz 551f“Z 9 oi 57Eu >Et ¢
156.970 £ 1.717 -27.50 £ 0.30 -3291.955 + 3.869
V¢ o gif4%Z ¢ o S EVEV
207.201 + 2.865 -36.30 £ 0.50 -4 075.179 £ 5.437
V< ogif4Z ¢ .0 IPEuEV
145.554 + 1.729 -25.50 £ 0.30 -4 136.826 + 4.934

Figure 3.6-2. Specific ion interaction coefficients for silicate ions.

Specific ion interaction coefficient Value Reference

Yo fracr 3 -0.08+0.03 [2003GUI/FAN]
Yo fracg 87 -0.10 + 0.07

Y. fPas 60 35 -0.08 + 0.04

Y. ffae 71 8 -0.15 % 0.06

YK fPaq o 3470 -0.25+ 0.03

Yo fraq . 57 -0.25 + 0.03

Y frag .0 50 -0.25+0.03

3.6.2. Lead

3.6.2.1. Native Metal and Free lon

Lead is the endresult of the radioactive decomposition chainof uranium. The thermodynamic functions for

Pb(cr) and ,% from CODATA|1989COX/WAC, are selected in NEAOECD reviews [2003GUI/FAN

2020GRE/GAQand are used withinPRODATA Table 3.6-2). The commonmaster species is 5.
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The specific ion interaction coefficients from NEAOECD reviews |19926RE/FUCF |2003GUI/FAN

2020GRE/GAQ will be used for B ,>47%;and B ,5>4& 7. Given the large uncertainty for thegeneral

estimation of B 64 Z;(Figure2.6-2), the B ,®>a4Z7%; L B ,5 & Z;equivalence will be usedTable3.6-7}.

3.6.2.2. Oxo andHydroxo Compounds

The lead(ll) and lead(lV) oxides lithargek ,, :...band plattnerite k , ¢:..,;bare available fromWagmanet
al. [1982WAG/EVA] or|Robie and Hemingway [1995ROB/HEM]

The hydroxo complexes ol - ;jf'?k 7 with n = <s& audvax=and m = < dudvawéz= from|Brown and

Ekberg [2016BRO/EKB] are accepted in the database. Théormation constant and specific ion interaction

coefficient of thetrinydroxo complex : ,: ;Z;is fitted using Equation21, is re-evaluated using theclassicalSIT

model of Equation18 {Figure 3.6-3).

T EBu T2 7 * %= 13.97 £0.14
¢Y=(0.26 £ 0.05) %y ** 25
¢a) 9=-(79.742£0.799) « «* 25
¢a) V=-(575.639£0.919) « +* 25

B ,: ;24 f;=(0.01+£006) *%p ** 2°
LS Eug Z .0 2Eu” Z % UWb=-28.03 £ 0.14
Figure 3.6-3. Re-estimation of logio *sand B 3,Na’) using selected data from |Brown and Ekberg

[2016BRO/EKB] (plain line), and estimation in |Brown and Ekberg [2016BRO/EKB] |(dashed line) .

3.6.2.3. Halide Compounds
The functions of formation of cotunnite : , Z;are defined ianobie and Hemingway [1995ROB/HEI\/|]The
chloride complexes froniPoweII et al. [2009POW/BRO]|are included in PRODATA. The specific ionteraction

coefficients are calculated from the provided¢ Bralues.
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3.6.2.4. Sulphur and Selenium Gmpounds
3.6.2.4.1 Sulphur compounds

Wagmanet al.[1982WAG/EVA][fand|Robie and Hemingway [1995ROB/HEV\/{]Jr0posed function of formation

of galena (PbS), the values of which are relatively close to each other. The values 1rlénbie and Hemingwa)1

[1995ROB/HEM]are included without modification evenin view of the problem for the S{ll) function of formation
(c.f. , because Sf) is considered reference ifRobie and Hemingway [1995ROB/HEM]

Estimations ofthe functions of formation of ,: ;;®’'*” complexes with n = <tau= was proposed by

Sverjenskyet al.[1997SVE/SHO

The solubility of anglesite : , g; can be retrieved fromlWagman et al. [1982WAG/EVA]| |Robie and
Hemingway [1995ROB/HEM] anc1 Powell et al.[2009POW/BRO] The values of the three source are in agreement
with each other. The solubility constant fron|Robie and Hemingway [1995ROB/HEI\/|ﬂs not recalculated from the
functions of formation of 7 (c.f. 1ﬁ

Oxo sulphate phases are reported WagmanetaI.[1982WAG/EVA]|i.e, w gl, l.a ., g&& , .. and
. gau , :..."The functions of reaction are used to calculate thg ‘ $4- ;and functions of formation relative to
CODATA1989COX/WAQG.
|Powel| et aI.[2009POW/BRO]lrecommended the formation constants of ,: g;:f S, with B + ré&art - raru
*% ** 2%in Z 3 medium, which allows calculating the value ofB ,: g:;:f“a f Z3%;= (0.05 + 0.07)
*%p ** 2% Theformation constant for ,: ;87 is taken fromlSmith et al. [2004SMI/MAR]| and the valueof
B ,: .84 f ;canbe estimated using either E@6from B ,: 4;:f“a f Z 3 ;estimated abovepor Eq.27

fom B ,©aZ: [I992GRE/FUG [2003GUIFAN [2020GRE/GAQ, and B §’a f; [1992GRE/FUG
2003GUI/FAN||2020GRE/GAC .

3.6.2.4.2 Selenium compounds

The functions of formation of clausthalite: , #;and , ¥ g:...aretaken from|Olin et al.[20050LI/NOL]

3.6.2.5. Phosphor and Arsenic Compounds

|Nriagu [1984NRI]|proposed Gibbs energies of formation and solubility product for numerous phosphate

minerals. The geneal discussion on the account of these data will be done in this chapter, but will be valid for any
other phase in Tablel ofiNriagu [1984NRI]

The considered equilibrium for the solubility and Gibbs energy of formation caldation is ... “se<tf"f1 o0-*
e—'¢..Sctef "¢, <tecorf—c<'e i‘rTIN-Fi@ID [19841NR‘I]FInc'page 320, the authors inform that the phases
"tZ2f—<tee [t L fZ..—Zf—3 of oSHEePWocef e~ 'Ste’Sfh Fdbe. L fthed solubility of
carbonate phases cerussite , ;;and smithsonite : « ;are clearly given relative to  §?, and in page 322

the phase relation betweera carbonate and a phosphate is written relative to 3.

But it is apparent that the solubility of pyromorphite : ,9: ;7 Zis written as follows.

bo. g7 ZEUZwW,®Eu §E 2 7 %o- 3=-84.4

The reported Gibbs energy of formation is calculated relative to National Bureau of $ward values
1968WAG/EVA[1969WAG/EVA 0)=-906.2 + ... f225=-3794.1« «* 25
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If the Z‘%e-Jvalue is used as isthen the Gibbs energy of formation relative thGuiIIaumont et al.
[2003GUI/FAN] should be ) U= .3810.639 « «‘ 25 whichis in agreement with the value given byNriagu

[1984NRI] knowing the differences in ) tof the different species betweefGuillaumont et al. [2003GUI/FAN]

Wagmanet al.|1968WAG/EVA[1969WAG/EVA and evenWagmanet al.[1982WAG/EVA]

The solubility of plumbogummite : , Z: g4is: i94 ¢ ;Should be expressed as follows.
Z: g 94 EW>Z ®EuUZEt [PEw ?E 4 7 %o- =-99.3
is) U=566.8 ¢ o 25

The reported Gibbs energy of formation is calculated relative to National Bureau of Standard values
1968WAG/EVA|1969WAG/EVA g)Y=-1221 ¢ ... f225=-5112 « «* 25

The Gibbs energy of formation relative to |Gui|laumont et al [2003GUI/FAN]| is then

o) . Z: gi. 98 ;=-5139.790 « «* 25 which is in agreement with the value given bjNriagu

[1984NRI] given the differences in selected values for the functions of formation

The ¢3) Uand 7 '%p- zvaluesof ,,: ¢ g;5:°;can becalculated using the ¢g) Uyalues from [Naumov et al.

[1974NAU/RYZ]for ,7: * gig:%, »%7and &7

3.6.2.6. Carbon compounds

The formation functions for cerussite : , -;is given in|Wagman et al. [1982WAG/EVA]||Robie and
Hemingway [1995ROB/HEM]|PoweII et al. [2009POW/BRO]proposed a solubility constant. The three values

agree within their uncertainty limits. Functions of reactions of lydrocerussite : ,7: ¢ 7:6; and

plumbonacrite : .54 7:;. : ;.;can be calculated froriraylor and Lopata [1984TAY/LOP' it can be noted

that functions of formation and uncertainties are fronrRobieet al.[1979ROB/HEM]

The solubility of ,¢: 7: Z£:e;is available ifWagmanet al.[1982WAG/EVA][k , Z&, -:...&andPowell
et al.[2009POW/BRO] The two obtained values are very differentZ ‘ %p- » i.€,-19.86 = 0.23| 1982WAG/EVA,
and-9.93 + 0.082009POW/BRQ. As the origin ofthe data onto which the analysis is done is available in literature,
the value fromPowell et al.[2009POW/BRO]will be used.

Powell et al. [2009POW/BRO]also gave an indicative value for ,: ;;:f % and two provisional values for
Lo ™S f B gd—t 3 ™S<..S B "fZ—1% .. fromEq26-<sf—-11

3.6.2.7. Silicate Compounds
.6 < g-...and , < ;... functions of formation are not included from the functions of reaction calculated
from|Wagmanet al.[1982WAG/EVA]

3.6.2.8. Tables of Thermodynamic Constants, Functions, and Specific lon Interaction
Coefficients for Pb

Table 3.6-2. Thermodynamic functions and constant sfor free ion, oxo, and hydroxo compounds of Pb.

Reaction o & sY s I otV et I
C g 20, - 20. - 20, - 20.
w2 L ELY 4.25+0.07 -24.238+0.399 -24.238+0.39% 0.920+0.250 0.920+0.250»
.. Erévg f Et 272 % E 4
47.23+0.03 -269.567 + 0.199 -279.060+ 0.369
Massicot
Et >7Z ,®E 6 12.91+0.12 -73.669+ 0.6750 -187.709+ 0.785 -70.210 £ 5.6030 -214.700 = 5.609
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|Table 3.6-2| Continued

Reaction o &Y eSO t9 o O
te Y te Y te Y ce 7Y
Litharge
Et 272 ,E 6 12.72+0.01 -72.629+0.072° -188.749+ 0.408 -68.540+ 5.559 -216.370+ 5.564
, &dluug :..Et > Z 5% Esdiuug
12.97+£0.70 -74.023+ 3.9920 266.323+£4.012
Plattnerite
cEt 27 P Eravgf“E 4
6.31+0.28 -36.029+ 1.602 -217.160+1.711 -15.980+ 5.387 -274.780+£5.411
Minium
7 sEX>Zu P Eravgf Eug
30.71+0.17 -175.288+ 0.955 -600.657 + 1.856 -150.040 + 16502 -710.540 + 16.526
.1 el Et 7Z P Et
8.14+0.28 -46.488+ 1.575 -452.030+ 1.627
L E 6 z CE 7 -7.49 £ 0.13 42.753 £ 0.742 -218.625 + 0.843 56.000 + 1500¢ -228.910+ 1.21
L Et ¢ Z i isf%Et?
-16.99 £ 0.06 96.980 + 0.342 -401.538 £ 0.532 90.000 +£1.000¢ -480.740 £ 1.(B4
P Eug Z 2Eu >
-28.03 £ 0.14 160.019 + 0819 -575.639 + 0.919 135.800 +3.000¢ -720.770 = 3.3
t ,,6>E 6 Z 116: ;7>E >
-6.73+£0.31¢ 38.415+1.769 -247.201+1.941
u,®Evg Z .70 EvV
-23.46+0.10c  133.911+0.571 -887.363+ 1.336 111.400 +5.600¢ -1029.160 + 5.652
u,”>Ewg Z ,;: 3EvV?
-31.11+0.10c  177.577+£0.571 -1080.837+1.342 146.000+ 3.000 -1280.390+ 3.099
v, Evgs Z .5 FEV?>
-20.71+£0.18° 118.214+1.027 -927.298 + 1.905 85.00 + 2.000¢ -1054.640 +2.242
X, %Ezqs 2 ., ®Ez?>
-43.27+0.47¢ 246.987 £ 2.683 -1795.561+3611 210.900 £ 7.100° -2070.220 £ 7.264

a | 2003GUI/FA ﬂl; b | 1982WAG/EVA; c ZOlGBRO/EKEJ.

* calculated from ¢y) Yand ¢* Y from

2003GUI/FAN].

The Pourbaix diagram of the Pb ¢ systemis plotted in|Figure 3.6-4] The slight difference in solubility limits
are caused by the activity representation of GWB

a b
Figure 3.6-4. Pourbaix diagram of 10 -6 mol kgw™ Pb in a hypothetic indifferent 0.1 mol kgw! electrolyte
solution using PHREEPLOT (a) and GWB (b) All solid phases are allowed to precipitate.
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Table 3.6-3. Thermodynamic function sand constants for halogen compounds of Pb.

Reaction o’ &Y sV at9 e
e 7Y g 70 e 7Y e 7Y
wogioa" L Et? -6.15+0.21 35.090+ 1.2212 -622.374+1.888 -2.960+ 5.563 -666.820+5.719
Cotugmite
. 4. P Et Z -4.82+0.11 27.500+ 0.640 -314.172+0.790 26.100+ 0.200n -359.340+ 0.377
LE Te 7 2.06 -11.757° -317.518 -0.925 -335.355
LEL Te L sif Y 3.42 -19.523p -606.807 -9.468 -679.248
LWE 2 2 1.50+0.03¢ -8.562+0.171 -164.017 + 0.450 10.3+1.5° -155.860+ 1.524
ZEEt 2, ZfS 2.10+0.05 -11.987+0.285 -298.659+ 0.543 17.0+0.6° -316.240+ 0.680
SEUZZ , 2 2.00+£0.10¢ -11.416+0.571 -429.305+ 0.780 14.7+ 1.0 -485.620+ 1.074
B E "?. 1.11+0.98 -6.310+ 5570 -134.398+5.587
CEEL T e e 1.45+0.83 -8.250+ 4.764¢ -240.188+ 4.792
LS EUW"?zZ 2 1.19+0.08 -6.790+ 0.478 -342.578+0.799
SE T2, 3 1.84+0.13  -10.500+0.7212 -15.668 + 0.202

a|1982WAG/EVA; bl 1997SVE/SHd; ¢ [2009POW/BR(J.

* calculated from ¢y) Yand ¢y* Y from [2003GUI/FAN].

Table 3.6-4. Thermodynamic function and constants for

Sand Secompounds of Pb.

Reaction o ¥ ¢-sJ S et Y id I
cg Y c g Y cg Y g 70
. ..E 72 ,®E 7 -14.78 + 0.97 84.350+ 55582 -96.345+ 5.960 81.100 + 6.645 -96.480 + 6.817
Galena

. E>Z2 ®E 7 -14.86 £ 014 84.805 +0.795 -96.800 % 2.000 81.100+1.832 -98.300 + 2.000
Et 77 L el 14.71 -83.965° -83.717 -64.312 -95.992
L Eu 2z ., 3 16.01 -91.383 -78.892 -72.693 -120.673
.iogiiesZ P E P -7.74+0.09 44,180+ 0.5212 -812.422+0.250 8970+1.533%  -917.390 + 1.604
.. gz E F -7.80 £ 0.08  44.523+0.285 -812.765+ 0.644
., g, ..Et 272t ,®E §$E 4

-0.28+0.15 1.581+0.840 -1 031.201+0.953 -27.000+1.763 -1 166.330+2.765
. gt , .;EVv>Zu,”E §$Et,

10.88+0.15  -62.078+0.840¢ -1 228.920+0.953 -86.930+2.630* -1391.310+2.765
., gl , .. Ex>Zv ,®E §Eug,

2210022 -126.137%1.227 -1426.239+1.109 -146.860+2.713  -1616.290+2.922
LOE 87,0 giifn 2.72£0.05 -15.526+0.285 -783.768+ 0.644
LSEL 72, g 3.47¢
, ELLEL 22 % E ¢ Bf"

-16.68£1.30  95.193+7.418 -97.936+7.694  113.720+7.322 -98.500+ 7.600
, fg.sZ2 ,PE 1§ -6.90+0.25  39.385+1.427 -503.108+ 2.060 4.720+ 2.530 -607.300+ 4.326f

f [20050LI/NOL].

* calculated from ¢y) Jand ¢y* ¥ from [2003GUI/FAN

a[1982WAG/EVA; b|1995ROB/HEl\_/i with modified ¢y) Zand ¢y*Jfor % c 1997SVE/SH($; d IZOOQPOW/BRd; eIZOO4SMI/MARI;

, unless otherwise noted
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Figure 3.6-5. Pourbaix diagram of 10-6 mol kgw™ Pb in a hypothetic 0.1 mol kgw indifferent electrolyte
solution containing 10 -4 mol kgw of Susing GWB. All solid phases are allowed to precipitate.
Table 3.6-5. Thermodynamic function and constants for N, P, and As compounds of Pb.
Reaction o P &sY s Gt 9 d I
g ?U. T g ?U; g ?U. ‘g 20.
LSE 2272 0 .7 151+ 1.12 -8.630+6.374 -143.662+ 6.400
LEL 2720 seife 0.88+ 0.1 -4.600 + 53722 -250.846+ 0.240
. g%l ,CE ¥ -11.4+0.3 65.072+1.712 -1185.295+ 2.367
. g%Z ,CE FEZ
-23.75+0.30 135.566+1.721
26 sl JOEt g 3
-9.84¢ 56.191 -2 354.731
.6 sl ,Et [PEv”>
-48.97 279.511
27 gigi-a’Zu ,®Et 7
-44.4+1.0 253.437+5.718 -2 377.133+6.638
Hydroxypyromorphite
wo' g7t JEV>Zw,”Eu $E 4
-25.76¢ 147.026 -3793.311
wo: gi7: JE 2Zw,®Eu FE
-62.81 358.508
Pyromorphite
vo' g7 ZZwW,®Eu JPE 2
-84.4 481.759 -3810.639
Plumbogummite
. L gis. i9dg Z L EUZ’Et FEw TE 4
-99.3¢ 566.809 -5139.790
Z: g5 i9dg EwW>Z P EUZ’Et § Ex g
-29.29 167.209
Hinsdalite
Z: g 5.4 gZ2 EuZE PE $Ex 7
-99.1
Z: g0 ;.8 gEx>Z PEUZE [ E §Ex,
-15.1
"E §2Z ., of-
-320+£0.20 -18.837+1.142 -1139.060+ 1.994
,,6>E 7'>E >Z , 8:f“;
15.65+ 0.20  -89.331+1.154
L Et Et>Z ,ig %E 4
31.99+0.36 -182.599+2.063  -2020.679+2.416
w7l ® gigi Zu L, Et e 7
-33.94 193.719% -1563.153

a | 1982WAG/EVA; bl 2009POW/BRd' [ |1974NR[|; d | 1984NR |; e | 1974NAU/RYj.

* calculated from ¢y) Yand ¢y* Y from

2003GUI/FAN]

, unless otherwise noted.
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Figure 3.6-6. Pourbaix diagram of 10 -6 mol kgw™ Pb in a hypothetic indifferent 0.1 mol kgw? electrolyte

solution containing 10 -4 mol kgw! of P using GWB. All solid phases are allowed to precipitate

Table 3.6-6. Thermodynamic function and constants for

Ccompounds of Pb.

Reaction o i-sY asY otV it Y
(kJ mol-1) (kJ mol 1) (kJ mol-1) (kJ mol-1)
Cerrusite
. ez P E 9
-13.02 £ 0.26 74.300 £1.55% -626.438 +1.656 24,900 £ 1.158 -699.210+1.210
., 4, ... Et 22t ,®E $E 4
-0.51+0.35 2.901+1.999 -816.417+2.188 -47.970+ 3.180 -911.250+ 3.229
Hydrocerrusite
.70 36 7.6Et 2Zu,®Et S Et 4
-17.82+0.46 101.718 + 2.626° -1704512 £2.990
Plumbonacrite
w54 730 - . Ez > Zsr ,®Ex $Ey,
-41.80+0.61 238.613 £ 3.463° -5 308.373 £ 3.080
BT g
6.45+0.72
LSEL 27 0 ®
10.13+ 0.24 -57.822+1.370 -1137.860+1.626
"6> E ; Z R 7’>
1.86 £ 0.10 -10.617+£0.571 -621.700+ 0.740
,,6>E g’)E >Z i 7;>
12.19 £0.09 -69.562+ 0.487
ve: 71 472t \®E SEt 2
-9.93+ 0.08 56.681+0.457 -895.491+ 1.026

allQQSROB/HEN‘; b_|1984TAY/LOPi; C ZOOQPME

* calculated from ¢g) Yand ¢* ¥ from [2003GUI/FAN]

, unless otherwise noted
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Figure 3.6-7. Pourbaix diagram of 10 -6 mol kgw™ Pb in a hypothetic indifferent 0.1 mol kgw™ electrolyte

solution in equilibrium with P(CO

Table 3.6-7. Specific ion interaction coefficients for

2) = 102 atm, using GWB; all solid phases are allowed to precipitate

Pb complexes in PRODATA.

Specific ion interaction coefficient Value + Reference

B ,%4az3no Z; 0.15+0.02 1992GRE/FUG

B ,%4& 7; -0.20+0.12 1992GRE/FUG

B ,: :7a Z; 0.19+0.15 from ¢Bn [2016BRO/EKH

B .,: ;7azies Z; -0.44+ 0.03 from ¢Bn [2016BRO/EKH

B.: isf“a 2; -0.49+0.12 from ¢Bn [2016BRO/EKH

B .: ?af>; 0.01 + 0.04 Extrapolation from [2016BRO/EKH

B .60 ;774Z3m 2; 0.27+0.D from ¢Bn [2016BRO/EKH

B ,;: ;§4az3e Z; -0.50+ 0.10 from ¢Bn [2016BRO/EKH

B ,g: §74z3e 2; -0.50+0.10  from ¢Bn [2016BRO/EKH

B, &az? 2 -0.50 + 0.10 from ¢Bn [2016BRO/EKH

B . aZ; 0.09 Estimation from [1990CIAland B ,%>4Z7;=B ,47}%;

B, ZaZ; 0.04 + 0.01 from (;BnandB ,”az,=8 ,%4z3;

B, Z:f“af> Z; -0.05 + 0.02 Idem

B, Zaf™; -0.08+ 0.03 Idem

B .: g:f%%f> 2% 2; 0.05 + 0.07 from ¢Bn [2009POW/BRQ

B ,: g&afr; -0.02+0.04 Estimation from Eq.26 [1990CIA
-0.03+0.12 Estimation from Eq.27 [1990CIA|

B .: 7if“af> 2% Z; 0.04+0.02 Estimation from Eq.26 [1990CIA]

B .: .&af>; -0.20+0.12 from ¢Bn [2009POW/BRQ

B, za2; Z2; 0.08+0.03 Estimation from Eq.26 [1990CIA

3.6.3. Aluminium
3.6.3.1. Native Metal and Free ion

The thermodynamic functions of Al(cr) and Z~ are taken fromlGuiIIaumont et al. [2003GUI/FAN]

common master species is Z”. The only specific ion interaction coefficient selected i 74 Z;

The
1980CIA].

It can be noted that slight differences of functions of formation for Z> are existing in the literature, i.e,

o) U= -(485 £ 20) o o 25

couple.

1982WAG/EVA, ¢y) U= -(491.507 + 3.30§ + «* 25
=-(487.2+23 ¢ o Z5|2001BEN/PAL . These are leading to slight differences in the potential of theZ>

2003GUI/FAN], and ¢y) Y
2.
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PEF 7 7..:"¢a) 485420 7 '%pU1=-84.97+3.50 E°=-(1.68+0.07)V [1982WAG/EVA

¢s) U= 491,507 +3.338 7 %U!=-86.11+0.58 E°=-(1.70%0.01) V [2003GUIFAN

cs)=487.2+23 7' %pU1=-85.35+0.40 E°=-(1.68+0.01) V [2001BEN/PAL]

For the sake of coherency the choice of NEBECD based on CODATA is done. The valuegg)f“and associated

uncertainties will be systematically recalculated to ease further modificatin.

3.6.3.2. Oxo andHydroxo Compounds
The functions of reaction of corundum:= Z -; boehmite and diaspore: Z ; gibbsite : Z ;;;are
obtained fromlRobie and Hemingway [1995ROB/HEI\/HChen et al. [1995CHEN/ZEN] proposed functions of

formation for @ Z by measuring the heat capacitiesIhe standard function of formation are calculated relative

to|Chase [19980HA{] which does not include the solution speciesthe calculated solubility value is then highly

dependent on the chosen¢y) Y Z> ;. For instance slight difference can be obtained either considering the

CODATA valug1989COX/WAG, estimation fromlShocket al. [1997aSHO/SASI]or the value fro

[2001BEN/PAL].

@ 7% Ex”72t ZPEug )%ty 7 Euw)Y 6 iFw)b@ Z

¢a) '=-(130.234+6.371) » « ‘ 25[1989COX/WAQ

7 %p- Y=22.82+1.12

éa) U= -(121.735+4.144) « «* Z25[2001BEN/PAL]

7 %p- Y=21.33+0.73

¢a) U=-122.291 « «¢ 25[1997aSHO/SA}

7' % U=21.42
For the sake of consistency, the solubility relative to CODATA val‘E89COX/WAC is chosen.

The amorphous aluminium hydroxide solubility is taken frorrrNordstrom et al.[1990NOR/PLU]

Thermodynamic functions for the hydroxo complexes are taken frofitagirov and Schott [2001TAG/SCI—|}1nd

adapted to the thermodynamic functions of formationof Z>and 4 in|Guillaumont et al.[2003GUI/FAN]| The

calculated thermodynamic functions of reactions,Z * g/q:l.r'] and thermodynamic functions of formation are shown
in|Table 3.6-8

Verdes et al. [1992VER/GOU]proposed a solubility study of bayerite k> Z ;,:...,bfrom the following

reaction.
> Z ;. E 772 720 G

with ¢o)Vk> 2 ;;:..,6=-(1149.80+1.8] « «* 2°

This value is linked to thevalue of ¢y)% 2 ;2; = -1305.42 « «° 25 evaluated in[Verdes et al.

[1992VER/GOU] which is 4.228 « «* Z5 higher than the value reestimated from|Tagirov and Schott
[2001TAG/SCH] The value of ¢g) U 7;is not given explicitly.

For the sake of consistency, the value ofy) Yk> Z  ;,:...bis recalculated from he variation of L- 4Vs.T

is given as follows
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L-sgs L FZ %5 L Fudt

which is equivalent to the following expression.

ca*l s ¢gbt _Sssévt
4HSr 6 4HIr @ 6:-;

Z'%-'L F E udrt

The 7 %e- .5 ¢a* Y and ¢45%alues at25°C are calculated as follows,
7 ‘%o~ 5=-0.30, ¢5*=21.261 ¢ o 25 ;45%=6548 ¢ 25 ?5
and Gibbs energy of formation can be calculateas follows.
ea)=1.712 6 o 25= )% 2 3 w) Y T Fa)Y o1

¢o) (Bayerite) =-(1 154.168 + 1.87F « «* 25

The uncertainty is estimated from the one proposed [Verdeset al.[1992VER/GOU

This allows to propose the cumulativesolubility equilibrium .

> Z 72..Eu”Z Z Eug ¢a) U=-(48.760 + 2.763) » o 2°
7 ‘%o = 8.50 + 0.48

The solubilities of the different oxides and hydroxides phases of Al(lll) are calculated using Phreeplot and are

plotted in|Figure 3.6-8] The order ofstability is:

Diaspore : Z ;>Gibbsite: Z ;;; Boehmite:@ Z ;>Bayerite :> Z ;;;>= Z <@ 2% -
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e f

Figure 3.6-8. Solubility of aluminium oxides and hydroxide , using PHREEPLOT @Al20s (a), corundum
=Al203) (b), bayerite > Al(OH)3) (c), boehmite (AIOOH) (d), gibbsite (Al(OH) 3) (e), and diaspore (AIOOH)
().
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Figure 3.6-9. Pourbaix diagram of 10 -6 mol kgw Al in a hypothetical 0.1 mol kgw indifferent electrolyte

using GWB; all phases are allowed to precipitate.

3.6.3.3. Halogen Compounds

The functions of reaction of Z Z:..,"are calcukted from the functions of formation in[Wagman et al.

[1982WAG/EVA].

Tagirov and Schott [2001 TAG/SCHtecommended the thermodynamic functions oformation for Z {7?' e

with sQe+ Qx and Z ;g f'?s;? with n = <s&= values in coherence with|Helgeson and Kirkham

[1974aHEL/KIR] for ¢ . The calculated thermodynamic fundbns of reactions, Z ‘ %4} and thermodynamic

functions of formation adapted to the thermodynamic functions of formation of Z>and ~ ianuiIIaumont et al.
[2003GUI/FAN] are shown irfTable 3.6-8

3.6.3.4. Sulphur Compounds
3.6.3.4.1 Sulphide compounds

The function of reaction for % ,:...;‘are calculated from thefunctions of reaction given by|Pankratz et al.
[1987PAN/MAH].

3.6.3.4.2 Sulphate compounds

Functions of formation for Z: g;;and Z: g;;8x ¢ are taken from{Wagmanet al. [1982WAG/EVA]

Functions of formation for Z: g4;;are also available h|Robie and Hemingway [1995ROB/HEI\/|'Adams and|
Rawajfih [1977ADA/RAW] measured the solubility of basalminite : 4: 54 .

The solubility constant of jurbanite : Z gaW g

Z W Z Z7E E §EWg Z'%-+-17.8

is taken is taken as is frofNordstrom [1982NOR]|and defined as follows.

z W E 272 Z7E $Ex g Z'% ~-38

Tagirov and Schott [2001TAG/SCI-'}ecommended thermodynamic functions offormation for Z 3. The

calculated thermodynamic function of reactions,Z g/qdﬂ and thermodynamic function of formation adapted to the
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thermodynamic functions of formation of Z>and  §? in|Guillaumont et al. [2003GUI/FAN]|are shown in

Table3.6-8

a. Basaluminite

The solubility constant for basaluminite was recalculated from the original data frorr||Adams and Rawajfih

[1977ADA/RAW]. The solubility of this phase is reevaluatedince both the choice of thermodynamic constants for
the AI-OH g system and the ionic strength descriptions are different in PRODATA and in the initial data
determination. Using the original equilibrium concentration and pH, density of the solution imposed by NaGIO
m, complexation constants for AOH g and assumingB Z>4Z3;= B Z>47Z; the SIT

extrapolations in|Figure 3.6-10|can be obtained for amorphous and crystalline phases.

4. 54 .. Esr>Zv Z2E §Esrg, 7 '%o- o= 22.36 + 0.03
4. 54 gif;Esr>Zv Z2E $ Esrg Z ' %p- =24.77+0.09

Figure 3.6-10. Extrapolation of solubility constant for Al 4(OH)10SQ from original data in
Rawajfih [1977ADA/RAW] .

b. Na-alunite

The solubility constantfor Na-alunite : f Z: ;.: g;s:was recalculated from the original data fromAdams
and Rawajfih [L977ADA/RAW](Figure 3.6-11).

fZ: i g6l fEUZ”Ex °Et § Z ' %o- ~-80.31+0.24
f2Z: ! geEx”Z2 fPEuZ’Ex s Et § 7 %" =3.69+0.24
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Figure 3.6-11. Extrapolation of solubility constant for NaAl 3(OH)eé(SQw)2 from original data
1977ADA/RAW |.

c. Alunite

The solubility constantfor  Z;: ;.. g;swas recalculated from the original data frorpAdams and Rawaijfin

[1977ADA/RAW]. The authors measured eqlibrium concentrations of K, Al, gand pH, and different ionic
strengths  from 1 to 300 mM NaClQ , calculated the activity products using Deby#liickel relationship
1937KIE], and thermodynamic constants frorfAdams [1971ADA]for AI-OH g The dissolution reaction,

Z;: .. gelZ EuZ’Ex ?Et § Z ' %y ~-89.5

which was reported ifNordstrom et al.[1990NOR/PLU]|as,

Z: .. geEX”Z EuZ’Ex g Et § 7 %% =-1.4.
The solubility of this phase is reevaluatedince both the choice of thermodynamic constants for the ADH 4

system and the ionic strength descriptions are difrent in PRODATA and in the iniél data determination. Using

the original equilibrium concentration and pH, density of the solution imposed by NaCiJ1988NOV/SOH,

complexation constants for AOH 4 and assumingB Z>4Z7%;= B Z>4Z, the SIT extrapolations and

average activity products or[Figure 3.6-12|can be obtained.

Figure 3.6-12. Extrapolation of solubility constant  for KAI 3(OH)s(SQu)2 and average activity product from
original data |1977ADA/RAW ].
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3.6.3.5. Group 15 Conpounds

Berlinite : Z g; and mansfieldite : Z g ¢ ;[1974NAU/RYZ are adapted to the
functions of formation from NEAOECD reviews|1992GRE/FUG(2003GUI/FAN 2020GRE/GA(P. The Gibbs
energy of formation of  §? ianobie and Hemingway [1995ROB/HEMare noticeably different from the one in
the NEAOECD reviewj.e, ¢y) Y%  £7;=-(1001.6 = 0.9) » «'Z°5|1995ROB/HEM, and-(1 025.491 + 1.576)

o+ ' Z?5|1992GRE/FUC 2003GUI/FAN||2020GRE,GAC.

The solubility of hinsdalite : , Z: 4;: ;. & g; inlNriagu [1984NRI]|shouId be written as the total

ionization asfollows.
. & g .4 ¢Z SEUZE FE fEx 7 7" Sho- 5=-99.1
i) =565.7 ¢ o 25
The reported Gibbs energy of formation  ¢y) %=-1 368 « ... f225=-5728 « «* 2° is not compatible
with the one calculated usir@‘GuiIIaumont et al.[2003GUI/FAN]|i.e.-4 777.241 » «* 25 A verification done with
the Gibbs energy of formation from Wagmaet al. 1968WAG/EVA|1969WAG/EVA1 (-4756.681 « ' 25 oreven
Wagmanet al. 1965WAG/EVA"1966WAG/EVA1 (-4759.191 » «* 29 is not satisfying either. The Gibbs energy

of formation of this phase will then not be included, and theZ * %p- a%\/alue will be included for scoping calculation

only.

3.6.3.6. Silicate Compounds

The functions of reaction for 7 < gphases i.e, andalusite, kyaite, and sillimanite  are calculated from

|Robie and Hemingway [1995ROB/HEI\/|]ard function of formation are recalculated relative tti)GuiIIaumont et al.
[2003GUI/FAN].

The formation constant of Z «<: ;% is taken fromHummel et al.[2002HUM/BER]

2E <: 372 7« % Z '%-"=74+02
which is expressedn PRODATAeferringto <«  ;g:f “as follows.
Z”E < gf%2 Z < ¥E 7 ‘% %=-2.41+0.20

3.6.3.7. Thermodynamic Constants, Functions, and Specific lon Interaction Coefficients
for Al.

Table 3.6-8. Thermodynamic functions and constants for native metal, free ion, and oxo and h ydroxo

compounds of Al.

Reaction ¢-sY Pz s et 9 d I
g 7Y g 7 e 7Y g Y
2.7 727 Euf -491.507 + 3.338 86.11 +0.58 -491.507+3.338  -538.400+ 1.500 -538.400+ 1.500
2. Erywg fSEu EZ 22 Es#,
-859.501+ 3.270 150.56 + 0.57 -958.370+ 1.343
= Z2,Ex>Z2t PEug
-107.800+ 6.54% 18.89 +1.15 -1586.634+1.304 -259.290+ 2.7062 -1675.000+ 1.300

@ 4 ;Ex>2t Z2Eu 4
-130.234+ 6.371 22.82+1.12 -1564.200 + 2.000  -277.090+2.601  -1657.200+ 1.500°

Boehmite
Z: ;Eu”Z Z7Et 4
-45.200+ 2.5072 7.92+0.44 -920.587+2.205 -113.660+1.6072 -996.400+ 2.200
Diaspore
Z: ;Eu>Z ZEt 4
-40.900+ 2.5922 7.165+0.454 -924.887+2.105 -108.760+ 1.6072 -1 001.300+ 2.200
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|Table 3.6-8| Continued.

Reaction sV o sV etV it
o ?U’ ‘g 20 T g ?L'JY g ?U;
Gibbsite
Z 7Eu>Z ZEug,
-45.800+ 3.1162 8.02+0.55 -1157.127+1.202  -102.790+ 0.908 -1 293.100+1.200
Bayerite
> Z E ?2 %2 3
1.712 -0.30° -1154.167+1.877 21.261¢
> Z Eu”Z ZEu,
-48.760 + 2.763 8.54 +0.48
Z 7' f;Eu>Z 2 Eugq
10.8
7E ¢ 2 2 ®E >
28.334d -4.96 -700.313
ZPEt ¢ Z Z Et >
62.32% -10.92 -903.458
Z7Eug 2 Z 7if“Eu’
97.655¢ -17.11 -1105.272
ZPEvg Z Z JZEvV”
130.419% -22.85 -1309.648

Q

[¢]

* calculated from

7 %dPand ¢y) Jin

2003GUI/FAN].

Table 3.6-9. Thermodynamic funct ions and constants for halogen compounds of Al.

1995ROB/HE|:v|] : bllQQSCHEN/ZEI\J; c11992VER/GOd; d calculated from ¢y) Yin 1974aHEL/KIRI2001TAG/SCI-1;
1090NOR/PLU.

Reaction & sY o ¥ S otV id I
te 7Y te 7Y te 7Y te 7Y
2%2:...,77 P Eu?l
-249.884+ 19.163 43.78+3.36 -635.274+19.455  -328.277+ 1.006* -711.363+1.152

Z7E 7 72% -39.848 6.98 -812.878
PEt?Z 7% -71.931> 12.60 -1126.484
Z2Eu’Z Z.f% -95.052 16.652 -1431.128
Z7Ev’Z 73§ -108.638° 19.032 -1726.237
ZZEw?Z 2§ -117.586° 20.600 -2 016.708 7.704¢ -2207.446
PEx?72 127 -117.586° 20.600 -2 298.231 -6.992 -2 557.492
Z7Et ¢ E?Z Z ;4 f“Et >

241965 -4.24 -1223.114
PEt?E ¢ Z Z 4f“E >

-0.870» 0.15 -1292.563
ZPEt ¢ Et?Z Z 5 ¢Et >

11.7110 -2.05 -1517.122

a|1982WAG/EV.

* calculated from Z * %dPand ¢y) Jin

Table 3.6-10. Thermodynamic functions and constants for

: b calculated from ¢g) Yin

Scompounds of Al.

2001TAG/SCH and 11974aHEL/KIR| 1997aSHO/SAJSfor auxiliary data; c| lQQONOR/PLd.

2003GUI/FAN].

Reaction sV o ‘s itV it U
g 7Y g °0 e 7Y g 0
Z;Eu>Zt Z2Eu 7
-305.991 53.61 -640.2942 -474.670 -651.0302
Z: g72t Z7Eu §
-103.650+ 6.785° 18.16 + 1.19 -3111.376+0.321 -348.970+ 3.21% -3455.850+0.321
4 g g Zt PEu § Ex 4
-4.284+6.767° 0.75+1.18 -4 633.582+0.642 -193.080+ 3.23% -5326.720+0.080
Jurbanite
z Wy Z Z7E ?E §Ewg,
97.493 -17.08 -2675.924
z gwWg E > Z Z7E §Ex g
17.573 -3.08°
Basaluminite
4. 54 sEsr>Zv Z2E §Esrg
-127.632+0.171 22.36+0.03¢ -4 953.800+ 13.366
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|Table 3.6-10] Continued.
Reaction sV o sy etV id J
) ?U; - 20. o ?U; - 20.
Basalminite(am)
4. 54 sEsr>Zv 2Z2E § Esrg
-141.445+0.514 24.78+0.09¢
PE §7 73 -18.071e 3.17 -1253.582

a |1987PAN/MA

b |1982WAG/EVA{; C

* calculatedfrom Z ‘ %dFand ¢y) Yin

Table 3.6-11. Thermodynamic functions and constants for

1982NOR; d recalculated froml1977ADA/RAW|; el1974aHEL/KIR| 2001TAG/SCI—|.

unless otherwise noted

P, As, and Sicompounds of Al.

Reaction sV Rz s et Y it
g 7Y Le 7Y Le 7Y te 7Y
Berlinite
72 g2 PE F 126.900 + 3.373 -2223+0.59 -1 643.898+ 5.000 -64.200 + 2.462 -1 758.600+ 5.000
Plumbogummite
Z. gisi 0dg Z ,EuZEt FEw CE 4
566.809 -99.3 5139.790
Z. gis. 9dg EW>Z ®EuZEt [ Ex 4
167.209 -29.29
Hinsdalite
. 4 gt .8 g2 ,CEuUZ’E PE §$Ex 7
-99.1b
. 4 gt 1.8 gEx>Z ,EUuZ’E [ E §Exg
-15.1
Mansfieldite
Z et ¢ Z PE « PEt 4
90.460° -15.85 -1 704.607
Andalusite
2<gEx>Zt Z2E ¢ g f“E ¢
-81.600 *+ 1.695 14.30+0.30 -2446289+6.560 -232.700+1.6112 -2 586.890 + 4.051
Kyanite
2<gEx 72t PE < 3 f“E 4
-80.300 + 1.695 1407 +0.30 -2 447589+6.560 -228.800 + 1.6112 -2590.790 + 4.051
Sillimanite
2<gEXx>Zt Z2E ¢ g f“E ¢
-84.300 +1.695* 1477 +0.30 -2443589+6.560 -236.500+ 1.6112 -2 583.090 + 4.051
PE<: 217 72 ¢ @
-42.240+1.142 7.4+0.2 -1785.487 + 3.714
PE ¢ gf%2 Z < ®E
13.755 + 1.148 -2.41+0.20
a|1995ROB/HEI\/|;b 1984NR[|‘;_C 1974NAU/RYj;d 2002HUM/BE.

* calculated from ¢g) Yand ¢y* ¥ from

2003GUI/FAN].

Table 3.6-12. Specific ion interaction coefficients for Al species.
Specific ion interaction coefficient fZ—t = P Reference
B 27a42Z; 0.33+£0.03 1992GRE/FUJ
B Z :%az2; 0.09 1992GRE/FUG
B Z ;%°az3; 0.31 1992GRE/FUG
B Z z4a2; 0.09 1980CIA]

3.7. d-Transition Metals Series

3.7.1. Zinc

Zinc is a common metain environmental mining context.

3.7.1.1. Native Metal and Free lon

Based on CODATA selectid
the NEAOECD reviewq

[1989COX/WA(Q

1992GRE/FU(

2003GU I/FAN|| 2020GRE/GA(

, the functions of formation for Zn(cr) and «5> are available in

). The common master species is «%.
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The specific ion interaction coefficients for <% are taken fromlCiavatta [19800IAlfor Z%and Z, and
Zhang and Muhammed [2001ZHA/MUl-l|or

3.7.1.2. Oxo andHydroxo Compounds

Functions of formation values for zincite (ZnO(cr)) are recommended in the NEAOECD reviavs
1992GRE/FUCH2003GUI/FAN"ZOZOGRE/GA(HBrown and Ekberg [2016BRO/EKBI|proposed aZ'%p-zand a
ca*Waluefor B «:  ;4:e;, in agreement with the propositions fronTPoweIIet al. [2013POW/BR01 which was
provisional. |Powel| et al. [2013POW/BRO]|aIso recommended Z ‘Sep- fOor > o1 gien Sg el gle;,
@ ¢ gien,andA e glen

The hydrolysis of 8 : « : 817k js taken fromlBrown and Ekberg [2016BRO/KB]{|Zhang and
Muhammed [2001ZHA/MUH] suggested the formation of «5: ;%7 and «g: ;8 that|Brown and Ekberg

[2016BRO/EKB] have not selected. These latter species are added for scoping calculatidhgs to be noted that

the ¢y) Yvalue for «g: ;57 is here recalculated from the Z * % U(Eé value as it seems that an error occurred in

this calculation in|Zhang and Muhammed[ZOOlZHA/MUH]l|Zhang and Muhammed [2001ZHA/MUI—1]aIso
Ottt B TfZ—%e

a b
Figure 3.7-1. (a) Solubility of Zn (PHREEPLOY in a hypothetical indifferent electrolyte at 0.1 mol kgw?; all

phases are allowed to precipitate ; (b) Pourbaix diagram (GWB) of Zn under the same conditions .

3.7.1.3. Chloro Compounds
The « 27 are taken fr0m|PoweII et al. [2013POW/BRO]|é fet =St B "fZ—%e f7F —ett -

B « 2°'a f Z%;values No values were proposed foNaCl medium.

3.7.1.4. Sulphur and Selenium Compounds
|Pankratz et al.[1987PAN/MAH] |anc1R0bie and Hemingway [1995ROB/HEI\/1pr0posed function of formation

for sphalerite and wurstzite (ZnS), which are in perfect agreement. The values of the former authors are included
in PRODATA

Zinkosite : ¢ g4; bianchite : ¢ g&x g ; and gslarite @ ¢ gdy ¢ ; are taken from [Robie and|
Hemingway [1995ROB/HEM] A value of ¢ 48 5 is available in the wateq4f database‘lgngAL/NOR.

! g;:f %istaken fromlPoweII et al. [2013POW/BRO]| who also suggested an indicative value fors: 4;&.
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St B "fZ—1te fr1 '"¢'Zymédiumused to calculate theB «: 4:f?6'4 ¢ 7 3. The Eq.26) and Eq.

(27) from|[Ciavatta [1990CIAjare used to estimate theB «: 4;f?6'4 f> Z;values.

Thesolids =ZnSe(cr)and «  gax 4 :..."andcomplexes «: t ;f?'and « t g:f “aretaken fro
et al.[20050LI/NOL].

a b
Figure 3.7-2. Pourbaix diagram of 10-¢ mol kgw! Zn (GWB) in a hypothetical indifferent electrolyte 0.1

mol kgw, in presence of 104 mol kgw! of S (a) and Se (b).

3.7.1.5. Phosphor and Arsenic Compounds
The phosphate solids fom |Nriagu [1984NRI]| are taken for lopeite : *;: gig@v 5 ; encerite

D egl gis. gl g , Znc pyromorphite : eg: g7 ; faustite @ e Z: gig: .8V 4 ; tarbuttite

. *5. g, . Given the problem encountered for hinsdalite (c.%§3.6.2.3, the ¢;;) *values were recalculated

from the Z ‘ %p- Walues, relative tdGuillaumont et al.[2003GUI/FAN]| The obtained values are in agreement with

the proposed values ifNriagu [1984NRI]

Powell et al.[2013POW/BRO]have suggestedn indicative formation constant for g [

The Gibbs energy of reactiomnd solubility for k ¢;: ¢ 4,58 & ¢ :*;ocan be calculated frofNaumovet al.

[1974NAU/RYZ].

a b
Figure 3.7-3. Pourbaix diagram of 10-¢ mol kgw Zn (GWB) in a hypothetical indifferent electrolyte 0.1

mol kgw?, in presence of 10-4 mol kgw of P (a) and As (b).
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3.7.1.6. Carbon and Slicium Compounds
|R0bie and Hemingway [1995ROB/HEI\/|}and|PoweII et al. [2013POW/BRO]|pr0posed functions of formation

and solubility constants, respectively, br smithsonite k « ;:¢;0

|Powel| et al. [2013POW/BRO]| proposed a provisional constantsfor «: ,;:f“and 7, and an

Z ‘%= 5.4 + 0.6n synthetic sea water 0.68+%p ** 25 The authors also

.67
716
" tet t B ugg or the formation of e

indicative constants for e :
7 but did not noted in any medium

The estimationa priori of B +: ;;8” & £ ;could tentatively be done referring to other analogous complexes

of the transition metals series. As only two discordant values care proposed i.e, — ;87 |2007POW/BRq
and  ,;87[2013LEM/BER]

, we will rather useEg.27 from|Ciavatta [1990CIA

B «5>4Z:EtRB
u

824 f~;

B+ ;&4fL Lirdv Grax; «%op+'2®

Using this value, then theZ * %,fvalue can be emated as follows.

2187 7 %F=6.8+0.6
Ferri et al.[1985FER/GRE]proposed the formation of «¢

Even if this kind of jstification can be biased]2020aSHA/RE], we will used this estimation as a first

approximation, instead of theestimation from the frequency distribution in §2.6.3.3.4 it can be observed that
the value of 0.4« % «* Z%is commonly used in analogy for +2 ionsin f Zg

>Et 877 .

in3M f Zg

|Wagmanet aI.[1982WAG/EVA]|anc1R0bie and Hemingway [1995ROB/HEI\/|ﬂ)roposed functions of formation
3.6.1.1 the

for willemite : g < g;&The tabulated valuesof ¢;)Yare mostly the same, butas seen in

o) U « g f “oare9.1 « «* Z5different. The calculated Z * - aEare then two orders of magnitude different
As the Gibbs energy value of < ;g:f “in NEAOECD reviews‘19926RE/FUCHZOO3GUI/FAI\4 is coherentwith
Robie and Hemingway [1995ROB/HEI\/|] this latter value will be used in PRODATA the value reported in
Grentheet al. [2020GRE/GAOffor the forthcoming ancillary data review isca.1.5 « «* Z°lower than the former
one and7.4 « «* Z%higher than the value iflWagmanet al.[1982WAG/EVA]

3.7.1.7. Thermodynamic Constants and Functions, and Specific lon Interaction
Coefficients for Zn

Table 3.7-1. Thermodynamic constants and functions for native metal, free ion, oxo, hydroxo -,and chloro -

compounds of Zn.

Reaction oA sV sV ity d 9
(kJ mol-1) (kJ mol) (kJ mol-1) (kJ mol1)
o7 P ELY 2579+ 0.04 -147.203 £ 0.254 -147.203 + 0.254 -153.390+ 0.200 -153.390 + 0.206@
ol ET& gifSEt > Z 5 E 4
68.77 £ 0.06 -392.532 + 0.366 -433.370+ 0.398
Zincite
o ILJEt 2 Z < E 4 11.19+0.03  -63.864+ 0.152 -320.479 = 0.299 -88.760 £ 0.177 -350.460 + 0.276@
B ¢! igioEt 2Z «®Et g
11.38+0.20  -64.958 £ 1.142 -556.525+1.172 -99.000 * 3.700 -626.050 + 3.706
> el g Et 7 Z <P Et g
11.72+ 0.04  -66.898+0.228 -554.585+0.351
> o1 g Et T Z P Et g
11.76+ 0.04 -67.127+0.228 -554.356+ 0.351
@ *: g Et 7Z P Et g
11.70+ 0.04  -66.784+0.228 -554.699+0.351
A o1 g Et TZ P Et 4
11.81+0.04  -67.412+0.228 -554.071+0.351
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|Table 3.7-1| Continued.
Reaction ooy ¢sY sy’ ety i P
(kJ mol-1) (kJ mol-1) (kJ mol-1) (kJ mol-1)
>E 4 Z 0 PE -8.94 + 0.06 51.030 + 0.342 -333.313 + 0.428 56.700 + 0.700 -382.520 + 0.729
O Et  Z e if“Et >
-17.89+0.1% 102.117 + 0.856 -519.366 + 0.897 107.100+ 3.100° -617.950 + 3.107
> FEugs Z o0 ;2Eu > -27.98+0.10 159.711+0.571 -698.912 + 0.637 143.480 + 2.489 -867.400 + 2.500
S Ev g Z o1 87Ev >
-40.35+0.22 230.319+ 1.256 -865.444 + 1.292 178.210 £ 5.894  -1118.500 + 5.900
t & E Z e PE
-7.89 + 0.3P 45.036 + 1.769 -486.510 + 1.841 59.610 + 4.984 -533.000 + 5.000
t o Ex g Z 0 7Ex
-54.3 + 04c 309.947+2.283 -1407.299+ 2.352
Ve Ev 4 Z g0 B EvV?
27+ I 154.117 £ 5.708 -1383.255+5.800 106.920 + 9.96%  -1649.960+ 10
>E 27 o 7 0.40 + 0.09 -2.283 + 0.514 -280.703 + 0.585
S Et 27 o Z:f" 0.69 + 0.18 -3.939 + 0.856 -413.576 + 0.923
> EUZZ - 2 0.48 + 0.54 -2.740 + 3.083 -543.594 + 3.113

a |2003GUI/FANI; b IZOIGBRO/EKIJ; CIZOOlZHA/ML

Hi

* calculated from ;) Yor 4*Y, and ¢y) Yor ¢o*Jin

2003GUI/FAN].

; d|2013POW/BR§J.

Table 3.7-2. Thermodynamic cons tants and functions of Sand Secompounds of Zn.

Reaction oo ¢sY iasy” ety it
(kJ mol-1) (kJ mol-1) (kJ mol-1) (kJ mol-1)
Zinkosite
3.96+0.13 -22.6+0.82 -868.607 + 0.9 -82.6+0.72 -980.13+ 0.8
. 856 :‘;2 °6>E g’)E 6
-0.57 -44.52v
Bianchite
i 85X 6 Z o 6> E g? E x 6
-1.87+0.15 10.7£0.72 -2324.747 + 1.000 0.30 £ 0.8 2 778.010 £ 1.000
Goslarite
© s ¢ Z *®E §fEvys
-1.98+0.15 11.3+0.8 -2562.487 + 0.100 14.20 + 0.52 3077.740 £ 0.083
> E 623 , T
8 8-l
2.30+0.04 -13.151+0.240 -904.358 + 0.545 6.0£05 -1 056.730 + 0.671
>EL 877 o0 ¥
3.2+0.2
et =Et 27 ¥ E ¢ :if"
-8.20+0.61 46.780 + 3.468 -172.488 + 4.013 36.910 £ 3.446  -176.000 + 4.000
* igéXe :...;”2 °6>E ig?EXG
-1.54 + 0.07 8.781 £ 0.387 -2018.309 £ 1.524  -13.330 £ 4.373 -2458.540 £ 5.610
o 6> E ? Z o 1 ;>
1.21 + 0.06 -6.906 + 0.344 -18.058 + 3.824
Et F ?Z et eifS
1.68+0.11 -9.588 + 0.626 115.311 + 7.630
S E $§7Z o fgiif"
216 +0.06 -12.329 £0.342 -599.017 + 1.493 46+40 -752.290 £ 5.319
a|1995ROB/HE!I; bl 19918AL/NOEI; ¢c[20050LI/NOLJ; d|2013POW/BRCJ.
* calculated from 3)Yor s* Y, and ¢y) Yor ¢y* Yin [2003GUI/FAN].

Table 3.7-3. Thermodynamic constants and functions of P and As compounds of zinc.

Reaction ooy &sY s v e ¥*
I g 70 e 7Y g 7V

ol gied g ZUPEt L EvV g

-35.3 201.494 -3642.645
s gis. el g ZV P Et [PEt “Eug

-52.8 301.385 -3967.039
*gl gigt sl g Et ZZVv ¥ Et [TEwg,

-24.8 127.506
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|Table 3.7-3] Continued.
Reaction N Z4 ¢ s? st &tP it P
e 7Y Lg% te 7Y Lg%,
o g 2t ®E PE 7 -26.62 151.834 -1628.951
6. g. E TZtE FE
-12.6 71.914
g g7 ZWe®Eu FE ° -631 360.177 -4329.885
9l g7 E TZwe¥Eu FE g
-49.1 280.257
e Z: gigt g Z PEXZEv [PEz "Evg,
-177.72 1014.319 -10418.848
o 21 450 <& g Ez>Z P ExZEv [ Estg
-65.7 374.959
o i e giglAvg o Z U Et « PEtavg
-47.78 272.724 -2 603.903
O E IPE 7 e gif" 15.64  0.20
al1984NR[|; b I2013POW/BRQI. ) )
* calculated from 3)Yor s* 7, and ¢y) Yor ¢y* Yin [2003GUI/FAN].
Table 3.7-4. Thermodynamic constants and functions of Cand Sicompounds of zinc.
Reaction o ovP ¢ sV isY &tP e V*
(kI mol) (kJ mol-1) (k3 mol) (kJ mol-)
Smithsonite
o ;72 & E @ -10.55 + 0.54 60.197 + 3.063 -735.300 £ 3.100  -11.620 + 3.083 -817.000 + 3.100
o ;7 PE @ -10.93 + 0.04 62.389 £ 0.228  -737.492 + 0.518
SE 87 e LfS
4.75 £ 0.03 -27.113+0.285  -702.216 + 0.546
> E 877 . 82 6.8+0.6
S E 27 e L7 1.62+0.10 -9.247 £ 0.570  -743.295 + 0.673
,6>E 9?E >Z . 7;>
11.95 + 0.08 -68.192 + 0.486
t o E 4 E %7 *5 1, Et >
-13.47 £ 0.05
3M f Zg
-14.29 + 0.05 81.568+0.285  -844.351+ 0967
oM
t 6> E (75’? 7 o 7;6>
3.86 + 0.13 -22.045 + 0.725
Willemite
s CgEV T Zt E <« gif"
13.83+0.20 -78.940+1.168  -1523.201+0.480 -130.060+3.1722  -1633.680+0.320
al1995ROB/HEMI; b 2013POW/BRd; c 1985FER/GRE{.
* calculated from 3)Yor s* Y, and ¢y) Yor ¢y* Yin [2003GUI/FAN].

Table 3.7-5. Specific ion interaction coefficient for Zn(ll) complexes.

Specific ion interaction coefficient Value Comment or reference

B «%>47%; 0.33+0.03 [1980CIA

B «a7Z; 0.29+0.11 [2001ZHA/MUH]

B «5>a Z; 0.16 £ 0.02 [1980CIA

B +: ;74aZz%; 0.17+0.03 from ¢Bn [2016BRO/EKH

B +: ;74Z; 0.17£0.03  Estimation from Eqg.26 [1990CIA

B« ;74 3 0.10£0.03  Estimation from Eqg.26 [1990CIA

B e: ef%af> 2%; -0.02+0.05 [2001ZHA/MUH

B e: ;7af”; -0.06 + 0.05 [2001ZHA/MUH

B «: ;?2a”; -0.05+0.04 [2001ZHA/MUH

B eg: ;77AZE; 0.6+0.2 Analogy to Co(ll), Ni(ll) and Cu(I1)[2001ZHA/MUH
B eg: §747§; 09+0.3 Analogy to Co(ll), Ni(ll) and Cu(I1)[2001ZHA/MUH
B es: %°4f7; 0.10 + 0.08 [2001ZHA/MUH

B es: %747 0.32+0.09 [2001ZHA/MUH

B «: 8%af>; 0.05+0.04 [2001ZHA/MUH

B @ ;8747 0.20 £ 0.04 [2001ZHA/MUH
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|Table 3.7-5| Continued.

Specific ion interaction coefficient Value Comment or reference

B+ Zazg; 0.22+0.04 from ¢Bn [2013POW/BRQ

B« Z:f%af> 23; 0.19+0.05 from ¢HBn [2013POW/BRd

B+ 24f; 0.15+0.14 from ¢Bn [2013POW/BRQ

B o g;if%ac Z2%; 0.25+0.06 from ¢Bn [2013POW/BRQ

B «: g8%a¢; 0.36+0.12 from ¢Bn [2013POW/BRC

B+ 3az%; 0.43+0.05 from ¢Bn [2013POW/BRQ

B «: &4f; 0.04+0.06 Estimation from Eq.27 [1990CIA]

3.7.2. Cadmium

3.7.2.1. Native Metal and Free lon
Based on CODATA seIectidri989COX/WAq 4 —ST "—e. —<tee " "ICH(ER,and " T8> @e available

in{Guillaumont et al.[2003GUI/FAN]| The common master species is 16>,

The value d B 14 Z3;and B 15>a& Z; are not present in any NEAOECD selection{1992GRE/FUG;

|2003GU/FAN ZOZOGRE/GA%Ciavatta [1980CIA]reported arange of 0.270.34 for 5>, %8>, ‘6> & 6>
and %8”in Z §.Aselection from thedifferent vaIuesianigure 2.6—1|for the transition metals series is shown in

Figure 3.7-4|as a function of 1/r[1976SHA. Grand averagevaluesof B 15”4 Z Z;=(0.35 + 0.02) kgw mol-L and

B 15>4 Z;=(0.17 £ 0.08) kgw mol-1 can be estimated.

a b
Figure 3.7-4. fZ—te« ‘2BIO) f fe+1 B,CH fortransition metals vs.1/r [1976SHA]|.

3.7.2.2. Oxo andHydroxo Compounds
The function of formation for @d(cr), CdO(cr), and 15> are taken fromGuillaumont et al. [2003GUI/FAN]

The solubility of t: ;g:e; and the hydrolysis of 1> t: ;8% are taken from[Powell et al.|
[2011POW/BRO] More recentllerown and Ekberg [20163RO/EKB]aIso proposed the estimation of solubility

and hydrolysis, which does not change significantly from the estimations |r§¥owel| et al.[2011POW/BRO] with

the exception of nonrproposition of 1: ;. For the sake of coherency, theonstants and functionsfrom|Powell et |
al. [2011POW/BRO]are used in PRODATA.

The ¢Bralues for t: ;> t: gif“%and fg: ;7 ianoweII et aI.[2011POW/BRO]| and the estimated
valuefor B 124720 Z;in§3.7.20f22*™ ... fZ..—Z7f—<«pPableBSHIB “fZ—1+ <o
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a b
Figure 3.7-5.(a) Solubility of Cd in a hypothetical indifferent electrolyte at 0.1 mol kgw? using PHREEPLOT

all phases are allowed to precipitate ; (b) Pourbaix diagram of Cd in the same conditions using GWB .

3.7.2.3. Chloro Complexes
The functions of reactionfo t Z:..,and t Z& ¢ :...are calculated from|1982WAG/EVA.

The constants and¢g* Uor t 27! with « L <s& auomplexesare taken fron{Powell et aI.[2011POW/BRO]
The authors also proposed¢,Bralues for the complexes—S f— "3 —ett —* ... fZ.. {Faofe37-9{St B "fZ—1

The B t Z4& Z%;=0.23 kgw mol-l corresponds to the value irlﬁpahiu [1983SPA

3.7.2.4. Sulphur and Selenium Compounds
|Wagman et al. [1982WAG/EVA]|reported functions of formation for t :...” anleobie and Hemingwayi

[1995ROB/HEM] reported those of greenockite. As in the case of 8], there is a great discrepancy in the¢) Y

values i.e,-(156.5+4.0) « +* 25[1982WAG/EVA, and-(146.1 + 1.3)+ * Z5[1995ROB/HEM that would

yield in different Z *%- nvalues.

Concerning the problem of the sign of¢y* U ?-it also yields to different ¢3* Uvalues If the functions of

formation for ~ ?in §are used instead, theZ * %- mvalues are mae in agreement

Table 3.7-6. Thermodynamic functions and constants for the CdS solids.

Reaction ¢~ sY(kJ mol-) O W &t YkImoll) References
t:.,E 22 tE 7 90.968+3.948 -15.94+0.69 68.4%x7.673 1982WAG/EVA
"fie'  eE-1Z 1°E 7 113.3+1.12 -19.85+£0.19¢ 90.0+1.12 1995ROB/HEM

80.7+1.1° -14.14+0.19* 57.4+1.1b

ausing function of formation in |1995ROB/HEMI; b using re-estimated functions in “
The solubility of T g:...tan be retrieved from the functions ifWagmanet al.[1982WAG/EVA]

|Powel| et al. [2011POW/BRO]| recommended a value for the formation ® t: g4;:f*, and proposed an

indicative value for the formation of t: 4;¢°. The given ¢Bvalues f"3 —eft —* ... fZ..—Zf-% —-St I

Table3.7-9

Olin et al.[20050LI/NOL] |selected a value for the formationof= T +...” T f,:...Jand T fg:f "
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a b
Figure 3.7-6. Pourbaix diagram (GWB) of 10-¢ mol kgw! Cd in a hypothetic indifferent 0.1 mol kgw?

electrolyte solution containing 10 -4 mol kgw of S (a) and Se (b). All solid phases are allowed to precipitate.

3.7.2.5. Phosphor Compounds
The formation of phosphate complexes was noted provisional P?/owell et aI.[2011POW/BRO]| The formation
of T gif%at0.101 % ' 25 f Zg

> E 827 T gifY  Z'%-*®4R=285+0.2
andof T ¢ zat3moldmd f Zgwas reported.
" E ¢ 22 t 6 § Z'% "°9=0.76%0.20

The value of B t s f “4f Zg;couldbe considered nil, and the following extrapolation to infinite dilution

could eventually be proposed.

1 E 827t gif Z'%e-=371+0.2

|Ciavatta [1980CIA]proposed a way to estimate the missing specific ion interaction theory parameters. This

would give the following expression in the case of thiormation of 1 ¢ 3.

B 1%°4Z3,;EB s Za f;

: L réue% ' 2?°

Bt za4Z3;L

The extrapolation to infinite dilution is then
P E ¢ 32 t¢ 3 Z'% Y“=138+02
The values of Z ‘ %- Yreferring to 82and 7 are calculated using the acidity constants of phosphate
system|2003GUI/FAN].
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Figure 3.7-7. Pourbaix diagram (GWB) of 106 mol kgw! Cd in a hypothetic indifferent 0.1 mol kgw?

electrolyte solution containing 10 -4 mol kgw™ P. All solid phases are allowed to precipitate.

3.7.2.6. Carbon Compounds
Powell et aI.[2011POW/BRO]Proposed a provisional value for the formation of t: 5;:f %, and the solubility

16?1 ;>

of T ,:...'The function of formation for t % are taken fromOlin et al.[20050LI/NOL]

Figure 3.7-8. Pourbaix diagram (GWB) of 106 mol kgw?! Cd in a hypothetic indifferent 0.1 mol kgw?

electrolyte solution containing 10 -4 mol kgw C. All solid phases are allowed to precipit ate.

3.7.2.7. Tables of Thermodynamic Constants and Functions, and Specific lon Interaction
Coefficients for Cd

Table 3.7-7. Thermodynamic constants and functions for the native element, free ion, and oxo and hydroxo

compounds of Cd.

Reaction g oW &S s ot ot
kJ mol-1 kJ mol -t kJmol -t kJmol -t

t @..7 t®Et¥ 13.62+0.13 -77.733+0.750  -77.733+0.750 -75.920+ 0.600 -75.920+ 0.6007
> EtY 2 + = -13.49+0.13 77.022+0.7200 -0.711 + 0.868 75.310+ 7.1640 -0.610+0.744
t @.ErdvgfSEt > 2 1%E 4

56.60 +0.11 -323.062+ 0.603 -355.900+ 0.401
T = Erévg fYEt > 2 1E 4

56.47 +0.11 -322.351+0.624 -355.290+ 0.627
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|Table 3.7-7] Continued.
Reaction oowY & s st et ed
kJmol -1 kJ mol -1 kJ mol -1 kJ mol -t
t .JEt 22 1 E
15.10+0.08 -86.212+ 0.449 -228.661+ 0.6022 -103.400 £ 0.449 -258.350+ 0.400
t: el Et 272 19 Et
13.71 £ 0.10 -78.270 £0.582> -473.743 £0.480 -86.860 + 5.567° -560.720 + 5.600
t: i Et 2 U EL 4
13.72+ 0.12 -78.329+0.695 -473.684+1.026
15> E 6 Zz t: P2E -9.80 £ 0.10 55.939 + 0.571 -258.934+0.943 54,800 +2.000¢ -306.950 +£2.088
1 Et ¢ Z t1 s f%Et
-20.19+£0.13 115.245+0.742 -436.768 + 1.058 111.690+ 0.581¢ -535.890+£0.170
tEug Z t: 2 Eu”
-33.5+0.5 191.219+2.854 -597.934+2.953
" Evg Z t: 8 Ev >
-47.28 £ 0.1% 269.876+0.856 -756.417+1.150
t1°E ¢ 2t UE
-8.73 £ 0.0 49.831+0.856 -342.775%+1.728 -94.6+ 2. -532.270+ 2.333

a|2003GUI/FANI; bllQSZWAG/EVA{; C|2011POW/BR(J.
* calculated from ;) Yor 1*¥, and ¢y) Yor ¢y* Yin [2003GUI/FAN

, unless noted otherwise.

Table 3.7-8. Thermodynamic constants and functions for the Cl, S, Se P, and Ccompounds of Cd.

U

Reaction oW s’ s &t d "
kJmol - kJ mol 1 kJmol-* kJ mol 1
t 2.2 tEt 2 -0.68 £0.13 3862 +0.748  -3440290.240  -18.718+3.9482  -391.362 £4.000
t 244 :.;72 1 Et 2E 4
-1.71+0.14 9.778+0.7862  -587.085 +0.040 -7.470+0.5472  -688.302 +0.320
o E 22 t2 1.98+0.06  -11.302+0.342 -220.252+ 0.833 3.320.6 -239.700+ 0.854
" Et 22 t &f" 2.64 £0.0®  -15.069+0.514 -355.236+ 0.939 7.8+ 1.4 -402.280+ 1.536
tEuZ2zZ t 2 2.30+ 0.2  -13.128+1.199 -484.512+ 1.457
t:.oE >2 E 7 -15.94 + 0.69 90.968+3.9482  -156.458+ 0.800 68.4+7.673 -160.620+ 1.300
Greenockite
tE >2 ¥E 7 -14.14 +0.19 80.7+1.1¢ -146.190+ 1.301 57.4+1.1° -149.620+ 1.300
t g2 t¥E ¥ -0.10 £ 0.15 0.578+0.844  -822.315+0.160 -51.890 £ 0.332  -933.370+0.640
™ E §$£Z t ogiif" 2.36£0.04 -13.471+0.228 -835.208+ 0.888 8305 -976.960+ 0.877
tEt §£272 1 & 3.32+0.18
t £.,Et 2Z t¥E ¢ £f*“
-14.83+0.17 84.659+ 0.946 -140.897 + 1.918 81.480+0.916 -143.100+ 1.900¢
t t,0.72 t9E &9 -9.34 + 1.08 53.307+6.179 -493.432+ 6.467¢ -6.280+2.148 -576.800+ 2.500¢
1 E $£§7Z T fgif"
227+0.06  -12.957+0.345 -530.175+ 1.652¢ 8.3+ 4.0 -671.120+ 5.349¢
t0 gigi.aZu P EL L
-3260+0.53  186.064 £3.0292 -2470.245+2.414
" E 72 1t gfn 3.71£0.2
T6>E g?E >Z T 8:f“;
16.06 + 0.2
P E s 22 t6 2 1.38+0.2
" E PEt>Z tgs 3
20.94 £0.2
T, e giglaZ U 1 EL o 7
-3266+1.35 186444 £3.0292 -1716.363 £ 3.142
t .02 PE 9 -11.21+0.23 63.978+1.3300  -669.611+1.576 -2.440+2.12% -748.710+2.226
" E 272 1 ife 4.4+0.2
trt a2 PEtT 7
-5.70+ 0.50 32.535+2.855 -161.834+ 8.153¢

a|1982WAG/EVAi; b I__2011PO_W/BRd; c}lQ%RQB/HEN‘ using reestimatec function of formation for ~ ?in d |20050L|/NOL|.

* calculated from ) Yor 3*Y, and ¢y) Yor ¢u* Jin [2003GUI/FAN], unless noted otherwise

Table 3.7-9. Specific ion interaction coefficients for the Cdcomplexes.

Specific ion interaction coefficient Value Comments and references

B 14z§; 0.35+ 002 Estimation from other transition metals
B taZ; 0.17+ 008 Estimation from other transition metals
B ta 2; 0.09+0.02  [2003GUI/FA

B t: ;>azi; 0.15+0.11  from ¢¥in [2011POW/BR
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Mercury

|Table 3.7-9| Gntinued

Specific ion interaction coefficient Value Comments and references

B t: eif%af> 2§, 0.10+£0.10  from ¢Yin [2011POW/BRQ

B t: ;Zaf”; 0.07+0.10  estimation usingEq.26 [1990CIA
B t: ;§%af”; 0.06+0.10  estimation usingEq.26 [1990CIA
B tq: :74Z3; 0.78+0.10  from ¢Yin [2011POW/BR(
Bt zazg; 0.23+0.10  from ¢Yin [2011POW/BRQ

Bt &f%af> 23; 0.13+0.11  from ¢Yin [2011POW/BRQ
Bt 2af™; 0.03+0.13  from ¢Yin [2011POW/BRQ

B t: giif%af” Z2g; 0.13+0.12  from ¢Yin [2011POW/BR

B t: g:&4afr; 0.21+0.16  from ¢¥in 2011POW/BR%
Bt fgfhaf ?; 0

Bt gif%af” ?; 0

Bt gaZzi L 0.13+0.05  estimation using Eq.26 [1990CIA
Bt fsaf” ?; 0

3.7.3. Mercury

3.7.3.1. Native Metal and Free lons

Functions of formation for native liquid metal Hg(l), %, and 9% ions are taken frorr1GuiIIaumont et al.

[2003GUI/FAN]. The specific ion interaction coefficients for

9% and %§”in ZZand 7 are taken from

|Grentheet aI.[lQQZGRE/FUG] No values are given for Z media.In view of the relatively low influence of 1/r for

+2 free ions in general, and for transition elements in particular, the grand average value for transiti@ements
in §is also appliedto % ,i.e.B % & Z;=(0.17 £ 0.08) *%p ** Z5 This analogy is not done on %§” as

it is not an M(Il) free ion and the values are let as nil.

3.7.3.2. Oxo andHydroxo Compounds

represent the three form of HgO

forms.

Grentheet al.[1992GRE/FUG]selected functions of formation formontroydite k %o : .

.0

Powell et al.[2005POW/BRO]|proposed a Z ‘ %p- .and a ¢3* Uyalue for the dissolution of HgO(s) which can

i.e, red (montroyidite) , yellow, and hexagonal , and Z ‘ %p- Sfor the three

Powell et aI.[2005POW/BRO]|proposed formation constants for % ;8! with « L <s& sand a provisional

value for the formation of % ;%; an enthalpy of reaction for n = 2 is also recommended.

Only B Tyesin ZFare available irIPoweII et al. [2005POW/BRO]| whichvalues are used to calculateB "~

.67l ;>

%o ;| . Using the estimation ofB % & Z; (vide suprg and Eq.26 and274 B “fZ—te« ..'—Z1

proposedfor the first two hydroxo complex.

> 23 . >
% E 7 %o s

% Et 7Z % gif"

St -S«"t S»>t s

% e f“E 77 % ;2

B % ;"4aZ;L

B ¥%aZ,EB ’af; L r&yErav

t

B % ;"4Z,L:r&sGrdz,«% ' 2°

B % s f“af> Z;L

B % s f“af Z;L

B
B % ;74f”;L

t

B %”4aZ;EtB 7af”;

u
aASYEt Hrav,

sif“af> 23 ;EBR

L:razGraz, «%pe 27"

Lt ZES =2t Lt ekt e s FHINBfTEE—Fe

Taf;

B % 2a4f”;L

FrazErav
t

t

L Firdt Graw «% ' 25
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Figure 3.7-9. Pourbaix diagram (PHREEPLOT)of 10-6 mol kgw Hg in a hypothetic indifferent 0.1 mol kgw

electrolyte solution; all solid phases are allowed to precipitate.

3.7.3.3. Halogeno Compounds

The Gibbs energy of reactiorof %o > complex can becalculated fromWagmanet al.[1982WAG/EVA]

|Powel| et aI.[2005POW/BRO]|recommended formationconstants and enthalpies of reactions for the formation

of %o 27! complexes with « L <s& &udvsand a formation constant for HJOHCI(aq)

Figure 3.7-10. Pourbaix diagram (GWB) of 106 mol kgw! Hg in a hypothetic indifferent 0.1 mol kgw?

electrolyte solution containin g 104 mol kgw™ CI. All solid phases are allowed to precipitate.

3.7.3.4. Group 16 Compounds
3.7.3.4.1 Sulphur Compounds

Sulphide solids HgS(cr) cinnabar and metacinnabar can be retrieved|iNagmanet al.[1982WAG/EVA]| and

Robie and Hemingway [1995ROB/HEM]The ¢;3) Yvalues are nogbly different between the two urces, i.e, ca.

10 and4 « «* Z5for cinnabar and metacinnabar, respectivelyln addition, as noted in there is a large

difference between functions of formation for the S{l) species. The g,é)Ufor the solubility or phase
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transformations of the allotropic forms of %o :...,'tan be written in|Table3.7-10] It can be seen that it is then

difficult to ascertain a value. Nevertheless, the very low solubility of these phases is evideahdthe use of the

functions evaluated in for ? are giving closer values between the two sourcesThe two values will be

included noted HgSred(cr) and HgSblack(cr) [1982WAG/EVA, and cinnabar and metecinnabar

1995ROB/HEM.

Table 3.7-10. Gibbs energies of reaction for the solubility of

mercury sulphide phases from different

sources.
Reaction ¢~ sYkJ mol-1) 0 W Reference

% "tt..E >7Z %% E 7 227.08+5.80 -39.78+1.02 1982WAG/EVA

ceof fE 7 Z WE 7 249.0£2.72 -43.62+0.472 1995ROB/HEM
216.4+ 2.7 -37.91+£0.47°

%o Zf 8E 272 ®WE 7 224.18+6.48 -39.27+0.96 1982WAG/EVA

I—f. . <o E 7 WE 7 251.6+0.% -44.08+0.162  [1995ROB/HEM
219.0+0.8° -38.37+0.14

ausing functions for  ?in [1995ROB/HEM

; b using re-evaluated function in $3.3

The sulphide complexs % 2,
[1989SPY/REE]

% ¢ ;6. f% and %§’ are taken from [Spycher and Reecil

The solubility of % g:...Is taken fromGuillaumont et al.[2003GUI/FAN]

|Powel| et al. [2005POW/BRO]proposed a provisional value for the formation of %0 g:f “at0.5M f Zg

but judged the formation value of % g;3” as doubful Thisformation constant for %o g:f “is extrapolated

using the SIT assuming thaB %. g:f “a4 f Z §;=0, and then,

¢BL B % g:f“oFB % az3; FB §°a4rfr;

W E §7 % g:if" 7 '%-4®Q=14+01
7 %o Y=26+0.1
This value could be compared to the one obtained using the other possible hypothesis, Eq.26 from

[1980CIA].

B %> 4Z3;EB
t

g?éf>;

%g>E 872 %6 8;:f“; B %6 8;:fu;éf> Zg,L

s 30 ravFrét . . 5
B % g, f%af Z3;L———— L :r&sGray; %" 2
7 %-Y=27+01

In view of the weak difference between the two hypotheses, the nil hypothesis will be favoured.
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Figure 3.7-11. Pourbaix diagram (GWB) of 106 mol kgw! Hg in a hypothetic indifferent 0.1 mol kgw?

electrolyte solution containing 10 -4 mol kgw S. All solid phases are allowed to precipitate.

3.7.3.4.2 Selenium Compounds

The diselenide %o 1§ and selenocyanate complexes %o 1 7' with n = < duévsare taken fromOlin et al.

[20050LI/NOL].

Figure 3.7-12. Pourbaix diagram (GWB) of 106 mol kgw! Hg in a hypothetic indifferent 0.1 mol kgw?

electrolyte solution containing 10-4 mol kgw™ Se All solid phases are allowed to precipitate.

3.7.3.5. Phosphor Compounds
Powell et al.[2005POW/BRO]selected values for phosphate solids.

%: gigi Et TZu%”Et § 7' %p- =-24.60.6
“ % ;7 g EVZUu% E §Eug 7' %p-=-9.4+0.8
% g Z W E g? 7' %o ~-13.1+0.1
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Powell et al. [2005POW/BRO]|seIected values for phosphate complexes at 3 mollL f Zg i.e, 3.502
«% ** 25[1988NOV/SOH.

% E 87 % gif" 7' % °=8.8+0.2

% E 27 % R E > 7 '%7*=3.25+0.2

The formation of %o  g:f “can be extrapolated to infinite dilution assuming thatB %. g:f “a f Z3%;

=0.

WE 57 % gif" 7 %P=10.1+ 0.2

The formation of % Z camot be properly extrapolated using either assumption from Equations 26 or 27

1990CIA], because of theimplication of >. The acidity constants for ; g:f “ selected in[Powell et al.

[2005POW/BRO]are slightly different from|Guillaumont et al.[2003GUI/FAN]

Table 3.7-11. Acidity constants and variation of specific ion interaction coefficients for the phosphate

system selected

in[Powell et al. [2005POW/BRO] [and|Guillaumont et al. [2003GUI/FAN]

Reaction [2005POW/BRO] [2003GUI/FAN]
o oW B o oW B
PE >2Z &? 12.338 + 0.028 -0.078 £ 0.019 12.350 + 0.030 -0.04+0.05
&E 72 ¢ 3 7.200 + 0.008 -0.061 +£0.016  7.212 +0.014 -0.07+0.05
6 8E 7 . f"% 2.141 + 0.010 -0.043 £ 0.017  2.140 + 0.030 -0.06+ 0.04

The formatio

nof % §canthenbe expressed relativeto §°at3M —e<e% —-St B ~|fiviweltte-t &l

[2005POW/BRO]
% E §7 % LE ” Z ' %’ Q= 3.25 £0.2
£EZ F Z %- "9=11.11

%W E 7

%o 3 7 %7 Q=14.36+ 0.2

From this expression, thentheB % Za [ ;value can be evaluated using thEquation 26 [1990CIA] and the

Braluesfrom|Guillaumont et al.[2003GUI/FAN]

B % 2a4f;L

B %azZ3;EB §af; .

n TAWGTdt; « %o 775

which allows extrapolating the Z * %p- Walue.

% E §Z

%o 3 7 %P=17.22+ 0.2

The values ofZ ‘g/QpL'JU: %o & ;for the swapped values relative to €2or ¢ will recalculated accounting
for the Z‘gfqp-g or more precisely Z ‘g/qp(g of 7 gif% fromlGuiIIaumont et al. [2003GUI/FAN]|with

uncertainties in

Table 3.4-3|(cf. §3.4.2).
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Figure 3.7-13. Pourbaix diagram (GWB) of 106 mol kgw! Hg in a hypothetic indifferent 0.1

electrolyte solution containing 10 -4 mol kgw™ P. All solid phases are allowed to precipitate.

3.7.3.6. Carbon Compounds

% 8 %o ;EUug ZU % ;6 f“E & %

The transposition to the solubilty in carbonate system iswritten as follows,

% & %o:;EV > Zu ®E S Et 4

and formation constantsfor %o 7:f“ % 7and %s

Powell et al.[2005POW/BRO]Jrecommended solubility of %o ;& %o ;.

7' % o=-11.27 £0.1

¢a) '564.330£0.571 + »* 25

cv) '=-573.720+ 1535 « «* 25

7' %p- =-11.48 £ 0.39

?
7-

mol kgw?

3.7.3.7. Tables of Thermodynamic Constants and Functions, and Specific lon Interaction

Coefficients for Hg

Table 3.7-12. Thermodynamic constants and functions for

compounds of Hg.

nativ e element, free ions, and oxo and hydroxo

Reaction oo ¢ sY sy etV it ®
(kJ mol-1) (kJ mol-1) (kJ mol-1) (kJ mol-1)
%l W EtY -28.85+0.05 164.667+0.313  164.667+0.313r  170.210+0.200  170.21 + 0.20
t %E s Z % Eravg f4%Et >
-12.19+0.06  69.562+0.345 153.567+0.55%*  106.430+0.782  166.87+ 0.5
%o ... Et >Z W E ¢ 2.44+0.05 -13.950+0.276 -58.523+0.154 -24.830+0.165  -90.790+ 0.1202
%o Et ZZ % E 2.37+0.08 -13.528+0.457 - 58.945+ 0.555 -25.300+0.200°  -90.320+ 0.286
W E ¢ Z % E -3.40+0.08  19.407+0.457 -53.066 + 0.555
%> Et ¢ Z % g f“Et ”
-5.98+ 0.0 34.134+0.342  -275.479+0.471 515+ 1.8 -349.950+ 1.813
8> Eu g Z % 2Eu > -21.1+0.3
8> E Z 7 %o Z 7.31£0.04# -41.726+0.228 -8.276+ 0.405 -21.3+ 0.7 -18.170+0.735
%> Et ZZ %o Zf“ 14.00 £ 0.07 -79.913+0.400 -177.680+0.559 -49.1+1.0 -213.050+ 1.039
%o Zf“E 27 %o iZ 0.925+0.09  -5.280+0.566 -314.177+0.707 05+2.% -379.630+ 2.709
8> Eu Z Z %o Z 14.93 +009> -85.193+ 0528 -48.600+ 2.685°
%o 2ZE 2 Z %o 2 0.61+0.12  -3.482+0.685  -448.876+0.991 -557.210+ 3.688
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|Table 3.7-12] Continued.
Reaction oowY ¢&sY csY ety it
(kJ mol-1) (kJ mol-1) (kJ mol-1) (kJ mol-)
% EVZZ % 2 1554+ 0.14 -88.675+0.816 -59.100+ 3.661°
% E ZE ¢ Z % Z:f% 4.27 £ 0.35
a|1992GRE/FU4; b|2005POW/BRd. ) )
* calculated from ;) Yor 3*Y, and ¢y) Yor ¢u* {in [2003GUI/FAN], unless noted otherwise.
Table 3.7-13. Thermodynamic constants and functions for Sand Secompounds of Hg.
Reaction g oWV ¢ sY s oty it U
(kJ mol) (kJ mol 1) (kJ mol-) (kd mol-)
coof fE 27 WE 7 -37.91+0.47 216.4+2.7= -39.490+ 3.425 208.2+ 2.12 -54.290+ 2.573
% "tt..E >Z W E 7  -39.78+0.83 227.08+4.7% -50.170+5.215 211.700+4.596> -57.790+4.838
et—f <oof  fE 272 WWE 7
-38.37+0.14 219.0+0.72 -42.090+ 2.254 2006+ 1.5 -46.690+ 2.112
%o ,,2 fi.3E >7 ®WE ?
-39.27+0.96 224.18+5.56° -47.270+ 5.959 207.100+£0.800°  -53.190+1.712
W EU *Z % 2 42.28
% Et 77 % Et 24.2%
%W EU E >Z %o ¢ 6 f"
48.53
% gi..Z % E § -6.19+0.10 35.343 + 0.564 -625.780 + 0.41¥ 0.62+ 0.50 -743.09 + 0.40
%W E $?Z %o g:f" 257 £0.1°
%> Et ¢ £f5Z % FEv >
2493+ 0.69 -142323+3.916 65.334 £ 5.641f
a|1995ROB/HEI\/l; b 1982WAG/EVA{; c|1989SPY/F< E&; d 2003GLI/FAM|; e|2005POW/BRC|; flzoosou/Nod.
* calculated from ;) Yor 4*Y, and ¢y) Yor ¢u* {in [2003GUI/FAN], unless noted otherwise.
Table 3.7-14. Thermodynamic constants and functions for P and Ccompounds of Hg.
Reaction o oW ¢sY sy etV et v
ce 7Y A i R g 7Y
%o: gigiEt 2Zu% Et §
24,6 + 0.6 140.418+3.425
%e: gigisZU%EL §°
-49.30+£0.60  281.406+3.441
%y g EV > ZU% Et ¢ 3
-10.18+0.60  58.086+3.421
D% 7 g EVZU% E §EU,
9.4+0.8 53.656+4.566 - 1367.060+4.926
D% 17 g ZU%E STEu,
-21.75+0.80  124.150+4.570
D% 17 g EzZ ZUu%E 5 ZEUg
-2.19+0.80 12.490+ 4.566
% g7 WE & -13.1+0.% 74.775+£0.571 -1 006.093+1.713
% g2 WE L E >
-25.45+0.10  145.269+0.595
%o g7l WE 5 3 -5.89+0.10  33.609+0.565
W E 7 % gif 11.1+0.2
W E E >7Z % g f%
225+0.2
W E ¢ 42 % g f“E >
29+02
WE 7 % 3 17.2+0.2
%5 E 827 % ZE * 4.85+0.2
WE ¢ 42 % ZEt > -2.36+£0.2
% 8 %o ;EU g ZU % 6 f“E 6%
-11.27+0.10  64.330+0.571  -573.720+2.454
% & % v Ev>Zu ®E FEt g4
-11.48 £0.39  65.541+2.232
%o 7&%0:';EW>ZU000>E ;Ete
-1.16 + 0.39 6.596+ 2.252
% 6 fSE 6:%Z % 7. fSE ¢
-0.70 + 0.20 3.996+1.142  -428.716+1.243
WE 7 % if 11.47+0.202  -65.483+1.138
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|Table 3.7-14] Continued.

Reaction oowY é&sY csY st it Y
te 7Y tg 7V e 7Y e 7Y
% E ;Z % 7 fSE ~
1.15+0.21 -6.538+1.177
% 6. f“E 6%E “Z % 3E ¢
3.63+ 0.F 20.720+0.571  -453.432+0.753
WE E >7Z % 3 15.80+£0.10 -90.199+ 0.563
9% E 27 % 3 548+ 0.11 -31.254+0.638
% 6 f % E 22 % ; 2E 4
0.98 + 0.R 5.594+0.571  -630.778+0.783
WE ¢ E &7 % 2E
5.33+0.10 -30.405+ 0.601

a|2005POW/BRd

* calculated from ) Jor 3* Y and ¢y) Yor ¢y* Jin

Table 3.7-15. Specific ion interaction coefficients for

2003GUI/FAN], unless noted otherwise.

Hg soluble species

Specific ion interaction coefficient fZ—1t - P Reference
B %8~4aZ; 0.17 £ 0.08 From transition 6>
B ®az3; 0.34 £ 0.03 2003GUI/FAN
B %a 7; -0.1+0.1 2003GUI/FAN
B % azji; 0.09 + 0.02 2003GUI/FAN
B %a 7; -0.2+0.1 2003GUI/FAN
B % ;"4Z; 0.11+0.08 From Eq.26 considering
B % ;74Zg; 0.06 + 0.05 "« B {3005POW/BRQ
B % e f“af> 2%; -0.08 + 0.05 "o B {3005POW/BR(
B % ;74f; -0.02 + 0.05 From Eq.26 [1990CIA]
B % AZE; 0.15 + 0.05 "o B {3005POW/BR(
B % Zf“a4f> 23%; 0.01 + 0.05 "o B {3005POW/BR(
B %o ZAf; 0.05 + 0.07 "« B {3005POW/BR(Q
B % §24f; 0.08 + 0.09 "*e« B {2005POW/BRC
B % g:fsaf 2% 0 Nil charge approximation
0.11+0.07 From Eq.26
B % g f4%af 2% 0 Nil charge approximation
0.10+0.05 From Eq.26 considering
B % ga f; 0.05+ 0.04 From Eq.26 considering  £?[1990CIA
3.7.4. Copper

Copper is forming insoluble compounds with uranium{2013CRE/SZE

3.7.4.1. Native Metal and free lons

Copperis present in agueous solution as Cu(l) and Cu(llyhe thermodynamic functiors of formation for native

Cu(cr) and

functions of reactionfrom|Wanget al.[1997WAN/ZHA]

—5> are taken from|Guillaumont et al. [2003GUI/FAN]| and the ones for —=are calculated for the

>

The commonmaster species is —&

The specific ion interaction coefficients are taken from the NE®ECD reviews1l9926RE/FUCIZOOSGUI/FAN

2020GRE/GAQ.

3.7.4.2. Hydroxo Compounds

The Z‘%p- .0f — ;5:...15 estimated b*Brown and Ekberg [2016BRO/EKBI]Thethermodynamic constants

for the hydrolysis of both cations are taken from|Brown and Ekberg [2016BRO/EKB
19926RE/FUCH2003GUI/FAN||20206RE/GAC .
Bfowh tand” Ekber§| 1

functions of formation are recalculated referring to NEAOECD

é:t ',i...(A(___ ‘e (o_:t"f____(‘.

and thermodynamic

LR T cte—e U E

fz.=

[2016BRO/EKB] f«t =S+ B ~ NEAOECH

1992GRE/FU}2003GU I/FAN|| 2020GRE/GA(

<
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3.7.4.3. Halogen Compounds
The Gibbs energy of reetion for —gé& ¢ :...Ctan be retrieved frorriWagmanet al.[1982WAG/EVA]| and
Gibbs energy of formation can be calculated relative to NEBECD [1992GRE/FUG 20036UI/FAN|

2020GRE/GAQ.

Wanget al.[1997WAN/ZHA] |proposed the solubility constant, enthalpy and entropy of reaction for antokite
k — :Z.,bThe Gibbs energy of reaction for —Z&u —— ;5:...[s available ifWagmanet al.[1982WAG/EVA]

Wang et aI.[1997WAN/ZHA]|proposed estimation of the formation of —=and -5 chloro compounds. The

estimations of the chloro complexesvere updated ir1PoweII et aI.[2007POW/BRO] but without the enthalpy and

entropy values. As the differences between the two evaluations are very slight, the former will be used in PRODATA
— ‘% t-St” ™M«-S ~-St B “fz—+%-
3.7.4.4. Sulphur Compounds

Copper sulphide can be retieved fr0n1Wagma1 et aI.[1982WAG/EVA]| - =....,’CuS(cr) ,
Hemingway [1995ROB/HEM] chalcocite : — ; digenite : —x 4 ; djurleite | —x g 5, ailite © —9 ; covellite

(Cug , or from the Minteq databasq1998EPA  Blaublei Il : — -z 5 Blaublei | —x —75

Copper sulphate and hydroxosulphate are available {Wagmanet al. [1982WAG/EVA]| — gd g
— gl g :*, — g@w 4 :e, Antlerite : — ;i g, Langite : — g;i .8 ; ,and
Hemingway [1995ROB/HEM] brochantite : —: g;: ., chalcantite : — géw 4 ; chalcocyanite

I — g

The NEAOECD review only selectedhalcocyanite k — g:..;82003GUI/FAN].

|Powel| et aI.[2007POW/BRO]|recommended the formation of — g:f % Z %P ¢s*Yand ¢55° ,and a
T fI—% 7 B

3.7.4.5. Selenium Compounds

Functions of reaction for — £ =:..;and — %;:...¢tan be calculated fronrNaumov et aI.[1974NAU/RYZ]|
The function of formation of — ;... &are taken form the NEOECD revieW|20050LI/NOL].

3.7.4.6. Phosphor Compounds

The copper phosphate phass are taken from|Nriagu [1984NRI]|for libenthenite : —: g; ; tagilite
. =% g, 4ag , cornetite : — g;¢ 7, pseudomalachite : —: g5 ;g pyromorphite-Cu
© —g. g7 . tsumebite : .5 — gii 78U g ; turquois : —Z: gig: <& g 5 and \eszelyite

. —es g. 78 ¢ . The Gibbs energies of formation are recalculated referring to Wagmaet al.
1968WAG/EVA"1969WAG/EVA1 as for the case of lead phosphate (c.f. Only veszelyite is showing a
significant difference i.e, ) U= .2456.469 and -2 462.219 « «‘ 25 for Wagman et al. [1968WAG/EVA

1969WAG/EVA and |Guillaumont et al. [2003GUI/FAN]| respectively. The recalculated valk referring to
Guillaumont et al.[2003GUI/FAN][is chosen.

Powellet al.[2007POW/BRO]proposed a provisional constant for —  g: f “extrapolated to infinite dilution

using thelDavies [1962DAV]equation. It will be adapted to the other ions of the phosphate system using the

constants ard uncertainties inTable 3.4-3
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3.7.4.7. Arsenic Compounds

The ¢y) Yof — o 568X 4 :e;is available ifNaumovet al.[1974NAU/RYZ]

Using the ¢) Walues of -8,

« 7 and 4 in inlNaumovet al. [L1974NAU/RYZ]| the Gibbs energy of reaction¢s) Yand Z * %p- wvalues are

obtained.

The evolution of Z‘%- .vs. T ofarsenosulphide phase enargite: — « g;is proposed in SOLTHERNKPT

database[2015PAL 2016REE/SPT fromlSpycher and Reed [1989SPY/RE|E] S

T fefZrece —eco% —St feoi-

relationship in|Figure 3.7-14allows calculating the fundions of formation from the following reaction.

— e gEv g Eyavg: f$Zu-=2E 4+ 2Ex Ev §

Figure 3.7-14. Evolution of the In Kvalues vs. 1/T (blue circles) for the dissolution of enargite (Cu  3AsS) in
the SOLTHERMXPT database!ZOlSPAL ||2016REE/SPY], and estimation of t he formation functions by the

Vfeim "0 7372 f—< esScplaln findjo

3.7.4.8. Carbon Compounds

The solubility of malachite : — ;: ;g;and azurite : —: ;6. ,5;cCan be tracd in|Wagman et al.|

[1982WAG/EVA],|Robie and Hemingway [1995ROB/HEMand/Powell et aI.[2007POW/BRO] For malachite, he

calculation of Z * %p- Lusing[Robie and Hemingway [1995ROB/HEM]eads to 2 orders of magnitude difference

with the value ianoweII et al.[2007POW/BRO] Original data thatare used iriPoweII et aI.[2007POW/BRO]are

pointing particularly to|Preis and Gamsjager [2002PRE/GANMvhere functions of formation are givenin reference

to CODATA value§l989COX/WAG. The reaction iTPreis and Gamsjager [2002PRE/GAP1&}

rav—s 7° g Et >Z S Erdv 5 %Esavg Z'%p- »x 6.34£0.10
—- 7 e EV>Zt - E g %Eug 7' %o »512.68+0.20

ca) l=-(72.378+1.142) « «* 25

o) '=-(903.323+£3.322) + «* 2°

|Preis and Gamsjager [2002PRE/GAIYBeem to dsqualify the data from th

e compilation from

Hemingway [1995ROB/HEM]based on the too high partial pressure of g:%dthat would be needed to obtain the

malachite precipitation. Only thedata from|Preis and Gamsjage[2002PRE/GAM]

will be included.

T1-



Selection of Data Copper

In the case of azuritethere is aca.76 « «* 25difference in Gibbs energies of formation betweelm
al.[1982WAG/EVA](-1315.5 « «* 729 ano‘Robie and Hemingway [1995ROB/HEI\/|([-1391.4 o o 79
al. [2007POW/BRO] proposed a solubility constant 7 * %p- o= -44.9 + 0.2 for the full ionization
coherent with both of the previous valueas it has aca.7 and ca.20 orders of magnitude difference in- ,The value
fromlPoweII et al. [2007POW/BRO]come fromlPreis and Gamsjager [2002PRE/GAWho wrote the following

solubility equilibrium.

Powell et

that is not

2 = 7t e Et T2 P ED G%EL 7 %o 5 6.30 £ 0.10
— 760 6 EXTZu-FEt g%EV g 7' %o »518.90+0.30

ca) '=-(107.882£1.712) « «* 2°
) U=-(1434.286+ 4.985) « +* 25

Only the data from|Preis and Gamsjager [2002PRE/GAIW/iII be included in PRODATAAS in the case of
maIachite,lPreis and Gamsjager [2002PRE/GAMjrovided functions of formation for azurite in reference to
CODATA value$1989COX/WAG.

|Powel|et aI.[2007POW/BROlrecommended 7 * %oUNalues for the formation of — 751 f *, 2:8% and

237 that are used in PRODATAT@ble3.7-16| & St B “fZ—te f "% —ett —* . fZ..—Zf-1 -

values (Table 3.7-21).

3.7.4.9. Thermodynamic Constants and Functions, and Specific lon Interaction
Coefficients for Cu

Table 3.7-16. Thermodynamic constants and functions for free ions, oxo, and hydro xo Cucompounds.

Reaction s &sY Y oty cd U
(kJ mol1) (kJ mol-) (kJ mol) (kJ mol)
—+.."7 L Et¥ -11.40+0.27 65.046 + 1.%57 65.046 + 1.557 649+1.0 649+1.0
—+.."7 2EY -8.58+0.04 48.990 £ 0.24 48.990 + 0.24 76.35 + 3.60 76.35 +3.60»
S Eravy Z ZErdawg f“E 2
-18.68 £ 0.27 106.609 + 1.522 151.440 £ 4.129
=2E ¢ Z — if“E > -7.85+ 0.42 44.808 £ 2.340 -143.342 + 2.353 413+ 4.4 -168.180 + 5.947
2Et ¢ Z — Et > -18.64 £ 0.60 106.398 £ 3.425 -318.892+3.434 6112 -434.310 +
12.649
Tenorite
—Et 272 B E 4 7.63 £ 0.0% -43.609 £ 0.342 128.485+1.595 -649+23 156.030 + 2.508
S E s Z =+ E -7.64 £0.17 43.609 £ 0.970 -128.485+1.835 6628 -154.930 + 2.93
S Et ¢ Z — ef%Et
-16.24 £ 0.03 92.699 + 0.175 -316.535 + 1.569 89.9+0.7 -416.860 + 1.223
£ Eu Z — ZEu’ -26.65 £ 0.13 152.119 £ 0.742 -494.255 + 1.729
S Eve Z = §FEvV -39.70 £ 0.19 226.609 £ 1.085 -656.905+ 1.905 167.0+5.? -911.420 + 5.789
t ®E 4 Z = ”E -6.71 + 0.30 38.301+1.712 -68.747£3554 27+ -129.03 £ 8.246
t ©Et g Z - &Et >
-10.55+0.19 60.220 + 0.109 -283.968 + 3.117 7149 -370.46 + 5.386
u-2Evgs Z & FEV”
-21.2+ 0.2 121.010 £ 2.284 -632.412+5.202 119.6+ 1.7 -829.02 + 3.452

al1007WANIZHA, b|201GBR_O/EKEJ ) )
* calculated from g)Yor 3*§, and ¢y) Yor ¢y* Jin

The Pourbaix diagram ofs 1’ «* Z «%g°Cuis plotted in

2003GUI/FAN]

, unless noted otherwise.

Figure 3.7-15
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Table 3.7-17. Thermodynamic constants and functions for

halogen compounds of Cu.

Reaction R Za ¢sY s ety it ¥
(kJ mot) (kJ mol-1) (kJ mol-1) (kJ mol-1)
—d 7 L Et PEt 4
-2.64 +0.43 15.052 + 2.453 -987.332 + 3.219
S E 7z > 1.26 + 0.65 -7.200 + 3.683 -223.677 * 4.058
Nantokite
— 2,7 2E 2 -6.82 £ 0.12 38.929 + 0.685 -111.156+0.735 47.3+4.0 -138.030 + 5.382
—4:.,797 - Et 2 3.73+0.94  -21.266+5.388 -176.122 + 5.613 -49.448 + -219.812 + 0.799
0.6342
—Za — ...Ex>Zv -2 E ZEx g
14.68+0.84  -83.770+4.78% -1341.320+
4.005
2Et 272 —% 5.68+0.14  -32.422+0.799 -245.866+0.866 -20.0+ 4.0 -277.810 * 5.660
2EuZz —% 5.02+0.12  -28.654 + 0.685 -373.315+0.806 -33.0%4.0 -457.890 * 5.665
S E 272 —27 0.64 + 0.06 -3.653 +0.342 -69.824 + 1.598 84+13 -93.780 + 1.643
S Et 27 —Zf" 0.60 + 0.37 -3.425+ 2112 -200.813+2634 236 -246.260 * 6.086

a|1982WAG/EVPi; b 1997WAN/ZHA{ )

* calculated from 5) Jor g* Y, and ¢y) Yor ¢y* Lin [2003GUIFAN]

a

b

, unless noted oherwise.

Figure 3.7-15. Pourbaix diagram of 10 -6 mol kgw? Cu(PHREEPLOT)(a) and with 10-2 mol kgw of CI (GWB)

(b) in a hypothetic indifferent 0.1 mol

Table 3.7-18. Thermodynamic constants and functions for

Sand Secompou nds of Cu.

kgw1 electrolyte solution; all solid phases are allowed to precipitate.

Reaction R 24 &sY ‘s st¥o et ¥
20. g 20, g ?0. C g ?U;
_ : E > z _6> E ?
-22.98 + 0.70 131.170 + 4.018 -53.881+4.800 100.270 + 1.616 -51.670 + 0.800
Covellite
—E >72 £E 7 -23.23+ 0.06 132.600+ 0.316 -55.311+ 2.607 102.800+ 1.883 -54.200+ 2.607
Blaublei_|l
- 5 E > Zrd ZEr§g € 7
-24.16¢
Blaublei_ll
- = E Z2r&k 2ZErg & E 7
-27.28°
Anilite
<o E ~Zsi&w-2Erdw-CE 7
-31.88+ 0.07 181.975+ 0.390° -79.986+ 2.145 180.675+ 5.18%4 -66.225+ 2.145
Digenite
—x,2 E >Zs& ZEra £ E 7
-32.15+ 0.11 183.520+ 0.60% -79.884+ 2.086 184.320+ 0.616 -65.480+ 5.923
Djurleite
—x9 E 72 s§ ZEraw-2E 7

-34.10+ 0.08

194.655+ 0.429

-86.079+ 2.122

201.955+ 0.534

-69.945+ 6.982
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|Table 3.7-18] Continued.

Reaction oA &sY s ety et P
g ?U; g ”U’ g ?U; C g ?U;
- =..E 72t 2ZE 7
-34.73 £ 0.15 198.240 + 0.846 -88.017 + 1.997 205.240 +1.6972 -68.840 + 7.156
Chalcocite
—<E 2t 2E 7 -35.28+ 0.18 201.400+ 1.019 -91.177+ 1914  211.000+ 1.03% -74.600+ 7.282
— gl.m "7 S E g 2.94+0.19 -16.773+ 1.070 -662.185+ 1.206 -73.040+ 0.529 -771.400+ 1.200
— gl .2 TE SE
-0.34+ 0.15 1.941+0.87R -918.039+ 1.357 -44500+ 0.89¢* -1 085.770+ 0.608
— 8a'IG ,”Z —6>E g?EUG
-1.67+0.14 9.533+0.782 -1399.911+ 1.415 -17.680+ 0.94% -1 684.250+ 0.523
— gawg ...7 BE §fEw,
-2.64+ 0.16 15.060+ 0.89%* -1879.718+ 1.354 6.000+ 0.949% -2 279.590+ 0.547
Antlerite
— g gEV>Zu-£E $Evg,
8.78+ 0.77 -50.116+ 4.38¢* -1 447.310+ 1.685
Brochantite
- g Ex>Zv-EE $Exg
15.37+ 1.03 -87.754+ 5.876¢> -1818.906+ 2.121
Langite
& g .86 Ex>Zv -£E §Ey,
17.29+ 1.07 -98.683+ 6.083 -2045.117+1.428  -165.874+ 4.424 -2 484.676+ 5.984
S E 7 — §ifs
2.35 + 0054 -13.414 £ 0.284 -692.372 + 1.637 73+18 -837.140 + 1.847
< t..Et 22t 2E ¢ £f4
-32.21 183.884¢ 64.409 218.090 + 7.472 51.090 + 0.319
— %, Ev>Z2t 2E B Et 4 1f“
-55.76 318.267¢ -112.251 337.586° -91.386
— = Et 2Zt £ E ¢ £fY
-21.61+ 0.43 123.376+ 2.474 -36.835+ 0.563  118.700+ 2.200 -39.500+ 0.500
— PILUEt 272t B E ¢ £fY
-21.28+ 0.43 121.451+ 2.474 -34.910+ 0.563  116.000+ 2.200 -36.800+ 0.500
— 2 BE 9
-7.67 £ 0.39 43.790 + 2.2068 -341.136 + 0.800
— Haw, Z TE £ Ewg
-2.17 £ 0.20 12.361 £ 1.159 -1572.500 + 2.420 5.580 + 2.298 -1 973.330 + 2.830

a|1982WAG/EVP1; b 1995ROB/HENI; C|1998EPA{; d [2007POW/BRJ; e|1974NAU/RYﬂ; f|20050LI/NOL|.

* calculated from )

a b

Figure 3.7-16. Pourbaix diagram (GWB) of 10-¢ mol kgw? Cu in a hypothetic indifferent 0.1 mol

Yor 3*Y¥ and ¢y) Jor ¢y* Jin [2003GUI/FAN], unless noted otherwise.

kgw':L

electrolyte solution containing 10 -4 mol kgw of S (a) and Se (b); all solid phases are allowed to precipitate.
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Table 3.7-19. Thermodynamic constants and functions for

N, P, and Ascompounds of Cu.

Reaction NZs &s¥a iast® et i ®
te 7Y e 7Y ce 7Y e 7Y
- 76 ... Ex>Zv-2Et JExg,
17.62+1.06 -100.604 + 6.0422 -1 283.640 +1.743 -126.074+ 3.952 -1 743.006+ 1.019
— g2 u-LEt [
-36.86+ 0.91 210.370+£5.212 2 066.214+ 2.143
o It TE LT
-15.12+ 0.20 86.280+ 1.121 -1891.691+ 5.637
-6 . .wE s Zt TEt FEt”
-36.43+ 0.61 207.941+ 3.485
Libenthenite
- g 2t -®E PE 7
-28.00 159.825 -1212.444
- g E 72t ®E PFE 4
-14.0 79.905
Tagilite
- g 44 2t £LE IPE TE
-27.90 159.3 -1 449.013
- g @44 EZt ©E PEt 4
-13.9 79.334
Cornetite
— g 7Z2u-®E IPEu ?
-48.00 273.986 -1575.999
— g 7EU”Zu-2E §Eu,
-6.0 34.226
Pseudomalachite
— gis. gZW-ELEt PPEv ?
-75.8° 432.7 -2 787.302
— g sEV>ZW-LEt [PEv,
-19.8 112.990
Cupyromorphite
~ g7 ZW-EEuU FE 7
-65.6° 374.448 -3282.911
— g7 EZwWEEuUu PE 4
-51.6 294.528
Tsumebite
v — g1 U g Zt ,®E &E ’Eu 7Eug,
-51.3» 292.8 -2484.824
w6 — gii 7 g EuZt ,®E BE [PPExg,
-9.3 53.063
Turquoise
—Z. g5t &g Z BExZEv Ez ?Evg
-179.00 1021.740 -10 214.020
—Z. g3 <& g Ez>7Z ©Ex 2 Ev JEstg
-66.99 382.380
Veszelyite
—eg g 78 g Z BEt ®E [PEu ?Et g
-45.8° 261.428 -2462.219
—+s g 78 ¢ Eu>Z B Et P E [FEwg
-3.8 21.668
TE T — of"
4.15 + 0.30
L E FE >Z — gif"
16.49+ 0.3
LE "7 <4 ;% 6.64£149 -37.890+ 8.48%  -1908.347+ 9.756
£ Et PPEt>Z —4 ;YE
27.95+ 1.59 -159.551+ 9.101 -1 908.347+ 9.756
CEtg ¥Z —5 .
8.92+1.36 -50.890+ 7.75% -3 856.850+ 12.076
S Ev PEV>Z —4 5Et g
51.54+1.78 -294.212+ 10.183 -3 856.850+ 12.076
Enargite

—-°*8Evg
421.9+12.8

Eyavg f5Zu-—=2E g+ YEx Ev §
-2408.00+ 73.22

-182.40 £73.04 -2408.00+73.22 -484.03 +73.83
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|Table 3.7-19] Continued.
Reaction NZs &s¥a iastP etd et ¥
te 7Y te 7Y - te Y
— 9+ gEVvg ZUu=2E g+ JEv "EravgfYSEt >
-131.0+ 12.7 748.01+ 72.44 1070.56+ 72.68
— e gigX g Z U-CEt e [PEx 4
-33.22 189.611 -2 714.033
a|1982WAG/EVA; b[1984NR |; C|2007POW/BRd; d[1974NAU/R j
* calculated from 3)Yor s*Y, and ¢y) Yor ¢y* Yin [2003GUI/FAN], unless noted otherwise.

Table 3.7-20. Thermodynamic constants and functions for

Ccompounds of Cu.

Reaction s &sY sy std id P
te 7Y te 7Y - I te 7Y
— a7 2 & -11.502 65.642 -528.496
- 7. wEV>Zt -®E i %Eu,
12.68 + 0.10 -72.378+1.142  -903.323+3.322 -1067.1+ 3.4
- 70 wemEt 272t P E $Et
-5.47 + 019 31.235 + 1.085
— 76 s EX>Zu-®PEt 4 %Ev 4
18.90 + 0.30 71,921+ 1.142 -1470.247+4.819 -1675.1£5.1b
— 75 e Et 2Zu-LEt $PEt 4
-17.40 £ 0.27  99.344 + 1.554 -52.320 + 4.093
S E 27 —« .f% 6.75+0.03  -38.529 % 0.169 -501.383 +1.614
FE 17 — 7 1.84+0.16  -10.503 £ 0.570 -532.302 +1.677
6 E g? E * 7 — o
12.17 + 0.09 -69.448 + 0.486
S Et 7 - ;¥ 10.3+ 0.2 -58.793+ 0.572  -1049.547 + 1.833
a|2004SMI/MAR{; b IZOOZPRE/GAV ic IZOO?POV\ m{
* calculated from ¢y) Yand ¢y* Yin [2003GUI/FAN]
Table 3.7-21. Specific ion interaction coefficients for Cu species
Specific ion interaction coefficient Values + 1+ Reference and comments
B 24Z7%; 0.11 +0.01 1980CIA]
B &aZ; 0.08 + 0.01 2003GUI/FAN]
B 8az3; 0.32£0.02 2003GUI/FAN]
B &a 7; 0.11 £ 0.01 2003GUI/FAN
B — ;74az3; -0.07 £ 0.04 “"‘e B [2016BRO/EKH
B = ef%af 2%; 0.30+0.11 “"‘e B [2016BRO/EKH
B —+ ;7arf; 0.40 + 0.09 “"t‘e B [2016BRO/EKH
B —+ ;§%af; 0.19 + 005 1997PLY/WAN]
B — ;§%a~; 0.29 + 0.05 1997PLY/WAN]
B - ;74azy; 1.00 £ 0.23 "7« B [2016BRO/EKH
B - :&4azg; 0.63+0.11 "7'e B [2016BRO/EKE
B - &4 7; 0.35+0.18 "'« B [2016BRO/EKH
B —"Af; 0.06 + 0.03 "7te B [2007POW/BRQ
B —Zf“af> 23; 0.24 + 0.07 “7'e B [2007POW/BRQ
B = g if“af> 23; -0.06 + 0.04 “"‘e B [2007POW/BRQ
B = 7iif%af> 23 0.06 + 0.05 “"‘e B [2007POW/BRQ
B — 7 af>; 0.46 £ 015 "7te B [2007POW/BRQ
B —- &4f 23; 0.46 + 0.21 “7‘e B [2007POW/BRQ
3.7.5. Silver

3.7.5.1. Native Metal and Free lons

The thermodynamic functions forAg(cr), Ag(g) andthe common master peciesAg* are taken fromthe NEA

OECD reviews‘1992GRE/FUCH2003GUI/FAI\!]. No other data in solution are selected in any NEAOECD

commissioned review, yet.The specific ion interaction coefficients for % are taken from|Grenthe et al.

[1992GRE/FUG]
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Function of formation for %3~ is taken fromBard et al.[1985BAR/PAR]| even if it is unstable in water.

3.7.5.2. Oxo andHydroxo Compounds

The function of formation of %, : ... from|Wagmanet al.[1982WAG/EVA]|are used to calculate the functions

of reaction and solubility constants.

Thermodynamic functions of formation fromlWagmanet al. [1982WAG/EVA]|for Ag(OH)(aq), andBard et al.
[1985BAR/PAR] for % ;¢ the values of the Gibbs energy seem to be based rWagman et al
[1982WAG/EVA]

Figure 3.7-17. Pourbaix diagram (GWB) of 10 -6 mol kgw Ag.

3.7.5.3. Halogen Compounds
The functions of formation for AgCl(cr) is given in the NEAECD reviewd1992GRE/FUC 2003GUI/FAN].The
functions of formation of AgF(cr), AgBr(cr), and Agl(cr) are available IBard et al.[1985BAR/PAR]| The functions

of formation of %e&t ¢ :...and %c& ¢ :...are used to calculate the functions of reaction.

Fundions of formation for %e:f“ % :Z“ % a7 %o [°°' 7 withn= <s&ta= ,and %"’ '~  with

n= << auéav= fromlWagmanet al.[1982WAG/EVA]|are used to calculate the function of reaction, and formation

constants. The functions of formation are then recalculated in relation to NERECD reviewII;uiIIaumont et al.
[2003GUI/FAN].

Finally the Gibbs energiesor %o $Zand %o {Zare taken from{Bard et al.[1985BAR/PAR]

3.7.5.4. Group 16 Compounds
The functions of formation ofthe allotropic forms of % : ... &re available i|1Wagmanet aI.[1982WAG/EVA]|

obie and Hemingway ives only the value for acanthite :> % ;. Knowing the already
Robi d Hemi 1995ROB/HEMbi ly th lue f hi F % ;. Knowi he alread

noticed problem on the Gibbs energy andenthalpy of 7 ianobie and Hemingway [995ROB/HEM]| the

functions of reaction and constant are calculated relative to the correctedy) Y%= ?;in §3.3
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Spycher and Reed [19895PY/REF]proposed variations of Z‘%- Y for sulphide complexes

% :°°'"7withn= <& = thatare used to calculated the thermodynamic function of reaction and * %4J"

value, which were used also to recalculatQU)éJand o g used in the database.

The functions of formation of % +:..." % ¥ ;:...and % I g:...are taken from the NEAOECD review
on selenium|20050LI/NOL].

a b
Figure 3.7-18. Pourbaix diagram (GWB) of 10 -6 mol kgw'! Ag and 104 mol kgw™ S (a) and Se (b).

3.7.5.5. Group 15 Compounds

The functions of formation of %. -:...’from |Wagman et al. [1982WAG/EVA]|are used to calculate the

functions of reaction.

Silver is forming several arsenosulpide components: smithite and trechmannite: %o e;, and xanthoconite
and proustite : % ¢ ;; |1989TAR/KLE] [1997MEY/SCH. Only the value of etropy is available for

arsenosulphide solid proustite, in [Robie and Hemingway [199ROB/HEM]| |Taras Bryndzia and Kleppa}

[1989TAR/KLE] proposed g,u*gjfor smithite, trechmanite and proustite, and enthalpies of transformation as well

as entropies of transformation at 593 K of trechmanite to proustite.

Spycher and Reed [1989SPY/RE|:‘proposed variations of Z * %p- Utor proustite between 25 and 300°C

Figure 3.7-19) for the following reaction.

siv% Esiav "Erdv, o ;if“Zrav % * ;Esdvg
The data at temperature lower than 150°C can be used to estimate the functioofsformation of proustite with
the help of theV f «i— "7 1" Thble3:7-22).

|Meyer and Scholz [1997MEY/SCHfjroposed values of ¢g) U= 19.7 + 3.5« o 2% :7 ‘%p- VL aa& WG rx s,

and ¢3*=54.8+ 9.6+ «‘ 25for the transformation of xanthoconite to proustite, which can lead to théollowing

estimation for xanthoconite.
) UEfe—8 i)Y T — e R gy) =-128.75£0.34 « o* 25

ot g eSS eyt e R £*=-119.74+5.60 ¢ o 2°

-78-



d-Transition Metals Series

Selection of Data

Table 3.7-22. Thermodynamic functions an d constants for proustite and xanthoconite (Ag:AsS)

Reaction et ¢oY ¢sY cd ¥ eV sV o ows
kJ mol- J molt K-t kJ mol- kJ mol-1 kJ mol- kJ mol-t
Proustite 5
AV % o ;ESEV, 7 SWVIRESA TErav, s oif%
224.348+2.475 -0.18+7.172 224.40+3.271 -32.468 + 3.899 203.434+10.407 -54.525+ 4.985 -39.3+£0.6

% ;Eug ZUWEU "E 4 2E >
476.106+ 4.953 -84.87+8.87 501.409+ 6.548

-64.936+7.799

406.868+20.813

-109.050+9.970 -87.84+ 1.15

AgAsS(Xanthoconite) ™AgsAsS(Proustite)

54.8 + 9.6 19.7+35 -119.74 £5.60 -128.75 + 9.34 -3.45£0.61
%+, EUug ZUWEU E 45+ JE >
530.906+ 2.226 521.109+5.533 -91.29+0.97

Figure 3.7-19. Evolution of the In Kvalues vs.1/T (blue circles) for the dissolution of

proustite (AgsAsSSs) in

|Spycher and Reed [1989SPY/REE]| and estimation of the formation functions bytheV fei— ‘"~ ”dridifip-<

(orange plain line) .

Figure 3.7-20. Pourbaix diagram (GWB) of 10 -6 mol kgw* Ag and 104 mol kgw? S and As.
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3.7.5.6. Carbon Compounds

The functions of formation for

The %o i

;67 complex from

% 4. f Sand

20050LI/NOL]

%0

is included.

3.7.5.7. Thermodynamic Constants and Functions for Ag

Table 3.7-23. Thermo dynamic constants and functions for

compounds of Ag.

2.8 are estimated ir

Sverjenskyet al.[1997SVE/SHO

native element, free ion s, and oxo and hydroxo

Reaction oo ¢sY sy etV et ¥
kJmol -1 kJmol -1 kJmol -1 kJmol -1
%o... E > 7 % Erav g %
-13.51+0.03  77.096 * 0.156 77.096 + 0.156 105.790 + 0.080 105.790 + 0.080
%o..., ETd4wW ¢ f“E > 7Z %Erav,
7.98 + 0.03 -45.569 + 0.159 -34.200 + 0.208
% ETdw g:%E > Z % Erédvg
-12.86 73.4110 269.077 20.195 268.900
% Erdw g f“E >7Z % Eravg
-12.14 69.317 23.120
% :...Et 272t %E ¢
12.56 + 0.275  -71.715 + 1.569 -11.233 + 1.600 -43.622 + 0.101 -30.628 + 0.130
%E ¢ Z % :f%E >
-11.92+0.14  68.057 + 0.784 -91.987 + 0.800
%Et ¢ Z % Et >
-24.00+0.28  137.021+ 1.604 -260.163+ 1.613

a[2003GUI/FAN; b [1985BAR/PAR;; ¢ [1982WAG/EVA.
* calculated from ¢y) Yand ¢y* Y from [2003GUI/FAN].

Table 3.7-24. Thermod ynamic constants and functions for halogen compounds of Ag.

Reaction RN Zs & sY s etV it v
kJmol -1 kJ mol -2 kJmol -1 kJ mol -t

%o:..."7 % E 7 240 -13.680¢ -190.747 -23.000¢ -206.560
%ot g :...77 %WE TEt g

0.87 + 1.40 -4.941 + 8.002 -673.766 + 8.033 2.089 + 0.658 -803.309 + 0.041
%ol 5 ... WE EvV

0.56 + 9.81 -3.199 + 0.800 -1149.788 + 56.000  17.929 + 2.303 -1.390.809 + 2.400
B E 27 %o:f 0.35 + 0.99 -2.017 + 5.63? -206.444 + 5675  -11.849 + 7.246 -241.409 + 7.276
%o 2.7 WE Z -9.75+0.03 55.644 + 0.169 -109.765 + 0.098 65.720 + 0.118 -127.010 + 0.050
% E 27 %o :F" 327+1D -18.679 + 6.399 -72.800 + 6.402  -11.510 + 6.399 -72.510 * 6.400
% Et 27 %ol 5.26 + 0.56 -30.051 + 3.187 -215.389+3.200 -16.461 + 1.58% -244.831 + 1.600
% EUuZZ % 87 5.25 -29.961¢ -346.516
% EV 27 %o §7 550 -31.395 -479.167
% .7 WE "7 -12.29 70.140¢ -96.894 84.500° -100.120
% E "7 Z %o 'f“ 4.23 +0.08 -24.147 + 0.47P -50.901 # 0.529
% Et "7 Z %o ¢ 7.29+0.55 -41.587 + 3.127 -172.191 + 3.148
B EU"?Z % & 8.71 + 0.69 -49.727 + 3.912 -77.096 + 0.156
%o:..."2 % E 7 -16.07 91.710¢ -66.338 111.560° -62.550
B E ?Z %of" 6.59 + 0.14 -37.637+ 0.789 -12.265 + 0.811
%Et’Z % 10.68 + 0.13 -60.969 + 0.753 -87.321 + 0.803
%BEU®Z %L’ 13.37 + 1.26 -76.299 + 7.213 -154.375+ 7.222  -122.009 + 0.782 -186.559 + 0.800
BEV®Z %5’ 14.09 + 0.84 -80.429 +4.777° -210.229 + 4.800

a[2003GUI/FAN]; b[1982WAG/EVA; c[1985BAR/PAR.

Table 3.7-25. Thermodynamic constants and functions for

S, Se N, and Ccompounds of Ag.

Reaction o ¢-sY sy etV e Y
kJmol -1 kJmol -1 kJmol 1 kJ mol -t
%p =E > Zt %E
-36.26 £ 0.36  206.964 + 2.063 -40.529 + 0.560 226.148 + 1.499 -30.868 + 0.170
% >E > 72t %E
-36.05+0.35 205.754 + 2.083 -39.319 + 0.480 222.968 + 1.506 -27.688 + 0.090
%p E >Z2t %E
-36.11 £ 0.33  206.100 + 1.890 -39.665 + 1.000 227.300 + 1.129 -32.020 + 1.000
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Table 3.7-25. Continued.

Reaction o ¢sY sV etV etV
kJmol -1 kJmol -1 kJmol -1 kJ mol -t

WE *Z % iff

13.92 £ 0.63 -79.473 + 3.61F 9.866 + 4.188 -71.524 £ 2.733 17.966 + 3.119
WEt Z % 2

17.68 = 0.52 -100.908 + 2.94F 0.674 £ 5.158 -94.082 + 2.230 -20.892 + 3.739
% T =Et >Zt %E ¢ Lf"4

-39.00 £ 0.27  222.587 + 1.555 -46.900 * 1.300 266.009 = 1.542 -40.129 + 1.318
% t 7.7t %E T8

-15.80£0.29 90.200 + 1.665 -298.400 + 2.440 67.860 + 0.512 -363.440 + 1.020
%ot gi.sZt %E T &

-7.86 £ 0.50 44.857 £+ 2.845 -330.150 + 3.200 30.590 + 2.789 -422.510 £ 2.120
%0 7:...;"2 %o E ;

-0.31 + 008 1.777 £ 0.437 -35.475 £ 0.085 24.969 + 0.60% -126.029 + 0.729
%o E g? 7 %o 7;?

2.69 -15.339 -466.143 -26.738 -596.178
% Et $77 % ..

2.15 -12.280 -990.984 -28.103% -1272.773
% t:.."Z %E t 7

-14.00 £ 0.51  79.900 = 2.900 133.247 £ 4.783
%EU T 7Z %%t ;%

13.85+0.30 -79.056 £ 1.713 406.193 + 11.529

a[1982WAG/EVA; b [1995ROB/HEM; ¢ [1989SPY/REH; d [20050LI/NOL]; f [1997SVE/SHQ

Table 3.7-26. Specific ion interaction coefficients for Agaqueous species.

Specific ion interaction coefficient fZ—t - P Reference

B %aZ; 0 Equivalence Z 2o Z

B %aZzsg; 0.00 + 0.01 [2003GUI/FAN]

B %a 7; -0.12 + 0.05 [2003GUI/FAN|
3.7.6. Nickel

Nickel is often associated to uranium ores.

3.7.6.1. General Data

The values selected irGamsjageret al. [2005GAM/BUG]are accepted in the databaselhe conmon master
and <« Fg:f"

species fromOlin et al.[20050LI/NOL] are directly included since they were proposed in the same framework.

species is <% The <« %5:..;" <« .8 ¢ :..." < $g8 ¢ :..;50lds, and « F &7

The specific ion interaction coefficients from the NEAECD reviews are accepted2003GUI/FAN,
2005GAM/BUG 1476 2020GRE/GAQ.

3.7.6.2. Complementary Data
3.7.6.2.1 Oxides and Hydroxides

Brown and Ekberg [2016BRO/EKB] ”*"*e 31 —St <, ,* tef"%> ‘'~ "-“NiQOH(¢W), Whichsolubility
can be written,as follows.
, EfEu>72 &Et 4 ¢a) =-(194.653+5.957) o o 25
Z ' %p- =34.10+ 1.04
) Et > 72 & Erdwg [f“Esavg ¢a) Y=-(71.989 £5.946) + «* 25

7 %o~ o= 12.61% 1.04
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a b
Figure 3.7-21. (a) Solubility of Ni in a hypothetical indifferent electrolyte at 0.1 mol kgw? (PHREEPLOT)

all phases are allowed to precipitate; (b) Pourbaix diagram of Ni in the same conditions (GWB).

3.7.6.2.2 Group 14

For scoping calculation the value for <« Zand < ;;¢ proposed in Baeyenset al.[2003BAE/BRA] are

added to the database.

Robie and Hemingway [1995ROB/HEMbroposed the functions of formation of liebenbergite ( ¢ < g;
which functions of formation are close to ¢ < golivine in Gamsjageret al.[2005GAM/BUG] and the slightly

more soluble ¢ < g ¢’<etZ
Finally, the constantvalue from Pathak and Choppin [2006PAT/CHOfor <« <«  ;7is used,
EE 1 272 « < 33 Z ‘%(=6.34 £ 0.03
i) U=-(36.189+0.144) « «* 25
which give the following Gibbs energy of formation.
¢o) J=-(1333.702+1.405) « o 25
The formation reactionrelativeto <« ;g:f isthen written as follows.
FE < 5f%2 <« < 3E 7 ‘%pUF=-3.47+ 004
¢a) Y= (19.806+0.208) « «* 2°
3.7.6.2.3 Arsenosulphide

The arsenosulphide phases of nickel are important in environmental monitoring of mining activities.
Goodgame [1997GOOgstimated the data for gersdorffite (NiAsS) postulating that¢s) = O for the following

reaction.

NiAsS + FeY FeAsS + NiS

Goodgame [1997GOODproposed ¢y) Y = -8873 « «* 25 but no ¢y*Y of 5% were proposed. h the
SOLTHERMXPT databas¢2015PAL; 2016REE/SPY, avariation of Z ‘g/qg{pi 6;between 25 and 300°Gs given for

the following reaction.
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< » Esavgy Esaiyw Eraayw s’ Z $>E , « ;Esayw’

The variation are represented inFigure 3.7-22. The variation at T < 100 °C i.e, /T >0.0027K1 could be
approximated to a straight line and teated using the Vf ei— ‘"~ f“—f—c'ed ST """ef—c'e "—e  —<
Gersdorffite could be estimated, using the same hypothesis as@oodgame [1997GOGh Table 3.7-27 using
the formation functions for <®>[2005GAM/BUQ, and from Guillaumont et al.[2003GUI/FAN]for ¢, 7 * 7

2

’and  §°. It can be noted that the obtained value fogersdorffite is lower than the data estimated by
Goodgame [1997GO0]

Figure 3.7-22. Evolution of the In K values vs. 1/T (blue circles) for the dissolution of gersdorffite (NiAsS)
in the SOLTHERMXPT database [2015PAL; 2016REE/SPY], and estimation of the formation functions by
theV fei— °7° "3Zf—ceeS<’ “"fe%F Z<of &

Table 3.7-27. Thermodynamic functions and constants estimated for gersdorffite (NiIASS ) in the
SOLTHERMXPT database [2015PAL ; 2016REE/SPY].

Reaction itV oY ¢ sU it U i ¢SV ooy
kJ mol- J molt K-1 kJ mol-t kJ mol- kJ mol- kJ mol-
Gersdorffite 675+ 129 -197.81 + 39.44 1265+ 17.5 -89.967 + 13.692 156.763 £ 40.025 -107.805+ 18.204 -22.2+3.1

The hypothesis used to estimate the formation functionand dissolution reactioncould be verified comparing

to an analytical expression, which allowsdjusting the Z ‘ %p- variations,
. #,
Z' %L #5 E #56 B

with the calculated values usingth&/ f i1 — *~~ "1 Z f —Rituresc7-23).

S . . . yXxru
L'%r s F et " skEBVBW rauxwF
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Figure 3.7-23. Evolutions of the log 10Ks of NiAsS(cr) with functions of formation from Table 3.7-27.

3.7.6.3. Additional Thermodynamic Constants and Functions for Ni

Table 3.7-28. Thermodynamic functions and const ants for hydroxide, Si, and AsScompounds of Ni

Reaction ¢sY RNZs sy etV et v
kJmol kJmol - kJ molt kJmol
< E¥YEu>Z &Et,
-194.653+5.957 34.10+1.04 -305.4 + 6.00@
< Et > Z & Erdwqg f"%Esavg
12.61+ 1.04 -71.989 £ 5.946
FE < 27 <« ¢ 3
-36.189+0.144 6.34 £ 0.03 -1333.702 £+ 1.405

EE ¢ gif%Z <« <« BZE
19.806 = 0.208 -3.47 £ 0.04

Gersdorffite
<+ Esivg Esaiyw Erdaayw§? 72 > E ; ¢ ;if“Esaw ?
1265+ 17.5 -22.16 + 307 -107.805 + 18.204 67.5+12.9 -89.967 £ 13.692
Gersdorffite
< o« EErgwg f Esivg 2 & E g+ 2E 7
-169.377 £ 17.627 29.67 + 3.8 -258.615 + 12.996
6 <g *'<oF z
s <gEV>Zt &E ¢ gf"%
-117.800+ 3.706 20.64+0.65 -1281.481+4.177 -178.300+ 3.358 -1 388.684+ 4.936

a[2016BRO/EKH; b[2006PAT/CHQ; ccalculatedfrom 7 * %p- L B:6;in [2016REE/SPY, d[1995ROB/HEM
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f
Figure 3.7-24. Pourbaix diagram using GWB of 106 mol kgw Cd in a hypothetic indifferent 0.1 mol kgw?
electrolyte solution containing 10 -4 mol kgw! S (a) and Se (b), 104 mol kgw* As (c), 103 mol kgw* C (d), at
equilibrium with quartz (SiO 2) (e), and 104 mol kgw! S and As(f); all solid phases are allowed to

precipitate .
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3.7.7. Cobalt

Cobalt can be found in some instance in mining and post mining activities. It occurs in solution as Co(ll) and

Co(lll), the latter being highly insoluble and forms spinel type ‘; gsolid. The common master species is ‘ ©.

3.7.7.1. Native Metal and Free lons

The data for redox potential for the couple Cd&)/Co(ll) is difficult to obtain [1998PLY/ZHA]. No function of
formation value was selected in any NEECD review. In the later reviewGrenthe et al. [2020GRE/GAQ]used
values from arother compilation without any discussion, which is unusualThis lead toslightly different selected
thermodynamic functions of formation[1982WAG/EVA 1998PLY/ZHA| that are reflecting the contrasting results
of electromotive force measurements i.e,-0.298 < & (V) <-0.246[1998PLY/ZHA, and references thereih

O ELY 7 i) 9=(54.4+32) « ' 25[1982WAG/EVA

7 %p- '=-9.53+0.56
E°=-0.282+0.017V

ca)V=(55.6+2.2) « «* 25[1998PLY/ZHA
7 %p- Y=-9.74+0.39

E°=-0.288+0.012V

ia)V=53.64+0.38 «* 25[2020GRE/GAQ
7 %o- Y=-9.40+0.07

E°=-0.278+0.002V

Figure 3.7-25. Comparison of the E°n(C0o>* * ... fZ..—Zf—-31 "7 T< " 1iGm— "<%ocs '

Plyasunova et al. [1998PLY/ZHA] proposed the ¢y) ;’ value from the enthalpy and entropy analyses.
Unfortunately, the authors did not provide an analysis for the Co(lll)/Co(ll) couple. This redox couple can be
estimated using the thermodynamic functions inWagmanet al.[1982WAG/EVA].

‘PEYZ ' ¢a) V=-(188.4+7.7) o 25
7 %o- Y=33.01+1.35
En=1.953+0.080V
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From here, tiree options are opened:

1. Adopting the analysis fromPlyasunovaet al.[1998PLY/ZHA] and then accepting all their analysis on

hydrolysis constants including the polynuclear species ‘g: ;”>,and ‘g: ;£ but not Co(lll);

2. Adopting the hydrolysis constants fromBrown and Ekberg [2016BRO/EKB]whichare sat on thedata
in Wagmanet al. [L982WAG/EVA], and also provide analysis on Co(lll), but do not include either

;87 or the polynuclear species

3. Adopting the choice of the later NEADECD review[2020GRE/GAQ for ‘%>, and recalculate the

functions of formation for Co(ll) hydrolysis and Co(lll).

Comparing the analyses fromPlyasunova et al. [1998PLY/ZHA], Brown and Ekberg [2016BRO/EKB] and
Grentheet al.[2020GRE/GAQ]is showing only small differences As Co(lll) is included in the latter review, the
thermodynamic functions of formaion from Wagman et al.[1982WAG/EVA] will be accepted inPRODAT Aor the
sake of consistencyData for ‘: ;8°, ‘g: ;7> and ‘g ;8 will be adapted to the thermodynamic
functions in Wagmanet al.[1982WAG/EVA].

ThevaluesforB ‘a7, B ‘%>az%,andB ‘5 & Z;are available inCiavatta [1980CIA] The valuegor

B ‘7> &7 ;are estimated from the ones forB 3> 4 ?;in Lemire et al.[2013LEM/BER, 2020LEM/PAL].

3.7.7.2. Oxo andHydroxo Compounds

The oxides and hydroxides of Co(ll) are CoO(cr) and’: ;g Different values are existing inreviews
[1982WAG/EVA 1995ROB/HEM 1998PLY/ZHA 2016BRO/EKH. The differencedor CoO(cr) between Wagman
et al.[1982WAG/EVA]and Robie and Hemingway [1995ROB/HEMé&re marginal, and the former will be included
for the sake of consitency with the choice for ‘®> (vide suprg the ¢g) Walues will nevertheless be corrected

for the slight difference in ¢y) ¥ ¢ .

The case of hydroxides is more confusinglVagman et al. [L982WAG/EVA] gave different thermodynamic
functionsfor —St 0'<ee0 feo1 0, iith tand’ & f'« Z5difference.Plyasunovaet al.[1998PLY/ZHA] reported
two different recommendations from Baes and Mesmer [1976BAE/MESind Smith and Martdl [1989SMI/MAR].
Brown and Ekberg [2016BRO/EKB]reinterpreted data from literature and proposed the thermodynamic

functions for > ‘: ;4

The phases ilWagmanet al.[1982WAG/EVA]and the estimation fromBrown and Ekberg [2016BRO/EKBhre
included in PRODATA

The hydrolysis constants and ¢5*§J estimated in Brown and Ekberg [2016BRO/EKB]are shown in

Table3.7-30. The (;U)g’and ot ;’ are recalculated in order toavoid rounding problems.

Brown and Ekberg [2016BRO/EKBlacceped the data forthe spinel ‘; g:...™ * & ‘g 7;from Robie and
Hemingway [1995ROB/HEM] The solubility equilibria,

;s g Ez 7 ' Et ‘TEV 4

7 8.2 EX 7 Zu '® Eravg%EuU g

cannot becalculated as no thermodynamic functions foeither ‘% or ‘7>

are given in Robie and Hemingway
[1995ROB/HEM] the reference statebeing Co(cr), even if the functions of formation of both * >and * "> were

present in Robieet al.[1979ROB/HEM)]. There is a28.2 « «* Z5difference between the ¢;3) Walues, and &5.52
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