AMPHOS*

Simple Functions Spreadsheet

tool:

Phosphates update and
Temperature assessment

Mireia Grivé
David Garcia
Isaac Campos
Andrés Idiart

Final Report

Lara Duro
October , 2013
Written: Revised: Validated:
David Garcia ,,/,@J:
Isaac Campos Mireia Grivé Lara Duro
Mireia Grivé
21 R-2225.2

sklass Oppen

1.0, Status Godkant, Sekretes:

5884, Version

PDF rendering: DokumentID 141



Table of contents

1. BACKGROUND AND INTRODUCTION
2. OBJECTIVES 3
3. METHODOLOGY 4
4. TASK 1: INFLUENCE OF PHOSPHATE ON THE CHEMISTRY OF RADIONUCLIDES .. 6
4.1 RANGE OF PHOSPHATE AQUEOUS CONCENTRATIONS IN GROUNDWATERS ......cveteveienrereieneenenen. 6
4.2 THERMODYNAMIC DATA SELECTION ....ceiuttiriiieiiteniieeniteeniteeniteestteenteeesitesbeeesaeesnbeeenseesnseeenseesnnes 9
4.2.1  Dissociation of PROSPROVIC ACIA .............cc.ccccuevcuiiiiiieiieiie et 9
42,2 CUCIUNM ...ttt e e et e et e e e et e e et ebeeearee s 11
2.3 TFOM et ht ettt et e e tae bt e e tteetteennaeetaeens 14
G 2.4 SEPOMETUIL. ..o ettt e e e e e e 15
2.5 RAATUM ...t ettt e et e e tbe e aaeetaeans 17
G20 INICKCL ...ttt ettt 18
G.2.7  ZIFCOMTUM ...ttt et e et e et e et e e st e e st e ensseassaeensaeesaeensseensaeenseeans 20
428 INIOBDEUML.........c.cooeeeee ettt ettt s ettt ettt ens 23
G.2.9  TOCHNEIIUML ..ottt et et e et e et e et e etbeestaeensaeesaeensaeensaeensaeans 23
4.2.10 PaIIAATUINN ...t 23
4.2.11 STIVOF ..o ettt et ettt eenbaeeabeeenneeenreas 24
4.2.12 TUT ettt ettt et s bttt ettt e b ettt eb et e 24
4.2.13 L@AU ...ttt 28
4.2.14 SCLETIUNI ...ttt ettt ettt e et et ettt 31
4.2.15 Lanthanides (S, HO) .........c.ooecueiiuieiiiieiieeee ettt ssbeesesee e 31
4.2.16 Actinides (Th, Pa, U, Np, P, A, CH) .......c.cccooviiiiiiiiieieeetet e 34
43 SIMPLE FUNCTIONS SPREADSHEET TOOL UPDATE ......ceouteniteiieiieiienirenitenieenieeieeeesieesieenieenaeene 48
4.3, 1 DON’TTOUCH SHEEL .........c.oeeeeeiieiieieieeeeeeee ettt eae e eneens 48
4.3.2  INPUT DATA SHEEL.........c.ooeeeeieieiieieseeeeeee ettt 49
4.3.3  RaAAIONUCIIACS SHEELS ...........coeeeveieieeiieeee ettt 51
4.3.4  Simple Functions Spreadsheet ValidQtion ...............cccccuevveeiiiianiieesiianieeeieesie e enve e 52
4.4 PHOSPHATES EFFECT OVER RADIONUCLIDE SOLUBILITY LIMITS ....ccoiuttiteeiiieeieeeieeeieesveeeieenns 57
5. TASK2: INFLUENCE OF TEMEPRATURE ON RADIONUCLIDE SOLUBILITY LIMITS59
5.1 APPROACHES TO DEAL WITH TEMPERATURE CORRECTIONS ......cccutiniieiieiinirenirenieenieenieeieeeesnees 59
5.2 SOLUBILITY LIMITS VARIATION WITH TEMPERATURE ........etiiiieiiieniieeieeeieeeieeeieeenieeeieeeniee s 61
I

AD

PDF rendering: DokumentID 1415884, Version 1.0, Status Godként, Sekretessklass Oppen



5.2.1  Geochemical conditions of the STUAY .................ccociiciiviioiininiiniiiiiitieeee e 61
52,2 RAGIUM ...ttt 61
5.2.3 0 NICKEL ...ttt 63
524 SEIIUI ...ttt 64
5.2.5  Lanthanides (Sm And HO) .............c.cccoooiiiiiiiiiieie ettt 66
5.2.6  Actinides (U, Np, Pu, A QRA CH) ..ot 68
6. CONCLUSIONS 76
7. REFERENCES 78
APPENDIX I: SKB GROUNDWATER COMPOSITIONS 88
APPENDIX II: ENTHALPY DATA USED IN THE CALCULATIONS 89
ii

AD

PDF rendering: DokumentID 1415884, Version 1.0, Status Godként, Sekretessklass Oppen



1. Background and Introduction

Within the framework of the SR-Can safety assessment of SKB, the team of Amphos
21 conducted the solubility assessment of some key radionuclides (the reader is
referred to Duro et al., 2006a, Duro et al.,, 2006b, Grivé et al., 2010a for more
information). One of the outcomes of these studies was the development and
implementation of an Excel© spread sheet, named Simple Functions Spreadsheet, to
easily perform simple solubility calculations, which were implemented for several
elements (Grivé et al., 2010b). The calculations included in the Excel Spreadsheet
considered only those solid phases that are likely to form under the surrounding
conditions of interest for the waste disposal for SKB and the corresponding aqueous
species accounting for, at least, 1% of the total aqueous concentration of the element

under study.

The Simple Functions Spreadsheet is a tool that calculates the solubility of
radionuclides under different conditions for a variety of groundwater compositions. It
has been especially tailored to the needs of Performance Assessment (PA) exercises.
The development of this tool was motivated by the need of having a confident and
easy-to-handle tool to calculate solubility limits in an agile and fast manner. Thus, only
a simplified set of solid phases and aqueous species considered to be the most
relevant in the environments of interest have been included. The Spreadsheet also
includes an estimation of the uncertainty of the calculated solubility that arises from the
uncertainty in the thermodynamic data used in the calculations, through an error

propagation algorithm.

As part of the review of the SR-Site Safety Assessment, SSM has requested SKB to
provide additional information about (1) the handling of phosphate in the solubility

assessment, and (2) the effect of temperature on solubility limit calculations.

It is well known that phosphate can form strong complexes with some radionuclides
(see for example Ekberg et al., 2011; Mathur, 1991; Xia et al., 2009) and thus its effect
on the solubility limit of those radionuclides may not be completely neglected. One of
the concerns within the solubility limit calculations for PA exercises is the temperature
effect (Duro et al., 2011; Ekberg et al., 1995). Although temperatures above 25°C are
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only relevant for potential early canister failures, an assessment of its effect on

radionuclide solubility is required in PA exercises.

The present document is the final report that includes the study of both, the phosphate
effects on radionuclides complexation and solubility, as well as the temperature
influence on radionuclides solubility limits. Additionally, the implementation of selected
phosphate thermodynamic data in the Simple Functions Spreadsheet tool is

documented in the present document.
The report is organized as follows:
e Chapter 2 describes the main objectives of this work,
¢ in The methodology that has been followed is presented in chapter 3,

e Chapter 4 is devoted to the discussion and thermodynamic data selection of
phosphate basic chemistry and radionuclide complexation, including a brief
review and discussion on phosphate concentrations together with some details
about the implementation of phosphate thermodynamic data in the Simple

Functions Spreadsheet tool,

e Chapter 5 deals with the effect of temperature over radionuclides solubility

limits, and

e Chapter 6 summarizes the main conclusions from this work.
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2. Objectives

The objectives of this work are twofold:

e to address the effect of phosphates on the radionuclide solubility limits

calculated with the Simple Functions Spreadsheet tool, and

e to study the effect of temperature over the following radionuclides: Ra, Se, Ni,
Sm, Ho, Am, Cm, Pu, U, and Np

To this aim, a literature review on the phosphate chemistry (i.e. hydrolysis reactions,
major elements complexation and radionuclide phosphate complexes stability) based
on the open literature data and on the specific data generated in tailored national and

international programs has been conducted.

In a second stage, the solubility limits of the selected radionuclides at temperatures
different than 25°C have been calculated by means of the simplified Van't Hoff

equation.
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3. Methodology

The work within this project has been divided in two different and independent tasks:
e Task 1 — Phosphates chemistry and its role on radionuclides solubility limits
e Task 2 — Temperature influence on radionuclide solubility limits

For the first task, a three-step approach has been followed (Figure 3-1):

1) The range of phosphate concentrations in groundwaters of interest to SKB

(Grivé et al., 2010a) have been investigated and discussed,

2) A literature research has been conducted with emphasis on the affinity of
phosphate towards the radionuclides of interest and by considering its major

elements chemistry (hydrolysis, Ca, and Fe interactions),

3) An assessment on the relevance of the complexation on the groundwater
conditions obtained in 1) has been performed in order to select a final

thermodynamic data set.

~

Literature data research }

-

[ Final Thermodynamic J

data selection

Figure 3-1. Sketch showing the methodology followed in this work.

Task 2 methodology consisted of:

1) The selection of the most appropriate approach for doing temperature

corrections,

2) The selection of enthalpy values from SKB database (Grivé et al., 2008; Duro
et al., 2006a),
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3) The definition of the main geochemical constraints for performing the

calculations, and

4) The assessment of the temperature effect on radionuclides solubilities under

the studied conditions.
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4. Task 1: Influence of phosphate on the

chemistry of radionuclides

41 Range of phosphate aqueous concentrations in

groundwaters

Phosphate concentrations in natural groundwaters have been reported by a number of
authors. In the study conducted on aqueous neptunium, Kaszuba and Runde (1999)
reported phosphate concentrations ranging from 0.01 — 0.5 ppm (107 = 5:10° M) and
rarely exceeding 1 ppm (10° M) in groundwater, surface water and seawater
conditions. The authors also reported that, in the specific case of Np (IV and V),
phosphate concentrations higher than 10™* M are required in order to compete with
carbonate and hydroxide complexation. Wanner (1996), reported phosphate
concentrations of 10°M in the reference granitic groundwater used during the Swiss
Safety Case of 1985. In an early work, Langmuir (1978) reported natural groundwaters
from the Wind River formation (USA), with phosphate aqueous concentration about 0.1
ppm (10'6 M). Yanase et al. (1995) reported Koongarra ore deposit groundwater
geochemistry with phosphate concentrations ranging between 0.03-0.09 ppm (3 - 9-10
" M) at pH of 5.7 - 6.8. Phosphate aqueous concentrations in the natural fission reactor
at Bangombé (Gabon) were reported by Stille et al. (2003) ranging from 0.02 - 0.83
ppm (2:107 = 8:10° M) at pH 4.5 — 6.0, respectively. Groundwater phosphate aqueous
concentrations have also been reported in some SKB reports (Laaksoharju et al.,
1995, 2008, 2009; Salas et al., 2010). Laaksoharju et al. (1995) chemically
characterised a Laxemar deep borehole (KLX02) groundwater, reporting phosphate
aqueous concentrations ranging from 107 to 10° M at 315m and 1420m depth,
respectively. More recently, Laaksoharju et al. (2008, 2009) and Salas et al. (2010)
reported phosphate aqueous concentrations ranging from 10° to 10”7 and from 10® to
10®M in Forsmark and Laxemar conditions. Figure 4-1 summarises the range of

phosphate aqueous concentrations reported in the above mentioned studies.
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Figure 4-1. Range of phosphate aqueous concentrations in natural waters reported in

the reviewed literature.

From these studies, the ones from Laaksoharju et al. (1995, 2008, 2009) (reported for
the Laxemar and Forsmark sites), Salas et al. (2010) (reported for Forsmark), Wanner
(1996) (reported for Swiss granitic conditions), and Kaszuba and Runde (1999) (which
report a range of concentrations valid for seawater environments) are directly linked
and applicable to the groundwater conditions of interest for SKB (see Appendix I). The
rest of studies were performed in sedimentary rock conditions.

It is noteworthy that due to the scarcity of trusted phosphate aqueous concentrations
data for most natural systems, modellers have usually assumed that the presence
major phosphate minerals, such as hydroxyapatite (Cas(PO,4);(OH)(s)), exerts the
control of phosphate concentrations (Bruno et al., 2001). Based on this assumption
and using thermodynamic data for the calcium-phosphate system as described in
section 4.2.1, the aqueous phosphate concentrations in equilibrium with hydroxyapatite
(Figure 4-2) have been calculated according to the groundwater conditions detailed in
Grivé et al. (2010a) (see Appendix I). As can be seen, the calculated phosphate

aqueous concentrations are in the range 10® to 107 M, except for the cement
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groundwater where values might decrease down to ~10" M. This range of
concentrations is lower than the values reported in the literature at different conditions
(Figure 4-2).

1.E-04

1.E-06 - Range of phosphate aqueous
. concenftrations in natural waters

1.E-08 -

[Plror (mol/L)

1.E-10 -

Figure 4-2. Phosphate aqueous concentrations calculated in equilibrium with
hydroxyapatite at different groundwater conditions (red dots, see Appendix I). Light
blue rectangle: range of experimentally determined phosphate aqueous concentrations
reported in the reviewed literature for groundwaters of SKB interest.. Dark blue
rectangles: range of experimentally determined phosphate aqueous concentrations
reported in for the Forsmark and Laxemar sites (Laaksoharju et al., 1995, 2008, 2009;
Salas et al., 2010).

Phosphate concentrations in the pore water of the buffer and backfill materials have
not been reported. However, only small amounts of accessory minerals containing
phosphate have been measured. For instance, the amount of P,O5 in MX-80 bentonite
has been measured to be 0.25 wt.% in Montes-Hernandez (2002). In turn, Vuorinen
and Snellman (1998) reported a 0.1 wt.% of phosphate in MX-80 bentonite. In other

bentonite materials such as the Kunipia-F Japanese bentonite, values smaller than
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0.01 wt.% have been reported (Nessa et al. 2008). In (Vuorinen and Snellman 1998),
the phosphate is assumed to occur at least partly as hydroxyapatite. Therefore, the
assumption of a phosphate concentration in equilibrium with hydroxyapatite, as in
(Salas et al. 2010) seems to be reasonable.

Due to the low amounts of phosphate minerals present in the near-field, it is not
expected that phosphate originating from the buffer or backfill can have impact on the
phosphate concentration in groundwater. However, more data would be needed to
confirm this statement.

In the present work, a range of phosphate concentrations between 10° M (upper
phosphate aqueous concentration reported for Laxemar and Forsmark groundwater in
Laaksoharju et al. (1995, 2008, 2009) and Salas et al. (2010)) and 10 M (the average
of lower phosphate aqueous concentration in equilibrium with hydroxyapatite at the
different groundwater conditions) has been selected. This range is expected to provide
a general picture of the role of phosphates on the solubility of different radionuclides in

the groundwater conditions of interest for SKB.

4.2 Thermodynamic data selection

The starting point for the data review and selection has been the SKB-TDB reported in
(Duro et al., 2006a and updates), although the review for the available thermodynamic
data presented in this chapter includes the open literature data and specific data
generated in tailored national and international programs, as well. Uncertainties to the
log K° errors have been set up according with the Simple Functions criteria (Grivé et
al., 2010b):

e If no error was reported in the original source, the range of variation between

different bibliographic sources was taken as the uncertainty.
o If there was only one reference without an associated error, a default value of

0.3 log units has been taken as the uncertainty in logK..
4.2.1 Dissociation of phosphoric acid

Under natural groundwater conditions, phosphorous occurs in the P(V) state as

phosphate (PO43'). There are four dissociation products of phosphoric acid (PO,
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HPO,*, H,PO, and HsPO.(aq)) dominating its chemistry in a wide pH range (Figure

4-3).

1.0 == ——= -
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.f{ H,PO,- \| ! HPO, \\ /
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k v Vol
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Figure 4-3. Diagram showing phosphoric acid dissociation products stability as a
function of pH ([Plror=1-10"M).

The selected thermodynamic data (Table 4-1) for this system is the one adopted by

NEA (Gamsjager et al., 2012), originally coming from CODATA key values (Cox et al.,

1989). H,PO, has been set up as phosphate master species and thus all reactions

have been rewritten accordingly. Data are in agreement with the ones already included
in SKB-TDB (Duro et al., 2006a and updates).

Table 4-1. Selected phosphate hydrolysis species and their corresponding log K,

values.
Species Reaction Log K°q Reference
PO,> H,PO, < 2H" + PO,> -19.56 + 0.03 Gamsjager et al. (2012)
HPO,* H,PO, « H" + HPO,* -7.21+0.02 Gamsjager et al. (2012)
H;PO4 H,PO, + H" < H3PO, 9.35+0.03 Gamsjager et al. (2012)

2]
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4.2.2 Calcium

Calcium presents high affinity to phosphate (Nriagu and Moore, 1984), as shown in
Figure 4-4. According to previous thermodynamic data compilations (i.e. Martell and
Smith, 2004), there are several datasets including Ca-P aqueous species.

For example, linl.dat database (delivered within the PhreeqC code (Parkhurst and
Appelo, 2013)) include data for three different aqueous species: Ca(H,PO,)",
Ca(HPO,)(aq), and CaPO,. These data are in good agreement with thermodynamic
data (Table 4-2) in the sit.dat (also delivered within the PhreeqC code) originally
coming from potentiometric measurements performed to determine the association
constants for the formation of those complexes (Chughtai et al., 1968). A Japanese
thermodynamic database reported in (Kitamura and Yoshida, 2010) is also in fair
agreement with that selection (Table 4-2).

A review of recent published literature data has not provided any new or additional
hints for the stability constants of these complexes, different from the ones reported by
Chughtai et al. (1968). Thus, the thermodynamic data for the calcium-phosphate

aqueous species from this reference (Table 4-3) have been retained in this work.

Table 4-2. Comparison among Ca-P aqueous species thermodynamic data included in

other databases.

Log K°q
Species Reaction
linl.dat sit.dat JAEA
Ca(H,PO,)"  Ca® +H,PO, « Ca(H,PO,)" 1.40 1.41 1.40
Ca(HPO,)(aq) Ca® +H,PO, < H" + Ca(HPO,)(aq) -4.47 -4.47 -4.48
CaPO, ca’ + H,PO, < CaPO, + 2H" -13.07 -13.10 -13.11
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Figure 4-4. Predominance diagram log [Ca] vs pH showing the stability of Ca-P

aqueous species ([Plror=1-10" M).

Concentrations of phosphate in groundwaters are in many cases likely to be controlled
by equilibrium with major Ca-bearing phases, usually hydroxyapatite (Cas(PO,);(OH))
(Duro et al., 2010). Thermodynamic data for this solid phase have been selected from
solubility data reported in Nancollas (1984), originally from McDowell et al. (1977)
(Table 4-4). Figure 4-5 shows the calculated hydroxyapatite solubility as a function of
the pH at different Ca concentrations, 10"M and 10 M, which are representative of: a)
saline groundwaters (10" M) (i.e. Laxemar and Olkiluoto most saline groundwaters),
and b) non-saline groundwater (10° M) (i.e. Laxemar groundwater, Finnsjon
groundwater, and Baltic seawater) (see appendix | for a detailed description of
groundwaters composition). With the selected range (10" M to 10° M), we ensure to
include different types of pore water, among them cement pore waters with a Ca

concentration-10? M (see appendix ).
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Table 4-3. Selected Ca-phosphate aqueous species and their corresponding log K°,q

values.
Species Reaction Log K°q Reference
Ca(H,P0,)* Ca” + H,PO, — Ca(H,PO,)" 1.41£0.3  Chughtai et al. (1968)

Ca(HPO,)(aq) Ca®* +H,PO, — H" + Ca(HPO,)(aq)  -4.47 +0.3  Chughtai et al. (1968)

CaPO, Ca®" + H,PO, « CaPO, + 2H" -13.10+0.3  Chughtai et al. (1968)
-7
Cas(PO,4);(OH)

5 3| (Hydroxyapatite)
3
E
2 9]
E
S -10 - [Ca] = 1-10*M
?
o

-11 A
2 [Ca] = 1-10"'M

-12 . .

7 9 1 13

pH

Figure 4-5. Hydroxyapatite (Cas(PQO,)3(OH)) solubility as a function of pH: a) assuming
[Ca] = 1:10° M (black line) and, b) assuming [Ca] = 110" M (red line). In both cases
[COs)ror in equilibrium with calcite (CaCOs;).

Table 4-4. Selected Ca-phosphate solids and their corresponding log K°, values.

Solid phase Reaction Log K°%q Reference

Hydroxyapatite  5oo2t . 31,P0, + H,0 « Cas(PO4)s(OH)(s)

TH -14.35+0.04 Nancollas (1984)

Cas(PO4)3(OH)
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4.2.3 Iron

Several authors reported the formation of a variety of species for the iron-phosphate
system (Wilhelmy et al., 1985). However, few of these studies reported reliable
thermodynamic data for the iron-phosphate species.

The CHEMVAL database (Falck et al., 1996) summarized thermodynamic data for four

different Fe-P aqueous species (Table 4-5).

Table 4-5. Thermodynamic data for Fe-P aqueous species in CHEMVAL database.

Species Reaction Log K°q
FeHPO4(aq) H,PO, + Fe* <« FeHPO4(aq) + H" -3.56
FeH,PO,”  H,PO4 + Fe® « FeH,PO," 2.64
FeHPO," H,PO, + Fe*" & FeHPO," + 1e + H" -10.26
FeH,PO,>  H,PO4 + Fe** « FeH,PO,* + 1e -8.76

Figure 4-6 shows the predominance diagrams obtained for the Fe-P system by using
Table 4-5 thermodynamic data. As can be seen, FeHPO,"  would be the only
phosphate species that could be relevant under oxidising conditions (Eh>0.5V) and pH
conditions (pH<6) out of the range of interest for SKB (see appendix I).

Based on those results, it is recommended to exclude the formation of Fe-P species
from the Simple Functions Spreadsheet tool. Thus, no thermodynamic data for that

system has been selected in the present work.
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Figure 4-6. Predominance diagrams Eh(V) vs pH showing the stability of Fe-P
aqueous species. Left plot [Plror=1:-10" M, right plot [Plror=1-10" M. [Fe]ror= 1-10°M
in both cases, corresponding to the higher Fe concentration reported in groundwater

compositions of SKB interest (see Appendix I).

4.2.4 Strontium

Thermodynamic data for this system are scarce. The NIST compilation of stability
constants (Martell and Smith, 2004), reported thermodynamic data for two Sr-PO,
aqueous species (Sr(HPO,)(aq) and Sr(H,PO,)") at | (lonic Strength) = 0.1M. By using
the extended Debye-Hlckel equation we have extrapolated these constants to infinite
dilution (Table 4-6).

Table 4-6. Thermodynamic data for Sr-P aqueous species in NIST database.

Species Reaction Log K°%q
Sr(HPO4)(aq)  Sr** + Hy(PO,) < H* + Sr(HPO,)(aq) -4.70
Sr(H,PO,)" Sr* + Hy(PO,) « Sr(H,PO,)* 0.83

Solid phase Reaction Log K°%q

SrHPO4(s)  Sr** +H,PO, « SrHPO,(s) + H* -0.29

Figure 4-7 shows the stability of the Sr-P species reported by NIST as a function of pH

and phosphate concentration. As can be seen, the formation of these species would
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require aqueous phosphate concentrations above ~10% M, which are far from the
upper phosphate aqueous concentrations expected in the studied system. The low
affinity of phosphate towards Sr compared to the one for Ca is in agreement with the
chemical trends of the alkaline earth elements. Down the same chemical family group
in the periodic table, with increasing atomic number, the ionic radii of the elements
increase for the same oxidation state. The heavier elements of the group have larger
radii for the same charge, thus polarize less the ligands and have lower affinity towards

ligand complexation.

o [N StH,PO,*

SrHPO, (aq)
2 | ~— A
g
=4 o4
g Sr
[o2]
o
2 6 |
-8 . ‘ ‘ -
1 3 5 7 9 11 13

pH

Figure 4-7. Predominance diagram log [PO,] vs pH showing the stability of Sr-P

aqueous species. [St]ror=1-10"*M.

Martell and Smith (2004) also reported thermodynamic data for the solid phase
Sr(HPO,)(s) (Table 4-6). The solubility of this solid phase is shown in Figure 4-8 as a
function of pH. From this figure, it can be observed that with phosphate concentrations
about 10®° M, the solubility of this solid phase is about 10° M in the pH range 7-12.
These Sr concentrations are within the range expected in natural groundwaters (from
10® to 10°M in Salas et al. (2010)). It is worth mentioning that in agreement with
Figure 4-7 results, phosphate aqueous species reported by NIST do not appear in the
underlying speciation of Sr(HPQO,)(s) shown in Figure 4-8.

Based on these results, we would recommend to include the solid phase Sr(HPO,)(s),
with thermodynamic data from Martell and Smith (2004), in the Simple Functions
Spreadsheet tool as possible Sr solubility limiting phase (Table 4-7). Additionally we

also do not recommend including Sr-PO,4 aqueous species given their low relevance.
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Figure 4-8. Sr(HPO,)(s) solubility and underlying speciation as a function of pH at a
constant phosphate concentration (10° M). [Ca]= 1:10* M and carbonate in equilibrium

with calcite.

Table 4-7. Thermodynamic data for Sr-P selected in this work.

Solid

phase Reaction Log K°q Reference

StHPO,(s) S +H,PO, <> STHPO,(s) +H'  -0.29£0.3  Martell and Smith (2004)

4.2.5 Radium

Few studies dealt with radium complexation by phosphate. As part of the alkaline earth
metal group, Ra should behave similarly to its counterparts Sr and Ca. As previously
mentioned, down the same chemical family group in the periodic table, with increasing
atomic number, the ionic radii of the elements increase for the same oxidation state.
The heavier elements of the group have larger radii for the same charge. Thus, they

polarize less the ligands and have lower affinity towards ligand complexation.
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Therefore aqueous Ra phosphate complexes formation can be neglected in the

conditions studied in the present work and no thermodynamic data are selected.

4.2.6 Nickel

As reported by the NEA team (Gamsjager et al., 2005) the formation of complexes
between phosphate and Ni(ll) ions in solution is nearly non-existing.

Gamsjager et al. (2005) selected thermodynamic data for the species NiHPO4(aq)
based on the results of several potentiometric studies. Additionally, the NEA team
reviewed and discussed the work by Ziemniak et al. (1989), which studied Ni(ll) oxide
solubilities at two different temperatures (290 K and 560 K) in phosphate media. In
agreement with Lemire (1995) arguments, Gamsjager et al. (2005) reported that the
the species Ni(OH),HPO,* may exist and its existence is in agreement with the work
from Ziemniak et al. (1989). Gamsjager et al., 2005 decided to not include the
selection of thermodynamic data for this species given the difficulties for the wide
range of ionic strength.

The NEA review on Ni thermodynamics reported the formation of several Ni phosphate
solid phases. Nevertheless, thermodynamic data are almost non-existent for these
solid phases and thus NEA did not select data for nickel phosphate solid phases.
Tardy and Vieillard (1977) studied the relationships among Gibbs free energies and
enthalpies of phosphates solid phases. The authors reported thermodynamic data for a
solid phase (Ni3(POy4)2(s)) from which a stability constant can be derived.

Figure 4-9 shows the solubility of Ni3(PO,)x(s), with thermodynamic data from Tardy
and Vieillard (1977), and the underlying Ni aqueous speciation. As can be seen, at the
highest phosphate concentrations studied in the present work (10'5 M), Ni phosphate
complexation is only relevant at high pH (>11). Solubility values of Ni3(PQO4).(s) seem to
be in the range of solubility limits reported by Grivé et al. (2010a) for a pH between 7
and 10.
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Figure 4-9. Ni3(PO,),(s) solubility and underlying Ni speciation as a function of pH at a

constant phosphate concentration (10"5 M). [Cal= 1-10™* M and carbonate in equilibrium

with calcite.

Based on these results, it is recommended to include thermodynamic data detailed in

Table 4-8 for both, the aqueous Ni phosphate species and solid phases in the Simple

Functions Spreadsheet tool.

Table 4-8. Thermodynamic data for Ni-P aqueous species and solid phases selected

in the present work.

Species

Reaction

Log K°q Reference

Ni(HPO4)(aq)

Ni(OH),HPO,*

Ni?* + Hy(PO,4) < H* + Ni(HPO,)(aq)

Ni?* + Hy(PO,4) +2H,0 « Ni(OH),HPO,*
+3H"

Gamsjager et

41604 DR

-23.24+ 0.3 Lemire (1995)

Solid phase Reaction Log K% Reference
Tardy and
Niz(PO4)a(s) 3Ni** +2H,PO, <> Nig(POy)y(s) + 4H" -10.25+0.3 Vieillard
(1977)
19
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4.2.7 Zirconium

No relevant data for the formation of aqueous Zr phosphates species have been
reported. The NEA review on Zr chemical thermodynamics (Brown et al., 2005)
selected thermodynamic data for two Zr-PO, solid phases with different crystallinity:
Zr(HPOy,)2-HoO(cr) and Zr(HPO,),(alfa).

Calorimetric measurements from different sources together with solubility
measurements in hydrochloric acid media were used by Brown et al. (2005) for
selecting thermodynamic data or Zr(HPO,),-H.O(cr). In the case of Zr(HPO,),(alfa)
solid phase, Brown et al. (2005) only used calorimetric data for selecting their
thermodynamic data.

Figure 4-10 shows the solubility of Zr(HPO,),-H,O(cr) and Zr(HPO,),(alfa) solid
phases, together with Zr underlying speciation. As can be seen, at high phosphate
concentrations (10°M) Zr(HPO,),-H,O(cr) presented low solubilities in a wide pH range
(7-13) while the more amorphous Zr(HPQO,).(alfa) is ~7-8 times more soluble. In any

case, Zr(OH)4(aq) is the main Zr species under the studied conditions.
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Figure 4-10. Solubility (black and red lines) of: a) Zr(HPO,4),-H,O(cr) (top plot), and b)
Zr(HPQ,).(alfa) (bottom plot). In both cases the aqueous speciation is completely
dominated by Zr(OH)4(aq) species (100%). Red lines calculated at [P}ror=10° M and
black lines at [Plror=10" M.

In the presence of a competing cation as Ca®”, and a complementary anionic ligand as
COs” (controlled through calcite equilibrium), it can be seen in Figure 4-11 that Zr-PO,
solid phases solubilities slightly increases at constant phosphate concentration due to

the higher affinity of Ca towards phosphate.
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Figure 4-11. Solubility (red and black solid lines): a) Zr(HPQO,).-H>O(cr) (top plot), and
b) Zr(HPO,),(alfa) (bottom plot). Red lines calculated at [Ca]=10* M and black lines at
[Ca]=0.5M. In all cases [P}ror = 10”° M and [CO;] controlled through calcite equilibrium.

Based on those results, it is recommended to select Zr(HPO,),-H,O(cr) and
Zr(HPOQO,),(alfa) solid phases with thermodynamic data from NEA (Table 4-9) for being

included in the Simple Functions Spreadsheet tool.
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Table 4-9. Zr-PO, solid phases thermodynamic data selected in this work.

Species Reaction Log K°q Reference

Zr*" + 2H,PO,” + H,0 > 2H+

Zr(HPO4)2'HO(cr) 1 Zr(HPOy4),-H20

27.08 + 3.93 Brown et al. (2005)

Zr*" + 2H,PO, > 2H+ +

Zr(HPOJ):(alfa) 7 1po,),(alfa)

32.27 +4.28 Brown et al. (2005)

4.2.8 Niobium

To the authors’ knowledge, there are no available studies from which thermodynamic
data for Nb-phosphate species and solid phases might be reasonably selected.

Therefore, no data are selected for this chemical element.

4.2.9 Technetium

Rard (1983) performed a critical review of Tc chemistry. The author reported the
existence of Tc(lll/IV)-P species, but unfortunately the nature and stoichiometry of
these complexes was unknown.

Later on, a NEA review on Tc chemical thermodynamics (Rard et al. 1999) included
additional discussions for that system. Rard and co-workers reported that there are
some indications on the formation of Tc(lll) and Tc(IV) phosphate complexes, although
no single species has been identified yet. This reflects that these type of complexes
are not very strong.

To the authors’ knowledge, and in agreement with the NEA review findings, there are
no available thermodynamic data for Tc-phosphate solid phases in the literature yet.
For these reasons, thermodynamic data for Tc complexation with phosphate have not

been selected in this work.

4.2.10 Palladium

Very few reliable data are available for aqueous and solid palladium species (Baeyens
and McKinley, 1989). In particular, there is a complete lack of data for the Pd
phosphate system. Comprehensive compilations as the NIST thermodynamic
database do not contain data for that system. Therefore, no thermodynamic data have

been selected for the Pd-phosphate chemical system.
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4.2.11 Silver

The NIST database (Martell and Smith, 2004) reported thermodynamic data for three
different Ag-PO, aqueous species from a variety of potentiometric and solubility
studies (Baldwin, 1969; Bottger, 1903; Ciavatta et al., 1996; Dash and Padhi, 1981;
Zharovski, 1951). The stability constants reported by NIST are defined at high ionic
strength (I = 3M). An estimation of these stability constants at infinite dilution has
shown that these species are not relevant in the range of phosphate concentrations
considered here. Therefore, they have not been included in the Simple Functions
Spreadsheet.

Data for the solid phase Ag;PO4(s) has been reported by Martell and Smith (2004),
originally from the solubility study by Bottger (1903), see Table 4-10.

Table 4-10. Thermodynamic data for Ag-PO, as reported in the NIST database.

Solid Reaction Log K°q Reference
phase
AgszPO4(s) 3Ag" + Hy(PO,) « 2H" + -1.98 Martell and Smith (2004) originally
AgsPO4(s) coming from Bottger (1903)

Calculations performed in this work indicate that, under the groundwater conditions
detailed in the Appendix |, AgzPO4(s) will not be a solid phase that exerts a solubility
control for this element. This is due to the formation of the stable aqueous silver-
chloride complexes, even at low chloride levels as 10™ M.

Based on these results, it is suggested not to include neither aqueous silver phosphate

species nor silver phosphate solid phases in the Simple Functions Spreadsheet tool.

4.2.12 Tin

A tin data review was recently published by the NEA (Gamsjager et al. 2012). The NEA
review does not select any species for the system Sn(ll/IV)-P due to the lack of
experimental data. Nevertheless, the NEA team recommends the use of
thermodynamic data based on the experimental work by Cilley (1968) and Ciavatta
and luliano (2000), until new results about this system are published.

Cilley (1968) performed solubility measurements of the solid SnHPO,-0.5H,0 as a

function of phosphate concentration at constant pH. However, the authors did not
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provide information on the protonation state of the coordinated ligands, making it
difficult to interpret the data.

Ciavatta and luliano (2000) investigated the formation of Sn(ll)-phosphate complexes
at different pHs in a 3 M NaCIlO, media through the use of potentiometric techniques.
The authors reported several species, although only two of them, namely SnHPO,(aq)
and SnPO,, seem relevant under the environmental conditions of interest. The NEA
team extrapolated these data to | = 0 M using the SIT approach with estimated ion
interaction coefficients. However, as the authors already mentioned, the validity of the
estimated ion interaction coefficients is uncertain due to the difficulties in distinguishing
between Sn(HPO,)(aq) and Sn(OH)H,PO4(aq) by potentiometric measurements. For
this reason, the NEA team did not select but recommended thermodynamic data for

two Sn-P species, presented in Table 4-11.

Table 4-11. Thermodynamic data for the species Sn-P recommended by Gamsjager et
al. (2012).

Species Reaction Log K°q Reference
SnHPO,(aq) Sn"? + Hao(PO,) — H + 2.29 Ciavatta and luliano (2000)
SnHPO,(aq)
SnPO, Sn*? + Hy(POy) < 2H" + SnPO, -1.56 Ciavatta and luliano (2000)

A Sn predominance diagram is presented in Figure 4-12 that considers the formation
of the Sn-P aqueous complexes, detailed in Table 4-11, at constant phosphate
concentration (the upper limit phosphate aqueous concentration considered in the
present work is 10° M). As seen in Figure 4-12 , the formation of these complexes is

not relevant under the groundwater conditions of interest to SKB (see Appendix I).
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Figure 4-12. Predominance diagram Eh(V) vs pH showing the stability of Sn-P

aqueous species ([Sn]TOT=5-10'8 M, [Plror= 1:10°M ).

Moreover, if the presence of a competing cation, as Ca2+, and a complementary

anionic ligand as COs” (controlled through calcite equilibrium) is considered, it can be

seen that Sn-phosphates species disappear from the diagram (Figure 4-13) due to the

higher complexation capacity of Ca.
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Figure 4-13.Predominance diagram Eh(V) vs pH showing the stability of Sn-P
aqueous species ([Snlror=5-10% M, [Plor= 1:10° M, [Ca*] =0.50 M, carbonate

controlled through calcite equilibrium).

The primary data reported by Cilley (1968), together with the aqueous species from

Ciavatta and luliano (2000), was used by Gamsjager and co-workers to determine the

solubility constant of the solid SnHPO,-0.5H,0 at low phosphate concentrations (0.3 to

2.5 mM), resulting in a log K = -12.21. The solubility of this solid phase as a function of

pH is shown in Figure 4-14. As can be seen, the SnHPO,4-0.5H,0 results in too high tin

aqueous concentrations, discarding the selection of this solid as a possible tin solubility

limiting phase.
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Figure 4-14. Solubility and speciation diagrams of SnHPO,-0.5H,0 ([Plror = 1:10°M).

Based on those results, it is recommended not to include neither the formation of Sn-P
aqueous species nor any Sn-P solid phase in the Simple Functions Spreadsheet tool.

Thus no thermodynamic data for that system is selected in the present work.

4213 Lead

Several Pb-phosphate species, as well as solid phases, have been reported in the
literature from solubility and potentiometric measurements (Nriagu, 1972, 1974;
Ramamoorthy and Manning, 1974; Rao et al., 1986; Zharovskii, 1951).

In the comprehensive and extensive NIST database (Martell and Smith, 2004), two
aqueous Pb phosphates, as well as two solid phases, have been selected for that
system (Table 4-12). By using data in Table 4-12, we have calculated lead speciation
in the pH range 6 - 13 at different phosphate aqueous concentrations (Figure 4-15). As
can be seen, Pb complexation by phosphate seems to be relevant at phosphate
concentrations higher than 10°M in the pH range ~4 - 9. This phosphate concentration
is two orders of magnitude higher than the upper limit of phosphates established in the
current work. Therefore, it may be concluded that Pb phosphates species will not

affect the Pb solubility limits under the conditions studied here.
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Table 4-12. Thermodynamic data for the Pb-P system as reported by Martell and
Smith (2004).

Species Reaction Log K%
Pb(HPO4)(aq)  Pb* + Hy(PO4) < H* + Pb(HPO,)(aq) -4.11
Pb(H,PO,)" Pb? + Ho(PO,) < Pb(H,PO,)" 1.50

Solid phase Reaction Log K%
Pb(HPO,)(s) Pb®* + Hy(PO,) — H" + Pb(HPO,)(s) 4.22
Pb3(PO,).(s) 3Pb* +2H,P0O, > Pbs(PO,)y(s)+ 4H* 4.41

-1
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3 | Pb(H,PO,)* .
— g _
S 4 5 |8
-3 2+ o -
o .5 Pb T | o
e, 21z
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Figure 4-15. Predominance diagram log [PO,] vs pH showing the stability of Pb-P
aqueous species. [Pblror=1-10° M.
Pb aqueous concentrations in equilibrium with the solid phases selected by NIST
(Table 4-12) are shown in Figure 4-16. From this plot, it can be deduced that, at [PO,]

=10 M (upper limit in the studied groundwaters), both solid phases can be expected

to exert solubility control for Pb in the pH range ~6 — 10. It is interesting to note again
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the non-relevance of phosphate complexation in that system, which cannot compete

with the complexation of carbonate and hydroxyl towards lead.
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Figure 4-16. Lead molality and underlying speciation as a function of pH at a constant
phosphate concentration (10° M) in equilibrium with: a) Pb(HPO,)(s) (top figure), and
b) Pbs(PO,.)x(s) (bottom figure). In both cases, [Ca] = 1-10*M and carbonate in

equilibrium with calcite.

Based on those results, it is recommended not to consider the formation of Pb-P

aqueous species in the Simple Functions Spreadsheet tool, but to include
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thermodynamic data for two solid phases (Pb(HPO,)(s) and Pb3(PQO,).(s)) from the
NIST compilation (Martell and Smith, 2004) as possible Pb solubility limiting phases
(Table 4-13).

Table 4-13. Thermodynamic data for the Pb-P system as reported by Martell and
Smith (2004).

Solid phase Reaction Log K°%q Reference

” ) . Martell and
Pb(HPO,)(s)  Pb® + Hy(PO,) <> H" + Pb(HPO,)(s)  4.22+0.5 Smith (2004)
Martell and

2+ - +
Pb3(PO,)(s) 3Pb?" +2H,P0O, <> Pb3(POy),(s)+ 4H 441+05 Smith (2004)

4.2.14 Selenium

Thermodynamic data for selenium complexation with phosphate is scarce and
uncertain. The NEA review on selenium thermodynamics (Olin et al., 2005) only
reported one study, Glass et al. (1993), dealing with selenophosphate complexes. The
author performed NMR analysis in a complex media (0.1 M Tricine + 0.02 M
Dithiothreitol + 0.06 M Mg”) to discern the protonation constants of selenophosphate
complexes. Nevertheless, Glass and co-workers did not provide information about the
performance of pH measurements nor the temperature used. For this reason, the NEA
team did not consider further this work.

In a study of selenophosphates interactions with enzymes, Kaminski et al. (1997)
reported that this kind of complexes are thermodynamically unstable in aqueous
solution and decomposes to H,PO, and HSe'".

No relevant thermodynamic data for Se-PO, solid phases have been found in the
literature.

Based on those results, it is recommended not to consider neither the formation of Se-

PO, species in the Simple Functions Spreadsheet tool nor any Se-PQO, solid phase.

4.2.15 Lanthanides (Sm, Ho)

The thermodynamic database selection by Spahiu and Bruno (1995) has been

considered for describing lanthanides complexation with phosphate. In that work the
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authors performed a detailed and concise review, including previous available
thermodynamic databases (Hatches and EQ 3/6), as well as literature data (Afonin and
Pechurova, 1987; Bingler and Byrne, 1989; Borisov et al., 1966; Byrne et al., 1991;
Jonason et al., 1985; Millero, 1992; Rai et al., 1992; Rao et al., 1970; Wood, 1990), on
REE data for being used in Performance Assessment exercises. Table 4-14 shows the
datasets recommended in Spahiu and Bruno (1995). This thermodynamic data
selection and their corresponding uncertainties are in fair agreement with data reported

in other databases, such as the sit.dat database released with the PhreeqC code.

Table 4-14. Thermodynamic data for the Ln -P system (where Ln stand for Sm and
Ho) as reported by Spahiu and Bruno (1995).

Log K°q
Species Reaction
Sm Ho
LnH,POZ  Ln®* + Hy(PO,) « LnH,PO,** 235+05  230+0.5
LnHPO," Ln® + Hy(PO4) < H' + LnHPO,* -161+05 -141+05
Ln(HPO4),  Ln* + 2H,(PO4) < 2H" + Ln(HPO,)* -502+0.5 -452+05
LnPO4(aq) Ln® + H,PO, < 2H" + LnPO,(aq) -746+05 -6.96+05
Ln(PO4),>  Ln* + 2H,PO,* & 4H" + Ln(PO,),~ -18.72+0.5 -17.82+0.5
Log K°q
Solid phase Reaction
Sm Ho

Ln(PO,)'xH,0 Ln* + H,PO,> + xH,0 o 2H" +

Ln(PO,)-xH,0 494 +£0.5 464 +£0.5

Figure 4-17 shows Ln(PO,)-xH,O (where Ln = Ho or Sm) solubility and underlying
lanthanide speciation as a function of pH obtained with data from Table 4-14. From this
figure, it can be observed that only two species, LnPO,4(aq) and Ln(PO4)23', appears to
be relevant in the pH range of groundwaters of interest to SKB (7 — 13, see Appendix
). It is also interesting to observe the low radionuclide aqueous concentration obtained
when assuming Ln(PO,)-xH,O as a solubility limiting phase for Sm and Ho, up to pH
~10. Above this pH, the tendency to hydrolyse of both elements dominates, producing

an increase of Ln(PQO4)-xH,0 solubility (Figure 4-17).
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Based on those results, it is recommended to include in the Simple Functions

Spreadsheet tool the whole set of thermodynamic data recommended by Spahiu and

Bruno (1995) for Sm and Ho complexation with phosphate (Table 4-14). Moreover, it is

also recommended to include Ln(PO,4)-xH,0 as a potential solubility limiting phase.
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Figure 4-17. Ln(PO,)-xH,O solubility and underlying Ln speciation as a function of pH

at a constant phosphate concentration (10° M). [Ca]= 1:10* M and carbonate in

equilibrium with

calcite.
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4.2.16 Actinides (Th, Pa, U, Np, Pu, Am, Cm)

4.2.16.1 Thorium

A comprehensive Th-phosphate data selection was recently performed by NEA (Rand
et al., 2009). The data selected by Rand et al. (2009) was obtained mainly from liquid-
liquid distribution and solubility studies, although also results from qualitative studies
where used for justifying their selection. Rand et al. (2009) also reported the lack of
relevant data regarding Th phosphate solid phases, being then difficult to perform a
reliable thermodynamic data selection.

For this element it is recommended to include in the Simple Functions Spreadsheet
tool the whole set of species selected by Rand et al. (2009) (Table 4-15). No
thermodynamic data is selected in the present work for the formation of Th phosphate

solid phases.

Table 4-15. Thermodynamic data for the Th -P system as reported by Rand et al.
(2009).

Species Reaction Log K®q
Th(H,PO,),>" Th* + 2H,(PO,) < Th(H,PO,),** 10.48
Th(H,PO,)* Th*" + Hy(PO,) < Th(H,PO,)** 5.59
Th(HsPO4)(Ha(PO4)*  Th* + 2H,(PO,) + H' <> Th(HsPO,)(Ha(PO4)* 9.70
Th(H3PO,)* Th*" + Hy(PO,) + H' <> Th(HsPO,)* 4.03

Figure 4-18 shows a Th predominance diagram obtained by using Rand et al. (2009)

data selection.
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Figure 4-18. Predominance diagram log [PO,4] vs pH showing the stability of Th-P

aqueous species. [Thlror=1 10 M.

Table 4-16. Thermodynamic data for the Th -P system selected in the present work.

Species Reaction Log K°q Reference
Th(H,PO,)** Th* + 2H,(PO,) © Th(H,PO,),* 1048 £ 1.6 Rf'a(gg ;g)a
Th(H,PO,)** Th™ + H(POL) < Th(H;PO,)” 559+ 1.4 Rf'i(gggg)a'
Th(H3PO4)(Ho(PO4)™ ¥::;3P54)(Hf$éigf)- v H e 970518 Rfi(gggg)a'
Th(HaPO4)* T + Ho(POL) + H o Th(HPON™ 403414 Rf'i(gggg)a'

4.2.16.2 Protactinium

Although Pa-Phosphate interactions have been reported in the literature (Brandel and
Dacheux, 2004; Le Cloarec and Cazaussus, 1978; Sergeyeva et al., 1994), no reliable

thermodynamic data are currently available for this system.
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Therefore thermodynamic data are not selected in the present work for Pa

complexation with phosphates,.
4.2.16.3 Uranium

There are two NEA reviews (Grenthe et al., 1992; Guillaumont et al., 2003) reporting
thermodynamic data for the uranium phosphate system. Guillaumont et al. (2003)
reviewed the work performed after Grenthe et al. (1992), and found few additional data
for U(VI)-phosphate complexation since 1992 (Brendler et al., 1996; Sandino and
Bruno, 1992; Scapolan et al., 1998). Moreover those new data were in fair agreement
with Grenthe et al. (1992) selection. Table 4-17 shows the set of data selected by
Guillaumont et al. (2003).

Grenthe et al. (1992) and Guillaumont et al. (2003) indicated that qualitative studies
(Baes, 1956; Louis and Bessiére, 1987) have demonstrated strong interactions
between U(IV) and phosphate. Nevertheless, no equilibrium constants can be selected
for those species/solid phases based on the available studies.

A review of recent published literature has not provided any new or additional

information.

2 36

PDF rendering: DokumentID 1415884, Version 1.0, Status Godként, Sekretessklass Oppen



Table 4-17. Thermodynamic data for the U -P system as reported by Guillaumont et al.
(2003).

Species Reaction Log K°,q
UO,(PO,) UO,> + Hy(PO,4) > 2H" + UO,(PO,) -6.33+0.6
UO,(HPO4)(aq) UO,”" + Hy(PO,) — H* + UO,(HPO,)(aq) 0.03+0.6
UO,(H,PO,)" Uo,*" + Ha(PO,) <> UO,(H,PO,)" 3.26+0.6
UO,(H3PO,)* UO,™" + Hy(PO,) <> H' + UO,(HsPO,)** 2.90+0.6
UO,(H,PO,),(aq) UO, %" + 2H,(PO4) > UO,(H,PO,)2(aq) 492+0.9
UOx(HPOL)(H3POL)" U + 2Hy(POL) + H' > UO,(H,PO,)(HsPO,)" 5.93+0.9

Solid phases Reaction Log K°q

UO,(HPO,)-4H,0(cr) UO, % + Hay(PO,) + 4H,0 — H' + 4.64 +0.6
UO,(HPO,)-4H,0(cr)

U(HPO,),-4H,0(cr) U* + 2H,(PO,) + 4H,0 « 2H" + U(HPO,),-4H,0(cr) 16.07 £ 0.9

3UO,™ + 2H,(PO,) + 4H,0 < 4H" + 10.24 + 4.0

(UO2)s(POa)4H:0(CT)  (40,)4(POL),-4H,0(cr)

Figure 4-19 shows uranium speciation obtained with data from Table 4-17. As can be
seen, phosphate concentrations about 10° M can exert an important control on
uranium aqueous chemistry in a system without competing ligands (i.e. carbonate). In
fact, as reported by Sandino and Bruno (1992), in the pH range of most natural waters,
6 - 9, UVI) will only be associated with aqueous phosphate when the total
concentration ratio [PO,4)/[CO;] is greater than 10™", which is rather difficult to encounter
in groundwaters. In any case, given the relevance of uranium species, it is suggested
to include the selection of U(VI)-phosphate species (Table 4-17) in the Simple
Functions Spreadsheet tool.

In the case of the solid phases selected in Guillaumont et al. (2003), solubility
calculations have shown that these solids presented higher solubilities than the
solubility limits already reported in Grivé et al. (2010a) for uranium. This conclusion is
in agreement with experimental results from Sandino and Bruno (1992), which

reported thermodynamic data for a more crystalline (UO,)3(PO,).-4H,O(cr) solid phase.
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Therefore, it is recommended not to consider any uranium phosphate solid phase in

the Simple Functions Spreadsheet tool.

1 UO,(H,PO,),(aq)

- ¥

-2

3 UO,PO,
Z 4 luo,H,PO,? T
= o
g'5 luo,HPO,(aq)[ UO,(OH);- o
3 -6 3
k) uo,2* 5

7 O | UO,(OH), (aq)

>
-8 1 T 1 1 T T

0 2 4 6 8 10 12 14
pH

Figure 4-19. Predominance diagram log [PO4] vs pH showing the stability of U-P
aqueous species. [U]ror=1 -10®M and Eh=0.5 V.

4.2.16.4 Neptunium

Lemire et al. (2001) reported thermodynamic data for the complexation of phosphate
with several oxidation states of Np.

In the case of Np(IV) no experimental data was found by Lemire et al. (2001). Only
estimations by Moskvin et al. (1967) based on results for the same Pu counterparts
obtained by Denotkina et al. (1960) are available. However these estimations are not
credited by Lemire and co-workers due to shortcomings with the methodology followed
by the authors, mainly because the author neglected Pu** hydrolysis.

In the other hand, Lemire et al. (2001) selected few species for Np(V) and Np(VI)
complexation with phosphate from a variety of experimental studies
(spectrophotometric, ion-exchange solvent extraction and co-precipitation studies).

Table 4-18 shows Lemire et al. (2001) data selection.
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Any Np-phosphate solid phase is discussed by Lemire et al. (2001). Guillaumont et al.
(2003) update the NEA thermodynamic data selection for Np, but no additional hints
are provided in this work regarding Np-phosphate system.

A review of recent published literature for Np (IV, V and VI) conducted within the
current work has not provided any new or additional valuable information for this

system.

Table 4-18. Thermodynamic data for the Np -P system as reported by Lemire et al.
(2001).

Species Reaction Log K°,
NpO,(HPO,)(aq) NpO,®* +H,(PO,) <> H" + NpO,(HPO,)(aq) -1.01
NpO,HPO, NpO," + Hy(PO,4) <> H* + NpO,HPO, -4.26
NpO.(HPO,),” NpO,2* + 2H,(PO,) <> 2H+ + NpO(HPO,),* 4.92
NpO;H,PO," NpO,>* + H,PO, <> NpO,H,PO," 3.32

Neptunium predominance diagrams obtained with data from Table 4-18 are shown in
Figure 4-20. As can be observed, Np complexation by phosphate is weak given that
phosphate concentrations as high as 10" M would be required in order to stabilize Np-
Phosphate species.

Based on those results, we would recommend to do not consider the formation of Np-
PO, species in the Simple Functions Spreadsheet because of their low impact on Np

chemistry in natural groundwater conditions.
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Figure 4-20. Predominance diagram Eh (V) vs pH showing the stability of Np-P
aqueous species: a) [PO4] = 10° M, and b) [PO,] =10" M. In both cases [Np]ror=1-10°
M.

4.2.16.5 Plutonium

As in the previous case, Lemire et al. (2001) and the subsequent NEA update
(Guillaumont et al. 2003), discussed Pu interactions with phosphate.

Four different Pu oxidation states (lll, IV, V, VI) are included in the Simple Functions.
Nevertheless, NEA only recommended data for two Pu oxidation states (IV and V). In
the case of Pu(lll) phosphate species, only one experimental study reported
thermodynamic data (Moskvin, 1971) but experimental shortcomings in that work does
not allow a reliable data selection. As a rough estimation, and given the relevance of
phosphates towards the trivalent lanthanides (section 4.2.15), we have estimated
Pu(lll) phosphate species thermodynamic data (Table 4-19) from ionic radii
correlations with lanthanides data in Spahiu and Bruno (1995). This approach will help

us to discern the role of phosphate over Pu(lll).
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Table 4-19. Thermodynamic data for the Pu(lll)-P system estimated in this work with
lanthanides data in Spahiu and Bruno (1995).

Species Reaction Log K%
PuH,PO,>*  Pu® + Hy(PO,4) — PuH,PO,** 2.43
PuHPO," Pu" + Hy(PO,) < H' + PUHPO," -1.86
Pu(HPO4),  Pu® + 2H,(PO,) < 2H" + Pu(HPO,)* -5.51
PuPOs(aq)  Pu® + H,PO, « 2H" + PuPOy(aq) -8.00
Pu(PO,),>  Pu® +2H,PO,> & 4H" + Pu(PO,),” -19.94

For Pu(VI) phosphate species, Lemire et al. (2001) reported inconsistencies in the
experimental results as well as in the interpretations made by the authors that dealt
with this system. So that as reported by Lemire et al. (2001) a proper thermodynamic
data selection cannot be done for the Pu(VI)-phosphate system.

Lemire et al. (2001) selected Pu(lV) phosphate species from the solubility study by
King (1949). This selection was found to be in fair agreement with the reinterpretation
of results from Denotkina et al. (1960). As cited before, Lemire et al. (2001) also
discussed thermodynamic data for Pu(V) phosphate complexation. The authors only
found one study dealing with this system (Moskvin and Poznyakov, 1979) based on
sorption-coprecipitation of Pu(V) on Fe(lll) hydroxide. Although the results by Moskvin
and Poznyakov (1979) were better than for other systems, the NEA review only
recommended but not selected this data while waiting for confirmation from other more
conventional method.

Regarding Pu — phosphate solid phases, two different solids (Pu(HPO,),(am) and
PuPOy(s)) were selected by Lemire et al. (2001) from solubility studies.
Thermodynamic selected by Lemire et al. (2001) for both solids and aqueous Pu

phosphate species is shown in Table 4-20.
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Table 4-20. Thermodynamic data for the Pu - P system as reported by Lemire et al.
(2001).

Species Reaction Log K°q
Pu(HsPO,)* Pu** + Hy(PO,) + H" & Pu(HsPO,)*" 4.54
PuO,HPO4 PuO?® + H,PO, — H" + PUO,HPO, -4.86

Solid phases Reaction Log K°q
Pu(HPO,),(am) Pu** + 2H,(PO4) « 2H" + Pu(HPO,),(am) 16.03
Pu(PO,)(s) PU%" + Hy(PO4) « 2H" + PuPO4(s) 5.04

Figure 4-21 shows PuPOy(s) solubility and its underlying speciation obtained with
thermodynamic data from Table 4-19 and Table 4-20. From these results, we can
conclude that in the pH range of the groundwaters detailed in Appendix I, even in the
presence of carbonate as a competing ligand, phosphate can strongly complex Pu.
Moreover, it can be also seen that in reducing conditions (Eh= -0.5V) PuPOQOy(s)
solubility below pH ~11 is lower than the solubility limits reported in Grivé et al. (2010a)
for Pu. Thus in reducing environments, PuPQy(s) can be considered as a possible Pu
solubility limiting phase if phosphates are included in performance assessments
calculations.

In redox conditions where Pu(lV) is favored, Pu aqueous concentrations in equilibrium
with Pu(HPO,),(am) are higher than solubility limits reported in Grivé et al. (2010a),
and thus this solid phase is not relevant for the current work.

Based on those results, we would recommend including in the Simple Functions

Spreadsheet tool the set of thermodynamic data detailed in Table 4-21.
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Figure 4-21. Pu(PQO,)(s) solubility and underlying Pu speciation as a function of pH at
a constant phosphate concentration (10° M). Eh=-0.5 (V), [Ca]= 1:10* M and

carbonate in equilibrium with calcite.

Table 4-21. Thermodynamic data for the Pu - P system selected in this work.

Species Reaction Log K°q Reference
Pu(HsPO,)"  PU*" + Hy(PO,) + H" < Pu(HsPO,)* 454+1.0 Le’z‘z'geo?; al.
PuO,HPO, PuO," + H,PO, < H* + PuO,HPO, -4.86+0.3 Le’z‘z'geo‘f; al.
PuH,PO,* P + Hy(PO4) < PuH,PO,* 243+05 This work
PUHPO," Pu** + Hy(PO,) < H + PuHPO," -1.86+0.5 This work
Pu(HPO,), PU®" + 2H,(PO,4) « 2H" + Pu(HPO,)* -5.51+0.5 This work
PuPO,(aq) Pu* + H,PO, « 2H" + PuPO,4(aq) -8.00+0.5 This work
Pu(PO,),*> Pu* + 2H,PO,> < 4H" + Pu(PO,),> -19.94 + 0.5 This work
Solid phases Reaction Log K°q Reference
Pu(PO.)(s) PU® + Ho(PO,) > 2H" + PUPO,(s) 5.04+1.1 Ler(”z'[)e()?; al.
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4.2.16.6 Americium and curium

As reported in the NEA review on Am chemical thermodynamics (Silva et al., 1995),
few reliable studies are available in the literature on americium complexation with
phosphate. The same argument is valid for Cm phosphate complexation. In the case
of Am, Silva et al. (1995) only selected Am(H,PO4)*" species and Am(PO,)(s) solid
phase from cation exchange, solubility and spectrophotometric studies. Nevertheless
the authors reported the existence of several Am phosphates species, but due to
shortcomings in the works discussed by Silva et al. (1995), the NEA team decided to
do not select additional data.

As previously we did for Pu(lll), in present work Am and Cm interactions with
phosphates has been studied through ionic radii correlations with the same
counterparts of lanthanides (Figure 4-22 and Figure 4-23) reported by Spahiu and
Bruno (1995).

0.0 ®MH,PO,?*
0000600 0060606 0N & ¢ |OMHPO,”
-5.0 - Omo O O AM(HPO,)2-
ooNoDODOoDOoDoDoO OMPO, (a0)
-10.0 - AAAAAAAANAA AN AR eMPO,),
X o
S 6000000000 0@ ©
~ -15.0
Am . 2
-20.0 - ¢ O
YRR A i Pu(lll)
-2510 T T T T
0.95 1.00 1.05 1.10 1.15 1.20

ionic radii (A)

Figure 4-22. Formation constants from Spahiu and Bruno (1995) of the phosphate
complexes for the trivalent lanthanides as a function of the ionic radii of the cations

(filled symbols). Empty symbols stand for estimated data.
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Figure 4-23. MPO,-xH,0 dissociation constant from Spahiu and Bruno (1995) for the
trivalent lanthanides as a function of the ionic radii of the cations (filled symbols).

Empty symbols stand for estimated data.

Thermodynamic data estimated by using this procedure, is in fair agreement with the
ones selected for Am by NEA (Table 4-22). Additionally, the set of thermodynamic data
recommended in the present work and their corresponding uncertainties are in fair
agreement with data reported in other databases (i.e. sit.dat database released with
the PhreeqC code).

Table 4-22. Thermodynamic data for the Am/Cm -P system estimated and selected in

this work.
Log K°%q
Species Reaction
This work  Silva et al. (1995)
AMH,POZ  Am** + Hy(PO,) « AmH,PO,*" 243 3.00
Log K%
Solid phase Reaction
Am Cm
AM(PO4)'xH,0  Am** + H,PO,* + xH,0 « 2H" + 4.96 5.93

Am(PO4)-xH,0"
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By using the estimated data we have calculated An(PQO,)-xH,O solubility as a function
of pH for both Am and Cm solid phases (Figure 4-24). As in the case of lanthanides, it
can be clearly seen that phosphates can complex those lanthanides in the pH range of
interest (~7-13, see appendix |). Moreover, the calculated solubilities are below the
range of solubility limits reported for these radionuclides in Grivé et al. (2010a); and

thus they can exert as a solubility limiting phase for those actinides.

- 1 1 1 1 1
o O 00N O O;
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14 s(aq) - Am(OH),*
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Figure 4-24. An(PO,)-xH,O solubility and underlying An speciation as a function of pH
at a constant phosphate concentration (10'5 M). [Ca]= 1-10* M and carbonate in

equilibrium with calcite.
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Based on those results, we recommend including in the Simple Functions Spreadsheet

tool the whole set of thermodynamic data detailed in Table 4-23.

Table 4-23. Thermodynamic data for the Am/Cm -P system estimated and selected in

this work. An stands for Am and Cm.

Log K°q
Species Reaction
Am Cm
AnH,POZ  An®* + Hy(PO,) < AnH,PO,* 243+0.5 243+05
AnHPO," An** + Hy(PO,) — H" + AnHPO," -1.78+0.5 -1.72+05
An(HPO,),  An® + 2H,(PO4) < 2H" + An(HPO,)* -535+05  -524+05
AnPO4aq)  An*" + H,PO, < 2H" + AnPO,(aq) -7.83+05 -7.71+05
An(PO,),>  An®* + 2H,PO,* — 4H" + An(PO,),> 1960+ 05 -19.35+0.5
Log K°q
Solid phase Reaction
Am Cm

An(PO,)'xH,0  An** + H,PO,* + xH,0 < 2H" +

An(PO4)xH20' 496 +0.5 492+0.5
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4.3 Simple Functions Spreadsheet Tool update

The aim of this section is to briefly summarize how the selected thermodynamic data
from section 4.2 has been introduced in the Simple Functions Spreadsheet tool. It
should be noticed that both versions of the spread sheet, VERSION A (designed to
calculate radionuclide solubility limits in representative groundwater compositions
supplied by the user) and VERSION B (designed for solubility assessments in a
groundwater that has interacted with Fe-corrosion products), have been successfully

updated.
4.3.1 DON’T TOUCH sheet

In this sheet, data for phosphate hydrolysis as well as calcium complexation and solid
precipitation, have been introduced (Figure 4-25 and Figure 4-26). In addition,
calculations for obtaining the Saturation Index of the solid phase hydroxyapatite
(Cas(P0O4)3(0OH)) have also been introduced.

Figure 4-25. Snapshot of the amended DON'T TOUCH sheet (VERSION A).
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INPUT PARAMETERS

IS Calcite
020

IS Ca5(PO4)30H(s )}
g

pH 7
(GBI 1.00E07| Constrains
Eh (mV) 413 pe = 599
p02(g} 9.12E 84] T-25°C
15 (molfkg) 0.008) 15502m
[HCO3] (m)* 1.93E-04]
|[S04-Z]tot (m)** 1.00E-06|
[[Cltot (m) 5.00E-03)
Caltot (m)*** 3.23E-02
[Najtot (m) 4 BOE-03
Feltot (m) 1.23E-02
I'Puat (m)
& - . ¥ reduction to methane
* gyulphate concentration, no reduction to sulphide
*+ [Caltot = [Caltot + [Mgltot
Species Reaction logk® Alogk® logk Alogh K Free Ligands M
CaOH+ Cas2 ¢+ H20 = CalHe + He -12.78 030 -12.85 030 141E13 [cO3-2) 1.25E.
FeOH+ Fes2+H20= FelHs + He -8.50 0.10 9.57 010  268E-10 [504-2] 1.82E-07|
Fe(OH)3(ag)  Fee2-0.2502(g) - 25H20 - Fe[OH)2(aq) - 2H- —4.80 1.06 487 106  1.35E-05 [cH 4.94E-03]
Fe(OH)4- Feu» 0.2502(g) » 2.5H20 = Fe(0H}4- » 3 1334 0.08 1334 0.08 1.456-14 [Ca=2] 3.22€-02]
Caicite 848 ooz 820 0.02 [Na+] 4.60E-03
HCO3- 10.33 0.02 10.19 0.02 1.54E+10 3.08E+08 K26 [Fe+2] 1.20E-02|
CaC03(aq) -2 .22 0.14 294 0.14  8.74E+02 1.22E+02 K27 [H2PO4-] 9.47E-07
CaHCO3+ Cas2 ¢ CO3-2 + He = CaHCO3e 11.44 0.09 11.15 008 142E+11 1.28E+10 K28 iterative calculation
NaCO3- Mas + CO3-2 = NaCO3- 127 0.30 113 030 1.35E+01 4.04E+00 K29
NaHCO2 Mae + C03-2 ¢ He = NaHCO3 10.08 0.30 9.87 030 7.37E+09 2.21E+09 K30
FeC03(ag) Fev2+ 0032 = FeC03(aq) 438 131 410 131 125E+04  164E=D4 K31
FeHCO3+ FesZ+ CO3-2 + He = FeHCO3 12.33 0.30 12.05 030 1.12E+12 3.35E+11 K32
Magnetite 3Fee2 « 3H20 - 0.502(g) = Fe204 « 6He 5.49 0.40 528 0.40 1.90E+05 7.59E+04 K33
Goethite Fesl + 15H200+0 2502(g) = Fel0H « 2Hs 875 0.40 368 040 478E+08 1.91E+08 K34
p02(g} 4Fe304 + BH20 + D2(g) = 2Fe00H 83.08 160 83.08 160 120E+83  1.92E+83 Kas
H304- Ha + 504-2 = HEO4- 188 025 184 025 690E+M 1.73E+01 K36
CaS04(aq) Cae2 e SO4-2= CaS04 230 0.30 20z 0.30 1.04E+02 3.12E+01 K38
NaS04- Tlae + 504-2 = MaS04- 0.70 0.30 0.56 030 382E:00 1.09E+00 K40
FeHS04+ Fesl+ 504-2 + He = FeHE04, 307 030 279 030 6.14E+02 1.84E+02 K41
FeS04(aq) FevZ+ 5042 - FeS04(aq) 225 0.05 197 005 9.28E+01  4G4E=00 Kaz
FeCl+ Fe2es Ch= FeCle 014 023 0.00 023 99301 2.29E-01 K45
Ca(HZ2P04 )+ Cas2 + HZPO4- = Ca[HZPO4). 4 03 127 030 K47
CaHPD4(aq)  Gasd+HZFOA- = He » CaHP DA 4 030 461 030 K48
CaP04- Cae2 « H2PD4- = 2H- « C2PO4- -13.10 0. -13.17 030 K49
PO4-3 HZFO4- = 2H++ PO4-3 -19.56 0.03 -19.21 0.03 K51
HPO4-2 HZFD4- = He s HPO#-2 -7.21 0.02 -7.07 0.02 K52
H3PD4 H2PO4- « He = H3PO4 214 0.03 207 0.03 K53
CaS(POL)ZOH(E Slas + BAICFH- + HAT 2 THe + EBIE0H ) -1435 004 -1481 004

Figure 4-26. Snapshot of the amended DON'T TOUCH sheet (VERSION B).

4.3.2 INPUT DATA sheet

The INPUT DATA sheet has been modified in two ways (Figure 4-27 and Figure 4-28).
First, a cell has been added in the block “GW composition”, where the user has to
indicate groundwater phosphate concentration. Additionally, as already implemented
(CaCoOg),

oversaturated, a warning alert will inform that this solid phase is oversaturated (Figure

for calcite

4-27 and Figure 4-28).

if hydroxyapatite (Cas(PQO,4)3(OH)) solid phase becomes

‘AD
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Figure 4-27. Snapshot of the amended INPUT DATA sheet (VERSION A).

FILL THE ELUE CELLS, GW COMPOSITION

1 ite | itel i

WARHNING for Ca+2!!! Ca5(P04)30H(s) is oversaturated. check whether you allow a 51 (Ca5(P04)30H(s)

[InPUT DATA
pH 7]
Eh (mV) 413
1 (molikg) 0.008]
|IHCO3—] (m)* 3.00E-03
[S04-2]tot (m)™ 1 00E-0§]
[[Chtot (m) 5_00E-03
[[Ca]tot (m) 3 26E-0;
|_[Na]tm (m) 4.60E-0
[Fe]tot (m) 1.50E-0
Pltot (m 1.00E-0

n equilibrium with goethite/magnetite

cite equilibrium, no reduction to methane

** sulphate concentration, no reduction to sulphide

CONSTRAINTS

T=25C
1< 0.2m

8.54]

Figure 4-28. Snapshot of the amended INPUT DATA sheet (VERSION B).
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4.3.3 Radionuclides sheets

Thermodynamic data selected in section 4.2 of this report have been already
implemented in both versions of the Simple Functions Spreadsheet tool. As an

example, two radionuclide sheets (uranium and zirconium) are presented below.

Figure 4-29 shows the modified uranium data sheet, where six new uranium
phosphates aqueous species have been added. Uncertainties have also been

accordingly calculated (Grivé et al., 2010b).

Figure 4-29. Snapshot of the amended uranium data sheet.

Figure 4-30 shows the modified zirconium data sheet including the two solid phases
selected in this work. Additionally, the two new boxes on the left side of Figure 4-30

that accounts for the calculation of Zr phosphates solubility limits are shown.
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Figure 4-30. Snapshot of the amended zirconium datasheet.

4.3.4 Simple Functions Spreadsheet Validation

In order to verify the implementation of the modifications in the Simple Functions
Spreadsheet tool, solubility limits as well as Saturation Index calculated with the tool
have been compared with results obtained for the same calculations performed with
the geochemical code PhreeqC (Parkhurst and Appelo, 2013). Results of the
comparison are shown in Figure 4-31, Figure 4-32, Figure 4-33, and Figure 4-34. The
good agreement between the results obtained using the Simple Functions spreadsheet

tool and the more sophisticated PhreeqC code is remarkable.
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Figure 4-31. Comparison between hydroxyapatite (Cas(PO,4);(OH)) Saturation Index

calculated with the Simple Functions (green dots) and PhreeqC (yellow bar) at two

different phosphate aqueous concentrations (10° and 10°M) for Forsmark (left) and

Gidea (right) conditions.
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Figure 4-32. Comparison between Ho,(CO3)(c) solubility limits calculated with the
Simple Functions (green dots) and PhreeqC (yellow bar) at different phosphate
aqueous concentrations (ranging from 0 to 10° M) for Forsmark (up) and Gidea

(bottom) conditions.
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Figure 4-33. Comparison between UO,-2H,0O(am) solubility limits calculated with the
Simple Functions (green dots) and PhreeqC (yellow bar) at different phosphate
aqueous concentrations (ranging from 0 to 10 M) for Forsmark (up) and Gidea

(bottom) conditions.
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Figure 4-34. Comparison between Sm(PO,)-H,O(s), Ho(PQO,)-H,O(s), Pb(HPO,)(s),
PbsPO4(s), Am(PO,4)-xH,O, Cm(PO,)-xH,O, ThO,2H,O(am), Zr(HPO,),(alfa) and
Pu(PO,)(s) solubility limits calculated with the Simple Functions (red dots) and
PhreeqC (blue bar) at different phosphate aqueous concentrations (ranging from 0 to
10° M) for Forsmark (up) and Gidea (bottom) conditions. Note that for Gidea
groundwater conditions (see Appendix ), the solid phases Pb(HPO,)(s) and
Zr(HPQO,),(alfa) have not been included in the plot. This is because they cannot exert a

solubility control over Pb and Zr aqueous concentrations under these conditions.
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4.4 Phosphates effect over radionuclide solubility limits

From the information presented in the previous sections, it can be concluded that
phosphates aqueous complexation will affect only slightly most of the radionuclide
aqueous chemistry. Nevertheless, it has been shown that phosphate bearing phases
could exert a solubility control over some radionuclides, namely the trivalent
lanthanides and actinides under certain conditions (i.e. [P]TOT>1O'5M, near-neutral pH).

Figure 4-35 shows the solubility of An-Ln(lll) phosphate bearing phases as a function
of phosphate aqueous concentration. As expected, it is observed that phosphate
bearing phases can exert radionuclide solubility control even at very low phosphate
aqueous concentration. Therefore the consideration of phosphates in solubility limit
calculations, from a PA perspective, will lead to a non-conservative scenario (i.e. lower

solubilities).

.6_

- [Dlog [Sm] (M)
1| miog [Ho] (M)
bl [ |Olog [Pu] (M)
:_ mlog [Am] (M)
[ [ | @log [Cm] (M)
p

g

7 7 7 7
.6:0 .Qo .6:0 .6:0
(- > (4 9
[Plror (M)

Figure 4-35. Solubility of An-Ln(lll) phosphates (SmPQO4 H,O, HoPO,-H,O, PuPQ,,
AmPO,4-xH,0, CmPO,4xH,0) as a function of phosphate aqueous concentration in

Forsmark conditions.

On the other hand, Figure 4-36 shows the solubility of three different carbonate
bearing phases of Ho, Am, and Cm as a function of phosphate aqueous concentration.
The results presented in this figure illustrate that radionuclide-phosphate complexation

appears to be not very relevant at phosphate concentrations higher than 10"° M, which
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is the maximum expected phosphate aqueous concentration in natural groundwaters
(see section 4.1). Therefore, it can be concluded that in the range of phosphate
aqueous concentrations expected in natural groundwaters, phosphates will not affect

the aqueous chemistry of the radionuclides studied in the present work to a significant

extent.
mlog [Ho] (M)
3.5E-06 mlog [Am] (M)
[ Elog [Cm] (M)
3.0E-06 |
€ 25606 |
‘? .
5 i
3 2.0E-06 |
2]
1.5E-06 |
1.0E-06 |

[Plror (M)

Figure 4-36. Solubility of Ho,(CO3)s(s), Amy(CO3)5(s), and Cmy(CO3)5(s) as a function

of phosphate aqueous concentration for Forsmark conditions.
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5. Task 2: Influence of temperature on

radionuclide solubility limits

5.1 Approaches to deal with temperature corrections

The evaluation of equations classically used to account for temperature variations in
thermodynamic databases (r. 1 and r. 2) require the knowledge of the temperature

dependence of heat capacities (C,°).

T T P

Grp—Grp ==Srp (T—T)+ fC,grdT — fc;rdlnT + fv°dp 1
T, T, P,

KT,P = e_AGTO/RT r. 2

In the absence of experimental information on the temperature and/or pressure
dependence of the standard heat capacities (C,°) and volumes (V°), and when
changes in temperature (few tens of degrees Celsius) and pressure are not very
important, the Van’t Hoff equation (r. 3) may be used to calculate equilibrium constants
(log K) as a function of the temperature. In this approximation, it is assumed that the

standard molar enthalpy of reaction does not vary with temperature.

AH; (1 1
anTZIHKTr_T(T_T_) r.3
T

The performance of the Van't Hoff equation over the temperature range of interest for
this work (see below) can be evaluated by making comparisons between log K values
computed using the Van't Hoff approximation for reactions involving solid and aqueous

species of major elements and radionuclides (including redox reactions), and either

v log K values estimated using the constant heat capacity approximation,
v' or log K values calculated by taking into account the temperature
dependence of heat capacities.
This information, although typically scarce, can be used as a direct evaluation of the
validity of the Van't Hoff equation to correctly explanation of solubility measurements
reported in the literature for radionuclide-bearing solids using equilibrium constants

generated with the Van't Hoff equation.
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In the present work, the stability constants already implemented in the Simple
Functions Spreadsheet tool at 25°C have been corrected by using the Van't Hoff
equation to 0, 15, 40, 70, and 90°C, which are the temperatures of interest for SKB
(see Duro et al., 2006b for further information). The use of the Van’t Hoff equation
outside of this temperature range is not recommended given the freezing and the

evaporation processes of water.

The necessary AH; data have been obtained from the latest release of the SKB
database (Grivé et al., 2008; Duro et al., 2006a). For a detailed description of the used
enthalpy data and their corresponding references the reader is referred to Appendix Il

of this report.
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5.2 Solubility limits variation with temperature

5.2.1 Geochemical conditions of the study

As mentioned above, a temperature range from 0 to 90°C has been used in the
present study. Additionally, the following constraints have been imposed in the
calculations:
e Two pHs, 7 and 11, have been used;
e For redox sensitive radionuclide calculations, magnetite/goethite equilibrium
has been assumed;
e Ca concentration is given by calcite equilibrium, while free carbonate has been
varied between 102 and 10™ M:
e Sulphate concentrations are those from Forsmark (see Appendix |);
o Neither sulphide nor phosphate have been considered in the calculations; and
e The potential competition/interaction between radionuclides has not been

accounted for.

5.2.2 Radium

As reported in Grivé et al. (2010b), radium sulphate (RaSO,) is the expected solubility
limiting phase for this radionuclide under Forsmark groundwater conditions. The
evolution of RaSOy(cr) solubility with temperature is presented in Figure 5-1 at two
different pH values (7 and 11) and at two different carbonate concentrations in

equilibrium with calcite.
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Figure 5-1. RaSOy(cr) solubility evolution with temperature at two different pHs and
two different concentrations of total carbonate. Ca concentration controlled through

calcite equilibrium.

It can be observed in Figure 5-1 that, under the geochemical conditions of the present
study, RaSOy(cr) solubility is slightly affected (less than one order of magnitude of
difference) by both pH and carbonate concentration changes. It is also shown that the
increase of temperature from 0 to 90°C produces a solubility increase of about two
orders of magnitude. This observation is in agreement with Grivé et al. (2010b) results,
which concluded that calculations at 25°C might differ up to 2 log units from the

expected solubilities in the studied range. It should be mentioned that for this

d ,
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radionuclide, the complete set of enthalpy values for both the aqueous and the solids
was available.

In all cases, RaSO,(aq) species controlled the aqueous speciation of this radionuclide,
being RaCO;(aq) only relevant at the highest carbonate aqueous concentration and at
pH 11.

5.2.3 Nickel

Under the geochemical conditions studied in the present work, nickel hydroxide
(Ni(OH)y(s)) is the expected solubility limiting phase for Ni.

The evolution of Ni(OH),(s) solubility with temperature is presented in Figure 5-2 at two
different pH values, 7 and 11, and at two different carbonate concentrations.

As can be observed in Figure 5-2, Ni(OH).(s) solubility is not influenced by the amount
of carbonate in the system. On the other hand, Figure 5-2 also shows the important
role that pH exerts over the solubility of this solid phase: higher pH values decrease
the Ni(OH),(s) solubility.

The effects of temperature changes on the solubility of this radionuclide vary with pH
due to the different chemical speciation of Ni. At near neutral pH (pH~7), Ni** governs
the aqueous chemistry of this radionuclide in the whole range of temperatures studied.
As reported in Grivé et al. (2010b), the main reaction in the system would be then
Ni(OH)x(s) + 2H" = Ni** + 2H,0, which presents an exothermic character that produces
the decrease of Ni(OH),(s) solubility with temperature. At higher pH (pH~11), the
chemical speciation of Ni is controlled by Ni(OH),(aq) and Ni(OH);  species. The
endothermic character of those species reactions produces the slight increase
observed in Ni(OH)x(s) solubility with temperature (Figure 5-2). It is noted that, as in
the case of Ra, the complete set of enthalpy values for both the aqueous species and

the solid phases was available for this radionuclide.
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Figure 5-2. Ni(OH),(s) solubility evolution with temperature at two different pHs and

two different concentrations of carbonate. Ca controlled through calcite equilibrium.

5.2.4 Selenium

Selenium, is a redox sensitive radionuclide that will be highly affected by both the Eh
and the Fe concentration of the system, as well as temperature.

Under the geochemical conditions of the present work, FeSex(s) is the expected
solubility limiting phase for this radionuclide. The evolution of FeSe,(s) solubility with
temperature is shown in Figure 5-3 at pH 7 and 11. The redox conditions of the

system, as well as the iron aqueous concentration, are controlled through

? o
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goethite/magnetite equilibrium. In turn, this produces a reducing environment that
favours the formation of this solid phase in front of, for example, Se(s).

As can be seen in Figure 5-3, the solubility of FeSe,(s) is highly dependent on the
system conditions. At pH=7, the goethite/magnetite equilibrium produces Eh and
aqueous iron concentrations around -410 mV and 107 M, respectively; while at pH=11
the values are of -650 mV and 10® M. In all cases, the main Se agueous species is
HSe’, independently of both the pH and Eh of the system (within the studied range).
Based on the main reaction of the system (FeSe,(s) +2H" + 2e” = 2HSe™ + Fe2+), it can
be concluded that the solubility increase observed from pH 7 to 11 is produced by the
increase in pH: the higher the pH, the higher the solubility. A higher increase of
solubility with temperature is observed for pH=11 compared with the results at pH=7.
This is probably related to the different aqueous iron concentration fixed by the
goethite/magnetite equilibrium in each case.

The increase of solubility with temperature is related with the fact that the main

reaction (FeSe,(s) +2H" + 2e” = 2HSe” + Fe?") in the system is endothermic.

2 mO0°C =Z15°C O25°C
Se 040°C m70°C m90°C

0 -

-2 -

-4 -

log Solubility (mol dm™)

-8 -

-10 I
pH=7 pH =11

Figure 5-3. FeSe,(s) solubility evolution with temperature at two different pHs values,

7 and 11. Ca controlled through calcite equilibrium; Goethite/Magnetite equilibrium

controls both Fe and Eh of the system.
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5.2.5 Lanthanides (Sm and Ho)

Carbonate bearing phases, SmOHCO;(s) and Ho,(COs3)s(s), are the expected solubility
limiting phases of Sm and Ho under the geochemical conditions studied here.

The solubility of both solids is shown in Figure 5-4 as a function of temperature and
carbonate aqueous concentration at two different pHs. As can be observed, the trends
of both solid phases are nearly equal. pH and aqueous carbonate variations slightly
affect the solubility of those solid phases in the studied temperature range. On the
other hand, the increase of temperature produces an increase in the solubility of both
solid phases.

In the case of Sm, at neutral pH and temperatures below 25°C, SmCO;" and
Sm(CO3), control the aqueous chemistry of this radionuclide with a small contribution
by SmSO,". When increasing the temperature above 25°C SmSO," is negligible being
SmCO;" the most relevant Sm aqueous species. It should be considered here that
there are no enthalpy data available for SmCO;*, Sm(CQOs), and the solid phase
SMOHCO4(s) (data available only for SmSQ,"). It is thus clear that the change in Sm
speciation justifies the increases observed with increasing temperature. At low
temperatures, the presence of SmSQO," in the results justifies the slight increase of
solubility from 0 to 25°C. On the other hand, the inexistency of enthalpy data for Sm
aqueous carbonates explains the increases observed in the solubility. At pH=11, the
reasoning behind Sm behaviour is nearly the same, the sole difference being that
instead of SmSQ,", the hydrolysed species Sm(OH)s(aq) appears to be relatively more

relevant at low temperatures.
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Figure 5-4. SmOHCOg(s) (left plots) and Ho,(COs)s(s) (right plots) solubility evolution
with temperature at two different pHs and two different concentrations of carbonate.

Ca concentration controlled through calcite equilibrium.

It must be pointed out that, as for Sm, Ho aqueous carbonate species enthalpy data
are not available. In addition, solid phase enthalpy is also not available. Only data for
HoSO," have been considered in the calculations. Therefore, Ho aqueous chemistry
behaves equal to Sm and so does their trends in solubility, as expected.

As a final remark, it is worth mentioning that the increase of SmOHCO;(s) and
Ho,(CO3)5(s) solubility with temperature should be considered with caution given the
scarcity of data for those solid phases. In addition, it is expected a transformation of
the solid when increasing the temperature, which would favour a more crystalline
phase, so that the calculated solubilities at higher T would presumably decrease.
Giffaut and co-workers (Giffaut, 1994; Vercouter et al.,, 2005) studied Am(lIl)-
carbonate systems with temperature and identified solid phase transformations when
increasing the temperature, with a consequent decrease of the solubility.

At higher temperatures crystalline phases would prevail over amorphous phases and
thus the expected radionuclide solubilities will be presumably lower than those

calculated in Figure 5-4.
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5.2.6 Actinides (U, Np, Pu, Am and Cm)

5.2.6.1 Uranium

Under the redox reducing conditions studied in the present work (i.e.
goethite/magnetite equilibrium) uranium is mainly present as U(IV), and UO,(am,hyd)
is the solid phase expected to exert a solubility control over this radionuclide. The
evolution of UO,(am,hyd) solubility as a function of temperature is shown in Figure 5-5.
As can be seen, under the geochemical conditions considered in the present study,
neither the pH nor the carbonate concentration affect the solubility of UO,(am,hyd) to a
significant extent. However, temperature changes in the range 0-90°C may produce
solubility variations of more than 5 log units. It is worth to mention that under the whole
set of studied conditions, U(OH)4(aq) is the main uranium aqueous species formed.
Regarding the availability of enthalpy data, there are enthalpy data available for the
formation of U(OH),(aq), but not for the selected solid phase.

Thus, the important increase of UO,(am,hyd) solubility as temperature increases
should be considered with caution given the scarcity of data for the studied solid
phase. In fact, as reported by Goodwin (1982), UO,(am,hyd) solubility is only slightly
dependent on temperature at reducing and near neutral conditions (~0.5 log units).
Experimental data at higher temperatures than 25°C (Parks and Pohl, 1988; Rai et al.,
2003) have shown almost no increase in solubility with temperature. Thus, the results
obtained for uranium are a clear example of erroneous solubility predictions due to the

incompleteness of the used dataset.
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Figure 5-5. UO,(am,hyd) solubility evolution with temperature at two different pHs and
two different concentrations of carbonate. Ca concentration controlled through calcite

equilibrium. Goethite/Magnetite equilibrium controls both Fe and Eh of the system.

5.2.6.2 Neptunium

As for uranium, the highly reducing conditions of the studied systems forces Np to be
in +4 oxidation state. Under such conditions, the predicted solubility limiting phase is
NpO,-xH,O(am). The solubility of this solid phase as a function of temperature is

shown in Figure 5-6.
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At the lowest pH studied here, the lowest NpO,-H,O(am) solubility is obtained at 25°C.
Below and above 25°C, the solubility of this solid phase increases due to the different
chemical speciation of Np. At 25°C and above, Np(OH)s(aq) (for which enthalpy data
are available) is the main Np aqueous species in solution. When decreasing the
temperature, NpCO3(OH); species (for which there are not enthalpy data) governs the
aqueous chemistry of Np. It must be pointed out that NpO,-H,O(am) enthalpy is
available and has been considered in the calculations. Therefore, at 25°C and above
the main reaction occurring has an endothermic character that justifies the increase of
solubility with temperature. On the other hand, below 25°C, where the main reaction
changes involves an aqueous species for which enthalpy data are not available, the
trend of the results changed: the solubility of NpO,-H,O(am) increases as temperature
increases.

At pH 11, the same arguments used for explaining NpO,-H,O(am) solubility at pH 7
are valid for calculations with the highest carbonate content in solution. The only
difference is that, instead of NpCO3(OH)s species, Np(OH)4(COs)* species is the one
controlling the aqueous chemistry of Np below 25°C. When dealing with low carbonate
concentrations at pH 11, Np-carbonate aqueous species are not relevant anymore,
and only Np(OH)s(aq) appears to control the aqueous chemistry of Np. That change
justifies the increase of solubility when increasing the temperature at pH 11 and low

amount of carbonate in the system (Figure 5-6).
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Figure 5-6. NpO,-H,O(am) solubility evolution with temperature at two different pHs
and two different concentrations of carbonate. Ca concentration controlled through
calcite equilibrium. Goethite/Magnetite equilibrium controls both Fe and Eh of the

system.
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5.2.6.3 Plutonium

According to the Simple Functions Spreadsheet tool calculations, in the geochemical
conditions framed in that work:

o at pH=7, PuCO3(OH)(s) is the expected solid governing the solubility of Pu.
Thermodynamic data for this solid phase come from correlations with
An(lI1)/Ln(Ill) counterparts (Duro et al., 2006a);

e at pH=11, Pu(OH),(s) is the solid exerting a solubility control for Pu.

The evolution of PUCO3;(OH)(s) and Pu(OH),(s) solubility as a function of temperature
at two different pHs and two different carbonate aqueous concentrations is shown in
Figure 5-7.

At pH 7 and 25°C the species PuCOs;" controls the aqueous chemistry of Pu with a
small contribution by PuSO,". Below that temperature, PuSO," becomes the main
aqueous species of Pu. Enthalpy data for those species are available and have been
considered in the calculations. Nevertheless there are not available enthalpy data for
both solid phases, PuCO3(OH)(s) and Pu(OH),(s). It is thus clear that the increase
observed in their solubilities above 25°C is directly related with the change of
speciation. Notice that the reaction involving PuCOs;" has a higher endothermic
character than that with PuSO,". The results presented here at high temperature
should be taken with caution, given the lack of both, enthalpy data for the studied
system and thermodynamic stabilities for PuCO3(OH)(s). As explained in section 5.2.5,
in this type of systems it is expected a transformation of the solid when increasing the
temperature, prevailing the crystalline ones over the more hydrated solid phases, so
that the calculated solubilities at higher T would presumably be lower.

At pH 11 and 25°C, Pu(OH)s(aq) is the main Pu aqueous species at the lowest
carbonate aqueous concentration while at high carbonate concentrations, Pu(COs)s>
becomes the most relevant species. When increasing the temperature above 25°C,
Pu(OH);(aq) becomes the main Pu aqueous species independently of the carbonate
aqueous concentration in the system. Contrary to that, when decreasing the
temperature Pu(COs);> becomes the most relevant species at the highest carbonate
concentrations. Given that there are not enthalpy data for the species Pu(CO;)s” it is
then obvious that the slight temperature dependency observed in the plots at pH=11
and [CO5”1=10M (Figure 5-7) is related with the lack of data for this species. Besides
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this lack of data, it should be mentioned that Pu(OH)s(aq) enthalpy data are available
and have been taken into account. The increase of solubility observed when
Pu(OH);(aq) is the main aqueous species is due to the endothermic character of the

main reaction occurring in the system.
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Figure 5-7. PUCO3(OH)(s) and Pu(OH),(s) solubility evolution with temperature at two
different pHs and two different concentrations of carbonate. Ca controlled through
calcite equilibrium Goethite/Magnetite equilibrium controls both Fe and Eh of the

system.

5.2.6.4 Americium and Curium

The actinides Am and Cm are expected to have a proxy behaviour due to their
chemical similarities. Under the conditions of the present study, and according to the
Simple Functions Spreadsheet tool, two solid phases (a carbonate bearing phase,
Any(CO3)s(s), and a hydroxide solid phase, An(OH)s(s)) are expected to be their
solubility limiting phases depending on the system pH. At the lowest pH considered
(pH=7) the carbonated phase will govern the solubility of both radionuclides while at

pH=11 the hydroxide phase will control it.
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Figure 5-8 shows the evolution of both the carbonated and the hydroxide Am/Cm

solids solubilities as a function of temperature.
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Figure 5-8. Am,(CO3);(s)/Am(OH);(s) (left plots) and Cmy(CO3)3(s)/Cm(OH);(s) (right
plots) solubility evolution with temperature at two different pHs and two different

concentrations of carbonate. Ca concentration controlled through calcite equilibrium.

As can be observed, although the trends for both radionuclides were expected to be
similar, the obtained results differ significantly. The differences observed are due to the
lack of thermodynamic data in SKB database for the aqueous species and the solid
phases. Thus, no temperature corrections have been applied for Cm in the current
calculations.

The behaviour of Am can be explained taking into account its aqueous speciation and
the availability of enthalpy data. At pH=7 and 25°C (and above) AmCOQ;" (for which
enthalpy data are available) governs the aqueous chemistry of this radionuclide at any
carbonate aqueous concentration. The endothermic character of the main reaction
occurring explains the observed increase of solubility from 25 to 90°C. Below 25°C,
Am(COs3), species becomes the main Am aqueous species. However, as there are no
associated enthalpy for this species, the predicted solubility does not dramatically differ

from that calculated at 25°C.
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The same occurs at pH=11, although instead of AmCO3", in this case Am(OH)s(aq)
(for which enthalpy data are available) governs the aqueous chemistry of this
radionuclide. The different trend observed below 25°C when assuming the lowest and
highest carbonate aqueous concentrations is due to the role of Am(CQO;), species. At
the highest carbonate concentration, Am(CO;), species is the main Am species
controlling the aqueous chemistry of this radionuclide, while at the lowest carbonate
concentration the main species is Am(OH)s(aq). As already mentioned, the lack of
enthalpy data for Am(CO3;), species predicted solubilities below 25°C nearly equals to
that calculated at 25°C.
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6. Conclusions

A review of the existing thermodynamic data for phosphate complexation with

radionuclides has been conducted and presented in this report. Based on this, a

selection of thermodynamic data for assessing the impact of phosphate over the
solubility limits of selected radionuclides (Sr, Ra, Ni, Zr, Nb, Tc, Pd, Ag, Sn, Pb, Se,
Sm, Ho, Th, Pa, U, Np, Pu, Am and Cm) has been done. Phosphate basic hydrolysis

species, as well as complexation with major cations (Fe and Ca), have been studied.

Moreover, the effect that temperature variation may have on radionuclide solubilities

has been addressed.

From the detailed analyses presented in this report, we can conclude that:

Under the groundwater conditions for which the Simple Functions Spreadsheet
tool is valid (Appendix 1), phosphate complexation has no relevant effect on the
solubility of Fe, Ra, Nb, Tc, Pd, Ag, Sn, Se, Pa, and Np.

For some specific radionuclides (Sr, Zr, and Pb), although the aqueous
phosphate complexation appears to be negligible under the conditions studied
here, the role of their phosphate bearing solid phases as possible solubility
limiting phases cannot be completely ruled out at this stage.

In the case of Ca, Ni, Sm, Ho, Th, U, Pu, Am, and Cm, it has been shown that
phosphates can exert an important control over their solubility and over their
speciation scheme.

The consideration of phosphates in solubility limit calculations, from a
Performance Assessment perspective, will lead to a non-conservative scenario.
In the range of temperatures studied in the present work, from 0 to 90°C,
radionuclide solubilities might differ up to 2 log units from that at 25°C. An
exception is U, which due to a lack of enthalpy data presents differences of up
to 5 log units.

For specific radionuclides as Ni, due to its chemical peculiarities (main system
reaction is exothermic) solubility decreases when increasing temperature at
neutral pH. At high pH, this tendency changes due to a change in their
chemical speciation.

In some cases (as for example for Sm, Ho, Pu, or Am) the lack of enthalpy data

for some aqueous species lead to large variations in calculated solubilities.
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e The total lack of enthalpy data for Cm does not allow a proper solubility limit
estimation with temperature.
e The degree of confidence of solubility changes with temperature is subject to

the availability of enthalpy data.

As a final remark, it is worth mentioning that the implementation of the whole set of
phosphate selected thermodynamic data in the Simple Functions has been discussed
and verified in the present work. The verification has been done by comparison
between calculated results obtained with the Simple Functions Spreadsheet tool and

obtained with the geochemical code PhreeqC.
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Appendix I: SKB Groundwater compositions

Table A1. Groundwater compositions used in the calculations (from SKB, 2006). Shadowed cells: redox data for groundwater compositions

used in this work (original data in bold).

.GrimseI: “Most Saline” “Most Saline” . M.a?dmun
Forsmark Laxemar Aspd Finnsjén Gidea |nteragted groungwater at groungwater Cement Baltic Ocean sallnlty.from
glacial Laxemar at Olkiluoto pore water  seawater water glacu—gl
meltwater upcoming
pH 7.2 7.9 7.7 7.9 9.3 9.6 7.9 7 12.5 7.9 8.15 7.9
Na 0.089 0.034 0.091 0.012 0.0046 0.00069 0.349 0.415 0.002 0.089 0.469 0.25
Ca 0.023 0.0058 0.047 0.0035 0.00052 0.00014 0.464 0.449 0.018 0.0024 0.0103 0.27
Mg 0.0093 0.00044 0.0017 0.0007 0.000045 0.0000006 0.0001 0.0053 <0.0001 0.010 0.053 0.0001
K 0.0009 0.00014 0.0002  0.00005 0.00005 0.000005 0.0007 0.0007 0.0057 0.002 0.01 0.0005
Fe 33x10° 8x10° 4x10°  32x10°  9x107 3x107 8x10° 6x10° <10x10°® 3x107 4x10°® 2x10°
HCOg3 0.0022 0.0031 0.00016  0.0046 0.00023 0.00045 0.00010 0.00014 =0 0.0016 0.0021 0.00015
cr 0.153 0.039 0.181 0.0157 0.0050 0.00016 1.283 1.275 =0 0.106 0.546 0.82
8042' 0.0052 0.0013 0.0058  0.00051 0.000001 0.00006 0.009 0.00009 =0 0.0051 0.0282 0.01
HS =0 3x107 5x10° - <3x107 - <3x107 <1.6x107 =0 - - <3x107
lonic
Strength 0.19 0.053 0.24 0.025 0.006 0.0013 1.75 1.76 0.057 0.13 0.65 1.09
(kmol/m3)
Eh (mV) -140 -280 -307/-73 -250/-68  -201/-60 -200 -314 -3 -400
pe -2.37 -4.75 5122/ . ":'_21:;/ B ':;'_‘:,11/ . -3.39 -5.32 -0.05 -6.78
Ref.Eh/pe 1 2 3 3 3 4 4 5 2

1) SKB (2005). 2) SKB (2006). 3) Bruno et al. (1997) 4). Duro et al. (2006b) 5). Pitkanen et al. (1999)
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Appendix Il: Enthalpy data used in the

calculations

Table A2. Enthalpy data used for the Ra chemical system.

Radium (Ra)

Aqueous Species AH, (KJ/mol) Reference
RaSO,(aq) 5.400 Hummel and Berner (2001)
RaCO;(aq) 4.480 Hummel and Berner (2001)

Solid Phase AH, (KJ/mol) Reference
RaSO,(s) 39.300 Hummel and Berner (2001)

Table A3. Enthalpy data used for the Ni chemical system.

Nickel (Ni)
Aqueous Species AH, (KJ/mol) Reference
Ni%* Basic specie -
Ni(OH), (aq) 85.760 Plyasunova et al. (1998)
Ni(OH)s 120.590 Plyasunova et al. (1998)
Solid Phase AH, (KJ/mol) Reference
Ni(OH), (s) -78.837 Plyasunova et al. (1998)
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Table A4. Enthalpy data used for the Se chemical system.

Selenium (Se)

Aqueous Species AH, (KJ/mol) Reference
HSe -528.272 Shock and Helgeson (1988)
Solid Phase AH, (KJ/mol) Reference
FeSe;(s) 50.500 Arcos and Piqué (2009)

Table A5. Enthalpy data used for the Sm chemical system.

Samarium (Sm)

Aqueous Species AH, (KJ/mol) Reference
Sm(OH); (aq) 226.683 Shock et al. (1997)
Sm(OH), 276.904 Spahiu and Bruno (1995)
Sm(CO3), - -
Sm(COs)" 163.392 Spahiu and Bruno (1995)
Sm(S0,)" 16.575 Wagman et al. (1982)
Solid Phase AH, (KJ/mol) Reference
SmOHCO; (s) . -
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Table A6. Enthalpy data used for the Ho chemical system.

Holmium (Ho)

Aqueous Species AH, (KJ/mol) Reference
Ho(OH), 254.153 Shock et al. (1997)
Ho(CO;), - -

Ho(COs)" 168.562 Sverjensky et al. (1997)

Ho(SO,)" 15.387 Wagman et al. (1982)
Solid Phase AH, (KJ/mol) Reference
Ho,(CO3)s(s) - -

Table A7. Enthalpy data used for the U chemical system.

Uranium (U)

Aqueous Species AH, (KJ/mol) Reference
U(OH)4 (aq) 109.881 Grenthe et al. (1992)
Solid Phase AH, (KJ/mol) Reference

UO, (am,hyd) - -
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Table A8. Enthalpy data used for the Np chemical system.

Neptunium (Np)

Aqueous Species AH, (KJ/mol) Reference
Np(OH),4 (am) 101.442 Langmuir (1978)
NpCO3(OH)s’ - -

Np(OH)4(CO3)* - -
Solid Phase AH, (KJ/mol) Reference
NpO,'H,O (am) -81.156 Lemire (1984)

Table A9. Enthalpy data used for the Pu chemical system.

Plutonium (Pu)

Aqueous Species AH, (KJ/mol) Reference
Pu(OH); (aq) 227.540 Shock et al. (1997)
Pu(OH), (aq) 99.049 Langmuir (1978)

Pu(COs);> - -

Pu(CO3)" 152.754 Sverjensky et al. (1997)

Pu(CO3), - -

Pu(S0,)" 17.240 Lemire et al. (2001)
Solid Phase AH, (KJ/mol) Reference
PuCO;0H(s) - -

Pu(OH)4(s) - -
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Table A10. Enthalpy data used for the Am chemical system.

Americium (Am)

Aqueous Species AH, (KJ/mol) Reference
Am(OH); (am) 230.125 Shock et al. (1997)
Am(OH)," 143.704 Shock et al. (1997)
Am(CO5)s> - -
Am(CO,)" 157.585 Sverjensky et al. (1997)
Am(COs;), - -
Am(SO,)" 15.493 Estimated from lanthanides
Solid Phase AH, (KJ/mol) Reference

Am(OH); (am)

Am(CO3)s (s)
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Table A11. Enthalpy data used for the Cm chemical system.

Curium (Cm)

Aqueous Species AH, (KJ/mol) Reference

Cm(OH); (am) - -
Cm(OH)," ; )
Cm(CO3)5~ - -
Cm(COs)" ; )
Cm(COs), ; )

Cm(S0.)" - -

Solid Phase AH, (KJ/mol) Reference

Cm(OH); (am) - -

Cma(COs)s (s) - -
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