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A B S T R A C T

The quaternary system Ca(II)–Pu(III/IV)–OH–ISA was investigated in a series of solubility experiments where
equilibrium conditions were reached from undersaturation conditions with PuO2(ncr,hyd) at T = (22 ± 2) °C
under Ar atmosphere. Experiments were performed in 0.1 m NaCl–NaOH–NaISA–CaCl2 solutions at 8 ≤
pHm ≤ 12.5 (pHm = –log [H+], in molal units), 10−5 m ≤ m(ISA)tot ≤ 10−2 m and 10−3.5 m ≤ m
(Ca)tot ≤ 0.02 m. Reducing conditions were adjusted and buffered with hydroquinone (HQ) or Sn(II), which
allowed us to work in the (pe + pHm) region ≈ 9 and ≈ 1.5, respectively.

Solid phase characterization (in-situ XRD, XANES and EXAFS) and analogy with the ternary system
Pu–OH–ISA previously studied by our group indicate that PuO2(ncr,hyd) remains unaltered in the course of the
solubility experiments at pHm ≤ 12 and controls the solubility of Pu under reducing conditions in the presence
of ISA and Ca(II). In HQ-systems, the impact of ISA on the solubility of PuO2(ncr,hyd) is clearly enhanced
compared to Ca(II)-free solutions of analogous composition, thus indicating the formation of quaternary com-
plexes of the type Ca(II)–Pu(IV)–OH–ISA in the aqueous phase. The combination of slope analysis of the solu-
bility data and DFT calculations support the predominance of the two aqueous quaternary complexes Ca(II)Pu
(IV)(OH)3ISA–H

+ and Ca(II)Pu(IV)(OH)3ISA–2H(aq) below and above pHm ≈ 11, respectively. The same spe-
ciation scheme explains properly the solubility of Pu in Sn(II)-buffered systems at pHm > 11. Below this pHm,
solubility data under these very reducing conditions suggest the possible formation of ternary Pu(III)–OH–ISA
aqueous complexes, although the scatter of the data does not allow a definitive conclusion to be drawn. The
presence of Ca(II) in solution destabilizes Pu–ISA colloids, which significantly enhance Pu solubility in com-
parable, Ca-free systems. Based on these experimental and theoretical results, a thermodynamic model for the
system Ca2+–Pu4+–OH––Cl––ISA––H2O(l) is derived.

This study provides quantitative tools to evaluate the solubility behavior of Pu in reducing cementitious
environments containing ISA, as expected in underground repositories for low- and intermediate-level radio-
active waste (L/ILW) due to the degradation of cellulosic materials.

1. Introduction

This second contribution to our series “Thermodynamic description
of the plutonium – α–D–isosaccharinic acid system” aims at quantita-
tively evaluating the impact of calcium on the solubility and com-
plexation phenomena of the binary system under alkaline, reducing
conditions. It complements and further extends our previous work on
the “Thermodynamic description of the plutonium – α–D–isosaccharinic acid
system. I: Solubility, complexation and redox behavior in

NaCl–NaISA–NaOH systems” by Tasi et al. (2018a). In our first con-
tribution, we reported that α–D–isosaccharinic acid (HISA) forms strong
complexes with plutonium (Pu(IV)(OH)3ISA–H

–, Pu(IV)(OH)3ISA–2H
2−

and Pu(III)(OH)ISA–H(aq)) under alkaline, reducing aqueous condi-
tions. The formation of these complexes largely enhances the solubility
of PuO2(ncr,hyd), where “ncr” and “hyd” designate the nanocrystalline
and hydrated character of the Pu(IV) solid phase used. Beyond these
monomeric complexes, we also provided evidence on the formation and
stability of so far undefined “Pu–ISA colloids”. These colloidal moieties
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led to a systematic increase of the solubility of PuO2(ncr,hyd) by ≈2
log10-units.

Calcium is a relevant component in cementitious systems, where
portlandite (Ca(OH)2) and calcium silicate hydrates (C-S-H phases)
largely control the pore water composition in the degradation stages II
and III of cement. These solid phases impose hyperalkaline conditions
(10 ≤ pH ≤ 12.5) over long time periods and result in relatively high
calcium concentrations in solution (1 mM ≤ [Ca]aq ≤ 20 mM) (Berner,
1992; Taylor, 1997; Wieland and Van Loon, 2002). Under these con-
ditions, calcium can have a strong impact the solution chemistry of the
Pu–ISA system: (i) decreasing the concentration of free ligand
([ISA]free), and (ii) enhancing the stability of Pu(III/IV)–OH–ISA com-
plexes (e.g. promoting the formation of stable quaternary complexes
Ca–Pu(III/IV)–OH–ISA).

A large number of experimental studies have investigated the
complexation of ISA with Ca(II) (Rai et al., 1998; Van Loon et al., 1999,
2004; Vercammen et al., 1999a; Vercammen, 2000; Rai et al., 2003;
Van Loon et al., 2004; Dudas et al., 2017). These publications agree in
the definition of two main aqueous complexes, namely CaISA+ and
CaISA–H(aq). The latter complex gains relevance under hyperalkaline
pH conditions, and involves the deprotonation of an alcohol group of
ISA (either C2 or C4) as recently described in (Dudas et al., 2017). The
precipitation of Ca(ISA)2 (cr) controls the total concentration of ISA in
Ca-containing solutions (Van Loon et al., 1999; Keith-Roach et al.,
2014) for instance buffering [ISA]tot ≈ 20 mM under porewater con-
ditions corresponding to the degradation stage II of cement (pH = 12.5,
[Ca]tot = 20 mM). The critical reviews of available experimental studies
and corresponding selection of thermodynamic data for the system Ca
(II)–ISA conducted by Hummel et al. (2005) and by Rai and Kitamura
(2015) are summarized in Table A3 in the Appendix and were con-
sidered in the data evaluation in the present work.

For tetravalent actinides, the possible formation of very stable
quaternary complexes of the type Ca(II)–An(IV)–OH–L, where An = Th
with L = ISA as well as with α-D-gluconate (HGLU, a similar alpha-
hydroxycarboxylic acid, with expectedly comparable complexation
properties) has been controversially discussed in the literature, mostly
based upon sorption (Vercammen et al., 2001; Tits et al., 2002, 2005;
Wieland et al., 2002; Tits et al., 2005) and solubility (Randall et al.,
2013; Colàs, 2014) studies. The formation of such complexes can be
rationalized by the expected interaction (stabilization) of negatively
charged species (e.g. ternary An(IV)–OH–ISA complexes) with Ca2+.
Indeed, a number of examples involving the interaction of Ca2+ with
negatively charged moieties have been also reported for other (acti-
nide) systems, e.g. CaxUO2(CO3)32x−4 (with x= 1–2 (Kalmykov and
Choppin, 2000; Bernhard et al., 2001; Lee and Yun, 2013; Endrizzi and
Linfeng, 2014), among others), CaxNpO2(OH)y1+2x–y (with x= 1 or 3
and y= 2 or 5 (Fellhauer et al., 2016a; Fellhauer et al., 2016b),) or
Ca4An(OH)84+ (with An = Th(IV), Np(IV) and Pu(IV) (Altmaier et al.,
2008; Fellhauer et al., 2010)). A short summary of the main studies
focusing on the system Ca(II)–Th(IV)–OH–ISA is provided below.

Vercammen and co-workers (Vercammen et al., 1999b, 2001;
Vercammen et al., 1999b; Vercammen, 2000; Vercammen et al., 2001)
investigated the sorption of 234Th(IV) onto different materials (feldspar,
polyallomer, BioRad) in the presence of ISA (10−8 – 10−2 M) and Ca(II)
ions (7·10−4 – 1.8·10−3 M) in the pH-range 10.7–13.3 (at I = 0.3 M,
NaClO4). Based on slope analysis of their sorption data (log [Th]tot vs.
pH, log [Th]tot vs. log [ISA]tot, and log [Th]tot vs. log [Ca]tot), the au-
thors proposed the formation of the quaternary complex Ca(II)Th(IV)
(OH)4(ISA)2(aq) and determined the corresponding equilibrium con-
stant. Analogous experiments conducted by these authors with 152Eu
disregarded the formation of quaternary complexes Ca(II)–Ln(III)–O-
H–ISA within the investigated conditions.

Tits, Wieland and co-workers (Tits et al., 2002, 2005) investigated
the sorption of 228Th(IV) onto calcite and hardened cement paste in the
presence of ISA and GLU. Experiments were conducted with artificial
cement porewater (pH = 13.3; [Ca]tot ∼1.6·10−3 M). Special care was

taken to avoid the formation of colloidal species, and the possible
sorption of ISA/GLU onto the solid phases was thoroughly evaluated.
Due to boundary conditions set in their experiments (constant pH and
[Ca]tot), the authors could not evaluate the stoichiometry of the Th
(IV)–ISA complex/es forming, and assumed the predominance of the
complex Ca(II)Th(IV)(OH)4(ISA)2(aq) as previously proposed by
Vercammen et al. (2001).

Randall et al. (2013) performed solubility experiments with
ThO2(am) in the presence of ISA in alkaline solutions previously equi-
librated with Ca(OH)2(s) at pH ≈ 9 and 12. Unfortunately, the authors
did not report [Ca]tot after the corresponding equilibration with Ca
(OH)2(s), and thus this parameter remains ill-defined in the evaluation
of their results. Slope analysis of their solubility data indicated the
formation of a complex with a Th(IV):ISA ratio of 1:2. The calculation
of the solubility of ThO2(am) using the equilibrium constant reported in
the work of Vercammen et al. (2001) for the complex CaTh
(OH)4(ISA)2(aq) resulted in a large overestimation of the experimental
observations. The concentration of Ca used in such calculations was not
indicated (Randall et al., 2013). In a similar context but using GLU
instead of ISA, Colàs (2014) reported a similar impact of GLU in the
solubility of Th(IV) in the absence and presence of Ca(II), thus chal-
lenging the formation of quaternary Ca(II)–Th(IV)–OH–GLU complexes
previously reported in the study by Tits et al. (2005).

The possible formation of quaternary complexes Ca(II)–An
(IV)–OH–ISA has relevant implications in the context of repositories for
the disposal of L/ILW, where large amounts of ISA (through cellulose
degradation) and Ca(II) (present in cementitious materials) can be
present. Thermodynamic calculations using data on the quaternary
complex Ca(II)Th(IV)(OH)4(ISA)2(aq) as reported by Vercammen et al.
(2001); Tits et al. (2002); Wieland et al. (2002); Tits et al. (2005) result
in a significant enhancement of the solubility of Th(IV) in cementitious
environments. The possible formation of analogous complexes with
other tetravalent actinides could have a significant impact in the cal-
culation of the source term of key radionuclides such as Pu. In this
context, we have systematically investigated the system Ca(II)–Pu(III/
IV)–OH–ISA with a combined approach using solubility experiments
under controlled redox conditions, extensive solid phase characteriza-
tion and density functional theory (DFT) calculations. This study aims
at providing robust solubility upper limits for the estimation of the
source term in conditions relevant for the disposal of L/ILW, and further
to derive chemical and thermodynamic models that can be im-
plemented in thermodynamic databases (TDB) and geochemical cal-
culations.

2. Experimental section

Experiments with plutonium were performed in specialized la-
boratories in the controlled area of KIT–INE. All experiments were
conducted in Ar gloveboxes with O2 concentration significantly below
10 ppm. The same experimental approach as described in Tasi et al.
(2018a) was applied for the investigation of the quaternary Ca(II)–-
Pu–OH–ISA system. The reader is referred to our previous contribution
for a detailed description on (i) pH and Eh measurements; (ii) char-
acterization of the aqueous phase; (iii) characterization of the solid
phase; (iv) data evaluation and methods for thermodynamic modelling;
and (v) DFT calculations.

2.1. Chemicals

Solutions were prepared with ultra–pure water purified with a
Milli–Q apparatus (Millipore, 18.2 MΩ, 22 ± 2 °C). Before use, Milli–Q
water was boiled for several hours and simultaneously purged with Ar
gas to remove traces of dissolved CO2(g). Standard chemicals, NaISA
(0.16 ± 0.02 M) and 242Pu (with 99.4 wt. % 242Pu) stock solutions
were obtained or synthesized as described in Tasi et al. (2018a).
CaCl2⋅2H2O (p.a.) was obtained from Merck. Carbonate impurity in



1.0 M NaOH Titrisol (Merck) was quantified as (3 ± 1)·10−5 M, as
described in Tasi et al. (2018a).

2.2. Solubility experiments

The system Ca(II)–Pu(III/IV)–OH–ISA was investigated in six series
of independent batch solubility experiments (with total volumes of
25 mL each) where equilibrium conditions were reached from under-
saturation conditions. Redox conditions were set with 2 mM of either
hydroquinone (HQ) or Sn(II). Solutions at pHc = 8 and 9 were buffered
with 20 mM of TRIS and CHES, respectively. The ionic strength of the
solutions was kept constant at 0.10 M with NaCl. Three series of solu-
bility experiments were prepared in the presence of HQ or Sn(II):

1 pHc varying from 8 to 12.4, with [ISA] = constant = 1·10−3 M and
[Ca]tot = constant = 0.01 M.

2. [ISA] varying from 1·10−5 to 0.01 M, with pHc = constant = 12 and
[Ca]tot = constant = 0.01 M.

3 [Ca]tot varying from 3·10−4 to 0.02 M, with pHc = constant = 12
and
[ISA] = constant = 1·10−3 M.

Before the addition of the plutonium solid phase, pHc values of the
matrix solutions were adjusted with HCl and NaOH solutions of same
ionic strength until constant pHc and Eh readings were attained. The
concentration ranges considered for Ca(II) and ISA were based upon
preliminary calculations based on the thermodynamic data summarized
in Tables A2 and A3 given in the Appendix. Special attention was taken
to strictly maintain constant ionic strength (I= 0.10 M NaCl–NaOH–-
NaISA–CaCl2) within the series and to avoid the precipitation of Ca
(ISA)2(s) and/or Ca(OH)2(s) phases. Although both phases were cal-
culated to be undersaturated in the experimental conditions, [Ca]tot and
[ISA]tot of selected samples with high initial concentrations of Ca(II) or
ISA were quantified after two weeks of equilibration time using in-
ductively coupled plasma–optical emission spectroscopy (ICP–OES,
Optima 8300 DV, Perkin Elmer) and total organic carbon measurements
(TOC, Shimadzu TOC5000), respectively. In all cases, [Ca]tot and
[ISA]tot remained virtually the same as the initial values (within the
analytical precision, ∼ ± 5%), thus confirming the absence of any
precipitation process.

After achieving constant readings of pHc and Eh, approximately
0.25 mg of an aged (for ca. 8 years in 0.10 M NaCl solution), nano-
crystalline Pu(IV)O2 (ncr,hyd) solid phase were added to each in-
dividual batch sample. The structural properties and solubility beha-
viour (in the absence of ISA and Ca(II)) of the initially used Pu solid
phase are published elsewhere (Tasi et al., 2018b). Larger amounts (1.5
– 2.5 mg) of the same solid phase were introduced to selected samples
with pHc = 12 (for both, HQ- and Sn(II)-buffered systems) allowing for
an extensive solid phase characterization by in-situ XRD, XANES and
EXAFS (see Tasi et al. (2018a) for details). After the addition of the Pu
solid phase, concentrations of Pu, pHc and Eh in each sample were
regularly monitored for up to 102 days. Phase separation was per-
formed by ultrafiltration with 10 kD (∼2 nm) filters or by ultra-
centrifugation at 90000 rpm (694000 g) for 1 h (see further details in
Tasi et al. (2018a)).

Similar values of [Pu]tot were obtained with both phase separation
methods, and both datasets are plotted without further differentiation if
the solubility plots shown in Section 3. The concentration of Pu in the
supernatant without any phase separation was measured for selected
samples to evaluate the possible presence of colloidal Pu species.
Equilibrium conditions (assumed after constant pHc, Eh and [Pu]tot

values) were normally attained within 30 days of contact time. Detected
concentrations in molar units (e.g. [Pu]tot, expressed in M) were con-
verted to the molal scale (m(Pu)tot, expressed in mol⋅kgw

−1) using the

conversion factors reported in NEA–TDB (Guillaumont et al., 2003).

2.3. Theoretical methods

In the theoretical part of this study we applied the same metho-
dology as presented previously (see Tasi et al., 2018a). The structures of
the identified Ca(II)–Pu(IV)–OH–ISA complexes were investigated by
means of DFT calculations (Hohenberg and Kohn, 1964; Kohn and
Sham, 1965). The calculations were performed using TURBOMOLE
(version 7.0, 2015) (Schäfer et al., 1992; Eichkorn et al., 1995; Treutler
and Ahlrichs, 1995; Eichkorn et al., 1997; von Arnim and Ahlrichs,
1999; Deglmann et al., 2004; Ahlrichs et al., 2015) with the same
functional and basis set as in our previous report (DFT-BP86 (Ahlrichs
et al., 2000), def2-SVP (Schäfer et al., 1992)). For Pu(IV) (Moritz et al.,
2007), we used the 5f-in core pseudo potentials (PP) which con-
siderably simplified the DFT calculations (see Tasi et al. (2018a) for
further details).

In the course of the process, the formerly obtained ternary species of
the Pu(IV)–OH–ISA system (adapted from Tasi et al., 2018a) were taken
as the basis and one Ca2+ ion was added to each structure to be opti-
mized. In aqueous solutions, Ca(II) is surrounded by eight water mo-
lecules in the first coordination shell, thus, we accordingly added eight
additional water molecules to the system to account for a proper sa-
turation of Ca(II) in the complex. Firstly, DFT calculations were per-
formed without the addition of any solvent, corresponding to a calcu-
lation in the gas phase. Further calculations including aqueous media
approximated with the conductor-like screening model (COSMO)
(Klamt, 1995; Klamt and Schuurmann, 1997) were also executed.
Considering the first water shell explicitly and dealing with additional
solvation effects by means of COSMO provides a reasonable approach to
investigate structures of species in aqueous solutions.

3. Results and discussion

3.1. Solubility experiments

Experimental pHm and Eh (converted to pe) values of all solubility
samples are shown in the Pourbaix diagram of Pu in Figure A1 of the
Appendix. All investigated systems featured stable pHm ( ± 0.05) and
Eh ( ± 15 – 30 mV, depending upon pH-region) readings over the time
frame of this study (∼3 months). Measured (pe + pHm) values are
consistent with our previous solubility studies in the absence of ISA
(Tasi et al., 2018b) and in the presence of ISA but absence of Ca(II)
(Tasi et al., 2018a). As in both previous studies, the HQ-buffered system
(with redox conditions clearly in the Pu(IV) predominance field, see
A1) is considered as the reference case to evaluate the interaction of Pu
(IV) with ISA in the presence of Ca(II). Although Pu(IV) expectedly
dominates the solution chemistry of plutonium also in Sn(II)-buffered
systems featuring more reducing redox conditions, the possible con-
tribution of Pu(III) (especially in less alkaline conditions) must be ac-
counted for in the evaluation of the solubility.

The solubility of PuO2(ncr,hyd) measured in the presence of ISA and
Ca is shown in Figs. 1–3:

i. as a function of pHm (with constant m(ISA)tot and m(Ca)tot, Fig. 1a
and b),

ii. as a function of log m(ISA)tot (with constant pHm and m(Ca)tot,
Fig. 2), and

iii. as a function of log m(Ca)tot (with constant pHm and m(ISA)tot,
Fig. 3).

All figures include also the solubility of PuO2(ncr,hyd) (i) in the
absence of ISA and Ca(II), and (ii) in the presence of ISA and absence of
Ca(II), calculated for the same experimental conditions using the che-
mical and thermodynamic models summarized in Tables A1, A4 and A5
of the Appendix.



Fig. 1. Experimentally measured m(Pu)tot in equilibrium
with PuO2(ncr,hyd) in 0.10 m NaCl at m(ISA)tot = 10−3 m
and m(Ca)tot = 0.01 m with pHm = 8 – 12.4 (a) in HQ-sys-
tems ( ), and (b) in Sn(II)-systems ( ). Blue and green lines
(solid and dashed) correspond to the solubility of
PuO2(ncr,hyd) calculated for the same boundary conditions
but absence of Ca(II). Green shaded area is accounting for the
uncertainties in the thermodynamic data and the parameter:
(pe + pHm) = (1.54 ± 0.14). Black and grey solid lines
correspond to the solubility of PuO2(ncr,hyd) calculated for
the same boundary conditions but absence of ISA and Ca(II).
Calculations were conducted using thermodynamic data
summarized in Tables A1–A5 of the Appendix. (For inter-
pretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 2. Experimentally measured m(Pu)tot in equilibrium
with PuO2(ncr,hyd) in 0.10 m NaCl at pHm = 12 and m
(Ca)tot = 0.01 m conditions with 10−5 m ≤ m
(ISA)tot ≤ 10−2 m in HQ- ( ) or Sn(II)-buffered solutions ( ).
Cross symbols are the total concentrations of Pu in the su-
pernatants (sampled without any phase separation) of the Sn
(II)- (x) and HQ- (+) systems. Blue lines (solid and dashed)
correspond to the solubility of PuO2(ncr,hyd) calculated for
the same boundary conditions but absence of Ca(II). Black
solid line corresponds to the solubility of PuO2(ncr,hyd)
calculated in the absence of ISA and Ca(II). Calculations
conducted using thermodynamic data summarized in Tables
A1–A5 of the Appendix. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
Web version of this article.)



3.1.1. Solubility of PuO2(ncr,hyd) at constant m(ISA)tot and m(Ca)tot with
8≤ pHm≤12.4

Fig. 1a shows a clear and systematic increase in the solubility of
PuO2(ncr,hyd) in HQ-systems ( ) with m(ISA)tot = 10−3 m and m
(Ca)tot = 0.01 m, compared to the solubility of the ternary Pu(IV)–O-
H–ISA system in the absence of Ca(II) (blue line in the figure). This
observation strongly supports the formation of quaternary Ca(II)–Pu
(IV)–OH–ISA aqueous complexes in HQ-systems. For this redox system,
same/similar pHm-dependency of the solubility is observed in the ab-
sence and presence of Ca(II), suggesting that Pu(IV)–ISA complexes in
the presence of Ca(II) hold similar Pu:OH ratios in their stoichiometries
as those reported in the absence of Ca(II): 1:4 and 1:5. However, a
decrease in the solubility of PuO2(ncr,hyd) is observed at pHm = 12.4,
compared to m(Pu)tot measured at pHm ≈ 12. This observation is fur-
ther discussed below in connection with the slope analysis of the so-
lubility data.

More scattered solubility data are obtained in Sn(II)-buffered sys-
tems (Fig. 1b) compared to HQ-systems (Fig. 1a). The solubility of
PuO2(ncr,hyd) in Sn(II)-buffered systems at pHm > 10 is clearly above
the calculated solubility in the absence of Ca(II) (green line in the
figure), and generally agrees with the solubility determined in HQ-
systems. This observation suggests that the same equilibrium reaction
controls the solubility of plutonium in both systems. Similar results
were obtained in our previous solubility study in the presence of ISA
but absence of Ca(II) (Tasi et al., 2018a). Solubility data in Sn(II)-buf-
fered systems at pHm ≤ 10 show a large uncertainty, especially within
pHm = 9 – 10. In this pHm-range, m(Pu)tot scatter around the calculated
solubility of PuO2(ncr,hyd) in Sn(II)-buffered systems with ISA and
absence of Ca(II), which may support the absence of quaternary species
forming between Ca(II) and the Pu(III) complex Pu(III)(OH)ISA–H(aq)
reported in Tasi et al. (2018a). This hypothesis is in line with results of
previous studies with Eu(III)–ISA (Vercammen et al., 2001; Randall
et al., 2013) and Nd(III)/Cm(III)–ISA (Gugau, 2016; Gaona et al.,
2017), which disregarded the formation of analogous quaternary Ca
(II)–Ln(III)/An(III)–OH–ISA complexes. Due to the inconclusive solu-
bility data in Sn(II)-buffered systems, the development of a thermo-
dynamic model for quaternary system Ca(II)–Pu–OH–ISA is entirely
based on the solubility data in HQ-buffered systems and thus restricted
to Pu(IV).

Taking into consideration the limitations in the solubility data ob-
tained in Sn(II)-buffered -systems, the following slope analysis can be

outlined for the solubility of Pu in HQ-buffered solutions (Fig. 1a):

i. pHm = 8 – 11: as in the absence of Ca(II) (see (Tasi et al., 2018a)), a
clear and pHm-independent enhancement in Pu solubility is ob-
served. This indicates that, within this pHm-range, no protons are
involved in the equilibrium reaction controlling the solubility of Pu
in the presence of ISA and Ca(II).

ii. pHm = 11 – 12: a pHm-dependent increase of the solubility is ob-
served, with a slope (log m(Pu)tot vs. pHm) of ≈ +1. This finding
suggests that one H+ is released in the equilibrium reaction con-
trolling the solubility of Pu. A similar behavior can be claimed for
the solubility of Pu in Sn(II)-systems (Fig. 1b). Note however that
because of the limited number of experimental points defining this
pHm-region, a slope of +2 (with the corresponding implications in
the stoichiometry Pu:OH in the Ca-Pu-ISA complex) could also ex-
plain the available solubility data. This option was also tested to in
the development of a thermodynamic model in Section 3.2.

ii. pHm = 12.4: experimental data shows a clear decrease in the solu-
bility of Pu with respect to the sample at pHm = 12. A similar be-
havior is observed for the solubility of Pu in the Sn(II)-buffered
systems. Indeed, the solubility data at this pHm value is very similar
to the solubility in the absence of Ca(II). TOC and ICP-OES mea-
surements performed after 2 weeks of equilibration of the inactive
system (before the addition of Pu solid phases) indicated that no loss
of ISA and/or Ca(II) took place. These observations would indicate
the possible formation of a quaternary Ca(II)–Pu–OH–ISA solid
phase, although so far no conclusive evidence is available in this
respect. Solubility data obtained in the presence of Ca(II) at
pHm = 12.4 were disregarded in the development of the thermo-
dynamic model for the system Ca(II)–Pu(IV)–OH–ISA in Section 3.2.

3.1.2. Solubility of PuO2(ncr,hyd) at constant pHm and m(Ca)tot with
−5≤ log m(ISA)tot ≤−2

A clear and systematic enhancement in the solubility of
PuO2(ncr,hyd) is observed with increasing m(ISA)tot at constant pHm

(12.0) and m(Ca)tot (10−2 m) (Fig. 2). The trend is very similar in HQ-
and Sn(II)-buffered systems, suggesting that the equilibrium reactions
controlling the solubility of Pu are the same and involve Pu(IV)–ISA
complexes in both cases. The clear increase in the solubility with re-
spect to the Ca(II)-free system (solid blue line in Fig. 2) supports again
the formation of a quaternary Ca(II)–Pu(IV)–OH–ISA complexes.

Fig. 3. Experimentally measured m(Pu)tot in equilibrium
with PuO2(ncr,hyd) in 0.10 m NaCl at pHm = 12 and m
(ISA)tot = 10−3 m, with 3·10−4 m ≤ m(Ca)tot ≤ 10−3

2·10−2 m, in HQ- ( ) or Sn(II)-buffered solutions ( ). Blue
solid line corresponds to the solubility of PuO2(ncr,hyd)
calculated for the same boundary conditions but absence of
Ca(II). Black solid line shows the solubility of PuO2(ncr,hyd)
calculated in the absence of ISA and Ca(II). Calculations
conducted using thermodynamic data summarized in Tables
A1–A5 of the Appendix. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
Web version of this article.)



Although the formation of binary/ternary Ca(II)–OH–ISA complexes
(CaISA+ and CaOHISA(aq)) must be taken into account in the inter-
pretation of the data due to the decrease in m(Ca2+)free and m(ISA–)free,
a slope of +1 (log m(Pu)tot vs. log m(ISA)tot and thus a stoichiometry
Pu:ISA of 1:1) can be postulated both for HQ- and Sn(II)-systems. Note,
however that the solubility data obtained for the highest ISA con-
centration (log m(ISA)tot = −2) slightly deviates from this trend (al-
though precipitation of both Ca(OH)2(s) and Ca(ISA)2(s) can be ex-
cluded in the system).

Pu(IV) “colloidal species” were found to play an important role
enhancing the solubility of PuO2(ncr,hyd) in the presence of ISA but
absence of Ca(II) (Tasi et al., 2018a). In the present study, however, m
(Pu)tot determined in the supernatant without phase separation (red
cross symbols in Fig. 2) were the same as m(Pu)tot measured after ul-
tracentrifugation or ultrafiltration. The data highlight the relevant role
of Ca(II) in the destabilization of “Pu(IV)–ISA colloids”. We note that a
similar behaviour is known for clay colloid suspensions, where the
presence of Ca(II) can cause the gradual agglomeration of the colloidal
particles due to the ion exchange of Li+ and Na+ ions by Ca2+ at the
charged basal clay planes (Bouby et al., 2011). The critical coagulation
concentration (CCC) of Ca2+ ions for destabilizing clay colloid sus-
pensions is known to lie at 10−3 M (Bouby et al., 2011). Ca2+ ions are
also well known to act as a coagulating agent for organic humic colloids
due to its very effective screening of surface charges (Weng et al.,
2002).

3.1.3. Solubility of PuO2(ncr,hyd) at constant pHm and m(ISA)tot with
−3.5≤ log m(Ca)tot ≤−1.7

Fig. 3 shows a clear increase in the solubility of plutonium with
increasing m(Ca)tot at constant pHm (12) and m(ISA)tot (10−3 m). Vir-
tually the same trend in the solubility is observed for HQ- and Sn(II)-
buffered systems, suggesting again that the equilibrium reactions con-
trolling the solubility of Pu under these conditions are the same and
involve the participation of Pu(IV)-ISA complexes in both systems.

The increase of log m(Pu)tot with increasing log m(Ca)tot follows a
slope ≈ +1, indicating that the Ca:Pu ratio of the Pu–ISA complex
forming at pHm = 12 is 1:1. For the lowest concentration of Ca(II) (log
m(Ca)tot = −3.5), solubility data are in excellent agreement with the
concentration of plutonium calculated for the same m(ISA)tot but in the
absence of Ca(II). This indicates that the effect of Ca(II) disappears at
this concentration level, and provides further confidence in the ther-
modynamic model previously derived in our first publication for the
system Pu3+–Pu4+–OH––Cl––ISA––H2O(l) (Tasi et al., 2018a).

3.1.4. Solid phase characterization
3.1.4.1. Synchrotron-based in-situ XRD. Fig. 4 shows the in-situ XRD
patterns collected from the solid phases controlling the solubility of Pu
in HQ- and Sn(II)-systems, equilibrated in solutions with m
(ISA)tot = 10−3m, m(Ca)tot = 0.01m at pHm = 12 for 150 days. The
figure also shows the diffractogram of the empty double containment
used in the course of the synchrotron-based measurements at the
INE–Beamline at KARA.

XRD patterns obtained in both HQ- and Sn(II)-buffered systems are
in excellent agreement with the reference pattern of PuO2(cr) reported
by Zachariansen (1949). These observations also agree with the results
obtained in the presence of ISA but absence of Ca(II) (see (Tasi et al.,
2018a)), thus supporting that in both cases the initial characteristics of
PuO2(ncr,hyd) is retained in the presence of ISA. The absence of any
diffraction pattern belonging to Ca(ISA)2 (cr) (detection limit at
∼5–10%, see Rai et al. (1998) and Tasi et al. (2018a)) confirms that
this binary solid phase does not precipitate under the conditions of our
experiments. This underlines our previous quantitative analysis and it is
in agreement with calculations using thermodynamic data summarized
in the Appendix.

3.1.4.2. XANES. Pu LIII–edge XANES spectra collected for the solid

phases recovered from solubility experiments in HQ- and Sn(II)-
buffered systems with m(ISA)tot = 10−3 m, m(Ca)tot = 10−2 m and
pHm = 12 (teq = 150 days) are shown in Fig. 5. The figure also includes
the XANES spectra of PuO2(ncr,hyd) “Pu starting material” (see (Tasi
et al., 2018b)) and the reference spectra reported by Brendebach and
co-workers (Brendebach et al., 2009) for aqueous Pu(III) and Pu(IV)
species under acidic conditions.

The edge energies of the XANES spectra collected for all the in-
vestigated Pu solid phases are in excellent agreement with the Pu(IV)
reference spectrum reported by Brendebach et al. (2009). XANES
spectra of Pu solid phases in the presence of ISA and Ca(II) are also
virtually the same as the XANES spectrum of PuO2(ncr,hyd) “Pu
starting material” reported in (Tasi et al., 2018b).

3.1.4.3. EXAFS. The k2-weighted EXAFS data shown in Fig. 6 for Pu
solid phases recovered from solubility experiments in HQ- and Sn(II)-
systems (top row: Fourier-transform magnitude, imaginary part and fit
results in R-space, bottom row: raw data, Fourier-filtered data and fit
results in k-space) are perfectly in agreement with our previous results
obtained in the absence of Ca(II) (Tasi et al., 2018a). The corresponding
metric parameters are listed in Table 1. The fit results obtained for both
Pu phases are identical within the error margins and very similar to
those obtained for the “Pu starting material” as discussed previously
(Tasi et al., 2018b). This observation corroborates our in-situ XRD and
XANES results: the initial PuO2(ncr,hyd) starting material remains
stable in the presence of ISA and Ca(II) and is the solid phase
controlling the solubility of Pu in these systems. Note that the results

Fig. 4. In-situ XRD patterns collected at the INE-Beamline at KARA for the Pu
solid phases recovered from HQ-buffered (blue, top) and Sn(II)-buffered (green,
middle) solubility experiments with m(ISA)tot = 10−3 m, m(Ca)tot = 10−2 m
and pHm = 12 (teq = 150 days). The lower diffractogram in orange corresponds
to the empty double containment used for the in-situ measurements. Squares
indicate peak positions and relative intensities reported for PuO2(cr)
(Zachariansen, 1949). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)



obtained by EXAFS indicate the presence of significant local disorder
and deviations from the ideal PuO2 fluorite-type crystal structure,
which are not visible in the XRD pattern.

3.2. Thermodynamic description of the system Ca(II)–Pu–OH–ISA

Solid phase characterization summarized in Section 3.1.4 confirms
PuO2(ncr,hyd) as solid phase controlling the solubility of Pu in the in-
vestigated systems at pHm = 12. Based on the results obtained for

analogous Pu–ISA systems in the absence of Ca(II) (see Tasi et al.,
2018a), we can safely argue that PuO2(ncr,hyd) is also the solid phase
controlling the solubility of Pu under less alkaline conditions. A sepa-
rate discussion on the solubility of Pu at pHm = 12.4 is provided in
Section 3.2.1. Chemical reactions according to Equations (1) and (4))
are expected to define the baseline of Pu solubility under alkaline, re-
ducing conditions in the absence of ISA and Ca(II). Equations (2–3) and
(5–6) were used in combination with equilibrium constants and SIT ion
interaction coefficients summarized in Table A1 and Table A2 of the

Fig. 5. Pu LIII–edge XANES spectra of solid phases recovered
from HQ- (blue lines) and Sn(II)-buffered (green lines) sys-
tems equilibrated in solutions with m(ISA)tot = 10−3 m, m
(Ca)tot = 10−2 m and pHm = 12 (teq = 150 days). The
spectra of the references for the aqueous species of Pu(III)
(purple line, position of WL = 18062.5 eV) and Pu(IV) (red
line, position of WL = 18067.6 eV) reported in Brendebach
et al. (2009) and the spectra of the PuO2(ncr,hyd) “Pu
starting material” reported in Tasi et al. (2018b) are shown
for comparison. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 6. Pu LIII–edge EXAFS fit results
for solid phases recovered from HQ-
(left pannel) and Sn(II)-buffered (right
pannel) solution equilibrated with m
(ISA)tot = 10−3 m, m(Ca)tot = 10−2 m
and pHm = 12 (teq = 150 days) – top
row: FT magnitude (solid line), fit
magnitude (open circles), FT real part
(thin solid line) and fit real part (open
triangles); bottom row: Fourier-filtered
data (solid line), raw data (thin solid
line), back-transformed fit (open cir-
cles).



Appendix to calculate the corresponding solubility curves of
PuO2(ncr,hyd) shown in Figs. 1–3. Redox conditions initially required
in the redox equilibrium for the Sn(II)-buffered system (within Equation
(4)) were set to (pe + pHm) = 1.5 as determined experimentally in this
work.

Pu(IV)O2(am,hyd) + n H+ ⇔ Pu(IV)(OH)4–n
n+ + (n – 2) H2O(l) (1)

log *K°IVs,(4–n) = log *KꞌIVs,(4–n) + log γPu(IV)(OH)4–n
n+ + (n – 2) log aw –

n log γH
+ (2)

log *KꞌIVs,(4–n) = log mPu(IV)(OH)4–n
n+ + n pHm (3)

Pu(IV)O2(am,hyd) + (1 + n) H+ + e– ⇔ Pu(III)(OH)3–n
n+ + (n–1)

H2O(l) (4)

log *K°IVs/III,(3–n) = log *KꞌIVs/III,(3–n) + log γPu(III)(OH)3–n
n+ + pe + (n

– 1) log aw – (1 + n) log γH
+ (5)

log *KꞌIVs/III,(3–n) = log mPu(III)(OH)3–n
n+ + (1 + n) pHm (6)

In the presence of ISA and absence of Ca(II), the formation of
ternary complexes Pu(III)/Pu(IV)–OH–ISA add further dissolved Pu
species to the “solubility baseline” defined by Pu(III)(OH)3–n

n+ and Pu
(IV)(OH)4–n

n+ hydrolysis species. Based upon the thermodynamic
model derived in Tasi et al. (2018a), equilibrium reactions according to
Equations (7) and (10)) define the formation of the aqueous species Pu
(IV)(OH)3ISA–yH

–y (with y = 1 or 2) and Pu(III)(OH)ISA–H(aq) in
equilibrium with PuO2(ncr,hyd). Equations ((2), (3), (5), (6), (8) and
(9)) and 11 – 12 were used in combination with equilibrium constants
and SIT ion interaction coefficients summarized in Table A1 and Table
A2 of the Appendix to calculate the solubility of PuO2(ncr,hyd) in the
presence of ISA and absence of Ca(II) shown in Figs. 1–3 and Fig. 7.

Pu4+(aq) + ISA– + 3 H2O(l) ⇔ Pu(IV)(OH)3ISA–yH
–y + (3 + y) H+

(7)

log *β°1,3+y,1 = log ∗β′1,3+y,1 + log γPu(IV)(OH)3ISA–yH
–y + (3 + y) log

γH
+ – log γPu

4+
(aq) – log γISA

– – 3 log aw (8)

log ∗β°1,3+y,1 = log aPu(IV)(OH)3ISA–yH
–y + (3 + y) log aH

+ – log aPu
4+
(aq) –

log aISA
– (9)

Pu3+(aq) + ISA– + H2O(l) ⇔ Pu(III)(OH)ISA–H(aq) + 2 H+ (10)

log *β°1,2,1 = ∗β′1,2,1 + log γPu(III)(OH)ISA–H(aq) + 2 log γH
+ – log aPu

3+
(aq) –

log γISA
– – log aw (11)

log *β°1,2,1 = log aPu(III)(OH)ISA–H(aq) + 2 log aH
+ – log aPu

3+
(aq) – log aISA

–

(12)

3.2.1. Chemical and thermodynamic model for the system Ca(II)-Pu(IV)-
OH-ISA

Based on the solid phase characterization and slope analysis of the
solubility data summarized in Section 3.1, chemical reactions according

to Equations (13) and (14) are proposed to control the solubility of Pu
(IV) in alkaline HQ-systems in the presence of ISA and Ca(II).

Pu(IV)O2(ncr,hyd) + ISA– + Ca2+ +2 H2O(l) ⇔ Ca(II)Pu(IV)
(OH)4ISA+ (13)

Pu(IV)O2(ncr,hyd) + ISA– + Ca2+ + 3 H2O(l) ⇔ Ca(II)Pu(IV)
(OH)5ISA(aq) + H+ (14)

The species Ca(II)Pu(OH)4ISA+ dominates the aqueous speciation
of Pu within 8 ≤ pHm ≤ 11, whereas Ca(II)Pu(OH)5ISA(aq) becomes
predominant at pHm > 11. Although the predominance of a positively
charged species of Pu may seem unlikely in alkaline media, it basically
reflects the interaction of the species prevailing in solution within this
pHm-region: Pu(OH)4ISA– (see Tasi et al., 2018a) and Ca2+. Note also
that the proposed stoichiometries for the Ca(II)–Pu(IV)–OH–ISA com-
plexes formally assume highly hydrolysed moieties (“Pu(OH)4” and “Pu
(OH)5–“) within the quaternary complex species, where only the car-
boxylic group of ISA is deprotonated. However, protons released in the
complexation reaction can also be assigned to deprotonations of alcohol
groups of ISA. The structures of the complexes forming are further
discussed in section 3.3 on the basis of DFT calculations performed in
the present study.

Two relevant aspects must be accounted for with regard to the
chemical model defined by the equilibrium reactions according to
Equations (13) and (14):

i. The proposed chemical model is based on solubility data at
pHm ≤ 12. Above this pHm, other phenomena not yet understood
affect solubility, decreasing (or limiting) m(Pu)tot in solution. The
use of this chemical model (and the accordingly derived thermo-
dynamic model) beyond this pHm value will overestimate solubility
data, (providing a “conservative” upper limit).

ii. Solubility experiments with varying m(ISA)tot and m(Ca)tot were
only conducted at pHm = 12. Consequently, the stoichiometries
Pu:ISA and Pu:Ca in reaction (13) are based on the assumption that
the same stoichiometry of the Pu(IV)–OH–ISA complex in the ab-
sence of Ca(II) is retained, and that only one Ca2+ ion is attached to
this structure. The complexation of a second Ca2+ ion to the Ca(II)
Pu(IV)(OH)4ISA+ moiety seems unlikely for evident electrostatic
reasons.

Although the favoured chemical model involves the formation of the
two species 1:1:4:1 (Ca(II)Pu(IV)(OH)4ISA+) and 1:1:5:1 (Ca(II)Pu(IV)
(OH)5ISA(aq)), a number of additional stoichiometries (1:1:6:1, 1:1:5:2,
2:1:5:1, 2:1:5:2 and 2:1:6:2) were tested as alternative to the complex
1:1:5:1 in the modelling of the solubility data. We note that previous
investigations on the system Ca(II)–Th(IV)–OH–ISA (Vercammen et al.,
2001; Tits et al., 2005) proposed the predominance of complexes with a
stoichiometry Th(IV):ISA 1:2. This possibility is also accounted for in
three of the alternative stoichiometries considered (1:1:5:2, 2:1:5:2 and
2:1:6:2). Due to the limited experimental data available at pHm ≤ 11
(e.g. only data at m(ISA)tot = constant and m(Ca)tot = constant), the
evaluation of alternative stoichiometries to the complex 1:1:4:1 (Ca(II)
Pu(IV)(OH)4ISA+) was disregarded in the modelling of the solubility
data.

General equilibrium constants (at the reference state, I → 0 ) for the
formation of the two quaternary complexes proposed in this work, Ca
(II)zPu(IV)(OH)4+y (ISA)x(2z-x-y), can be expressed from Equations (15)
and (16):

Pu4+(aq) + x ISA–+ (4 + y) H2O(l) + z Ca2+(aq) ⇔ Ca(II)zPu(IV)
(OH)4+y(ISA)x2z-x-y + (4 + y) H+ (15)

log ∗β°z,1,4+y,x = log aCa(II)zPu(IV)(OH)4+y(ISA)x
2z–x–y + (4 + y) log aH

+ –
log aPu

4+
(aq) – x log aISA

– – z log aCa
2+ (16)

Considering equilibrium reactions according to Equations ((1), (4),

Table 1
Data range and metric parameters extracted by least-squares fitting of EXAFS
data shown in Fig. 6.

Sample k-range (Å−1) shell N R (Å) ΔE0 (eV)a σ2 (Å2) r-factor (%)

fit-range (Å)

HQ 1.75–13.58 O 6.2 2.28 −2.19 0.0086 3.1
0.92–4.11 Pu 4.6 3.78 0.0047

Sn(II) 1.75–12.92 O 6.0 2.29 −1.90 0.0085 2.9
0.92–4.11 Pu 4.3 3.78 0.0039

S0
2 = 1.0 fixed (slightly underestimating N in all fits).

Errors: RPu-O 0.01 Å, RPu-Pu 0.02 Å
a Global parameter for both shells.



(7), (10) and (16), the total concentration of Pu in solution can be
calculated in Equation (17). Note that mCa2+ and mISA– are calculated
considering the formation of binary Ca(II)–OH and ternary Ca(II)–O-
H–ISA complexes using thermodynamic data summarized in Tables A2
and A3 in the Appendix.

m(Pu)tot
calc,n = ∑ 4

n=1(∗KꞌIVs,(4–n) (mH+)n) + ∗KꞌIVs,0[(∗β′1,4,1 (mISA–)
+∗β′1,5,1 (mISA–) (mH+)−1)] + ∗KꞌIVs,0[∑ 2

i=1 (∗βꞌzi,1, 4+yi,xi(mISA–)xi
(mH+)–y

i (mCa2+)zi )] + ∗KꞌIVs,4,1,8 (mH+)−4 (mCa2+)4 (17)

For all evaluated chemical models, the values of the equilibrium
constants *β°1,1,4,1 and *β°z,1,4+y,x were optimized to obtain the best fit
of the solubility data set. The optimization targeted the minimization of
the square root of the averaged sum of squared residuals for measured
and calculated m(Pu)tot, with the objective function fobj (*β°z,1,4+y,x).
The minimization was performed using the PHREEPLOT – PHREEQC
software packages (see Tasi et al. (2018a) for a detailed description of
the method). The first step of the fitting process involved the optimi-
zation of the stoichiometry of complex 2, and (because of the large
number of stoichiometries/species evaluated) the effect of ionic
strength was calculated using only the Debye–Hückel term of the SIT
formulism. In a second step, after completing the optimization of the
stoichiometry of complex 2, an additional fitting exercise was per-
formed considering the complete SIT formulism in the optimization of
the corresponding equilibrium constants.

Table 2 shows values of the R2 parameter and the objective function
fobj (*β°z,1,4+y,x) resulting from the fitting procedures using the different

chemical models discussed above. Chemical models involving the for-
mation of (1:1:4:1 + 1:1:5:1) or (1:1:4:1 + 1:1:6:1) complexes give an
almost identical statistical representation of the experimental data.
However, the first option is favoured in this work for the sake of sim-
plicity and to retain a closer consistency with the chemical model re-
ported for the ternary system Pu(IV)–OH–ISA (Tasi et al., 2018a).
Table 2 also demonstrates that those stoichiometries considering the
participation of two ISA molecules result in significantly worse values
for R2 and fobj parameters. In contrast to previous observations reported
for Th(IV) (Vercammen et al., 2001; Tits et al., 2005), these results
provide conclusive evidence that only one ISA molecule participates in
the formation of a quaternary complex with Pu(IV) and Ca(II).

Based on the selected stoichiometries (1:1:4:1 and 1:1:5:1), equili-
brium constants *β°1,1,4,1 and *β°1,1,5,1 were optimized to obtain the
lowest residuals between the calculated (Equation (17)) and experi-
mentally measured m(Pu)tot. The SIT formalism as described in

Fig. 7. Experimentally measured m(Pu)tot in equilibrium with PuO2(ncr,hyd) in HQ- ( ) and Sn(II)-buffered ( , pHm > 11) systems as function of pHm (a), log m
(ISA)tot (b) and log m(Ca)tot (c). Solubility lines in orange are calculated with the chemical and thermodynamic models derived in this work for the quaternary system
Ca(II)–Pu(IV)–OH–ISA. Blue lines (solid and dashed) correspond to the solubility of PuO2(ncr,hyd) calculated using the chemical and thermodynamic models derived
in our previous work for the ternary system Pu(IV)–OH–ISA (Tasi et al., 2018a). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Table 2
Quality parameters obtained in the optimization of the stoichiometry of the
quaternary Ca(II)–Pu(IV)–OH–ISA complexes.

Ca (z): Pu(IV): OH (4 + y): ISA (x) ratios

1st complex 1:1:4:1 1:1:4:1 1:1:4:1 1:1:4:1 1:1:4:1 1:1:4:1
2nd complex 1:1:5:1 1:1:6:1 1:1:5:2 2:1:5:1 2:1:5:2 2:1:6:2
R2 (%) 73.14 73.26 39.46 69.35 39.46 39.46
fobj(*β′z,1,4+y,x) 0.273 0.273 0.410 0.293 0.410 0.410



Equation (18) was used to account for the effect of ionic strength on the
equilibrium constants of the related complexes Ca(II)Pu(IV)(OH)4ISA+

(y = 0 in Equation (18)) and Ca(II)Pu(IV)(OH)5ISA(aq) (y = 1 in
Equation (18)). A SIT ion interaction coefficient for the complex Ca(II)
Pu(IV)(OH)4ISA+ with Cl− was estimated as ε(Ca(II)Pu(IV)(OH)4ISA+,
Cl−) = –(0.05 ± 0.10) kg·mol−1 following the charge analogy de-
scribed in the work of Hummel (2009). The ion interaction coefficient
of the neutral complex Ca(II)Pu(IV)(OH)5ISA(aq) is zero by definition
in SIT.

log *β°1,1,4+y,1 = log ∗β′1,1,4+y,1 + log γCaPu(IV)(OH)4+yISA
1−y + (4 + y)

log γH
+– log γPu

4+
(aq) – log γISA

– – log γCa
2+
(aq) – (4 + y) log aw (18)

The optimization of log *β°1,1,4,1 and log *β°1,1,5,1 resulted in:

log *β°1,1,4,1(Ca(II)Pu(IV)(OH)4ISA+) = –(1.66 ± 0.10) (19)

log *β°1,1,5,1(Ca(II)Pu(IV)(OH)5ISA(aq)) = –(12.70 ± 0.08) (20)

The stability of the complexes Ca(II)Pu(IV)(OH)4ISA+ and Ca(II)Pu
(IV)(OH)5ISA(aq) can be better assessed by defining the step-wise re-
actions from the corresponding ternary complexes (Pu(IV)(OH)3ISA–H

–

and Pu(IV)(OH)3ISA–2H
2–) and Ca2+:

Pu(IV)(OH)4ISA– + Ca2+ ⇔ CaPu(IV)(OH)4ISA+ (21)

Pu(IV)(OH)5ISA2− + Ca2+ ⇔ CaPu(IV)(OH)5ISA(aq) (22)

with:

log *K°1,1,4,1 = log *β°1,1,4,1 – log *β°1,4,1 = (3.37 ± 0.16) (23)

log *K°1,1,5,1 = log *β°1,1,5,1 – log *β°1,5,1 = (4.22 ± 0.15), (24)

where log *β°1,4,1 and log *β°1,5,1 are the formation constants for the
ternary complexes Pu(IV)(OH)4ISA– and Pu(IV)(OH)5ISA2− as de-
termined in Tasi et al. (2018a). The values of log *K°1,1,4,1 and log
*K°1,1,5,1 indicate that the quaternary complexes CaPu(IV)(OH)4ISA+

and CaPu(IV)(OH)5ISA(aq) are moderately strong, and that (as ex-
pected according to their charges) Ca2+ reacts stronger with Pu(IV)
(OH)5ISA2− than with Pu(IV)(OH)4ISA–.

Fig. 7 shows the experimental solubility data collected in HQ-buf-
fered systems, and the corresponding solubility curves calculated using
the chemical and thermodynamic models derived in this work for the
system Ca(II)–Pu(IV)–OH–ISA. Although not considered in the devel-
opment of the thermodynamic model, Fig. 7 includes also experimental
solubility data obtained in Sn(II)-buffered systems at pHm > 11. For
comparison, the figures also show the solubility of PuO2(ncr,hyd)
considering only the formation of ternary complexes Pu(IV)–OH–ISA
and using chemical and thermodynamic models reported in Tasi et al.
(2018a).

Fig. 7 shows that the chemical and thermodynamic models derived
in this work describe well most of the experimental solubility data.

However, relatively large deviations (0.5 – 1 log10-units) are observed
at pHm > 12 and m(ISA)tot ≥ 0.01 m). As discussed in Section 3.1.1,
these observations likely hint to the formation of yet undefined Ca
(II)–Pu(IV)–OH–ISA(s) solid phase(s). We note further that the ther-
modynamic model derived under mildly reducing conditions (HQ-sys-
tems) provides also reasonable predictions for the solubility of Pu under
strongly reducing conditions (Sn(II)-systems) at pHm > 11.

3.3. DFT calculations on the complexes Ca(II)Pu(IV)(OH)4ISA+ and Ca
(II)Pu(IV)(OH)5ISA(aq)

DFT calculations summarized in this section provide detailed in-
formation on the structure of the quaternary complexes Ca(II)–Pu
(IV)–OH–ISA, with focus on assessing the hydrolysis of Pu4+ vs. the
deprotonation of OH-groups of the ISA molecule in the presence of Ca
(II) ions. These calculations follow the same strategy outlined in our
first contribution (Tasi et al., 2018a). Whilst keeping the charge of the
complex constant, several configurations involving different number of
hydroxide ions (OH−) and deprotonated alcohol groups of ISA (-C-O–)
were tested. Besides for Pu(IV), the possible coordination of OH− ions
to Ca(II) was also evaluated in the calculations:

(i) Ca(II)(OH)zPu(IV)(OH)xISA-yH(H2O)8-z(aq) (x + y + z = 5);
(ii) Ca(II)(OH)zPu(IV)(OH)xISA-yH(H2O)8-z

+ (x + y + z = 4),

where ISA–yH corresponds to an ISA molecule with y deprotonated al-
cohol groups and a charge of –(y+1). In each case, several starting
geometries were probed both with and without the approximation of
the aqueous solution phases with COSMO to confirm that a reasonable
local minimum was found for the calculated structures.

3.3.1. Ca(II)(OH)zPu(IV)(OH)xISA-yH(H2O)8-z(aq) (x + y + z = 5)
For the complexes Ca(II)(OH)zPu(IV)(OH)xISA-yH(H2O)8-z(aq)

(x + y + z = 5), we found the energetically lowest and hence most
favourable structures with and without COSMO with the α-OH of ISA
(second carbon: ISA (C2) adjacent to the carboxylate group) and the
alcohol group of the fourth carbon atom (δ-OH) deprotonated (labelled
as ISA (C4)). Almost in the same way as without Ca(II), the interaction
of ISA with Pu(IV) involves two deprotonated alcohol groups and the
carboxylate group. Three hydroxide ions and three water molecules
remain in the first coordination shell of the Pu(IV) ion, and six water
molecules in the first coordination shell of Ca(II). The resulting struc-
ture as optimized by DFT can be described as Ca(II)Pu(IV)
(OH)3ISA–2H(H2O)8(aq) (see Fig. 8).

Atomic distances calculated by DFT and DFT + COSMO for the
optimized structures of Ca(II)Pu(IV)(OH)3ISA–2H(H2O)8(aq) are sum-
marized in Table 3. Shorter distances are found for Pu(IV)-ISA (-C4-O–)
(232/235 pm), Pu(IV)-OH–(233-245/233-242 pm) and Pu(IV)–ISA (-C2-
O–) (235/236 pm) compared to the longer distances calculated for Pu

Fig. 8. Structures of the complexes a)
Ca(II)Pu(IV)(OH)3ISA–2H(H2O)8(aq)
and b) Ca(II)Pu(IV)(OH)3ISA–H(H2O)8+

as optimized in this work by DFT cal-
culations. Pu: yellow, Ca: green,
oxygen: red, carbon: orange, hydrogen:
grey. (For interpretation of the refer-
ences to colour in this figure legend,
the reader is referred to the Web ver-
sion of this article.)



(IV)–ISA (-COO–) (255/258 pm) and Pu(IV)–H2O (259 pm/259 pm). In
both calculations, the distances Pu(IV)-Ca(II) are similar (464/466 pm),
the Ca(II)- ISA (-COO–) (246/248 pm) and the Ca(II)-OH2 distances vary
from 239 to 254 and 237–257 pm, respectively. Both are slightly
shorter compared to the corresponding Pu(IV) distances.

3.3.2. Ca(II)(OH)zPu(IV)(OH)xISA-yH(H2O)8-z+ (x + y + z = 4)
For this series of complexes, we identified Ca(II)Pu(IV)

(OH)3ISA–H(H2O)8+ (with a deprotonated alcohol group on ISA (C4)) as
the energetically lowest and hence most favourable structure. However,
two other configurations were found to be energetically very close to
the structure: Ca(II)Pu(IV)(OH)2ISA–2H(H2O)8+ and Ca(II)Pu(IV)
(OH)3ISA–H(H2O)8+ (both, with the ISA (C2) deprotonated). These
structures hold electronic energies only 2 kJ/mol and 8 kJ/mol, re-
spectively, above the lowest lying configuration. Since these differences
are very small we additionally determined the thermodynamical sol-
vent contributions by means of COSMO model, but this did not change
the result. Ca(II)Pu(IV)(OH)3ISA–H(H2O)8+ remains the complex with
the lowest energy and the other two complexes possess energies 8 and
15 kJ/mol higher, respectively.

In the Ca(II)Pu(IV)(OH)3ISA–H(H2O)8+ complex, Pu(IV)-ISA (-C4-
O–) (230/230 pm), Pu(IV)-OH–(229-240/228-237 pm) distances are the
shortest. Due to the structural changes following the different depro-
tonation schemes, Pu(IV)-ISA (-COO–) (239/246 pm) is shorter com-
pared to Pu(IV)-ISA (-C2-OH) (251/253 pm) and the Pu(IV)-OH2 (256,
262/255, 259 pm) are longest. The Pu(IV)-Ca(II) (546/496 pm) dis-
tances are much longer compared to the Ca(II)Pu(IV)
(OH)3ISA–2H(H2O)8(aq) case due to the higher positive charge of the
complex. The Ca(II)- ISA (-COO–) (240/248, 262 pm) and the Ca(II)-
OH2 distances vary from 231 to 271 and 235–262 pm, respectively.

3.4. Comparison of the thermodynamic model derived in this work with
data available in the literature

Table 4 summarizes the equilibrium constants derived in the present
work for the formation of Ca(II)–Pu(IV)–ISA–OH complexes prevailing
under reducing, alkaline to hyperalkaline conditions in the presence of

ISA and Ca(II). Table 5 lists SIT ion interaction coefficients considered
in the present work for the newly identified species. Although the
stoichiometry of the quaternary Ca(II)–Pu(IV)–OH–ISA complexes is the
same as defined in Section 3.2, information gained by DFT calculations
as described in Section 3.3 are considered for the definition of the
chemical structure of these complexes. This involves the deprotonation
of one (Ca(II)Pu(IV)(OH)3ISA–H

+) and two (Ca(II)Pu(IV)
(OH)3ISA–2H(aq)) alcohol groups of ISA.

Chemical and thermodynamic models derived in this work for the
system Ca(II)–Pu(IV)–OH–ISA can be compared with analogous ther-
modynamic data reported for the system Ca(II)–Th(IV)–OH–ISA by
Vercammen et al. (2001), Tits et al. (2002) and Tits et al. (2005) (see
Introduction for detailed discussion of these publications). Fig. 9 shows
the predominance diagrams of Pu(IV) and Th(IV) calculated for
pHm = constant = 9 and 12, with −6 ≤ log m(ISA)tot ≤ −1 and
−4 ≤ log m(Ca)tot ≤ −1.5.

Fig. 9a–d shows very different aqueous speciation schemes for Th
(IV) and Pu(IV) in the presence of ISA and Ca(II). The predominance of
complexes with An(IV):ISA ratios of 1:1 for Pu(IV) and 1:2 for Th(IV)
might be considered consistent with the observations available for the
ternary systems in the absence of Ca(II) (see discussion in Tasi et al.
(2018a)). To some extent, differences in the stoichiometry of the qua-
ternary complexes described for Th(IV) (with the structure of Ca(II)Th
(IV)(OH)4ISA2(aq)) and Pu(IV) (with Ca(II)Pu(IV)(OH)4ISA+ and Ca(II)
Pu(IV)(OH)5ISA–) can be justified on the basis of the larger size of Th4+

(r = 1.08 ± 0.02 Å) compared to Pu4+ (r = 1.01 ± 0.02 Å), which
induces also a stronger hydrolysis for Pu(IV). However, in our view, the
greater stability reported for the quaternary Th(IV) complexes com-
pared to Pu(IV) (see Fig. 9) is not considered to be “real”, but rather
caused by differences in the experimental method used: Pu(IV): solu-
bility experiments (present work); Th(IV): sorption study, Vercammen
et al. (2001), Tits et al. (2002) and Tits et al. (2005). Although our
solubility study confirms the role of Ca(II) in stabilizing ternary Pu
(IV)–OH–ISA complexes, the “enhanced” stability of the resulting
quaternary complexes does not match the predictions based on Th(IV)
data. We speculate that the very low concentrations used in the sorption
experiments (1.2⋅10−13 M 234Th in Vercammen et al. (2001) or
10−11 M 228Th in Tits et al. (2005)) might have posed experimental
challenges that have been overcome by using larger amounts of Pu(IV)
(0.25–1.5 mg 242Pu) as used in our solubility study, but this discussion
remains open until additional studies with An(IV) are performed using
both methods. The reader is referred to our previous contribution on
the ternary system Pu(III/IV)–OH–ISA for further insights on the dif-
ferences arising between solubility and sorption experiments (Tasi
et al., 2018a).

Table 3
Pu(IV)-O and Ca(II)-O distances (in pm) calculated by DFT and DFT + COSMO
for the Ca(II)Pu(IV)(OH)3ISA–2H(H2O)8(aq) and Ca(II)Pu(IV)
(OH)3ISA–H(H2O)8+ complexes as optimized in this work.

Ca(II)Pu(IV)(OH)3ISA–2H(H2O)8(aq)

bond DFT +COSMO bond DFT +COSMO

Pu(IV)-ISA (-C4-
O–)

232 235 Pu(IV)-ISA (-C2-
O–)

235 236

Pu(IV)-OH– 233 233 Pu(IV)-ISA
(-COO–)

255 258

Pu(IV)-OH– 234 233 Pu(IV)-OH2 245 248
Pu(IV)-OH– 245 242 Pu(IV)-OH2 273 265
Pu(IV)-Ca(II) 464 466
Ca(II)-OH2 239–254 237–257 Ca(II)- ISA

(-COO–)
246 248

Ca(II)Pu(IV)(OH)3ISA–H(H2O)8+

bond DFT +COSMO bond DFT +COSMO

Pu(IV)-ISA (-C4-
O–)

230 230 Pu(IV)-ISA
(-COO–)

239 246

Pu(IV)-OH– 229 228 Pu(IV)-ISA (-C2-
OH)

251 253

Pu(IV)-OH– 230 232 Pu(IV)-OH2 256 255
Pu(IV)-OH– 240 237 Pu(IV)-OH2 262 259
Pu(IV)-Ca(II) 546 496
Ca(II)-OH2 231–271 235–262 Ca(II)- ISA

(-COO–)
240 248,262

Table 4
Chemical equilibria and related equilibrium constants (at I → 0 m) derived in
the present study for the Ca(II)–Pu(IV)–OH–ISA system.

Chemical equilibria log *β°(1,1,4+y,1)

Pu4+ + ISA– + 3 H2O(l) + Ca2+ ⇔
Ca(II)Pu(IV)(OH)3ISA–H

+ + 4 H+
–(1.66 ± 0.10)

Pu4+ + ISA– + 3 H2O(l) + Ca2+ ⇔
Ca(II)Pu(IV)(OH)3ISA–2H(aq) + 5 H+

–(12.70 ± 0.08)

Table 5
SIT ion interaction coefficients considered in the present study for the qua-
ternary complexes Ca(II)–Pu(IV)–ISA–OH.

species i species j ε(i,j) [kg⋅mol−1]

Ca(II)Pu(IV)(OH)3ISA+ Cl− –(0.05 ± 0.10)a

Ca(II)Pu(IV)(OH)3ISA–2H(aq) Cl−/Na+ 0.00b

a Estimated values based on the work of Hummel (2009).
b Defined to be zero by definition within SIT formalism.



4. Summary and conclusions

The solubility of Pu in alkaline reducing solutions was system-
atically investigated in the presence of ISA and Ca(II) within chemical
boundary conditions similar to those expected for solutions in contact
with cementitious systems.

In-situ XRD, XAFS and analogy with the ternary system Pu–OH–ISA
indicate that PuO2(ncr,hyd) is the solid phase controlling the solubility
of Pu in the presence of ISA and Ca(II) at pHm ≤ 12. Above this pHm

and at m(ISA)tot ≥ 10−2 m, the formation of a yet undefined Ca(II)–Pu
(IV)–OH–ISA solid phase is suspected to occur. In solutions containing
ISA and Ca(II) at pHm ≤ 12, the solubility of Pu is significantly en-
hanced compared to Ca(II)-free systems. This observation strongly
supports the formation of quaternary Ca(II)–Pu(IV)–OH–ISA complexes,
which was discussed in previous literature for the analogous Th(IV)
system. Under mildly reducing conditions (pe + pHm ≈ 9), slope
analysis of the solubility data (log m(Pu)tot vs. pHm, log m(Pu)tot vs. log
m(ISA)tot and log m(Pu)tot vs. log m(Ca)tot) in combination with DFT
calculations indicates the predominance of the complexes Ca(II)Pu(IV)
(OH)3ISA–H

+ and Ca(II)Pu(IV)(OH)3ISA–2H(aq) in the aqueous phase.
The same speciation scheme explains properly the solubility of Pu
under very reducing conditions (pe + pHm ≈ 1.5) at pHm > 11, al-
though the predominance of ternary Pu(III)–OH–ISA complexes is
hinted below this pHm. Ca(II) plays a key role in destabilizing Pu-ISA
colloids, which were found to importantly enhance Pu(IV) solubility
(up to 2 log10-units) in Ca-free systems (Tasi et al., 2018a). Chemical
and thermodynamic models derived for the system

Ca2+–Pu4+–OH––Cl––ISA––H2O(l) properly explain most of the ex-
perimental evidences, but overestimate solubility by 0.5 – 1 log10-units
at pHm > 12 and m(ISA)tot ≥ 10−2 m. The stoichiometry and stability
of the quaternary complexes Ca(II)–Pu(IV)–OH–ISA identified in this
work differ from those previously reported for the Th(IV) system
(Vercammen et al., 2001; Tits et al., 2005). Although such discrepancies
can be partially attributed to differences in the solution chemistry of
Pu4+ (r = 1.01 ± 0.02 Å) and Th4+ (r = 1.08 ± 0.02 Å), we suspect
that they are also intrinsically related to the method used to derive
thermodynamic data (solubility for Pu(IV) and sorption for Th(IV)). We
consider that sorption studies using ultra-trace concentrations of a
given radionuclide are possibly more sensitive to artifacts than solubi-
lity studies with larger amounts of the same radionuclide, but this
discussion would benefit from new experimental studies combining
both solubility and sorption experiments.
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Fig. 9. Predominance diagrams of An
(IV) in the presence of ISA (−6 ≤ log
m(ISA)tot ≤ −1) and Ca(II) (−4 ≤ log
m(Ca)tot ≤ −1.5) at I = 0.10 m NaCl.
Diagrams calculated for Th(IV): m(Th
(IV))tot = 10−9 m at (a) pHm = 9 and
(b) pHm = 12, using thermodynamic
data reported by Vercammen et al.
(2001) and Tits et al. (2002); Tits et al.
(2005), and recalculated in Gaona et al.
(2008). Diagrams calculated for Pu
(IV): m(Pu(IV))tot = 10−11 m at (c)
pHm = 9 and (d) pHm = 12, using
thermodynamic data derived in the
present work.



Fig. A1. Pourbaix diagram of Pu calculated for mPu = 10−5 m and I= 0.1 m NaCl using thermodynamic and (SIT) activity models as described in the text. pHm and
Eh values experimentally determined for Pu(IV) solubility experiments in the presence of ISA and Ca(II) ions in solution with redox-buffering agents: hydroquinone (
) and Sn(II) ( ). Thick lines correspond to redox borderlines between Pu(IV) and other Pu redox states: solid line is the borderline between Pu solid phases; dashed
line is the borderline between Pu aqueous species. Coloured regions indicate equilibrium between Pu(IV)s and Pu(III)aq (green), Pu(V)aq (orange) and Pu(VI)aq (blue).
The borderlines of the stability field of water at (pe + pHm) = 20.77 and (pe + pHm) = 0, the “redox-neutral” line at (pe + pHm) = 13.8 and the lines at
(pe + pHm) = 1.54 and 9 are shown for comparison.

Table A1
Thermodynamic data (at reference state) used for the equilibrium calculations of plutonium.

Chemical equilibrium log K°

Redox reactions
Pu3+ ↔ Pu4+ + e- –(17.69 ± 0.04) a)

Pu3+ + 2 H2O(l) ↔ PuO2(am,hyd)+ 4 H+ + e- –(15.36 ± 0.52) a)

Pu4+ + 2 H2O(l) ↔ PuO2
+ + 4 H+ + e– –(17.45 ± 0.69) a)

PuO2
+ ↔ PuO2

2++ e– –(15.82 ± 0.09) a)

PuO2(am,hyd) ↔PuO2
+ + e– –(19.78 ± 0.09) a)

Solubility and hydrolysis of Pu(III)
Pu(OH)3(am) ↔ Pu3+ + 3 OH− –(26.2 ± 1.5) b) c)

Pu3+ + OH− ↔ Pu(OH)2+ (7.1 ± 0.3) a) d)

Pu3+ + 2 OH− ↔ Pu(OH)2+ (12.9 ± 0.7) a) d)

Pu3+ + 3 OH− ↔ Pu(OH)30(aq) (15.8 ± 0.5) a) d)

Solubility and hydrolysis of Pu(IV)
PuO2(am, hyd) ↔ Pu4+ + 4 OH− –(58.33 ± 0.52) a)

PuO2(cry) ↔ Pu4+ + 4 OH− –(64.03 ± 0.51) a)

Pu4+ + OH− ↔ Pu(OH)3+ (14.6 ± 0.2) a)

Pu4+ + 2 OH− ↔ Pu(OH)22+ (28.6 ± 0.3) a)

Pu4+ + 3 OH− ↔ Pu(OH)3+ (39.7 ± 0.4) a)

Pu4+ + 4 OH− ↔ Pu(OH)40(aq) (47.5 ± 0.5) a)

Solubility and hydrolysis of Pu(V)
PuO2OH(am) ↔ PuO2

+ + OH− –(9.0 ± 0.5) a)

PuO2.5(s,hyd) ↔ PuO2
+ + OH− –(14.0 ± 0.5) a)

PuO2
+ + OH− ↔ PuO2OH0(aq) (2.7 ± 0.7) a) e)

PuO2
+ + 2 OH− ↔ PuO2(OH)2– (4.4 ± 0.5) a) e)

Solubility and hydrolysis of Pu(VI)
PuO2(OH)2∙H2O(s) ↔ PuO2

2++ 2 OH−+ H2O(l) –(22.5 ± 1.0) a)

PuO2
2+ + OH− ↔ PuO2(OH)+ (8.5 ± 0.5) a)

(continued on next page)



Table A1 (continued)

Chemical equilibrium log K°

PuO2
2+ + 2 OH− ↔ PuO2(OH)20(aq) (14.8 ± 1.5) a)

PuO2
2+ + 3 OH− ↔ PuO2(OH)3– (21.7 ± 0.4) a)

2 PuO2
2+ + 2 OH− ↔ (PuO2)2(OH)22+ (20.5 ± 1.0) a)

a) adapted from Neck et al. (2007) and Guillaumont et al. (2003).
b) taken from Guillaumont et al. (2003).
c) value is originally reported in Felmy et al. (1989), but with an assigned uncertainty of ± 0.8 in log10-units.
d) in analogy with Am(III).
e) in analogy with Np(V).

Table A2
Complementary thermodynamic data (at reference state), used for the equilibrium calculations for Ca(II)
under aqueous conditions.

Chemical equilibrium log K° Reference

Ca2+ + OH− ⇔ Ca(OH)+ 1.22 (Blanc et al.,
2010)

Ca2+ + 2OH− ⇔ Ca(OH)2(s) −5.19 (Blanc et al.,
2010)

Table A3
Thermodynamic data (at reference state or otherwise indicated) for the system Ca(II)–OH–ISA reported in the literature and
considered in the present work.

Chemical equilibrium log K° Reference

HISA(aq) ↔ HISAL(aq) + H2O(l) (0.5 ± 0.2)a (Rai & Kitamura, 2015)
H+ + ISA– ↔ HISA(aq) (3.3 ± 0.2)a (Rai & Kitamura, 2015)
H+ + ISA–H

2– ↔ ISA– 14.31 (I ∼ 2 M) (Evans, 2003)
Ca2+ + 2 ISA– ↔ Ca(ISA)2(s) (6.4 ± 0.2) (Hummel et al., 2005)
Ca2+ + ISA– ↔ CaISA+ (1.7 ± 0.3) (Hummel et al., 2005)
Ca2+ + ISA– ↔ CaOHISA(aq)b + H+ –(10.4 ± 0.5) (Hummel et al., 2005)

a) uncertainties estimated in Hummel et al. (2005).
b) Hummel and co-workers reported this species as Ca(ISA–H)(aq) (Hummel et al., 2005).

Table A4
Chemical equilibria and related equilibrium constants (at I → 0 m) derived in our previous study for the Pu
(III/IV)–OH–ISA system (Tasi et al., 2018a).

Chemical equilibrium log*β°

Pu4+(aq) + ISA– + 3 H2O(l) ⇔ Pu(IV)(OH)3ISA–H
– + 4 H+ –(5.03 ± 0.12)

Pu4+(aq) + ISA– + 3 H2O(l) ⇔ Pu(IV)(OH)3ISA–2H
2− + 5 H+ –(16.92 ± 0.13)

Pu3+(aq) + ISA– + H2O(l) ⇔ Pu(III)(OH)ISA–H(aq) + 2 H+ –(10.97 ± 0.28)

Table A5
Ion interaction coefficients of aqueous species in NaCl solutions.

Species i Species j ε(i,j) [kg.mol−1] Reference

H+ Cl− 0.12 ± 0.01 (Guillaumont et al., 2003)
Na+ Cl− 0.03 ± 0.01 (Guillaumont et al., 2003)
Na+ OH− 0.04 ± 0.01 (Guillaumont et al., 2003)
Na+ ISA– −0.07 a) (Colàs et al., 2011)
Ca2+ Cl− 0.14 ± 0.01 (Guillaumont et al., 2003)
Pu3+ Cl− 0.23 ± 0.02 (Neck et al., 2009)
Pu(OH)2+ Cl− −0.04 ± 0.07 (Neck et al., 2009)

(continued on next page)



Table A5 (continued)

Species i Species j ε(i,j) [kg.mol−1] Reference

Pu(OH)2+ Cl− −0.06 ± 0.08 (Neck et al., 2009)
Pu(OH)30(aq) Cl− 0.00 b)

Pu(OH)30(aq) Na+ −0.17 ± 0.10 (Neck et al., 2009)
Pu4+ Cl− 0.4 ± 0.1 (Neck & Kim, 2001)
PuOH3+ Cl− 0.2 ± 0.1 (Neck & Kim, 2001)
Pu(OH)22+ Cl− 0.1 ± 0.1 (Neck & Kim, 2001)
Pu(OH)3+ Cl− 0.05 ± 0.1 (Neck & Kim, 2001)
Pu(OH)40(aq) Na+/Cl− 0.00 b)

Pu(IV)(OH)3ISA–H
– Na+ –(0.05 ± 0.10) c)

Pu(IV)(OH)3ISA–2H
2– Na+ –(0.10 ± 0.10) c)

Pu(III)(OH)ISA–H(aq) Na+/Cl− 0.00 b)

PuO2
+ Cl− 0.09 ± 0.05d) (Guillaumont et al., 2003)

PuO2OH(aq) Na+/Cl− 0.00 b)

PuO2(OH)2– Na+ −0.01 ± 0.07d) (Guillaumont et al., 2003)
PuO2

2+ Cl− 0.21 ± 0.02 e) (Guillaumont et al., 2003)
PuO2OH+ Cl− 0.05 ± 0.1 e) (Hummel, 2009)
PuO2(OH)2(aq) Na+/Cl− 0.00 b)

PuO2(OH)3– Na+ −0.09 ± 0.05 f) (Gaona, Fellhauer, & Altmaier, 2013)
(PuO2)2(OH)22+ Cl− 0.69 ± 0.07 e) (Guillaumont et al., 2003)

a) In analogy with ε(Na+, Hox−) reported in (Rand et al., 2009).
b) by definition in SIT.
c) reported in Tasi et al. (2018a), values based on the work of Hummel (2009).
d) in analogy with Np(V).
e) in analogy with U(VI).
f) in analogy with Np(VI).
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