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A B S T R A C T

This study presents updated chemical, thermodynamic, and activity models for the system
U4+–Na+–Mg2+–Ca2+–H+–Cl––OH––H2O(l) derived using the Pitzer formalism and a strict ion interaction
approach. The models build on comprehensive solubility datasets in dilute to concentrated NaCl, MgCl2, and
CaCl2 solutions. The Nuclear Energy Agency-Thermochemical Database (NEA-TDB) selection of solubility and
hydrolysis constants in the reference state were taken as anchoring point, and were extended further with the
solid nanocrystalline phase UO2•H2O(ncr) and the ternary complex Ca4[U(OH)8]4+. The former was identified
in long-term solubility experiments at ambient conditions, whereas the latter has been selected in analogy to
Th(IV), Np(IV), and Pu(IV) considering experimental evidences available for these An(IV) in alkaline, concen-
trated CaCl2 solutions. These models represent an improved tool for the calculation of U(IV) solubility and
aqueous speciation in a variety of geochemical conditions including concentrated brine systems relevant in salt-
based repositories for nuclear waste disposal.

1. Introduction

Uranium is a relevant actinide for the long-term safety assessment of
deep geological repositories for the disposal of nuclear waste due to its
large inventory in spent nuclear fuel and the long half-lives of U isotopes
in the waste, mostly 238U (t1/2 = 4.468•109 a), but also 235U (t1/2 =

7.04•108 a) and 236U (t1/2 = 2.342•107 a). Under the reducing condi-
tions foreseen after repository closure, uranium is predominantly ex-
pected in its+ IV oxidation state. Because of its high charge-to-size ratio
(z/d), U(IV) is characterized by a strong hydrolysis and the formation of
sparingly soluble hydrous oxides (Altmaier et al., 2013; Grenthe et al.,
2020; Neck et al., 1992). Solubility data available for U(IV) (and for
tetravalent actinides in general) are often characterized by a large
dispersion, which reflects differences in the solid phase stability. The
latter can be rationalized in terms of differences in particle size, degree
of crystallinity, or number of hydration waters. As other tetravalent
actinides (e.g., Pu and Np, and to a lesser extent Th), U(IV) hydrolyzes
already at very low pH values, which hinders the possibility of directly
studying the principal solubility equilibrium between UO2(s) and the
unhydrolyzed aquo ion U4+ experimentally. This imposes a correlation

between the solubility product of the given UO2(s) solid phase/s and the
hydrolysis scheme considered for the description of the aqueous
speciation.

Predictions of the chemical behavior of U(IV) under repository-
relevant conditions rely on the availability of complete and accurate
chemical and thermodynamic models. In the case of repositories in salt-
rock formations, the boundary conditions may potentially include
saturated NaCl and MgCl2 brines with salt concentrations ≈5 mol/L and
≈4.5 mol/L, respectively. Intermediate ionic strength conditions (2 < I
< 6 mol/L) are also expected in specific clay formations such as Creta-
ceous argillites in Northern Germany (Brewitz, 1980) or sedimentary
bedrocks in the Canadian Shield (Frape et al., 1984), among other
examples.

A number of experimental and theoretical studies providing solubi-
lity and hydrolysis constants (corresponding to either U4+ + nH2O(l) ⇌
U(OH)n4–n + nH + or U4+ + nOH– ⇌ U(OH)n4–n) for U(IV) are available in
the literature (Bruno et al., 1986; Galkin and Stepanov, 1961; Gayer and
Leider, 1957; Kraus and Nelson, 1950; Neck and Kim, 2001; Parks and
Pohl, 1988; Rai et al., 1990, 1997; Ryan and Rai, 1983; Tremaine et al.,
1981; Yajima et al., 1994), and were critically reviewed in the 1st
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(Grenthe et al., 1992) and 5th (Guillaumont et al., 2003) volumes of the
Nuclear Energy Agency-Thermochemical Database (NEA-TDB) project.
Since then, some newer studies investigated the solubility and hydro-
lysis of U(IV) using different techniques, including solvent extraction
(Fujiwara et al., 2003), solubility measurements (Cevirim-Papaioannou,
2018; Fujiwara et al., 2005; Rai et al., 2003), electromotive force (emf)
measurements (Manfredi et al., 2006), and coulometric titrations (Opel
et al., 2007). Activity models were provided in some of these studies,
mostly accounting for the Specific Ion Interaction Theory (SIT)
(Ciavatta, 1980). Based on the NEA-TDB selection for U(IV) solubility
and hydrolysis constants as well as data available at high chloride
concentrations and the use of estimation methods, Neck and co-workers
provided a complete set of Pitzer parameters for the modeling of activity
coefficients for U4+, UOH3+, U(OH)22+, and U(OH)3+ in chloride medium
(Neck et al., 2001). This selection was later implemented in the German
Thermodynamic Reference Database (THEREDA, www.thereda.de)
(Moog et al., 2015; Fujiwara et al., 2003) combined solubility and sol-
vent extraction studies to derive the thermodynamic properties of U(IV)
hydrolysis species. Oversaturation experiments revealed an increase of
the solubility with pH in hyperalkaline systems, which was attributed to
the formation of the anionic U(IV) species U(OH)5– and U(OH)62− . This
hypothesis was later refuted by (Çevirim-Papaioannou et al., 2018), who
demonstrated that the enhanced U concentrations are caused by the
slow reduction kinetics of U(VI) in oversaturation experiments. (Rai
et al., 2003) conducted an accurate solubility study using UO2(cr)
precipitated from U(IV) at 90 ◦C at different pH values. While the initial
crystalline phase, UO2(cr), was found to control the U(IV) solubility in
systems precipitated at pH < 1.2, it was an amorphous hydrated phase,
UO2(am, hyd), at pH ≥ 1.2. (Manfredi et al., 2006) determined the
hydrolysis constants of U(IV) by potentiometry in the absence of a solid
phase. A controlled setup with specific ionic strength and pH conditions
was used. The obtained hydrolysis constants in the reference state re-
ported for the (1,1) and (1,4) hydrolysis species (log10*β1◦ and
log10*β4◦) are consistent with those selected in the NEA-TDB. (Opel
et al., 2007) conducted a careful study by coulometric titration to
determine the solubility of U(IV) in HClO4/NaClO4 solutions. The sol-
ubility products were found to be dependent on the particle size of
colloids determined by laser-induced breakdown detection (LIBD).
(Fellhauer et al., 2010) investigated the solubility and hydrolysis of Np
(IV) and Pu(IV) in dilute to concentrated CaCl2 solutions. Analogously to
the ternary aqueous complexes Ca-An(IV)–OH previously reported for
Th(IV), the authors reported the equilibrium constants and SIT/Pitzer
ion interaction coefficients for the complexes Ca4[An(OH)8]4+ (with An
= U, Np, and Pu) based on experimental solubility data and linear free
energy relationships. (Cevirim-Papaioannou, 2018) conducted a
comprehensive study on the solubility and hydrolysis of U(IV) in
reducing, dilute to concentrated NaCl, MgCl2, and CaCl2 solutions. The
author used a solid phase aged under reducing conditions and conducted
long-term solubility experiments with up to 351 days of equilibration
time. U solid phases were comprehensively characterized using a
multi-method approach, including powder X-ray diffraction analysis
(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS), thermogravimetry differential thermal analysis
(TG/DTA), and X-ray absorption near edge structure (XANES)/extended
X-ray absorption fine structure (EXAFS). Besides the experimental
studies described above, it is important to note that the U(IV) hydrolysis
constants selected in the main thermodynamic databases in the context
of nuclear waste disposal, e.g., THEREDA (Moog et al., 2015), Ther-
moChimie (Giffaut et al., 2014), PSI/Nagra Chemical Thermodynamic
Database (Hummel and Thoenen, 2023) or Japan Atomic Energy Agency
- Thermodynamic Database (JAEA-TDB) (Kitamura, 2021), strongly rely
on the thermodynamic data selection provided in the NEA-TDB reviews
(Grenthe et al., 1992, 2020; Guillaumont et al., 2003). The formation of
U(IV) chloro-complexes has been confirmed by spectroscopic means,
and thermodynamic data for the complex UCl3+ has been selected in the
NEA-TDB as well as in all SIT-based thermodynamic databases. In

contrast to this, previous studies using the Pitzer formalism to describe
An(IV) solubility and hydrolysis in dilute to concentrated chloride sys-
tems disregard An(IV) chloro-complexes in the chemical model, exclu-
sively describing this interaction through the activity model (Neck et al.,
2001; Rai et al., 1997). This is also the approach considered in the
Pitzer-based thermodynamic database THEREDA (Moog et al., 2015).

Despite the wealth of existing experimental and theoretical studies,
significant gaps remain in our understanding of U(IV) behavior,
particularly in chloride-rich environments. The ageing of U(IV) hydrous
oxide phases, as well as ion-ion interaction processes at high chloride
concentrations and their impact on U(IV) solubility and hydrolysis need
to be accurately modeled. Building upon the foundation laid by the
previous studies, this work undertakes the task of updating the available
thermodynamic and Pitzer activity models for the description of U(IV)
solubility and hydrolysis in dilute to concentrated chloride systems.
Using the NEA-TDB selection as anchoring point, this modelling work is
based on the comprehensive solubility studies conducted by
(Cevirim-Papaioannou, 2018; Rai et al., 1997) in dilute to concentrated
NaCl, MgCl2, and CaCl2 systems. All equilibrium constants and model
calculations described in this work correspond to T = 25 ◦C.

2. Pitzer formalism for the description of high saline systems

The Pitzer formalism allows the precise determination of activity
coefficients of individual ions within complex mixed electrolyte systems
extending to high ionic strength conditions. Readers are referred to the
primary works by Pitzer (Pitzer, 1973, 1975, 1991; Pitzer and Kim,
1974; Pitzer and Mayorga, 1973, Pitzer and Mayorga, 1974) and rele-
vant review literature for an in-depth understanding of Pitzer equations
and the underlying physical principles.

Pitzer equations include binary parameters describing specific anion-
cation interactions, i.e., β(0)

MX, β(1)
MX, β(2)

MX and C(φ)
MX. β(0)

MX and β(1)
MX refer to

short-range interactions, whereas β(2)
MX is ∕= 0 exclusively for 2–2 elec-

trolyte systems, showcasing a remarkable correlation with the ion as-
sociation constants that characterize these specific ion pairs. The
parameters θMc and θXa describe asymmetric mixing with interactions
between unlike cation-cation and anion-anion pairs, respectively. Ψ cXa
and ΨMca are third virial coefficients representing triple interactions
between ions c, X, a (two different anions and a cation) or M, c, a (two
different cations and an anion). The interplay between ions and neutral
species is accounted for by the parameters λnM and λnX.

Due to the multitude of binary and ternary parameters required to
calculate activity coefficients using the Pitzer equations, activity models
derived on the basis of this formalism necessitate extensive experimental
datasets covering substantial variations in background electrolyte con-
centrations. These prerequisites notably influence the formulation of
Pitzer activity models in radionuclide systems, where existing datasets
often encompass only a handful of background electrolyte concentra-
tions. To address these constraints and, notably, to prevent over-
parameterization of these limited datasets, certain simplification
approaches and estimation methods have been devised and documented
in prior studies (Grenthe et al., 1997; Plyasunov et al., 1998; Yalçıntaş
et al., 2019).

THEREDA is designed for geochemical model calculations in the
context of radioactive waste disposal (Moog et al., 2015). THEREDA
especially addresses high-salinity/brine systems, and it is accordingly
built on the basis of Pitzer activity models. The primary focus is on the
correct calculation of the solubilities of radionuclides, fission products,
and matrix elements. The present study is part of the systematic devel-
opment of the THEREDA database. In line with the previous U(IV) Pitzer
model in THEREDA, this work has considered only the binary Pitzer
parameters for the U(IV) aqueous complexes, i.e., β(0)

MX, β(1)
MX and C(φ)

MX. All
binary and ternary Pitzer parameters required for the
HCl–NaCl–MgCl2–CaCl2–NaOH–Mg(OH)2-Ca(OH)2-H2O(l) systems
have been taken from the THEREDA database (Moog et al., 2015), and
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are summarized in Tables S1 and S2 in the Supporting Information.

3. Methods

3.1. Experimental data considered in this work

Solubility data reported in the literature for hydrous UO2(s) are very
scattered, reflecting the different character of the solid phases control-
ling the solubility in the different studies, in particular differences in
particle size. Most of the studies focus on dilute systems and only two of
them, i.e. (Rai et al., 1997; Cevirim-Papaioannou, 2018), covered
concentrated chloride solutions beyond 1 mol/L NaCl. Due to the
extensive solid phase characterization conducted in
(Cevirim-Papaioannou, 2018), the comprehensive dataset in 0.1, 0.5,
2.0, 5.0 mol/L NaCl and 0.25, 2.0 and 4.5 mol/L MgCl2/CaCl2 has been
considered in this work for the update of the thermodynamic and Pitzer
activity models currently selected in THEREDA. The systematic solubi-
lity study by (Rai et al., 1997) in NaCl and MgCl2 solutions is compared
with model predictions using thermodynamic and Pitzer activity models
derived in this work.

A noteworthy observation in the solubility data reported by
(Cevirim-Papaioannou, 2018) is the presence of aged solid phases
exhibiting significantly lower solubility compared to the UO2(am, hyd)
solid phase selected in the NEA-TDB or reported in the shorter experi-
ments conducted (Rai et al., 1997). On the basis of a multi-method
approach (XRD, TG-DTA, XAFS) used for the characterization of the
solid phase after completing the solubility experiments, the aged solid
phase in (Cevirim-Papaioannou, 2018) was identified as nanocrystalline
UO2•H2O(ncr).

3.2. Strategy for the development of the thermodynamic and pitzer
activity models

The aqueous speciation of U(IV) in the absence of complexing ligands
is defined by a chemical model that includes the aqueous species U4+,
UOH3+, U(OH)22+, U(OH)3+, and U(OH)4(aq), along with the solid phases
UO2•2H2O(am,hyd) (quoted as UO2(am, hyd) in the NEA-TDB) or
UO2•H2O(ncr). Consistently with previous Pitzer studies and with the
strategy adopted in THEREDA for all An(IV), the interaction of U(IV)
with chloride is exclusively described through binary Pitzer coefficients
[16, 25–26]. This approach aims at avoiding the overparameterization
in the fit of the available datasets. The ternary complex Ca4[An(OH)8]4+

previously described for Th(IV) (Altmaier et al., 2008), Np(IV), and Pu
(IV) (Fellhauer et al., 2010) has been included to account for the
speciation of U(IV) in dilute to concentrated CaCl2 solutions. Given the
large number of parameters required to describe the solubility and hy-

drolysis of U(IV) (log *K0
s,0,

*β0(1,1),
*β0(1,2),

*β0(1,3),
*β0(1,4) and the corre-

sponding Pitzer coefficients for U4+, UOH3+, U(OH)22+, U(OH)3+, and U
(OH)4(aq)), the following modeling approach is considered in the pre-
sent work:

- Equilibrium constants are taken as reported in the NEA-TDB

(*K0
s,0(UO2 • 2H2O(am)); *β0(1,1);

*β0(1,2);
*β0(1,3);

*β0(1,4)),

(Cevirim-Papaioannou, 2018; *K0
s,0
(
UO2 • H2O(ncr)

)
Fellhauer et al.,

2010*K0
s,0
(
UO2 • H2O(ncr)

) ( *β0(4,1,8)
)
.

- The U(IV) Pitzer model currently selected in THEREDA is taken as
basis for the optimization process. The species U4+, UOH3+, and U
(OH)3+ are expected to play a relatively minor role in the pH-range
considered in (Cevirim-Papaioannou, 2018; Rai et al., 1997), as
can be seen in the Supporting Information (Fig. S1). For this reason,
only an optimization of the Pitzer parameters β0, β1, and CФ of the
species U(OH)22+ has been considered.

- Matlab (MATLAB, 2022) was used for the fitting process through a
multi-fitting algorithm, i.e., the NLINMULTIFIT function, which

operates a non-linear least squares regression of multiple data sets
(Chen, 2016). All of the datasets reported by (Cevirim-Papaioannou,
2018) are simultaneously fitted using the minimization function
∑ (

log [U]exp − log [U]calc

)2 (
log [U]exp − log [U]calc

)2
. The NLINFIT

Matlab function operates the simultaneous fitting of multiple
non-linear curves with shared parameters. Fig. S2 in the Supporting
Information provides a flow diagram described the approach used for
the fit of the available experimental data. The outcome of this fitting
exercise was counterchecked using The Geochemist’s Workbench
code (Bethke, 2023). The value of [U]calc is the sum of [U4+],
[UOH3+], [U(OH)22+], [U(OH)3+], and [U(OH)4(aq)], as exemplarily
described for UO2•H2O(ncr) in equations (17)–(24):

UO2 • H2O(ncr)+4H+ ⇌ U4+ + 3H2O(l) (17)

UO2 • H2O(ncr)+3H+ ⇌ U(OH)3+ + 2H2O(l) (18)

UO2 • H2O(ncr)+2H+⇌ U(OH)2+2 + H2O(l) (19)

UO2 • H2O(ncr) +H+ ⇌ U(OH)+3 (20)

UO2 • H2O(ncr) +H2O(l) ⇌ U(OH)4(aq) (21)

*K0
s,0 = aU4+•aw

3 • aH+
− 4 (22)

*β0
(1,n) = aU(OH)4− n

n
•aH+

n • aw
− n

• aU4+
− 1 (23)

[U]calc =
*K0

s,0•γH+
4•mH+

4 • aw
− 3•γU4+

− 1

(
1+

∑ *β0
(1,n) • γU4+ • mH+

− n • γH+
− n•γU(OH)4− n

n

− 1 • aw
n
) (24)

Note that the provision of thermodynamic data for amorphous solid
phases entails some challenging aspects, as their solubility may change
with time due to re-crystallisation and consequent decrease in water
content and surface area. However, having access to the solubility of
amorphous phases is of utmost importance when modelling the behav-
iour of complex systems. For this reason and following the philosophy of
the NEA-TDB reference books (Guillaumont et al., 2003), solubility
products of U(IV) amorphous and hydrated oxyhydroxide phases are
provided in this work.

4. Results and discussion

4.1. Modeling of UO2(s) solubility in dilute to concentrated NaCl systems

Fig. 1 shows the experimental solubility data reported by
(Cevirim-Papaioannou, 2018; Rai et al., 1997) for dilute to concentrated
NaCl solutions, together with the solubility calculations using the ther-
modynamic and Pitzer activity models derived in this work.

Uranium concentrations determined by (Cevirim-Papaioannou,
2018) are about 2 orders of magnitude lower than those reported in (Rai
et al., 1997), reflecting the larger particle size of the solid phase reported
in (Cevirim-Papaioannou, 2018). It is worth noting that the solid phase
used by (Cevirim-Papaioannou, 2018) underwent aging for 3 months
before initiating the undersaturation solubility experiments, which were
conducted for a significantly longer timeframe compared to previous
solubility studies (Neck and Kim, 2001; Rai et al., 1997). This highlights
the necessity of defining two different solid phase stabilities in the
thermodynamic data selection, i.e. one for UO2•2H2O(am) (equivalent
to UO2(am, hyd) selected in the NEA-TDB) and one for UO2•H2O(ncr).
The ageing effects observed for fresh amorphous precipitates may be
interpreted in terms of increasing particle size by surface recrystalliza-
tion via local dissolution-precipitation equilibria (Ostwald ripening)
(Rand et al., 2008). Although the NEA-TDB currently selects solubility
constants for only one U(IV) hydrous oxide (UO2(am, hyd)) (Grenthe

Y. Yan et al.
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et al., 2020), the two solid phases defined in this work for U(IV) can be
considered analogous to those currently selected for Th(IV) in the
NEA-TDB and THEREDA databases, i.e. ThO2(am, hyd, fresh) and
ThO2(am, hyd, aged) (Moog et al., 2015; Rand et al., 2008).

The solubility of U(IV) in the acidic pH region increases with
increasing NaCl concentrations, reflecting strong ionic interactions of
the positively charged U(IV) hydrolysis species with chloride, as shown
in Fig. S3 in the Supporting Information. Experimental solubility data

reported by (Cevirim-Papaioannou, 2018) and solubility calculations
performed with the thermodynamic and Pitzer activity models derived
in this work are in excellent agreement for the complete range of ionic
strength conditions, i.e. 0.1–5.6 mol/kg, considering UO2•H2O(ncr) as
solid phase controlling the solubility. Model calculations considering
UO2•2H2O(am) and experimental data reported by (Rai et al., 1997) are
also in good agreement for dilute to intermediate ionic strength condi-
tions, i.e. 0.03 mol/kg to 1.0 mol/kg. For the highest NaCl concentration

Fig. 1. Comparison of model calculations with experimental U(IV) solubility data reported in (Cevirim-Papaioannou, 2018; Rai et al., 1997) for (a) ≤ 0.1, (b) 0.2, (c)
0.5, (d) 1.0, (e) 2.1 and (f) 5.6–6.0 mol/kg NaCl solutions. Solubility calculations represented by dashed lines are conducted with thermodynamic and Pitzer activity
models selected in the present work.

Y. Yan et al.
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investigated (Rai et al., 1997) (6.0 mol/kg NaCl), solubility data agree
with that reported in (Cevirim-Papaioannou, 2018) and with solubility
calculations considering UO2•H2O(ncr) as solid phase controlling the
solubility of U(IV). We speculate that an increase in particle size may
have occurred during the solubility experiments at high chloride
concentrations.

4.2. Modeling of UO2(s) solubility in dilute to concentrated MgCl2
systems

Fig. 2 illustrates the solubility calculations using the thermodynamic
and Pitzer activity models derived in this work, along with the experi-
mental solubility data reported by (Cevirim-Papaioannou, 2018; Rai
et al., 1997) for dilute to concentrated MgCl2 solutions. Under acidic

Fig. 2. Comparison of model calculations with experimental U(IV) solubility data reported in (Cevirim-Papaioannou, 2018; Rai et al., 1997) for (a) 0.25, (b) 1.0, (c)
2.0–2.1, (d) 3.0 and (e) 5.1 mol/kg MgCl2 solutions. Solubility calculations represented by dashed lines are conducted with thermodynamic and Pitzer activity models
selected in the present work.

Y. Yan et al.



Applied Geochemistry 171 (2024) 106091

6

conditions (pHm ≤ 4) and analogous to the NaCl systems, a steep
decrease in the solubility of U(IV) is observed with increasing pHm in all
MgCl2 systems. The increase in MgCl2 concentration results in a signif-
icant increase in the solubility (ca. 3 orders of magnitude from 0.25 to
5.15 mol/kg MgCl2), as shown in Fig. S4 in the Supporting Information.
Such a relevant increase in the solubility expectedly results from strong
ion interaction processes.

Similar to NaCl systems, uranium concentrations in acidic MgCl2
solutions determined by (Cevirim-Papaioannou, 2018) are approxi-
mately 2 orders of magnitude lower than those reported by (Rai et al.,
1997), confirming again the larger particle size, i.e. greater stability, of
the solid phase used by (Cevirim-Papaioannou, 2018). As in the NaCl
systems, solubility calculations using thermodynamic and Pitzer activity
models derived in this work show a very good agreement with the
experimental solubility data reported (Cevirim-Papaioannou, 2018) for
the complete range of ionic strength conditions, i.e. 0.75–13.5 mol/kg,
considering UO2•H2O(ncr) as solid phase controlling the U(IV) solubil-
ity. This observation supports the idea that the same kind of nano-
crystalline solid phase is responsible for the control of U(IV) solubility in
both salt systems. For some of the experimental data reported (Rai et al.,
1997) (1.0 mol/kg MgCl2 104 d; 2.0 mol/kg MgCl2 12 d and 80 d; and
3.0 mol/kg MgCl2), long-term solubility data agree with that reported
(Cevirim-Papaioannou, 2018) and with solubility calculations consid-
ering UO2•H2O(ncr) as solid phase controlling the solubility of U(IV).
This observation reinforces the hypothesis of an increase in particle size
in the course of the solubility experiments (Rai et al., 1997), which is
especially relevant at higher chloride concentrations. We hypothesize
that this effect may be caused by the enhanced solubility triggered by
ionic interaction effects in concentrated chloride media, which can
accelerate particle growth through faster recrystallization kinetics.

At pHm ≥ 3–4 (depending on MgCl2 concentration and solid phase
controlling the solubility), the uranium concentration in equilibrium
with UO2•H2O(ncr) or UO2•2H2O(am) drops below the detection limit
of Inductively coupled plasma mass spectrometry (ICP-MS), and thus no
information could be gained for this salt system and pHm range
(Cevirim-Papaioannou, 2018). Nevertheless, based on the results ob-
tained in NaCl systems and data reported for the solubility of Th(IV) in
MgCl2 systems (Altmaier et al., 2004), a solubility control by the
pHm-independent solubility reaction UO2(s, hyd) ⇌ U(OH)4(aq)+ xH2O
(l) is expected.

4.3. Modeling of UO2(s) solubility in dilute to concentrated CaCl2 systems

The contact of concentrated MgCl2 solutions with cement at a given
solid/brine ratio can result in the formation of concentrated CaCl2 so-
lutions (2–3.5 mol/kg) with pHm values close to 12 (Bube et al., 2013)
(see Fig. 3). At solid/brine ratios>1 g/mL, (Bube et al., 2013) confirmed
that the main phases remaining after exposure to MgCl2 were brucite,
Friedel’s salt, Ca-oxychloride, Ca4Si3O10•1.5H2O, gypsum, and calcite.

(Cevirim-Papaioannou, 2018) investigated also the solubility of
U(IV) in alkaline, dilute to concentrated CaCl2 solutions, but all
measured uranium concentrations were at the detection limit of ICP-MS
for the given salt concentrations (see Fig. 4). (Fellhauer et al., 2010)
reported a thermodynamic model for U(IV) based on Linear Free-Energy
Relationships (LFER) and experimental solubility data determined in
CaCl2 systems for Th(IV), Np(IV), and Pu(IV). This model has been
considered in the current data selection, and is used for the solubility
calculations in Fig. 4, considering UO2•H2O(ncr) as solid phase con-
trolling the solubility. Experimental solubility data (basically all data
points at the detection limit of the technique) are not in disagreement
with the calculated solubility. These experimental observations are
justified by the low solubility of UO2•H2O(ncr) and the strong dilutions
required for ICP-MS measurements in concentrated CaCl2. As for Th(IV),
Np(IV), and Pu(IV), thermodynamic calculations predict the predomi-
nance of the ternary complex Ca4[An(OH)8]4+ in hyperalkaline solu-
tions with a salt concentration ≥2.1 mol/kg CaCl2 (see Fig. 4).

4.4. Thermodynamic and pitzer activity models for the system
U4+–Na+–Mg2+–Ca2+–H+–Cl––OH––H2O(l): Incorporation in the
THEREDA-TDB

Table 1 summarizes the solubility and hydrolysis constants of U(IV)
as selected in the previous THEREDA-TDB and in this study. The new
thermodynamic model considers the NEA-TDB thermodynamic selec-
tion as anchoring point, whilst defining two solid phases, i.e., UO2⋅2H2O
(am) and UO2⋅H2O(ncr, hyd). This allows to the proper description of
most of the experimental solubility data available in dilute to concen-
trated NaCl, MgCl2, and CaCl2 solutions.

Table 2 summarizes the Pitzer coefficients for U(IV) hydrolysis spe-
cies as previously selected in THEREDA-TDB and reported in this study.

Fig. 3. Evolution of the pore water of a cement drum exposed to increasing
volumes of MgCl2 brine as reported by (Bube et al., 2013). Solid lines refer to
thermodynamic calculations considering the predominance of the solid phases
reported in the text. Figure modified from (Bube et al., 2013).

Fig. 4. Comparison of model calculations with experimental U(IV) solubility
data reported in (Cevirim-Papaioannou, 2018) for 0.25, 2.1, and 5.3 mol/kg
CaCl2 solutions. Solubility calculations represented by solid lines are conducted
with thermodynamic and Pitzer activity models selected in the present work.
Dashed lines are detection limits (D.L.) of ICP–MS as described in
(Cevirim-Papaioannou, 2018).
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Only parameters available for U(OH)22+ have been modified on the basis
of the new experimental solubility data, whereas binary parameters for
Ca4[U(OH)8]4+ are taken from the LFER estimates reported by Fellhauer
and co-workers (Fellhauer et al., 2010).

5. Summary and conclusions

This study presents updated chemical, thermodynamic, and Pitzer
activity models for the system U4+–Na+–Mg2+–Ca2+–H+–Cl––OH––H2O
(l). These models disregard association equilibria involving chloride,
and are based on the most comprehensive experimental dataset avail-
able to date for U(IV) in dilute to concentrated NaCl, MgCl2, and CaCl2
solutions. Two U(IV) hydrous oxides (UO2⋅2H2O(am) and UO2⋅H2O
(ncr)) with different stability are considered in the model, reflecting the
increase in particle size and consequent decrease in solubility that a
freshly precipitated solid phase undergoes through the Ostwald ripening
triggered by ageing. This is in line with the selection of thermodynamic
data for ThO2(am, hyd, fresh) and ThO2(am, hyd, aged) as considered in
most databases available for nuclear waste disposal applications (NEA-
TDB, ThermoChimie, PSI-Nagra, JAEA, THEREDA, etc.). The current
NEA-TDB selection for the solubility and hydrolysis constants in the

reference state, i.e. *K0
s,0(UO2 • 2H2O(am)), *β0(1,1),

*β0(1,2),
*β0(1,3),

*β0(1,4),
is considered as anchoring point in the development of the thermody-
namic model. The ternary complex Ca4[An(OH)8]4+ has been included

in the thermodynamic selection based on experimental evidences
available in the literature for Th(IV), Np(IV), and Pu(IV). This complex
may become predominant in cementitious systems contacted with
MgCl2 brines, in which high CaCl2 concentrations can be attained. The
Pitzer model derived in this work builds on the previous selection in
THEREDA, and includes the optimizations of the Pitzer parameters β0,
β1, and CФ of U(OH)22+.

The chemical, thermodynamic, and activity models derived in this
work enable robust and precise solubility calculations, serving as a
valuable tool for source term estimations in the geochemical assessment
of repositories for nuclear waste disposal. Notably, this work provides a
reliable Pitzer activity model that can be confidently applied up to
concentrated brines and pHm conditions potentially expected in disposal
concepts in salt rock or specific clay formations present in Canada or
Northern Germany.
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Table 1
Equilibrium constants of U(IV) solubility and hydrolysis selected in the previous THEREDA-TDB and this study.

Previous
THEREDA-TDB

Original source This study Original source

Solubility UO2⋅2H2O(am, hyd) + 4H+ ⇌
U4+ + 4H2O(l)

(1.5 ± 1.0) NEA-TDB (Guillaumont et al.,
2003)

(1.5 ± 1.0) NEA-TDB (Grenthe et al., 2020)

UO2⋅H2O(ncr) + 4H+ ⇌ U4+ +

3H2O(l)
– – –(0.32 ± 0.60) Cevirim-Papaioannou (

Cevirim-Papaioannou, 2018)

Hydrolysis constants,

log10
*β0n

U4+ + H2O(l) ⇌ U(OH)3+ + H+ –(0.54 ± 0.06) NEA-TDB (Guillaumont et al.,
2003)

–(0.54 ± 0.06) NEA-TDB (Grenthe et al., 2020)

U4+ + 2H2O(l) ⇌ U(OH)22+ +

2H+

–(1.1 ± 1.0) Neck and Kim (Neck and Kim,
2001), estimated

–(1.9 ± 0.2) NEA-TDB (Grenthe et al., 2020)

U4+ + 3H2O(l) ⇌ U(OH)3+ +

3H+

–(4.7 ± 1.0) Neck and Kim (Neck and Kim,
2001), estimated

–(5.2 ± 0.4) NEA-TDB (Grenthe et al., 2020)

U4+ + 4H2O(l) ⇌ U(OH)4(aq) +
4H+

–(10 ± 1.4) NEA-TDB (Guillaumont et al.,
2003)

–(10 ± 1.4) NEA-TDB (Grenthe et al., 2020)

4Ca2+ + U4+ + 8H2O(l) ⇌
Ca4[U(OH)8]4+ + 8H+

– – –(59.5 ± 1.0) Fellhauer (Fellhauer et al., 2010),
estimated

Table 2
Pitzer interaction coefficients in the previous THEREDA-TDB and this study.

Ion 1 Ion
2

β0 β1 CФ Primary
reference

Previous
THEREDA-
TDB

U4+ Cl− 1.27 13.5 Neck et al.
(2001)

U(OH)3+ Cl− 0.6 5.9 Neck et al.
(2001)

U(OH)22+ Cl− 0.23 1.93 Neck et al.
(2001)

U(OH)3+ Cl− 0.08 0.39 Neck et al.
(2001)

This work U4+ Cl− 1.27 13.5 0 Neck et al.
(2001)

U(OH)3+ Cl− 0.6 5.9 0 Neck et al.
(2001)

U(OH)22+ Cl− 0.37 1.93 − 0.029 Fit of exp. Data,
this work

U(OH)3+ Cl− 0.08 0.39 0 Neck et al.
(2001)

Ca4[U
(OH)8]4+

Cl- 0.58 8.9 0.07 (Fellhauer et al.,
2010), analogy
with other An
(IV)

Y. Yan et al.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apgeochem.2024.106091.
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