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a b s t r a c t

We have developed new chemical, thermodynamic and activity models for the system UO2
2+ Na+ K+

Mg2+ H+ OH Cl H2O(l) within the Pitzer approach. The new thermodynamic model is based on pre
viously reported data treated within the SIT approach for NaCl and KCl systems, as well as on new exper
imental data determined in this work for the MgCl2 system.
The solubility of uranium(VI) was studied in 0.01 5.15 mol�kgw1 MgCl2 solutions at pHm 4.1 9.7

(with pHm log [H+]). Experiments were performed under Ar atmosphere at T (22 ± 2) �C. In all inves
tigated systems, the solubility of U(VI) is controlled by metaschoepite, UO3�2H2O(cr). In contrast to pre
viously investigated NaCl and KCl systems, no ternary Mg U(VI) OH(s) solid phases formed in alkaline
MgCl2 solutions within the timeframe of this study (� 200 days). A very significant increase in the solu
bility (up to 3 log10 units) is observed in acidic to near neutral pHm conditions when increasing MgCl2
concentration from 0.01 to 5.15 mol�kgw1, which reflects the strong ion interaction processes taking place
in concentrated MgCl2 brines.
The solubility of UO3�2H2O(cr) in the investigated NaCl, KCl and MgCl2 solutions is well described with

the solubility and hydrolysis constants recommended by Altmaier et al., (2017) and NEA TDB, and a
Pitzer activity model derived in the present work. The latter model considers experimental data reported
in the present study and available in the literature for NaCl, KCl and MgCl2 systems (solubility, potentio
metric and spectroscopic data), in combination with well stablished estimation methods and correlations
with SIT coefficients.
Chemical, thermodynamic and Pitzer activity models provided in this work for the system

UO2
2+ Na+ K+ Mg2+ H+ OH Cl H2O(l) accurately describe all evaluated datasets, and represent an

adequate tool for the calculation of U(VI) solubility and aqueous speciation in a variety of geochemical
conditions including concentrated brine systems of relevance in salt based repositories for nuclear waste
disposal.

1. Introduction

An accurate understanding of the solubility and speciation of
U(VI) in dilute to concentrated salt systems is required in the
Safety Assessment of repositories for the disposal of nuclear waste.
Geochemical boundary conditions in the repository strongly
depend on the type of host rock formation (crystalline, clay, salt),

backfill material and waste form. Na, Mg and K are abundant
cations in different types of groundwater, but can be of particular
relevance in the case of water intrusion into salt rock formations.
Rather high concentrations of Na and K (0.1 0.2 mol dm 3) are
found in the pore waters of cement within its first degradation
stage, until the soluble oxides Na2O and K2O are completely
washed out [1,2]. Soluble Na and Mg salts are characteristic for
rock salt environments and are for instance present in the Asse salt
dome (Germany) [3]. In the context of the currently operating
Waste Isolation Pilot Plant (WIPP) in Carlsbad (USA), aqueous
systems with high ionic strength are expected to form in certain
scenarios. The composition of these brines is mostly dominated
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by NaCl, MgCl2 and KCl, with minor contributions of Ca2+, HCO3 and
Br ions [4]. The use of MgO as backfill material represents an addi
tional alteration of the geochemical conditions, buffering the pH
and reducing carbonate concentration by precipitation of MgCO3(s).

The chemical thermodynamics of U(VI) hydrolysis species and
oxide/hydroxide solid phases forming in dilute to concentratedNaCl
and KCl were recently investigated by Altmaier et al. (2017) [5] and
Cevirim Papaioannou et al. (2018) [6] in comprehensive studies. A
summary of thermodynamic data derivedwith SIT reported in these
publications is provided in Section 1.1, in connection with other
thermodynamic studies available in the literature and with the cur
rentNEA TDB thermodynamic selection. In contrast toNaCl andKCl
systems, the solubility of U(VI) has not been investigated so far in
dilute to concentrated MgCl2 solutions, and there are no activity
models available able to reliably calculate activity coefficients of
U(VI) hydrolysis species in concentrated MgCl2 brines. For all NaCl,
KCl and MgCl2 systems a comprehensive thermodynamic model
using Pitzer for high ionic strength (I) conditions is missing.

In contrast to the reported formation of Na , K , and Ca uranates
in alkaline NaCl, KCl and CaCl2 solutions [5 7], there is no
experimental evidence so far reporting the formation of analogous
Mg uranate compounds in alkaline MgCl2 solutions at room
temperature. For instance, a MgUO4(cr) phase synthesized at
T � 1000 K [8,9] is the only Mg uranate compound currently
selected in the OECD/Nuclear Energy Agency Thermochemical
Database (NEA TDB) [10]. Vochten et al. (1991) [11] synthesized
Mg[(UO2)6O4(OH)6] 10H2O(cr) by equilibrating UO3 2H2O(cr) in
0.5 mol dm 3 MgSO4 under mildly hydrothermal conditions
(333 K) for two weeks, but the formation of analogous phases at
ambient temperature conditions remains putative. In this context,
the present study aims at a systematic experimental investigation
of U(VI) solubility in dilute to concentratedMgCl2 systems, comple
mented with solid phase characterization and aqueous speciation
techniques.

Solubility data determined in this work is evaluated in combi
nation with previous solubility and potentiometric studies in
NaCl/KCl systems [5,6,12 14], and taking as anchoring point
U(VI) solubility and hydrolysis constants summarized in [5]. The
final goal is to derive a comprehensive chemical, thermodynamic
and Pitzer activity model for the system UO2

2+ Na+ K+ Mg2+ H+

OH Cl H2O(l) that can be implemented in thermodynamic data
bases, and accordingly used in geochemical calculations of rele
vance in the context of nuclear waste disposal.

1.1. Current chemical, thermodynamic and SIT activity models for the
system UO2

2+ Na+ K+ H+ OH Cl H2O(l)

Thermodynamic data for the solubility and hydrolysis of U(VI)
in acidic to hyper alkaline pH conditions was recently updated

by Altmaier et al. (2017) [5]. The updated thermodynamic model
using the SIT approach was based on new solubility experiments
in dilute to concentrated NaCl systems, previously reported poten
tiometric studies [12 14], and taking as anchoring point thermody
namic data selected in the NEA TDB for the hydrolysis species of U
(VI) forming in acidic conditions [10]. Solubility data in alkalineNaCl
solutionswasused to derive log *K�s,0{0.5Na2U2O7 H2O(cr)} [15] and
hydrolysis constants for the anionic species UO2(OH)3 and
UO2(OH)42 . This SIT model was extended later by Cevirim
Papaioannou et al. (2017) [6] to near neutral to hyperalkaline KCl
systems, where the solid phases K2U6O19 11H2O(cr) and
K2U2O7 1.5H2O(cr) were reported to control the solubility of U(VI).
Tables 1 and 2 summarize the chemical, thermodynamic and SIT
activity models reported in the literature and considered in this
work as basis for the development of a Pitzer activitymodel forNaCl,
KCl and MgCl2 systems.

1.2. Pitzer activity model

The Pitzer activity model is widely acknowledged as one of the
most accurate approaches for the determination of activity coeffi
cients of single ions in mixed electrolyte systems at high ionic
strength. Especially for concentrated salt brine solutions, the use
of the Pitzer model is strongly recommended for the description
of radionuclide solubility behaviour and speciation.

A short description of the model and main parameters is pro
vided below, but the reader is referred to the original publications
by Pitzer and/or key review works for a detailed description of the
Pitzer equations and the physical theory behind [15,17 22]. The

Table 1
Solubility and hydrolysis constants of U(VI) at I = 0 reported in the literature for the system UO2

2+–Na+–K+–H+–OH –Cl –H2O(l).

Solubility reactions log *K�s,0 References

UO3�2H2O(cr) + 2H+ , UO2
2+ + 3H2O(l) (5.35 ± 0.13) [5]

1/2Na2U2O7�H2O(cr) + 3H+ , UO2
2+ + Na+ + 2H2O(l) (12.2 ± 0.2) [5]

1/2K2U2O7�1.5H2O(cr) + 3H+ , UO2
2+ + K+ + 2.25H2O(l) (12.0 ± 0.2) [6]

1/6 K2U6O19�11H2O(cr) + 7/3H+ , UO2
2+ + 1/3K+ + 3H2O(l) (6.3 ± 0.1) [6]

Hydrolysis reactions (xy) log *b�(x y)

UO2
2+ + H2O(l) , H+ + UO2OH+ (11) �(5.25 ± 0.24) [10]

UO2
2+ + 2H2O(l), 2H+ + UO2(OH)2(aq) (12) �(12.15 ± 0.17) [10]

UO2
2+ + 3H2O(l), 3H+ + UO2(OH)3 (13) �(20.7 ± 0.4) [5]

UO2
2+ + 4H2O(l), 4H+ + UO2(OH)42 (14) �(31.9 ± 0.2) [5]

2UO2
2+ + 2H2O(l), 2H+ + (UO2)2(OH)22+ (22) �(5.62 ± 0.04) [10]

3UO2
2+ + 4H2O(l), 4H+ + (UO2)3(OH)42+ (34) �(11.9 ± 0.3) [10]

3UO2
2+ + 5H2O(l), 5H+ + (UO2)3(OH)5+ (35) �(15.55 ± 0.12) [10]

3UO2
2+ + 7H2O(l), 7H+ + (UO2)3(OH)7 (37) �(32.2 ± 0.8) [10]

4UO2
2+ + 7H2O(l), 7H+ + (UO2)4(OH)7+ (47) �(21.9 ± 1.00) [10]

Table 2
SIT ion interaction coefficients (in kg�mol 1) reported in the literature for UO2

2+ and
U(VI) hydrolysis species in NaCl and KCl systems.

U(VI) species SIT coefficients

i j e(i,j) References

UO2
2+ Cl (0.21 ± 0.02) [16]

UO2OH+ Cl (0.10 ± 0.10) [5]
(UO2)2(OH)22+ Cl (0.30 ± 0.06) [5]
(UO2)3(OH)42+ Cl �(0.07 ± 0.17) [5]
(UO2)3(OH)5+ Cl (0.24 ± 0.15) [5]
(UO2)4(OH)7+ Cl (0.17 ± 0.18) [5]
UO2(OH)3 Na+ �(0.24 ± 0.09) [5]

K+ �(0.24 ± 0.09) [6]
UO2(OH)42 Na+ (0.01 ± 0.04) [5]

K+ (0.03 ± 0.04) [6]
(UO2)3(OH)7 Na+ �(0.24 ± 0.09) [5]

K+ �(0.24 ± 0.09) [6]
UO2(OH)2(aq) Na+, K+, Cl 0 a

aBy definition in SIT.



model defines binary parameters b(0)MX, b
(1)
MX, b

(2)
MX and C(u)MX for each

anion cation pair. b(0)MX and b(1)MX correspond to short range interac
tions in all salt systems. b(2)MX is zero except in 2 2 electrolyte sys
tems, for which it is also highly correlated with the association
constant of these ions. The contribution of C (u)

MX is expected to be very
small in those systems with low concentrations of reactants/prod
ucts, compared to the concentration of the background electrolyte.
hMc and hXa are asymmetrical mixing parameters for each unlike
cation cation and anion anion pair, respectively.WXac andWMac cor
respond to the third virial coefficient representing triple interactions
between ions. The interactions between ions and neutrally charged
species are defined by knM (or knX).

In mixed electrolyte solutions with cations (c and c0) and anions
(a and a0), the individual activity coefficients for a cation (M) and
an anion (X) are described by Eqs. (1) and (2), respectively:
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Because of the large number of binary and ternary parameters
involved in the calculation of the activity coefficientswith the Pitzer
equations, the development of activity models based on this
approach requires extensive datasets with large variations in the
concentration of the background electrolyte. These requirements
often affect the development of Pitzer activity models for
radionuclide systems, for which available datasets are usually lim
ited to a few background electrolyte concentrations. To overcome
some of these limitations and (especially) to avoid the over
parameterization of the limited datasets, some simplifications and
estimation methods were developed and previously reported
[22,23]. Assuming a system in which the parameter C(u)MX is zero and
mixing (hXa or hMc) and ternary parameters and (WXac or WMac) can
be neglected, the general definitions of mean activity coefficient of
an ion by SIT and Pitzer show very close similarities:

Mean activity coefficients in Pitzer
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p
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Mean activity coefficients in SIT
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Accordingly, the SIT ion interaction coefficient can be linearly
correlated to binary Pitzer parameters:
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Note that values of e M;Xð Þ instead of ec M;Xð Þ are generally tab
ulated in compilations of SIT interaction coefficients. The relation
ship between them is e M;Xð Þ = ec M;Xð Þ=lnð10Þ. Calculations of X
and Y values for 1 1, 1 2, 1 3 and 1 4 ion combinations reported
by Grenthe and co workers [22,23] result in a very good linearity.

This provides a value of bð1Þ
MX for each charge type, as well as a linear

correlation between b(0)MX and e M;Xð Þ. Table 3 summarizes the quan
titative relationship between SIT ion interaction coefficients and Pit
zer binary parameters b(0)MX and b(1)MX for different ion combinations/
charges. Due to the complexity of the U(VI) hydrolysis scheme and
to the limited datasets available for some of the hydrolysis reactions,
the Pitzer activity model developed in the present work is based on a
combination of experimental data and the use of estimated parame
ters, as those summarized in Table 3. The validity of this approached
is confirmed via the comparison of the experimental U(VI) solubility
data in NaCl, KCl and MgCl2 solutions over a large range of pH and
ionic strength conditions with the model calculations based on the
new thermodynamic Pitzer model derived in this work.

2. Experimental studies in MgCl2 solutions

2.1. Chemicals

MgCl2 6H2O (p.a.), Mg(OH)2(s) and HCl Titrisol� were pur
chased from Merck. The water content in MgCl2 6H2O was anal
ysed and confirmed by titration of the chloride content. All
sample preparation and handling was performed in an Ar glove
box at T = (22 ± 2) �C to avoid CO2 contamination. All solutions
were prepared with purified water (Milli Q academic, Millipore)
purged for two hours with Ar before use. Detailed information on
all chemicals and compounds used in the present study is provided
in Table A1 as Supporting Information.

2.2. pH measurements

In salt solutions of ionic strength I � 0.1 mol kgw1, the measured
pH value (pHexp) is an operational value related to [H+] by
pHm = pHexp + Am, where Am is a function of the background elec
trolyte concentration. The measurements of pHexp were performed
using combination pH electrodes (type ROSS, Orion) calibrated
against standard pH buffers (pH = 2 9, Merck). Am values deter
mined as a function of MgCl2 concentration are available in the lit
erature [24]. The highest pHm in MgCl2 systems (pHmax) is defined
by the precipitation of Mg(OH)2(cr) (or Mg2(OH)3Cl 4H2O(cr) at
MgCl2 concentrations above � 2 mol kgw1). These solid phases

Table 3
Quantitative relationship between different ion combinations/charges, SIT ion
interaction coefficients and Pitzer binary parameters b(0)MX and b(1)MX, as reported in
[22,23].

Ion combination bð0ÞMX � eðM;XÞ lnð10Þ
2 bð1ÞMX

M+, X 0.035 0.3
M2+, X or M+, X2 0.15 1.6
M3+, X or M+, X3 0.366 4.3
M4+, X or M+, X4 0.754 8.9







is accordingly disregarded in chemical model derived for this sys
tem, however it is implicitly taken into account within the activity
models of the hydrolysis species.

3.3. Pitzer activity model for the system UO2
2+ Na+ K+ Mg2+ H+

OH Cl H2O(l)

Chemical, thermodynamic and SIT activity models describing
the solubility and hydrolysis of U(VI) in acidic to alkaline pH con
ditions were reviewed in the last update book of the NEA TDB [10],
and recently updated based on comprehensive experimental data
sets in dilute to concentrated NaCl and KCl systems [5,6]. These
data are considered in combination with the new experimental
observations obtained in this work in MgCl2 solutions to derive a
Pitzer activity model for the system UO2

2+ Na+ K+ Mg2+ H+

OH Cl H2O(l).

3.3.1. Pitzer ion interaction coefficients for U(VI) hydrolysis species
forming in acidic to near neutral pHm conditions

The solubility of U(VI) in the acidic pH region increases with
increasing ionic strength in both NaCl and MgCl2 systems. The
slope of the solubility (log [U] vs. pHm) varies as a function of
pHm, but also depends upon salt system and salt concentration.
This reflects the complex hydrolysis scheme of U(VI), especially
under acidic conditions where the greater solubility limit defined
by UO3 2H2O(cr) promotes the formation (and predominance) of
a number of polyatomic species. For this reason, the same strategy
considered in Altmaier et al. (2017) [5] is adopted in the present
work: (i) solubility and hydrolysis constants at I = 0 are retained
as reported in [5] and [10], respectively; (ii) binary U(VI) Cl and
ternary U(VI) OH Cl complexes are not explicitly considered in
the chemical model, and the impact of chloride is accordingly only
described by the activity model; (iii) a (Pitzer) activity model is
derived based on available experimental data and considering
analogies or estimation methods.

Note that there are no systematic experimental datasets as a
function of ionic strength available for acidic KCl solutions. On
the other hand, ion interaction processes in acidic KCl systems
are dominated by the interactions between cationic U(VI) hydroly
sis species and Cl . Accordingly, the Pitzer activity model derived
in this study for U(VI) in acidic NaCl and MgCl2 solutions is also
expected to properly explain ion interaction processes of U(VI) in
acidic KCl solutions. Experimental solubility data reported by San
dino et al. [36] in 1.0 mol dm 3 KCl are compared to thermody
namic calculations using the Pitzer activity model derived in this
work to confirm this hypothesis (see Section 3.4).

(11) and (47) hydrolysis species.
The monomeric species UO2(OH)+ (11) is very minor at the

rather high uranium concentrations defined by UO3 2H2O(cr) (sol
ubility studies) or used in potentiometric studies. Drobot et al.
(2016) [37] is probably the only experimental study investigating
the hydrolysis of U(VI) under conditions where monomeric species
are predominant (TRLFS, [U]tot = 10 8 mol dm 3). The study was
performed in 1.0 mol dm 3 NaClO4, and thus it does not provide
information on the interaction of this species with chloride. Based
on systematic potentiometric titrations, De Stefano and co workers
(2002) [14] reported conditional hydrolysis constants for the (11)
species in 0.1 4.5 mol dm 3 NaCl solutions. However, in the condi
tions of their experiments ([U]tot � 5 10 4 mol dm 3), the fraction
of UO2(OH)+ in solution accounted for less than 2% and thus the
reported log *b0

(1,1) are highly questionable. The tetrameric species
(UO2)4(OH)7+ (47) has a limited predominance field under near
neutral pH conditions and high total uranium concentrations

(log [U]tot > 3.5), and there are no experimental studies reporting
the variation of log *b0

(4,7) with chloride concentration.
For the reasons indicated above, Pitzer parameters for the (11)

and (47) hydrolysis species are determined according to simplifica
tions and estimation methods described in Section 1.2. Hence, the
binary parameter CMX

U and mixing parameters hXa (or hMc) and
WXac (or WMac) are set to zero. b(0)(UO2(OH)+, Cl ) and b(0)((UO2)4(OH)7

+, Cl )

are calculated based on the correlation with SIT ion interaction
coefficients for 1 1 electrolytes (see Tables 2 and 3). b(1)(UO2(OH)+, Cl )

and b(1)((UO2)4(OH)
7
+, Cl ) are set to the tabulated values in Table 3. The

resulting Pitzer interaction parameters for (11) and (47) species are:

b 0ð Þ
UO2 OHð Þþ ;Clð Þ 0:15kg �mol 1

b 1ð Þ
UO2 OHð Þþ ;Clð Þ 0:3kg �mol 1

b 0ð Þ
UO2ð Þ4 OHð Þþ7 ;Clð Þ 0:23kg �mol 1

b 1ð Þ
UO2ð Þ4 OHð Þþ7 ;Clð Þ 0:3 kg �mol 1

The U(VI) hydrolysis species (11) and (47) play only a very
minor role in the context of solubility studies, and thus the corre
sponding values of b(0) and b(1) are selected only for the sake of
completeness.

(22), (34) and (35) hydrolysis species.
The polyatomic hydrolysis species (UO2)2(OH)22+ (22), (UO2)3(

OH)42+ (34) and (UO2)3(OH)5+ (35) have larger predominance fields
within the boundary conditions defined by solubility and potentio
metric studies. For this reason, a fairly large experimental dataset
dealing with these species is available in the literature, which is
further complemented with the solubility, potentiometric and
spectroscopic studies conducted in this work. These data can be
used for an accurate determination of Pitzer ion interaction param
eters of these species. The following experimental data are consid
ered for the development of the Pitzer activity model for the (22),
(34) and (35) hydrolysis species:

a) Solubility of UO3 2H2O(cr) in 0.01 5.15 mol kgw1 MgCl2 and
0.03 5.61 mol kgw1 NaCl, as determined in the present work
and reported in Altmaier et al., 2017 [5], respectively. Both
studies provide values of pHm and log [U]tot, where [U]tot
can be calculated according with equation (9):

U½ �tot UO2þ
2

h i
þ
X

x UO2ð Þx OHð Þ2x y
y

h i
	K 0

s;0	 Hþ� �2 þX
x 	K 0

s;0	 Hþ� �2� � x	b0
x;yð Þ	 Hþ� � y

�
ð9Þ

b) Conditional equilibrium constants determined in potentio
metric studies for the formation of (22), (34) and (35) spe
cies ([12 14], see reactions (10) (12)). Data reported in
[12 14] are available for a wide range of NaCl concentra
tions: 0.1 4.5 mol dm 3 (or 0.1 4.98 mol kgw1).

2UO2þ
2 þ 2H2O lð Þ () UO2ð Þ2 OHð Þ2þ2 þ 2Hþ ð10Þ

3UO2þ
2 þ 4H2O lð Þ () UO2ð Þ3 OHð Þ2þ4 þ 4Hþ ð11Þ

3UO2þ
2 þ 5H2O lð Þ () UO2ð Þ3 OHð Þþ5 þ 5Hþ ð12Þ

c) Titration experiments performed in the present study
(MgCl2 systems) and in [5] (NaCl systems), which provide
experimental OH:U ratios at a given pHm and salt concentra
tion (Table 4).



The determination of the Pitzer interaction parameters for the
(22), (34) and (35) species was performed by minimizing the
squared root of the difference between calculated and experimen
tal data in a), b) and c). Because of the large and diverse dataset, a
weighting scheme was applied in the minimization routine: (a) a
weight of 0.5 was given to solubility studies, (b) a weight of 0.4
to potentiometric studies, and (c) a weight of 0.1 to titration
experiments. This weighting scheme reflects the size of each data
set (a c), but also the greater relevance given in this work to the
need of accurately describing solubility phenomena.

Equilibrium constants at I = 0 for U(VI) hydrolysis species
(log *b�(x,y)) and UO3 2H2O(cr) solubility (log *K�s,0) were kept con
stant and taken as summarized in Table 1. Considering the com
plexity of the system and for the sake of simplicity, the
minimization routine targeted the optimization of b(0) and b(1)

for the (22), (34) and (35) species. Mixing (hMc (or hXa) and ternary
parameters (WXac (orWMac)) for asymmetrical mixing (2 1 interac
tions) were originally set to 0. This approach provided satisfactory
results for (22) and (35) species, but not for (34) in the NaCl sys
tem. The ternary parameter for asymmetrical mixing W (34, Na+,
Cl ) was accordingly considered in the final fit of this species. b(2)

and CU
MX were disregarded in all cases for the reasons given in

Section 1.2. The values of logcHþ and aw are calculated considering
Pitzer interaction parameters reported by Harvie et al. [38].
log cUO2þ

2
is calculated with well known binary Pitzer parameters

of UO2
2+ from Pitzer et al. (1991) [15] and ternary parameters derived

by Altmaier et al. (2009) [39]. log cUO2OH
þ ; log c UO2ð Þ4OHþ

7
; log cUO2 OHð Þ3 ,

log c UO2ð Þ3OH7
and log cUO2 OHð Þ24 are calculated with the Pitzer interac

tion parameters derived in the present study (Table 5) and kept con
stant in the optimization of Pitzer parameters for (22), (34) and (35)
species. The minimization routine was applied simultaneously to
datasets a), b) and c) considering the weighting factors, assumptions
and boundary conditions described above. This resulted in the fol
lowing Pitzer parameters for (UO2)2(OH)22+, (UO2)3(OH)42+ and
(UO2)3(OH)5+ species:

b 0ð Þ
UO2ð Þ2 OHð Þ2þ2 ;Clð Þ 0:389kg �mol 1

b 1ð Þ
UO2ð Þ2 OHð Þ2þ2 ;Clð Þ 2:259kg �mol 1

h UO2ð Þ2 OHð Þ2þ2 ;Naþð Þ 0

W UO2ð Þ2 OHð Þ2þ2 ;Naþ ;Clð Þ 0

b 0ð Þ
UO2ð Þ3 OHð Þ2þ4 ;Clð Þ 0:08kg �mol 1

b 1ð Þ
UO2ð Þ3 OHð Þ2þ4 ;Clð Þ 1:4kg �mol 1

h UO2ð Þ3 OHð Þ2þ4 ;Naþð Þ 0

W UO2ð Þ3 OHð Þ2þ4 ;Naþ ;Clð Þ 0:02

b 0ð Þ
UO2ð Þ3 OHð Þþ5 ;Clð Þ 0:146kg �mol 1

b 1ð Þ
UO2ð Þ3 OHð Þþ5 ;Clð Þ 0:6 kg �mol 1

h UO2ð Þ3 OHð Þþ5 ;Naþð Þ 0

W UO2ð Þ3 OHð Þþ5 ;Naþ ;Clð Þ 0

Values of b(0), b(1) andWMac parameters qualitatively agree with
the general trends expected for Pitzer parameters [15]. Experimen
tal solubility data, conditional hydrolysis constants reported from
potentiometric studies, and OH:U ratios determined in titration
experiments are compared in Section 3.4, Fig. 3 and Table 4,

respectively, with model calculation performed with the Pitzer
parameters derived in this work and equilibrium constants sum
marized in Table 1.

Fig. 3 shows the very good agreement between model calcula
tions and experimental potentiometric data in dilute to concen
trated NaCl solutions. Somewhat larger deviations are observed
for the (35) species in 4.98 mol kgw1 NaCl. Undersaturation solubil
ity experiments are considered to provide a more accurate repre
sentation of long term equilibrium conditions, which is also
reflected in the greater weight given in this work to this type of
studies. Table 4 shows the comparison between OH:U ratios deter
mined in this work by potentiometric titration experiments and
the calculated values using equilibrium constants summarized in
Table 1 and Pitzer interaction coefficients derived in the present
study. The comparison shows the good agreement obtained for
both NaCl and MgCl2 systems.

3.3.2. Pitzer ion interaction coefficients for U(VI) hydrolysis species
forming in alkaline to hyper alkaline pHm conditions

The solubility of U(VI) in alkalineMCl solutions (withM = Na and
K) is dominated by the equilibrium between M2U2O7 xH2O(cr) and
the aqueous species UO2(OH)3 and UO2(OH)42 . Equilibrium reac
tions can be accordingly defined as:

0:5M2U2O7 xH2O crð Þþ 1:5 0:5xð ÞH2O lð Þ()UO2 OHð Þ3 þMþ

ð13Þ

0:5M2U2O7 xH2O crð Þþ 2:5 0:5xð ÞH2O lð Þ()UO2 OHð Þ24 þMþ þHþ

ð14Þ
with

logK 0
s;ð1;3Þ log UO2ðOHÞ3

� �þ log½Mþ� ð15Þ

log	Ko
s;ð1;3Þ log	K 0

s;ð1;3Þ þ log cUO2 OHð Þ3 þ logcMþ 1:5 xð Þlogaw ð16Þ

and

log	K 0
s;ð1;4Þ log UO2 OHð Þ24

h i
þ log Mþ� �þ log Hþ� � ð17Þ

log	Ko
s; 1;4ð Þ log	K 0

s; 1;4ð Þ þ logcUO2 OHð Þ24 þ logcMþ þ logcHþ

ð2:5 xÞ logaw ð18Þ

Fig. 3. Conditional equilibrium constants, log *b0
(x y), for the formation of the

cationic hydrolysis species (22), (34) and (35) as a function of NaCl concentration:
experimental values (symbols) reported in [12–14] and calculated functions
(dashed lines) using equilibrium constants summarized in Table 1 and Pitzer
interaction coefficients derived in the present study.



Conditional solubility constants reported for reactions (13) and
(14) in NaCl [5] and KCl [6] systems are evaluated according to
equations (16) and (18), where activity coefficients are calculated
using the Pitzer formulism. The values of log *K�s,(1,3) and log
*K�s,(1,4) are kept constant as calculated from thermodynamic data
summarized in Table 1, and thus the Pitzer interaction coefficients
required to calculate log cUO2ðOHÞ3 and log cUO2ðOHÞ24 remain as the

only unknown parameters. The values of b(2), C(U) and the mixing
parameters h and W are set to zero for both species. Under these
assumptions and boundary conditions, b(0) and b(1) are optimized
by minimizing the difference between calculated and experimental
log *K0

s,(1,4) (NaCl and KCl systems) and log *K0
s,(1,3) (only NaCl sys

tem). The resulting Pitzer parameters are summarized below,
where the values of b(0)(UO2(OH)3 ,K

+
) and b(1)(UO2(OH)3 ,K

+
) are taken in anal

ogy to the NaCl system:

bð0Þ
ðUO2 OHð Þ3 ;NaþÞ

0:26kg �mol 1

b 1ð Þ
UO2 OHð Þ3 ;Naþð Þ 0:34kg �mol 1

bð0Þ
ðUO2 OHð Þ24 ;NaþÞ 0:065kg �mol 1

bð1Þ
ðUO2 OHð Þ24 ;NaþÞ 1:98kg �mol 1

bð0Þ
ðUO2 OHð Þ3 ;KþÞ 0:26kg �mol 1

b 1ð Þ
UO2 OHð Þ3 ;Kþð Þ 0:34kg �mol 1

bð0Þ
ðUO2 OHð Þ24 ;KþÞ 0:13kg �mol 1

bð1Þ
ðUO2 OHð Þ24 ;KþÞ 2:05kg �mol 1

Fig. 4 compares conditional solubility constants log *K0
s,(1,3) and

log*K0
s,(1,4) determined experimentally in [5] and [6] with thermo

dynamic calculations using equilibrium constants at I = 0 summa
rized in Table 1 and Pitzer interaction parameters derived in the
present work. The figure highlights the close analogies existing
between alkaline NaCl and KCl systems, and shows the excellent
agreement between experimental and calculated solubility
constants (Fig 4).

Due to the limitations in pHm imposed by MgCl2 (with
pHmax � 9 at [MgCl2] � 0.25 mol dm 3), U(VI) solubility data
determined in this background electrolyte is insufficient to derive
(Pitzer) interaction parameters for the hydrolysis species
UO2(OH)3 (13) and UO2(OH)42 (14) prevailing in alkaline to
hyperalkaline pHm conditions. Therefore, Pitzer parameters for
the interaction of UO2(OH)3 with Mg2+ are estimated based on
charge analogies. Pitzer parameters for the interaction of
UO2(OH)42 with Mg2+ are not required, as this species is only rele
vant above pHm � 11.

In their systematic potentiometric study, De Stefano and
co workers (2002) determined conditional formation constants
for the trimeric hydrolysis species (UO2)3(OH)7 (37) in dilute to
concentrated NaCl and NaNO3 solutions. This species prevails
within 6.5 � pHm � 7.5 (depending upon background electrolyte
concentration), where UO3 2H2O(cr) and Na2U2O7 H2O(cr) impose

Fig. 4. Conditional solubility constants log *K0
s,(x y) for equilibrium reactions (13)

and (14) as a function of NaCl and KCl concentrations (in molal units): experimental
values (symbols) and calculated functions (dashed line: NaCl, dotted line: KCl)
based on equilibrium constants at I = 0 reported in Table 1 and Pitzer interaction
coefficients derived in this work.

Table 5
Pitzer interaction parameters determined in this work for U(VI) hydrolysis species, and reported in the literature for UO2

2+ [15,39].

U(VI) species Pitzer binary parameters

i j b(0) b(1) b(2) Cu References

UO2
2+ Cl 0.4274 1.644 0 �0.0368 [15]

UO2OH+ Cl 0.15 0.3 0 0 (p.w.)
(UO2)2(OH)22+ Cl 0.389 2.259 0 0 (p.w.)
(UO2)3(OH)42+ Cl 0.08 1.4 0 0 (p.w.)
(UO2)3(OH)5+ Cl 0.146 0.6 0 0 (p.w.)
(UO2)4(OH)7+ Cl 0.23 0.3 0 0 (p.w.)
UO2(OH)3 Na+ �0.26 0.34 0 0 (p.w.)

K+ �0.26 0.34 0 0 (p.w.)a

Mg2+ 0.20 1.6 0 0 (p.w.)
UO2(OH)42 Na+ 0.06 1.98 0 0 (p.w.)

K+ 0.13 2.05 0 0 (p.w.)
(UO2)3(OH)7 Na+ �0.26 0.34 0 0 (p.w.)b

K+ �0.26 0.34 0 0 (p.w.)b

Mg2+ 0.20 1.6 0 0 (p.w.)b

UO2(OH)2(aq) Na+, K+, Mg2+,Cl 0 0 0 0 (p.w.)

i j i0 Pitzer ternary parameters

UO2
2+ Cl Na+ hii0 = 0.03 Wiji0 = �0.01 [39]

Cl Mg2+ hii0 = 0.08 Wiji0 = �0.072 [39]
(UO2)3(OH)42+ Cl Na+ Wiji0 = 0.02 (p.w.)

aSet equal to the Pitzer parameters of the same species with Na+, b. set equal to the interaction parameter of UO2(OH)3 with the same cation (Na+, K+ or Mg2+).
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