


UO2(OH)2 H2O(cr)) have been identified as relevant U(VI) solid
phases under repository relevant conditions [14,15].

The structure of schoepite and metaschoepite consists of
parallel sheets of uranyl pentagonal bipyramids, sharing edges
and vertices, while the interlayer regions are occupied by water
molecules [16]. Both minerals have a strong tendency to
incorporate metal cations in the interlayer regions and to
structurally transform [17]. In particular, the incorporation of
Na+, K+ and Ca2+ ions leads to the formation of the stable
mineral phases clarkeite (Na(UO2)O(OH)�xH2O(cr), with x = 0 1),
compreignacite (K2(UO2)6O4(OH)6 8H2O(cr)) or becquerelite
(Ca(UO2)6O4(OH)6 8H2O(cr)) [14,17,18]. The gradual transforma
tion of metaschoepite into clarkeite occurs spontaneously over
time, according to reaction scheme (1) and is generally favored
by high concentrations of dissolved Na+ and alkaline conditions
[14,17,19,20].

xNaþ þ UO2ðOHÞ2 � H2OðcrÞ� ðNaOÞxðUO2ÞðOHÞ2 x � ð1 xÞH2OðcrÞ
þ xHþ; with x 0 1 ð1Þ

1.1. U(VI) hydrolysis and the solubility of U(VI) oxo hydroxides at
elevated temperature

A critical, reliable selection of thermodynamic data for U(VI) at
T = 25 �C published until 2003 is provided by the Chemical Ther
modynamic Series, Volumes 1 and 5, as part of the NEA Thermo
chemical Database (NEA TDB project) [9,21]. Values of the
hydrolysis constants of the different U(VI) species at temperatures
other than 25 �C have also been reported [22], but were not
selected in the NEA TDB reviews. More accurate and reliable ther
modynamic studies on the hydrolysis of U(VI) at elevated temper
atures have been conducted since the publication of the NEA TDB
update book in 2003. The most relevant contributions were
recently reviewed in different publications [22,23], and are shortly
summarized in Section 1.1.1. All thermodynamic quantities
reported in the literature for U(VI) hydrolysis species are listed in
Table S1 as Supporting Information.

Experimental solubility studies at elevated temperature with U
(VI) oxo hydroxides are very scarce [24 27]. Due to significant
shortcomings, no thermodynamic data reported in these few stud
ies were selected in the NEA TDB reviews. A short discussion on
the information available for these systems is provided in
Section 1.1.2.

1.1.1. Hydrolysis of U(VI) at elevated temperature
Thermodynamic studies on the hydrolysis of U(VI) a different

temperatures were reported in the literature since the late
19500s [28 30]. Hydrolysis reactions of U(VI), formulated accord
ing to the reaction scheme (2), are endothermic processes [3,5,31].

nUO2þ
2 þmH2OðlÞ� ðUO2ÞnðOHÞ2n m

m þmHþ ð2Þ
Accordingly, the hydrolysis of uranyl is enhanced by tempera

ture. Despite the rather large number of literature studies, the rel
ative distribution of the different hydrolytic species of U(VI) at
temperatures other than 25 �C is still debated and a comprehensive
hydrolysis scheme, including the temperature dependence of the
hydrolysis constants of U(VI) has not yet been selected in the
NEA TDB reviews [9].

In fact, the study of U(VI) hydrolysis in the acidic range is com
plicated by the known formation of a number of mono and
polynuclear species [9]. According to the NEA TDB selection of U
(VI) hydrolysis constants [9], the species UO2OH+ (1,1),
(UO2)2(OH)22+ (2,2), (UO2)3(OH)5+ (3,5) and (UO2)3(OH)7 (3,7) are
predominant in solution at room temperature, under acidic to
near neutral pH conditions and a total uranium concentration

close to the solubility limit of metaschoepite. In the alkaline range
(pH > 7) U(VI) forms two monomeric anionic complexes, UO2(OH)3
(1,3) and UO2(OH)42 (1,4), the latter one observed in alkaline and
hyperalkaline conditions (pH > 11) [9]. Experimental studies in
the alkaline range are generally hampered by the low solubility
of U(VI) ([U] < 10 6 mol/kg at room temperature and
pH = 7 12), which limits the applicability of several analytical
techniques (e.g. potentiometry or spectrophotometry).

After the release of the NEA TDB update book, Zanonato et al.
[4] conducted a detailed study of the hydrolysis of UO2

2+ in the
acidic range at variable temperatures (10, 25, 40, 55, 70, 85 �C).
(CH3CH2)4NClO4 0.10 M was used as background electrolyte. The
hydrolysis constants for the species UO2OH+ (1,1), (UO2)2(OH)22+

(2,2), (UO2)3(OH)5+ (3,5) were determined by potentiometric
titration, using a glass electrode to determine the concentration
of H+ in solution. The corresponding enthalpies were also
experimentally determined at each temperature through isother
mal microcalorimetry. DrH’m(1,1) was assumed to be temperature
independent in the range investigated. DrH’m(2,2) and DrH0

m(3,5)
showed a linear dependence on temperature and were considered
by the authors to calculate DrCp,m(2,2) and DrCp,m(3,5).

The same authors extended their work to the study of the
hydrolysis of U(VI) in the alkaline range, as part of a broader inves
tigation on the formation of the ternary uranyl hydroxide
peroxide complexes in aqueous solution [5,32]. A first study in
2012 was conducted at T = 25 �C, and focused on potentiometric
and spectrophotometric titrations [32]. In a second study pub
lished in 2014 [5], Zanonato and co workers used isothermal
microcalorimetry to determine enthalpy data for the U(VI) hydrol
ysis species identified. Both studies used [(CH3)4N]NO3 (TMA NO3)
as background electrolyte to minimize the precipitation of U(VI)
under alkaline pH conditions. The chemical model proposed for
the alkaline pH range included the hydrolysis species UO2(OH)3
(1,3), UO2(OH)42 (1,4) and (UO2)3(OH)82 (3,8). For UO2(OH)3 the
authors calculated log⁄b0

(1,3) = (18.81 ± 0.17) in 0.1 TMA NO3.
This value is noticeably different with respect to the one selected
by the NEA TDB at I = 0, log⁄b0(1,3) = (20.25 ± 0.42) [9]. This differ
ence is likely related to the high U(VI) concentrations used by Zano
nato and co workers (expectedly promoting the predominance of
polyatomic species) and the poorly defined interaction of the bulky
cation TMA+ with the anionic species UO2(OH)3 . The use of thermo
dynamic data determined in such highly artificial background
electrolyte for calculations on aqueous systems containing the main
inorganic salts (e.g. NaCl, KCl, CaCl2, MgCl2, NaNO3) relevant in
repository sites appears questionable.

1.1.2. Solubility of UO3 2H2O(cr) and Na2U2O7 H2O(cr) at elevated
temperatures

The value of the standard solubility product selected by
NEA TDB for crystalline metaschoepite, UO3 2H2O(cr), (3) is
logK�s,0 = (23.19 ± 0.43) [9,21]. For the hydrolytic dissolution of
UO3 2H2O(cr) (4) a value of log⁄K�s,0 = (4.81 ± 0.43) is obtained
using logK�w = 14.00. The value of logK�s,0 is calculated internally
from enthalpy and entropy data determined in calorimetric studies
[33 35]. The latter studies were performed with a highly
crystalline UO3 2H2O(cr) material, obtained by the hydration of
anhydrous UO3(cr) synthesized at T = 500 600 �C. Note that our
recent solubility study conducted with a crystalline UO3 2H2O(cr)
precipitated at room temperature resulted in a slightly higher
solubility constant, log⁄K�s,0 = (5.35 ± 0.13) [20].

UO3 � 2H2OðcrÞ�UO2þ
2 þ 2OH þH2OðlÞ ð3Þ

UO3 � 2H2OðcrÞ þ 2Hþ �UO2þ
2 þ 3H2OðlÞ ð4Þ

The current NEA TDB selection of reaction enthalpy for the
hydrolytic dissolution of metaschoepite [21] does not comprise



any thermodynamic data obtained in solubility studies at elevated
temperatures [26,27,29,30,36,37]. Relevant shortcomings in these
publications were identified by the NEA TDB review team, espe
cially regarding the absent (or limited) information on the solid
phase characterization after completing the solubility experiments
at elevated temperatures. The reader is referred to Grenthe et al.
[21] and Guillaumont et al.[9] for a detailed discussion of these
studies. Experimental data and thermodynamic quantities
reported in the original publications are summarized in Fig. S 1
and Table S 1 as Supporting Information.

The solubility study by Nikolaeva and Pirozhkov [25] was not
reviewed in Grenthe et al. [21] and is therefore shortly summa
rized here. The authors investigated the solubility of UO3 2H2O
(cr) at T = 22 150 �C. The pH of the solubility samples was adjusted
to 3.5 4.9 with either HClO4 or HNO3. No additional background
electrolyte to maintain constant ionic strength was present in solu
tion. No solid phase characterization was performed after complet
ing the solubility experiments at elevated temperature, and thus
the assumption of the solid phase controlling the solubility in these
conditions remains speculative. Original data reported by the
authors are summarized in Fig. S1 and Table S6 as Supporting
Information.

Literature data on the solubility of sodium uranate solid phases
are very scarce and limited to systems at 25 �C [14,17,38,39]. A
detailed discussion on the available solubility data at room tem
perature is provided in Altmaier et al. [20] The present study is,
to the best of our knowledge, the first attempt to quantitatively
assess the impact of temperature on the solubility of U(VI) at alka
line to hyperalkaline pHm conditions. Solid phases were thoroughly
characterized before and after completing the solubility experi
ments, with the aim of evaluating the stability of the starting solid
phases and identify possible solid phase transformations occurring
at elevated temperatures.

2. Experimental

2.1. Chemicals

NaOH Titrisol�, HCl Titrisol� solutions (1.00 mol dm 3, stan
dardized by the manufacturer), and Suprapur� grade HNO3 (65%)
were purchased fromMerck and used without any further purifica
tion. All solutions were prepared using Milli Q deionized water
(18.2 MX, Merck Millipore) and handled in N2/Ar gloveboxes to
exclude CO2.

Stock solutions of NaOH and HCl (0.5 mol dm 3) were
prepared at T = 22 �C and standardized against the primary stan
dards KH(phtalate) (pur. > 99.99%, Aldrich) and NH2C(CH2OH)3
(pur. > 99.99%, Aldrich), respectively, according to published pro
cedures, using a glass electrode to determine the equivalent
point [40]. The concentration of the two stocks was determined
within ± 0.002 mol dm 3.

NaCl (p.a., Merck) was preliminarily dried at 150 �C. A stock
solution of NaCl 0.500 ± 0.01 mol dm 3 was prepared at T =22 �C
by weight.

Concentrations of the different stock solutions, obtained in the
molar units (mol dm 3) were then converted to mol/kg of water
(mol/kg) using the conversion factors reported by NEA TDB for dif
ferent background electrolytes [9].

Metaschoepite (UO3 2H2O(cr)) and sodium uranate
(Na2U2O7 H2O(cr)) solid phases synthesized in a previous solubility
study by KIT INE at room temperature were used in the present
work [20]. X ray diffraction (XRD) patterns of the dried powders
were consistent with those of crystalline metaschoepite (JCPDS file
43 0364) and with those of a clarkeite like solid (JCPDS file
50 1586). A further characterization of these solid phases by

quantitative chemical analyses, differential thermal analysis
(DTA) and scanning electron microscopy with X ray analysis of
the scattered electrons (SEM EDS)was consistent with the elemen
tal composition of the indicated compounds (see section 2.3). SEM
analysis revealed the expected platelet like structure of the crystals
with an average diameter of 0.5 3 lm.

Note that the chemical formula of the sodium uranate solid
phase used in the present study and in Altmaier et al. [20] can be
equally defined as Na2U2O7 H2O(cr) or NaUO2O(OH)(cr). The
former has been preferred throughout this work.

2.2. pHm measurements

The H+ concentration was measured with a combination glass
electrode (Orion ROSS). In samples with a known high initial con
centration of [OH ] which can be assumed to be stable throughout
the studies ([OH ]> 0.03 m), pHm was calculated from known
[OH ] and the conditional Kw’. Samples were not strictly ther
mostated during the pH measurements at elevated temperature.
Typically, the maximum temperature decrease in solution before
equilibration of the electrode did not exceed 5 �C. Prior to the sam
pling, the electrode was calibrated against diluted commercial pH
buffer solutions at T = 22 or 80 �C (Merck, pH 2 12 at T = 20 �C, the
corresponding pH values at T = 80 �C were provided by the manu
facturer) to relate the potential of the electrode to a value of pHexp

according to the Nernst’s law. The value of pHm ( log[H+]) was cal
culated as pHm = pHexp + Am, where Am is an empirical parameter
accounting for both the junction potential of the electrode and
the activity of H+. Am is a function of the ionic medium and temper
ature. Values required for pH measurements at T = 22 �C were
taken from the literature [20], whereas Am values at T = 80 �C were
experimentally determined in the present study by measuring the
electrodic potential of HCl solutions with defined concentrations
(from 1.25�10 3 to 0.02 m) prepared in 0.51 mol/kg NaCl HCl at
T = 80 �C.

2.3. Solubility experiments

Batch solubility experiments from undersaturation conditions
were performed in 0.51 mol/kg NaCl at T = (80 ± 5) �C. Standard
ized HCl/NaOH/NaCl stock solutions were used to adjust pHm at
constant ionic strength. Solutions in the pHm range 4 to 5 were
equilibrated with UO3 2H2O(cr), while solutions in the pHm range
7 to 12 were equilibrated with Na2U2O7 H2O(cr). Batches consist
ing of 5 10 mg of solid phase contacted with 20 mL of supernatant
were prepared in screw cap PTFE vials (Semadeni Plastic Group,
Switzerland) and stored in an oven placed in the glovebox. To
ensure that the PTFE vials are chemically inert at T = 80 �C (i.e. no
release of organic compounds), test vials were filled with 0.51
mol/kg NaCl HCl or NaCl NaOH solutions at pHm = 4 13.7, equili
brated for 30 days at T = 80 �C. Total organic carbon analysis (TOC,
measured with Shimadzu TOC5000) indicated no organic contribu
tion above trace level concentration (�0.1 ppm detection limit).
pHm and [U] were measured at regular time intervals from 5 to
290 days. U concentration was determined by Inductively
Coupled Plasma Mass Spectrometry (ICP MS, Perkin Elmer ELAN
6100) after separation of the solid phase and dilution of an aliquot
(0.100 mL) of the supernatant into 2% HNO3 aqueous solution. A
further dilution was usually needed, to obtain a total uranium con
centration in the sample of about 1.0 10 mg/kg, the optimal con
centration range for the ICP MS instrument used. In addition, a
maximum concentration of NaCl � 50 mg/kg was allowed, above
which the instrument could not be reliably operated. Three differ
ent approaches were used for phase separation: (i) rapid syringe
filtration (Pall Acrodisc� filters, pore size 0.1 lm, PTFE membrane).
This step was performed within t < 10 s and involved a slight
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ðlog ½U�exp log ½U�calcÞ2i ð11Þ

The speciation model used in the calculations included the def
initions of log⁄K’s,0 (Eq. (12b)), together with values of log⁄b’(1,3)
and log⁄b’(1,4) for reactions 13 and 14, respectively, as reported in
Altmaier et al. [20].

0:5Na2U2O7 � H2OðcrÞ þ 3Hþ �Naþ þ UO2þ
2 þ 2H2OðlÞ ð12aÞ

log�K 0
s;0 log½Naþ� þ log½UO2þ

2 � 3 log½Hþ� ð12bÞ
and

UO2þ
2 þ 3H2OðlÞ�UO2ðOHÞ3 þ 3Hþ ð13Þ

UO2þ
2 þ 4H2OðlÞ�UO2ðOHÞ24 þ 4Hþ ð14Þ
Accordingly, log⁄K’s,0 = (12.3 ± 0.4) was calculated (T = 22 �C, I =

0.51 mol/kg NaCl) for Na2U2O7 H2O(cr). The corresponding value at
I = 0 was obtained using the SIT ion interaction parameters
summarized in Table S3 as Supporting Information, yielding
log⁄K�s,0 = (11.9 ± 0.4). This value is slightly lower (0.3 log10 units)
compared to the corresponding value previously determined with
a non tempered Na2U2O7 H2O(cr) phase [20]. This difference may
be attributed to a modest increase of crystallinity of the solid phase
as an effect of temperature. The corresponding value of log⁄K’s,0 for
the system at T = 80 �C cannot be calculated due to the lack of a
reliable thermodynamic model including the temperature depen
dences of log⁄b’(1,3) and log⁄b’(1,4).

Thermodynamic data determined in the present work and in
Altmaier et al. [20] for solubility reactions involving UO3 2H2O
(cr) and Na2U2O7 H2O(cr) solid phases are summarized in Table 2.
These data are used in thermodynamic calculations shown in Fig. 1
for the solubility of U(VI) at T = 22 and 80 �C.

4. Conclusions

The solubility of UO3 2H2O(cr) and Na2U2O7 H2O(cr) in 0.51
mol/kg NaCl solutions was investigated at T = 22 and 80 �C within
the pHm range 4 13.4 in order to assess the impact of elevated
temperature on U(VI) solubility and hydrolysis. A comprehensive
solid phase characterization was performed before and after the
solubility experiments in order to analyze structural changes in
solid phase due to the equilibration of samples at elevated
temperature.

In the acidic pHm range, the solubility of UO3 2H2O(cr) at T = 80
�C is approximately one order of magnitude lower than at T = 22 �C.

Solid phase characterization by XRD, SEM EDS and quantitative
chemical analyses evidences the transformation of UO3 2H2O(cr)
into a sodium uranate like phase after equilibrating the initial solid
material at T = 80 �C in 0.51 mol/kg NaCl solution at pHm = 4 5.
Long term solubility experiments are on going to analyze the
long term stability of this alteration phase.

Solubility data and solid phase characterizations confirm that
Na2U2O7 H2O(cr) is the thermodynamically stable solid phase in
0.51 mol/kg NaCl solutions in near neutral to alkaline pHm condi
tions, both at room temperature and at T = 80 �C. The solubility
of Na2U2O7 H2O(cr) at pH > 7 is governed by the equilibria with
UO2(OH)3 and UO2(OH)42 hydrolysis species, forming at [OH ]
below and above �10 3 m, respectively. Solubility data indicate
that the equilibrium reaction 0.5 Na2U2O7 H2O(cr) + H2O(l) �
UO2(OH)3 + Na+ is not significantly affected by temperature. In
contrast to this finding, the conditional stability constant for the
equilibrium reaction relevant for higher alkaline pHm conditions,
0.5 Na2U2O7 H2O(cr) + 2 H2O(l) � UO2(OH)42 + H+ + Na+, is
increased >2 orders of magnitude at T = 80 �C compared to room
temperature conditions. This is primarily due to the enhanced
acidity of water at elevated temperatures. An additional endother
mic contribution resulting from the stabilization of UO2(OH)42 or a
decreased stability of Na2U2O7 H2O(cr) is further required to
explain the experimental data collected at T = 80 �C. Based on the
new solubility data presented in this work, a thermodynamic
model was derived including the values of the conditional
constants (0.51 mol/kg NaCl) for the solubility equilibria of
Na2U2O7 H2O(cr) leading to the formation of UO2(OH)3 and
UO2(OH)42 (log⁄K’s,(1,3) = (8.4 ± 0.4), (8.3 ± 0.3), log⁄K’s,(1,4) =
(19.1 ± 0.3), (16.9 ± 0.1) at T = 22 and 80 �C, respectively). From

the temperature dependence of these constants, the corresponding
enthalpy values were calculated. These thermodynamic quantities
can be used for modelling the solubility behavior of U(VI) in
alkaline NaCl solutions within the temperature range 22 80 �C.

To the best of our knowledge, this work presents the first quan
titative analysis of the impact of temperature on the solubility of U
(VI) under alkaline to hyperalkaline pHm conditions. The successful
experimental and conceptual approach used in this study opens
new perspectives on the study of U(VI) hydrolysis in the alkaline
pHm range, where the low solubility of M uranate phases (with
M = Na, K, Li, Ca, . . .) poses limitations to the use of other estab
lished methods such as potentiometry or spectroscopy. This
approach requires exhaustive solid phase characterization before
and after the solubility experiments in order to identify possible
temperature induced alterations of the solubility controlling solid
phases.

Table 2
Thermodynamic data determined in the present work and in Altmaier et al. [20] for solubility reactions involving UO3�2H2O(cr) and Na2U2O7�H2O(cr). Standard deviations are
reported as 2r, accounting for 95% statistical confidence interval. Thermodynamic data reported in the NEA–TDB [9] and Altmaier et al. [20] for the same chemical reactions
appended for comparison.

Chemical reaction log*K�s,0 ± 2r T [�C] Ref.

UO3�2H2O (cr) + 2H+ � UO2
2+ + 3 H2O(l) 4.81 ± 0.43 25 [9]

(5.35 ± 0.13) (22 ± 2) [20]
0.5 Na2U2O7�H2O (cr) + 3H+ � Na+ + UO2

2+ + 2 H2O(l) (12.2 ± 0.2)a (22 ± 2) [20]
(11.9 ± 0.4)b (22 ± 3) p.w.

log*K0
s,(1,x) ± 2r log*K’s,(1,x) ± 2r

I = 0.51 mol/kg NaCl
T [�C] DrH�m,(1,x) ± 2r

kJ/mol
Ref.

0.5 Na2U2O7�H2O (cr) + H2O(l) � Na+ + UO2(OH)3 �(8.5 ± 0.4) �(8.1 ± 0.5) (22 ± 2) [20]
�(8.9 ± 0.4) �(8.4 ± 0.4) (22 ± 3) (3 ± 14) p.w.
�(8.8 ± 0.3) �(8.3 ± 0.3) (80 ± 5) p.w.

0.5 Na2U2O7�H2O (cr) + 2 H2O(l) � Na+ + UO2(OH)42 + H+ �(19.7 ± 0.3) �(18.8 ± 0.4) (22 ± 2) [20]
�(20.1 ± 0.3) �(19.1 ± 0.3) (22 ± 3) (72 ± 8) p.w.
�(18.0 ± 0.1) �(16.9 ± 0.1) (80 ± 5) p.w.

a Determined for a solid phase synthesized at T = 22 �C.
b Determined for a solid phase synthesized at T = 22 �C and equilibrated at T = 80 �C for t = 290 days.
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