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Abstract: The solubility and hydrolysis of U(VI) were inves-
tigated in 0.10–5.6  m NaCl solutions with 4 ≤ pHm ≤ 14.3 
(pHm = −log [H+]) at T = 25, 55 and 80 °C. Batch experiments 
were conducted under Ar atmosphere in the absence 
of carbonate. Solubility was studied from undersatura-
tion conditions using UO3 · 2H2O(cr) and Na2U2O7 · H2O(cr) 
solid phases, equilibrated in acidic (4 ≤ pHm ≤ 6) and alka-
line (8.2 ≤ pHm ≤ 14.3) NaCl solutions, respectively. Solid 
phases were previously tempered in solution at T = 80 °C 
to avoid changes in the crystallinity of the solid phase in 
the course of the solubility experiments. Starting materi-
als and solid phases isolated at the end of the solubility 
experiments were characterized by powder XRD, SEM-
EDS, TRLFS and quantitative chemical analysis. The 
enthalpy of dissolution of Na2U2O7 · H2O(cr) at 25–80 °C 
was measured independently by means of solution-drop 
calorimetry. Solid phase characterization indicates the 
transformation of UO3 · 2H2O(cr) into a sodium uranate-
like phase with a molar ratio Na:U ≈ 0.4–0.5 in acidic 
solutions with [NaCl] ≥ 0.51  m at T = 80 °C. In contrast, 
Na2U2O7 · H2O(cr) equilibrated in alkaline NaCl solutions 
remains unaltered within the investigated pHm, NaCl 
concentration and temperature range. The solubility of 
Na2U2O7 · H2O(cr) in the alkaline pHm-range is noticeably 
enhanced at T = 55 and 80 °C relative to T = 25 °C. Com-
bined results from solubility and calorimetric experiments 

indicate that this effect results from the increased acid-
ity of water at elevated temperature, together with an 
enhanced hydrolysis of U(VI) and a minor contribution 
due to a decreased stability of Na2U2O7 · H2O(cr) under 
these experimental conditions. A thermodynamic model 
describing the solubility and hydrolysis equilibria of U(VI) 
in alkaline solutions at T = 25–80 °C is developed, includ-
ing β° ⋅ �* *

s,0 2 2 7 2 1,4log {Na U O H O(cr)}, log K  and related reac-
tion enthalpies. The standard free energy and enthalpy 
of formation of Na2U2O7 · H2O(cr) calculated from these 
data are also provided. These data can be implemented in 
thermodynamic databases and allow accurate solubility 
and speciation calculations for U(VI) in dilute to concen-
trated alkaline NaCl solutions in the temperature range 
T = 25–80 °C.

Keywords: Uranium(VI), solubility, hydrolysis, tempera-
ture, metaschoepite, sodium uranate, clarkeite, calorim-
etry, thermodynamics.

1  �Introduction
Uranium is the main element present in spent nuclear fuel 
and accordingly contributes with the largest inventory to 
the High Level nuclear Waste (HLW) [1]. Although with 
a relatively minor contribution to the overall dose of the 
waste, uranium is the major component of the “matrix” 
embedding all other radionuclides in spent fuel, therefore 
requiring an accurate knowledge of the solution chem-
istry and solubility phenomena. Uranium is expected in 
the +IV redox state in the very reducing conditions fore-
seen in underground repositories. U(VI) prevails under 
mildly reducing to oxidizing conditions, although radioly-
sis effects can also promote the formation of U(VI) in the 
close vicinity of spent nuclear fuel even in the presence of 
H2(g) [2]. In the absence of complexing ligands other than 
water/hydroxide, the hydrated uranyl oxide metaschoe-
pite UO3 · 2H2O(cr) and the uranates (M2U2O7 · xH2O(cr), 
with M = Na, K, etc.) have been reported to control the 
solubility of U(VI) in acidic and alkaline pH conditions, 
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respectively [3–7]. Elevated temperature conditions  
(up to 200 °C, depending on the host-rock system and 
repository concept) are expected to develop in the early 
stages of operation of repositories for HLW. In the event 
of early canister failure, aqueous systems may contact the 
waste and mobilize radionuclides outside the repository 
[2]. In this context, source term estimations (i. e. robust 
limiting values of the aqueous radionuclide concentration 
in the vicinity of the waste) are determined from the solu-
bility limits using reliable experimental data and quality 
assured thermodynamic constants and parameters. 
Although thermodynamic data available for aqueous acti-
nide systems at 25 °C are very extensive [8–11], dedicated 
solubility studies and thermodynamic data of actinide 
solid phases at elevated temperatures are instead very 
limited [12].

A critical review of the thermodynamic studies pub-
lished until 2002/2003 for U, Np, Pu, Am and Tc was 
accomplished in the update book prepared within the 
thermochemical database (TDB) project of the Nuclear 
Energy Agency (NEA) [4]. Brown and Ekberg conducted a 
more recent review of the thermodynamic data available 
for the hydrolysis of metal ions, including uranium [13]. 
In a combined review and experimental work, Altmaier 
et al. comprehensively studied the solubility and hydroly-
sis of U(VI) at ambient temperature conditions [5]. Solu-
bility experiments were performed from undersaturation 
conditions in 0.03–5.6 m (mol/kg of water) NaCl solutions 
at T = 22 °C. Metaschoepite, UO3 · 2H2O(cr) was contacted 
with batch solutions equilibrating in the acidic pHm range 
(pHm = –log [H+]), while sodium uranate, Na2U2O7 · H2O(cr) 
was used as starting material in experiments conducted in 
the neutral to alkaline pHm range. Combining their experi-
mental observations with potentiometric data available in 
the literature and using the NEA–TDB selection as anchor-
ing point for hydrolysis constants of U(VI) species forming 
in acidic conditions, Altmaier and co-workers derived 
a comprehensive thermodynamic model for the system 

+ + + −2 –
2 2UO –Na –H –Cl –OH –H O(l). The model included the 

solubility products of both solid phases, hydrolysis con-
stants of U(VI) species forming in acidic to hyper-alka-
line pHm conditions and a set of empirical parameters to 
account for the effect of the ionic strength and specific-ion 
interactions, according to the SIT theory [4, 14]. In a later 
work, Endrizzi et al. extended the study of this system to 
elevated temperatures [15]. The solubility and hydroly-
sis equilibria of UO3 · 2H2O(cr) and Na2U2O7 · H2O(cr) were 
investigated in 0.51 m NaCl solutions at T = 22 and 80 °C. 
In contrast to the observations at T = 22 °C, a partial solid 
phase transformation of UO3 · 2H2O(cr) into a sodium 
uranate-like solid phase was observed to occur already 

in acidic conditions, when the starting oxide was equili-
brated in 0.51 m NaCl solutions at T = 80 °C. From the solu-
bility data in the alkaline region a thermodynamic model 
was developed, including conditional solubility constants 
describing the dissolution of Na2U2O7 · H2O(cr) under alka-
line conditions, forming aqueous 2 3UO OH( )− and 2

2 4UO OH( ) − 
species predominant in solution (1):
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Results indicated that the solubility is not significantly 
impacted by temperature in the near-neutral region, while 
in the alkaline the solubility at T = 80 °C increases more 
than two orders of magnitude with respect to the one 
measured at T = 22 °C in the same electrolyte systems. 
This phenomenon is primarily attributed to the known 
increased acidity of water at elevated temperatures. An 
additional endothermic contribution is resulting from 
either a decreased stability of the solid phase and/or an 
enhanced stability of 2

2 4UO OH( ) − at higher temperatures. 
These two contributions could not be individually quanti-
fied, since only conditional solubility constants leading to 
the formation of 2 3UO OH( )− and 2

2 4UO OH( ) − ( *
s, 1( ),3log K ′  and 

*
s,( , )1 4log ,K ′  (1) with x = 3 and 4, respectively) were obtained 

at this point. Although the solubility of UO3 · 2H2O(cr) in 
acidic conditions and elevated temperatures was previ-
ously investigated in a number of studies [16–21], the work 
by Endrizzi et al. [15] is the only study available in the lit-
erature investigating the effect of temperature on the solu-
bility of U(VI) in alkaline conditions.

As an extension of the solubility studies by Altmaier 
et  al. [5] (T = 22 °C, 0.03–5.6  m NaCl) and Endrizzi et  al. 
[15] (T = 22 and 80 °C, 0.51 m NaCl), this work presents a 
systematic thermodynamic study on the solubility and 
hydrolysis of UO3 · 2H2O(cr) and Na2U2O7 · H2O(cr) in 0.10, 
0.51 and 5.6 m NaCl solutions at T = 25, 55 and 80 °C. The 
solubility study is complemented with a comprehen-
sive solid phase characterization and the determination 
of the heat of dissolution of Na2U2O7 · H2O(cr) by means 
of solution calorimetry. These data, in conjunction with 

*
s,0 2 2 7 2log 0.5Na U O H r }){ O(cK ′ ⋅  at T = 25 °C, are used to esti-

mate the solubility constants at T = 55, 80 °C and to calcu-
late mf H∆ �  and mf G∆ �  at T = 25 °C for this solid.

This work was conducted within the frame of the 
German collaborative project ThermAc. The goal of 
ThermAc is to improve and extend the understanding of 
the physicochemical processes and available thermody-
namic database for actinides at elevated temperatures. 
The integrated concept in ThermAc includes as main 
strategic components (a) the systematic use of estimation 
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methods for thermodynamic data and model parameters, 
and (b) a comprehensive experimental validation for 
selected systems.

2  �Experimental

2.1  �Chemicals, synthesis and 
characterization of U(VI) solid phases

NaCl (p.a.), NaOH-Titrisol®, HCl-Titrisol® and Suprapur®-
grade HNO3 were purchased from Merck. HClO4 (70 % 
solution in water, pur. >99.999 %) was obtained from 
Sigma-Aldrich. All solutions were prepared using 
Milli-Q deionized water (18.2 MΩ, Merck Millipore) and 
handled in an Ar-glovebox in conditions of exclusion of 
CO2. Metaschoepite, UO3 · 2H2O(cr) and sodium uranate 
(Na2U2O7 · H2O(cr)) were prepared according to previous 
procedures [5] as follows: Metaschoepite, UO3 · 2H2O(cr) 
was prepared in a argon, CO2-free atmosphere by very slow 
dropwise titration of a solution 0.01  M of uranyl nitrate 
(UO2(NO3)2 · 6H2O, purchased from Merck) with 0.05  M 
NaOH (Titrisol® grade, Merck). The system was thoroughly 
stirred, until a quantitative precipitation of metaschoepite 
in the pH range 4–5 occurred. The solid phase was sepa-
rated from the mother liquor and stored in Milli-Q water at 
room temperature.

Na2U2O7 · H2O(cr) was prepared by solid phase trans-
formation of metaschoepite under alkaline pH conditions. 
A batch of metaschoepite was prepared as explained above 
in a solution with NaCl 1.0 M. The fresh precipitate was 
then quickly titrated with NaOH 0.1  M until pH = 11  was 
reached. A quantitative solid phase transformation was 
achieved in one week, marked by characteristic yellow-
orange color of sodium uranate.

Before their use as starting materials for solubil-
ity experiments, the solid phases were equilibrated in 
aqueous solution at T = 80 °C for 30  days to ensure the 
same degree of crystallinity of the solid phases. To this 
purpose, metaschoepite was equilibrated in Milli-Q water, 
whereas sodium uranate was equilibrated in an aqueous 
solution containing 2.5 M NaCl and 0.05 M NaOH.

After equilibration, the U(VI) solids were isolated 
from the supernatant, washed, dried and characterized. 
X-ray diffraction (XRD) patterns of the dried powders 
were collected to gain information on the crystallinity 
degree of the different solids and the possible formation 
of alteration products. Measurements were performed on 
a Bruker AXS D8 Advance X-ray powder diffractometer at 
5 ≤ 2θ ≤ 60°. Typically, incremental steps of 0.01°–0.04° 

were used and a measurement time: 4–30 s/step. The solid 
phases prepared were compared with the patterns of the 
reference crystalline metaschoepite (JSPD file n. 43-0364 
[22]) and clarkeite (JCPDS file n. 50-1586 [23]). Quantitative 
chemical analyses were conducted on solutions of the dis-
solved solid phases (0.5–10 ppm U in 2% HNO3) by means 
of inductively-coupled plasma-optical emission spectro-
metry (ICP-OES, Perkin – Elmer OPTIMA 2000™). Thermo-
gravimetric analyses (TGA, Netsch STA 449 C) were used 
to study the thermal decomposition of the initial mate-
rials, in order to determine the relative stoichiometry of 
the crystallization water. Scanning electron spectroscopy 
with energy dispersive X-ray detector (SEM-EDS) was used 
to characterize the morphology and the particle size of the 
crystallites and to gain a qualitative elementary analysis 
to be compared with the results from ICP-OES. SEM pic-
tures of the samples were taken with a CamScan CS 44 FE 
(Cambridge Instruments). Additional time-resolved laser-
induced fluorescence (TRLFS) measurements were done 
to get a more complete analytical picture of the mentioned 
phases. Experiments were carried on a SpitLight Compact 
100 (InnoLas Laser) instrument (methods are detailed in 
Section 2.3).

2.2  �Solubility experiments

Solubility experiments from undersaturation conditions 
were performed in 0.10, 0.51 and 5.6 m NaCl solutions at 
T = (25 ± 1), (55 ± 1) and (80 ± 2) °C. Batch experiments 
(15–25 mL) were prepared in PTFE vials (Semadeni Plastic 
Group, Switzerland), according with the experimental 
setup described in Endrizzi et  al. [15]. Solutions in the 
acidic pHm-range were contacted with UO3 · 2H2O(cr), 
while solutions in the alkaline pHm range were contacted 
with Na2U2O7 · H2O(cr). Solubility experiments were con-
ducted in an Ar glovebox to exclude carbonate. Compact 
ovens/incubators (Falc Instruments) were placed into the 
glovebox for the batches equilibrating at 55 and 80 °C. 
Total concentration of uranium in solution and pHm (with 
pHm = − log [H+], in molal units) were monitored for contact 
times of up to ~300 days (depending upon system/sample, 
see Table S2 in the supplementary information). pHm 
was measured with a combination glass electrode (Orion 
ROSS). In samples with [OH−] > 0.03  m, pHm was instead 
calculated using wK ′  for the corresponding ionic strength 
and temperature. Prior to the sampling, the electrode was 
calibrated against diluted commercial pH buffer solutions 
(Merck) at the same temperature of the samples, according 
to the procedure previously described [15]. The tempera-
ture dependence of the pH of the different buffer solutions 
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(from 0 °C to 90 °C) was provided by the manufacturer. pHm 
values in the samples were determined from the experi-
mentally measured pHexp according with pHm = pHexp + Am, 
where Am is an empirical parameter entailing the activity 
coefficient of H+ and the liquid junction potential of the 
electrode. Values of Am in 0.10–5.6  m NaCl solutions at 
T = 25, 55, 80 °C were experimentally determined in this 
work as described previously [15]. The following empirical 
relation was derived from the experimental Am values:

−

−

− −

= ± − ± ⋅
⋅+ ± − ±

+ ± ⋅ + ± ⋅

2
m

4

5 2 4 2

(2.779 0.002) (1.649 0.002) 10
 (0.288 0.002) (3.9 0.3) 10
 (2.31 0.05) 10 (5 11) 10

A T
m Tm

T m

where T is the temperature in Kelvin and m is the molal con-
centration of the NaCl medium. Experimentally-determined 
values of Am are listed in Table S1 as supplementary infor-
mation. A numerical analysis of the parameters Am with this 
empirical expression is shown in Figure S4 as supplemen-
tary information. Short-range extrapolation of Am values 
outside such range of temperature and concentrations are 
possible (within ±10  K and ±0.1  m, Figure S4), however 
extrapolations to further ranges are not recommended.

During the sampling, vials were housed in a dry-block 
heater (Ika) and thermostated at the same temperature as 
during equilibration. Total uranium concentration was 
determined by ICP-MS after phase separation and corre-
sponding dilution with 2 % HNO3. Phase separation was 
achieved by ultrafiltration (10 kD filters–NanoSep Merck 
Millipore) for samples equilibrated at T = 25 °C and rapid 
syringe filtration (Pall Acrodisc® filters, pore size 0.1 μm, 
PTFE membrane) for samples equilibrated at T = 55 and 
80 °C. Values of concentration obtained in molar (M) 
units were converted to molal (m) units using the conver-
sion factors reported in the TDB-NEA reviews for different 
background electrolytes [4].

2.3  �Time-resolved laser-induced 
fluorescence spectroscopy

Time-resolved laser-induced fluorescence spectroscopy 
(TRLFS) measurements were performed using the 4th har-
monic of a Nd:Yag laser at 266 nm and 7 ns pulse dura-
tion as excitation source. Data were collected at an energy 
of 0.6 mJ/pulse and 10 Hz repetition rate. Simultaneous 
control of the laser stability was possible by placing a 
beam splitter in the optic path and sending part of the 
beam to a thermopile sensor (Newport Corporation). 
Samples were prepared in small copper holders with sap-
phire windows and then introduced into the customized 

vacuum chamber of a He cryostat (CryVac) where tem-
peratures as low as (6 ± 1) K are reached. Luminescence 
bands of most U(VI) solid phases or aqueous species 
appear normally in the blue-green part of the spectrum; 
however, in many cases those bands are clearly resolved 
only at very low temperatures [24, 25]. In the case of oxy-
hydroxide minerals, e. g. schoepite, broadening of the 
emission peaks due to quenching by OH-groups and water 
molecules can be reduced at low temperature, improving 
in this way the spectral resolution and increasing the 
spectral intensity. These improvements are also due to 
the reduction in the emission from thermally populated 
vibrational levels in the excited electronic state and the 
decrease of energy loss due to the suppressed vibrations 
[24]. The sample holder with capacity for two samples was 
directly attached to the cold finger of the cryostat. Once 
the laser beam reached the sample, the emitted light was 
collected at 90° by a customized bundle-type optic fiber. 
The output of the optic fiber was coupled to the variable 
entrance slit of a 0.3 focal length Czerny-Turner spectro-
meter (Shamrock SR 303i, Andor Technology) with a 
triple grating turret (400, 1200 and 2400 L/mm gratings), 
where the dispersed light was detected by a time-gated 
intensified CCD camera (iStar 734, Andor Technology). 
An external digital delay pulse generator (DG 535, Stan-
ford Research Systems) was used to synchronize the data 
acquisition by the CCD camera with the sync output signal 
of the laser system. During the experiments, a long-pass 
filter (10CGA-295, Newport Corporation) was inserted into 
the spectrometer to avoid the second-order diffraction of 
the laser stray light at 532 nm.

2.4  �Solution-drop calorimetry

Solution-drop calorimetry was used to study the acidic dis-
solution of Na2U2O7 · H2O(cr) (2). Calorimetric experiments 
were conducted using 1.05 m HClO4 as dissolution medium 
at T = 25, 45 and 80 °C. The enthalpy of reaction at T = 55 °C 
was then interpolated from the analysis of these data.

	
+ + +⋅ →+ + +2

2 2 7 2 2 2Na U O H O(cr) 6H 2Na 2UO 4H O(l)� (2)

Microcalorimetric experiments were carried out at Law-
rence Berkeley National Laboratory using a TAM Precision 
Solution Calorimeter (TA Instruments). The instrument 
offers high resolution of temperature due to the high-
quality TAM III thermostat and modern electronics. The 
accuracy of the thermostatic bath is ±0.01–0.1  K around 
the real temperature value, depending on the exercise 
temperature, with better accuracy at lower temperatures. 
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The precision of the temperature around the temperature 
value declared by instrument is within ±10 μK. Short-time 
temperature fluctuations are smoothed by the presence 
of multiple electronically-controlled Peltier elements. 
With electronic noise reduction, the temperature reso-
lution (precision) is close to 1 μK. Experimental control, 
data acquisition, graphical data presentation, data anal-
ysis, and result reports are computerized for the Preci-
sion Solution Calorimeter with the program Solcal (TA 
Instruments).

The calorimeter consists of a thin-walled 25  mL 
Pyrex-glass reaction vessel fitted with a thermistor for 
temperature sensing and a heater for calibration and 
equilibration. A weighed quantity of Na2U2O7 · H2O(cr) 
(10–20 mg per experiment) was contained and sealed with 
epoxy resin in a specially designed glass ampoule (TA 
Instruments) that was mounted on the combined stirrer 
and ampoule holder. The combined stirrer and ampoule 
holder with the sample was inserted into the glass vessel 
containing 25 mL of 1.05 m HClO4. As the desired thermal 
equilibrium was nearly achieved, the dissolution reac-
tion was initiated by breaking the ampoule containing 
the sample and observed as an instantaneous change in 
temperature. Before and after the dissolution reaction 
took place, the system was calibrated electrically (i. e. 
a known amount of energy was added to the system to 
duplicate the effect of the thermal energy accompanying 
the dissolution processes). The small heat exchange with 
the environment during the reaction, the heat arising 

from stirring and the non-ideal thermal equilibrium con-
ditions before and after the dissolution experiments were 
adjusted mathematically, using the information obtained 
from the baseline temperature changes before and after 
the experimental reaction. Duplicate or triplicate experi-
ments were conducted at each temperature. An example 
of the instrument output diagram (offset temperature, 
mK vs. time, min) for a typical dissolution experiment of 
Na2U2O7 · H2O(cr) is shown in Figure S5 as supplementary 
information.

The accuracy of the instrument was verified by con-
ducting a dissolution experiment with KCl(cr) in water 
at 25 °C. The measured enthalpy of dissolution of KCl(cr) 
at 25 °C was 17.15 kJ/mol, in excellent agreement with the 
value (17.22 kJ/mol) in the literature [26].

3  �Results

3.1  �Solubility of UO3 · 2H2O(cr) and 
Na2U2O7 · H2O(cr)

Solubility data of metaschoepite and sodium uranate are 
shown in Figure 1 as the total concentration of dissolved 
uranium ([U(VI)], in molal units) vs. pHm at T = 25, 55 and 
80 °C. Figure 1 shows also solubility data obtained in pre-
vious studies conducted in 0.51 m NaCl at T = 22, 80 °C [15] 
and in 0.51–5.6 m NaCl at T = 22 °C [5].

Figure 1: Solubility of UO3 · 2H2O(cr) and Na2U2O7 · H2O(cr) in 0.10, 0.51 and 5.6 m NaCl solutions at T = 25, 55 and 80 °C.
Experimental data: U(VI) concentration vs. pHm (−log [H+]). Solid thick lines: SIT model calculations at T = 25 °C. Dashed lines: contribution to 
the solubility of the −

2 3UO O )H(  (1,3) and 2
2 4UO OH( ) − (1,4) species. Solubility data reported in Altmaier et al. [5] and Endrizzi et al. [15] are also 

displayed for comparison.
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The solubility of UO3 · 2H2O(cr) at room temperature in 
acidic 0.51 m NaCl solutions compares well with solubility 
data determined by Altmaier et  al. under the same con-
ditions [5]. The solubility of the same material measured 
at T = 55 and 80 °C is lower (up to 1.0 order of magnitude 
at 80 °C) with respect to the corresponding one measured 
at room temperature at the same pHm. Since the starting 
U(VI) solid material used in the solubility experiments at 
T = 25, 55 and 80 °C had been already equilibrated at 80 °C, 
we can basically exclude that this effect is related to an 
additional significant increase of solid phase crystallinity. 
In the acidic range, the concentration of U(VI) in solution 
is controlled by hydrolysis equilibria consuming ~2 H+. 
Consistently, and in agreement with our previous find-
ings, log [U(VI)] decreases linearly with pHm following a 
well-defined slope of ~− 2.

In the near-neutral to moderately alkaline pHm range, 
the solubility of uranium in 0.10 and 0.51  m NaCl solu-
tions is ~10−8 m, also showing significant scattering of 
data. The concentration of U in these conditions is mostly 
independent of pHm, indicating that no H+ are involved in 
the solution equilibria controlling the solubility of U(VI) 
in this pHm-region. A relatively high uncertainty is associ-
ated to measured solubilities in this pHm range. Accord-
ingly, a defined effect of the temperature on the solubility 
of uranium in the near-neutral to moderately alkaline 
pHm-range could not be confirmed within this work.

In the alkaline and hyper-alkaline pH range, the 
solubility of sodium uranate increases with pHm with a 
well-defined slope of +1 (log [U(VI)] vs. pHm), indicating 
the release of one H+ in the equilibrium reaction control-
ling the solubility of U(VI). At T = 25 °C, the solubility of 
Na2U2O7 · H2O(cr) in 0.51 m NaCl is very similar to previous 
solubility results using a Na2U2O7 · H2O(cr) phase previ-
ously equilibrated at 80 °C [15]. In addition, and consist-
ently with data reported in Endrizzi et al., the solubility 
was found to be systematically lower (~0.3 log10-units) 
than the one determined by Altmaier et al. with a batch 
of Na2U2O7 · H2O(cr) prepared and used at room tempera-
ture [5]. The observed small decrease in the solubility of 
sodium uranate is likely related to an increase of crystal-
linity of the initial material as an effect of temperature. A 
very good reproducibility was observed between the solu-
bility of Na2U2O7 · H2O(cr) at T = 80 °C in the present work 
and the one previously reported [15]. In the alkaline and 
hyper-alkaline pH region, the solubility of sodium uranate 
is significantly enhanced by temperature: the concentra-
tions of uranium in the contacting solutions at T = 55 and 
80 °C are higher than the corresponding ones at room tem-
perature by means of 1.3–1.7 and 2.1–2.5 orders of magni-
tude, respectively (Figure 1).

3.2  �Solid phase characterization

3.2.1  �Metaschoepite

Figure 2 shows the XRD patterns of (a) the reference 
compounds UO3 · 2H2O(cr) (JSPD file 43-0364 [22]), 
Na(UO2)O(OH)(cr) (“clarkeite”, JSPD file 50-1586 [23]) 
and Na2U3O10 · H2O(cr) (JSPD file 41-0840 [27]), (b) the 
UO3 · 2H2O(cr) “starting material” prepared as described in 
Section 2.1, and UO3 · 2H2O(cr) after completing the solu-
bility experiments in (c) 0.10 m NaCl, T = 25 °C, pHm = 4.8; 
(d) 0.10  m NaCl, T = 80 °C, pHm = 4.4; (e), 0.51  m NaCl, 
T = 25 °C, pHm = 4.9; (f), 0.51  m NaCl, T = 80 °C, pHm = 4.5; 
(g) 5.6 m NaCl, T = 25 °C, pHm = 5.6; (h) 5.6 m NaCl, T = 80 °C, 
pHm = 4.9. The values of the Na:U molar ratio quantified 
by elementary analyses (ICP-OES and SEM-EDS) are also 
reported in the figure.

The diffractogram of UO3 · 2H2O(cr) “starting material” 
in Figure 2b shows the characteristic pattern of metasch-
oepite (Figure 2a, red, JSPD File n. 43-0364 [22]), with 
main peaks at 2θ = 12.1, 24.2, 24.8, 25.5 deg. TGA diagrams 
of UO3 · 2H2O(cr) are shown in Figures S1 and S2 in the 
supplementary information. UO3 · 2H2O(cr) decomposed 
with a percentage weight loss of 10.9–12.2 % in the tem-
perature range 100–675 °C, consistent with the loss of two 
water molecules. Elementary analyses conducted with 
ICP-OES and with SEM-EDS excluded the presence of Na 
in the obtained solid materials. SEM analysis revealed the 
expected platelet-like structure of the crystallites, featur-
ing an average diameter in the range 0.5–3 μm (Figure S3 
in the supplementary information).

Characterization of solid phases of UO3 · 2H2O(cr) iso-
lated after the solubility experiments indicate that the 
“starting material” UO3 · 2H2O(cr) remained stable in all 
NaCl solutions equilibrated at T = 25 °C. XRD spectra did 
not show feature patterns assigned to sodium-uranate-like 
phases (Figure 2c, e, g). Furthermore, quantitative chemi-
cal analysis of the solid phase conducted by ICP-OES sup-
ported the absence of Na in the solid phase.

The batch of UO3 · 2H2O(cr) equilibrated in a 0.10  m 
NaCl solution at T = 80 °C shows a minor inclusion of Na 
(Na:U = 0.07). The XRD diffractogram of this solid phase 
(Figure 2d) does not show features consistent with sodium 
uranate (“clarkeite”, reference JSPD file n. 50-1586 [23] in 
Figure 2a, blue) or other known sodium uranate-like phases 
(Na2U3O10 · H2O, ref. JSPD file n. 41-0840 [27] in Figure 2a, 
green). A solid phase transformation of metaschoepite to 
a sodium uranate-like material is observed, instead, in 
batches of UO3 · 2H2O(cr) contacted with acidic solutions 
(pHm ≥ 4.4) of 0.51  m NaCl at T = 80 °C. The XRD spec-
trum of the material collected from experiments in 0.51 m 
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F. Endrizzi et al., Thermodynamic description of U(VI) solubility and hydrolysis at elevated temperatures      7

NaCl at T = 80 °C (Figure 2f) shows two distinct peaks at 
2θ = 15.3, 31.0 deg. that could be assigned to a sodium-
uranate-like phase, although not matching exactly with 
the peaks of the reference sodium uranate (2θ = 15.0, 30.3, 
33.0 deg., Figure 2a, blue). The peak at 2θ = 12.1, assigned 
to metaschoepite, is instead clearly absent. Similar obser-
vations were obtained in Endrizzi et al. with metaschoe-
pite equilibrated in 0.51 m NaCl at T = 80 °C [15]. ICP-OES 
and EDX elementary analyses indicate a molar ratio 
Na:U = 0.4–0.5, also in very good agreement with previous 

findings [15]. The current new results indicate that a solid 
phase transformation of metaschoepite occurs under 
these conditions, leading to a non-stoichiometric solid 
phase Na0.4UO3.2 · 1.4H2O(s) or similar.

The batch of metaschoepite equilibrated in 5.6  m 
NaCl at T = 80 °C (Figure 2h) shows XRD patterns very 
similar to those of the solid equilibrated in 0.51  m NaCl 
(Figure 2f), and the same Na:U molar ratio (0.4–0.5). This 
result suggests that the same alteration product was pos-
sibly obtained at the end of the experiments in 0.51 and 
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pHm = 4.4, T = 80 °C

0.10 m NaCl
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Figure 2: Powder XRD patterns of UO3 · 2H2O(cr) investigated in the p.w.
(a) Reference patterns of UO3 · 2H2O(cr) (red, JSPD file 43-0364 [22]), Na(UO2)O(OH)(cr) (blue, JSPD file 50-1586 [23]), Na2U3O10 · H2O(cr) 
(green, JSPD file 41-0840 [27]). (b) UO3 · 2H2O(cr) before solubility experiments, “starting material” (pre-equilibrated in water at T = 80 °C). 
(c) UO3 · 2H2O(cr) equilibrated 260 days, T = 25 °C, 0.10 m NaCl, pHm = 4.8. (d) UO3 · 2H2O(cr) equilibrated 260 days, T = 80 °C, 0.10 m NaCl, 
pHm = 4.4. (e) UO3 · 2H2O(cr) equilibrated 260 days, T = 25 °C, 0.51 m NaCl, pHm = 4.5. (f) UO3 · 2H2O(trans.) equilibrated 260 days, T = 80 °C, 
0.51 m NaCl, pHm = 4.9. (g) UO3 · 2H2O(cr) equilibrated 260 days, T = 25 °C, 5.6 m NaCl, pHm = 5.6. (h) UO3 · 2H2O(trans.) equilibrated 260 days, 
T = 80 °C, 5.6 m NaCl, pHm = 4.9.
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8      F. Endrizzi et al., Thermodynamic description of U(VI) solubility and hydrolysis at elevated temperatures

5.6  m NaCl solutions, hinting that the transformation of 
metaschoepite at the end of the solubility experiments 
at T = 80 °C in these two media is complete, and hence 
the transformed phase stable under these equilibration 
conditions.

Figure 3 shows the TRLFS emission spectra at near 
liquid He temperature (6  K) of the initial metaschoepite 
(sample is corresponding to the XRD pattern in Figure 2b) 
and transformed metaschoepite (equilibrated in 0.51  m 
NaCl at T = 80 °C, pHm = 4.5, corresponding to the XRD 
pattern in Figure 2f). As discussed in Section 2.3, depend-
ing on the ligand system, uranyl luminescence emission at 
room temperature can be very weak, e. g. for pure uranyl 
carbonate complexes, but easier to detect at liquid He tem-
perature. A first attempt to collect the emission spectra at 
room temperature failed, and data are not shown in the 
figure. In Figure 3 the acquisition was performed with a 
400 lines/mm diffraction grating. Spectral feature typical 
from uranyl compounds can be observed in both spectra 
including vibronic bands with specific peak spacing, or 
peak maxima. In both cases the position of the spectral 
bands are red-shifted as compared to those from carbon-
ates or phosphate uranyl minerals [28, 29]. The mentioned 
spacing between the vibronic bands corresponds to the 
symmetric stretching frequency of the O=U = O moiety 
[24]. This frequency is inversely correlated to the strength 
of the coordination of U(VI) with the coordination ligand 
in the equatorial plane. The ν1 values measured in both 
solid phases are between 720 and 780 cm−1. Usually low 
symmetric stretching frequency values are associated to 
minerals of uranyl silicate and oxyhydroxide. This fact can 

be explained by the stronger ionic interaction of uranyl 
(hard acid) with anions with stronger basicity (larger pKa 
values) [29]. A bathochromic shift of ~5 nm in the position 
of the first-peak maxima is also observed for the trans-
formed metaschoepite. According to Gorobetts et al. [30] 
an increase of the basicity of the molecules in the uranyl 
solvation or coordination sphere could induce a shift of 
the luminescence spectrum to low frequencies. The reason 
is a stronger chemical bond of the uranium atom with the 
ligand and a weakening of the stretching in the U=O bond.

Luminescence lifetimes were also calculated for 
the metaschoepite “starting material” and transformed 
metaschoepite, obtaining in both cases a bi-exponential 
decay. In the case of metaschoepite “starting material”, 
the two components of the decay are: (15.4 ± 0.3) μs and 
(81.8 ± 0.6) μs. For the transformed metaschoepite both 
lifetimes are shorter, namely (5.6 ± 0.8) μs and (63.2 ± 35.2) 
μs. This effect has been already observed for uranyl min-
erals at low temperature [28, 29, 31, 32]. Volodko et al. [31] 
explained the bi-exponential decay as a redistribution 
of energy occurring after excitation. Instead, Perry and 
Brittain [32] proposed the presence of two geometrically 
similar uranyl coordination environments.

3.2.2  �Sodium uranate

Figure 4 shows the XRD patterns of (a) the reference com-
pounds Na(UO2)O(OH)(cr) (“clarkeite”, JSPD file 50-1586 
[23]) and Na2U3O10 · H2O(cr) (JSPD file 41-0840 [27]), (b) the 
sodium uranate “starting material” prepared as described 
in Section 2.1, and selected sodium uranate samples col-
lected after completing the solubility experiments at 
T = 80 °C in (c) 0.10  m NaCl, pHm = 8.4; (d) 0.51  m NaCl, 
pHm = 12.0, (e) 0.51 m NaCl, pHm = 8.3 and (f) 0.51 m NaCl, 
pHm = 11.2. The values of the Na:U molar ratio quantified 
by elementary analyses (ICP-OES and SEM-EDS) are also 
reported in the figure.

The diffraction pattern of the sodium uranate “start-
ing material” is consistent with the reference clarkeite 
(Figure 4a JSPD file 50-1586 [23]), with relevant peaks 
at 2θ = 15.0, 26.4, 27.6, 30.4 deg. Elemental analyses by 
ICP-OES further confirms a molar ratio Na:U = 1 in this 
solid phase. Figure S2 as supplementary information 
shows the TGA diagram of the same “starting material”. 
The solid decomposed with a weight loss of 2.5–2.6 % in 
the temperature range 50–550 °C, consistent with the loss 
of 0.9 water molecules. However, a clear plateau was not 
reached at the end of the experiments, suggesting that the 
decomposition of sodium uranate with release of water 
was not a quantitative process, consistently with the 
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Figure 3: Luminescence spectra of metaschoepite “starting 
material” (solid line) and transformed metaschoepite (equilibrated 
in 0.51 m NaCl at T = 80 °C, pHm = 4.5 short dash dot line). 
Spectra measured at ~6 K, 1 μs delay, 1 ms integration time, 500 
accumulations. Laser: λex = 266 nm; 600 μJ/pulse.
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observations in a previous study [33]. Elementary analyses 
by ICP-OES and SEM-EDS indicated a 1:1 Na:U molar ratio 
and the absence of chloride in the solid. All these observa-
tions confirm that the “starting material” can be assigned 
as Na2U2O7 · H2O(cr).

XRD and elementary analyses of the solid phases col-
lected at the end of the solubility experiments in alkaline 
conditions at T = 80 °C further confirm that the “starting 
material” was not altered in the course of the solubility 
experiments and thus that Na2U2O7 · H2O(cr) is thermody-
namically stable in all the experimental conditions inves-
tigated (Figure 4d–f).

3.3  �Solubility and hydrolysis model of 
UO3 · 2H2O(cr) and Na2U2O7 · H2O(cr)

3.3.1  �Solubility and hydrolysis model at T = 25 °C

To determine *
s,0 3 2log UO 2H O(c ){ ,}rK ⋅�  data collected from 

solubility experiments at T = 25 °C were analyzed together 
with a least-square minimization procedure. The specia-
tion model included the values of the U(VI) hydrolysis con-
stants in the acidic range recommended by the NEA-TDB 
[4] and adopted by Altmaier et al. and Endrizzi et al. [5, 15]. 
The SIT model and the related SIT parameters reported by 
Altmaier et al. [5] were used to apply the necessary correc-
tions to account for the effect of the ionic medium.

The available hydrolysis model of U(VI) in the pHm 
range 4.0–5.5 at room temperature [4, 5] (Table 1) pre-
dicts that the species 2

2UO + and 2
2 2 2( ) (OH)UO + dominate the 

aqueous speciation of U(VI) under these conditions. In 
agreement with previous results by Endrizzi et al. [15], this 
is consistent with the linear trend of log [U(VI)] vs. pHm 
with a slope of −2, as observed from the solubility data col-
lected at room temperature in this pHm range.

The value of the solubility constant of UO3 · 2H2O(cr), 
*

s,0l (og . ) 5.1 0 2K = ±�  (T = 25 °C, I = 0, Table 1) was deter-
mined from the solubility data (log [U(VI)] vs. pHm) in 
0.10, 0.51 and 5.6 m NaCl solutions. This value is in good 
agreement with *

s,0 (log 5.35 . )0 13K = ±�  determined in our 
previous study with a solid phase pre-equilibrated only 
at T = 22 °C (instead of T = 80 °C in Milli-Q water as in the 
present work) [5]. This observation reflects that a temper-
ing step at T = 80 °C (in the absence of NaCl as background 
electrolyte) has a relatively minor impact on the crystallin-
ity of the initial UO3 · 2H2O(cr) solid phase.

A thermodynamic model describing the solubility and 
hydrolysis of Na2U2O7 · H2O(cr) in the moderately to hyper-
alkaline pHm region was also derived. In the moderately 
alkaline region, Na2U2O7 · H2O(cr) exhibits a low solubility 

10 15 20 25

Na2U2O7·H2O(cr)

Na2U2O7·H2O(cr)

0.51 m NaCl

0.51 m NaCl

f

e

Na:U = 1.0 (ICP-OES)

Na:U = 1.0 (ICP-OES)

pHm 11.2, T = 80 °C

pHm 8.3, T = 80 °C

Na2U2O7·H2O(cr)
0.10 m NaCl

d Na:U = 1.0 (ICP-OES)

pHm 12.0, T = 80 °C

Na2U2O7·H2O(cr)
0.10 m NaCl

c Na:U = 1.0 (ICP-OES)

pHm 8.4, T = 80 °C

Na2U2O7·H2O(cr)

Na2U2O7·H2O(cr) file n. 50-1586
Na2U3O10·H2O(cr) file n. 41-0840

Starting material

b

a

Na:U = 1.0 (ICP-OES)

Ref. JSPD patterns

10 15 20 25 30 35 40 45 50 55 60

30 35

2 θ (°)

2 θ (°)

40 45 50 55 60

Figure 4: Powder XRD patterns of Na2U2O7 · H2O(cr) investigated in 
the p.w.
(a) Blue: reference patterns of Na(UO2)O(OH)(cr) (JSPD file 50-1586 [23]); 
green: reference patterns of Na2U3O10 · H2O(cr) (JSPD file 41-0840 [27]). 
(b) Na2U2O7 · H2O(cr) before solubility experiments. Pre-equilibrated 
at T = 80 °C. (c) Na2U2O7 · H2O(cr) equilibrated 292 days, T = 80 °C, NaCl 
0.10 m, pHm = 8.4. (d) Na2U2O7 · H2O(cr) equilibrated 292 days, T = 80 °C, 
NaCl 0.10 m, pHm = 12.0. (e) Na2U2O7 · H2O(cr) equilibrated 268 days, 
T = 80 °C, NaCl 0.10 m, pHm = 8.3. (f) Na2U2O7 · H2O(cr) equilibrated 
292 days, T = 80 °C, NaCl 0.51 m, pHm = 11.2.
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10      F. Endrizzi et al., Thermodynamic description of U(VI) solubility and hydrolysis at elevated temperatures

(10−8 − 10−9.2 m), which is controlled by the formation 
of 2 3UO OH( )− [(1)  with x = 3] and consistent with a pHm-
independent process. In the alkaline and hyper-alkaline 
pHm regions (up to pHm = 14.3 in 5.6 m NaCl) the solubil-
ity of Na2U2O7 · H2O(cr) is controlled by the formation of 

2
2 4UO OH( ) − [(1) with x = 4], as observed by the increase of 

solubility with a slope of +1 in the trend of log [U(VI)] vs. 
pHm (Figure 1).

The solubility product of Na2U2O7 · H2O(cr), was deter-
mined by numerical minimization of the solubility data 
(log [U(VI)] vs. pHm) at T = 25 °C, assuming a speciation 
model consistent with the formation of the two monomeric 

Table 1: Thermodynamic data derived in the present work or reported in the literature for selected reactions.

Solid phases   Notes   *
slog 2K ± σo   Δ*Hs ± 2σ kJ/mol   T, °C  Ref.

UO3 · 2H2O(cr) + 2H+ =  +2
2UO  + 3H2O(l)   a   (5.1 ± 0.2)     25  p.w.

  b   (5.35 ± 0.13)     22 

0.5Na2U2O7 · H2O(cr) + 3H+ = Na+ +  +2
2UO  + 2H2O(l)   a,c   (11.7 ± 0.2)   −(66.4 ± 0.4)   25  p.w.

  a,d     −(67.9 ± 0.4)   25  p.w.
  a,c     −(63.6 ± 0.3)   45  p.w.
  a,d     −(64.9 ± 0.3)   45  p.w.
  a,c   (10.7 ± 0.2)   −(62.9 ± 0.3)   55  p.w.
  a,c   (10.0 ± 0.3)   −(60.8 ± 0.2)   80  p.w.
  a,d     −(61.7 ± 0.2)   80  p.w.
  a   (11.9 ± 0.4)     22  [15]
  b   (12.2 ± 0.2)     22  [5]

0.5Na2U2O7 · H2O(cr) + 2H2O(l) = Na+ +  −2
2 4UO OH( )  + H+   a,c   −(20.2 ± 0.3)     25  p.w.

  a,c   −(19.0 ± 0.5)   (71 ± 3)   55  p.w.
  a,c   −(18.3 ± 0.4)     80  p.w.
 

a   −(20.1 ± 0.3)   (72 ± 4)   22  [15]
  a   −(18.0 ± 0.1)     80  [15]

  b   −(19.7 ± 0.3)     22  [5]

Hydrolysis species   Notes   log*β° ± 2σ   Δ*H° ± 2σ, kJ/mol    
+ + ++ = +2

2 2 2UO H O(l) UO )OH H(     −(5.25 ± 0.24)     25  [4]
+ ++ = +2

2 2 2 2UO 2H O(l) UO ( ) ( )OH aq 2H     −(12.15 ± 0.17)     25  [4]
+ + ++ = +2 2

2 2 2 2 22UO 2H O(l) (U )OH(O ) 2H     −(5.62 ± 0.04)     25  [4]
+ + ++ = +2 2

2 2 2 3 43UO 4H O(l) (U )OH(O ) 4H     −(11.9 ± 0.3)     25  [4]
+ + ++ = +2

2 2 2 3 53UO 5H O(l) (UO ) (O )H 5H     −(15.55 ± 0.12)     25  [4]
+ − ++ = +2

2 2 2 3 73UO 7H O(l) (UO ) (O )H 7H     −(32.2 ± 0.8)     25  [4]
+ +++ = +2

2 2 2 4 74UO 7H O(l) ( ) H( )UO O 7H     −(21.9 ± 1.0)     25  [4]
+ − ++ = +2

2 2 2 3UO 3H O(l) UO O )H 3H(     −(20.7 ± 0.4)     25  [5]
+ − ++ = +2 2

2 2 2 4UO 4H O(l) U )OH(O 4H     −(31.9 ± 0.2)     25  [5]

  e   −(29.7 ± 0.4)   (134 ± 14)   55  p.w.

    −(28.0 ± 0.3)     80  p.w.

Water autoprotolysis     wlog K o   ΔrH°, kJ/mol    

H2O(l) = H+ + OH−     −14.00   55.83   25  [34]
    −13.15   50.23   55  [34]
    −12.61   45.57   80  [34]

Values in bold face are selected in the present work for modelling thermodynamic data or derived in the present work from the current 
experimental data (p.w.).
aSolid phase pre-equilibrated at T = 80 °C. bSolid phase prepared at T = 25 °C and not pre-equilibrated at higher temperatures. cEnthalpy 
value determined from solution-drop microcalorimetric data and corrected to I = 0 with calculation by means of SIT. dEnthalpy value 
determined from solution-drop microcalorimetric data in 1.05 m HClO4. eEnthalpy value determined from solution-drop microcalorimetric 
data and solubility data at dfferent temperatures; value corrected to I = 0 with calculation by means of SIT.
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species 2 3UO OH( )− and 2
2 4UO OH( ) .−  The hydrolysis con-

stants of the two complexes, together with the related 
SIT parameters, were selected from recently published 
data by Altmaier et al. [5], also being consistent with the 
approach adopted in the publication of Endrizzi et al. [15] 
The quality of the result of the numerical analysis is rea-
sonably good (σ = 0.39) considering the relative sparsity of 
the data.

	
2

2 2 7 2 2 20.5Na U O H O(cr) 3H Na UO 2H O(l)+ + +⋅ + = + + � (3)

= ± = ° =�*
s,0log 11.7 0.( )2  ( 25 C, 0)K T I

Blue solid lines in Figure 1 show the solubil-
ity of Na2U2O7 · H2O(cr) calculated at T = 25 °C using 

*
s,0log K �  derived in this work as well as *

1,log xβ�  and 
2

2UO OH( N( ) ), ax
xε − +  (with x = 3–4) reported in Altmaier 

et  al. [5]. Blue dashed lines in the figure represent the 
individual contributions of the species 2 3UO OH( )− and 

2
2 4UO OH( ) .−  The calculated value of *

s,0log K �  is in good 
agreement with *

s,0 ( )log 11.9 0.4K = ±�  determined in 
Endrizzi et al. for a Na2U2O7 · H2O(cr) solid phase also tem-
pered at T = 80 °C [15]. This is consistent with the excellent 
agreement of the solubility data in 0.51 m NaCl solutions 
determined in both studies (Figure 1).

3.3.2  �Enthalpy of dissolution of Na2U2O7 · H2O(cr)

The heats developed by the dissolution of Na2U2O7 · H2O(cr) 
in 1.05  m HClO4, measured by means of solution-drop 
calorimetry were  −(135.813 ± 0.516),  −(129.884 ± 0.232), 
−(123.312 ± 0.080) kJ/mol at T = 25, 45, 80 °C, respec-
tively (Table 1). We quantitatively attribute the measured  
heats to the dissolution reaction enthalpy *

sH∆ ′ (3) 
(Section 2.4).

Thermal contributions due to the dilution of Na+ and 
2
2UO + in 1.05 m HClO4

1 are certainly small with respect to 
the reaction heat (within the assigned uncertainties of the 
measured heats themselves), and can be neglected [35, 36]. 
The value of *

sH∆ ′ at 55 °C was determined by interpolation 
of the experimental data at 25, 45 and 80 °C (Table 1). The 
corresponding values of the heat of dissolution *

s ( )H T∆ �  
at I = 0 are  −(133.2 ± 1.1),  −(127.4 ± 1.3),  −(121.5 ± 1.5)  

at T = 25, 55 and 80 °C, respectively [Table 1, values listed 
are relative to the reaction involving 0.5 equivalents of 
Na2U2O7 · H2O(cr) (3)]. *

s ( )H T∆ �  at I = 0 were calculated as in 
(3) using (4) as described in Grenthe et al. [37].

	
2
2

* *
s s 1 2,Na 2, UO 2, H   

4 2( ) 2 6H T H L L L L∆ ∆ + + += − − −′ +� � (4)

In (4), L1 is the relative partial molar enthalpy of 
water, L2 are the relative partial molar enthalpies of dis-
solution of the individual aqueous species involved in 
(3). The values of the relative partial molar enthalpies of 
water and of the other species were estimated using the 
SIT model as described in (5) and (6) [37].

	
4

2L
1 w HClO L 43

3 12 ln H , ClO
2 1.

( )
5

A
L M t t RT m

t
+ −  

= − − − +    ε � (5)

	

2
2L i m

2, i j L
3  ,
4

( )
A Z I

L RT m i j
t

= − ε � (6)

where Mw is the molar mass of water in kg/mol, R = 8.314 
J K−1 mol−1, 1 1.5t I= +  (I = 1.05 m HClO4), AL (kg mol−1/2) is 
the Debye-Hückel parameter for the enthalpy in aqueous 
systems at the different temperatures, tabulated in Ref. 
[38]. εL(i, j) = (∂ε(i, j)/∂T)p is the temperature derivative 
of the SIT interaction parameters ε(i, j) of the pair of 
the ion i and the counter-ion of the ionic medium j. The 
required values of εL(i, j) were derived in the present 
work from the corresponding temperature derivatives of 
the Pitzer interaction parameters, available in Ref. [38]: 

3 1 1 3 1 1
L 4 L 4Na , ClO (3.72 0.05) 10 kg mol K , H , ClO (1.84 0.03) 10 kg m( )   ( ) l  .o K+ − − − − + − − − −⋅ ⋅= ± = ±ε ε  

3 1 1 3 1 1
L 4 L 4Na , ClO (3.72 0.05) 10 kg mol K , H , ClO (1.84 0.03) 10 kg m( )   ( ) l  .o K+ − − − − + − − − −⋅ ⋅= ± = ±ε ε  In the literature, no temper-

ature derivatives of the Pitzer interaction parameters of 
the 2

2 4UO , ( ClO )+ −  pair are available. A reasonable estimate 
of 2 3 1 1

L 2 4UO , ClO ~ (5 1) 10 kg mol( )  K+ − − − −⋅±ε  was therefore 
given on the basis of the available parameters for differ-
ent 2

4M , C( lO )+ −  ion pairs [38]. As generally expected [39], 
the ionic medium has an almost negligible impact on the 
reaction enthalpy. The values of *

s ( )H T∆ �  and *
s( )H T∆ ′  at 

I = 1.05 m HClO4 are close to one another within ~1.5 kJ/mol  
(Table 1).

To the best of the authors’ knowledge, no other 
determinations of the dissolution enthalpy of hydrated 
Na2U2O7 · H2O(cr) solid materials exist to date in the litera-
ture. The dissolution heat of anhydrous Na2U2O7(cr) solids 
has instead been reported in different calorimetric studies 
and summarized in the NEA-TDB critical reviews [4, 40]. The 
value of *

sH∆ ′ (Na2U2O7(cr), 25 °C, 1  M HCl) = −(171.8 ± 1.0) 
kJ/mol selected in the NEA-TDB [4], together with the 
corresponding standard formation enthalpy (see next 
section), is the one determined calorimetrically by Tso 

1 The dilution heat is the heat of transfer of Na+, 2
2UO + in solution, 

from conditions of their infinite dilution, to ca. 1.8 · 10−3 m, the maxi-
mum final concentration expected when dissolving 10–15 mg of solid 
phase in 25 mL of solution (see Section 2.3).
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et al. [41]. In a similar calorimetric study, Cordfunke et al. 
[42] determined a value of *

sH∆ ′ (Na2U2O7(cr), 25 °C, 6  M 
HNO3) = −(184.35 ± 1.13) kJ/mol. A rough estimation of the 
corresponding value of *

sH∆ � at I = 0 is provided in the 
present work, using the same method described above. 
This yields: Δ*Hs (Na2U2O7(cr), 25 °C, I = 0) = −(175 ± 5)  
kJ/mol. The comparison of *

sH∆ � of Na2U2O7 · H2O(cr) in the 
present work with the one selected in the NEA-TDB for the 
anhydrous Na2U2O7(cr) yields a net exothermal contribu-
tion of  −(39 ± 1) kJ/mol for the formal hydration reaction of 
Na2U2O7(cr) (7). A value comparable within the uncertain-
ties is obtained from the comparison of the analogous data 
by Cordfunke et al. [42] at I = 0,  −(42 ± 5) kJ/mol.

	 2 2 7 2 2 2 7 2Na U O cr H O(l)( ) Na U O H O(cr)⋅+ = � (7)

3.3.3  �Free-energy and enthalpy of formation of 
Na2U2O7 · H2O(cr)

The values of the free-energy and enthalpy of formation 
of the Na2U2O7 · H2O(cr) ( f mG∆ �  and f mH∆ � ) characterized 
in the present work are f m 3244( )4  kJ/molG∆ = − ±�  and 

f m 3531 16( ) kJ/molH∆ = − ±�  (Table 2). f mG∆ �  was calculated 
from the solubility constant *

s,0log K �  at T = 25 °C, whereas 
f mH∆ �  was calculated from the experimental value of *

sH∆ � 
at T = 25 °C. The values of f mG∆ �  and f mH∆ �  of the individual 
aqueous species reported in the NEA-TDB [4] were used in 
the calculations.

In a recent study by Smith et al. [43] using Knudsen- 
Effusion Mass-Spectrometry, a value of f mH∆ �  = −(3208.4 ± 5.5)  
kJ/mol was determined for the α-Na2U2O7(cr) (Table 2). 
The same authors reported also a two-parameter empiri-
cal equation to linearly relate f mG∆ �  of the solid phase with 
T, applicable in the high-temperature range from 1292 to 
1481 K. The values of f mG∆ �  and f mH∆ �  (T = 25 °C) selected in 
the NEA-TDB [4] for the crystalline anhydrous Na2U2O7(cr) 
(see Table 2) were taken from the calorimetric study by Tso 
et  al. [41]. We note the good agreement in the values of 

f mH∆ �  determined by Smith et  al. [43] and Tso et  al. [41] 
using two different techniques.

The difference between f mG∆ �  of the anhydrous 
Na2U2O7(cr) [4] and the mono-hydrated phase investigated 
in the present work is −232  kJ/mol, a value close to the 
free energy of formation of water, f mG∆ �  = −(237.14 ± 0.04) 
kJ/mol. This is roughly consistent with the release in 
solution of one additional water molecule in the dissolu-
tion reaction of Na2U2O7 · H2O(cr), compared to the anhy-
drous material. The corresponding solubility constants of 
the two phases are *

s,0log K �  {Na2U2O7 · H2O(cr), p.w.} = 11.7 
and *

s,0log K �  {Na2U2O7(cr)} = 11.3 [4, 40]. The two values 
are similar within the same magnitude, with the highly 
crystalline anhydrous material holding a slightly lower 
solubility constant than the hydrated solid investigated in 
the present work. This difference indicates that the Gibbs 
energy contribution of the structural water molecule in 
the hydrated Na2U2O7 · H2O(cr) is similar to that of the free 
liquid water, as already suggested by the NEA-TDB review-
ers [4]. Similarly, the difference between f mH∆ �  of the 
hydrated Na2U2O7 · H2O(cr) in the present work, and that 
of the selected anhydrous Na2U2O7(cr),  −(285.8 kJ/mol), is 
consistent with the enthalpy of formation of a molecule 
of water  −(237.14 ± 0.04) kJ/mol. The difference between 
these to values (−285.8 + 237.14) yields a net contribution 
of −39 kJ/mol that we attribute to the formal hydration of 
the anhydrous material (7) as discussed above.

3.3.4  �Solubility and hydrolysis model at T = 55, 80 °C

The solubility data of UO3 · 2H2O(cr) in the acidic range 
determined at T = 55 and 80 °C show a similar trend with 
respect of the one at T = 25 °C. Although this may suggest 
that the solubility at the different temperatures is controlled 
by analogous hydrolysis equilibria, the observed alteration 
of the initial solid phase (see Section 3.2) prevents deriving 
a conclusive solubility model for this pHm-region and tem-
perature range. The lack of precise solubility data about 
Na2U2O7 · H2O(cr) under moderately alkaline pHm-condi-
tions where the hydrolysis species 2 3UO OH( )− prevails pre-
vents also to gain insight in the temperature dependence 
of the corresponding hydrolysis constant.

The solubility constants of Na2U2O7 · H2O(cr) ( *
s,0log ,K �  

I = 0, T = 55, 80 °C, (8) Table 1) were calculated from *
s,0log K �  

at T = 25 °C and the values of sH∆ � (8) at T = 55, 80 °C. The 
enthalpy values were estimated from the values *

s ( )H T∆ �  
(4), calculated as explained above, and the enthalpies for 
the formation of water taken from the CODATA reference 
values (see Table 1) [34].

	
2

2 2 7 2 2 20.5Na U O H O(cr) H O(l) Na UO 3OH+ + −⋅ + = + + � (8)

Table 2: Free-energy and enthalpies of formation of 
Na2U2O7 · H2O(cr) (present work) and comparison with literature 
values for anhydrous Na2U2O7(cr) materials (T = 298.15 K).

Solid phase   f mG∆ o ± 2σ, kJ/mol   f mH∆ o ± 2σ, kJ/mol  Ref.

Na2U2O7 · H2O(cr)   −(3244 ± 4)   −(3531 ± 16)  p.w.
Na2U2O7(cr)   −(3011.5 ± 4.0)   −(3203.8 ± 4.0)  [4]
α-Na2U2O7(cr)     −(3208.4 ± 11)  [43]

Brought to you by | Karlsruher Institut für Technologie KIT-Bibliothek
Authenticated

Download Date | 6/11/19 1:01 PM



F. Endrizzi et al., Thermodynamic description of U(VI) solubility and hydrolysis at elevated temperatures      13

The resulting trend of sH∆ � vs. T according to (9) shows 
a good linearity ( 2

fit 0.995,r >  Figure 5). *
s ( )H T∆ �  shows, 

instead, a non-linear dependence with the temperature. 
This is due, in turn, to the non-linear temperature depend-
ence of the enthalpy of protolysis of water itself (Table 1). 
Therefore, a plot of *

s ( )H T∆ �  vs. T would not have been 
suitable for the purposes of this calculation.

	
∆ ∆= + ⋅=� �

s s ,( ) ( 0 ) p mH T H T K C T� (9)

The linear regression (solid line) of the experimental 
sH∆ � values at T = 25, 45 and 80 °C yields s ( 0  ) (237.8 5.4)H T K∆ = = ±�  

s ( 0  ) (237.8 5.4)H T K∆ = = ±�  kJ mol−1 and Cp,m = −(0.463 ± 0.017) 
kJ  K−1  mol−1. The temperature dependence of the heat 
capacity Cp,m can be therefore neglected (dCp,m/dT ≈ 0). 
Accordingly, *

s,0log K �  values at T = 55 and 80 °C were cal-
culated with the formula in (10) and are summarized in 
Table 1.

s
s s

p,m

(298.15 ) 1 1log ( ) log (298.15  )
ln10 298.15

298.15 1 ln
ln10 298.15

H K
K T K K

R T
C T

R T

∆  
= + −  

  
+ − +     

�
� �

�
(10)

The sets of solubility data (log [U(VI)] vs. T) in the alka-
line range at T = 55 and 80 °C [Table S2 as supplementary 
information) were independently analyzed with a least-
square minimization process to calculate the values of the 
hydrolysis constants of 2

2 4UO OH( ) − ( *
1,4log ,β�  I = 0, T = 55, 

80 °C, (11)).

	
2 2
2 2 2 4UO 4H O(l) U ( )O OH 4H+ − ++ = + � (11)

The calculated values resulted in *
1,4log β�  = −(29.7 ± 0.2) 

and  −(28.3 ± 0.2) at T = 55 and 80 °C, respectively. The spe-
ciation model used in the calculation includes the values 
of *

s,0log K �  at T = 55 and 80 °C estimated as indicated 
above. The SIT parameters of the different ionic species 
at T = 25 °C were presumed to have the same value at 
T = 55 and 80 °C. In general this is a good approximation, 
since the temperature dependence of the SIT interaction 
parameters in the temperature range T = 0–100 °C can be 
neglected in most cases (in the order of 10−3 kg mol−1 K−1, 
as seen above in the case of the calorimetric data in HClO4 
medium) [39]. A numerical analysis of the data including 
an optimization of the SIT parameter ε(Na+, 2

2 4UO OH( ) −) 
was attempted, but the quality of the fit did not improve 
significantly enough to justify such optimization.

A value of the molar enthalpy of (11), *
1,4  13( )4 7  kJ/molH∆ = ±�   

*
1,4  13( )4 7  kJ/molH∆ = ±�  was estimated from the linear regression 

of *
1,4log β�  vs. 1/T and assuming *

1,4 / 0d H dT∆ =�  (Van’t Hoff 
approach, see Figure 6) [37].

Determinations of the value of *
1,4H∆ �  from experi-

mental data are very scarce in the literature and no value 
has been selected so far by the NEA-TDB [4]. In fact, as 
evidenced by the present work, the study of the hydroly-
sis of U(VI) in the alkaline range is hampered by several 
factors. First, the relatively low solubility of uranium itself 
([U(VI)] < 10−5 m) is often below the detection limit of most 
spectroscopic and calorimetric techniques. In addition, 
since 2

2 4UO OH( ) − forms only in alkaline and hyperalkaline 
conditions (pHm > 11.5), the use of titration potentiometry 
to investigate this system is limited. Recently, Di Bernardo 
et  al. [10] reported an experimentally determined value 
of *

1,4H∆ �  = (167.6 ± 1.7) kJ/mol (3 σ uncertainty). In this 
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study, titration microcalorimetry was used to investigate 
the hydrolysis and peroxide formation equilibria of 2

2UO + 
in acidic and alkaline solutions of 0.1  M (CH3)3N(NO3) at 
T = 25 °C. This particular background electrolyte was likely 
chosen to avoid the precipitation of the sparingly soluble 
Na2U2O7 · H2O(cr) phase. The enthalpy value determined in 
this work and the one from Di Bernardo and co-workers 
differ by ~34  kJ/mol. The two values are still in reason-
able agreement, considering the different experimental 
conditions used, and the abovementioned experimental 
difficulties involved in the study of this system in these 
conditions. We consider the value of *

1,4H∆ �  obtained in 
the present work to be a reliable estimate, since it was 
determined from solubility data collected at the ther-
modynamic solid/solution equilibrium and solution 
calorimetric data of the same solid phase at different 
temperatures. The enthalpy value currently determined is 
also corroborated by the U(VI) solubility data previously 
reported [15]. In our previous study, the calculated values 
of *

s,( ,4)1log  K �  corresponding to the solubility equilibrium 
(12) were *

s,( ,4)1log  K �  = −(20.1 ± 0.3) and  −(18.0 ± 0.1) (2σ 
uncertainty) at T = 22 and 80 °C, respectively. Using the 
Van’t Hoff relation, a value of *

s,(1,4)H∆ �  = (72 ± 4) kJ/mol for 
(12) was calculated.

	
2

2 2 7 2 2 2 40.5 Na U O ·H O(cr) 2H O(l) Na UO O( )H H+ − ++ = + + � (12)

The corresponding values calculated in the present work 
are *

s,( ,4)1log  K �  = −(20.2 ± 0.3) and  −(18.3 ± 0.4) (2σ uncer-
tainty) at T = 25 and 80 °C, respectively. These values are in 
very good agreement with the previous ones determined. 
The calculated enthalpy value, *

s,(1,4)H∆ �  = (71 ± 3) kJ/mol 
(12) is also in excellent agreement.

4  �Conclusions
The solubility of UO3 · 2H2O(cr) and Na2U2O7 · H2O(cr) was 
investigated in 0.10, 0.51 and 5.6  m NaCl solutions with 
4 ≤ pHm ≤ 14.3 at T = 25, 55 and 80 °C. The enthalpy of dis-
solution of Na2U2O7 · H2O(cr) at T = 25, 45 and 80 °C was 
independently determined by means of solution-drop 
calorimetry. An extensive characterization of the solid 
materials before and after the completion of the solubil-
ity experiments was conducted. Results from the differ-
ent experimental approaches allow evaluating the impact 
of temperature and of the ionic medium on the solubility 
of the different solids, the stability of the solid phases 
and possible structural changes occurring. A solid phase 

transformation of UO3 · 2H2O(cr) into a sodium uranate-like 
material is observed in acidic solutions with [NaCl] ≥ 0.51 m 
and T = 80 °C. An alteration of the solid phase is not 
observed in experiments conducted at T = 25 °C.

The calculated value of the solubility constant of 
UO3 · 2H2O(cr) at T = 25 °C is *

s,0log K �  = (5.1 ± 0.2). This value 
is slightly lower, but in agreement within the respective 
uncertainties, than *

s,0log K �  = (5.35 ± 0.13) recently deter-
mined by Altmaier and co-workers [5] for the same U(VI) 
solid phase. The small differences between the two solu-
bility constants might be related to the tempering step at 
T = 80 °C used in the present study (and absent in Altmaier 
et al.), that may have induced a slight increase of crystal-
linity of UO3 · 2H2O(cr) in the present work.

Na2U2O7 · H2O(cr) is the thermodynamically stable 
solid phase in the alkaline NaCl solutions investi-
gated at T = 25, 55 and 80 °C. The solubility data of 
Na2U2O7 · H2O(cr), together with the dissolution heat of 
Na2U2O7 · H2O(cr) determined by solution calorimetry were 
used to derive a thermodynamic model for the solubility 
and hydrolysis behavior of Na2U2O7 · H2O(cr) in alkaline 
and hyperalkaline pHm conditions. In this pHm-region, 
the solubility is governed by the formation of 2

2 4UO OH( ) − 
and it is significantly enhanced (up to 2.5 log10-units) by 
temperature compared to the solubility of the same solid 
phase analyzed at 25 °C. This effect is mainly attributed 
to the known increased acidity of water at elevated tem-
peratures. The temperature dependence of the solubility 
product Na2U2O7 · H2O(cr) and of the hydrolysis constant of 

2
2 4UO OH( ) − also suggest that minor contributions addition-

ally result from a decreased stability of Na2U2O7 · H2O(cr), 
together with an enhanced stabilization of 2

2 4UO OH( ) − with 
increasing temperature. From the values of *

1,4log β�  at dif-
ferent temperatures, the reaction enthalpy for the forma-
tion of 2 *

2 4 1,4U ( ) (O )OH H∆− �  was determined. These results 
extend our previous thermodynamic studies and allow 
accurate solubility and speciation calculations for U(VI) 
in dilute to concentrated, alkaline NaCl solutions in the 
temperature range T = 25–80 °C.

The combination of solubility experiments at elevated 
temperatures with the calorimetric characterization of 
the solid phase/s controlling the solubility opens new 
perspectives in the thermodynamic description of radio-
nuclide aqueous systems of relevance in the context of 
HLW disposal. In the framework of the German collabo-
rative project ThermAc, these results contribute to the 
experimental validation of the methods developed for the 
systematic estimation of thermodynamic properties and 
temperature dependence of radionuclide aqueous species 
and solid compounds.
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