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a b s t r a c t

Meta-torbernite, Cu(UO2)2(PO4)2�8H2O, is one of the most common secondary minerals resulting from the
alteration of pitchblende. The determination of the thermodynamic data associated to this phase appears
to be a crucial step toward the understanding the origin of uranium deposits or to forecast the fate and
transport of uranium in natural media. A parallel approach based on the study of both synthetic and
natural samples of meta-torbernite (H3O)0.4Cu0.8(UO2)2(PO4)2�7.6H2O was set up to evaluate its solubility
constant. The two solids were first thoroughly characterized and compared by means of XRD, SEM, X-EDS
analyses, Raman spectroscopy and BET measurements. The solubility constant was then determined in
both under- and supersaturated conditions: the obtained value appeared close to
logK

�

s;0(298 K) = �52.9 ± 0.1 whatever the type of experiment and the sample considered. The joint
determination of Gibbs free energy (DRG�(298 K) = 300 ± 2 kJ mol�1) then allowed the calculation of
DRH�(298 K) = 40 ± 3 kJ mol�1 and DRS�(298 K) = �879 ± 7 J mol�1 K�1. From these values, the thermody-
namic data associated with the formation of meta-torbernite (H3O)0.4Cu0.8(UO2)2(PO4)2�7.6H2O were also
evaluated and found to be consistent with those previously obtained by calorimetry, showing the reliabil-
ity of the method developed in this work. Finally, the obtained data were implemented in a calculation
code to determine the conditions of meta-torbernite formation in environmental conditions typical of a
former mining site.

� 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Due to their extremely low solubilities under circumneutral pH
conditions and phosphorous ubiquity in natural waters, uranyl
phosphates are important phases for the control of uranium mobil-
ity in many oxidizing environments [1]. Subsurface application of
polyphosphates is even considered as a promising remediation
technology for uranium decontamination of the groundwater. Ura-
nyl phosphates are encountered in a variety of altered uranium
deposits [2]. With the development of the nuclear industry, the
need for new economically exploitable uranium ore deposits also
led to consider uranyl phosphates as potential phases of interest
[3]. A major focus is now devoted to the uranium extraction from
rock phosphate as sustainable secondary source for uranium. In-
deed, such deposits contain millions of tons of uranium which
may be extracted as a by-product of making fertilizers (see [4]),
where the main minerals in the phosphate rock are apatite and flu-
orapatite. Another phosphate bearing mineral of interest is the
meta-torbernite Cu(UO2)2(PO4)2�8H2O. While less common, such
mineral frequently occurs in conjunction with other uranium min-
erals, as well as host rock minerals. It is often associated with con-
ventional deposits of pitchblende/coffinite type as supergene
alteration product ([5–9]).

This mineral may also play a key role in the migration of U in
the framework of the deep geological repository of nuclear spent
fuel. In Finland and Sweden, spent nuclear fuel is packed in copper
canisters ([10,11]). The oxidative alteration of the UO2 spent fuel
matrix in the presence of copper could arise to torbernite-like
phases.

Therefore, understanding the origin of uranium deposits or
modeling the fate and transport of uranium in natural or contam-
inated settings require reliable solubility measurements or ther-
modynamic properties from which solubility can be calculated.

Despite the important role of this phase, rigorously constrained
thermodynamic data are lacking. None of the published solubility
constants of meta-torbernite were validated by the NEA
Thermochemical Database Project, OECD–NEA-TDB [12]. Indeed,
the previously reported values of solubility constants are not con-
sistent and vary depending on the experimental conditions
(�33 < logK

�

s;0 < �53) or have not been evaluated by NEA yet (pub-
lications subsequent to 2003). Vochten and Piret [7], Pekarek et al.
[13], and Karyakin et al. [14] conducted their studies on synthetic
(i.e. pure) samples at low pH without any extrapolation to standard
conditions in order to determine the K

�

s;0 value. Ilton et al.
performed solubility experiments in under- and supersaturation
conditions on natural meta-torbernite crystals in nitric and phos-
phoric acids [15]. They used the Pitzer’s formula to calculate the
activities of the relevant species. Comparison of the solubility con-
stant obtained by Ilton et al. (logK

�

s;0 = �52.7 ± 0.1) with a value
determined on a synthetic sample is thus necessary to conclude.
In addition, Karyakin et al. [14] are the first who proposed values
of standard enthalpy, standard Gibbs free energy and standard en-
tropy of formation of meta-torbernite, using calorimetry. To our
knowledge, these data were not confirmed in the literature for
the corresponding dissolution reaction even though these parame-
ters are needed to predict the possible formation and the solubility
of meta-torbernite under relevant environmental conditions.

In this study, dissolution tests were performed in nitric, sulfuric,
and hydrochloric media on both synthetic and natural samples of
meta-torbernite. Thermodynamic equilibrium was also ap-
proached by the supersaturation method during the precipitation
of pure meta-torbernite. The objectives were to obtain a reliable
solubility product for meta-torbernite, to examine the nature of
dissolution with varying solution compositions and then to com-
pare the behavior of synthetic (pure) and natural minerals. Once
the solubility constant was obtained, its variation versus tempera-
ture was used to determine the main thermodynamic functions
associated with the dissolution reaction, DRX�, or with the forma-
tion of meta-torbernite DfX� (where X = H, G and S).
2. Materials and methods

2.1. Synthesis

All the acid solutions used for the synthesis, dissolution and
precipitation tests (H3PO4, HNO3, HCl and H2SO4) were prepared
from analytical grade reagents (supplied by Sigma or Fisher). The
uranyl nitrate solution was prepared from metallic uranium. Ura-
nium chips were dissolved in a solution of 6 mol L�1 HCl and the
solution was then concentrated to obtain a final 2 � 10�1 mol L�1

solution of U(IV) [16]. Addition of H2O2 (9.8 mol L�1) allowed
quantitative oxidation of U(IV) to U(VI) then the precipitation of
the studtite UO2(O2)(H2O)2�2H2O [17]. The solid was separated
from the supernatant by centrifugation (4 min, 4500 rpm), then
washed with distilled water and dissolved in a 4 mol L�1 HNO3

solution. The resulting solution was then heated to dry: an orange
solid was obtained. Solution of uranyl nitrate used was obtained by
dissolving the solid in solution of 5 � 10�2 mol L�1 HNO3. Its final
concentration was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES) and a-liquid scintillation
(PERALS, Photon Electron Rejecting Alpha Liquid Scintillation [18]).

The protocol used for the preparation of meta-torbernite was
inspired by that previously reported by Berman [19]. It was based
on the direct precipitation of a mixture of 85 mL of uranyl nitrate
(pH = 1.1, CU = 2 � 10�1 mol L�1), 1.46 g of copper dichloride dihy-
drate with 8.5 mL of 2 mol L�1 H3PO4 at 333 K. After three days of
maturation, the obtained green precipitate was separated from the
supernatant by centrifugation (4 min, 4500 rpm), washed with dis-
tilled water then dried at 313 K in an oven. Precipitation yields ex-
ceeded 85%.

The natural meta-torbernite came from the Margabal mine at
Entraygues-sur-Truyère (France) under the form of agglomerated
crystals of meta-torbernite (a few millimeters in length for larger
ones) and black host rock. The sample was crushed manually using
an agate mortar to obtain a powder as fine as the synthesized prod-
uct. It was purified through two cycles of washing by centrifuga-
tion (4 min at 4500 rpm) in a solution of HNO3 (1 mol L�1), then
in deionized water. After these cycles, the black host rock was sep-
arated from the meta-torbernite by sedimentation. The resulting
solid corresponded to mainly natural meta-torbernite with trace
amounts of black host rock. It was then characterized by the same
techniques than synthetic meta-torbernite.
2.2. Characterizations

Powder X-ray Diffraction (PXRD) patterns were recorded by the
use of the Bruker D8 diffractometer equipped with the LynxEye
detector adopting the Bragg–Brentano geometry and using Cu
Ka1,2 radiation (k = 1.5418 Å). Data were recorded at room temper-
ature in the 5� < 2h < 100� range with a step size D(2h) = 0.02� and
a total counting time of about 1.5 h. The unit cell parameters were
refined by the Rietveld method using the Thomson-Cox-Hastings
Pseudo Voigt function convoluted with an axial divergence asym-
metry function available in the Fullprof_Suite program [20]. Pure
silicon was used as standard in order to extract the instrumental
functions.

SEM observations were conducted using a FEI Quanta 200
electron microscope, equipped either with a large field detector
(LFD) or a backscattered electron detector (BSED), in high vacuum



Table 1
Ion interaction coefficient e(i,j) values used in this work.

NO�3 Cl� HSO�4 SO2�
4

Cu2+ 0.11 ± 0.01 [12] 0.08 ± 0.01 [12] 0.32 ± 0.05a –
H+ 0.07 ± 0.01 [12] 0.12 ± 0.01 [12] 0.17 ± 0.06a �0.03 ± 0.05a

UO2þ
2

0.24 ± 0.03 [12] 0.21 ± 0.02 [12] 0.46 ± 0.05a 0.12 ± 0.05 [24]

a Values estimated by analogy with ions of the same charge and similar size (Li+

for H+ and ClO�4 for HSO�4 ) [25-27].
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conditions with a very low accelerating voltage (2–3.1 kV). These
conditions were chosen in order to create a beam deceleration ef-
fect that led to high resolution images. Powdered samples were
then directly analyzed without any additional preparation step
such as metallization.

To check the stoichiometry of the prepared meta-torbernite
samples, X-EDS analyses were performed with the SEM device,
using a Bruker XFlash 5010 detector. In order to determine quanti-
tatively the elemental atomic percentages as well as the mole ra-
tios, the powders were first embedded in an epoxy resin. The
surface of the sample was then polished to reach an optical grade
and metallized by carbon deposition. Experimental data were
finally collected from 30 different points using UO2, apatite
Ca5(PO4)3F and Cu metal as internal references. In addition, ele-
mental concentrations were determined by ICP-AES (Spectro Arcos
EOP) after complete dissolution of an aliquot of the solid in a
4 mol L�1 HNO3 solution. This apparatus was also used to follow
the evolution of the uranium, copper, and phosphorus concentra-
tions during precipitation and dissolution experiments. Calibration
was performed with SPEX standard solutions (0.5 < CU < 30 mg L�1,
0.075 < CP or CCu < 4.5 mg L�1).

Raman spectra were recorded with a Horiba-Jobin Yvon Aramis
apparatus using a Nd:YAG laser (532 nm) delivering 60 mW power
at the sample surface and associated edge filter. The laser beam
was focused on the sample by an Olympus BX 41 microscope, with
a spot size of about 1 lm2. For each spectrum, a dwell time of 10 s
was used with an average of three scans.

Thermogravimetric analyses (TGA) and differential thermal
analyses (DTA) were performed in air on a Setsys Evolution appa-
ratus provided by Setaram with a heating rate of 5 K min�1 up to
1273 K.

Finally, the specific surface area (SBET) of the synthesized meta-
torbernite samples was determined by krypton adsorption/desorp-
tion at 77 K using a MJ Micromeritics ASAP 2020 apparatus (BET
method). The samples were outgassed at 333 K for three days be-
fore the analysis.

2.3. Supersaturation and undersaturation solubility experiments

Thermodynamic equilibrium was approached either by super-
saturation (during the precipitation experiment) or by undersatu-
ration (during the dissolution experiments). In the case of
equilibrium, both methods lead to the same saturation index.

The precipitation of meta-torbernite was monitored through
regular uptakes of the leachate (50 or 100 lL). Aliquots were first
centrifuged (2 min at 14,000 rpm) to eliminate potential colloids
and nanometric particles with average size less than 65 nm, for
further elemental concentration measurements by ICP-AES [21].
The sampled volumes were replaced by fresh solution to maintain
a constant volume throughout the experiment. In these conditions,
less than 3% of the leachate was renewed in order to avoid any per-
turbation in the establishment of saturation processes at the solid/
liquid interface. The pH of the solution was checked several times
during the experiment, once the steady state was reached. The pH
of solution was finally measured by determining the concentration
of protons from a standard curve obtained by measuring the pH of
titrated nitric acid solutions (CþH between 5 � 10�3 and 2.5 � 10�7 -
mol L�1) in which the ionic strength was set to 1 mol L�1 by adding
a KNO3, KCl or K2SO4 solution according the anion present in the
supernatant studied. The system was considered to be at equilib-
rium when the results of at least three consecutive analyses, by
considering an interval equal to at least twice the time required
to initially reach the steady state (few hours for supersaturation
experiments and few days for oversaturation ones), were in the
range of two standard deviations of the analyses. The average com-
position of the solution at saturation with respect to the solid
phase was calculated as the average of consecutive analyses that
did not significantly differ from one another. Once equilibrium
was reached, the remaining solid was separated from the superna-
tant by centrifugation (6 min at 4500 rpm) and analyzed by PXRD,
SEM, X-EDS and ICP-AES (after total dissolution in 4 mol L�1 HNO3

to determine the sample stoichiometry) without any preliminary
washing step to prevent degradation of potential neoformed
phases.

Prior the leaching test, the powdered samples were washed
with deionized water, then with the medium used for dissolution.
800 mg of meta-torbernite were then introduced into sealed poly-
tetrafluoroethylene (PTFE) containers (from Savillex) with 5 mL of
acid solution (1 mol L�1 HNO3, 1 mol L�1 HCl, or 1 mol L�1 H2SO4).
The containers were potentially placed into an oven to study the
effect of temperature (277 K, 313 K, and 353 K). The dissolution
of the solid was monitored following the same protocol as for
the precipitation experiments.

2.4. Thermodynamic interpretation

The solubility constant was calculated from super- and under
saturation experiments once a steady state was reached and only
when the reaction was found to be congruent, that is to say that
no secondary phase precipitated and that the mole ratios of the
constituent elements (U, P and Cu) in the solution corresponded
to the stoichiometry of the meta-torbernite sample. Considering
the predominant species under the conditions used (very low
pH), the dissolution of meta-torbernite could thus be written as
follows:

ðH3OÞ0:4Cu0:8ðUO2Þ2ðPO4Þ2 � 7:6H2Oþ 5:6H3Oþ¡0:8Cu2þ

þ 2UO2þ
2 þ 2H3PO4 þ 13:6H2O ð1Þ

Following Eq. (1), the solubility constant �K
�

s was calculated using
the relation with species activities:

�K
�

s ¼ ðH3OþÞ�5:6 � ðCu2þÞ
0:8
� ðUO2þ

2 Þ
2
� ðH3PO4Þ2 ð2Þ

where (i) denotes activity of ion i and the asterisk corresponds to a
solubility constant which simultaneously involves protonation
equilibrium [12].

The activities of species were calculated from elemental con-
centrations using PHREEQC-2 software [22] with the Minteq.v4
database [23] that takes into account the main reactions involving
the considered species (all the thermodynamic data used for these
calculations are listed in Table S1: Supporting Information). PHRE-
EQC-2 allowed determining activity corrections using specific
interaction theory (SIT) [12]:

logðciÞ ¼ �
z2

i A
ffiffiffiffiffi
Im
p

1þ 1:5�
ffiffiffiffiffi
Im
p þ

X

j

eði;j;IÞmj ð3Þ

where mj is the molality of species j (mol kg�1); e(i,j) is the SIT coef-
ficient between ion i and counter-ion j. In addition, the A parameter
variation versus temperature was taken from the literature and e(i,j)

was considered to be independent of temperature [12].
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Fig. 1. PXRD patterns of synthesized (red), purified natural (black) – used for
dissolution experiments – and raw natural (blue) meta-torbernite samples. The
XRD lines associated with cristobalite (SiO2) and AlPO4 are indicated by (JCPDS
file #01-085-0621 [29]) and (JCPDS file #00-045-0177 [30]), respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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The concentrations of the ions coming from the dissolution
media were several orders of magnitude higher than those of the
reacting species. Hence, they induced the main contribution to
the log(ci) value. This led us to simplify the summation

P
je(i,j,l)mj,

so that only ion interaction coefficients between the ionic species
of interest and that associated with the dissolution medium were
taken into account. The values of e(i,j) used in the calculations are
indicated in Table 1.

According to the NEA [12], the conventional solubility constants
are calculated using uncomplexed aqueous species. For meta-tor-
bernite, the dissolution equilibrium studied is the followed:

ðH3OÞ0:4Cu0:8ðUO2Þ2ðPO4Þ2 � 7:6H2O¡0:4H3Oþ þ 0:8Cu2þ

þ 2UO2þ
2 þ 2PO3�

4 þ 7:6H2O ð4Þ

This equilibrium was also considered to calculate the solubility
constant in supersaturated experiments.

The conventional standard solubility constant of this equilib-
rium was thus:

K
�

s;0 ¼ ðH3OþÞ0:4 � ðCu2þÞ0:8 � ðUO2þ
2 Þ

2 � ðPO3�
4 Þ

2 ð5Þ

where ‘‘0’’ indicates that dissolution equilibrium involving only
uncomplexed aqueous species [12].

The calculated value for (PO3�
4 ) is close to 10�23 mol L�1, but

determined with a high uncertainty due to numerical computation.
In order to minimize the error in calculating the solubility con-
stant, the solubility constant of equilibrium (5) was then deduced
from �K

�

s and from the acidity constants of H3PO4 using the follow-
ing equation:

K
�

s;0 ¼ �K
�

s � ðKa1Ka2Ka3Þ2 ð6Þ

where Ka1, Ka2 and Ka3 are the phosphorus acid constants related to
H3PO4/H2PO�4 (pKa1 = 2.14), H2PO�4 =HPO2�

4 (pKa2 = 7.21), and
HPO2�

4 =PO3�
4 (pKa3 = 12.35) [12], respectively.

The associated standard Gibbs free energy was calculated from
conventional standard solubility constant K

�

s;0 using the following
equation:

DRG
�
ðTÞ ¼ �R� T � lnðK�s;0ðTÞÞ ð7Þ

where R is the gas constant and T absolute temperature (K).
When DRH� and DRS� dependency with temperature can be ne-

glected in the studied temperature range (which is commonly
admitted for small temperature ranges), the standard Gibbs free
energy of the dissolution reaction was calculated from the stan-
dard enthalpy and standard entropy of reaction according to:

DRG
�
ðTÞ ¼ DRH

� � TDRS
�

ð8Þ

Combining Eqs. (8) and (9) leads to:

ln K
�

sðTÞ ¼
�DRH

�

RT
þ DRS

�

R
ð9Þ

Based on the calculated values of DRG�(298 K), DRH�(298 K) and
DRS�(298 K) associated with reaction (1) and according to the
Hess’s law, the standard Gibbs free energy and enthalpy associated
with the formation of meta-torbernite from its constituent ele-
ments, DfG�, DfH� and DfS� were determined using Eqs. ((10) and
(11)):

Df X
� ðmeta-torberniteÞ ¼ 0:8� Df X

� ðCu2þÞ þ 0:4� Df X
� ðHþÞ

þ 2� Df X
� ðUO2þ

2 Þ þ 2

� Df X
� ðPO3�

4 Þ þ 8� Df X
� ðH2OÞ

� DRX
� ðEq:1Þ ð10Þ

where X = G or H;
Df S
�
ðmeta-torberniteÞ ¼ S

�

mðmeta-torberniteÞ � 0:8

� S
�

mð9mðcrÞÞ � 0:4� S
�

mðH
þÞ � 8

� S
�

mðH2ðgÞÞ � 2� S
�

mðUðcrÞÞ � 2

� S
�

mðPðcrÞÞ � 10� S
�

mðO2ðgÞÞ ð11Þ

i.e.:

S
�

mðmeta� torberniteÞ ¼ 0:8� S
�

mðCu2þÞ þ 0:4� S
�

mðH
þÞ þ 2

� S
�

mðUO2þ
2 Þ þ 2� S

�

mðPO3�
4 Þ þ 8

� S
�

mðH2OÞ � DRS
�
ðEq:1Þ ð12Þ

The thermodynamic data [12] of the species used to determine
the enthalpy, Gibbs free energy and entropy associated with the
formation of meta-torbernite are supplied in the supporting infor-
mation (Table S2).
3. Results and discussion

3.1. Characterization of synthesized meta-torbernite and comparison
with natural samples

The recorded PXRD patterns are viewed in Fig. 1. Purified natu-
ral and synthesized samples exhibit similar patterns containing
mainly the meta-torbernite (JCPDS file #01-072-7383 [28]). How-
ever, the PXRD pattern of the natural sample showed additional
lines, corresponding to remaining impurities in the sample, despite
the multiple washing steps. The PXRD pattern of the natural sam-
ple before purification showed the presence silica SiO2 (cristoba-
lite) and aluminum phosphate AlPO4, which are commonly found
in uraniferous sites. Moreover, the presence of calcite (CaCO3,00-
004-0637) was detected with a main intense reflection around
2h = 30�. This peak corresponds to the sample holder (Plasticine)
used for the natural sample.

The refinement of the PXRD pattern of synthetic meta-torber-
nite (SG: P4/n) led to a = 6.985(1) Å, c = 17.3294(2) Å, and
V = 841.53(2) Å, which appeared consistent with values reported
by Locock and Burns [28]. The presence of other phases in the nat-
ural sample made difficult the refinement of the PXRD pattern.
However, there was no significant differences between the XRD
peaks of the two samples and therefore the impurities present in
the natural sample did not significantly affect its structure.
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Table 2
X-EDS analyses (expressed in atomic percentage) of purified natural and synthetic
samples of meta-torbernite.

Purified natural sample Synthetic sample Calculateda

U (at.%) 12.4 ± 0.3 12.2 ± 0.4 11.8
P (at.%) 11.4 ± 0.5 13 ± 1 11.8
Cu (at.%) 5 ± 1 4.1 ± 0.9 5.9

a Assuming the chemical formula Cu(UO2)2(PO4)2�8H2O.
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Both samples were also characterized by Raman spectroscopy.
All the characteristic bands associated with phosphate and uranyl
entities were observed in the collected spectra with close wave
numbers for synthetic and natural samples (Fig. 2 and Table S3).
For example, the symmetric (m1) and antisymmetric (m3) stretching
mode of the UO2þ

2 unit occured respectively at 822 and 895 cm�1

for the synthetic sample and at 824 and 893 cm�1 for the natural
one. It was the same for the antisymmetric stretching mode of
the PO3�

4 unit which occured at 989 cm�1 for the synthetic
sy
nt

he
tic

 
N

at
ur

al
 

Fig. 3. SEM micrographs of synthetic an
compound and at 987 cm�1 for the natural one. These observations
mean that the bond lengths in the uranyl and phosphate groups,
and therefore their environment, were similar for both compounds
and confirm that the two samples had the same structure, despite
impurities present in the natural sample.

In the structure, uranyl and phosphate groups form parallel lay-
ers. Copper and water molecules are intercalated between layers.
The consequence of this 2D arrangement is the formation of plate-
let-shaped grains as observed by SEM for both synthesized and
natural samples (Fig. 3). However, despite their similar morphol-
ogy and grain size (a few hundred micrometers), the specific sur-
face area differed for the samples: 0.4 ± 0.2 m2 g�1 for synthetic
samples, versus 2.6 ± 0.2 m2 g�1 for natural samples. This differ-
ence was probably due to the different granulometry of the sam-
ples. Natural meta-torbernite sample exhibited heterogeneous
particle size distribution compared to the synthetic one. In addi-
tion, the natural sample could have been altered (by meteoric or
underground water, or during the purification protocol) leading
to an increase of the surface roughness.

The stoichiometry of both samples was determined by X-EDS
analyses (Table 2) coupled with SEM. It suggested that both
samples were copper-depleted compared to the expected
d natural meta-torbernite samples.
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by ICP-AES during the precipitation of meta-torbernite at 303 K (a) and 333 K (b) in
0.2 mol L�1 of H3PO4 and focus on the early days of precipitation with fitting using
formula reported in Eq. (15) for P at 333 K.

Table 3
Kinetic constant for each element associated to the meta-torbernite precipitation
(over saturated experiments).

kU (d�1) kP (d�1) kCu (d�1)

296 K 7.1 ± 0.2 7.2 ± 0.2 6.66 ± 0.09
303 K 15 ± 1 15 ± 1 13.4 ± 0.7
309 K 25 ± 2 20 ± 4 23 ± 2
327 K 35 ± 4 38 ± 4 36 ± 2
333 K 41 ± 4 42 ± 4 34 ± 4
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stoichiometry. This lack of copper was also confirmed by ICP-AES
analyses after the complete dissolution of the solid. The deficit in
the charge balance was thus assumed to be ensured by H+ ions,
which are surely linked to water molecules present in the inter-
layer spaces. In addition, the hydration rate (�8 H2O) was deter-
mined by TGA–DTA experiments. The resulting chemical formula
for both samples was (H3O)0.4Cu0.8(UO2)2(PO4)2�7.6H2O (8H2O of
hydration rate = 7.6H2O + 0.4H3O+). In addition, the other detected
elements at a trace level by X-EDS and ICP-AES were Mn, Co and Fe.
They were probably incorporated by direct substitution for copper
in the meta-torbernite structure, without affecting the structure of
the compound.

Based on all the characterization techniques, both synthetic and
natural meta-torbernite samples presented the same stoichiome-
try and similar morphology. However, the natural sample was
found to be polyphasic since it still contains cristobalite (SiO2)
and aluminum phosphate (AlPO4) from the host rock. These ele-
ments were analyzed during the dissolution tests by ICP–OES then
were taken into account during the speciation calculation. Because
of the presence of these impurities in the natural sample, the study
of synthetic sample became essential and was studied firstly.

3.2. Solubility data related to synthetic meta-torbernite

3.2.1. Supersaturation experiments
The precipitation of synthetic meta-torbernite corresponds to

the supersaturation experiments, through the monitoring of
changes in the reactant concentrations. The elemental concentra-
tions obtained at 303 K and 333 K are plotted versus the precipita-
tion time in Fig. 4; the other experiments are presented in Fig. S1.
For most of the experiments, stoichiometric precipitation was
clearly observed. The P:U and Cu:U mole ratio determined in solu-
tion corresponded to the stoichiometry of meta-torbernite
(U:P:Cu = 1:1:0.4) throughout the experiment even if the slight ex-
cess of phosphoric acid and/or copper chloride introduced in the
starting mixture led to slightly different mole ratios in solution
at equilibrium.

In order to evaluate the precipitation rate associated with reac-
tion (1), a first-order kinetic law was assumed:

� 1
ni
� dCi

dt
¼ ki � ðCi � Ceq;iÞ ð13Þ

where ni is the stoichiometric coefficient of element i in the solid; Ci

is the concentration of element i, Ceq,i the concentration at equilib-
rium (mol L�1); and ki is the kinetic constant (d�1).

Integrating Eq. (14) gives Eq. (15):

CiðtÞ ¼ ðC0;i � Ceq;iÞ � expð�ni � ki � tÞ þ Ceq;i ð14Þ

where C0,i is the initial concentration of element i (mol L�1).
The fit of the experimental data allowed the determination of

the ki constant (the value obtained for phosphorus at 333 K is pre-
sented in Fig. 4). which was evaluated for each element and tem-
perature (Table 3). For a given temperature, ki were identical for
the three elements confirming that precipitation was congruent.
Kinetic constants increased slightly with temperature, as already
reported by Wellman et al. [31] for meta-autunite. From these
data, the activation energy, EA was evaluated as 35 ± 3 kJ mol�1.
This is consistent with the value obtained for similar systems like
thorium–uranium phosphate–diphosphate [32] or other phos-
phate confinement matrices used for radioactive waste manage-
ment [33], and corresponds to a surface controlled dissolution
mechanism [34,32,35].

As the precipitation was stoichiometric with regard to
meta-torbernite, the solubility constant was calculated from the
elemental concentrations, Ceq, determined at equilibrium for each
experiment. The Ceq values, calculated concentrations, activities
of species involved in Eq. (1) and solubility constants �K

�

s (T) and
K
�

s;0(T) are indicated in Table 4. All the obtained values were consis-
tent and close to that determined by Pekarek et al. [13] (Ks

(298 K) = (8 ± 2) � 10�53), who did not specify the model used to
calculate the activities of the species involved in the dissolution
reaction. At room temperature, the solubility constant determined
from concentrations led to a higher value than that obtained from
activities (Ks,0 = 1.0 � 10�52 and K

�

s;0 ¼ 1:1� 10�53, respectively).
This difference was even more pronounced for undersaturated
experiments involving solutions with higher ionic strengths. This
comparison illustrated the importance of the activity correction
model for extrapolating the experimental results obtained under
specific conditions to standard conditions. The standard Gibbs free
energy associated with reaction (5), DRG�, was always between 300
and 333 kJ mol�1 (Table 4).
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3.2.2. Undersaturation experiments
The evolution of the elemental concentration obtained during

the dissolution of synthetic meta-torbernite in 1 mol L�1 HNO3,
1 mol L�1 HCl, and 1 mol L�1 H2SO4 at 296 K are viewed in Fig. 5
(other results are included in supporting information: Fig. S2). As
observed for oversaturation experiments, meta-torbernite dissolu-
tion was found to be congruent whatever the experimental condi-
tions considered. A plateau was reached within 5 days at 296 K.
The time required to reach this plateau decreased significantly as
the temperature increased (from 6 days at 277 K to 2 days at
313 K) whatever the dissolution medium considered. Unlike over-
saturated experiments, zero-order kinetics were therefore consid-
ered to estimate the dissolution rate which was calculated on the
first 12 h of the dissolution. Table 5 includes the kinetic constants
in each medium for each element. Kinetic constants determined in
the three media were similar. On this basis, sulfate anions did not
play any significant role in the dissolution mechanism, conversely
to that was reported during the dissolution of ThO2 [36] or of tho-
rium uranium-doped britholite ceramics [37] and ascribed to the
higher complexation constant of phosphates with uranyl compared
to nitrates or chlorides. In our experiments, the phosphate entities
present in meta-torbernite probably counterbalanced the com-
plexing role of sulfate ions at the solid–liquid interface since they
are the major complexing species for uranyl (log K
(UO2ðHPO4Þ2�2 ) = 42.99 and log K (UO2ðSO4Þ2�2 Þ ¼ 4:14). Phosphate
ions thus ‘‘protected’’ uranyl from complexation with sulfate ions,
which was obviously not the case for oxides where this competi-
tion did not exist.

Whatever the media considered, the kinetic constants were
slower than those associated with precipitation (e.g.
kdiss,U = 0.035 ± 0.005 mol L�1 d�1 and kprec,U = 0.234 ± 0.009 -
mol L�1 d�1 at 296 K). This was already suggested by Gorman-Le-
wis et al. [38] who reported reaching steady-state conditions
within 1 day during supersaturated experiments and within 6 days
for undersaturation experiments during the dissolution of natural
meta-autunite. In addition, the activation energy related to the
dissolution reaction reached 52 ± 4 kJ mol�1 and argued for the
existence of a surface-controlled dissolution mechanism and is
similar to that obtained for precipitation (EA = 35 ± 3 kJ mol�1).

For each experiment, the elemental concentrations at equilib-
rium Ceq, the activities of the species involved in the reaction (1),
Table 4
�K

�

s (T), K
�

s;0(T) and DRG� values associated with meta-torbernite dissolution from oversatur

T (K) Element Ceq (� 10�3 mol L�1) Species Ceq (� 10�3 mol L�1)

296 U 2.7 ± 0.1 UO2þ
2

1.99 ± 0.07

P 6.2 ± 0.1 H3PO4 5.48 ± 0.09
Cu 2.9 ± 0.1 Cu2+ 2.39 ± 0.08
pH = 0.76 ± 0.05 H+ 232 ± 6

303 U 4.0 ± 0.4 UO2þ
2

3.2 ± 0.3

P 4.0 ± 0.4 H3PO4 3.5 ± 0.3
Cu 4.0 ± 0.4 Cu2+ 3.3 ± 0.3
pH = 0.75 ± 0.05 H+ 200 ± 20

309 U 3.1 ± 0.3 UO2þ
2

2.3 ± 0.2

P 8.1 ± 0.8 H3PO4 7.3 ± 0.7
Cu 3.9 ± 0.4 Cu2+ 3.2 ± 0.3
pH = 0.70 ± 0.05 H+ 270 ± 10

327 U 4.8 ± 0.5 UO2þ
2

3.7 ± 0.4

P 9.7 ± 0.9 H3PO4 8.7 ± 0.8
Cu 6.4 ± 0.6 Cu2+ 5.3 ± 0.5
pH = 0.67 ± 0.05 H+ 210 ± 20

333 U 6.1 ± 0.6 UO2þ
2

5.0 ± 0.5

P 6.6 ± 0.7 H3PO4 5.9 ± 0.6
Cu 4.6 ± 0.5 Cu2+ 3.8 ± 0.4
pH = 0.72 ± 0.05 H+ 260 ± 10
the solubility constant values �K
�

s (T) and K
�

s;0(T), as well as the stan-
dard Gibbs free energy associated with the meta-torbernite disso-
lution reaction (5) are indicated in Table 6.

The solubility products were found to be independent of the dis-
solution medium, confirming the validity of the activity correction
model. It is important to note that supersaturated and undersatu-
rated experiments performed at the same temperature led to sim-
ilar solubility product values. As the reversibility of the
equilibrium was evidenced, a thermodynamic equilibrium state
was reached in both cases that allowed thermodynamic interpreta-
tion of the results. The values obtained for the solubility product of
meta-torbernite were lower than previously published, except by
Pekarek et al. [13] who found a value in the same range, Ks(298 -
K) = (8 ± 2) � 10�53, and Ilton et al. [15] who reported Ks(298 -
K) = (2.3 ± 0.5) � 10�53. Other published values [7,14] were not
subject to a rigorous calculation of speciation, which may explain
the higher published values. The very low solubility of meta-torber-
nite combined with the ubiquity of phosphate in the environment
can thus explain the rather high occurrence of meta-torbernite in
uranium ore deposits or in uranium-contaminated sites.

3.2.3. Determination of thermodynamic data associated with meta-
torbernite

The variation of ln(K
�

s;0) versus the reciprocal temperature ob-
tained from supersaturation and undersaturation experiments is
plotted in Fig. 6. Using Eq. (10), a linear regression of these data al-
lowed calculating the DRH� and DRS� values associated with reac-
tion (1) (Table 7). The latter were not influenced by the medium
(DRH� = 40 and 53 kJ mol�1 and DRS� = �879 and �820 J mol�1 K�1

respectively in 1 mol L�1 HCl and 1 mol L�1 H2SO4 for undersatu-
rated experiments) and were similar in super- and undersaturated
experiments (DRH� = 39 kJ mol�1 and DRS� = �878 J mol�1 K�1 for
supersaturated experiments). The dissolution reaction was thus
found to be endothermic. Nevertheless in the studied temperature
range, the influence of temperature was found to be weak. Indeed,
as shown in Fig. 6, the linear regression of the data obtained for
both conditions (super- and undersaturation) led to a low value
for DRH� indicating a rather low temperature dependence.

The calculated values of DRG�, DRH� and DRS� associated with
reaction (1) at 298 K were used in Hess’s law (Eq. (10)) to determine
the thermodynamic data associated with the formation of
ated experiments.

Activity �K
�

s (T) (� 10�10) K
�

s;0(T) (� 10�53) DRG�(T) (kJ mol�1)

(5.5 ± 0.2) � 10-4

(5.5 ± 0.1) � 10-3 2 ± 0.5 1.1 ± 0.2 300.5 ± 0.4
(6.7 ± 0.2) � 10-4

(2.0 ± 0.5) � 10-1

(9.4 ± 0.9) � 10-4

(3.5 ± 0.4) � 10-3 4 ± 2 1.5 ± 0.9 307 ± 2
(9.0 ± 0.9) � 10-4

(2.1 ± 0.2) � 10-1

(6.3 ± 0.6) � 10-4

(7.3 ± 0.7) � 10-3 4 ± 2 1.7 ± 0.9 312 ± 2
(8.2 ± 0.9) � 10-4

(2.0 ± 0.1) � 10-1

(1.0 ± 0.1) � 10-3

(8.7 ± 0.8) � 10-3 13 ± 7 5 ± 3 328 ± 2
(1.3 ± 0.1) � 10-3

(2.2 ± 0.1) � 10-1

(1.3 ± 0.1) � 10-3

(5.9 ± 0.6) � 10-3 15 ± 8 6 ± 3 333 ± 2
(9 ± 1) � 10-4

(1.9 ± 0.1) � 10-1
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Fig. 5. Evolution of elemental concentrations CU (j), CP ( ) and CCu ( ) measured by ICP-AES during the dissolution of synthetic meta-torbernite in 1 mol L�1 HNO3, (a)
1 mol L�1 HCl, (b) and 1 mol L�1 H2SO4 and (c) at 296 K (left) and focus on the early days of dissolution (right).
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meta-torbernite. The linear regression was not performed for nitric
acid where the point at 277 K was not considered to be reliable (va-
lue lower than that obtained for the other two acids). Considering
the uncertainty on thermodynamic data associated with the forma-
tion of meta-torbernite, the values obtained were in very good
agreement: DRG� = 300 ± 2 kJ mol�1 for all experiments, DRH�
= 40 ± 3, and 53 ± 9 kJ mol�1 and DRS� = �879 ± 7, �820 ± 30 J
mol�1 K�1 for experiments in HCl and H2SO4, respectively. The
DfG�, DfH� and DfS� values obtained from the experiments in under-
saturation and the average for oversaturation conditions are listed
in Table 7, considering values obtained in HCl as input data. The
formation reaction of meta-torbernite was thus favorable
(DfG� = �6100 ± 5 kJ mol�1) and exothermic (DfH� = �6890 ± 10 kJ
mol�1). In addition, Karyakin et al. [14] published values for the
Gibbs free energy and the enthalpy of formation of meta-torbernite
calculated from calorimetric measurements in the range 80–300 K



Table 5
Kinetic constants associated with the dissolution of meta-torbernite calculated from the concentration evolution of each element during undersaturation experiments.

kU mol L�1 d�1 kP mol L�1 d�1 kCu mol L�1 d�1

277 K HNO3 0.015 ± 0.003 0.016 ± 0.006 0.012 ± 0.002
HCl 0.004 ± 0.002 0.009 ± 0.002 0.010 ± 0.002
H2SO4 0.011 ± 0.004 0.010 ± 0.004 0.011 ± 0.002

296 K HNO3 0.03 ± 0.01 0.03 ± 0.01 0.029 ± 0.007
HCl 0.035 ± 0.005 0.030 ± 0.002 0.028 ± 0.001
H2SO4 0.039 ± 0.005 0.031 ± 0.005 0.031 ± 0.002

313 K HNO3 0.24 ± 0.03 0.18 ± 0.08 0.15 ± 0.02
HCl 0.17 ± 0.06 0.21 ± 0.07 0.15 ± 0.02
H2SO4 0.11 ± 0.07 0.12 ± 0.08 0.05 ± 0.04

Table 6
�K

�

s (T), K�s;0(T) and DRG� values associated with the dissolution of meta-torbernite from undersaturated experiments.

T (K) Medium Element Ceq

(� 10�2 mol L�1)
Species Ceq

(� 10�2 mol L�1)
Activity �K

�

s (T)
(� 10�10)

K
�

s;0(T)
(� 10�53)

DRG�(T)
(kJ mol�1)

277 1 mol L�1 HNO3 U 2.04 ± 0.07 UO2þ
2

1.00 ± 0.03 (2.71 ± 0.09) � 10�3

P 2.03 ± 0.07 H3PO4 1.81 ± 0.06 (1.84 ± 0.06) � 10�2 0.25 ± 0.05 0.10 ± 0.02 286.6 ± 0.5
Cu 0.78 ± 0.03 Cu2+ 0.43 ± 0.03 (8.5 ± 0.3) � 10�4

pH = 0.16 ± 0.05 H+ 90 ± 10 0.7 ± 0.1
1 mol L�1 HCl U 2.27 ± 0.05 UO2þ

2
1.58 ± 0.03 (4.12 ± 0.09) � 10�3

P 2.21 ± 0.05 H3PO4 1.95 ± 0.04 (1.95 ± 0.04) � 10�2 0.8 ± 0.1 0.31 ± 0.04 284 ± 0.3
Cu 0.93 ± 0.02 Cu2+ 0.74 ± 0.02 (1.45 ± 0.03) � 10�3

pH = 0.16 ± 0.05 H+ 90 ± 10 0.7 ± 0.1
1 mol L�1 H2SO4 U 7.1 ± 0.7 UO2þ

2
0.60 ± 0.06 (2.55 ± 0.03) � 10�3

P 6.8 ± 0.7 H3PO4 6.8 ± 0.7 (7.21 ± 0.07) � 10�2 2 ± 1 0.8 ± 0.4 282 ± 1
Cu 3.2 ± 0.3 Cu2+ 2.0 ± 0.2 (6.7 ± 0.6) � 10�3

pH = 0.10 ± 0.05 H+ 100 ± 10 0.9 ± 0.1

296 1 mol L�1 HNO3 U 2.42 ± 0.07 UO2þ
2

1.36 ± 0.04 (3.6 ± 0.1) � 10�3

P 2.48 ± 0.06 H3PO4 2.25 ± 0.05 (2.25 ± 0.05) � 10�2 2.3 ± 0.3 1.0 ± 0.1 300.8 ± 0.3
Cu 1.08 ± 0.03 Cu2+ 0.64 ± 0.02 (1.28 ± 0.04) � 10�3

pH = 0.20 ± 0.05 H+ 90 ± 10 0.6 ± 0.1
1 mol L�1 HCl U 3.1 ± 0.3 UO2þ

2
1.9 ± 0.2 (4.8 ± 0.5) � 10�3

P 3.1 ± 0.3 H3PO4 2.8 ± 0.3 (2.8 ± 0.3) � 10�2 3 ± 1 1.1 ± 0.5 300 ± 1
Cu 1.4 ± 0.1 Cu2+ 1.01 ± 0.07 (1.9 ± 0.1) � 10�3

pH = 0.12 ± 0.05 H+ 100 ± 10 0.8 ± 0.1
1 mol L�1 H2SO4 U 8.3 ± 0.8 UO2þ

2
0.65 ± 0.06 (2.8 ± 0.3) � 10�3

P 8.3 ± 0.8 H3PO4 8.3 ± 0.8 (8.4 ± 0.8) � 10�2 5 ± 2 1.9 ± 0.9 299 ± 1
Cu 3.8 ± 0.4 Cu2+ 2.6 ± 0.3 (7.1 ± 0.7) � 10�3

pH = 0.10 ± 0.05 H+ 110 ± 10 0.9 ± 0.1

313 1 mol L�1 HNO3 U 4.2 ± 0.1 UO2þ
2

2.48 ± 0.06 (6.2 ± 0.1) � 10�3

P 4.1 ± 0.1 H3PO4 3.56 ± 0.09 (3.58 ± 0.09) � 10�2 16 ± 2 6.2 ± 0.7 313.1 ± 0.3
Cu 1.77 ± 0.04 Cu2+ 1.06 ± 0.02 (1.91 ± 0.04) � 10�3

pH = 0.18 ± 0.05 H+ 100 ± 10 0.7 ± 0.1
1 mol L�1 HCl U 4.8 ± 0.5 UO2þ

2
2.5 ± 0.3 (5.9 ± 0.6) � 10�3 315 ± 1

P 4.7 ± 0.5 H3PO4 4.3 ± 0.5 (4.3 ± 0.5) � 10�2 8 ± 2 3 ± 1
Cu 2.0 ± 0.2 Cu2+ 1.3 ± 0.1 (2.1 ± 0.2) � 10�3

pH = 0.11 ± 0.05 H+ 90 ± 10 0.9 ± 0.1
1 mol L�1 H2SO4 U 9.9 ± 0.2 UO2þ

2
0.78 ± 0.02 (3.02 ± 0.06) � 10�3

P 10.1 ± 0.2 H3PO4 10.1 ± 0.2 (1.08 ± 0.02) � 10�1 25 ± 3 10 ± 1 311.8 ± 0.4
Cu 4.2 ± 0.1 Cu2+ 3.22 ± 0.08 (8.8 ± 0.2) � 10�3

pH = 0.07 ± 0.05 H+ 110 ± 10 0.1
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with an adiabatic vacuum calorimeter, which are very close to
that determined in this work (DfG� = �6090 ± 7 kJ mol�1, DfH� =
�6885 ± 8 kJ mol�1 and DfS� = �2667 ± 4 J mol�1 K�1), confirming
that the method used in this work gives reliable values.
3.3. Solubility constant related to natural meta-torbernite

The variations of elemental concentrations obtained during dis-
solution experiments performed with a natural meta-torbernite
sample in 1 mol L�1 HCl at 296 K are reported in Fig. 7a (data ob-
tained in 1 mol L�1 HNO3 and 1 mol L�1 H2SO4 are indicated in
Fig. S3 and exhibit the same trends).
The dissolution of natural meta-torbernite was found to be
incongruent. Indeed, while the uranium and phosphorus concen-
trations increased until a plateau was reached, the copper concen-
tration decreased drastically after only one to two days of
dissolution. However, a focus on the early days of dissolution
(Fig. 7b) showed that the uranium, phosphorus and copper concen-
trations rose sharply and quickly during the first few minutes of
the experiments, that is to say before the first point. The elemental
release rates were thus calculated based on this single point, which
implied a large uncertainty on these values.

Then the elemental concentrations of uranium, phosphorus and
copper decreased until they reached a plateau. A steady state was
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then reached after 30 days of dissolution whatever the dissolution
medium considered.

Fig. 8 highlights the comparison between synthetic and natural
sample dissolution and showed that the same steady state was
obviously reached for both types of samples. In the case of the nat-
ural sample, the higher release of uranium, copper and phosphorus
in the early dissolution stage might be explained by the higher spe-
cific surface area of natural meta-torbernite (2.60 ± 0.30 m g�1 vs.
Table 7
Thermodynamic data associated with the dissolution of synthetic meta-torbernite, calcula
formation of meta-torbernite DfG�, DfH� and DfS� at 298 K.

DRG�(298 K)
(kJ mol�1)

DRH�(298 K)
(kJ mol�1)

DRS�(298 K)
(J mol�1 K�1)

Oversaturation experiments
300 ± 1 39 ± 3 �878 ± 6

Undersaturation experiments
HNO3 300 ± 2 – –
HCl 300 ± 3 40 ± 3 �879 ± 7
H2SO4 299 ± 3 53 ± 9 �820 ± 30
Calorimetric method

[14]
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0.35 ± 0.2 m2 g�1 for synthetic sample). Thus, from a kinetic point
of view, the dissolution rate of the natural sample should be ten
times higher, which was confirmed by the kinetic constants sum-
marized in Table 8. Other factors could explain the rapid dissolu-
tion of the natural meta-torbernite. Impurities present in the
natural sample could affect the dissolution rate. Additionally, irra-
diation damage could also modify the dissolution rate. Indeed, the
natural sample, obviously older than the freshly synthesized sam-
ple, was subject to self-irradiation that could alter the specific sur-
face area and the crystallization state [39,40]. This amorphization
could increase the dissolution rate, as already reported for other
phosphate materials such as thorium phosphate diphosphate
[41] or monazite [42]. Finally, if the dissolution kinetics were influ-
enced by the self-irradiation process, this was not the case for the
thermodynamic data associated with the dissolution or the precip-
itation of meta-torbernite.

As the solid was dissolved very quickly at the beginning of the
experiments, the solutions became supersaturated with regard to
the solubility of meta-torbernite and led to the rapid precipitation
of this phase until thermodynamic equilibrium was reached. Meta-
torbernite thus still controlled the equilibrium and the solubility
constant of meta-torbernite was also calculated. Indeed, the ob-
tained values indicated in Table 8 (Ks,0�(298 K) = (2 ± 1) � 10�53,
K
�

s;0(298 K)= (2 ± 1) � 10�53 and K
�

s;0(298 K) = (4 ± 2) � 10�53 in
1 mol L�1 HNO3, HCl, and H2SO4, respectively) were not signifi-
cantly different from those obtained with the synthetic phase.

On this basis, the very good agreement on the solubility con-
stant values obtained from direct precipitation or dissolution of
both synthetic and natural meta-torbernite (K

�

s;0(298 K) =
ted from supersaturation and undersaturation experiments and with the reaction of

DfG�(298 K)
(kJ mol�1)

DfH�(298 K)
(kJ mol�1)

DfS�(298 K)
(J mol�1 K�1)

�6100 ± 5 �6880 ± 9 �2580 ± 28

�6100 ± 5 �6890 ± 10 �2650 ± 32

�6090 ± 7 �6885 ± 8 �2667 ± 4
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Fig. 8. Evolution of the elemental concentrations of U (black), P (red) and Cu (blue) for natural (solid lines) and synthetic (dash lines) meta-torbernite at 296 K in 1 mol L�1

HCl (a) and zoom on the early days of dissolution (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 8
Elemental release rates and solubility constant related to natural meta-torbernite at 296 K. Comparison with values obtained for the synthetic sample.

k(U) mol L�1 J�1 k(P) mol L�1 J�1 k(Cu) mol L�1 J�1
K
�

s;0 (296 K)

Natural sample HNO3 2.1 ± 0.1 1.4 ± 0.1 3.1 ± 0.1 (2 ± 1) � 10�53

HCl 2.5 ± 0.1 1.9 ± 0.1 3.6 ± 0.1 (2 ± 1) � 10�53

H2SO4 6.0 ± 0.1 6.5 ± 0.1 6.0 ± 0.1 (4 ± 2) � 10�53

Synthetic sample HNO3 0.03 ± 0.01 0.03 ± 0.01 0.029 ± 0.007 (1.0 ± 0.1) � 10�53

HCl 0.035 ± 0.005 0.030 ± 0.002 0.028 ± 0.001 (1.1 ± 0.5) � 10�53

H2SO4 0.039 ± 0.005 0.030 ± 0.005 0.031 ± 0.002 (1.9 ± 0.9) � 10�53
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Fig. 9. (a) Range of precipitation of meta-torbernite (pH = 6.5 and Eh = 0.8 V/ENH) and (b) variation of the saturation index with regard to meta-torbernite precipitation
versus the pH value (Eh = 0.8 V/ENH, CU = 4.2 � 10�7 mol L�1, CCu = 1.6 � 10�7 mol L�1, and CP = 2.6 � 10�7 mol L�1).

1 SI ¼ logðQ
Ks
Þ with Q ¼

Q
iðaiÞmi where mi is the stoichiometric coefficient (algebraic

value) of species i and ai the nonequilibrium activity of i.
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(1.3 ± 0.4) � 10�53) allowed us to evaluate uranium speciation un-
der relevant conditions in the case of groundwater contamination
(oxidative conditions, low temperature, low ionic strength and cir-
cumneutral pH).

For this purpose the influence of the uranyl ion and phosphoric
acid concentration on meta-torbernite precipitation was examined
in solution with a pH close to 6.5 (which corresponds to a pH com-
monly found in natural waters), oxidizing conditions with a redox
potential Eh close to 0.8 V/NHE (equilibrium with O2 and CO2 of air)
and a fixed concentration of copper (1.6 � 10�7 mol L�1, less than
the maximum recommended value (1.6 � 10�6 mol L�1) for drink-
ing water [43]). The solubility limit for meta-torbernite in terms of
uranium and phosphorus elemental concentrations was then eval-
uated with PHREEQC-2 software (Fig. 9a) using thermodynamic
data indicated in Table S1. Under these conditions, meta-torbernite
was found to precipitate for 1 � 10�7 < CP < 4.5 � 10�7 mol L�1 and
3.4 � 10�7 < CU < 7.6 � 10�6 mol L�1, concentrations typically
found in mine water [44].

In addition, the influence of pH on the stability of meta-torber-
nite (SI1) was also examined for uranium, copper, and phosphorus
concentrations of CU = 4.2 � 10�7 mol L�1, CCu = 1.6 � 10�7 mol L�1,
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and CP = 2.6 � 10�7 mol L�1, respectively (Fig. 9b). From these
results, meta-torbernite precipitated at 5.5 6 pH 6 7 (which is the
typical value obtained in most of groundwater [43]).

These results highlight that meta-torbernite can easily precipi-
tate in the vicinity of uranium mines where phosphate and copper
are also encountered. In this simulation, a simplified system was
considered. However, considering natural systems makes more
complex the prediction of the behavior of uranyl. Indeed, the pres-
ence of other elements like Si, Ca, Mg or K may affect the precipi-
tation of the meta torbernite. Such site-specific simulations were
not performed as they require an accurate knowledge of the water
composition.
4. Conclusion

The solubility properties of meta-torbernite,
(H3O)0.4Cu0.8(UO2)2(PO4)2�7.6H2O, were studied in various operat-
ing conditions, including experiments under- and supersaturated
conditions, respectively for the both synthetic and natural samples.
The complex composition of natural meta-torbernite evidenced
the need to prepare pure single-phase samples since the separation
from the host rock failed to eliminate all the impurities. In this con-
text, the method of preparation developed here allowed the pre-
cipitation of pure meta-torbernite exhibiting morphology and
chemical composition close to that of the natural sample.

On the basis of obtained values during the dissolution tests, the
experiments in supersaturated conditions allowed us to determine
reliable values of logK

�

s;0(298 K) = �52.9 ± 0.1 and of associated
thermodynamic data: DRG�(298 K) = 300 ± 2 kJ mol�1; DRH�(298 K)
= 40 ± 3 kJ mol�1, and DRS�(298 K) = �879 ± 7 J mol�1 K�1. These
values were found to be in good agreement with those previously
reported from calorimetric measurements which confirmed that
the approach to equilibrium from under- and supersaturated con-
ditions developed in this study can provide reliable thermody-
namic data. The preparation of synthetic samples thus appeared
as an easy way to study the solubility properties of meta-
torbernite.

In addition, the dissolution tests performed on natural sam-
ples allowed us to consolidate the values obtained for the solu-
bility constant. Indeed, although the kinetics differ strongly from
the synthetic compounds, probably because of self-irradiation
and the presence of impurities, a similar steady state was
achieved. Thus, working with natural samples in solubility
experiments requires a careful pretreatment in order to obtain
pure and stoichiometric phase. However, it is of great interest
in order to understand groundwater interactions with site-spe-
cific meta-torbernite bearing rocks, sediments and soils, provid-
ing that all the phases are identified in the phase assembly
and that all cations and anions are considered in the speciation
model taking into account most of the potential reaction
equilibria.

Finally, the data determined experimentally were also used to
estimate the conditions of meta-torbernite precipitation in envi-
ronmental media similar to those encountered in former mining
sites. From these calculations, meta-torbernite formation appeared
to partly control the concentration of uranium in the underground
water considered, and thus its migration to the geosphere. In order
to predict more accurately the long-term behavior of uranium in
such sites, it now appears necessary to study the formation of addi-
tional phases of interest, mainly composed by uranyl phosphates
and/or vanadates. Studies are currently in progress to determine
thermodynamic data related to several phases of interest,
including meta-autunite (Ca(UO2)2(PO4)2�6H2O), ankoleite
(K2(UO2)2(PO4)2�6H2O) or carnotite (K2(UO2)2(VO4)2�3H2O), and
will be published soon.
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