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Abstract

The dissolution of non-irradiated UO2 was studied as a function of both pH and hydrogen peroxide concentration
(simulating radiolytic generated product). At acidic pH and a relatively low hydrogen peroxide concentration
(10�5 mol dm�3), the UO2 dissolution rate decreases linearly with pH while at alkaline pH the dissolution rate increases
linearly with pH. At higher H2O2 concentrations (10�3 mol dm�3) the dissolution rates are lower than the ones at
10�5 mol dm�3 H2O2, which has been attributed to the precipitation at these conditions of studtite (UO4 Æ 4H2O, which
was identified by X-ray diffraction), together with the possibility of hydrogen peroxide decomposition. In the literature,
spent fuel dissolution rates determined in the absence of carbonate fall in the H2O2 concentration range 5 · 10�7–
5 · 10�5 mol dm�3 according to our results, which is in agreement with H2O2 concentrations determined in spent fuel
leaching experiments.
� 2005 Elsevier B.V. All rights reserved.

PACS: 82.55; 28.41.T; 28.41.K; 82.50.G; 81.65.Mq
1. Introduction

The most important molecular oxidants identified in
spent fuel dissolution experiments as products of the
radiolysis of water are oxygen and hydrogen peroxide
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nez).
[1,2]. The effect of oxygen on UO2 and spent fuel matrix
corrosion has been already studied in detail using differ-
ent experimental techniques [3–5]. From these dissolu-
tion studies, a semi-empirical oxidative dissolution
model in the presence of oxygen has been developed
[6,7], which allows us to explain experimental results at
different conditions.

However, deviations of the semi-empirical model
have been found when spent fuel dissolution rates have
been determined at low oxygen concentrations, in which
case higher dissolution rates than predicted by the model
have been observed [3]. Hydrogen peroxide produced by
ed.
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water radiolysis could be the responsible of these devia-
tions. Little information about the effect of this oxidant
on the spent fuel dissolution is found in literature [8–12].
In addition, hydrogen peroxide concentrations much
higher than the ones expected on the surface of the fuel
due to radiolysis have been often used in the studies.
Hence, Bruno et al. [1,13] determined a hydrogen perox-
ide concentration of 10�7 mol dm�3 generated from
the dissolution of 2 g of 40 MWd/KgU PWR fuel in
hydrogen carbonate medium and Quiñones et al. [14]
calculated a hydrogen peroxide concentration of
10�6 mol dm�3 in the absence of carbonates, while
hydrogen peroxide concentrations in the range 10�2–
10�4 mol dm�3 have been often used in the experiments.

In a previous work [15], the dissolution of UO2 at dif-
ferent hydrogen peroxide concentrations (from 10�5 to
10�3 M) at constant pH 6 was studied. In those experi-
ments both the dissolution rate (obtained from the
uranium concentration measured in solution) and the
oxidation rate (obtained from the decrease of the hydro-
gen peroxide concentration in solution) were calculated.
The main conclusion was that oxidation rates were
always higher than dissolution rates, indicating that
the UO2 surface oxidation was faster than the overall
dissolution process. This conclusion was corroborated
by XPS measurements of the solid surface which showed
a composition of UO2.36±0.03. At more acidic pH it has
been shown that the surface of the solid is not oxidized
[16,17]. The same conclusion was deduced from the UO2

oxidation–dissolution model developed for the results
obtained in oxygen [6].

In the 1980s decade, Eary and Cathless [18] proposed
a three-step mechanism for the UO2 dissolution in H2O2

media at acidic pH (from 1.2 to 5.5) that consisted on:
(1) adsorption of the H2O2 on the UO2 surface; (2) oxi-
dation of U(IV) via an electrochemical mechanism; and
(3) the desorption of the products species. However,
they found that at a critical pH value, the UO2 surface
was covered by a thin layer of uranium peroxide
hydrates, which provoqued the decrease of the dissolution
rates. Uranium peroxide hydrates has also been reported
to precipitate on spent fuel [19], on UO2 irradiated by
4He2+ [21] and also on the surface of Chernobyl �lavas�
[22] and in the Shinkolobwe natural analogue [23]. In
a recent paper, the precipitation of studtite on unirradi-
ated UO2 has been studied by means of the scanning
force microscopy (SFM) technique in solution contain-
ing hydrogen peroxide 5 · 10�4 mol dm�3 [20]. Recently,
Burns and Hughes [24] presented the structure of the
studtite while Kubatko et al. [25] determined new ther-
modynamic data on this solid phase.

In the present work we have studied the UO2 dissolu-
tion in the presence of hydrogen peroxide at different pH
values using a continuous flow-through reactor. Results
are compared to those obtained by other authors with
spent fuel samples.
2. Experimental

Dissolution experiments were carried out in a contin-
uous flow-through reactor described elsewhere [7] using
an unirradiated synthetic UO2 with a particle size of
100–320 lm. The specific surface area of the solid was
determined by the BET method and a value of 0.010 ±
0.001 m2 g�1 was obtained at room temperature.

The circulation rate of the leaching solution was
maintained in the range 0.19 ± 0.02 cm3/min by means
of a peristaltic pump. With these flow rates we ensured
that steady-state conditions were achieved [17]. How-
ever, as we will describe below, this was not true in
one of the experiments.

The experiments were carried out at room tempera-
ture and bubbling continuously nitrogen through the
solutions in order to avoid the presence of oxygen and
carbonate. The pH was monitored by means of an on-
line combined glass electrode.

Uranium concentration in the outflowing solution
was determined by ICP-MS (Perkin–Elmer ELAN 6000);
H2O2 concentration was determined by chemilumines-
cence using Co(II) and luminol as reagents [26].

The influence of pH on UO2 dissolution rate was
studied at 10�5 mol dm�3 and 10�3 mol dm�3 H2O2. In
addition, the variation of the UO2 dissolution rate with
hydrogen peroxide concentration was studied at pH
5.8 ± 0.2.

The techniques used for the characterization of the
solid phases were X-Ray Photoelectron Spectroscopy
(XPS, VG Scientific Microlab MK II), Scanning Elec-
tron Microscopy (SEM, Jeol JSM-6400) and X-Ray
Diffraction (XRD, Bruker D5005).
3. Results and discussion

The uranium concentration in solution was measured
at given time intervals. Once the steady-state was
reached, the dissolution rates were calculated according
to the following equation:

r ¼ q � ½U�=m � S; ð1Þ

where r (mol m�2 s�1) is the dissolution rate, q (dm3 s�1)
is the flow rate, [U] (mol dm�3) is the uranium concen-
tration in solution, m (g) is the mass of UO2, and S

(m2 g�1) is the specific surface area of the solid. Steady-
state was attained in less than 15 days.

The dissolution rates obtained at different pH val-
ues and a hydrogen peroxide concentration of 10�5

mol dm�3 are shown in Table 1 and in Fig. 1. As it
can be seen the dissolution rate decreases as the pH
increases, reaching a minimum between pH 7 and 9,
and increases again at more alkaline pH.
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Fig. 1. UO2 dissolution rates (in mol m�2 s�1) as a function of
pH at [H2O2] = 10�5 M. The solid line represents the fitting of
Eq. (2) with the parameters given in Table 2.

Table 1
Dissolution rates (in mol m�2 s�1) as a function of pH in
10�5 mol dm�3 H2O2

pH Dissolution rate at [H2O2] = 10�5 M

3.5 (2.6 ± 0.2) · 10�9

3.6 (1.9 ± 0.2) · 10�9

5 (1.3 ± 0.2) · 10�10

7 (3.6 ± 0.4) · 10�11

9 (3.4 ± 0.7) · 10�11

10.5 (1.0 ± 0.1) · 10�10
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The dissolution rates as a function of pH have been
fitted using an empirical model represented by the
following equation:

rdiss ¼ kH � ½Hþ�n þ k0 þ kOH � ½Hþ�m ð2Þ

The fitting of this equation to the experimental disso-
lution rates can be also seen in Fig. 1. The values of the
parameters that give the best fit are given in Table 2. A
first-order dependency of the dissolution rate with
respect to proton and hydroxyl anion at acidic and alka-
line pH, respectively, has been found. The k values are
specific of the experimental conditions under which
they were determined and correspond to the hydrogen
peroxide concentration, 10�5 mol dm�3, used in these
experiments.
Table 2
Values of the parameters of Eq. (2) fitted to the experimental
data at [H2O2] = 10�5 mol dm�3

kH 8 ± 2 · 10�6

k0 3 ± 1 · 10�11

kOH 4.0 ± 0.5 · 10�21

n 1.00 ± 0.04
m �1.00 ± 0.04
This empirical model is consistent with the empirical
model previously developed for oxygen [5], which was
later described in a more deep mechanistic way [7]. How-
ever, the side reactions present in hydrogen peroxide
media [11] make at this stage much more difficult to
establish an overall mechanistic approach.

On the other hand, the UO2 dissolution rates
obtained at pH 5.8 and different hydrogen peroxide
concentrations can be seen in Fig. 2 and in Table 3.
The dissolution rate increases linearly with the hydrogen
peroxide concentration in the range 5 · 10�6– 10�4

mol dm�3 but seems to level off at higher H2O2 concen-
tration. Similar results are reported in the literature
[9,10] and the comparatively low value at [H2O2] >
10�4 mol dm�3 was assumed to be a consequence of
the hydrogen peroxide decomposition reaction as dis-
cussed elsewhere [27,28].

We used the parameters of Eq. (2) previously deter-
mined to fit the dissolution rates obtained at pH 5.8
and at different hydrogen peroxide concentrations con-
sidering that the parameters kH, k0 and kOH depend
linearly with the hydrogen peroxide concentration, as
deduced from previous results [15]. This fitting is shown
as a solid line in Fig. 2.

As it can be seen the fitting of Eq. (2) to the experi-
mental data is fairly good except for the value at the
highest hydrogen peroxide concentration.

In order to study more accurately the behaviour of
the UO2 dissolution rate at this relatively high hydrogen
peroxide concentrations we carried out two different
experiments at [H2O2] = 10�3 mol dm�3 at pH values
3.5 and 5. The dissolution rates obtained were 3.0 ·
10�10 and 2.5 · 10�10 mol m�2 s�1, respectively, indicat-
ing that at this relatively high hydrogen peroxide con-
centration the dissolution rate does not depend on pH
in the acidic range.

In addition to the possibility of the existence of
hydrogen peroxide decomposition at acidic to neutral
pH and relatively high H2O2 concentrations, the possi-
ble precipitation of a secondary solid phase should be
considered. As we said above, a decrease of the dissolu-
tion rate at acidic pH in the presence of relatively high
hydrogen peroxide concentrations was found by Eary
and Cathless [18] when studying the UO2 dissolution
kinetics. They found that below a critical pH value, that
depended on the hydrogen peroxide concentration, the
UO2 dissolution rate was independent on pH. They also
examined the surface of the solid after the leaching and
found that it was covered by a thin layer of uranium per-
oxide hydrate, UO4 Æ xH2O, formed due to the following
reaction:

UO2þ
2 þ H2O2 þ xH2O () UO4 � xH2OðsÞ þ 2Hþ

where x = 2 or 4 (metastudtite or studtite, respectively).
We have tested the possibility that studtite precipi-

tated in our experiments. In the experiment with an
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Fig. 2. UO2 dissolution rates as a function of hydrogen
peroxide concentration at pH 5.8. The solid line represents
the fitting of Eq. (2) to the experimental data. The black point
cannot be considered as a dissolution rate because the uranium
concentration in solution was not at steady-state.

Table 3
Dissolution rates (in mol m�2 s�1) as a function of hydrogen
peroxide concentration in solution

[H2O2] (mol Æ dm�3) log r

5 · 10�6 �10.51 ± 0.08
1 · 10�5 �10.47 ± 0.09
2.5 · 10�5 �9.6 ± 0.1
5 · 10�5 �9.67 ± 0.03
1 · 10�4 �9.37 ± 0.09
5.4 · 104 �9.50 ± 0.07
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initial 10�3 mol dm�3 H2O2, we measured the uranium
and hydrogen peroxide concentrations in solution as
well as the pH at different intervals of time, the data
are presented in Table 4. With these values we have cal-
culated the saturation index with respect to studtite con-
sidering the solubility product of this solid according to
the reaction:

UO4 � 4H2OðsÞ þ 2Hþ () UO2þ
2 þ H2O2 þ 4H2O
Table 4
Concentrations measured in solution in the experiment with
initial 10�3 mol Æ dm�3 H2O2

Time (h) [U]tot
(RSD = 99.1%)

[H2O2] pH
(±0.1)

44.5 5.3 · 10�6 (7.9 ± 0.1) · 10�4 3.3
112.8 5.4 · 10�7 (8.7 ± 0.1) · 10�4 3.4
159.4 3.2 · 10�7 (7.4 ± 0.1) · 10�4 3.4
214.1 2.6 · 10�7 (9.3 ± 0.1) · 10�4 3.3
279.5 4.0 · 10�7 (1.11 ± 0.01) · 10�3 3.2
given by Kubatko et al. [25]: logKs0 = �2.86. The satu-
ration index has been calculated by using the following
equation:

S.I. ¼ Q
Ks0

; ð3Þ

where Q has been calculated taking into account the
concentrations measured in solution and the following
relationship:

Q ¼
UO2þ

2

� �
� ½H2O2�

½Hþ�2
ð4Þ

The studtite saturation index is shown in Fig. 3 as a
function of time. As it can be seen, initially the dissolu-
tion is oversaturated with respect to the studtite, tending
after 7 days to a saturation index of 1 (or logS.I. = 0, as
it is shown in Fig. 3).

Due to the possibility that studtite precipitated in the
experiment at these conditions (low pH and high hydro-
gen peroxide concentration) we increased the flow rate
from 0.19 to 0.3 cm3 min�1 and we obtained a similar
dissolution rate compared with a lower flow rate, indi-
cating that steady-state concentrations were not
reached, so we cannot actually calculate a dissolution
rate (see black point in Fig. 2). At the end of the exper-
iment, the solid was characterized by scanning electron
microscopy (SEM), X-Ray photoelectron spectroscopy
(XPS) and X-Ray diffraction (XRD).

The composition of the surface of the solid deter-
mined by XPS was 80% of U(IV) and 20% of U(VI) indi-
cating that some part of the UO2 that had been oxidized
did not dissolve, in contrast with the behaviour at lower
hydrogen peroxide concentration. In addition, by means
of SEM (see a microphotography in Fig. 4) the precipi-
tation of a secondary phase was actually observed on the
UO2 surface. This secondary phase resulted to be stud-
tite as was determined by XRD (see Fig. 4).
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Fig. 3. Studtite saturation index as a function of time consid-
ering the concentrations measured in solution in the experiment
at pH ffi 3 and 10�3 mol dm�3 initial H2O2 concentration.



Fig. 4. Characterization of the secondary solid phase formed on the UO2 by SEM and XRD. The peaks named �St� are the ones
corresponding to studtite.
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The precipitation of this secondary solid phase would
explain the �plateau� obtained in our experiments at
10�3 mol dm�3 hydrogen peroxide concentration and
acidic pH.

In the alkaline pH range the behaviour of the disso-
lution rate is different from the one observed in the pres-
ence of O2, where dissolution rates did not depend on
pH [5,7]. The increase with pH found in H2O2 media
can be related to the increase of the decomposition of
the hydrogen peroxide in alkaline media reported in
the literature [29–31] and it is generally attributed to
the acidity of the hydrogen peroxide, with the following
equilibrium:

H2O2 () HO�
2 þ Hþ pKa ¼ 11.65

Taking into account this equilibrium, the concentra-
tion of the HO�

2 at pH 10.5 would be 7% of the total
hydrogen peroxide concentration. According to the liter-
ature, the perhydroxy anion would be involved in the
oxidation mechanism in this pH range [29,31–33]. It is
also reported that HO�

2 is a precursor of the chain of
radicals that produce a stronger oxidizing environment
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Fig. 5. Comparison of spent fuel dissolution rates with the empirical model represented by Eq. (2) at two different hydrogen peroxide
concentrations.
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than that of the hydrogen peroxide alone [34,35], giving
an increase of the potential oxidation of the UO2

surface.
We have applied the empirical model developed in

this work to some literature data on the dissolution of
spent nuclear fuel in the absence of bicarbonate
[1,2,36]. Fig. 5 shows the comparison between experi-
mental data with spent fuel and the values of the model
expressed by Eq. (2) at two different hydrogen peroxide
concentrations. As it can be seen, without considering
other oxidizing species formed due to water radiolysis,
the spent fuel dissolution rates would correspond to
hydrogen peroxide concentrations between 5 · 10�7

and 5 · 10�5 mol dm�3. This range includes the hydro-
gen peroxide concentration, 6 · 10�7 mol dm�3, deter-
mined by Eriksen et al. [1] in their spent fuel leaching
experiments.
4. Conclusions

UO2 dissolution rates in the presence of hydrogen
peroxide are higher than in the presence of oxygen in
the pH range studied in this work (3-10.5).

At acidic pH values the dissolution rate decreases as
pH increases with a first order reaction with respect to
proton concentration. However at relatively high H2O2

concentrations as well as low pH, the possibility of the
precipitation of a secondary phase such as studtite has
been observed.

In the alkaline range, it is observed a linear increase
of the dissolution rate with pH that can be due to the
presence of the perhydroxy anion, HO�

2 .
The mechanism of UO2 and spent nuclear fuel dis-

solution in hydrogen peroxide media seems to be more
complicated than that already developed for the
oxygen. If we consider only the influence of the H2O2

(without considering the influence of the radicals that
can be formed in solution), the possible precipitation
of uranium peroxides should be taken into account.
In addition, in the alkaline pH range the presence
of the perhydroxy anion can be crucial because it
can provoque an important increase of the dissolution
rate.
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[12] P. Dı́az-Arocas, J. Quiñones, C. Maffiotte, J. Serrano, J.

Garcı́a, J.R. Almazán, J. Esteban, Mater. Res. Soc. Symp.
Proc. 353 (1995) 641.

[13] J. Bruno, E. Cera, M. Grivé, U. Eklund, T. Eriksen,
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