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Abstract

The oxidation site density (number of oxidation sites per m2) for UO2 powder was determined by measuring the amount of oxidant
needed to fully oxidize the surface (denoted the critical oxidant conversion). The point where the surface becomes fully oxidized is iden-
tified by a change in reaction order from first to zeroth order in HCO�3 free systems. At the critical oxidant conversion the kinetics of the
reaction becomes completely governed by dissolution of oxidized UO2. The oxidants used in this study are H2O2 (two-electron oxidant)
and IrCl2�

6 (one-electron oxidant). The oxidation site densities determined using the two different oxidants are (2.1 ± 0.1) · 10�4 and
(2.7 ± 0.5) · 10�4 mol m�2, respectively, expressed in two electron equivalents. The fairly good agreement between the two oxidants
implies that the methodology used indeed gives a reasonable measure of the oxidation site density. In addition, oxidation site densities
for different size fractions of UO2 powder were determined. The results are discussed in terms of surface roughness.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The possible release of toxic and radioactive species
from spent nuclear fuel in contact with water in a future
deep repository is expected to depend mainly on the rate
of dissolution of the UO2 matrix [1]. In the reducing
groundwater expected at the depth of a repository, UO2

has very low solubility [2]. However, radiolysis of the
groundwater will produce reactive radicals and molecular
products (e�aq, H�, H2 (reductants) and OH�, H2O2 (oxi-
dants)) [3] and thereby alter the reducing environment.
Secondary reactions will produce HO�2, O��2 and O2 and
with carbonate present in the groundwater, CO��3 will be
produced. OH� and CO��3 are both strong one-electron oxi-
dants (E0 = 1.9 V and 1.59 V vs. NHE, respectively [4,5])
while HO�2 and O��2 are fairly weak one-electron oxidants
(depending on pH). H2O2 and O2 on the other hand can
act both as one- and two-electron oxidants.
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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In a recent paper, the relative impact of different radiol-
ysis products on oxidative dissolution of UO2 was studied
[6]. For b/c-radiolysis it was shown that the radical
products have a significant impact during the first hours
of irradiation. However, for longer irradiation time, the
molecular oxidants dominate the system. For a-radiolysis,
the relative impact of H2O2 was found to be 99.9–100%. In
conclusion, the influence of radical oxidants is expected to
be insignificant under deep repository conditions.

The presence of carbonate affects the kinetics for UO2

oxidation mainly since it forms soluble complexes with
the oxidation product, UO2þ

2 [7], and thereby maintains a
larger surface area accessible to oxidation. In a recent paper
we studied the effect of HCO�3 concentration on the kinetics
for UO2 oxidation by H2O2 [8]. The results show that the
H2O2 consumption rate depends on the HCO�3 concentra-
tion for concentrations below 1 mM. For higher HCO�3
concentrations, the rate of H2O2 consumption is indepen-
dent of ½HCO�3 �. From this we concluded that the oxidation
step is the rate limiting process for ½HCO�3 � > 1 mM while
for lower concentrations the consumption of H2O2 is signif-
icantly influenced by dissolution of UO2þ

2 . The ½HCO�3 �
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independent rate constant for UO2 oxidation by H2O2 was
determined to be 4.4 · 10�6 m min�1. It should be noted
that, in aqueous solutions containing H2O2 and HCO�3 , per-
oxymonocarbonate (HCO�4 Þ can be formed [9]. The reactiv-
ity of peroxymonocarbonate towards UO2 is not known but
judging from the reported redox properties it should be sim-
ilar to that of H2O2 [10]. However, very recent studies on the
influence of ionic strength on the kinetics for UO2 oxidation
by H2O2 indicate that peroxymonocarbonate is of no signif-
icance [11].

Rate constants for reactions between solutes and solid
surfaces are usually based on the surface area of the solid
material, in most cases determined by the BET isotherm.
However, studies on the reactivity of different size fractions
of UO2 powder clearly demonstrate that the BET surface is
not always an accurate measure of the accessible surface
[12]. Rate constants based on oxidation site density and
methods for determining oxidation site densities would
greatly improve the situation by providing a general basis
for comparing the reactivity of suspended solids.

An interesting observation made at very low HCO�3 con-
centrations is that the kinetics changes from first to zeroth
order during the course of the reaction [8]. The zeroth
order behaviour can be attributed to a change in the rate
determining step from oxidation to dissolution (not facili-
tated by HCO�3 Þ. The H2O2 conversion (consumption) at
which the reaction order changes for ½HCO�3 � = 0 M is
referred to as the critical conversion. The critical H2O2 con-
version increases with increasing amount of UO2 and closer
inspection of the results revealed an almost constant ratio
between the critical conversion and the amount of UO2.
In the experimental set up used in the previous work, the
concentration of H2O2 was reduced by 0.07 mM per mg
UO2 powder when the critical H2O2 conversion was
reached. As the change in reaction order implies that the
surface is saturated (i.e., fully oxidized), the reduction in
H2O2 concentration at the critical H2O2 conversion can
be used to estimate the oxidation site density for the UO2

powder used. In this particular case the estimated oxida-
tion site density was found to be (2.1 ± 0.1) · 10�4

mol m�2 corresponding to (126 ± 5) sites nm�2. This is
somewhat lower than the value previously reported by
Clarens et al. (165 ± 10 sites nm�2) [13] based on acidic site
density.

In this work we have determined the oxidation site den-
sity for UO2 powder using the one-electron oxidant IrCl2�

6

in order to compare one- and two-electron oxidants. In
addition, we have used the above methodology to deter-
mine the oxidation site densities for different size fractions
of UO2 powder previously used in kinetic studies.

2. Experimental

The UO2 powder was supplied from Westinghouse
Atom AB. Chemicals and gases used were of purest grade
available and were obtained from Lancaster, Merck, Alfa,
BDH and AGA. Millipore Milli-Q filtered water was used
throughout. The UO2 powder used in this work has a spe-
cific area of 5.85 m2/g given by BET measurements (He/N2,
70/30). The powder was washed with NaHCO3 solution
and repeatedly with pre-boiled Millipore water.

In the experiments using IrCl2�
6 as oxidant the powder

suspensions (100 ml) contained 1.3 mM IrCl2�
6 and 25 mg

UO2. For the experiments using different powder size frac-
tions the suspensions (18 ml) contained 18 mM H2O2 and
50–150 mg UO2. In all experiments the suspensions were
purged with argon throughout the experiment and stirred
by a magnetic stirrer. The sample volume taken for analysis
was approximately 2 ml. Before analysis, the solution was
filtered (pore size 0.20 lm) to stop the reaction and to clear
the solution.

The concentration of H2O2 was measured indirectly by
UV/visible spectroscopy (Jasco V-530 UV/vis-spectropho-
tometer). The H2O2 solutions were protected from light
during the experiments. We have used I�3 as ‘indicator’
for analysis of the hydrogen peroxide concentration at
360 nm where I�3 absorbs (reaction (1) and (2)).

H2O2 þ 2Hþ þ 2I� ! 2H2Oþ I2 ð1Þ
I2 þ I� ! I�3 ð2Þ

The sample was mixed with 100 ll potassium iodide (1 M
KI) and 100 ll acetate buffer which contained ammonium
molybdate (catalyst) (1 M HAc/NaAc, a few drops of 3%
(NH4)2Mo2O7 (ADM) to 100 ml solution) and water to a
total volume of 2 ml. Using this method, lM concentra-
tions of H2O2 are detectable. Detailed information about
the I�3 method can be found in Refs. [14–16].

The concentration of IrCl2�
6 was measured directly by

UV/visible spectroscopy at 488 nm.

3. Result and discussion

In aqueous UO2 powder suspensions free from HCO�3 ,
IrCl2�

6 displays the same kinetic behaviour as H2O2, i.e.
the reaction order changes from 1 to 0. However, this
behaviour could only be observed at fairly low solid surface
area to solution volume ratios. The optimal ratio for
observation of the change in kinetics turned out to be
approximately 1500 m�1. This results in somewhat higher
experimental uncertainty for IrCl2�

6 compared to H2O2.
The methodology used for determination of oxidation

site density can be illustrated by Fig. 1.
As can be seen, the consumption of IrCl2�

6 is initially of
first order, i.e. the consumption rate depends on the IrCl2�

6

concentration, but changes to zeroth order (the rate is inde-
pendent of IrCl2�

6 concentration) after about 10 min. The
difference between the initial concentration and the concen-
tration at which the change in reaction order occurs is
referred to as the critical conversion. By calculating the
amount of oxidant consumed at the critical conversion
the oxidation site density can be obtained. The oxidation
site densities determined using IrCl2�

6 and H2O2 for the
same UO2 powder are presented in Table 1.
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Fig. 1. IrCl2�
6 as a function of reaction time (lines showing critical conversion and zeroth order kinetics).

Table 1
UO2 oxidation site densities determined by H2O2 and IrCl2�6

Oxidant Site density (mol m�2) 2-e� site density (mol m�2)

H2O2 (2.1 ± 0.1) · 10�4 (2.1 ± 0.1) · 10�4

IrCl2�6 (5.4 ± 1.0) · 10�4 (2.7 ± 0.5) · 10�4
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As can be seen, the oxidation site density determined
using IrCl2�

6 is more than two times higher than the corre-
sponding value for H2O2. However, the direct comparison
is not relevant since IrCl2�

6 is a one-electron oxidant while
H2O2 is a two-electron oxidant. Hence, one equivalent of
H2O2 corresponds to two equivalents of IrCl2�

6 . It is there-
fore more relevant to compare the site density based on
two-electron transfer (2-e� density) which also corresponds
to the conversion of U(IV) to U(VI). As can be seen in
Table 1, both oxidants give similar site densities. Admit-
tedly, the 2-e� density determined using IrCl2�

6 is somewhat
higher than the corresponding value for H2O2. However,
the difference is within experimental uncertainty. This
implies that the methodology used indeed gives a reason-
able measure of the oxidation site density. Instead of bas-
ing heterogeneous rate constants on the solid surface to
solution volume ratio it is possible to use the oxidation site
concentration. The unit for the second order rate constant
would then be the conventional M�1 s�1 used for homoge-
neous kinetics and the resulting rate constant for the reac-
tion between H2O2 and UO2 is 0.35 M�1 s�1 (4.4 ·
10�6 m min�1) [8]. It should be kept in mind that the diffu-
sion limited rate constant for this heterogeneous system is
80 M�1 s�1 (10�3 m min�1 [17]) which is eight orders of
magnitude lower than the diffusion limited rate constant
for a homogeneous system. Hence, the use of the more con-
ventional unit for the rate constant could cause confusion.

It should be noted that the surface site density is signif-
icantly larger than expected from the lattice parameters for
UO2. This could imply that the oxidation must progress
several atom layers deep before zeroth order kinetics is
obtained. However, it should also be kept in mind that
the surface are on which the site density is based was
obtained from the BET specific surface area. The BET iso-
therm could underestimate the specific surface area consid-
erably giving rise to high surface site density values.

As mentioned above, kinetic studies on different size
fractions of UO2 powder gave some unexpected results.
Furthermore, BET measurements displayed no significant
difference in specific surface area between the four size frac-
tions used (<20, 20–41, 41–72 and > 72 lm). This observa-
tion is to some extent explained by SEM-studies revealing
significant differences in surface structure between the size
fractions. The larger fractions have a rougher surface than
the smaller fractions. Hence, the BET surface area for the
larger particles will deviate significantly from the geometri-
cal surface area based on particle radius. On the basis of
particle size alone we would expect the smaller particles to
have a larger specific surface area than the larger particles.
In order to shed some more light on the difference between
different size fractions we have determined the oxidation
site density for the four size fractions mentioned above
using H2O2. This was done by determining the critical con-
version for different solid surface area to solution volume
ratios. In Fig. 2 the critical conversion is plotted against
the surface to volume ratio for the largest size fraction.
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Fig. 2. Critical H2O2 conversion plotted against UO2 surface to solution volume ratio.

Table 2
Oxidation site densities based on H2O2 consumption for different powder
size fractions

Size fraction (lm) Oxidation site density (mol m�2)

>72 (2.5 ± 0.1) · 10�4

41–72 (2.3 ± 0.2) · 10�4

20–41 (2.1 ± 0.2) · 10�4

<20 (2.1 ± 0.1) · 10�4
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The slope of this plot directly gives the oxidation site
density. The resulting oxidation site densities for the four
size fractions are given in Table 2.

As can be seen, the oxidation site density appears to
increase with particle size. The difference is however barely
statistically significant (error margins based on the uncer-
tainty in the slope when plotting the critical conversion
against the surface to volume ratio). Furthermore, it
should be stressed that such a trend is not expected for a
uniform material where the surface structure is similar
for all size fractions. The trend observed for the material
used here can probably be attributed to the surface rough-
ness which is significantly higher for the larger particles.
The rougher surface has more defects which could act as
oxidation sites. The observed oxidation site densities are
fairly close to the values presented in Table 1.

This finding again demonstrates the problems that can
occur when comparing the kinetics for different types of
solid materials. The surface roughness is not accommo-
dated by simple geometrical theories describing the kinetics
in particle suspensions [18]. In order to improve the theo-
retical treatment of the kinetics of particle suspensions
one must also include the surface roughness.
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