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Abstract

The relative impact of radiolysis products in radiation induced oxidative dissolution of UO, has been studied experi-
mentally. The experiments were performed by y-irradiating an aqueous solution containing HCO; and a UO,-pellet. The
U(VI) concentration in the solution was measured as a function of irradiation time. The aqueous solution was saturated
with Ar, N»,O, N>O/O, (80/20), air and O, in order to vary the conditions and the initial oxidant yields. The measured rate
of oxidation was significantly higher for the O,- and air saturated systems compared to the other systems. Using oxidant
concentrations derived from numerical simulations of the corresponding homogeneous systems and previously determined
rate constants for oxidation of UO,, the relative trend in rate of oxidation in the different systems was reproduced. The
results from the simulations were also used to estimate the relative impact of the oxidative radiolysis products as a function
of irradiation time, both for y- and a-irradiated systems. For y-irradiated systems saturated with Ar, air or O,, the most
important oxidant is H,O, while for N,O- and N,O/O,-saturated systems the most important oxidant is COj . For a-irra-

diated systems the most important oxidant was found to be H,O,.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The solubility of UO, is assumed to limit the
release of radio-toxic species from a future deep
repository for spent nuclear fuel to the environment
[1,2]. Under reducing conditions, i.e. the expected
conditions at the depth of a deep repository, the sol-
ubility of UO, in ground water is very low and the
release rate is therefore also expected to be low [3].
Radiation from the spent nuclear fuel in contact
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with water will cause radiolysis of water producing
reactive radical and molecular products. Both oxi-
dants (OH", H,O,, O5 , HO; and O,) and reductants
(e,» H and H,) are produced upon radiolysis of
water [4]. The oxidants produced alter the otherwise
reducing conditions, and can thereby cause oxida-
tion and dissolution of the spent nuclear fuel matrix.
When carbonate is present, as in Swedish ground
water where the concentration is 2-10 mM [5],
OH" will quantitatively be converted into COj , this
also being a strong oxidant (E°=1.9V and 1.59 V
vs. NHE, respectively [6,7]). Carbonate is also
known to form strong soluble complexes with
UO%Jr [8] and thereby enhance the solubility of
U(VI).
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In previous years, the main focus has been to study
the oxidative dissolution by using H>,O, and O, as
oxidants, and to measure the release of U(VI) as a
function of time [9-11]. Another approach has been
to use spent nuclear fuel [12], externally y- and o-irra-
diated [13,14] and a-doped UO, [15] and monitor
produced H»O,, O, and H, as well as dissolved
uranium, fission products and transuranium ele-
ments. Although these studies provide detailed infor-
mation concerning dissolution dynamics and mass
balance, they do not provide information concerning
the kinetics of elementary reactions. The latter being
a prerequisite for accurate simulation of spent
nuclear fuel dissolution. The importance of radiolyt-
ically produced radicals on UO, dissolution has also
been discussed to some extent [16]. In a kinetic and
mechanistic study on oxidation of UO, powder in
aqueous suspension, we measured the consumption
of oxidant as a function of time and determined the
second order rate constants for UO, oxidation [17].
On the basis of these results we found a relationship
between the logarithm of the rate constant for oxida-
tion of UO» and the one-electron reduction potential
of the oxidant. This relationship was based on exper-
imental observations including both one- and two-
electron oxidants, and we concluded that the rate
limiting step is one-electron transfer regardless of
the nature of the oxidant. However, the relationship
is based on experiments where no carbonate was
added. Hence, the observed rate constants and
thereby the relationship itself, are influenced by the
kinetics for dissolution of U(VI). The dissolution
independent rate constant for oxidation of UO,
(the rate constant determined under conditions
where the rate limiting step is oxidation rather than
dissolution) has recently been found to be about five
times higher (for H,O,) [18] than the originally pub-
lished value. However, the relative trend given by the
relationship should still be valid. From this relation-
ship it can be concluded that OH* and COj are sig-
nificantly more reactive towards the UQO,-matrix
than H,O, and O,, the former having significantly
higher one-electron reduction potentials [6,7]. In fact,
oxidation of UO, by both OH" and COj is diffusion
controlled. On the basis of reactivity alone, the
importance of radical radiolysis products on spent
nuclear fuel dissolution can be assumed to be signif-
icant. However, the significance of radical radiolysis
products on the dissolution of spent nuclear fuel has
never been unambiguously proven.

In this work, we have studied the relative impact
of radical and molecular radiolysis products on oxi-

dative dissolution of UO,. This was done by analyz-
ing the amount of dissolved UO3" as a function of
time in 7y-irradiated aqueous carbonate solutions
containing a UO,-pellet. The main reason for using
v-radiolysis was to obtain high radiation chemical
yields for radical products. The conditions were
varied by saturating the solutions with different
gases or gas-mixtures (Ar, N,O, O,, air and N,O/
0O, (80/20 mol%)). These gases or gas mixtures
where chosen to promote production of COj; or
O3 under y-irradiation. Using numerical simula-
tions (MAKSIMA-CHEMIST [19]) of the homoge-
nous system in combination with the experimental
observations we have been able to assign the relative
impact of the radiolysis products under various con-
ditions. For comparison, simulations on o-irradi-
ated systems have also been conducted.

2. Experimental

In these studies, a UO,-pellet (U-235 nominal
enrichment = 0.711) was immersed in 10 ml 10 mM
NaHCOs;-solution. By using carbonate throughout
the experiments, the oxidation reaction on the UO,
surface will not be blocked or delayed by dissolution
of the oxidation product. The solution was purged
and saturated with (one of) the gases or gas
mixtures: Ar, N»,O, O, air, N>O/O, (80/20 mol%).
The solution containing the pellet was thereafter
irradiated in a °°Co-source at room temperature.
The dose rate was 0.06 Gy/s (determined using
Fricke dosimetry [4]). Samples were taken at differ-
ent time intervals for analysis of dissolved uranium
using a Scintrex UA-3 Uranium Analyzer [20]. The
UO,-pellet was washed with 10 mM carbonate solu-
tion three times in order to remove already oxidized
U(VI) on the surface prior to each experiment. Ref-
erence experiments corresponding to the experimen-
tal conditions described above were performed
without y-irradiation and were used for background
corrections. Milli-Q filtered water was used through-
out. The UO;-pellet was supplied from Westing-
house Atom AB, gases and chemicals used were
from AGA, Merck and Scintrex Limited.

3. Results and discussion

Under the conditions used in our experiments,
i.e. 10mM HCO;, oxidation of UO, rather than
dissolution of oxidized UO, has been shown to be
the rate limiting step [18]. Hence, the measured rate
of dissolution will be identical to the total rate of
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oxidation, this in turn being equal to the sum of the
rates of oxidation for all oxidants. This is a prere-
quisite for comparing the relative impact of the
radiolytical oxidants. Furthermore, in the presence
of 10 mM HCO;, the initially produced OH" is
quantitatively converted into CO3 . When saturat-
ing the solution with N,O and N,O/O, the initially
produced e, is quantitatively converted into OH
(reaction (1)) and consequently the initial yield of
COy is increased.

¢z, + N20 + H,O — OH' + N, + OH™ (1)

In the presence of O, the initially produced solvated
electron, e, , is quantitatively converted into O; .
However, when using the N,O/O, (80/20) mixture,
conversion into OH" is kinetically favored. The G-
values (radiation chemical yields) for COj; and
Oy for the aqueous solutions used in this work
are summarized in Table 1.

In Fig. 1, the amount of dissolved U(VI) is shown
as a function of irradiation time. The values pre-

Table 2

Rate of oxidative dissolution of UO,

Gas Rate (umol min~")
Ar 8+£1)x1073
N,O 9+2)x107°
N,0/0, (6+1)x1073

Air (1.5+0.2)x107*
(o)) (3.0+£02)x107*

sented are corrected with respect to background
experiments using Ar. It should be noted that the
background correction is of marginal importance.

As can be seen in Fig. 1, the amount of dissolved
U(VI) appears to increase linearly with irradiation
time in all cases. The slope gives the rate of dissolu-
tion and thereby the rate of oxidation. The resulting
dissolution rates are summarized in Table 2.

It is obvious that the dissolution rate is signifi-
cantly higher for the O,- and air-saturated solutions
where production of O3 is enhanced. COj is pro-
duced in all systems, however, there is no significant
increase in the rate of dissolution when the G-value
is increased by a factor of 2 (N,O and N,0/0,). It
should be noted that the oxidizing capability

Table 1 (reflected by the reduction potential) and thereby
G-values for O; and COj [21] the reactivity of O is estimated to be several orders
Gas G(0y) G(COy) of magnitude lower than that of COj . Hence, the
(umol I~ (nmol J71) observed dissolution rates cannot be understood
Ar 0 028 solely in terms of relative reactivity and initial yields
N,O 0 0.56 of radiolysis products.
N,0/0, 0 0.56 To further analyze the reaction conditions we per-
Air 0.28 0.28 formed numerical simulations using MAKSIMA-
0. 028 0-28 CHEMIST. In the simulations the different gases
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Fig. 1. Amount of dissolved U(VI) as a function of y-irradiation time (¢ N,O, A Ar, B O,, x N,O/O,, * air).
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Table 3
Calculated steady-state and mean concentrations of oxidants

[H,0,] (mol dm?)  [O,] (mol dm )

[057] (mol dm )

[HO3] (moldm™) [COy] (moldm~®) [OH'] (mol dm~?)

Ar 1.28x107¢ 455%107° 2.88 %1078 423%x1071° 3.00x 107° 1.93x10713

N,O 1.08 x 107° 3.70x107° 2.10x107° 3.57x 10710 3.66x 1078 3.27%x 10713

N,0/O, 1.08x10°° 3.00x 107* 2.20%107° 3.57x 10710 3.55%x10°8 3.23x 10713

Air 1.70x 1073 247%x107* 4.00x 1077 5.60 x 107° 235%x1071° 1.70x 1071

0, 2201073 1.37x1073 470x 1077 7.40x107° 1.75x 10710 1.63x 10713

H, 6.50x107° 2.34x 1074 8.82x 10712 2.16x 10712 2.82x 1071 2.59x 1074
Table 4

and gas mixtures were accounted for but reactions
with the UO,-surface were not included, the systems
were treated as being homogeneous. The homoge-
nous reaction rate constants for radiolysis of water
were obtained from NDRL/NIST Solution Kinetics
Database [22]. Steady-state concentrations were
reached within a relatively short time for most radi-
cals while the concentrations of the molecular prod-
ucts were increasing and never reached steady-state
within the time used for the simulation and for the
experiment. The resulting steady-state concentra-
tions for radicals and average concentrations for
molecular products are summarized in Table 3. For
comparison, a system saturated with H, (40 bar)
was also included in the series of simulations.

As can be seen the average concentration of
H>0, is significantly higher for the O,- and air-sat-
urated systems and roughly appears to reflect the
relative reactivity. Hence, the observed difference
in dissolution rate can, at least qualitatively, be
attributed to the difference in H,O, concentration.
Indeed, the steady-state concentration of O; is also
significantly higher in these two systems. However,
since the reactivity of O3 is expected to be signifi-
cantly lower than that of H,O, (based on the reduc-
tion potentials [6]) and [O; | <« [H,0,], the observed
difference in dissolution rate cannot be directly
attributed to the difference in O; concentration.
The increased concentrations of H,O, are connected
to the increased concentrations of O;, the latter
being a precursor for H,O,. In previous studies,
increased corrosion potentials measured in y-irradi-
ated systems where O3 production is favored have
been attributed to O; rather than to H,O,. On
the basis of these observations it has also been con-
cluded that the rate of dissolution is increased due
to higher concentrations of O; [16]. Given the rela-
tive concentrations and reduction potentials of
H,0; and O; and the fact that corrosion potentials
depend on concentrations as well as reduction
potentials of solutes, this conclusion is indeed sur-
prising. Judging from the data presented in Table

Rate constants for oxidation of UO,*

Oxidant k (mmin~")
H,0, 3.52x 107
0, 2.33x 1078
COy 1.00x 1073
OH" 1.00x 107°
0y 136 x 1077
HO, 4.53x107*

% The rate constants are based on a relationship between the
rate constant for oxidation of UO, and the one-electron reduc-
tion potential of the oxidant presented in Ref. [6] and the effect of
HCOj presented in Ref. [18].

® It has been shown that only 80% of the consumed H,O,
results in oxidation of UO, [23]. The rate constant for oxidation
is therefore 80% of the rate constant for consumption of H,O,.

3, corrosion potentials should mainly be attributed
to H202 and 02.

To quantitatively analyze the systems we simply
use the average or steady-state concentrations of
oxidants and the rate constants (determined from
the relationship between reduction potential and
rate constant) for oxidation of UO,. The rate con-
stants used here are given in Table 4.

The total rate of dissolution (oxidation) is given
by Eq. (2):

rate =

dnyvry - He-
dt = AUOZ Z kox [OX] 7 (2)

ox=1

Avo, is the BET surface area of the pellet (estimated
from the geometrical surface area, 3.66 cm?, multi-
plied by three [24]) and n.- is the number of elec-
trons involved in the redox process (2 for H,O,
and O, and 1 for the radicals). The reason for using
the BET surface area rather than the geometrical
surface area is that the rate constants for UO, oxi-
dation, k., are based on the BET surface area.
Admittedly, n.- for O, should be 4 to account for
the full oxidant capacity. However, from a kinetic
point of view, the oxidation at each site is a two
electron process producing U(VI) and H,0,. Using
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ne- = 4 would therefore result in an overestimation
of the total rate of oxidation. For the y-irradiated
system purged with O,, n.- = 4 gives 30% higher to-
tal rate of oxidation than n.- = 2. The H,O, pro-
duction from the reaction between O, and UOQO, is
not accounted for in our model which results in a
slight underestimation of the total rate of oxidation.
The resulting rates of dissolution (oxidation)
for each oxidant and for each system are given in
Table 5.

In Fig. 2, the calculated rates of oxidation/disso-
lution are plotted against the experimentally deter-
mined rates.

As can be seen, the correlation between the calcu-
lated and the experimentally determined dissolution
rates is fairly good. In all cases we underestimate the
oxidation/dissolution rates, however, the relative
trend is reproduced. The reason for the underesti-
mation will be discussed later.

Given the correlation between the calculated and
the experimentally determined dissolution rates we
can use the data presented in Table 5 to assign the
relative impact of the different radiolysis products
in the systems studied here. From the table it is
obvious that H,O, has the highest impact on the
Ar-, air- and Oj-saturated systems. For the N,O-
and N,O/O,-saturated systems, CO; has the high-
est impact. COj is also of significant importance
in the Ar-saturated system. O, has significance in
all the systems studied experimentally. Not surpris-
ingly, the relative impact as well as the absolute rate
of oxidation by COyj is highest in the two systems
where the G-value for COy is highest.

Interestingly, the simulation performed on the
H,-saturated system indicates that the most impor-
tant oxidant is COy; . The total rate of dissolution is
significantly lower than for the other systems, the
main reason for this being that the O, and H,O,
concentrations are suppressed by the presence of
H,.

The experimental (and simulated) irradiation
time is very short in view of spent fuel dissolution
in a deep repository. Furthermore, the relative
impact of the different oxidants is time dependent.
For these reasons we have performed simulations
on the y-irradiated systems for somewhat longer
times. In Figs. 3a—3c, the resulting rates of oxidation
by the oxidants of highest impact as well as the total
rates of oxidation are plotted as a function of irradi-
ation time for Ar-, N,O- and O,-saturated systems.

These plots clearly show that the relative impact
of molecular oxidants increases with time in all

Table 5

Calculated rates of oxidation and relative impact of oxidants

Total (pmol min™")

6.78x107°

OH" (pmol min~")

1.06 x 10~

(umol min~")

3
1.65x 1076 (24.3%)

2.01 x 107> (79.5%)
1.95% 107 (62.1%)
1.29 x 1077 (0.2%)

9.61 x 1078 (0.1%)

CO;,

HO; (umol min~")

(umol min~1)
2.15% 107° (0%)

24

o

0, (pmol min~ )

H,05 (pmol min ")

493%x10°°

2.53%x 1073
7.33%x107°
1.22x107*
1.80x 1077

" (0%)
1 (0%)
' (0%)

1.80x 10~
1.77x 10~
9.33x 10~
8.95x 10~
1.42x 10~

1.55% 1077 (85.8%)

—_~ e~ e~~~

536 x 10710 (0.3%)

1.39x 1076
1.84x10°°

8.87x 1078

1.57 % 1077 (0%)
1.64 x 10717 (0%)
2.38 x 107% (0%)
3.50 x 1078 (0%)
6.57x 10713 (0%)

1.16 x 1077 (1.7%)
9.47 % 1077 (3.7%)
7.68 x 107° (24.5%)

6.32 % 1076 (8.6%)
3.50 x 1077 (28.8%)

5.99 x 1071° (0%)

i

417x107°
416x10°°
6.57x 1073
8.50x 107
251%x10°8

Ar
Nzo
N,0/0,
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Fig. 2. Calculated rates of oxidation in y-irradiated systems plotted against the corresponding experimental rates of U(VI)-dissolution

(A Nzo, | Al', <> 02, X NzO/OQ, [ J air).

three cases. Within less than 100 min, oxidation of
UO, is completely dominated by molecular oxidants
in the Ar-saturated system. For the N,O-saturated
system the relative impact of radical oxidants
decreases from 90% to less than 50% in 10 h. Conse-
quently, for time intervals of relevance for dissolu-
tion of spent nuclear fuel, oxidation of UO, will
be governed by molecular oxidants also in a y-irra-
diated system.

As can be seen for all three systems, the total rate
of UO, oxidation/dissolution is increasing with irra-
diation time and there is no indication that the rate

9.00E-05 §

8.00E-05

)

N
o
o
m

o
o
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4.00E-05 A

Rate of oxidation ( pmol min*!

3.00E-05
2.00E-05%

1.00E-05 ¥ M

X
0.00E+00 Mk 5 zt 4

is a approaching a maximum value. However, in a
system containing UQO,, the rate of oxidation will
approach a maximum value at a steady-state con-
centration of the oxidants. As mentioned before,
reactions with UO, are not accounted for in the sim-
ulations performed here.

The underestimation of the total rates of oxida-
tion in the experiments described above can also
be understood from Figs. 3a—3c. When performing
the experiments, the irradiation is interrupted
several times since the solution is removed from
the y-source for sampling. After taking the sample,

X

0 100 200

400 500 600 700

Irradiation time (min)

Fig. 3a. Calculated rates of UO,-oxidation for radiolytically produced oxidants as a function of irradiation time in Ar-saturated aqueous

solution ({ CO3 , A O,, B H,O,, X Tot).
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Fig. 3b. Calculated rates of UO,-oxidation for radiolytically produced oxidants as a function of irradiation time in N,O-saturated
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Fig. 3c. Calculated rates of UO,-oxidation for radiolytically produced oxidants as a function of irradiation time in O,-saturated aqueous

solution (H O,, ¢ H,O,, & Tot).

the solution is again placed in the y-source for irra-
diation. Hence, the total reaction time, including the
sampling time, is somewhat longer than the irradia-
tion time, allowing the molecular products longer
time for reaction. This is of particular significance
for the air- and O,-saturated systems where the
concentrations of H,O, and O, are fairly high.
The total rate of oxidation for the Ar-saturated sys-
tem is underestimated by more than one order of
magnitude. As can be seen in Fig. 3a, the total rate

of oxidation is decreasing with time for the first
30 min. By repeatedly starting the irradiation after
each sampling, the actual total oxidation rate will
be higher than reflected by the simulation.

In the experiments performed in this work the
UO, surface exposed to the aqueous solution is
relatively small and, consequently, the amount of
dissolved U(VI) is also relatively small. The experi-
ments are therefore sensitive to uncertainties in the
analysis of the U(VI) concentration. In previous
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Fig. 4. Estimated (®) and experimentally determined () amount of U(VI) in solution as a function of irradiation time in y-irradiated

UO,-powder suspensions containing HCO; .

Table 6
Calculated rates of oxidation for a-radiolysis
Conditions H,0, 0, Oy HO; CO5” OH" Total
(umol min™')  (umol min~')  (umol min") (nmol min’]) (nmol min’]) (umol min™")  (umol min~")
4.96x 1074 5.13x 1078 524x107° 1.54% 1077 0 1.65x 10710 496x 1074
H, (40 bar) 2.01%x107° 2.79% 1071 229x 107! 481x1071° 0 6.82x1071°  201x10°°
H, (40 bar) HCO;  1.34x107* 2.18x1071°  257x107° 2.57%x107° 220%x 1078 484x10712  134x107*
(10 mM)
HCO; (10 mM) 4.69x107*  4.28x1077 2.24x 1078 2.24x 1078 1.10x 107# 9.08x 1072 4.69x10°*

studies, we have studied the amount of dissolved
U(VI) as a function of irradiation time using N,O-
saturated aqueous UO,-powder suspensions con-
taining HCO; [23]. In this case the UO, surface
exposed to the aqueous solution is significantly lar-
ger and the amount of dissolved U(VI) is signifi-
cantly higher. Using the approach elaborated
above we have analyzed the previously published
results. The experimental results are presented in
Fig. 4 along with the corresponding calculated
amounts of dissolved U(VI).

As can be seen, the calculated amounts of dis-
solved U(VI) are virtually identical to the experi-
mental values. Hence, the relatively simple
approach used for calculating the rate of UO, oxi-
dation/dissolution appears to be very useful. This
also shows that the underestimation of the total rate
of oxidation resulting from not taking the produc-
tion of H,O, from the reaction between O, and
UO, into account, is insignificant.

In a deep repository, the radiation chemistry in
the vicinity of the fuel surface will be dominated by
a-radiolysis. Therefore, we have performed the same
type of simulation on a-irradiated systems using the
same dose rate. The results (based on a simulated
irradiation time of 6 h) are given in Table 6.

An interesting observation here is that the rate of
oxidation is completely dominated by H»,O, in all
four cases (99.9-100%). CO; is of comparable
importance only during the first minute of irradia-
tion. The presence of HCO;5 in the absence of H,
does not affect the total rate of oxidation signifi-
cantly. Taking the kinetics for dissolution of
oxidized UO; into account the presence of HCO;
will however have a significant effect. It is also obvi-
ous that the presence of H, (corresponding to 40 bar
pressure) in the absence of HCO; reduces the total
rate of oxidation by a factor of 200. In the presence
of HCOy, the total rate of oxidation is only reduced
by a factor of 3.5 when Hj is present.
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4. Conclusions

In this work we have shown that relatively simple
simulations of radiolysis in homogeneous systems
can be used to estimate the rate of UO, dissolution
in systems exposed to y-radiation. The estimations
qualitatively reflect the differences in dissolution
rates between different systems (solutions saturated
with Ar, N,O, N>O/O,, air or O,) where a UO pel-
let in HCO; containing aqueous solution is y-irradi-
ated. For UO,-powder suspensions the estimated
results are virtually identical to the experimental
results. The simulations can also be used to evaluate
the relative impact of different oxidants. For systems
saturated with Ar, air or O,, the most important oxi-
dant is H,O, while for N,O- and N,O/O,-saturated
systems the most important oxidant is CO; . How-
ever, the importance of O, is increasing with irradi-
ation time in the latter case and for irradiation
time longer than 10 h, O, will be the most important
oxidant in the systems.

Similar simulations were also performed on a-
irradiated systems. In these systems the most impor-
tant oxidant was found to be H,O,, also in systems
containing H, (corresponding to 40 bar).

In conclusion, in systems of relevance for the
safety analysis of a deep repository for spent nuclear
fuel, only the molecular oxidants are of importance
for the dissolution of the fuel matrix.
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