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Abstract

A simple mathematical model describing the hydrogen peroxide concentration profile in water surrounding a spent nuclear fuel pellet
as a function of time has been developed. The water volume is divided into smaller elements, and the processes that affect hydrogen per-
oxide concentration are applied to each volume element. The model includes production of H2O2 from a-radiolysis, surface reaction
between H2O2 and UO2 and diffusion. Simulations show that the surface concentration of H2O2 increases fairly rapidly and approaches
the steady-state concentration. The time to reach steady-state is sufficiently short to be neglected compared to the times of interest when
simulating spent fuel dissolution under deep repository conditions. Consequently, the steady-state approach can be used to estimate the
rate for radiation-induced spent nuclear fuel dissolution.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The solubility of UO2 is assumed to limit the release of
radio-toxic species from a future deep repository for spent
nuclear fuel to the environment [1]. Under reducing condi-
tions, i.e., the expected conditions at the depth of a deep
repository, the solubility of UO2 in ground water is very
low and the release rate is therefore also expected to be
low [2]. Radiation from the spent nuclear fuel in contact
with water will cause radiolysis of water, producing reac-
tive radical and molecular products. Both oxidants (OH�,
H2O2, O��2 ;HO�2 and O2) and reductants (e�aq, H� and H2)
are produced upon radiolysis of water [3]. For kinetic rea-
sons, the oxidants produced alter the otherwise reducing
conditions, and can thereby cause oxidation and dissolu-
tion of the spent nuclear fuel matrix. When carbonate is
present, as in Swedish ground water where the concentra-
tion is 2–10 mM [4], OH� will be quantitatively converted
into CO��3 , this also being a strong oxidant (E0 = 1.9 V
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and 1.59 V vs. NHE, respectively [5,6]). Carbonate is also
known to form strong soluble complexes with UO2þ

2 [7]
and thereby enhance the solubility of U(VI).

The kinetics for reactions between different oxidants and
the spent fuel matrix (UO2) have been studied quite exten-
sively [8,9]. On the basis of these results it has been possible
to assess the relative reactivity of the radiolytically formed
oxidants [10]. The relative importance, or impact, of the
different radiolysis products has been discussed for several
years. However, it should be stressed that the relative reac-
tivity is not the same as the relative importance of the reac-
tant. The latter being the product of the reactivity (rate
constant) and the concentration of the reactant. Very
recently, it was shown that the molecular products,
although in general being less reactive than some of the oxi-
dizing radicals, have the highest impact (relative impor-
tance) for all types of radiation (except for very short
irradiation time where the impact of radicals is significant).
The rationale for this is simply that the concentration of
molecular products is many orders of magnitude higher
than the concentration of radical products. In an aqueous
UO2 system exposed to a-radiation, the relative impact of
H2O2 was found to be 99.9–100% [10]. Hence, the only
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oxidant that must be accounted for in a safety assessment of
a future deep repository is H2O2. At HCO�3 concentrations
higher than 1 mM the rate limiting step in the reaction
between H2O2 and UO2 has been shown to be oxidation
while at lower concentrations dissolution of oxidized UO2

influences the kinetics [9]. Consequently, the rate of spent
fuel dissolution will be equal to the rate of H2O2 consump-
tion. Since the rate constant for this process is well known,
the only missing parameter is the concentration of H2O2.
This will be strongly connected to the dose rate which in
turn depends on the fuel age and burn-up. We have recently
developed a model describing the geometrical a- and b-dose
distribution as function of fuel age and burn-up [11].
Indeed, the maximum rate of fuel dissolution can never
exceed the rate of H2O2 production in the system. However,
the question is how long it takes before steady-state is
reached? To shed some light on this and to provide means
for simplified, yet accurate, simulations of spent nuclear fuel
dissolution, we have simulated the H2O2 concentration pro-
file evolution with time taking into account the radiolytic
production of H2O2, diffusion of H2O2 and consumption
of H2O2 by reaction with a UO2 surface.
2. Methods

The concept of the model underlying the simulations is
fairly simple. The system was modeled in one dimension
starting at the fuel surface. The volume is divided into
smaller elements, and the H2O2 concentration for each vol-
ume element is stored in a vector. For each time-step the
H2O2 concentration in each element is calculated taking
the following processes into account:

1. Radiolytic production of H2O2.
2. Diffusion due to concentration gradients.
3. Reaction between H2O2 and UO2 (only the first volume

element).

The radiolytic production of H2O2 was determined by
using the geometrical a-dose distribution determined from
the model mentioned above. The dose rate used in the
majority of the simulations is for spent fuel at 100 years,
with a burn-up of 38 MWd/kg [11]. The geometrical a-dose
distribution provides the dose rate as a function of distance
which must be converted into the rate of H2O2 production
as a function of distance from the surface. The simplest
approach for this would have been to use the radiation
chemical yield, i.e., the G-value, directly. However, to make
sure that the rate of production does not depend on H2O2

concentration we performed numerical simulations
employing MAKSIMA-CHEMIST [12]. On the basis of
these simulations and the geometrical dose distribution a
polynomial describing the rate of H2O2 production (r/
mol dm�3 s�1) as a function of distance (x/lm) was derived
(Eq. (1)):

rH2O2
¼ ax3 þ bx2 þ cxþ d: ð1Þ
For spent fuel at 100 years, the constants are:

a ¼ �1:58� 10�12;

b ¼ 1:46� 10�10;

c ¼ �4:77� 10�9;

d ¼ 5:67� 10�8:

It should be noted that the MAKSIMA-CHEMIST sim-
ulations gave virtually the same result as expected from
using the G-value. The surface reaction is accounted for
in the first volume element using the rate expression previ-
ously derived (Eq. (2)) [10]:

rox ¼ kox H2O2½ �: ð2Þ

The rate constant for the reaction between H2O2 and
UO2, kox, has been determined experimentally to
7.333 · 10�8 m s�1 [9]. Since spent nuclear fuel also con-
tains metallic e-particles potentially capable of catalyzing
H2O2 decomposition and reaction between H2O2 and H2

without leading to UO2 oxidation, the rate constant for
the H2O2 consumption was varied in the simulations in
order to study the impact of such reactions. A higher rate
constant for consumption of H2O2 results in a lower
steady-state concentration and thereby a lower rate of
spent fuel dissolution.

Diffusion between the volume elements is determined by
the concentration gradient between two adjacent elements
using Fick’s first law (Eq. (3)):

J ¼ �D
dc
dx
: ð3Þ

The diffusion coefficient used for H2O2 was 1 ·
10�9 m2 s�1.

The contributions from the above processes are added
together and applied to the concentration vector to deter-
mine a new concentration vector for each time-step. To
simulate the time evolution of the concentration profile
an iterative process based on MATLAB was used. The
time-step, dt, and distance step, dx, were chosen in order
to achieve results with high resolution without slowing
down the calculations. The time-step used was 0.5 ms,
and the distance step was 1 lm. Apart from varying the
rate constant for the surface reaction we also varied the
volume, i.e., the total distance from the surface.

3. Results and discussion

In Fig. 1 the concentration profile for k = 7.333 ·
10�5 m s�1 is given at 1, 3, 10 and 41 s. For comparison,
the steady-state concentration for the system is also given
in the figure. The steady-state concentration is calculated
using Eq. (4):

½H2O2�s-s ¼
rH2O2

kox

dmax; ð4Þ

where [H2O2]s-s denotes the steady-state concentration of
H2O2, rH2O2

denotes the average radiolytic production rate
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Fig. 1. H2O2 concentration profiles at 1, 3, 10 and 41 s for 100 years old
spent fuel and k = 7.33 · 10�5 m s�1.
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Fig. 2. Time to reach 90% of the steady-state surface concentration of
H2O2 plotted against total distance used in the simulation.
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Fig. 3. Distance independent time to reach 90% of the steady-state surface
concentration as a function of rate constant for H2O2 consumption.
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for H2O2, dmax is the maximum range for a-particles in
water and kox is the rate constant used for the surface reac-
tion. The steady-state expression is based on production
and consumption of H2O2 per m2 fuel surface.

As can be seen, the surface concentration fairly rapidly
approaches the steady-state concentration. Consequently,
the concentration gradient driving the diffusion of H2O2

from the surface into the bulk rapidly decreases and the
surface reaction becomes the predominant pathway for
H2O2 consumption. Since steady-state is approached
asymptotically, the system will never reach a true steady-
state. For this reason we have calculated the time required
in order to reach a surface concentration corresponding to
90% of the steady-state concentration. After this point, the
use of the steady-state concentration in simulating spent
nuclear fuel dissolution will be less than 10%. In Table 1,
the time to reach 90% of the steady-state surface concentra-
tion for different volumes (distances) and surface reaction
rate constants are given. For the lowest rate constants
the time to reach 90% of the steady-state concentration
has only been calculated for short distances. The reason
for this simply that the computation time becomes too long
for longer distances.

As can be seen, the time to reach the predefined surface
concentration increases with increasing volume (distance)
and decreasing rate constant (increasing steady-state con-
centration). This is also illustrated in Figs. 2 and 3.

It is interesting to note that the time to reach 90% of the
steady-state surface concentration appears to have a max-
Table 1
Time to reach 90% of the steady-state surface concentration for different rate

k (m s�1) Time (s)

40 lm 60 lm 100 lm

7.33 · 10�8 1546 2319 nd
7.33 · 10�7 156 234 393
7.33 · 10�6 17 26 45
7.33 · 10�5 2.7 4.7 9.4
1.47 · 10�4 2.0 3.5 6.9
7.33 · 10�4 1.3 2.4 4.5
imum value and, at a certain distance, becomes indepen-
dent of the total distance. The distance at which the time
to reach 90% of the steady-state concentration becomes
independent of distance decreases with increasing rate con-
stant. For the lowest rate constant (reflecting pure UO2

reactivity) the distance at which the maximum time is
reached cannot be calculated directly. However, on the
basis of the results for some of the higher rate constants
(the ratio between t(max) and t(40 lm) as well as the dis-
tance are inversely proportional to the rate constant) we
estimate the maximum time to 187 days and the distance
at which the time to reach 90% of the steady-state concen-
tration becomes independent of the distance to 4 dm.
Indeed, 187 days is significantly more than seconds or min-
utes but it can still be regarded as a fairly short time with
constants and distances

200 lm 500 lm 1000 lm 2000 lm

nd nd nd nd
798 nd nd nd
101 315 745 1510
22.2 40.8 41.1 41.1
14.8 18.9 18.9 18.9
7.2 7.3 7.3 7.3



Table 2
Calculated maximum rates of spent fuel dissolution

Fuel age (years) rmax (mol m�2 s�1)

100 3.65 · 10�10

1000 8.64 · 10�11

10000 1.65 · 10�11

100000 1.56 · 10�12
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respect to the time frame for spent fuel dissolution. The
above observations and the concentration profiles given
in Fig. 1 illustrate a problem which can be encountered
when analyzing data from spent fuel leaching experiments.
It is obvious that bulk concentrations of H2O2 do not nec-
essarily reflect the UO2 dissolution rates since they can
deviate significantly from the surface concentration. The
fact that, for large enough distances, 90% of the steady-
state concentration is reached within a maximum time
independent of the total volume indicates that the actual
geometry is of minor importance for the rate of spent fuel
dissolution.

As the geometrical dose rate distribution is determined
by the age of the spent nuclear fuel, it is important to study
the effect of dose rate distribution on the time needed for
reaching 90% of the steady-state concentration. The
steady-state concentration is given by Eq. (4) and, as can
be seen, the steady-state concentration is directly propor-
tional to the average dose rate. Hence, a lower dose rate
corresponds to a lower steady-state concentration. Simula-
tions also show that the time needed for reaching 90% of
the steady-state concentration is completely independent
of the dose rate.

Thus, the only factors affecting the time needed for
reaching steady-state is the rate constant for the surface
reaction and, to a certain limit, the volume of the system.

Indeed, the above treatment of the system is simplified
and in practice homogeneous reactions with species dis-
solved in the water will also affect the steady-state concen-
tration of H2O2 in the system. One of the most important
reactions is the reaction between H2O2 and Fe2+ (originat-
ing from the canister material) which, if present, will reduce
the steady-state concentration as well as the time for reach-
ing steady-state further.

From the results presented above it is clear that surface
concentrations corresponding to 90% of the steady-state
concentration will be reached within negligible time com-
pared to the times of interest when simulating spent fuel
dissolution under deep repository conditions. Conse-
quently, simulation of spent fuel dissolution can be consid-
erably simplified by using the steady-state approach. The
inherent error imposed by using this approach is less than
10%. The procedure presented in this paper enables estima-
tion of the maximum dissolution rate in a spent nuclear
fuel repository.
Maximum dissolution rates based on the reactivity of
pure UO2 for spent fuel of ages 100–100000 years are pre-
sented in Table 2.

It should be emphasized that the rate of radiation-
induced dissolution of spent nuclear fuel can under no cir-
cumstances exceed these values. The presence of e-particles
and solutes reacting with H2O2 will reduce the rates
significantly.
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