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Radiation induced oxidative dissolution of UO, is a key process for the safety assessment of future geo-
logical repositories for spent nuclear fuel. This process is expected to govern the rate of radionuclide
release to the biosphere. In this work, we have studied the catalytic effects of fission product noble metal
inclusions on the kinetics of radiation induced dissolution of spent nuclear fuel. The experimental studies
were performed using UO, pellets containing 0%, 0.1%, 1% and 3% Pd as a model for spent nuclear fuel.
H,0, was used as a model for radiolytical oxidants (previous studies have shown that H,0, is the most
important oxidant in such systems). The pellets were immersed in aqueous solution containing H,O, and
HCO; and the consumption of H,0, and the dissolution of uranium were analyzed as a function of H,
pressure (0-40 bar). The noble metal inclusions were found to catalyze oxidation of UO, as well as reduc-
tion of surface bound oxidized UO, by H,. In both cases the rate of the process increases with increasing
Pd content. The reduction process was found to be close to diffusion controlled. This process can fully

account for the inhibiting effect of H, observed in several studies on spent nuclear fuel dissolution.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Radioactive waste is one of the major drawbacks of nuclear
power today where the long-lived radionuclides in spent nuclear
fuel constitute the largest problem. In several countries, there are
highly developed plans to place the spent nuclear fuel in geological
repositories where a multiple barrier system will protect the spent
nuclear fuel from groundwater and prevent radionuclides from
escaping the repository in the event of groundwater intrusion.
The safety of such a repository relies on the long term efficiency
of the barriers. In general, for UO, based fuel, the innermost barrier
protecting the fission products and heavier actinides from escaping
the repository is the fuel matrix itself. After use in the nuclear reac-
tor, the spent nuclear fuel still contains more than 95% UO,. UO,
has very low solubility under the reducing conditions prevailing
in a potential deep repository in granitic bedrock (e.g., in Sweden)
and could thus be considered to be an efficient barrier [1-3]. How-
ever, the inherent radioactivity of the spent nuclear fuel will in-
duce radiolysis of groundwater in contact with the fuel.
Radiolysis of water produces equal amounts of oxidants and reduc-
tants [4]. For kinetic reasons, the oxidants will have the largest im-
pact on the local environment [5]. The net effect will be oxidation
of U(IV) to the significantly more soluble U(VI). Hence, radiolysis
will induce oxidative dissolution of the fuel matrix. The general
mechanism for this process is given.
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UO0,(S) + 0X — UOZ"(S) + RED, (1)
U03*(S) — U053 (aq). )

The dissolution of oxidized UO, has been found to be enhanced by
the presence of HCO; which forms strong, water soluble, complexes
with UO3* [6-10].

Dissolution of UO, and spent nuclear fuel has been extensively
studied [5,11 and references therein]. Indeed, the system is very
complex and it can be difficult to draw any mechanistic conclu-
sions from experiments using spent nuclear fuel. One way of cir-
cumventing this problem has been to study the elementary
processes involved using simple model systems, such as pure
UO; [12]. In this way, the rate constants for oxidation of UO, by
a number of oxidants have been determined along with the rate
constants for HCO; facilitated dissolution of oxidized UO, and dis-
solution of oxidized UO, in pure water [13]. Using kinetic data and
numerical simulations of radiolysis in aqueous solution the relative
impact of the different radiolytical oxidants has been determined
[14]. This determination was also verified by well controlled exper-
iments on radiation induced oxidative dissolution of UO,. These
studies show that H,0, is by far the most important oxidant in
spent nuclear fuel under deep repository conditions. Hence, if the
surface concentration of H,0, can be calculated, the rate of UO,
oxidation can also be calculated. The rate of H,O, production is
proportional to the dose rate [15].

Models describing the geometrical dose distribution (dose rate as
a function of distance from fuel surface) on the basis of the radionu-
clide inventory have also been developed in recent years [16].
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Simulations of the evolution of the H,0, concentration profile
taking into account the geometrical dose distribution, the reaction
between H,0, and the UO, surface and diffusion of H,0, show that
the H,0, surface concentration approaches a constant value fairly
rapidly [15]. This constant value corresponds to the system steady-
state concentration. Consequently, the rate of UO, oxidation is con-
stant and can be directly calculated from the dose rate. This simpli-
fies simulation of spent nuclear fuel dissolution dramatically. The
steady-state approach has been used to predict dissolution rates
for systems where experimental results are also available [17,18].
The agreement between the predicted rate and the experimental
data is surprisingly good.

In recent years, considerable efforts to elucidate the effect of H,
on the dissolution of spent nuclear fuel have been made [19-21].
H, is produced by radiolysis of water and also by anaerobic corro-
sion of iron in the canister for spent fuel. The latter process is ex-
pected to produce considerable amounts of H,. Spent nuclear fuel
leaching experiments performed under H, atmosphere display a
different behaviour from analogous experiments performed under
anoxic conditions in the absence of H,. In the presence of H, the
rate of fuel matrix (UO,) dissolution is greatly reduced and in some
cases completely inhibited [21]. Furthermore, long term leaching
experiments performed in sealed vessels, initially under Argon
atmosphere, show that the rate of dissolution decreases with time
(and increasing H, concentration produced upon radiolysis of
water) [22]. The rationale for this has not been clarified and several
theories aiming at explaining the inhibiting effect of H, have been
put forward. Electrochemical experiments have shown that the
corrosion potential of synthetic spent nuclear fuel (SIMFUEL) con-
taining noble metal inclusions mimicking clusters of fission prod-
ucts (the clusters normally contain Mo, Ru, Tc, Rh, Pd and Te and
are often referred to as e-particles) is greatly reduced under H,
atmosphere compared to anoxic conditions without H, [23]. The
corrosion potential (which is related to the rate of oxidative disso-
lution) was found to depend on the H, partial pressure over the to-
tal pressure range 0-0.21 MPa. In the absence of e-particles no
substantial change in corrosion potential can be observed in solu-
tions saturated with a H, containing gas mixture or pure Ar. The
proposed explanation is a catalytic H,-dissociation reaction on
these particles which act as galvanic anodes within the fuel matrix
and causes reduction of oxidized uranium. The net effect would be
recombination of H,0, and H, to H,0.

Recent kinetic studies have shown that the recombination of
H,0, and H; on noble metal (Pd) particles is a virtually diffusion
controlled process [24]. The potential catalytic decomposition of
H,0, on Pd was shown to be considerably slower (insignificant
compared to the reaction between H,0, and H;, on Pd). However,
considering the amount of fission products present in spent nucle-
ar fuel, the Pd catalyzed reaction alone would not be able to com-
pete efficiently with the reaction between H,O, and UO,. Even
though the rate constant for the reaction between H,0, and UO,
is approximately 20 times lower than the rate constant for the
Pd (noble metal) catalyzed reaction between H,0, and H,, the ratio
between UO, and noble metal particles is around 100. This means
that the majority of the H,O, will be consumed in the reaction with
UO; and the rate of oxidation will only be slightly reduced. Under
steady-state conditions (where the rate of radiolytical production
of H,0, is equal to the rate of H,0, consumption via surface reac-
tions) the effect will be slightly larger. Consequently, the mere
catalysis of the reaction between H,0, and H, is not a sufficient
explanation for the observed effect. It should also be noted that
it has been shown experimentally that UO, does not catalyze the
reaction between H,0, and H, [24]. Pd-particles have also been
shown to catalyze the reduction of UO3*(aq) by H, efficiently (dif-
fusion controlled kinetics) [25]. This process could indeed account
for reduced concentrations of uranium in solution. It should be
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Scheme 1. Processes causing oxidative dissolution of UO, and noble metal particle
catalyzed H,-inhibition.

noted that experiments displaying inhibition of uranium dissolu-
tion also display general inhibition of fission product and actinide
dissolution [18,20,21]. Hence, reduction of already dissolved ura-
nium catalyzed by noble metal particles does not provide an expla-
nation for the observed phenomenon. Had this been the case, the
dissolution of redox insensitive elements such as Cs* and Sr**
would not have been affected by the presence of H,.

The simplest and most straight forward explanation to the
experimental observations is a noble metal catalyzed solid phase
or surface reduction of U(VI) by H, as suggested by Broczkowski
et al. [23] and discussed in [24,25]. This process and the processes
causing oxidative dissolution of UO, are illustrated in Scheme 1.

The solid phase or surface reduction of UO%+ by H, competes
with HCO; facilitated dissolution of UO3" and when the rate of
reduction is equal or higher than the rate of dissolution, full inhi-
bition can be observed. On the basis of kinetic constraints, this pro-
cess has the potential to completely inhibit UO, dissolution under
deep repository conditions.

In the present paper, we have studied the impact of the pro-
posed solid phase or surface reduction by analysing the influence
of H, on the dissolution of uranium from UO, pellets doped with
Pd-particles using H,0, as oxidant in HCO; containing solutions.

2. Experimental

The depleted uranium dioxide powder came from Westing-
house Atom AB. The sodium hydrogen carbonate solution was
prepared with NaHCO; p.a. from Merck and the water used
throughout the experiments was Millipore Milli-Q. The potassium
iodide powder puriss came from KEBO Lab. The palladium powder
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with a purity of 99.9+% had an average particle size of 1.0-1.5 um
and was manufactured by Aldrich. The Arsenazo III reagent was
prepared from p.a. powder from Fluka.

UO, pellets doped with Pd-particles were manufactured by hot-
pressing using equipment from Thermal Technology INC (model
1000A). The form for pressing the pellets was made of graphite
covered with boron nitride as a lubricant. Four different pellets
were produced. One pellet containing only UO, and three pellets
containing different amounts of palladium.

Prior to the pressing, the powder was washed three times with
10 mM hydrogen carbonate solution to remove U(VI) and then fil-
trated by vacuum filtration. The powder was then dried for 48 h
under vacuum, and mixed with palladium powder when applica-
ble. The whole mixture was then stored under argon atmosphere
until it got pressed.

A temperature of 1200 °C and a pressure of 40 MPa was used in
order to hot-press the pellets. The powder was first cold-pressed at
a pressure of 20 MPa to pre-compact it and then the pressure and
the temperature were increased simultaneously to their final val-
ues, the latter at a heating rate of around 40 °C/min, so that the fi-
nal temperature was reached after 30 min. The form used had a
diameter of 13 mm and the pellets a thickness of 2.6 mm, leading
to a surface area of 371.7 mm?2. During the whole process vacuum
was applied.

After 1 h, the pressure was removed, the induction heater was
turned off and the form was taken out after 4 h, shortly after it
had reached room temperature. The one-time inner form was
crushed in order to get out the sample without producing unneces-
sary stress in the pellet.

The pellet was covered by a thin layer of boron nitride after
pressing, which had to be removed by wet grinding with silicon
carbide abrasive paper. A paper with fine silicon carbide particles
was chosen in order not to do damage to the surface of the pellet.
Furthermore it was necessary to wash the pellet in 10 mM HCO;
solution after grinding and also before every experiment in order
to remove oxidized UO, from the surface.

The oxidative dissolution experiments were performed in
10 mL aqueous solutions containing 10 mM HCO; and H,O,. The
solutions were saturated with N, or H,. When using Hj, various
pressures were applied during the dissolution experiments. The
concentrations of H,0, and U(VI) were measured when the exper-
iment was initiated and after 50 min. All experiments were per-
formed at room temperature using glass vessels placed in a
stainless steel autoclave. The concentration of HO, was measured
by UV-vis spectroscopy using I; as a monitor.

21" +H,0, — I, + 20H", 3)
L+l =15 (4)

The sample was diluted by a factor of 100 with water, and 300 pL of
that solution was mixed with 100 pL 1 M KI, 100 pL 1 M NaOOCCH3/
1M HOAc and 1.5 mL H,0 and then measured at a wavelength of
360 nm. The uranyl concentration was also measured by UV-vis
spectroscopy at 653 nm with the Arsenazo IlI method [26,27].
950 uL of sample, 400 puL 0.03% arsenazo IIl reagent (3,6-bis[(2-
arsonophenyl)-azo]-4,5-dihydroxy-2,7-naphtalenedisulphonic acid)
and 650 pL 1 M HCI were mixed for that purpose.

3. Results and discussion

The solid surface area to solution volume ratio used in the
experiments is fairly low. For this reason the consumption of
H,0, does not follow first order kinetics. Instead, the experiments
were designed so that only a minor fraction of the H,0, was con-
sumed, i.e., the rate of oxidation is expected to be essentially con-
stant during the experiment. However, initially the rate of

oxidation will be slightly higher than the rate of dissolution until
a steady-state is reached. At steady-state, the rate of UO, oxidation
is equal to the rate of UO%* dissolution.

kox[H202]SA(UO;) = knco; [HCO,|SA(UO3"), (5)

where SA(UO,) is the surface area of UO,, k. is the rate constant for
oxidation of U0, by Hy0; (7.3 x 10 ®ms™") [13], kuco, is the rate
constant for HCO; facilitated dissolution of UO3" (1 x 1075 ms™1)
[13] and SA(UO2") is the surface area of oxidized UO, (i.e., UO2").
The total surface area is the sum of these surface areas. Given the
fact that kox is lower than kHco; and [H,0;] is lower than [HCO;]
the surface area of oxidized UO, (SA(U03")) will be considerably
lower than the UO, surface area (SA(UO,)) at steady-state. The ratio
of oxidized to non-oxidized surface area will be 0.15-1.5% in the
experiments performed in this work. The volume used in the exper-
iments was chosen so that detectable concentration of uranium in
solution could be obtained at the same time as significant reduction
in H,0, concentration could be expected. In Table 1 data for a set of
experiments using aqueous solution containing [H,0;]=0.2 mM
and saturated with N, or pressurized with H, (40bar) are
presented.

From the experiments performed under N, atmosphere it is
obvious that the consumption of H,0, and the dissolution of
U(VI) is not balanced. However, it should be kept in mind that
the system is not at steady-state from the beginning. Initially,
the rate of consumption of H,0, will be significantly higher than
the rate of U(VI) dissolution. For this reason the change in concen-
trations will never match each other even after steady-state is
reached. For the experiments performed under N, atmosphere it
is also interesting to note that the consumption of H,0, is virtually
the same for all pellets while the amount of dissolved U(VI) ap-
pears to increase with increasing concentration of Pd in the pellet.

The experiments performed under H, pressure clearly show
that the amount of dissolved U(VI) decreases with increasing Pd
concentration while the amount of consumed H,0, increases with
increasing Pd concentration. However, the trends are not com-
pletely clear and for this reason we also performed experiments
at 2 mM H,0; (as this would give higher concentrations of U(VI)
in solution). The results from this study are presented in Table 2.

As can be seen when comparing Tables 1 and 2, the consump-
tion of H,O, under N, atmosphere increases by one order of mag-
nitude when increasing the H,0, concentration by a factor of 10.
The amount of dissolved U(VI) is also increased but by less than
one order of magnitude. Under these conditions it becomes clear
that dissolution of U(VI) in the absence of H, increases with
increasing Pd concentration. This trend is demonstrated in Fig. 1.

As can be seen, the correlation between the amount of dissolved
U(VI) and the Pd loading in the UO, pellets appears to be almost
linear. The rationale for this is most probably that Pd catalyzes
the oxidation of UO, by H,0,. The increase in amount of dissolved
U(VI) is about a factor of five when increasing the Pd loading from
0% to 3%. This corresponds to a five fold increase in SA(UO2") at
steady-state. From Eq. (5) it is obvious that an increase in koy will

Table 1
Uranyl dissolution
([H202]o = 0.2 mM)

and hydrogen peroxide consumption after 50 min

Pd content (%) UO3" dissolution/umol dm3  H,0, consumption/mmol dm >

N; Hy N H,
0 2.8 4.1 0.020 0.032
0.1 4.2 19 0.017 0.030
1 9.7 0 0.022 0.048
3 8.0 0 0.019 0.066

10% experimental uncertainty.
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Table 2

Uranyl dissolution and hydrogen peroxide consumption after 50 min ([H;0,]o = 2.0 mM)

Pd content (%) N, H, 0.15 bar H, 1 bar H, 2 bar H, 20 bar H, 40 bar
U03* dissolution/umol dm=>

0 8.0 3.7 49 3.1 3.2 3.2

0.1 6.9 5.0 6.4 5.7 5.6 4.2

1 15 14 3.4 2.8 1.1 0.6
35 39 43 0.6 0.7 0.04
H,0, consumption/mmol dm—>

0 0.15 0.19 0.11 0.15 0.16 0.08

0.1 0.16 0.18 0.08 0.20 0.20 0.22

1 0.25 0.26 0.29 0.37 0.49 0.52

3 0.31 0.22 0.26 0.46 0.54 0.56

10% experimental uncertainty.

result in a shift in the UO%*/UOz surface area ratio towards higher
values. The surface area of available UO, will decrease. This will to
some extent counteract the increase in rate constant. In fact, an in-
crease in H,0, consumption can be observed with increasing Pd
loading at the higher initial H,O, concentration under N, atmo-
sphere (see Table 2).

The experiments performed at various partial pressures of H,
clearly reveal that, for the pellets containing 1% and 3% Pd, the
amount of dissolved U(VI) decreases with increasing H, pressure.
It is also obvious that the magnitude of the reduction in amount
of dissolved U(VI) increases with increasing Pd concentration.
The H,0, consumption also increases with increasing H, pressure
for the Pd containing pellets. The magnitude of this relative change
is, however, much smaller than for the dissolution of U(VI). Indeed,
the processes described above (Pd catalyzed reaction between
H,0, and H, and Pd catalyzed reaction between H, and
UO%*(aq)) could account for some of these changes. The Pd cata-
lyzed reaction between H,0, and H, would, however, only reduce
the rate of oxidation marginally as this rate depends on the H,0,
concentration and the accessible UO, surface area [24]. It should
be stressed that while the H,0, consumption increases by a factor
of two (3% Pd) when going from N, to 40 bar H,, the U(VI) dissolu-
tion is reduced by almost three orders of magnitude. The rate of
oxidation is given by 1,y = kox| H202]SA(UO,) regardless of compet-
ing reactions. Competing reactions (e.g., Pd catalyzed reaction be-
tween H, and H,0;) will only influence the H,0, concentration.
For the pellet containing 3% Pd the final H,O, concentration is
1.7 mM when using N, and 1.4 mM at 40 bar H,. Consequently,
the rate of oxidation cannot be more than 20% higher in the first
case and competing reactions consuming H,0O, cannot explain
the dramatic reduction in U(VI) dissolution. The increasing H,0,
consumption with increasing H, pressure for the pellets containing
1% and 3% Pd can be quantitatively attributed to the Pd catalyzed

40
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20

[UVD] / uM

*

0 05 1 15 2 25 3 35
Fraction of Pd (%)

Fig. 1. Concentration of dissolved U(VI) after 50 min under N, atmosphere as a
function of relative surface coverage of Pd.

reaction between H,0, and H,. Taking the solid phase or surface
reduction into account, the rate of oxidative UO, dissolution can
be described by Eq. (6) [17].

T'diss = T'ox — kHZ [Hz]grel, (6)

where ryiss i the dissolution rate, 1,y is the oxidation rate (i.e., the
rate of oxidant consumption), ky, is the rate constant for the reac-
tion between H, and the e-particles, [H,] is the concentration of
H, and &, is the fraction of the fuel surface area covered by &-par-
ticles. In Fig. 2, the ratio of the uranium dissolution rate in the pres-
ence of various concentrations of H, (rgiss) compared to the
dissolution rate in the absence of Hy (rqiss = I'ox) iS plotted against
the fraction of the surface area covered by Pd-particles (%) multi-
plied by the H, pressure.

As can be seen the rate of dissolution drops rapidly with
increasing surface fraction of Pd (from 0% to 1% and 3%) in combi-
nation with increasing H, pressure. It is interesting to note that the
inhibiting effect of H, remains even when the pellet is no longer
exposed to H,. Performing several consecutive experiments with-
out H, after initial exposure to H, shows that the effect gradually
decreases and that vacuum treatment enhances the recovery of
the pellet. This behaviour is illustrated in Fig. 3.

Judging from Fig. 2 the oxidative dissolution process appears to
become completely inhibited. Interestingly, the pellet containing
1% Pd appears to require a higher value of ¢ x pH, for complete
inhibition than the pellet containing 3% Pd. Using Eq. (6) we can
estimate the rate constant for the solid phase or surface reduction
process from the value of € x pH, where dissolution is cancelled.
At this point the rate constant can be calculated from the following
expression:

* 0%
= 0.1%
1.1 X A 1%
% 3%
o9 ™
L]
807 =
=, .
£
=" 05 .
]
0.3
A
A
0.1 x
A
x A ox_
-0.1
-10 10 30 50 70 90 110 130

€ x pH, (bar)

Fig. 2. Ratio between rate of uranium dissolution and rate of UO, oxidation (oxi-
dant consumption) plotted against the relative surface area of Pd multiplied by the
H, partial pressure (the dashed line represents rgiss = 0).
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Fig. 3. Concentration of dissolved U(VI) after 50 min for four consecutive exper-
iments under (1) N, atmosphere, (2) 40 bar H,, (3) under N, atmosphere and (4)

under N, atmosphere after vacuum treatment.

Tox
kHz Erel [HZ] ' (7)
From the data in Table 2, the solubility of H, and the total surface
area of the pellet we obtain values of 4x 10 ’ms™! and
7 x 10~® m s~ for the pellets containing 1% and 3% Pd, respectively.
The diffusion controlled rate constant for this system is expected to
be in the order of 10~® m s~! [13]. Hence, the inhibiting reaction ap-
pears to be close to diffusion controlled. The slight difference in
estimated rate constant between the two pellets may in fact have
some relevance. In the pellet containing lower amount of Pd, every
Pd particle must catalyze the solid phase or surface reduction for a
larger UO, surface area than in the pellet containing higher amount
of Pd. The electrical conductivity may then become a limiting factor
causing the apparent difference in rate constant as proposed by
Broczkowski et al. [23].

These results clearly demonstrate that the previously proposed
mechanism for noble metal particle catalyzed H, inhibition of radi-
ation induced dissolution of spent nuclear fuel appears to be cor-
rect and that the kinetics is virtually diffusion controlled. This is
further evidenced by the use of this mechanism and the diffusion
controlled rate constant when simulating (using the steady-state
approach) the dynamics of a spent fuel dissolution experiment per-
formed in a closed system taking radiolytic production of H, into

account [18]. The dynamics of the system is very well reproduced
by the simulation.
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