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In order to elucidate the effect of noble metal clusters in spent nuclear fuel on the kinetics of radiation
induced spent fuel dissolution we have used Pd particle doped UO, pellets. The catalytic effect of Pd par-
ticles on the kinetics of radiation induced dissolution of UO, during y-irradiation in HCO; containing
solutions purged with N, and H, was studied in this work. Four pellets with Pd concentrations of 0%,
0.1%, 1% and 3% were produced to mimic spent nuclear fuel. The pellets were placed in 10 mM HCO;
aqueous solutions and vy-irradiated, and the dissolution of UO%+ was measured spectrophotometrically
as a function of time. Under N, atmosphere, 3% Pd prevent the dissolution of uranium by reduction with
the radiolytically produced H,, while the other pellets show a rate of dissolution of around
1.6 x 10~° mol m~2 s~'. Under H, atmosphere already 0.1% Pd effectively prevents the dissolution of ura-
nium, while the rate of dissolution for the pellet without Pd is 1.4 x 10~® mol m~2 s~ . It is also shown in
experiments without radiation in aqueous solutions containing H,0, and O, that e-particles catalyze the
oxidation of the UO, matrix by these molecular oxidants, and that the kinetics of the catalyzed reactions

is close to diffusion controlled.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Highly radioactive spent nuclear fuel is one of the major draw-
backs of nuclear power. Many countries are planning to store the
spent nuclear fuel in geological repositories with multiple barriers
keeping the groundwater from reaching the fuel and, in case of bar-
rier failure, radionuclides from reaching the biosphere. In UO,
based fuel, more than 95% of the spent nuclear fuel still consists
of UO,. The UO, matrix is considered to be the innermost barrier
of the repository system, due to its low solubility in reducing
groundwater [1,2]. However, the radioactivity of the spent fuel
leads to radiolysis of water, producing redox-active radical and
molecular species. In HCO; containing groundwater, the surface
accessible to oxidants is significantly larger than the surface acces-
sible to reductants, due to low steady-state concentration of U(VI)
on the fuel surface. Hence, the oxidative species will have the high-
est impact in this system. The net effect will be oxidation of UO, to
the more soluble UO%*. Thus, radiolysis triggers oxidative dissolu-
tion of the fuel matrix. The basic mechanism can be seen in reac-
tions (1) and (2):

U0y + Ox — U053, + Red (1)
Uo3;,, — U03 ), (2)

The formation of complexes between uranyl and HCO; enhances
the dissolution of UO2" even further [3-7]. Oxidative dissolution of
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both UO, and spent nuclear fuel has been extensively studied [8,9].
Mechanistic conclusions are difficult to draw from experiments on
spent nuclear fuel, due to its inherent complexity. Therefore pure
UO, systems have been used to quantitatively and qualitatively elu-
cidate the elementary processes involved. The rate constants for
reactions between oxidants in solution and solid UO, as well as dis-
solution of oxidized UO, in systems with and without HCO; have
been determined [10-14]. Using kinetic data and numerical simula-
tions of radiolysis in aqueous solution, the relative impact of the dif-
ferent oxidants has been determined and verified by well controlled
experiments on radiation induced oxidative dissolution of UO, [15].
The studies show that the only oxidant that has to be considered
under deep repository conditions in granitic groundwater is H,0,.

It has been shown that H; has a considerable inhibiting effect on
the dissolution of spent nuclear fuel [16,17]. In a deep repository
H, is expected to be produced from anaerobic corrosion of the iron
part of the canister used to contain the spent nuclear fuel (reaction
(3)) and from radiolysis of water,

3Fe + 4H,0 — Fe;0,4 + 4H, (3)

In general, there are two possible pathways for H, to decrease
the dissolution rate, by consuming oxidants in competition with
UO, and by reduction of oxidized UO,, reactions (4) and (5),

Ox + H, — Red + 2H* (4)
H, + UO3" — UO, +2H" (5)

Reaction (5) can take place in solution and on the surface.
Reduction by H, usually requires a catalyst. Previous studies have


mailto:mtrummer@kth.se
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat

M. Trummer et al. /Journal of Nuclear Materials 383 (2009) 226-230 227

shown that uranium dioxide has no catalytic effect on the decom-
position of hydrogen peroxide in the presence of H, [18]. However,
spent nuclear fuel contains nanometer sized clusters of noble me-
tal fission products (Mo, Ru, Tc, Rh, Pd and Te), often referred to as
e-particles [19]. Pd has been used experimentally as a substitute
for e-particles and has been shown to have a catalytic effect on
the reduction by H,. This includes both reduction of H,O, and
uo3;,, [18,201.

These processes could indeed partly account for reduced oxida-
tive dissolution of the UO, matrix. However, considering the
amount of fission products in spent nuclear fuel, the Pd catalyzed
reaction between H,0, and H, cannot compete with the reaction
between UO, and H,0,. With the surface area ratio between UO,
and noble metal particles being around 100, the 20 times higher
rate constant for the Pd catalyzed reaction [18] will not be suffi-
cient to inhibit matrix oxidation. Hence, the majority of H,0, will
be consumed by UO,.

The observed inhibition of spent nuclear fuel dissolution in the
presence of H is expressed by reduced dissolution of the redox
sensitive fuel matrix as well as redox insensitive fission products.
The noble metal catalyzed reduction of already dissolved UO2"
cannot be the main factor, since this will not influence the concen-
tration of the redox insensitive species in solution. This implies
that the dissolution of oxidized UO, is inhibited on the surface
of the pellet, i.e., Uoig) is reduced back to UOy, faster than it dis-
solves. This process was originally suggested by Broczkowski et al.
[21].

Recently, experiments using uranium dioxide pellets with vary-
ing concentrations of Pd (0, 0.1, 1 and 3 wt%) in H,0, containing
aqueous solution under N, and H, atmospheres have been carried
out [22]. The results clearly show that the oxidative dissolution of
UO, under H, atmosphere is reduced with increasing amount of Pd
on the surface of the pellet and increasing partial pressure of H,.
The rate constant for the Pd catalyzed U(VI), reduction by H; ap-
pears to be diffusion controlled (~10-® ms™!). It was also qualita-
tively shown that Pd catalyzes the oxidation of UO, by H50,.

In the present paper, we study the dissolution of uranyl from
UO, pellets, doped with 0%, 0.1%, 1% and 3% Pd particles in y-irra-
diated HCO; containing aqueous solutions under N, and H, atmo-
sphere. In addition, the noble metal particle catalyzed oxidation of
UO, by H;0, and O, is quantified.

2. Experimental methods

The depleted uranium dioxide powder used in this study came
from Westinghouse Atom AB. The sodium hydrogen carbonate
solution was prepared with NaHCOs p.a. from Merck and the water
used throughout the experiments was Millipore Milli-Q. The palla-
dium powder with a purity of 99.9+% had an average particle size
of 1.0-1.5 pm and was manufactured by Aldrich. The Arsenazo III
reagent was mixed from p.a. powder from Fluka.

Four UO, pellets with palladium concentrations ranging from 0
to 3 wt% were produced according to the method described in Ref.
[22].

Before irradiation, the pellet was washed overnight in 10 mM
NaHCOs5 solution and then placed in a glass vessel containing
10 mL 10 mM NaHCOs purged with N, or H,, depending on the de-
sired condition. After placing the pellet in the solution, it was again
purged with N, or H, for a few minutes in order to maintain satu-
ration and to minimize the influence of oxygen. The vessel was
then irradiated in a '*’Cs gamma source Gammacell 1000 Elite
from MDS Nordion with a dose rate of 0.15Gy s~ ' (determined
using Fricke dosimetry [23]). After the desired irradiation time,
the uranyl concentration in solution was measured using the Arse-
nazo III method with a S2000 spectrophotometer from WPA at a

Table 1
Experimental conditions in the y-irradiated experiments

Atmosphere Pd conc. (wt%) Irradiation time (min)
1 N, 0,01,1,3 0, 30, 75, 120, 165
2 H, 0,01,1,3 0, 30, 75, 120, 165

wavelength of 653nm (e is 63000M~!'cm™!) described in
[24,25]. Sample (1.5 mL) was mixed with 40 uL 0.03% Arsenazo
Il reagent and 65 pL 1 M HCL. These steps were repeated for differ-
ent irradiation times for each pellet. The pellet composition and
the experimental conditions can be seen in Table 1.

Background experiments under N, atmosphere were performed
under the same conditions as in the irradiated case and used for
correction. In addition, experiments under O, atmosphere (1 bar)
were performed without irradiation.

3. Results and discussion
3.1. Catalytic effects on the oxidation of UO, by H>0, and O,

As mentioned above, it was recently shown that Pd has a cata-
lytic effect on the oxidation of UO, by H,0, [22]. These experi-
ments were performed in an autoclave using UO, pellets with
different amount of Pd immersed in aqueous solution to which a
controlled amount of H,0, was added. Here, the previous results
are used in order to quantify this effect. The rate of H,O, consump-
tion is plotted versus the fraction of palladium in Fig. 1. As can be
seen, the consumption of H,0, increases with increasing amount
of Pd in the pellet. The rate constant for the Pd catalyzed oxidation
by H,0, can be calculated from the slope ((6.92 +1.52)x
10~ m s ). The diffusion controlled rate constant for this system
is calculated to be on the order of 107® m s~ ! using the theory pre-
sented in Ref. [26]. Hence, this reaction appears to be diffusion con-
trolled. The rate constant for the Pd catalyzed reaction is more than
one order of magnitude higher than the rate constant for the reac-
tion between H,0, and pure UO, (7.3 x 108 m s~! [10]).

The effect of e-particles on the oxidative dissolution of UO, by
0,, and a possible inhibition of the same due to a formation of
an oxide film, has been suggested [9]. The suggested catalytic effect
is supported by SIMFUEL experiments which clearly showed a fas-
ter response of the electrode to O, in the presence of e-particles
[21]. The experiments performed in this work in solutions satu-
rated with O, (1 bar) show that the dissolution of U(VI) increases
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Fig. 1. Consumption of H,0, in N, atmosphere as a function of Pd fraction.
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Fig. 2. Dissolution of uranyl in O, atmosphere for UO, pellets containing 0 wt% ( x),
0.1 wt% (a), 1 wt% (¢), and 3 wt% (O) Pd.

with increasing amount of Pd in the pellet. This indicates that Pd
also catalyzes the oxidation of UO, by O, (Fig. 2). As the experi-
ments were performed under constant O,-pressure, the rate con-
stant can be estimated indirectly based on the measured UO3*
dissolution. The rate expressions for the uncatalyzed and catalyzed
reactions are shown in the following equations:

I = kox[O2], (6)
Toa = Ko €re1[O2], (7)

with ko, (3.88 x 107 °ms~' [15]) and k™ being rate constants for
the oxidation of UO, by O,, with and without Pd as a catalyst pres-
ent, [O,] the concentration of O, and €, the fraction of Pd on the
pellet surface.

The ratio between the U(VI) dissolution rate in the uncatalyzed
case and the total U(VI) dissolution in the catalyzed case is given by
the following equation:

ro kox
T+Tpd ko, + k.
Pd ox T <0x€rel

(8)

By rearranging Eq. (8) into Eq. (9), kgﬂ can be calculated from the
experimentally determined dissolution rates (slopes in Fig. 2) and
the rate constant for the uncatalyzed reaction,

kox [(75) — 1]
€rel '

kow = (9)
The rate constant for this reaction is estimated to be on the order of
107 ms L

In Table 2, the rate constants for oxidation of UO, by H,0, and
0,, the corresponding Pd catalyzed reactions, and the Pd catalyzed
reduction of UO%+ by H, are summarized. It has been shown that
the rate constants for the reactions between UO, and the strongest
oxidants among the water radiolysis products (e.g. OH, CO;) are
diffusion controlled [11]. Hence, Pd or e-particles cannot have a
catalytic effect on these reactions.

3.2. y-radiolysis

The results from the experiments in the gamma source under
N, and H, atmosphere, corrected by subtracting the measured

Table 2
Rate constants for the reactions with H,0,, O, and H,
H,0, (ms™") 0, (ms 1) H, (ms™)
U0,/U05" 73 x 1078 3.88 x 1070 -
U0, /U03" (Pd) (6.92 +1.52) x 1076 ~1077 ~1076
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Fig. 3. Dissolution of uranyl in N, as a function of irradiation time for UO, pellets
containing 0 wt% (x), 0.1 wt% (a), 1 wt% (¢), and 3 wt% (OJ) Pd.

U(VI) concentration in the background experiments under inert
N, atmosphere, are shown in Figs. 3 and 4. It can be seen that
the dissolution of the pure UO, pellet decreases by around 20%
in H, atmosphere compared to N,. The rationale for this is that
H, reacts with radiolysis products (OH"), leading to lower concen-
trations of oxidants and, thereby, to lower rate of UO, matrix
oxidation.

The Pd particles present in the other pellets catalyze the reduc-
tion of UO%@) to UOys) by H; and the oxidation of UO,s) by O, and
H,0,. The rate of dissolution under N, atmosphere lies around
1.6 x 10 molm~2s~! as compared to background experiments
for the pellets containing 0%, 0.1% and 1% Pd, while there is virtu-
ally no dissolution detectable with a Pd content of 3%. In H,, the
rate of dissolution is 1.4 x 1072 mol m~2 s~! for the pellet without
Pd, while there is no dissolution detectable for the pellets contain-
ing Pd. In fact, the rate of dissolution is even lower than in the
background.

The theoretical dissolution rate is given by the following
equation:

T'diss = T'ox — T'red

S pd_ S S
= [oxkox vt > [0X]KoyErel v~ Halkiearar (10)
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Fig. 4. Dissolution of uranyl in H, as a function of irradiation time for UO, pellets
containing 0 wt% (x), 0.1 wt% (a), 1 wt% (¢), and 3 wt% (OJ) Pd.
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Table 3
Dissolution rates in N, background experiments (without irradiation)

N, background (M s™!)

Pellet 0 (28+09)x 1071
Pellet 0.1 (3.2+0.8) x 10~
Pellet 1 (1.7£0.1) x 10 '°
Pellet 3 (41+03)x1071°

with r being the reaction rates for dissolution, oxidation and reduc-
tion respectively, [ox] the oxidant concentration, ko, and kgg the rate
constants for each oxidant, S the surface area of the pellet, V the vol-
ume of the solution, [H;] the concentration of H, in solution and €
the Pd fraction in the pellet.

When calculating the theoretical dissolution rate, the pellet sur-
face area was taken as three times the geometrical surface area
[27]. Oxidant and H, concentrations were obtained by using
numerical simulations (computed by MAKSIMA-Chemist [28]) of
the homogeneous system. The average concentrations during the
simulated irradiation time were used in the calculations. Only oxi-
dation by the molecular oxidants (H,O, and O,) were assumed to
be catalyzed by Pd. In the N, saturated experiments, the radiolyt-
ically produced H; (calculated by MAKSIMA-Chemist) was also ta-
ken into account. The rate constants used came from Table 2 and
Ref. [15].

The results of the calculations are compared to the experimen-
tal values (corrected for background presented in Table 3) and
shown in Table 4. In some cases, the dissolution in the background
experiment exceeds the dissolution during irradiation in the pres-
ence of H,. The net dissolution rates were taken as zero in these
cases as the reduction rate can never exceed the oxidation rate
on a fully reduced surface. In general, the experimentally deter-
mined dissolution rates are higher than expected from the calcula-
tions. However, the trends are reproduced by the calculation. The
ratios between the calculated and the measured dissolution rates,
in case where dissolution was experimentally observed and
calculated, are all around 0.1. Similar experiments with commer-
cially produced pellets show a ratio of 0.5. The difference between
the calculated and the measured values could be attributed to the
plausible presence of U(VI) in the interior of the pellet and to the

Table 4
Comparison between calculated and experimental dissolution rates

Calculated (M s 1) Measured (Ms™!)
N, H, N> H,

Pellet 0 295x10° " 147 x10"" (1.8%#03)x10°'° (1.6+0.3)x 10 '°
Pellet 0.1 1.88 x 107!' (0) (21+03)x1071° =0
Pellet 1 (0) (0) (15+03)x 107° 0
Pellet 3 (0) (0) ~0 0
Table 5
Impact of the different oxidants on UO, oxidation under N, atmosphere

Impact (%)

Pellet O Pellet 0.1 Pellet 1 Pellet 3
H,0, 98.47 41.21 6.61 2.31
H,0, Pd - 56.20 90.15 94.38
H,0, tot 98.47 97.41 96.76 96.69
0, 1.13 0.47 0.08 0.03
0, Pd - 1.95 3.13 3.28
0, tot 1.13 242 3.21 3.31
COo3z 0.38 0.16 0.03 0.01
HO; 0.03 0.01 0.00 0.00

difficulty in determining the pellet surface area. U(VI) present
inside the pellet is not removed by the pre-treatment with HCO;,
but becomes accessible for dissolution when the outer UO, layers
on the pellet surface are oxidatively dissolved.

The relative impact of the different oxidants on the UO, oxida-
tion under N, atmosphere is shown in Table 5. The values were ob-
tained by the following equation:

kox [0X]
> oxkox[0X]

using the calculated oxidant concentrations (MAKSIMA-Chemist)
after 165 min irradiation, and rate constants in Table 2 and Ref. [15].

It can be seen that H,0, is the most important oxidant in all
cases. For the pellet without Pd, almost 99% of the uranyl produced
is due to oxidation by H,0,. With increasing amount of Pd on the
surface of the pellet, the Pd catalyzed reaction between H,0, and
UO, becomes increasingly important. It should, however, be noted
that the total impact of H,O, remains almost constant throughout
the series. As can also be seen, O, becomes more important with
increasing Pd content.

The results of this work clearly demonstrate, that Pd particles
catalyze the oxidation of the UO, matrix by H,0,, and that the
reaction is diffusion controlled. It further shows an increase in
the rate constant for oxidative dissolution of UO, by O, by a factor
of 250 compared to the uncatalyzed reaction. The experiments
during y-irradiation show that under H, atmosphere (1 bar) al-
ready 0.1% Pd completely inhibits the oxidative dissolution of
UO,. In the case of N5, 3% Pd prevent dissolution by reduction with
the radiolytically produced H,. In a previous paper the effect of H,
on the rate of spent nuclear fuel dissolution for fuels of different
age and burn-up was studied [29]. For a fuel age of 100 yr and a
burn-up of 38 MWd kg~! U, 0.1 bar H, was predicted to be suffi-
cient to completely inhibit the dissolution of the spent nuclear fuel
assuming 1% e-particle surface concentration. It was also estimated
that an e-particle surface coverage of only 1 ppm would be suffi-
cient to completely stop the nuclear fuel dissolution at a H, pres-
sure of 40 bar. These predictions are well in line with the
experimental observations presented in this work.

Impact = (11)
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