ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of Nuclear Materials 375 (2008) 331-339

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

Modelling of time resolved and long contact time dissolution studies
of spent nuclear fuel in 10 mM carbonate solution — A
comparison between two different models and experimental data

Trygve E. Eriksen?®, Mats Jonsson ®*, Juan Merino °

#School of Chemical Science and Engineering, Nuclear Chemistry, Royal Institute of Technology, SE-100 44 Stockholm, Sweden
® Enviros Spain S.L., Pg. de Rubi, 29-31, E-08197 Valldoreix, Spain

Received 15 November 2007; accepted 18 December 2007

Abstract

Using two different models, radiation induced dissolution of spent UO, fuel has been simulated. One of the models is conventional
homogeneous radiolysis simulations where two different geometrical constraints were used and the second model is the recently devel-
oped steady-state model. The results of the simulations are compared to each other and to experimental results from spent fuel leaching
experiments performed in carbonate containing aqueous solution under Ar-atmosphere. The influence of radiolytically produced H, is
incorporated (on the basis of a recently suggested mechanism) in both models and this reproduces the experimentally observed inhibition
of spent fuel dissolution fairly well. The conventional radiolysis model reproduces the experimental concentrations of the radiolysis prod-
ucts H, and O, very well while it fails to reproduce the experimental H,O, concentration. The reasons for this are discussed. The general
trend in uranium concentration as a function of time is reproduced by both the conventional radiolysis model and the steady-state model.
The conventional radiolysis model (in which the radiation dose is homogeneously distributed in the whole liquid volume) underestimates
the uranium concentration while the steady-state model, which represents the worst case scenario, overestimates the concentrations to
some extent. When applying the conventional radiolysis model, assuming that all the radiation energy is deposited within 40 pm from the
fuel surface, the uranium concentrations during the initial part of the experiments are reproduced quantitatively. The differences between

the models and the applicability of the models are discussed in some detail.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

A key parameter in performance assessment models for
permanent disposal of nuclear fuel is the source term for
release of radionuclides from the fuel matrix. In the
U(IV) state uranium is extremely insoluble and significant
release of radionuclides would only be expected in the
presence of oxidants able to sustain oxidation of the
UO,-matrix.

Irradiated fuel contains o, f and y emitting radionuc-
lides and water in contact with the fuel surface will
unavoidably be radiolysed by a field of mixed radiation.
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The water radiolysis produces equivalent amounts of oxi-
dising and reducing radical and molecular species.

In a research programme, started 1995, the mass balance
of radiolytically produced oxidants and reductants, (dis-
solved) released uranium, actinides and fission products
has been studied. The experiments were carried out with
fragments of irradiated fuel in carbonate and chloride con-
taining solution in closed systems with Ar-gas head space.

The programme encompasses time resolved and long
contact time experiments of 10-40 days and 1-3 years
duration, respectively.

Experimental data and chemical modelling are pre-
sented in several reports [1-4] and publications [5,6].

The data from oxygen and hydrogen analysis of the gas
phase and hydrogen peroxide analysis of the aqueous phase
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indicate steady-state conditions for radiolytically formed
oxidants and reductants and the concentrations of fission
products and actinides were, within the experimental
uncertainties, found to be constant within the time interval
400-900 days. The experimental data indicate that the oxi-
dative dissolution of the fuel fragments, although the con-
centrations of the oxidative radiolysis products (H,O,, O,)
remained constant, was suppressed.

Radiolytic modelling of the 10 mM carbonate system
encompassing catalytic H,O, decomposition and oxidation
of the fuel matrix by H»,O, yielded reasonable agreement
between calculated and measured concentrations of H,,
O, and H,0, for the time resolved experiments but under-
estimated the initial uranium concentration [4]. Steady-
state conditions were not reached in the calculations within
the 900 days experimental time period.

A few dissolution and electrochemical experiments have
been published demonstrating the suppression of fuel oxi-
dation by H; in a radiation field [7-9,25].

Rollin et al. [7] studied the dissolution of spent UO, fuel
in 10 mM NaCl solution under reducing (H;), anoxic (Ar)
and oxidising (20% O,, 80% Ar) conditions. Whereas the
rates of dissolution in (Ar) and (20% O, 80% Ar) saturated
solutions were not found to differ significantly the rate of
dissolution in the H, saturated solutions was found to
decrease by up to four orders of magnitude.

King et al. [8] studied the effect of y-radiation on the cor-
rosion potential E.., of UO, in 0.1 M NaCl solution at
5 MPa overpressure of either H, or Ar. In the absence of
radiation no significant difference was observed in the
steady-state E.,., of UO, measured at Ar or H, overpres-
sure. However, in the presence of radiation (11.3-
15.9 Gy h™!) H, was found to have two effects on the oxi-
dation of UO,(s). Not only did H, suppress the oxidation
of UOy(s) by radiolytic oxidants but it also produced more
reducing conditions than observed with H, and Ar in the
absence of radiation. The rationale for this is most proba-
bly the conversion of oxidising hydroxyl radicals into
reducing hydrogen atoms.

Broczkowski et al. [9,25] studied electrochemically the
effect of H, on the corrosion potential in 0.1 M KCI of two
1.5 at.% SIMFUEL electrodes, one with and one without
incorporated e-particles (fission products forming noble
metal particles). Using a 5% H»/95% Ar mixture E,, for
the e-particle containing SIMFUEL was found to be pres-
sure dependent over the total pressure range 0-0.21 MPa.
In the absence of ¢-particles no substantial change in corro-
sion potential was observed in solutions saturated with the
H, containing gas mixture or Ar. The corrosion potential
of the electrode with ¢-particles was clearly lowered in solu-
tion saturated with the H, containing gas mixture.

The proposed explanation is a catalytic H,-dissociation
reaction on these particles which act as galvanic anodes
within the fuel matrix and reduces oxidised uranium. The
net effect would be recombination of H,O, and H, to H,O.

Kinetic studies have shown that the recombination of
H,0, and H, on noble metal particles is a virtually diffu-

sion controlled process [10]. However, since the surface
area covered by noble metal particles is expected to be in
the order of 1% or less, this reaction alone would not be
able to compete efficiently with the reaction between
H,0, and UO,. Noble metal particles have also been
shown to catalyze the reduction of UO%+ (aq) by H, effi-
ciently (diffusion controlled) [11]. Very recent kinetic stud-
ies show that this process also occurs in the solid phase [12].
The impact of the latter process on the overall kinetics of
spent nuclear fuel dissolution is more substantial and fairly
low concentrations of H, are expected to be sufficient to
completely stop the oxidative dissolution [13]. The pro-
cesses of oxidative dissolution and noble metal particle cat-
alyzed inhibition by H, are summarized in Scheme 1.

In recent years, several papers dealing with the kinetics
of the elementary processes involved in oxidative dissolu-
tion of UO, have been published [14,15]. This type of data
opens up new possibilities for modelling of spent nuclear
fuel dissolution on the basis of mechanistic and kinetic
knowledge rather than empirical relationships.

We here report modelling of experimental data from
time resolved and long time experiments with 2-4 mm par-
ticles of spent fuel in 10 mM carbonate solution taking into
account the effect of carbonate on the dissolution of oxi-
dised fuel and a catalytic reaction between H, and e-parti-
cles. Two types of models are employed. The first model is
conventional simulation of radiolysis in a homogeneous
system and the second model is a simplified steady-state
approach which has recently been developed [13,16,17].

2. Experimental

All experiments were carried out in 60cm’ glass
ampoules containing 2-4 mm diameter fragments of irradi-
ated fuel, 30 cm® deoxygenated Ar-saturated 10 mM HCO;
solution (pH ~ 8) with Ar and 30 cm® head space (Ar).

The time resolved experiments were carried out with 2 g
fragments from PWR-reference fuel Ringhals DO-7-S14 in
a glass ampoule fitted to a gas sensor chamber. The gas
phase was at time intervals analysed for H, and O, using
Orbisphere detectors. The solution was analysed for
H,0, by means of a chemiluminescence method and for

U0,(CO3),*™(aq) +nH*

2H* H,

R n HCO35 20H" H,0,
- VR
U(Vh*<——— uav)

Scheme 1. Elementary processes involved in radiation induced oxidative
dissolution of spent nuclear fuel.
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actinides and fission products by ICP-MS. The uranium
concentration was also measured by laser fluorimetry.
Details of the experimental set up and analyses are given
in Eriksen et al. [S] and Bruno et al. [2].

The long contact time experiments were carried out with
1 g fragments from Tvalivsstaven 33-25046 in closed
ampoules with breakable membranes. At the end of the
experiment the ampoule was connected to a gas sampling
system and the membrane broken.

The H, and O, concentrations were measured by mass
spectrometry. The solution analyses at the end of the exper-
iments were carried out as in the time resolved experiments.

The time scale was <40 days and 900 days for the time
resolved and long contact time experiments, respectively.

3. Modelling
3.1. The steady-state model

On the basis of the kinetics for the elementary processes
involved in radiation induced oxidative dissolution of spent
nuclear fuel in aqueous solution the relative impact of the
different radiolytic oxidants has been assessed [18]. This
study shows that, under deep repository conditions, H,O,
is by far the most important oxidant in the system. Numer-
ical simulations of the H,O, concentration profile evolu-
tion with time in the vicinity of a spent nuclear fuel
surface (taking the distance dependent production of
H,0,, the surface reaction between H,O, and UO, and
the diffusion of H,0O, into account) show that the surface
concentration of H,O, fairly rapidly approaches a steady-
state value [16,17]. The steady-state concentration corre-
sponds to the system steady-state, i.e. the concentration
at which the production of H,O, from radiolysis is bal-
anced by the consumption of H,O, in the surface reaction
with UO,. Consequently, the rate of UO, oxidation will
rapidly approach a constant value given by the dose rate
(i.e. rate of H,O, production). The rate of H,O, consump-
tion on the UO, surface is given by the following equation:

Xmax

D(x) x p x G(H,0,)dx, (1)
x=0

'H,0, =

where D(x) is the dose rate at distance x from the fuel sur-
face, p is the density of water and G( H,O,) is the radiation
chemical yield for H,O,. The dose distribution for spent
nuclear fuel is dominated by o- and B-radiation. Further-
more, the oxidation yield for H,O; is approximately 80%
(i.e. 80% of the H>O, is consumed by oxidation of UO,
while the remaining 20% is catalytically decomposed on
the UO, surface) [19]. Taking these factors into account,
the rate of UO, (fuel matrix) oxidation can be calculated
from the following equation:

Fox = 0.8 (I"HZO2 (a)émax(a) + 'H,0, (B)émax(B)) 5 (2)

where 7 is the average H,O, production rate (Eq. (1)) and 6
is the maximum range of the radiation.

Comparison to experimental data on spent nuclear fuel
dissolution shows that the steady-state model gives surpris-
ingly good agreement with the experimental data [20].

The combined effect of H, and ¢-particles can also be
accounted for in the steady-state model. In general, the &-
particle catalyzed reduction of oxidised UO, on the fuel
surface competes with dissolution of the oxidised UO,
(Scheme 1). In a system where the HCO; concentration
is higher than 1 mM, the rate limiting step is oxidation of
UO,. Consequently, the rate of dissolution can be
described by the following equation:

Fdiss = Vox — kH2 [HZ]greb (3)

where rg; 1s the dissolution rate, r.y is the oxidation rate,
ku, 1s the rate constant for the reaction between H, and the
e-particles, [H,] is the concentration of H, and ¢ is the
fraction of the fuel surface area covered by e-particles.

3.2. Conventional simulation of radiolysis in a homogeneous
system

3.2.1. Dose rates

The o and B dose rate distributions in solution are calcu-
lated for both sets of experiments, based on the fuel inven-
tories as given by OrigenArp 2.00 calculations carried out
at Hot Cell Laboratory, Studsvik AB. Details of the
method used are given in Cera et al. [4].

In the radiolysis calculation we have chosen to treat the
bulk volume of solution as irradiated, i.e. to average the o
and B doses within the total volume. The y-radiation is
neglected in the calculations.

3.3. Radiation chemical yields

The radiation chemical yields of primary species used in
the modelling are given in Table 1.

3.4. Radiation induced reactions

The calculations are carried out using the computer code
Maksima Chemist [21] and the radiolytic reaction scheme
(reactions 1-55) given in Table 2a.

The surface reactions (56-59) are, due to the limitations
of the computer code, written as homogeneous reactions.

Table 1
Primary yields of products (mol J™1) x 107 formed upon radiolysis of
water

Species B ol

H,O —4.30 —2.87
H, 0.45 1.30
H,0, 0.75 0.985
e 2.8 0.06
H 0.6 0.21
OH 2.8 0.24
H" 2.8 0.06
HO, . 0.22
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Radiolytic reaction scheme

Table 2b
Surface reactions

1 -1

No. Reactants Products Rate constant (M~ " s
1  OH +OW H,0, 5.500 x 10°
2 OH +eg OH™ 3.000 x 10"
3 OH+H H,0 7.000 x 10°
4  OH +0y OH™ + 0, 1.000 x 10'°
5  OH +HO; 0,+ H,0 6.000 x 10°
6  OH +H,0, H,0 +0; +H" 2.700 x 107
7  OH+H, H,0+H 4.000 x 107
8  OH +HO; HO, + OH~ 7.500 x 10°
9 eyt OH +OH +H,  5.500 x 10°
10 ey +H OH +H, 2.000 x 10'°
11 ey +HO HO; 2.000 x 10'°
12 e, +05 HO, + OH™ 1.200 x 10'°
13 e +H0, OH + OH™ 1.600 x 10"
14 e +H" H 2.200 x 10"
15 eyqtO; 0y 1.200 x 10'°
16 e +H)O H' +OH~ 2.000 x 10'
17 H+H H, 1.000 x 10'°
18 H +HO; H,0, 2.000 x 10'°
19 H+0;5 HO; 2.000 x 10'°
20 H'+H0, OH' + H,0 6.000 x 107
21 H+OH" ¢, + H20 2.000 x 107
2 H+O0, 0, +H* 2.000 x 10'°
23 HO, 0y +H' 8.000 x 10°
24 HO; +HO; 0,+H,0, 7.500 x 10°
25  HO; + 05 0, + HO; 8.500 x 107
26 Oy +HF HO, 5.000 x 10'°
27 H,0,+OH- HO; + H,0 5.000 x 10°
28 HO; +H,0 H,0,+ OH™ 5.735 x 10*
29  H,0 H"+OH" 2.599 x 107>
30 HT+OH- H,0 1.430 x 10"
31 COx+ H,0 HCO; + H* 2.000 x 10°
32 HCO; +H' CO, + H,0 5.000 x 10'°
33 HCOj COj +H' 2.000

34 COF +H' HCO;3 5.000 x 10'°
35 COp+ep, COy” 7.700 x 10°
36 COY +ey CO; +OH +OH™  3.900 x 10°
37 HCO;j +H COy +H, 4.400 x 10°
33 OH +HCO;  COy +H,0 8.500 x 10°
39 OH' +CO3~ COy +OH~ 3.900 x 10°
40 COy +COy CO;™ +CO;, 7.000 x 10°
41 CO; +H0 CO, +HO; +OH™  2.000 x 107"
42 COy +H,0,  CO} +HO,+H" 8000 x 10°
43 COy +HO; CO; +05 +HT 1.000 x 10’
4 COy +05 CO;™ +0, 6.005 x 10*
45 COy +COy CO;™ +CO, 3.000 x 10°
46 COy +ey HCOO + OH~ 9.000 x 10°
47  COy +COy G0} 5.000 x 10°
48 COy +H,0, CO,+OH'+OH  6.000 x 10°
49  COy +0, CO, + 05 2.000 x 10°
50 COy; +HCO;  COy +HCOO™ 2.000 x 10°
51  COy +HCOO™ HCO; + COy 1.500 x 10°
52 OH +HCOO~ COjy +H,0 3.200 x 10°
53  H'+HCOO~  COy; +H, 2.100 x 10°
54 e, +HCOO™  COy —H'+H, 8.000 x 10°
55 OH + G0 COy +CO, +OH™  4.000 x 107

The conversion is achieved by assuming that the number of
sites in a monomolecular layer on the surface is dissolved in
the solution volume. The site density is taken to be
2.74 x 10~* mol m 2 [22]. The rate constants are calculated
from 7.3 x 10~%m s~! [15] for the reaction between >UO,
and H,O,and assuming the reaction between H, and ¢-par-

No. Reactants Products Rate constant
M~'s™h

56  H,0,+>UO, UO3" (surf) +20H™  2.700 x 10~

57 UO3'(surf) + HCO;  UO,CO; (aq) + HY  Varied

58 H,+e e—2e +2H" 3.700

59 UO3'(surf) +e—2 >UO,+e Fast

Table 2¢

Gas/solution distribution of the radiolysis products O, and H,

No. Reactants Products Rate constant (M~'s™!)
60 Os(sol) 0,(gas) 1.000 x 1073
61 H(sol) H,(gas) 1.000 x 1073
62 O,(gas) O,(sol) 3.137 x 1073
63 Hy(gas) H,(sol) 1.900 x 1073

ticles to be diffusion controlled (~10~°m s™"). The corre-
sponding converted rate constants used in the assumed
homogeneous system are 0.27 and 3.7M 's™!, respec-
tively. The surface reactions are summarized in Table 2b.
It should be pointed out that the site density used in the
conversion does not influence the simulations since both
the available surface area and the rate constants are con-
verted using this number (when combined in the rate
expression they cancel each other).

Whereas the rate constant for carbonate complexation
with UO%*(surf) according to Merino et al. [23], based on
experimental data by de Pablo and coworkers, is
5.00 x 1072 M~ 's7!. Hossain et al. [15] have found the
reaction to be diffusion controlled, i.e. k(57) ~ 3.7 M s .
The latter rate constant 3.7 was used in the calculations,
with the exception for data shown in Fig. 5.

The gas/solution distribution of the radiolysis products
O, and H, are given by reactions 60-63 in Table 2c.

The ratio between the back reaction rates k(62,63) and
the forward reaction rates k(60,61) is given by the follow-
ing equation:

kb o V5ol

k_ - V gas
r Vol + 3k

4)

The solubility in water, K, is 0.85 and 1.4 mM for H, and
O,, respectively [24].

4. Results and discussion

The concentrations of radiolytically produced H, and
O, in the time resolved and long contact time experiments
as a function of time are shown in Figs. 1 and 2, respec-
tively. The corresponding data obtained from radiolytic
simulations, taking 1% noble metal particle surface cover-
age into account, are also included in the plots. The two
simulation lines describe the time resolved and long contact
time experiments, respectively. The experimental condi-
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Fig. 1. Experimental and calculated hydrogen concentrations in solution plotted as function of time. Radiolysis simulations including surface reactions

with 1% surface coverage of noble metal particles.
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Fig. 2. Experimental and calculated oxygen concentrations in solution plotted as function of time. Radiolysis simulations including surface reactions with

1% surface coverage of noble metal particles.

tions (dose rate and amount of fuel) are slightly different
for the two sets of experiments.

As can be seen the calculated H, concentration—time plot
is in good agreement with the experimental data. The calcu-
lated O, concentration—time plot displays somewhat higher
concentrations than the experimentally measured ones over
the whole time period studied.

The H,0, and U concentrations from the same experi-
ments are plotted versus time in Figs. 3 and 4, respectively.
The uranium concentrations are corrected for sample vol-
umes removed for analysis.

Experiment 7.40.1 was the first with the fuel fragments
used in the time resolved series and instant uranium release
from a partially preoxidised fuel surface was observed.

The radiolytic simulations clearly give too high H,O,
concentration and initially too low U concentration in
the solution. For comparison, the experimental U
concentrations after one day and for the long term experi-
ments are given in Table 3 along with the corresponding
values obtained in the simulations.

The rate of UO, oxidation by H,O, is underestimated in
the calculations which will render slightly too high O,con-
centrations in the solution as O, production becomes the
major pathway for H,O, consumption.

These differences can be explained by the dose distribu-
tions for o- and B-radiation in the solution. Whereas the
range of B is 3-5 mm in water the o-energy is absorbed
within 40 um from the fuel surface and the dose rate and
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Fig. 3. Experimental and calculated hydrogen peroxide concentrations in solution plotted as function of time. Radiolysis simulations including surface

reactions with 1% surface coverage of noble metal particles.
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Fig. 4. Experimental and calculated uranium concentrations in bulk solution plotted as function of time. Modelling based on average dose rates in bulk
solution, 40 pm layer of solution in contact with the fuel surface and steady-state hydrogen peroxide concentration, respectively.

radiolytic yields of the primary molecular products H, and
H,0, close to the particle surface are much higher than the
volume averaged molecular yields and dose rates used in
the simulations.

Using the o and B dose rates within 40 pm distance from
the particle surface, the radiation field averaged G-values,
the reaction scheme given in Table 1 and taking into

account the diffusion of molecular species out of the o—f
irradiated volume we have calculated the initial rate of oxi-
dation of the UO»-surface by H>O,.

The diffusion is estimated using the following equation:

dC_AxD _dC

@ v S dx (5)
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Table 3

Measured and calculated uranium concentrations (M) in 30 cm™> bulk solution

Time (days) Uranium concentration (M)

Exp. Radiolysis model Steady-state model 40 pm water layer
TR LT TR LT TR
1 2+13)x10°° 1.12 x 1077 3.98 x 1078 5.65% 107° 2.83x 107 1.47 x 107°
398 1.34 x 107* 8.0 x 1073 525 %107 1.54 x 1073 7.68 x 107
759 1.48 x 107* 1.42 x 1074 1.1 x 107 1.76 x 1073 8.82 x 107*

Modelling based on radiolysis, steady-state (H,O,) concentration and 40 pm innermost water layer approach.

TR, time resolved; LT, long contact time.

where C is the concentration; D is the diffusion constant; 4
is the spent fuel particle surface area; V is the irradiated
volume; x is the thickness of the irradiated water layer.

The initial rate of UO, release taking the dose distribu-
tion in close proximity to the fuel surface into account is
also included in Fig. 4.

As can be seen the calculated initial rate of oxidation ties
well in with the experimental data clearly demonstrating
the importance of the H>,O, concentration in the innermost
water layer.

In the work underlying the steady-state approach, the
H,0, concentration profile as a function of time was sim-
ulated [16,17]. The resulting profiles clearly show that dif-
fusion out of the irradiated volume rapidly becomes of
minor importance. When averaging the dose in the whole
volume in the conventional radiolysis calculations, diffu-
sion is in practice highly overestimated as all the radiolysis
products instantly become homogeneously distributed in
the system. In this case, the H,O, concentration at the sur-
face is underestimated.

Uranium concentrations in solution calculated using the
steady-state approach, taking 1% noble metal particle sur-
face coverage into account, for the time resolved and long
contact time experiments are also plotted in Fig. 4. The cal-
culated concentrations are somewhat too high but follow
nicely the time dependence of the experimental data. As
pointed out above, the steady-state approach gives the
maximum dissolution rate. The steady-state surface con-
centration of H,O, is assumed to be reached instantly in
the simulation. In reality, however, some time is required
before surface steady-state is reached. The initial increase
in uranium concentration is therefore somewhat lower than
expected from the simulation. For longer times, the rate of
dissolution obtained from the simulation is in good agree-
ment with the experimental results.

The relative importance of radicals in radiation induced
oxidative dissolution of spent nuclear fuel has been dis-
cussed for several decades. In the recent study mentioned
above, the relative importance of oxidative radiolysis prod-
ucts was assessed. The results clearly showed that radicals
such as OH" and CO; are of minor importance [19]. In
the two models used in this work, the only oxidant
accounted for in the process of UO, oxidation is H,O,.
The assessment is indeed supported by the good agreement

between the model results and experimental results both in
terms of absolute uranium concentrations and rate of dis-
solution. Numerical simulations of homogeneous radiation
chemistry in aqueous solution also show that radical-radi-
cal reactions involving short-lived radicals are of no impor-
tance for the overall water chemistry under deep repository
conditions. The reason for this is that the radical concen-
trations are very low at the dose rates and radiation chem-
ical yields (G-values) of relevance. This also explains why
the radiolytical simulation, where the dose is averaged over
the whole liquid volume, reproduces the H, and O, concen-
trations quite accurately. This would not be the case if rad-
ical-radical reactions were of significance, as the total
amount of the radiolysis products would depend on the
actual volume in which the radiation energy is deposited.
Consequently, radical-radical reactions for short-lived rad-
icals can be omitted when simulating radiation chemistry
for a deep repository.

The large discrepancy between the reported values for
HCOj facilitated dissolution of UO%+ is a potential prob-
lem. However, when a system containing high concentra-
tions of HCO; has reached steady-state this discrepancy
will be of minor importance for a system. The simulations
show that the overall behaviour is not affected by the rate
constant of this reaction. The main rationale for this is that
the surface coverage of UO%+ is extremely low (Fig. 5).

As can be seen in Fig. 5, the time after which the H,
inhibition mechanism becomes faster than the HCO; facil-
itated dissolution of UO3" is virtually the same for both
rate constants.

When included in the simulations, the noble metal parti-
cle catalyzed H, inhibition mechanism and the rate con-
stants determined from simple model systems fully account
for the experimentally observed results, i.e. the initial rate
of dissolution and the fact that the process is completely
inhibited after approximately 500 days. Consequently, the
mechanism outlined in Scheme 1 appears to be sufficient to
describe radiation induced dissolution of spent nuclear fuel
under the conditions used in the present experiments. The
magnitude of the H,-effect under the expected deep reposi-
tory conditions (i.e. higher H, concentrations due to anoxic
corrosion of iron) has recently been published [13].

Both methods used in this paper reproduce the experi-
mental results fairly accurately. The steady-state approach
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Fig. 5. Effect of rate constant for HCOJ facilitated dissolution of oxidised fuel surface (reaction 57) on the concentration of UO%+ (surf).

has the advantage of being very simple and can be used for
fast and sufficiently accurate simulations. To improve the
quality of the simulations methods fully accounting for
the system heterogeneity must be used. Considering the
complexity of the systems of relevance, such simulations
would probably not improve the quality and reliability of
the safety analysis significantly.

5. Conclusions

The two methods used in this work (conventional radi-
olysis modelling and the steady-state approach) reproduce
the experimental uranium dissolution data fairly accurately
when the noble metal particle catalyzed H, reduction pro-
cess is incorporated. The conventional radiolysis model
underestimates the uranium concentrations while the
steady-state approach overestimates the uranium concen-
trations. The difference in the results is attributed to com-
pletely different treatment of H,O, diffusion.

Conventional radiolysis modelling also reproduces the
concentrations of the molecular radiolysis products H,
and O, with high accuracy. The good agreement between
the simulations and the spent nuclear fuel leaching data
supports the previously suggested mechanism for H, inhi-
bition and the previously found low impact of short-lived
radicals on the process of spent nuclear fuel dissolution.
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