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Abstract

Literature data on the effect of water radiolysis products on spent fuel
oxidation and dissolution have been reviewed. Effects of y-radiolysis,
a-radiolysis, and dissolved O, or H,0; in unirradiated solutions have been
discussed separately. Also the effect of carbonate in y-irradiated solutions
and radiolysis effects on leaching of spent fuel have been reviewed. In
addition a radiolysis model for calculation of corrosion rates of UO-,
presented previously, has been discussed. The model has been shown to give
a good agreement between calculated and measured corrosion rates in the
case of y-radiolysis and in unirradiated solutions of dissolved oxygen or
hydrogen peroxide. The model has failed to predict the results of o~
radiolysis. In a recent study it was shown that the model gave a good
agreement with measured corrosion rates of spent fuel exposed in deionized
water.
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1 Introduction

The concept of geological disposal of used nuclear fuel in corrosion resistant
containers is being investigated in several countries, including Canada,
Finland, Germany, Spain, Sweden, and U.S.A [1-15]. The purpose of the
disposal concept is to minimize and delay the entry of radionuclides into the
biosphere so that their effects on man and the environment are negligible.
Transport by groundwater is the most likely pathway for radionuclides to
migrate from the used fuel in the disposal vault to the biosphere.

The release rate of radionuclides in the fuel will depend upon the dissolution
rate of the used fuel. Used nuclear fuel is mainly UO, (= 95%), which has a
very low solubility in water under reducing conditions [16,17]. Although
groundwaters are generally reducing at the expected depth of a disposal vault
[18], the redox conditions may be altered because of radiolysis of water by
ionizing radiation associated with the fuel, as the radiolysis of water pro-
duces both oxidants and reductants [19-20]. The importance of radiolysis for
oxidation and dissolution of UO; has been discussed previously [1, 3, 4, 10,
12].

We are developing a kinetic model, based on one proposed by Christensen
and Bjergbakke (CB) [1], to predict the oxidation rates of UO; fuel due to
water radiolysis [11,12]. This model assumes that molecules present in the
surface of the fuel can react with the oxidants and reductants present in a
water layer near the fuel surface. The thickness of this water layer is assumed
to be equivalent to the diffusion path of the radicals formed during radiolysis.

In the present report a review is given of radiolysis effects, including dis-
cussions of the effects of y- and a-radiation, of O, and H,0, (without irra-
diation) and of carbonate. Effects of radiolysis have been noticed in some
studies of spent fuel leaching.
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2 Effect of y-radiolysis

It was shown already in 1981 [21] that the dissolution rates of UO, and U;Os
were increased by y-radiation, when samples were immersed in aqueous
solutions of carbonate (pH 10) or H' (0.1 N H,SOs). At a dose rate of

1 Gy-s' the dissolution rate of UO, in carbonate (pH 10) increased by 2x10°
mg-m~>min” (3.5x10* pg-cm™d™). The dissolution rate increased with
increasing dose rates. A systematic study of the effect of the various water
radiolysis products on UO, oxidation and dissolution has been carried out by
Sunder et al [3, 4, 9-11]. Different scavengers were used to optimize the
production of specific radicals:

7

A solution saturated with N,O favours the formation of OH radicals, as N,O
scavenges hydrated electrons to form OH radicals:

H,O + €', + N2O —» N, + OH + OH ¢))
A solution with mainly O, radicals was obtained by radiolysis of oxygenated

solutions containing either t-butanol, (CH3);COH, or formate ions, HCOO",
as explained in reactions 2 through 5:

OH+(CH;);COH —> H, + (CH:),(CH,)COH )
OH + HCOO - CO, + H,0 3)
CO; + 0, CO,+ 0, (4)
€3 + 0 07 (5)

The formate and t-butanol are used to scavenge the OH radicals. Thus, in
formate-containing solutions, O, radicals are formed by two reactions, i.e.,
the reactions of O, with €'q and CO’; radicals, respectively. In t-butanol
solutions, the O, radicals are formed mainly by the reactions of O, with
€« Therefore, to a first approximation, the number of O, radicals formed in
formate-containing solutions is twice the number of O, radicals formed in
the solutions containing t-butanol under the same conditions [12]. However,
the use of formate also results in the formation of CO,, and hence

CO?;, an anion known to accelerate the oxidative dissolution of uranium
oxides [21]. Note, O, is the basic form of HO, with a pK, of 4.8. Experi-
ments were also carried out in Ar-purged solutions, with no scavenger,
resulting in the formation of a mixture of OH and €' radicals, and in O,-
saturated solutions, with no scavenger, to produce a mixture of OH and O,
radicals.

* LET = Linear Energy Transfer



STUDSVIK MATERIAL AB STUDSVIK/M-98/71 3

rapp\98-71.doc\cs

1998-09-27

The specific effects of O, and H,O, were studied by purging with oxygen,
respectively by addition of H,O; to unirradiated solutions, see Section 5.

The dose rate of the irradiated solutions were varied between 1 and 300 Gy/h
using a "*’Ir gamma source (t,,= 74 days). The oxidation of UO, was
monitored by recording the open-circuit corrosion potential (Ecorg) of the
UO; electrode as a function of time.

The thickness of the film formed on the UO, electrode, as a result of oxida-
tion during radiolysis, was determined by measuring the cathodic charge, Ok,
needed to reduce the film in cathodic-stripping voltammetry (CSV). An
additional freshly polished UO, pellet was placed in the electrochemical cell
to determine by XPS the surface composition of the oxidized layer formed
on UO; during radiolysis.

Figures 1 and 2 show the corrosion potential of UO, measured as a function
of time in Ar-purged or oxygenated 0.1 mol -I"' NaClO, solution (pH=9.5) at
various absorbed dose rates. The aerated solution also contained 0.01 mol 1!

sodium formate to maximize the concentration of O3 radicals, reactions [3]

and [4]. In both solutions, Ecorr rose rapidly with time, this rise being faster
in aerated than in Ar-purged solutions, see Figures 1B and 2B. Also, the
effect of absorbed dose rate is apparent for lower potentials in aerated than
in Ar-purged solutions. At the lowest dose rates used for each solution, the
rise of Ecorr Was arrested over the potential range -500mV<Ecorg <-100mV
SCE in both Ar-purged and oxygenated solutions.

The shape of the curves in Figures 1 and 2 suggests that oxidation of the
UO; electrode surface occurs in two separate stages: (a) stage 1 up to

~ - 100 mV SCE, in which Ecorr rises approximately exponentially with
time; and (b) stage 2, above ~ -100 mV SCE, in which Ecorgr changes are
approximately linear with time until the final approach to steady state. These
stages are more distinct in oxygenated solutions, Figure 2, as is the dose-rate
dependence of stage 2.

The attainment of steady state can take from ~2 to ~28 h, depending on the
solution redox potential (i.e., whether oxygen is present) and the absorbed
dose rate. The importance of even small concentrations of radiolysis prod-
ucts is exemplified by the difference between steady-state Fcorr values
recorded at low dose rates and those recorded in either unirradiated Ar-
purged solution, Figure 1A, or unirradiated aerated solution, Figure 2A.
Once a steady-state Ecorr is achieved, switching off the radiation field pro-
duces only a minor decrease in Ecogrr, Figure 1A, confirming that stage 2 of
oxidation is irreversible.

* LET = Linear Energy Transfer
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Steady-state values of Ecorg are plotted as a function of the logarithm of
absorbed dose dose rates in Figure 3. This plot includes values measured in
N,O-purged solutions, as well as in aerated solutions containing t-butanol.
The shaded areas show the range of steady-state Ecorr values recorded on
other UO, electrodes in many previous experiments in aerated or Ar-purged
solution [22-25]. The steady-state Ecorr values achieved in the presence of
gamma radiation are higher than those achieved in either aerated solutions
[22] or solutions containing hydrogen peroxide [24,25], strongly suggesting
that oxidation and dissolution of the UO; by radiolytically produced radicals
is significant.

The increase in corrosion rates caused by the radiation field is also demon-
strated in Figures 4 and 5. Calculations have shown that the concentration of
H,0, is decreased, when the gamma field is introduced. At the same time
(see Figure 5) the corrosion rate is increased, clearly demonstrating that the
radicals produced by radiolysis are more effective than H,0, in oxidation of
U0,

Figure 6 shows the cathodic charge ((Jr) measured by CSV as a function of
the value of Ecorr achieved by the time the experiment was terminated. The
plot includes Ecorr values measured in all four of the solutions over a wide
range of absorbed dose rates and for various durations of experiment. In
many cases, the Ecorg values are not steady-state values. O is a measure of
the thickness of the oxidized films formed on the electrode surface. The
thickness of these films is directly related to Ecorg, up to ~0 mV, irrespec-
tive of the composition of the solution (i.e., the nature of the predominant
radiolytic oxidant) or whether the oxidation was achieved rapidly or slowly.
At higher potentials, even though a steady-state Ecorg Is achieved, the
thickness of the oxidized surface film continues to increase.

Figure 7 shows the U U" ratio obtained by XPS analysis of UO, speci-
mens exposed to the same solutions for equivalent times [26,27]. Conse-
quently, the surface composition of these specimens is expected to reflect
that of the electrodes. This ratio increases slowly over the Ecorg range -
400mV to -100mV SCE, during which the film thickness increases linearly
with time, Figure 6. Once steady-state Ecorr values are achieved around
-100 mV SCE, the film thickening that occurs at these potentials, Figure 6, is
accompanied by a large increase in U":U"™, demonstrating that U" oxides
form at these potentials.

* LET = Linear Energy Transfer
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The oxidation of UO; in the presence of oxidants produced by the gamma
radiolysis of water occurs in two distinct stages:

) The formation of a thin layer of UO;.x with a stoichiometry
close to UO,33. This process occurs over the potential range
-500 mV<Ecorr <-100 mV SCE.

2) The subsequent oxidative dissolution of this surface layer to
produce soluble U"" species and secondary phases, probably
hydrated schoepite (UO;s-xH,0), on the electrode surface. This
process starts around Ecorg ~-100 mV SCE and eventually
achieves steady state at a value of Ecorr determined by the
absorbed dose rate.

In unirradiated aerated solutions, the formation of secondary phases appears
to be concentrated initially in grain boundaries [22]. Their confinement to
these sites made them slow to redissolve when the solutions were subse-
quently purged with nitrogen. A similar concentration of hydrated UO;
phases at grain boundaries, and their subsequent slow redissolution could
explain the slow relaxation in Ecorr observed in formate solutions once the
radiation field is switched off.

Using an electrochemistry-based dissolution model [6] an experimental dis-
solution rate was deduced from the measured steady-state corrosion poten-
tial.

The following equation may be used:

CR = 78-E(-4.4 + 16 x Ecorr)

where

CR is the corrosion rate in pg-cm>-d”’,

E means exponent of 10, and

Ecorr is the corrosion potential in V SCE.

Corrosion rates were measured and compared with calculated values using a
model described below, Section 4, see Table 1. The experimental results
varied between 10™ pg-cm?d” in Ar-purged solutions irradiated at 5 Gy-h™!

up to 0.75 pg-cm™>d™! in O,-purged solutions irradiated at 280 Gy-h™ .

In experiments by Christensen the oxidation and dissolution of UO, pellets
immersed in y-irradiated water was measured [28], using various scav-

* LET = Linear Energy Transfer
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engers. The composition and thickness of the oxidized surface layer were
measured using SIMS and XPS. Uranium in solution and on walls were

measured by chemical analysis. The corrosion rate caused by OH and O;
radicals was about 3 pg-cm>d" at a dose rate of 600 Gy-h | see Table 1.
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3 Effect of a-radiolysis

The effect of products from a-radiolysis of water on UO, oxidation and dis-
solution has been studied by Shoesmith, Sunder et al [6, 24, 29-31]. Since
o-activity within used fuel decays slowly in comparison with y- and B-
activity, there is a possibility that oxidative dissolution will be sustained by -
radiolysis for a long time.

Corrosion potentials were measured in a thin-layer elctrochemical cell that
allows an o source of known strength to be brought within ~25 um of a UO,
electrode [24]. Using steady-state Ecorg values measured for o sources of
various strengths, values for the dissolution rate as a function of o source
strength have been obtained in Ar-purged solution.

The results for various a-sources are given in Table 2. The corrosion rates
are considerable lower than for comparable y dose rates, see Table 1. The
difference may partly be explained by the difference in initial radiolysis yields,
as seen from Table 4. For low-LET* radiation such as y and B the yields of
radicals are high and the yields of molecules (H, and H,0,) are low. The
opposite is true for high-LET radiation such as a. Therefore, the effect of a-
radiolysis may be caused mainly by H,O,, the oxidizing effect of which has
been found to be considerably lower than the effect of the radicals OH and
O3 . In the experiments an o-source was placed about 30 pm from the UO,

electrode. When the separation distance was increased to 750 pum, the
corrosion rate decreased by almost two orders of magnitude. The inter-
pretation given was that H,O; caused corrosion in the narrow gap but it was
swept out by diffusion when the gap was opened. At the larger distance
radiolysis products did not reach the electrode. Thus, it seems likely that the
behaviour of UO; in the presence of a-radiolysis will be similar to its
behaviour in H;0,.

Sunder et al [27] studied the effect of alpha radiolysis of water on the oxida-
tion and dissolution of UQ, at 100 °C as a function of a-field strength and
water chemistry using X-ray photoelectron spectroscopy. In N,-purged
solutions the oxidation of UO, increased with the strength of the o-flux: an
a-flux greater than or equal to that from a 250-uCi americium-241 source

. led to oxidation of UO, beyond the UO, 33 (U304) stage, and an a-flux equal

to that from a 5-puCi source did not result in UO, oxidation beyond the
UO,3; stage. The presence of dissolved H; in water at a concentration
>1.6x10™ mol dm™ reduced the oxidation and dissolution of UO, due to o.-
radiolysis at temperature >100°C. In the solutions containing H, the
oxidation did not increase with increasing dose rate.

* LET = Linear Energy Transfer
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It was concluded that a-radiolysis caused by 500 y old CANDU fuel
(corresponding to an a-flux of SuCi-cm™) would not cause oxidation beyond
the UO, 33 stage and hence not cause increased dissolution.

rapp\98-71.doc\cs
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4 Modelling
¥- and [-radiolysis

Christensen and Bjergbakke [1] have presented a mechanistic model for UO,
oxidation caused by water radiolysis products. The model is based on three
assumptions:

- Only the species which are produced in the water within one
diffusion length from the UQO,; surface can react with UO,.

- The heterogeneous reaction could be substituted with a homo-
geneous one, assuming that the UQ; reacts as if one mono-
molecular layer of UO, is dissolved within the range of the
radicals.

- The rate of the heterogeneous reactions of U-species are similar
to known rates of homogeneous reactions of metal ions in
water.

Based on these assumptions a model was set up, including reactions of water
radiolysis products between themselves. The model was tested against
experiments by Gromov [21] and a fair agreement was obtained between
measured and calculated corrosion rates.

The kinetic model was further developed and optimized for the neutral solu-
tion conditions expected in groundwaters. This refinement was based on a
series of electrochemical open-circuit corrosion experiments [3, 4, 10],
mainly using a gamma source, see Section 2.

A schematic diagram illustrating the general change in the corrosion potential
with time for neutral solutions, and indicating the progression in the oxida-
tion and dissolution process with corrosion potential, is shown in Figure 8.

The process can be divided into two distinct stages: (i) a transitory stage
during which the surface is oxidized to approximately UO, 33, (ii) a steady-
state stage during which dissolution (as U"" ) occurs at a constant rate from a
surface layer of UO, 33 (5-8 nm thick). At sufficiently large oxidant concen-
trations, reprecipitation of U" to yield secondary phase (UO; - 2H,0) can
occur [23].

We have commonly taken the time for the potential to reach a value of
-100 mV SCE as an approximate measure of the rate of formation of this
UO, 33 layer [32]. The appropnate corrosion (dissolution) rate is that
obtained once steady-state dissolution conditions have been established, i.e.



STUDSVIK MATERIAL AB STUDSVIK/M-98/71 10

rapp\98-71.doc\cs

1998-09-27

once the corrosion potential (Ecorr)ss has been attained (Figure 8). At this
potential the current for the oxidative dissolution of UO, is counterbalanced
by an equal and oppo-site current for the oxidant reduction. It is this value
for the Ecorg Which is used in our electrochemical model to obtain a value
for the corrosion rate. For disso-lution in aerated solutions the rate-
controlling step appears to be the reduc-tion of oxygen, a notoriously slow
reaction [33]. For radiolytic oxidants (O, , OH, H,0,), electron transfer to
the oxidant will be much faster, and the rate of the overall process is more
likely to be controlled by the anodic dis-solution step.

As mentioned above the thickness of the water layer is assumed to be equal
to the diffusion range y of the reacting radicals. This range is estimated from
the calculated lifetime of radiolytically generated species at a specific dose
rate (34]. For the OH radicals, % varies from 16 um at a dose rate of

280 Gy h'' to 44 um at 5 Gy h'. Since this dependence of diffusion range on
dose rate is only to the power —0.25 for the dose-rate range in our experi-
ments, we have taken it to be constant at 25 um. Thus, the initial concentra-
tion of UO is set at a value of 5 - 10™ mol 1", which corresponds to the dis-
solution of a monolayer of UO; in a water layer of approximately 25 um
thickness [1].

The reaction mechanism and rate constants used in our refined model are
given in Table 3 and G-values are given in Table 4. Some of the changes
from the original model are discussed below:

- The reversible formation of U" species (denoted UO;H in
Table 3) can be assumed to represent the reversible formation
of the intermediate UO, 33 film. This film reaches a steady-state
thickness equivalent to a steady-state concentration of U" in
our model.

- The formation of the UO, ;3 surface film leads to a decrease in
the oxidation rate as it thickens. This is brought about in the
model by decreasing the concentration of UO, with time
(reactions 59 and 60 in Table 3).

- The rate constants for oxidation by H,O (reactions 36 and 42)
were lowered relative to those for radicals in agreement with
experimental observation.

- Reactions with arbitrary rate constants were added to represent
decomposition of H,O, on the UQ; surface (i.e. reaction 54).
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- Reactions to represent the slow oxidation of UQ, by dissolved
O; in the absence of a radiation field were added (reactions 57
and 58).

- The experimental rates with which the predictions of this model
are to be compared were determined in an open system making
it necessary to include rate constants for the removal of gases
(02, Hy) from the system (reactions 52 and 53).

Model calculations were carried out using the computer program
MAKSIMA-CHEMIST [35], and these calculations are compared with
results from electrochemical experiments in Tables 1 and 5.

Table 5 compares the times taken to reach 90% of the steady-state concen-
tration of UO;H species with the experimental times to reach an open-circuit
corrosion potential of -100 mV SCE. Table 1 compares the calculated and
measured corrosion (dissolution) rates for UO,. Experimental corrosion rates
were obtained from values of (£corr)ss using our electrochemistry-based
model [6, 36]. Calculated dissolution rates were obtained from concentra-
tion-time profiles predicted by the model. Figure 9 shows two such sets of
calculated profiles for Ar-purged solutions, at initial pH 9.5, undergoing
gamma radiolysis at dose rates of 5 and 280 Gy h™' respectively. Dissolution
rates were obtained from the linear increase in dissolved U"' (UO;D) over
the period 20-30 h, as indicated in Figure 9.

For high dose rates the model predicts quite accurately the rate of oxidation
of the UQ, surface to UQ, 33, i.e. the predicted time to reach 90% of the
steady-state concentration of U" (UO;H) is in good agreement with the
measured time to reach —100 mV SCE, Table 5.

The largest discrepancy between measured and predicted rates in irradiated
solutions is for measurements in NoO-purged solutions. In this case, the
experimental values are suspect owing to unusual potential-time curves [10].

The agreement between calculated and electrochemically measured corro-
sion (dissolution) rates is generally good, see Table 1. It should be noted that
significant uncertainty is associated with the extrapolation required to calcu-
late dissolution rates from electrochemical data.
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a-radiolysis

It was not possible to predict the corrosion rate of UO; in solutions under-
going a-radiolysis using the mechanistic model discussed above. The pre-
dicted corrosion rates were orders of magnitude higher than the electro-
chemically measured values, see Table 2. In addition the dose rate (DR)
dependence is lower for the calculated values (=~ DR'®) than for the meas-
ured values (~ DR'®).

Obviously, the model is lacking one or more parameters which are of deci-
sive importance in the experiments.

Spent fuel

The dissolution rates of spent fuel have been predicted using an empirical
model [6, 36, 37]. This model is based on corrosion rates measured electro-
chemically both using gamma and alpha irradiation.

Predictions have been made both for CANDU fuel and for LWR fuel, see
Figures 10-13. From these figures it can be deduced that oxidative dissolu-
tion of CANDU fuel (Burnup 685 GJ - kg™ U) should not take place for fuel
older than 500 y. The corresponding time limit for LWR fuel (Burnup 45
Mwd - kg U) is about 30 000 y.

An attempt has been made to use the mechanistic model to predict the cor-
rosion rate of spent fuel [38]. The predicted corrosion rates for LWR fuel
(45 MWd - kg™) varied between 2 - 107 and 0.5 pg - cm™ - d'. At storage
times of 10, 10° and 10° y, the predicted dissolution rates were 0.1, 0.01 and
5-107 pg - cm? - d”! respectively considerably higher than values predicted
by the empirical model, see Figure 13.
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5 Effect of O, and H,0; in unirradiated solutions

Although the effect of O, and H,O;in unirradiated solutions is not directly
related to radiolysis, the systems can give information useful for evaluation
of the effect of radiolysis. The effect of a-radiolysis is sometimes assumed to
be the same as the effect of H,0,.

Effects of dissolved O;

Several workers have studied the effects of dissolved oxygen on UQ, disso-
lution rates. Recent reviews of these studies are given in Refs 36, 39-41.
Figure 14 shows the corrosion rates of UO; in non-complexing solutions at
pH ~9 as a function of the dissolved oxygen concentration, as reported by
Shoesmith and Sunder [36]. This figure also includes recent results of Casas
et al [42] and Grambow et al [41] for comparison purposes. Although the
results of Shoesmith and Sunder were obtained using their electrochemical
model, and those of Casas et al and Grambow et al were obtained by directly
measuring the amounts of dissolved uranium in the solution, there is a good
agreement between these results. It should be mentioned here that Grambow
et al have misrepresented the results of Shoesmith and Sunder in comparing
their results with those of Shoesmith and Sunder. Grambow et al have
plotted the data of Shoesmith and Sunder (Figure II1.8 in their report [41])
using same numerical values (Figure 9 in Ref 36) although Shoesmith and
Sunder used units of pg-cm™>d” while Grambow et al use units of mg-m>d™!

The results shown in Figure 14 suggest a first-order relationship between the
dissolution rates and dissolved-oxygen concentration. This conclusion is in
agreement with the results of Grandstaff [43] and of Thomas and Till [44].
However, there are several other studies that have reported values of less
than 1 for the reaction order with respect to oxygen concentration [41]. A
reaction order of ~0.5 was reported by Hocking et al [45] during their inves-
tigations of O, reduction on an electrode made of unusual UQ, pellet; and
several used-fuel dissolution studies have reported a reaction order of less
than 1.0 (see Ref 46 and references therein). It should be noted here that it is
difficult to determine reaction order with respect to oxygen, from the studies
with irradiated UQ, (used fuel) samples as one cannot separate the effects
from the dissolved oxygen from those of the water-radiolysis products
formed by the ionizing radiation associated with the used fuel. It has been
shown above that the radiolysis of water increases the rate of UO,
dissolution.

rapp\98-71.doc\cs
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Effects of H;O;

Shoesmith and Sunder have studied effects of H,0,, as a function of concen-
tration, on UO; dissolution [36]. Figure 15 shows their rates of dissolution of
UO; as a function of H,O, concentration in non-complexing solutions, pH
~9. This figure also shows the results of Christensen et al [47], Gimenez et al
[48] and Grambow et al [41] for comparison purposes. The results of
Shoesmith and Sunder [36] are from electrochemical measurements while
those of other workers were obtained by chemically measuring the amounts
of dissolved uranium in the solution. There is a fair agreement between the
results of Shoesmith and Sunder with those of Christensen et al [47] and
Gimenez et al [48]. The agreement between the results of Grambow et al
with other results is not as good, given in the report by Grambow et al [41].
Grambow et al have made the same error in using the results of Shoesmith
and Sunder for the effects of H,0, as the one they made in using their O,
results, i e they have used the data from Ref 36 in their figures (Figures II1.5
and III.8 in their report [41]) without converting the units (see above).

A comparison of the results shown in Figures 14 and 15 suggests that the
dissolution rates are similar in solutions containing oxygen or H,0, at
comparable concentrations. This is despite the fact that the oxidation reac-
tion

UO; —» UO,33
is supposed to be much faster (by a factor of around 200) in H,0, than that
in the oxygenated solutions [24, 25, 37]. The similarity of the dissolution

rates in H,O» and oxygenated solutions, at comparable concentrations,
suggestes that the dissolution reaction

U02,33 —> [JOz2+
is slow in both solutions.

Figure 15 suggests three distinct regions of behaviour of UO, dissolution
rates as a function of H,O, concentration [36], 1 €,

(a) for [H,0,] > 5 x 10™ mol-dm™, the dissolution rate increases
with the peroxide concentration with approximately first-order
dependence;

(b) for 2 x 10 < [H,0,] < 5 x 10" mol- dm>, the dissolution rate is

independent of the peroxide concentration; and

© for [H,0,] < 2 x 10™ mol dm™, the dissolution rate falls rapidly.
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It has been proposed that the hydrogen peroxide decomposition to oxygen
and water in the intermediate concentration range competes with the oxida-
tive dissolution reaction [24, 25]. Therefore, it is essential to include a
peroxide decomposition step to model the effects of HO, on dissolution
rates. Details of our attempts to include the hydrogen peroxide decomposi-
tion reactions in our model to calculate radiolysis effects are given in Ref 49.

Sunder et al have studied the effects of pH on UO, the oxidation by H,0,
[25]. They observed an increase in UO, oxidation rate with a decrease in
solution pH.
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6 Effect of carbonate in irradiated solutions

The presence of complexing anions increase the oxidative dissolution rates of
UO, by increasing the rate of removal of uranyl species (UO,>") from the
surface to the solution. As carbonate ions form strong complexes with uranyl
ions, the effects of carbonate on UO, oxidation have been studied by several
workers. Some recent reviews of these investigations are given in Ref 39, 40
and 46. It has been shown that the UO; dissolution reaction order with
respect to carbonate is dependent on the carbonate concentrations. Its value
is generally much less than 1, and values as low as 0.25 have been reported
[46]. Further studies are required to model the effects of the presence of
carbonate on UO; fuel oxidation in carbonate containing solutions
undergoing radiolysis. Radiolysis produces carbonate radicals (CO3;) which
can react like OH radicals in oxidation reactions. Our initial attempts to
model the effect of carbonate containing solutions undergoing radiolysis on
fuel oxidation are summarized in Ref 50.
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7 Radiolysis effects on leaching of spent fuel

Loida et al [51] measured gas generation rates from radiolysis during spent
fuel dissolution. In most cases hydrogen and oxygen were produced in a near
stoichiometric ratio. The gas production was not increased significantly when
fuel powder (grain size 3 um) was used. The interpretation of this was that
radiolysis gases were produced by y- and not by a-radiation. In the presence
of iron powder the hydrogen production was increased by about one order of
magnitude and the measured oxygen production was close to zero. The fuel
alteration rate was increased when powder was used and decreased in the
presence of iron powder. In 95 % saturated NaCl solution the hydrogen
production (HP) was higher and the fuel alteration (FA) lower than in
deionized water: HP/FA was 15 and 3, respectively. When powder was used
(in NaCl solution) the ratio HP/FA was about 2.4. Thus the fuel alteration
rate was only 2.4 - 15 times lower than the production rate of hydrogen from
radiolysis. Obviously oxidants, produced by radiolysis, play a significant role
in oxidation of the fuel. From the experiments it is not possible to deduce a
total stoichiometric balance of products.

Dose rate in water from a- and y-radiation was not given in the report but
some details have been given previously [52]. LWR fuel with a burnup
>50 MWd/kg U was used. Inside a thin crack in 1 - 10 y old fuel a-dose
rates of about 3000 Gy’/h and B-dose rates of 9000-80000 Gy/h may be
expected [53]). The a-dose rates on an open surface may be expected to be
about half of the a-dose values inside the thin crack (irradiation from only
one side).

It is essential to know the dose rates in water layers in contact with UO; in
order to predict dissolution rates of used fuel in a disposal vault caused by
water radiolysis [54]). Sunder has calculated the alpha, beta and gamma dose
rates, in contact with a reference used CANDU fuel, as a function of time,
and described a procedure to calculate the dose rates in fuels of other
burnups [55]. The dose rate information combined with the knowledge of
fuel dissolution rates, as a function of dose rate, enables one to predict the
dissolution rates of used fuel as a function of its cooling time. Johnson et al
have used this information to calculate the dissolution rates of used CANDU
fuel, in contact with groundwater, in a defective copper container [56]. They
concluded that beta radiolysis of water is the main cause of oxidation of used
CANDU fuel in a failed container and that the use of a corrosion model is
required for ~1000 a of emplacement in the waste vault.

With the model presented above it is possible to calculate the fuel dissolution
rates as a function of dose rate and groundwater chemistry. Combining this
knowledge with the dose rate information, one should be able to predict the
dissolution rate of any used fuel.
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Thus, the model was used to calculate the oxidation of UO, and the gas
production, simulating the experiments of Loida et al [S1], describe above.

The system was divided into four phases, see Figure 16, requiring three
separate calculations.

Phase I: a 30-um-thick surface layer on top of the pellet, irradiated by a-, B-
and y-radiation,

Phase 2: a 0.3-cm layer on top of phase 1, irradiated by - and y-radiation.
Phase 3: the rest of the solution, irradiated by y-radiation.
Phase 4. the gas phase, unirradiated.

The conclusion of the calculations [57] were that the UO, corrosion was
caused only by radiolysis in the thin surface layer on top of the surface (phase
1) and the gas production was caused almost exclusively by y-radiolysis in
the bulk water (phase 3). The calculated fuel alteration rate was 2.2 x 10°
mol UO, - (gU)" - day ', about three times higher than the experimental rate,
6.3 x 10° mol UO, - (gU)" - day™.
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Table 1
Comparison of calculated and measured corrosion rates.
Solution® Dose rate Corrosion rate, pug cm? d”!
Gy h! Calculations Experiments
Ar-purged 5 0.003 na*
Ar-purged 120 4.7E-3
Ar-purged 280 0.12 0.10
N,O-purged 5 0.04 na*
N,O-purged 110 4 4E-2
N,O-purged 280 0.84 0.36
N,O-purged 600 3
O,-purged 0 2.7E-3 3.8E-3
O,-purged 5 0.06 0.13
O,-purged 100 0.17
O,-purged 280 0.84 0.75
O,-purged 600 3
H,0, 10°M® 0 22x10* 2.1x10*
H,0; 2x 10* M° 0 0.13 0.13
H,0; 3x 10* M° 0 0.18
H0, 5x 102 M° 0 13 5

rapp\98-71.doc\cs

*Base solution is 0.1 mol dm™ NaClO,, pH 9.5.
® Ar-purged, M is mol - dm™
n.a not applicable: The corrosion potential < -100 mV (SCE)
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Table 2
Corrosion rates in o-irradiated, Ar-saturated solutions.

a-source Corr.pot.  Corrosion rate, ug cm> d™*
p Ci Gy/h mV SCE ~ Measured Calculated
4.7 37 -90 1.1E-4 32E-2
50 400 10 45E-3 0.33
100 790 40 14 E-2
250 1980 90 89E-2 1.5
686 5440 115 0.21 29
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Table 3
Reaction mechanism of UQ, oxidation.
Number Reaction® Rate constant®
1 OH +H, =H +H,0 k = 3.400 %10’
2 OH +H,0, =HO, +H,0 k ,=2.700 % 10’
3 OH +0," =0, +OH-~ k y=9.000 X 10°
4 H +0, =HO, k ,=1.800 % 10
5 H +0,- =HO,” k ¢=2.000x 10"
6 " +0, =0, k ¢=1.900% 10"
7 e- +H;0, =OH +OH" k 5=1.200% 10'°
8 c” +0,” =HO,;" +0OH- -H,0 k g=1.300x 10"
9 e” +H* =H k ¢=2.200% 10
10 c” +H,0 =H +OH"- kyo=2.000 x 10!
11 e +HO,~ =0~ +OH" kyy =3.500 % 10°
12 OH +HO, =H,0 +0, ky3=7.900% 10°
13 OH +0OH =H,0, ky3=5.500 % 10°
14 H +HO, =H,0, ky,=2.000x 10"
15 H +H,0, =H,0 +OH kys = 6.000 % 10’
16 H +OH~ =e- +H,0 ki =1.500 % 107
17 HO, +0," =0, +HO," k7 =9.600 X 10
18 HOZ +H02 _Hzoz +02 k..-BA(X)X 105
19 H* +0," =HO, kio=4.500 % 10'°
20 HO: =H" +02— km-SO(X)XlO’
21 H* +HO,~ =H,0, kyy =2.000 X 10"
22 H,0, =H"* +HO,;" kyp=3.560x10"2
23 OH +OH~- =H,0 +0~ kay=1.200 % 10'°
24 O +H,0 =O0OH +OH"~ k3o =9.300 % 107
25 H* +OH- =H,0 kys=1.430 % 10"
26 H,O =H* +OH~ ky=2.574%107%
27 e” +OH =0OH"~ ky=3.000 % 10"
28 H +OH =H,0 kyg = 2.000 X 10
29 H +H =H, koo =1.000 X 10'°
30 e” +H =H, +0OH- -H,0 kyp=2.500 % 10
31 OH +HO,” =HO, +OH"™ ky; =5.000 x 10°
32 o, +OH =UOH ks =4.000 X 10°
33 Uo, +H,0, =UO;H +OH ky3=2.000x10""
34 Uo, +HO, =UOH +H,0, -H,0 ks, =2.000 X 10°
35 uo, +0,” =UOH +HO,- -H;0 kyg =2.000 X 10°
36 UO\H +UO,H =UO, +U0, +H,0 kye=1.000%x10""
37 UO,H +OH =UO, +H,0 ky; =8.000 X 10*
38 UO,H +e” =U0, +OH"™ kg =5.000 % 10°
39 UO,H +H,0, =UO, +H,0 +OH kyy=2.000%x10""
40 UOH +0, =UO0, +HO,~ kyo=4.000x10°
a1 UO,H +HO, =UO, +H,0, k¢ =4.000 % 10°
42 vUo, +e” =UOH +OH- -H,0 kg =5.000% 10°
43 U0, +0," =UO," +Oz k4,-4.0(l)>< 107
44 U0o;~ +H,0 =UO,H +OH~ koo=1.000x 10}
45 UO;H +H =U0, +H,0 ks =4.500 % 10°
46 uUo, +H =UO,H ko=4.500 % 10°
47 vo, +HO, =UO;H +0O, k 4y =4.000 % 107
48 0, =0,D keg=2.100% 10"
49 H, =H,D Keg=3.500% 10"
50 H,0, =H,0 +0 kso=1.000x10"?
51 o) +0 =0, ks; = 1.000x10°
52 N,O +e” =N, +OH +OH- -H,0 ksy =6.000 % 10°
53 HCOOK +OH =CO,~ +H,0 +K”* ksy=2.000x 10°
54 CO,"- +0, =0," +CO, ks, = 6.000 % 10°
55 Co, +H,0 =HCO,~ +H* kss = 1.000 % 10°
56 uo, =UO,D kyg=4.000Xx107*
57 uo, +0, =UOH +HO, -H,0 ks =1.000%10"?
58 UOH +0, =U0, +HO, kg =1.000x10"?
59 Uo, =UO0,D kso=7.000% 104
60 Uo,D =UO0, kep=3.500%10"7

*UO;D represents UO, diffusing out of the reaction layer near the UO, surface (reaction 56), see text (Section 3.4); UO,D represents
a dummy species used to maintain the supply of UO, in the reaction layer (reactions 59 and 60), see ref. 16.
*Rates are in units of (mol 1)~! s~! for second-order reactions; reaction rates are for room temperature.
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G values for gamma and alpha irradiation of neutral

water used in the model.

Species G-value

Gamma Alpha
OH 2.67 0.24
E 2.66 0.06
H 2.76 0.30
H 0.55 0.21
H, 0.45 1.30
H,0, 0.72 0.985
OH 0.1 0.02
H0 -6.87 -2.71
0 0 0.22

30
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Table §
Comparison of experimental and calculated times for the formation of a UO, 33
film on UO,.
Solution* Dose rate Time, h
Gyh' Calculated®  Experimental®
Ar-purged 5 25 19
Ar-purged 280 2 2
N20O-purged S 25 9
N,O-purged 280 0.2 0.5
O,-purged 5 20 1.6
O,-purged 280 02 0.15
O,-purged 0 17 3
H,0; 10® mol dm™ 0 > 40 8
0 0.8 0.02

rapp\98-71.doc\cs

H202 2X10-4 mol dm’
3

*Base solution is 0.1 mol dm™ NaClO,, pH 9.5.
® Time to reach 90% steady-state concentration of UO;H species.
¢ Time taken to reach a corrrosion potential of -100 mV SCE.
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Corrosion potential of a UO; electrode in 0.1 mol dm™ NaClQ, solution, pH=
9.5, Ar purge, in gamma fields with absorbed dose rates of 280 Gy/h[+],

29 Gy/h [O], 11 Gy/h [*}], 6.4 Gy/h [0], and no field (X), respectively; as a
function of (A) time and (B) log time. The arrow indicates the time at which the
gamma field was removed. (Reprinted with permission of the copyright holder.)
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Figure 2

Corrosion potential of a UO; electrode as a function of time in O,-saturated 0.1
moll”! NaClO, +0.01 moll' HCOONa solution, pH = 9.5, in gamma fields with
absorbed dose rates of 280 Gy/h [+], 23.5 Gy/h [O], 9.5 Gy/h [*], 0.87 Gy/h
[0; and O,-saturated 0.1 moll” NaClO, solution no field (X), respectively; as a
function of (A) time and (B) log time. (From Ref 10, reprinted with permission
of the copyright holder.)
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Figure 3

Corrosion potential of a UO, electrode as a function of log absorbed dose rate
after corrosion for ~18 h in Ox-saturated 0.1 moll” NaClQ, +0.01 moll’*
HCOONa [+], Op-saturated +0.01 moll”* t-butanol (A), N,O-saturated

0.1 moll"* NaClO [*] and Ar-purged 0.1 moll"* NaClO, solution [0); all at pH
~9.5. The shaded areas show the range of steady-state Ecorr values recorded
on other UO; electrodes in previous experiments in aerated (lighter shaded area)
or Ar-purged (darker shaded area) solutions [11, 16-18]. (From Ref 10,
reprinted with permission of the copyright holder.)
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Figure 4

Corrosion potential of a UO, electrode in 0.1 mol-dm™ NaClOy solution, pH =
9.5, (a) air purged, [O]; and (b) Argon purged, [+]; gamma fields were
introduced after about 18 h of corrosion without any radiation. (From Ref 3,
reprinted with permission of the copyright holder.)
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Figure §

Corrosion potential of a UO, electrode in 0.1 mol-dm™ NaClO, solution, pH =
9.5, containing 1x10® mol of H,0,, argon purge, gamma field of strength 35.1
Gy/h was introduced after 17 h of corrosion without any radiation field. (From
Ref 3, reprinted with permission of the copyright holder.)
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Figure 6

Cathodic charge measured by cathodic-stripping voltammetry (Qr) at 20 mV/s
as a function of the corrosion potential (Ecorr) achieved under natural corrosion
conditions in 0.1 moll” NaClO, (pH = 9.5) solution containing various additives
and gamma-irradiated at various absorbed dose rates for various times. (From

Ref 10, reprinted with permission of the copyright holder.)
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Figur 7
U‘%:UN ratio in the surface of a UO, specimen after exposure to gamma-irradiated. (From Ref 10,

reprinted with permission of the copyright holder.)
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Figure 8

Schematic diagram showing the behavior of the corrosion potential measured on UO; electrodes in 0.1 mol
I'! NaClO, solution (approximately pH 9.5). The stages of oxidation and dissolution are also illustrated.
(From Ref 12, reprinted with permission of the copyright holder.)
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Figure 9

Concentration of selected radiolysis products in solutions with UOz and undergoing gamma radiolysis; Ar-
purged water, pH 9.5, dose rate (a) 5 Gy h™" and (b) 280 Gy h'. Arrows define the period over which the
dissolution rates were measured (From Ref 12, reprinted with permission of the copyright holder.)
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Figure 10

Dissolution rates for UO, as a function of the logarithm of gamma dose rate;

O - argon-purged solutions; o - aerated solutions. A is the range of dissolution rates measured in
unirradiated but aerated solutions (Shoesmith et al 1989). The time axis represents the times at which such
dose rates would be achieved at the surface of a CANDU fuel bundle after being discharged from the

reactor (G B Wilkin, unpublished data) (1 rad = 10 mGy). (From Ref 36, reprinted with permission of the
copyright holder.)
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Figure 11

Dissolution rates for UO; as a function of the logarithm of beta dose rates for PWR fuel with a burnup of
45 MW-d’kg U on discharge from the reactor (Ingemansson and Elkert 1991). Filled and open symbols
indicate two independent sets of data (i rad = 10 mGy). (From Ref 36, reprinted with permission of the

copyright holder.)
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Figure 12

Dissolution rates of UO, as a function of alpha source strength in solutions undergoing alpha radiolysis
(0.1 mol-dm™ NaClO,, pH = 9.5). The second X-axis (time axis) shows the time at which such activity
levels are achieved on the surface of the reference used fuel in the CNFWMP (Bruce CANDU reactor fuel,
burnup 685 Gl/kg U). The solid line shows the maximum possible dissolution rate in such a solution; and
the horizontal dashed line corresponds to the threshold below which the application of a kinetic model
based on electrochemical principles is no longer necessary (see text). (From Ref 37, reprinted with
permission of the copyright holder.)
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Figure 13

Dissolution rates as a function of the logarithm of alpha source strength. The time axis shows the time at
which such activity levels are achieved on the surface of PWR fuel with a burnup of 45 MW-d/kg U on
discharge from the reactor (1 Ci = 37 GBq). (From Ref 36, reprinted with permission of the copyright
holder.)
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Figure 14

Corrosion rates for UO; as a function of dissolved oxygen concentration: O Shoesmith and Sunder [36];
+ Grambow et al {41]; and A Casa et al [42].
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Figure 15

Corrosion rates for UO, as a function of hydrogen peroxide concentration: O Shoesmith and Sunder [36];
1 Christensen et al [47]; * Gimenez et al [48]; and ® Grambow et al [41].
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Figure 16
Schematics of the experiments.
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