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In recent years, the impact of H, on a-radiation induced dissolution of UO,-based spent nuclear fuel has
been studied and debated extensively. Experimental results on the effect of H, on the concentration of
H,0, during a-radiolysis have been shown to disagree with numerical simulations. For this reason, the
reaction scheme used in simulations of aqueous radiation chemistry has sometimes been questioned.

In this work, we have studied the impact of H, on the H,0, concentration in a-irradiated aqueous solu-
tion using numerical simulations. The effects of H, pressure, o-dose rate and HCO; concentration were
investigated by performing systematic variations in these parameters. The simulations show that the dis-
crepancy between the previously published experimental result and numerical simulations is due to the
use of a homogeneous dose rate (the energy is assumed to be equally distributed in the whole volume).
Taking the actual dose rate of the o-irradiated volume into account, the simulation is in perfect agree-
ment with the experimental results. This shows that the H, effect is strongly o-dose rate dependent,
and proves the reliability of the reaction scheme used in the simulations.

The simulations also show that H; influences the H,0, concentration under o-radiolysis. The magni-
tude of the effect depends on the dose rate and the H, pressure as well as on the concentration of
HCO;. The impact of the radiolytic H, effect on the rate of a-radiation induced dissolution of spent
nuclear fuel is discussed along with other (o~ and v-) radiation induced processes capable of reducing
the concentration of uranium in solution. The radiolytic H, effect is quantitatively compared to the pre-
viously presented noble metal catalyzed H, effect. This comparison shows that the noble metal catalyzed
H, effect is far more efficient than the radiolytic H, effect. Reduction of U(VI) in solution due to low dose
rate y-radiolysis in the presence of H; is proposed to be the cause of the H, effect observed in leaching
experiments on o-doped UO,.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

ing species produced by radiolysis of water are OH:, H,0,, O, and
HO;, [3]. In the presence of HCO;, OH" is converted to CO; which

Understanding the mechanism behind radiation induced disso-
lution of spent nuclear fuel is a prerequisite for reliable safety
assessments of deep geological repositories for spent nuclear fuel.
In such repositories, the radioactive waste will be protected from
the groundwater by a system of multiple barriers where the fuel
matrix (UO,) itself constitutes the innermost barrier [1]. Under
the conditions expected in deep granitic groundwaters, the solubil-
ity of UO, is very low [2]. However, the inherent radioactivity of
the spent nuclear fuel will induce decomposition (radiolysis) of
water into redox reactive species capable of altering the ground-
water conditions in the vicinity of the UO, surface. Oxidation of
the UO,-matrix leads to production of more readily soluble
U(VI)-species and thereby to matrix dissolution accompanied by
the release of radiotoxic fission products and actinides. The oxidiz-
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is also a strong oxidant. All these oxidants are capable of oxidizing
U0, to U(V) or U(VI) rendering a potentially complex reaction sys-
tem. However, recent studies have shown that H,0, is responsible
for virtually 100% of the UO, oxidation under deep repository con-
ditions [4]. This finding simplifies predictive modeling of the
dynamics of spent nuclear fuel dissolution significantly. A fairly
simple but useful approach is to use the steady-state approxima-
tion, i.e. that the rate of H,O, consumption is equal to the rate of
H,0, production by radiolysis [5]. In a system where dissolution
of oxidized UO, is not a limitation and in the absence of solutes
reactive towards H,0,, the main route for H,O, consumption is
by reaction with the UO, surface, and the rate of UO,-matrix disso-
lution can be calculated from the dose rate and the radiation chem-
ical yield (G-value) [6].

While the dynamics of radiation induced oxidative dissolution
of UO, can be considered to be well understood, the effect of H,
(produced by radiolysis of water and anaerobic corrosion of iron
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containing canisters) is still not clear [7]. Several studies have
shown that radiation induced dissolution of spent nuclear fuel is
effectively inhibited in the presence of H; [8,9]. The inhibition is
expressed in terms of low concentrations of uranium as well as
of less redox sensitive radionuclides. This implies that the oxida-
tive dissolution is indeed stopped. In addition, the concentration
of H,0, reaches a constant steady-state level also in the presence
of H,. This indicates that H,0, is consumed in the system, either
by a surface reaction or by a reaction occurring in the bulk. On
the basis of electrochemical and kinetic studies on model systems,
a mechanism accounting for the observed H, effect has been pro-
posed [5,10,11]. In this mechanism, noble metal inclusions (&-
phase particles) catalyze the H; reduction of U(VI) on the fuel sur-
face back to U(IV). This mechanism accounts both for the inhibited
dissolution and the apparent H,O, consumption (Scheme 1).

Using the rate constant for the noble metal catalyzed reduction
(obtained from kinetic studies [11]), it is possible to simulate the
effect of H, on spent nuclear fuel dissolution with high accuracy
[12].

In addition to the H, effect observed in experiments on spent
nuclear fuel, inhibition has also been seen in experiments using
a-doped UO, [13,14]. Unlike spent nuclear fuel, o--doped UO, does
not contain noble metal inclusions as these are composed of fission
products originating from the energy production. Consequently,
the mechanism presented in Scheme 1 does not provide an expla-
nation for the observed H, effect in the case of a-doped UO,.

Indeed, the fairly complex reaction scheme for water undergo-
ing radiolysis can provide some additional insights [15]. The fol-
lowing reactions reduce the H,0, concentration in the presence
of Ho.

OH' + H, — H,0 + H (1)
H' + H,0, — H,0 + OH' )

This chain reaction becomes efficient when the H, concentration is
sufficiently high (compared to the H,0, concentration). The hydro-
xyl radical also reacts with H,0,. However, this is not a chain
reaction.

In addition, quantitative conversion of oxidizing hydroxyl radi-
cals into reducing hydrogen atoms can influence already dissolved
U(VI) by reducing it back to the much less soluble U(IV) according
to the following reactions [16-18].

H +U(VI) — H + U(V)
H +U(V) — H* + U(IV)
U(V) + U(V) — U(VI) + U(IV)

N
B L

—
w
~

Consequently, aqueous radiation chemistry could also provide an
explanation for the observed H, effect in the absence of noble metal
particles.

In 2001, Pastina and LaVerne published a study on the effect of
molecular hydrogen on hydrogen peroxide production in water
radiolysis [19]. The experimental results presented in this study
showed that 800 uM H, has virtually no effect on the production
of H,0, during a-radiolysis (o-radiation being the most important
type of radiation under deep repository conditions). On the other
hand, numerical simulations presented in the same paper predict
a strongly inhibiting effect of H,. The buildup of oxidizing species
was argued to be one possible explanation for this discrepancy
[19]. This inconsistency obviously caused confusion and prompted
scientists in the field of spent nuclear fuel dissolution to question
the reliability of the reaction scheme used in the numerical simu-
lations of water radiolysis. This also opened up for alternative
explanations involving surface catalyzed reduction by H, [7].

In the experiment performed by Pastina and LaVerne, 20 mL
solutions were irradiated with 5 MeV “He?" particles from an accel-
erator. The penetration depth of the accelerated ions in water is in
the order of 40 pm. Hence, only a very small fraction of the solu-
tion volume is actually exposed to radiation. In the numerical sim-
ulations performed, the system is homogenized, i.e. the radiation
energy is assumed to be homogeneously absorbed by the whole
volume. As a consequence, the actual dose rate in the experiment
is several orders of magnitude higher than the dose rate used in
the simulation. This discrepancy is a plausible cause for the appar-
ent disagreement between the experimental results and the
numerical simulation.

In this study we have investigated the effect of H, on radiolytic
production of H,0, as a function of dose rate and HCO; concentra-
tion in order to resolve the origin of the observed H, effect. The
investigation is based on numerical simulations.

The combined effect of radiolysis and H, on U(VI) in solution is
also studied to some extent for both a- and y-radiation.

2. Simulations

Numerical simulations of o- and y-radiolysis of water were per-
formed using MAKSIMA-Chemist [20]. The reactions and the corre-
sponding rate constants employed are presented in Table 1. The G-
values used are presented in Table 2.

The last reaction in Table 1 is used to make a homogeneous rep-
resentation of the surface reaction between H,0, and UO, leading
to dissolution of uranium (in cases where the UO, system is simu-
lated). The homogeneous first order rate constant is calculated

U0,(C0s),**"(aq) + n H*

2H H,

n HCO; 20H H20;

R,

U(Vl) <— u(Iv)

N

»

Scheme 1. Elementary processes involved in radiation induced oxidative dissolution of spent nuclear fuel.
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Table 1
Reaction scheme used in MAKSIMA simulations.

Reaction Rate const.?
OH: + OH' = H,0, 4.000 x 10°
OH'+e =0H™ +H,0 2.000 x 10'°
OH' + H'=H,0 2.500 x 10'°
OH+0; =0H™ + 0, 1.000 x 10'°
OH' +H,0, =H,0+0, +H" 2.250 x 107
OH' +H,=H,0 +H 4.000 x 107
e +e =OH +O0H +H, 5.000 x 10°
e +H =0H +H, 2.000 x 10'°
e +HO; = HO; +H,0 2.000 x 10'°
e +0, =HO, +OH~ 1.200 x 10'°
e +H,0,=0H+O0H +H,0 1.600 x 10'°
e +H"=H"+H,0 2.200 x 10'°
e +0,=0; +H,0 2.000 x 10'°
e +H,0=H+OH +H,0 2.000 x 10!
H +H =H, 1.000 x 10'°
H: + HO; = H,0, 2.000 x 10'°
H'+0, = HO, 2.000 x 10'°
H: + H,0, = OH' + H,0 6.000 x 107
H+OH =e~ 2.000 x 107
H'+0,=0; +H" 2.000 x 10'°
HO; = 0; +H* 8.000 x 10°
HO; + HO; = 0, + H,0, 7.500 x 10°
HO; + 0; = 0, + HO; 8.500 x 107
0, +H™ = HO; 5.000 x 10'°
H,0, + OH™ = HO; + H,0 5.000 x 10°
HO, +H,0 = H,0, + OH 5.735 x 10%
H,0=H"+0H" 2.599 x 107°
H*+OH =H,0 1.430 x 10"
OH' + CO3™ = CO3 +OH~ 4.000 x 108
OH' + HCO3 = CO3 + H,0 1.500 x 107
0, +C03 =CO% +0, 3.200 x 10°
H,0, + CO3 = CO% +0; + H + H* 4.300 x 10°
HO; +CO5 = CO2™ + 05 +H' 3.000 x 10’
H*+HCO0;=CO, + H,0 1.000 x 10'°
OH™ + HCO3 = CO%™ +H,0 1.000 x 10°
H,0 + CO, =HCO;5 +H" 8.410 x 10!
H,0 +CO3~ = HCO3 +OH 3.800 x 103
H,0 + CO2~ = CO2~ + H,0, 2.000 x 107"
CO3 +CO3 = C0%™ +CO, 7.000 x 10°
0; +0; = HO; +0, 3.500 x 10"
e +C0j = CO2" 1.000 x 10'°
H' + CO3 = HCO; 1.000 x 10'°
U(VI)+ e =U(V) 1.000 x 10'° [21]
U(VI) + H: = U(V) 1.000 x 10'°?
U(V) + U(V) = U(IV) + U(VI) 1.000 x 10°°
U(V)+e™ =U(IV) 1.000 x 10'%®
U(V) + H = U(1V) 1.000 x 10'°P

H,0, = U(VI) 2.086 x 1073 [22]

2 Ref. [15] unless otherwise stated.
> Adopted from Refs. [16-18] taking pH-effects into account.

from the heterogeneous rate constant presented in Ref. [22] by
assuming that the volume is limited by the maximum o-range.
By multiplying the heterogeneous rate constant with the surface
area to solution volume ratio (given by the inverse of the maxi-
mum ¢-range), the system specific first order rate constant is ob-
tained. The rate constants for the reactions responsible for
reduction of U(VI) in solution have been determined under differ-
ent conditions from those used in the simulations. The rate con-
stants for the reactions between e;; and oxidized uranium are

believed to be reliable while the reaction involving the hydrogen
atom and oxidized uranium are somewhat more uncertain. In the
simulations, the dose rate was varied between 0.000544 and
0.595 Gy s~!, the H, concentration was varied between 0 and
30mM and the HCO; concentration was varied between 0 and
10 mM. The dose rates were chosen to mimic spent nuclear fuel
(burn-up 38 MWd/kg U) of ages 100-100,000 years [25]. The high-
est dose rate corresponds to fuel considerably younger than
100 years.

3. Results and discussion

In the experiment performed by Pastina and LaVerne [19], the
H, concentration is 800 uM (1 bar) and the initial H,O, concentra-
tion is 50 uM. The homogeneous dose rate is 0.25 Gy s~!, and the
total solution volume is 20 mL. According to previous publications
on the same experimental set up, the cross section of the ion beam
is 0.3 cm? [26]. Taking into account that the penetration depth for
5 MeV a-particles is ca. 40 pm, the irradiated volume is calculated
to 1.2 pL. Hence, the dose rate in the irradiated volume is more
than four orders of magnitude higher than the homogenized dose
rate. Numerical simulations performed using both the homoge-
nous dose rate and the actual dose rate in the irradiated volume
are presented in Fig. 1.

As can be seen, the simulation performed using the homoge-
neous dose rate displays a significant H, effect while the simula-
tion performed using the actual dose rate in the irradiated
volume shows no sign of inhibition by H,. The latter simulation
is in perfect agreement with the experimental finding by Pastina
and LaVerne. This finding clearly shows that the radiolytic reaction
scheme used in most simulations is indeed reliable. Judging from
our results, the effect of H, on the concentration of radiolytically
produced H,0, is strongly dose rate dependent.

The dose rate in the irradiated volume of the experiment dis-
cussed above is several orders of magnitude higher than the dose
rates of relevance in a deep repository for spent nuclear fuel [25].
Therefore, we have performed a series of simulations using o-dose
rates expected to be relevant under deep repository conditions. As
stated above, we have systematically varied the H,- and HCO;-
concentrations. In Fig. 2, the H,O, concentration as a function of
irradiation time is plotted for different H, concentrations at the
highest dose rate used in the simulations (0.595 Gy s !).

As can be seen, the H,0, concentration is suppressed in the
presence of H,. At the highest dose rate (Fig. 2), a H, pressure high-
er than 0.01 bar (8 uM) is required to influence the H,0, concen-
tration. From the simulations, it is also obvious that the H,
pressure required to suppress the H,O, concentration decreases
with decreasing dose rate. When simulating longer irradiation
times, it becomes clear that the H,O, concentration reaches a stea-
dy-state level in the cases where H, displays an effect. By perform-
ing a series of simulations at different H, pressures, we were able
to pin point the critical H, pressures at which suppression of the
H,0, concentration occurs. In Fig. 3 the critical H, pressure is plot-
ted as a function of o-dose rate.

It is obvious that the critical H, pressure increases with increas-
ing dose rate, and that very low H, pressures affect the H,0, con-
centration at dose rates relevant in the safety assessment of deep
geological repositories for spent nuclear fuel. It should be noted

Table 2

G-values used in the MAKSIMA calculations.
Radiation G (Hy0) G (Ha) G (Hy0,) G (eaq)umolj’1 G (H) G ("OH) G (HOy)
o [23] —0.281 0.135 0.102 0.0062 0.022 0.025 0.023
v [24] -0.430 0.047 0.073 0.28 0.062 0.28 0.0027




166 M. Trummer, M. Jonsson/Journal of Nuclear Materials 396 (2010) 163-169

450 T T T T T T T

400 | .

250 B

200 E

c(Hy05) / uM

100 B

U | | | 1 4 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000

time/s

Fig. 1. H,0, concentration as a function of irradiation time for the homogeneous
(0, 0.25 Gy s~') and actual (®, 1667 Gy s~!) dose rates in the experiment by Pastina
and LaVerne [19].
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Fig. 2. H,0, concentration vs. irradiation time at 0 (a), 7.63 x 1076 (@), 7.63 x 10>
(0), 7.63 x 107%(O), 7.63 x 1073 (&) and 3.05 x 1072 (A) M H, (0.595 Gy s~ ).

that the common method of homogeneously diluting the dose in a
volume larger than the one actually being exposed to a-radiation
used in many numerical simulations, will overestimate the H, ef-
fect due to the dose rate dependence. Using the dose rate depen-
dence illustrated in Fig. 3, we calculate the critical H, pressure in
the experiment by Pastina and LaVerne [19] to 2.7 bar (ca.
2 mM). This is considerably higher than the H, pressure used in
the experiment.
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g. 3. Critical H, pressure vs. dose rate at 0 mM HCO;.

The H,0, steady-state levels obtained in the simulations display
a strong dependence on the dose rate and a weak dependence on
the H, pressure. At a given H, pressure the steady-state concentra-
tion is proportional to the square root of the dose rate while at a
given dose rate the steady-state concentration is inversely propor-
tional to the H; pressure. The steady-state concentration of hydro-
gen atom, the reactant responsible for the H,0, suppression,
increases with increasing H, pressure ([H]s ¢ o —DLHZ and is pro-
portional to the square root of the dose rate. As réaction (2) is
the main reaction responsible for consumption of H,0,, the rate
of H,0, consumption will be proportional to the hydrogen atom
steady-state concentration and thereby to the square root of the
dose rate (D). The rate of H,0, production is proportional to the
dose rate, and the H,0, steady-state concentration will therefore
be proportional to the ratio between the dose rate and the square
root of the dose rate according to Eq. (6)
_ c1D' _a \/B (6)

Cz\/E G

where c¢; and c; are constants. The square root dependence for the
hydrogen atom steady-state concentration is a result of the
self-recombination reaction being the main route for radical
consumption.

[H202s ¢

3.1. Effect of HCO;

Most groundwaters contain HCO; in mM concentrations. In the
presence of HCO5, the radiolytically produced hydroxyl radical is
scavenged according to reaction (7).

OH' + HCO; — H,0 + COy (7)

In the presence of H,, reactions (1) and (7) will compete, and the
inhibiting effect of H, is therefore expected to decrease with
increasing HCO; concentration. This is also revealed by the simula-
tions. Interestingly, the relative dose dependence on the critical H,
pressure decreases with increasing HCO; concentration and the
critical H, pressure virtually becomes a function of the HCO; con-
centration. The critical H, pressure is plotted as function of HCO;
concentration in Fig. 4.

It is also interesting to note that the H,0, steady-state concen-
trations obtained above the critical H, pressures in the presence of
HCOj5 are slightly lower than the corresponding H,0, steady-state
concentrations in the absence of HCO;. The rationale for this is
simply a pH effect which can be verified by performing a simula-
tion on a HCO; free system using the pH of a HCO; containing
system.

60 T T T T

50 - E

40 | 4

30 + -

20 f

p(critical Hy) / bar

¢{HCO,) / mM

Fig. 4. Critical H, pressure vs. HCO; concentration (0.595 Gy s ').
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3.2. The H; effect on radiation induced oxidative dissolution of UO,

In UO; and spent nuclear fuel leaching experiments, the con-
centration of uranium in solution is the key observable. This obser-
vable depends on both the H,0, production from radiolysis and
redox reactions in solution producing less soluble forms of ura-
nium. H, reacts very slowly with U(VI) in solution [27]. However,
in the presence of a catalyst, the reaction is considerably faster
[28]. The combined effect of ionizing radiation and H, on U(VI)
in solution is accounted for in reactions (3)-(5). To demonstrate
the impact of the radiolytic H, effect, we performed simulations
taking UO, oxidation and reactions (3)-(5) into account. The
resulting logarithmic uranium concentration vs. irradiation time
plot is given in Fig. 5.

As can be seen, the radiolytic H, effect is sufficient to suppress
the uranium concentration in solution. In this particular case, the
a-dose rate is 0.595 Gy s~!, the H, pressure is 40 bar and the
HCO; concentration is 1 mM. However, it should be stressed that
reactions (3)-(5) do not inhibit the release of radionuclides from
spent nuclear fuel. These reactions merely account for reduction
of U(VI) in solution. For this reason, a simulation where these reac-
tions are excluded is also illustrated in Fig. 5. The simulation
clearly shows that reactions (3)-(5) are responsible for the major
part of the observed effect. Hence, even though the uranium con-
centration in solution is very low, the rate of matrix dissolution
is still significant although the rate of dissolution is reduced by
approximately one order of magnitude.

When including the radiation induced reactions responsible for
reduction of U(VI) to U(IV), the U(VI) as well as the H,0, concen-
trations reach steady-state. This is illustrated in Fig. 6.

Under these conditions, the rate of H,O, production is equal to
the rate of H,O, consumption, and the rate of UO, oxidation is
equal to the rate of U(VI) reduction. As the rate of UO, oxidation
depends on the H,0, concentration, all four reactions are intercon-
nected and dependent on the dose rate. It is important to note that
steady-state with respect to H,0, is not the only prerequisite for a
steady-state with respect to U(VI) in solution. At H,0, steady-state,
the rate of UO, oxidation is constant. To obtain steady-state with
respect to U(VI), a sufficiently high concentration of hydrogen
atoms must be available. As stated above, the steady-state concen-
tration of hydrogen atoms increases with increasing dose rate. For
this reason, a certain dose rate is required to obtain steady-state
with respect to U(VI). The critical dose rate above which steady-
state is reached is around 0.27 Gy s~! at 40 bar H, and in the ab-
sence of HCO;. The critical value increases with decreasing H,
pressure and with increasing HCO; concentration. In Fig. 7, the

-2 T T T T

3+ . 4

log(c(U) / M)
-

log(time / s)

Fig. 5. Logarithmic plot of U(VI) concentration vs. irradiation time at 40 bar H, and
under inert atmosphere, with and without U(VI) reduction taken into account (inert
- reduction (4), inert - no reduction (®), H, - reduction (a), H, — no reduction (H)).
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Fig. 6. Logarithm of H,0, (®) and U(VI) (M) concentration plotted against
irradiation time (U(VI) reduction included).

U(VI) steady-state concentrations are plotted against HCO; con-
centration for 1, 10 and 40 bar H, at a dose rate of 0.595 Gy s~ .
At HCO; concentrations beyond the last point in each series, the
U(VI) concentration does not reach steady-state.

It is evident that the steady-state concentration of U(VI) is al-
ways below 1 nM in this particular system, i.e. radiation induced
dissolution of UO, would appear to be completely inhibited. The
HCO; concentration range within which U(VI) steady-state can
be reached increases with increasing H, pressure. At 40 bar Hj,
more than 2 mM HCO; can be present, and the U(VI) concentration
still approaches a very low steady-state level. However, it should
be emphasized that the o-dose rates above which U(VI) steady-
state is reached are higher than would be expected in a deep repos-
itory for spent nuclear fuel under the conditions relevant for a
safety assessment.

3.3. Radiolytic H, effect vs. noble metal catalyzed H, effect

From a more practical point of view, it is of interest to compare
the magnitude of the two H; effects on radiation induced oxidative
dissolution of spent nuclear fuel. The effect of the noble metal cat-
alyzed inhibition is quantitatively described by Eq. (8) [5,11]

Tdiss = Tox — k‘grel[HZ] (8)

where 1y is the rate of oxidative UO, dissolution, 1,y is the uninhib-
ited rate of UO, oxidation, k (=10~ m s~' [11]) is the rate constant
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T e T
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Fig. 7. Steady-state concentration of U(VI)at 1 (@), 10 (M) and 40 (a) bar H, plotted
as a function of HCO; concentration.
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Table 3
Critical H, concentrations in the noble metal catalyzed and radiolytic H, effects.

Dose c(Hy(e)) Critical ¢(H>(0 mM Critical ¢(Hy(1 mM
rate HCO;3))mol dm~3 HCO3))

0.000544 4.99 x 1071 ~7.00 x 1077 410x 1073
0.0059 541 x10° ~235x10°° 412 x 1073
0.0287 263x10°% ~528x10°° 4.14 x 1073

0.119 1.09 x 1077 ~1.10 x 107> 417 x 1073

0.357 327 x1077  ~1.93x10°° 420 %1073

0.595 546 x 1077 ~2.50 x 10> 422 %1073

for the noble metal catalyzed reduction of U(VI) to U(IV) by Hy, & is
the fraction of the surface area covered by noble metal particles,
and [H;] is the hydrogen concentration in solution. Assuming the
noble metal particle surface coverage to be 1%, we can calculate
the H, pressure or concentration required to completely cancel
the oxidative dissolution of UO, (ry;ss = 0). In Table 3, these values
are given along with critical values for the radiolytic H, effect (at
0 and 1 mM HCO;) for the a-dose rates used in this work.

As can be seen, the noble metal catalyzed H, effect is signifi-
cantly more powerful in all cases. Furthermore, it should be kept
in mind that the critical values for the radiolytic H, effect do not
correspond to complete cancellation of the oxidative UO,
dissolution.

3.4. Accounting for the radiolytic H, effect in predictive modeling of
spent nuclear fuel dissolution

As shown above, the impact of the radiolytic H, effect depends
on the o-dose rate. For this reason, homogeneous models are
bound to fail since the dose rate displays a strong variation with
distance from the fuel surface. The only way to accurately account
for this effect is by performing simulations taking the geometrical
dose distribution into account. Such simulations are very tedious,
and it is difficult to simulate longer irradiation times of relevance
in the safety assessment of deep repositories. On the other hand,
since the noble metal catalyzed inhibition is much more efficient,
the radiolytic H; effect can be neglected for spent nuclear fuel, thus
simplifying the simulations significantly.

To mimic experiments using a-doped UO,, the radiolytic H; ef-
fect must be accounted for. As stated above, the steady-state con-
centration of H,0, depends on the H, pressure as well as the dose
rate. The steady-state concentrations obtained as a result of the
radiolytic H, effect are in most cases lower than the corresponding
steady-state concentrations expected from the previously men-
tioned steady-state approach for radiation induced dissolution of
UO, (calculated from Eq. (9) [5]).

DG(H303) 00 max (o)

[H202]S—5 = [
2Y2

9)
The expression in the numerator of Eq. (9) gives the rate of H,0,
production per m? UO, surface. In the equation, D is the average
o-dose rate in the irradiated volume, G(H,0,) is the radiation chem-
ical yield of H,0,, p is the density of water, dmax(2) is the maximum
range of the a-particles in water, and ky,o, is the rate constant for
the reaction between H,0, and the UO, surface. Hence, the stea-
dy-state concentration in the system will be governed by the radio-
lytic effect. In Table 4, the ratio between the H,0, steady-state

concentration in H, containing systems and in UO, containing sys-
tems (where the only reaction consuming H,0, is the surface reac-
tion with UO,) is presented as a function of dose rate.

When comparing the H, induced reduction in steady-state con-
centration at different dose rates, it becomes evident that it in-
creases with increasing dose rate. In fact, the ratio is inversely
proportional to the square root of the dose rate according to Eq.
(10).

H202]s_sm,) (

[H202s s VD

This expression can also be derived directly from the dose rate
dependence of the two individual steady-state expressions. It is
important to note that Eq. (10) is only valid above the critical H,
pressure. Since the dose rate decreases with distance from the fuel
surface and since the relative effect of H, increases with dose rate,
the relative effect of H, will decrease with increasing distance from
the surface. The direct consequence of this is that the effective dose
rate profile will change shape into a less pronounced gradient. The
impact of the radiolytic H; effect can be estimated by integrating
the dose rate profile [25] taking the dose rate dependent H, effect
into account. From this estimation, it is clear that the reduction in
H,0, steady-state concentration follows the same relationship as
Eq. (10) using the average dose rate for a given profile. When apply-
ing this to a hypothetical case of 38 MWd/kg burn-up fuel of differ-
ent ages, we estimate the relative steady-state concentration ratios
to be 0.08, 0.16, 0.34 and 1 for fuel ages 100, 1000, 10,000 and
100,000 years, respectively. Hence, the impact of the radiolytic H,
effect decreases with increasing fuel age. From this elaboration,
we can conclude that the radiolytic H, effect can be accounted for
also in the steady-state approach. If we only take the actual inhibi-
tion of matrix dissolution (excluding the reduction of dissolved
U(VI)) into account, the following equation (derived from Egs. (8)
and (10)) can be used to estimate the rate of radiation induced dis-
solution of UO, in the H, pressure range 1-40 bar.

0,026 o.oos) (10)

Tdiss = (0.026% + 0.00S) DG(H;02) pmax(w)) — kérer[Ha] (11)
The dose rate used in Eq. (11) is the average dose rate in the o-irra-
diated volume. Both in the case of spent nuclear fuel and a-doped
UO,, a-radiation is not the only type of ionizing radiation emitted
from the solid. Spent nuclear fuel contains B- and y-emitters and
most o-decays are accompanied by emission of y-photons. Hence,
o~doped UO; is not a pure source of o-radiation. The y-dose rate
is significantly lower than the a-dose rate but a much larger volume
is affected by y-radiolysis. Furthermore, the G-values for production
of radicals are much higher in the case of p- and y-radiolysis com-
pared to a-radiolysis. Hence, radiation induced reduction of U(VI) is
expected to be more powerful in B- and y-irradiated solutions con-
taining H,. In Fig. 8, the U(VI) concentration is plotted as a function
of irradiation time for y-dose rates in the range of 1.6 x 1078~
1.6 x 107> Gy s~ '. The HCO; concentration used in the simulations
is 103 mol dm—3 and the H, pressure is 1 bar. The initial U(VI) con-
centration is 1077 mol dm~3.

Obviously, even these low dose rates are sufficient to reduce the
U(VI) concentration to very low levels at fairly low H, pressure. It
should be pointed out that the volume affected by y-radiolysis is
several orders of magnitude larger than the volume affected by

Table 4
Ratios between H,0, steady-state concentrations under H, and in UO, systems.
0.000544 Gy s™! 0.0059 Gy s! 0.0287 Gy s ! 0.119Gys™! 0.595 Gy s~!
40 bar H, 1.14 0.35 0.16 0.08 0.04
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Fig. 8. U(VI) concentration as function of the logarithm of the y-irradiation time at
1.6 x 107 (@), 1.6 x 10~ (W), 1.6 x 1075 (a), 1.6 x 107> (x) Gy s~ .

o-radiolysis. Hence, the impact of H; in combination with low y-
dose rates on dissolved U(VI) is expected to be considerable. This
is a plausible explanation of the H, effect observed in several leach-
ing studies using a-doped UO, [13,14]. However, it should be
noted that the precise magnitude of this effect is somewhat uncer-
tain given the uncertainty in some of the rate constants used in the
simulations. The o-radiation induced H, effect alone is not suffi-
cient to explain the experimental observations. In the majority of
the cases, the conditions (dose rate, H, pressure and HCO; concen-
tration) are outside the range where low steady-state concentra-
tions of U(VI) are expected. It should be stressed that the rate of
uranium concentration decrease in solution is probably somewhat
lower than indicated by Fig. 8. The main reason for this is that
aggregation and sedimentation of colloidal U(IV) particles will de-
lay the disappearance of uranium from solution.

4. Conclusions

In this work, we have investigated the effect of H, on the H,0,
concentration during o-radiolysis using numerical simulations.
The effect of dose rate, H, pressure and HCO; concentration on
the H,0, concentration as well as the concentration of U(VI) in
solution has been studied. The impact of H, is found to be strongly
dose rate dependent, and this dependence explains the somewhat
puzzling experimental data previously published by Pastina and
LaVerne. This also verifies the reliability of the reaction scheme
used in most numerical simulations of aqueous radiolysis. From
the systematic variation of the dose rate, H, pressure and HCO;
concentration, the following conclusions can be drawn:

- At sufficiently high H, pressures, the H,O, concentration
reaches steady-state upon a-radiolysis.

- The critical H, pressure required to suppress the H,O, concen-
tration during a-radiolysis as well as the steady-state concentra-
tion of H,0, are strongly dose rate dependent.

- The steady-state concentration of H,0, is also dependent on the
H, pressure.

- The steady-state concentration of the hydrogen atom governs
the steady-state concentration of H,0,, and both steady-state
concentrations follow similar H, pressure and dose rate
dependences.

- Due to the a-radiolytic H, effect, the steady-state concentration
of H,0, is lower than the H,0, steady-state concentration
expected in o-radiation induced dissolution of spent nuclear
fuel in the absence of H,. Consequently, H, will reduce the rate
of a-radiation induced dissolution of spent nuclear fuel.

- The a-radiolytic H, effect can easily be accounted for in the
steady-state approach for predictive modeling of radiation
induced dissolution of spent nuclear fuel.

- Hydrogen atoms produced upon o-radiolysis of H, containing
water will also reduce the uranium concentration in solution.
This process is efficient only at higher dose rates and cannot
explain the H, effect observed in many experiments on o-doped
U0,.

- Low 7y-dose rate in combination with moderate H, pressure is
efficiently reducing U(VI) in solution. This is the probable reason
for the low U(VI) concentrations observed in leaching experi-
ments on a-doped UO, in the presence of H.
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