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ARTICLE INFO ABSTRACT

Article history: Radiation induced dissolution of uranium dioxide (UO,) nuclear fuel and the consequent release of radio-
Received 25 November 2010 nuclides to intruding groundwater are key-processes in the safety analysis of future deep geological
Accepted 18 October 2011 repositories for spent nuclear fuel. For several decades, these processes have been studied experimentally

Available online 6 November 2011 using both spent fuel and various types of simulated spent fuels. The latter have been employed since it is

difficult to draw mechanistic conclusions from real spent nuclear fuel experiments. Several predictive
modelling approaches have been developed over the last two decades. These models are largely based
on experimental observations. In this work we have performed a critical review of the modelling
approaches developed based on the large body of chemical and electrochemical experimental data.
The main conclusions are: (1) the use of measured interfacial rate constants give results in generally good
agreement with experimental results compared to simulations where homogeneous rate constants are
used; (2) the use of spatial dose rate distributions is particularly important when simulating the behav-
iour over short time periods; and (3) the steady-state approach (the rate of oxidant consumption is equal
to the rate of oxidant production) provides a simple but fairly accurate alternative, but errors in the reac-
tion mechanism and in the kinetic parameters used may not be revealed by simple benchmarking. It is
essential to use experimentally determined rate constants and verified reaction mechanisms, irrespective
of whether the approach is chemical or electrochemical.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The safety analysis of future deep geological repositories for
spent nuclear fuel relies on extensive extrapolations of models
describing the numerous processes affecting the release into, and
mobility of radionuclides in, the geosphere/biosphere. One of the
key processes is the release of radionuclides from spent nuclear
fuel in contact with groundwater inside a failed waste container.
In general, the UO, matrix containing the radioactive fission prod-
ucts and actinides has a very low solubility in groundwater [1].
However, the inherent radioactivity of spent nuclear fuel causes
the emission of o-, B- and y-radiation which will be absorbed by
the water adjacent to the fuel surface giving rise to its radiolytic
decomposition [2]. Radiolysis of water produces both oxidants
and reductants capable of altering the fuel matrix. As the spent nu-
clear fuel matrix is in its reduced (U(IV)) form, radiolytic oxidants
will, at least during the early stages, have higher impact than their
reducing counterparts. Oxidation of the fuel matrix will produce
U(VI) which is considerably more soluble than the reduced form
[3] and will lead to its enhanced dissolution, and, thereby, to the
release of radionuclides.

The overall process of oxidative dissolution (corrosion) of solid
UO, involves a sequence of oxidation, dissolution, and possibly, un-
der certain conditions, deposition reactions. At a macroscopic level
the process can be described by the sequence

U0, — UO,,x — UO3" — UOs - yH,0 (1)

where UOs. (U} ,, U5, 0,.4) is a thin intermediate oxidized layer on
the UO, surface [3], and UO5-yH,0 is a U"! deposit formed if local
supersaturation with dissolved UO2" occurs at the fuel surface.
Since most repository groundwaters have a pH in the range 7-10,
when UV solubility is at a minimum, redeposition of dissolved
UO%+ is likely to occur, unless the groundwater has a significant
HCO3/CO3™ content, when UY' complexation

U02* + aHCO; — UO,(HCO;)2 )

will increase the solubility and prevent redeposition of UO3", there-
by accelerating the oxidative dissolution kinetics [4]. If deposition is
avoided, then the steady-state oxidative dissolution process can be
adequately described as a two step reaction occurring on the UO5.y
surface layer,

0x + U0, — Red + UO3" (surf) 3)

U0%* (surf) — UO3* (aq) 4)

In the presence of UO3" complexing agents such as HCO3, the
release of UO3" from the surface to the solution (dissolution reac-
tion (4)) is enhanced and the overall reaction becomes limited by
the rate of oxidation (reaction (3)).

Both electrochemical [3,5,6] and chemical studies [7-9] yield
consistent results showing that, for a carbonate concentration
>10"2moldm™ the formation of significant amounts of U!
deposits is prevented and oxidative dissolution proceeds uninhib-
ited at a much higher rate than in the absence of carbonate. As the
carbonate concentration is increased, both deposition and forma-
tion of the underlying UO,., layer are prevented [7,9] and oxidative
dissolution facilitated [6].

While carbonate is expected to be the dominant groundwater
species influencing oxidative fuel dissolution, other species, such
as Ca?* and silicate, which exert a considerable influence on ura-
nium mineralogy [10], are likely to promote the formation of
deposits. The formation of secondary phases involving these ions,
and other cations (K*, Na*) has been extensively characterized un-
der the oxidizing conditions anticipated in the proposed Yucca
Mountain repository (Nevada, USA) [11] but has received minimal
attention under the less oxidizing conditions anticipated in granitic
and sedimentary clay repositories [12,13].

Considerable effort has been expended to develop models to
predict oxidative dissolution. These models must account for the
geometrical dose distribution (i.e., the radiation dose as a function
of distance from the fuel surface), surface reactions such as oxida-
tion and dissolution, diffusion due to the inherent concentration
gradients imposed by the geometrical dose distribution as well
as the surface reactions and the chemistry of the bulk UO, phase.
The formation of secondary solid phases constitutes an additional
problem that is particularly difficult to address. Issues arising
due to the accumulation of these deposits would include: (i) an
unpredictable reduction in the surface area of fuel available for dis-
solution; (ii) the restriction of diffusion processes, in particular of
radiolytic oxidants from, and potential oxidant scavengers (FeZ*,
H,) to, the fuel surface; (iii) the co-precipitation of alpha emitters
released by fuel dissolution [14,15].

The reliability of a model depends on the extent to which it ac-
counts for relevant processes and parameters, and to what extent it
is based on unverified assumptions, not supported by experimental
data. Data from experiments on spent nuclear fuel as well as sim-
pler simulated fuels constitute the basis for model development as
well as providing a means to validate (benchmark) the models.
Hence, access to reliable experimental data is of vital importance.
In this paper, we critically review existing modelling approaches
in view of the available experimental data and current mechanistic
understanding. Due to the lack of kinetic data on dissolution and
precipitation processes in systems limited by solubility, we focus
on systems where dissolution can be represented by reactions (3)
and (4).

Before discussing the body of experimental work and scrutiniz-
ing the proposed modelling approaches it is essential to summa-
rize the fundamentals of some of the unique features of the
system of interest and some of the experimental techniques used.

1.1. Radiolysis of aqueous solutions

The mechanism for energy absorption by aqueous solutions de-
pends on the type of radiation [2]. Heavy, highly charged particles
(i.e. He?") interact strongly with the absorbing medium. Hence,
their penetration depth is short and the energy is deposited in a
small volume of the absorber. Due to the high particle mass the
deflection caused by interacting coulomb fields is small, leading
to straight paths. Furthermore, the secondary electrons produced
have relatively low energy and only a minor fraction cause second-
ary ionization [16,17]. Lighter, less charged particles (i.e., elec-
trons) have longer penetration depths and are more widely
scattered out of the incident beam path. Electromagnetic radiation
(i.e. y-photons) interacts very sparsely with water due to the ab-
sence of charge and mass. Consequently, the penetration depth is
much longer and all the energy is lost in one, or a few, interactions.
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The ionization caused by y-absorption is almost completely due to
secondary ionization. The radiation chemical yield is described in
terms of G-values, which are the number of moles of the irradiated
material transformed per Joule of absorbed energy (mol]!)
[16,17]. The yields depend on the type of radiation and the energy.

In a heterogeneous system, energy, charge and matter can be
transported through the interface. This, as well as catalytic and ste-
ric effects, could alter the process of water decomposition. In radi-
ation-induced oxidative dissolution of spent nuclear fuel, the
central reaction is between radiolysis products and the fuel surface.
Hence, it is of crucial importance to elucidate the effects of the pres-
ence of a solid surface on the yield of water radiolysis products.
LaVerne et al. [18-21] have studied radiolytic H, production in
the presence of solid oxide surfaces. Some of these studies were
on thin films of water on oxide surfaces, and others on powder sus-
pensions or slurries. In general, G-values were found to increase
with decreasing number of water layers on the surface, probably
by transfer of energy originally deposited in the solid phase to the
liquid phase. The effect clearly depends on the type of oxide and
its surface morphology. Experiments on slurries and suspensions
show that very high solid-surface-area-to-solution-volume (A/V)
ratios are required to significantly increase the G-value for H, above
that for bulk water [19]. For SiO, in water an A/V ratio of ~10’ m~!
is required to observe an effect on the G-value [19]. This corre-
sponds to a water layer with a thickness of ca 60 nm, i.e., a thickness
significantly shorter than the maximum range of o-particles in
water (30-40 um). The A/V ratio in the oxidative dissolution of
spent nuclear fuel in aqueous solution is several orders of magni-
tude lower than this, making the surface-enhanced H, production
unimportant [22].

Radiolytic production of H,O, does not appear to be affected by
the presence of oxide surfaces to the same extent as H, [18]. A key
unresolved issue is the influence of radiation, especially alpha,
when the surface is covered with a porous deposit whose thickness
is greater than the penetration depth of the particle in water and
which possesses water-filled pores. Under these conditions, the
A/V ratio in confined pores could exceed 10’ m~! and the apparent
radiation chemical yields could deviate from the bulk values.

1.2. Kinetics of heterogeneous systems

As for homogeneous bimolecular reactions, collision theory can
also be used to describe the kinetics of interfacial reactions be-
tween a solid surface and solutes in the liquid phase. Astumian
and Schelly have described the theory for the kinetics of interfacial
reactions in detail [23]. The complete rate expression for solutes
reacting with suspended solid spherical particles is given by:

d[Solute] _ _ 2kgT R2 jiaol (e’% ) (Solute] Nsotidmol (5)

dt 37”7 RSoluteRP 14
where k; denotes the Boltzmann constant, # is the viscosity of the
solvent, Rsyianor is the radius of the molecules constituting the solid
material, R is the molecular radius of the reacting solute, Rp is
the radius of the solid particle, Nsyigvor is the number of molecules
on the surface of the solid being exposed to the solution of volume
V. In accordance with conventional collision theory for homoge-
neous bimolecular reactions, the part of the expression preceding
the reactant concentrations can be identified as the rate constant.
From this expression it can be seen that with increasing particle size
the diffusion controlled rate constant (collision frequency) de-
creases. As a consequence, the maximum rate constant decreases
with increasing size of the solid particle.

In practice, the A/V ratio is often used to quantify the amount of
solid reactant. Therefore, experimentally determined second order
rate constants for interfacial reactions have the unit ms~'. As the

true surface area of the solid is very difficult to determine, the va-
lue obtained in BET measurements is frequently used. The maxi-
mum diffusion controlled rate constant for a particle suspension
containing pum-sized particles is ca 107> m s~!, and for mm-sized
particle suspensions the corresponding value is 10 ms™' [22].
Consequently, it is very important to apply the correct rate con-
stants when simulating the kinetics of a heterogeneous system.
Diffusion limited rate constants for heterogeneous systems can
also be derived from electrode kinetics resulting in comparable
values [24].

Rate constants for interfacial reactions have mainly been deter-
mined from experiments using particle suspensions where the
concentration of reactive solute is monitored as a function of time
[25]. In these experiments, the A/V ratio is very large and the con-
sumption of reactive solute follows first order kinetics. By plotting
the pseudo first order rate constant against the A/V ratio the second
order rate constant can be obtained (from the slope). The main lim-
itation is that only relatively stable solutes can be studied experi-
mentally. It is not possible to study the reactivity of short-lived
species such as radicals using this approach.

The rate of reactive solute consumption is given by:

d[Solute] . (A
—a - k1 <V> [Solute] (6)
While the rate of surface reaction is given by:
- % — ky(A)[Solute] @)

Here A denotes the solid surface area, and V is the solution
volume.

1.3. Electrochemistry of oxidative dissolution [24]

As mentioned above, the oxidative dissolution of UO; in the
presence of radiolytic oxidants is a corrosion reaction, the thermo-
dynamic driving force for which can be expressed in terms of the
difference in equilibrium potentials (E°, defined by the Nernst
equation) for fuel oxidation/dissolution and the redox potential
of the solution close to the surface. Under these conditions, the fuel
will establish a corrosion potential (Ecorg) at which the anodic dis-
solution rate (UO, — UO%+ +2e7), termed the corrosion rate, is
equal to the rate of the oxidant reduction reaction (OXx +2-
e~ — Red). Since both of these half reactions occur on the UO; sur-
face, no net current flows in any external measuring circuit,
meaning the corrosion (oxidative dissolution) rate cannot be
straightforwardly measured using conventional electrochemical
methods. However, the use of probe electrodes enables direct mea-
surement of corrosion rates.

While each of these half reactions (the overall reaction is the
sum of the two) would be reversible at its respective equilibrium
potential, under corrosion conditions (i.e., at Ecorr) they are polar-
ized away from their respective E° values, to a degree given by
E° + Ecorr, and are generally irreversible. The extent to which each
half reaction is polarized is determined by the relative kinetics of
the half reactions, and the most polarized reaction (i.e., the one
demanding the largest fraction of the difference between equilib-
rium potentials) is the kinetically slowest. Because it is determined
by distinct half reactions, Ecorg is commonly referred to as a mixed
potential. This coupling of half reactions is illustrated for radiolyt-
ically-produced H,0, in Fig. 1. It is obvious that this simple cou-
pling of half reactions will become much more complicated if
more than one radiolytic oxidant (or reductant) is involved and/
or the corroding surface is partially covered by re-deposited corro-
sion products (e.g., UO3-yH,0).

The rate of an electrochemical reaction can be expressed by a
rate law identical to that used for a chemical reaction providing
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GROUNDWATER
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Fig. 1. lllustration showing the radiolytic production of oxidants by the radiolysis
of water, and the coupling of cathodic oxidant processes to anodic fuel dissolution
which constitutes the overall fuel corrosion process.

two additional features are acknowledged: (i) the reaction involves
the destruction of a surface and its rate will, therefore, be limited
by the available reactive surface area; (ii) the rate constant is expo-
nentially-dependent on the electrochemical potential. Thus, for a
reagent R in solution, we can write the rate expression

—d[R]/dt = k[R]” = i/nFA 8)

in which i is the current, n is the number of electrons involved (2 for
UO, dissolution as UO%") and F is the Faraday constant. Using this
relationship, and including the exponential dependence of the rate
constant on electrochemical potential, the rate for the anodic disso-
lution of UO;, (iyo,) at an electrochemical potential, E, is given by,

iuo, = NF(K')y0,A explba(E — (E)] 9)

where b, describes the relationship between current and potential
and is termed the Tafel constant, and (k'),o, is the chemical rate
constant and an inherent property of the reaction (not to be con-
fused with a kinetically obtained rate constant for a bimolecular
homogeneous reaction between UO, and an oxidant), and (E®)a; is
the equilibrium potential. Here, the subscript A1 refers to one of
the two possible anodic dissolution reactions, the dissolution of
UO, as the uranyl ion. The second anodic reaction, A2, is the disso-
lution of the carbonate complexed uranyl ion (below). Writing this
relationship in this form implicitly assumes that the applied elec-
trochemical potential (E) is sufficiently positive of the equilibrium
potential that the reverse reaction (UO%+ +2e”~ - UO,) cannot
occur. This assumption will be maintained when writing similar
relationships below. If the dependence of anodic dissolution rate
on carbonate concentration is taken into account, then Eq. (9) is
modified to read

ivo, = NF(K")yo,A[COs]" exp[bjy (E — (E°) )] (10)

where [COs] is the total carbonate concentration and m is the reac-
tion order with respect to total carbonate. The term k”(UO,) is the
chemical rate constant for anodic dissolution as uranyl carbonate,
b/, is the Tafel constant for this reaction and Ej, is the equilibrium
potential. It should be noted that not all surface sites are necessarily
reactive and A could be modified to Afs, where f, is the fraction of
the surface which is reactive. In chemical models this would com-
monly be termed the density of reactive surface sites, an entity
implicitly included in the rate constants.

A similar relationship can be written for the cathodic half reac-
tion (H,0, +2e™ —» 20H").

i1,0, = —NF (K)y,0,A[H202)" exp(bc (E — (E°)c)] (11)

As for the anodic reaction, it is possible that not all surface sites
can act as cathodic sites, or (as will be shown below for noble me-
tal particles) some sites are preferential cathodes, and the surface
area may need to be modified accordingly.

Generally, Egs. (9)-(11) are written in the logarithmic form, e.g.,
for the anodic reaction,

log(ivo,) = 10g(nF(K')yo,A) + ba(E — (E*)ay) (12)

Plots of log(i) versus potential are termed Tafel plots. (A similar
equation could be written for the cathodic reaction). When written
in this form, the first term on the right hand side is recognizable as
a chemical rate expression for the anodic half reaction, the second
term accounting for the influence of potential. Extrapolating cur-
rents measured as a function of potential, E, to E = E€ yields a value
of the rate constant. At the equilibrium potential no measurable
current flows since the forward reaction is dynamically balanced
by the reverse reaction (e.g., UO§+ +2e~ — UO,). The value of the
current obtained by such an extrapolation of equations like (9)-
(11) is commonly termed the exchange current, i,. Inspection of
the equations shows i, is directly proportional to the rate constant
and dependent on the concentrations of the species involved. The
extrapolation of measured dissolution currents as a function of ap-
plied potential leading to the determination of i, (Eq. (12)) is illus-
trated in Fig. 2.

As mentioned above, the corrosion potential (Ecorg), at which
the corrosion reaction occurs, lies between the equilibrium poten-
tials for the anodic and cathodic half reactions, and is the only po-
tential at which the current for the anodic dissolution of UO, is
equal, and opposite in sign, to the current for the cathodic reduc-
tion of H,0,. Thus, Egs. (9)-(11) could be written in terms of
E — Ecorg, rather than E — E°, and extrapolation of their logarithmic
form to Ecorg yields

log(ivo,) = |10g(iw,0,)| = l0g(icorr) (13)

where icorr is the corrosion current which can be converted to the
corrosion rate in chemical units using Faraday’s Law. This rate is the
same as the oxidative dissolution rate determined in chemical ki-
netic studies. The relationship between E® and Ecogrg, and i° and icorg
according to Eq. (12) is illustrated in Fig. 2. Eq. (11) could also be
written in the logarithmic form and measured currents for the
cathodic reduction of H,0, similarly extrapolated to (E¢)c and Ecogg.

extrapolated measured

current current
T
._3
k=)
o

IOQ(iCGRR)
log(i®)
(Ee)m ECORR E

Fig. 2. Illustration of the extrapolation of measured anodic dissolution currents for
UO,, according to the Tafel relationship (Eq. (12)), to yield values of the exchange
current, i,, at the equilibrium potential, (E®)4;, and the corrosion current, icogg, at
the corrosion potential, Ecogg.
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In this second case, (E®)c would be more negative than Ecoggr, and
the value of the current at Ecorg Would also yield icogg.

2. Experimental studies
2.1. UO, oxidation

Since the steady-state oxidative dissolution of UO, proceeds
through the pre-formation of UO,., [26], the kinetics of formation
of this layer does not influence the overall oxidative dissolution
kinetics providing the UO, surface is completely covered by this
layer. Oxidation involves the injection of 0%~ jons into vacant
interstitial locations in the UO, cubic fluorite structure accompa-
nied by the charge-balancing conversion of adjacent U cations
to UV [3]. Based on corrosion potential (Ecorg) and charge-injection
measurements it has been demonstrated that the rate of formation
of this layer is ~200 times faster in H,O, than in O,-containing
solutions of equivalent oxidant concentration [3]. However, as a
measure of oxidation rate this approach can only be considered
approximate, since the kinetics of surface oxidation (to UOj.y)
are difficult to separate from those of dissolution (as UO3").

In most kinetic studies of UO, oxidation and dissolution, the
experiments are optimized to obtain dissolution rates rather than
rate constants for oxidation or dissolution. This results in system
specific rates dependent on the type of oxidant and its concentra-
tion, and the concentration of any UO3" complexing agent. Apply-
ing these rates to systems where the conditions are different is not
always possible, making it desirable to obtain rate constants for
elementary reactions, since these are system-independent.

Rate constants have been determined in both chemical oxidative
dissolution and electrochemical experiments [9,25,27,28]. Electro-
chemical rate constants were determined by the extrapolation of
measured current-potential relationships as described in Section
1.3. In this manner rate constants for the anodic dissolution reac-
tion, with and without carbonate complexation, and for the catho-
dic reaction (with Ox = H,0, and O,) were obtained. However, it
should be emphasized that rate constants used in electrochemistry
are fundamentally different from those used in chemical kinetics.
Hence, direct comparison or interchange of rate constants between
kinetic and electrochemical models are not possible.

Few second order rate constants have been reported [9,25]. In
one paper, experimentally determined rate constants for oxidation
of UO, by four different oxidants in aqueous solution with no UO%*
complexing agents are reported [25]. Older studies of UO, oxida-
tion/dissolution by various oxidants did not always yield a rate
constant [29]. The oxidants used in a more recent study [25] were
Fe(EDTA)~, H,0,, MnO, and erlé’. The logarithm of the rate con-
stant was found to be linearly related to the one-electron reduction
potential of the oxidant. This led to the conclusion that the rate
determining step is the first electron transfer, and that the relation-
ship between rate constant and redox potential enables the predic-
tion of rate constants for other oxidants. That the first electron
transfer step is rate-determining for H,0, reduction is confirmed
by electrochemical experiments, especially at lower [H,0,] [30].
Molecular oxygen is also a potential radiolytical oxidant in a geo-
logical repository. As mentioned above, electrochemical studies
indicate that H,0, is approximately 200 times more reactive than
0,. This is in agreement with earlier observation by Hickey [31]
that the corrosion rate in carbonate solution (pH =9.8) is ~200
times faster in H,0,-containing than O,-containing solution [31].
The relative reactivity estimated from the relationship between
rate constant and one-electron reduction potential also gives a fac-
tor of 200 when comparing these two oxidants.

Since the rate determining step in oxidation of UQ, is the first
electron transfer, and both O, and H,0, reduction involve multiple

electron transfers, the oxidation of UO, by these oxidants will be a
stepwise process, as demonstrated electrochemically [30,32]. For
reasons discussed below, H,0, is the most important oxidant in
spent fuel dissolution, and the mechanism for UO, oxidation by
H,0, can be described by following reactions:

H,0, + UO,(s) — OH' + OH™ + U0} (s) (14)

OH' 4+ UOJ (s) — OH™ 4+ UO%* (s) (15)

The hydroxyl radical produced in the first step will initially be
in the adsorbed state and being very reactive towards the UO, sur-
face (the reaction is diffusion controlled), will inevitably react at
the site of its formation [25].

The rate constants in Ref. [25] were determined in aqueous solu-
tions containing no complexing agents when the kinetics of oxidant
consumption could be influenced by the presence of surface depos-
its and, hence, is not solely governed by the redox process (even if
the rate constants were determined from the initial slopes where
the effect of dissolution is small). For this reason, the rate constants
are not the true rate constants for oxidation. More recently, the
kinetics of UO, oxidation by H,0, was studied as a function of
HCO; concentration [9]. The second order rate constant increased
linearly with HCO; concentration over the range 0-1 mM, And for
concentrations higher than 1 mM, became independent of the
HCO; concentration. This rate constant (7.3 x 1078 ms™!) is the
dissolution-independent rate constant for the reaction between
H,0, and UO,. In this reaction, only about 80% of the consumed
H,0, yields oxidative dissolution of UO, [33], the remaining 20%
is presumed to be consumed by surface-catalyzed decomposition
as will be discussed in more detail below.

2H,0, — 0, + 2H,0 (16)

It should be emphasized that the oxidation yield was deter-
mined for UO, powder, not pressed and sintered UO, pellets. Re-
cent studies on UO, pellets show that a much larger fraction of
H,0, is catalytically decomposed on pellets [34].

For oxides which are more difficult to oxidize (compared to
UO,), the relative importance of surface-catalyzed decomposition
of H,0, is significantly higher. Experimental studies have shown
that the activation energy for the oxide surface catalyzed decom-
position of H,0, seems to be independent of the type of oxide [22].

In aqueous solutions containing HCO; and H,0,, peroxymono-
carbonate (HCO, ) is formed, with redox properties similar to those
of H,0, itself [35]. The influence of ionic strength on the kinetics of
the reaction between H,0, and UO; has been studied [36], for solu-
tions containing 0 and 10 mM HCO;. At 0 mM HCOj3, the kinetics of
H,0, consumption is affected by dissolution of oxidized UO, while
at 10 mM HCOj3, H,0, consumption is completely governed by oxi-
dation. The study clearly shows that the rate of oxidation (i.e. the
rate constant at 10 mM HCOj5) is independent of the ionic strength,
indicating the reactive oxidant is uncharged. Consequently, the
reactive oxidant under these conditions is H,O, rather than
HCO,. By contrast, a significant ionic strength effect was observed
for a HCO; -free system, the kinetics of H,O, consumption being
strongly affected by dissolution of UO5.y.

Oxidative UO, dissolution rates measured under various condi-
tions (type of oxidant, oxidant concentration, HCO; concentration
and pH) have been reported [8,31,37-55]. In general, the oxidative
dissolution rate increases with increasing oxidant and HCO; con-
centrations. However, these trends are often not quantified in
terms of rate constants, making their quantitative comparison dif-
ficult. Consequently, the rates have limited applicability.

Recently, the rate constants for HCO; -facilitated oxidative dis-
solution (k=1.7 x107°ms~!) and for dissolution of oxidized
U0, in pure water (k=7 x 1078 mol m~2s~!) were reported [9].
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These rate constants were determined indirectly measurements of
H,0, consumption. The rate constants given above have been suc-
cessfully employed in a comparison of the various dissolution rates
reported in the literature [56]. Other authors have also reported
rate constants for HCO; -facilitated oxidative dissolution of UO,
ranging from 0.08 to 4.17 mol~'dm?s~! [8,57]. These rate con-
stants were determined by fitting experimental data to a reaction
mechanism involving several elementary reaction steps.

While the kinetics and mechanism of the oxidative dissolution
of UO, can be considered fairly well understood, key issues remain
to be resolved. Peroxide and carbonate have been shown to be
coordinated in surface complexes, an indication that peroxide not
only functions as an oxidant, but also influences the kinetics of
the anodic dissolution reaction [58]. It has been proposed that an
adsorbed UY peroxycarbonate species is involved [58], but whether
or not this will exert a significant influence at the lower peroxide
and carbonate concentrations anticipated under waste repository
conditions remains to be resolved.

One major unknown feature of the overall dissolution process is
the complication introduced by the accumulation of corrosion
product deposits on the UO, surface. Their key influence will be
on the surface area available for dissolution and the redox condi-
tions at exposed surface sites. Deposits would reduce the area ex-
posed which will suppress dissolution. However, they also restrict
the diffusive mass transport of species to (e.g., H, and Fe?" pro-
duced by corrosion of the steel liner), and from (e.g., radiolytical-
ly-produced H,0,), the reactive surface. By confining H,0, at,
and inhibiting the flux of the redox scavengers to, the UO, surface,
the dissolution rate could be sustained. Attempts to study these
effects have been only partially successful [59]. The additional pos-
sibility that redeposited alpha emitters, released during fuel disso-
lution, will lead to a more complicated radiolysis scenario has been
considered under the oxic conditions prevailing in the Yucca
Mountain project [11] when the formation of oxidized deposits
would be substantial.

Another important feature is the effect of in-reactor-induced
alterations and aging on the reactivity of the solid phase, e.g. the
effects of grain size, chemical composition, cracking and radia-
tion-enhanced chemical reactivity.

2.2. Radiolysis effects

As noted above, water in contact with spent nuclear fuel will be
irradiated by a mixed field of o, B and 7y radiation. Whereas the
and vy activity decay to insignificant levels within 1000 years the
o-activity persists for a much longer time period. Several studies
have, therefore, focussed exclusively on the effect of a-radiolysis
on the oxidation and dissolution of UO,, using UO, pellets doped
with o-emitters, irradiation of the UO,/water interface with an
external a-source, He?* cyclotron irradiation of solutions contain-
ing nano-particles of UO, and irradiation of the UO, /water inter-
face with high energy a-particles passing through the UO, disc.
These are discussed below.

2.2.1. a-Doped UO,

Gray [60] studied the leaching of 2>*°Pu and 2*®Pu doped UO,
pellets with specific activities of 1.06 and 172.6 MBq g, respec-
tively, in brine at 90 °C. The total uranium mass loss was found
to be about one order of magnitude higher than from undoped pel-
lets but not correlated to the specific a-activity of the doped pel-
lets. Batch and sequential leaching have been carried out in
demineralised water with monoliths [61] and crushed samples
[62] of UO, doped with 0.1 and 10 wt.% 238Pu0,. The experimental
data clearly demonstrated a significantly higher oxidative dissolu-
tion rate for the doped compared to un-doped UO, samples, but a
clear correlation between rate and specific a-activity was not

observed. The use of demineralised water leads to U(VI) release
into the water accompanied by an increase in the U(VI)/U(IV) ratio
on the UO, surface [63].

Stroes-Gascoyne et al. [64,65] have electrochemically, and in
batch dissolution experiments, studied the effect of o-radiolysis
on the oxidative dissolution of 2>®Pu-doped UO, in 0.1 M NaClO,4
(pH 9.5) with and without 0.1 M carbonate. The oxidative dissolu-
tion rate was found to increase with increasing doping level, and,
as can be expected, was lower in carbonate-free than in carbon-
ate-containing solutions. An enrichment of 2*>®Pu on the UO, sur-
face was observed in carbonate solutions.

Mennecart et al. [66] studied the dissolution of 22°Ac-doped
nanoparticles of UO, under redox controlled reducing conditions
(—800 mV/SHE) in 1 M NaCl at pH 6. The oxidative dissolution rate
was found to increase with increasing specific alpha activity.

Rates from different studies are difficult to compare, since they
are recorded under different geometric and chemical conditions.
Experimental conditions for some published studies are given in
Table 1 and the measured rates are plotted versus specific a-activ-
ity in Fig. 3 .

There is, in spite of considerable spread in the experimental data,
a clear correlation between specific a-activity and oxidative disso-
lution rate, and the rates in solutions with 1 mM-0.1 M carbonate
are 1-2 orders of magnitude higher than the rates in carbonate-free
solutions. The lines in the figure illustrate the correlations for the
carbonate and carbonate-free systems. This is consistent with elec-
trochemically-measured rates in carbonate-free and carbonate-
containing solutions [67].

2.2.2. Irradiation with external o-sources

Irradiation with alpha sources placed in water at various
distances from the UO,/water interface have been used in electro-
chemical studies [71], to demonstrate a clear influence of a-source
strength on the surface-oxidation rate of UO, to UO,., but not a
clear dependence of oxidative dissolution rate on a-dose rate.
The data was used in the assessment of spent fuel performance un-
der proposed Canadian repository conditions [72], but it was
acknowledged that their use was very approximate since no reli-
able and mechanistically justified function existed to fit, and hence
extrapolate, the data. A more recent improved analysis of the data
demonstrated that the corrosion potential (and, hence, the oxida-
tive dissolution rate) was only dependent on o-dose rate at the
lowest source strengths used [73]. At the higher source strengths,
the UO, surface becomes redox buffered by the slow release (dis-
solution) of UY! surface species into the carbonate-free solutions
used. As a consequence, the full data set cannot be reliably used
to predict, by extrapolation, the oxidative dissolution rates at lower
dose rates.

Table 1
Experimental conditions for dissolution studies of alpha doped UO,.
References Chemical conditions Material
[64,65] 0.1 M NaClOy4 (+0.1 M HCO3), pH 9.5 238py doped pellets
deaerated
[68] Demineralised deaerated water 238py, 239py doped
pellets
[69] Ar (0.02% CO,)) equilibrated water. 233y doped pellets
238py doped pellets
N, equilibrated MQ-water®
[70] 1 mM HCOg3, Ar - equilibrated 238/239py doped
pellets
[66] 1M NaCl, pH 6, —800 mV (SHE)" 225Ac¢ doped nano-
particles

¢ Water with a resistivity of 18.2 Mohm cm-1 prepared using Milli-Q-plus ion
exchange columns.
b Standard hydrogen electrode.
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Fig. 3. Dissolution rate for a-doped UO, plotted as a function of specific a-activity. The straight lines have been included (not fitted) to enable comparison between systems

containing HCO; and systems without HCO;.

Sattonay et al. [74] used a cyclotron to irradiate the UO,/water
interface with a high energy (45 MeV) beam of “He?" ions (o parti-
cles). The “He®* ions passed through a thin (<300 um) UO, disc
emerged into aerated deionised water with an energy of ~5 MeV,
which is comparable to the maximum energy of o-particles emit-
ted from spent fuel.

In aerated deionised water, the rate of uranium dissolution was
found to depend on the “He?* flux increasing by four orders of mag-
nitude for the highest flux (3.3 x 10'" “He** cm~2 s~') compared to
zero flux. The secondary phase, metastudtite (U0, 2H,0), was
found on the UO, surface, due to the build up of high H,0, concen-
trations at the UO, surface. The relevance of these measurements to
repository conditions is limited due to the very high a-fluxes used
and high H,0, concentration (3.5 mM) achieved. Suzuki et al. [75]
studied the oxidation and dissolution of UO, colloids in carbon-
ate-rich solutions irradiated with “He?* ions from a cyclotron. The
experimental data are consistent with the generally accepted
mechanism involving two sequential reaction steps: oxidation of
the UO, surface by H,0, followed by dissolution of the oxidized
surface species. As the carbonate concentration was increased the
oxidative dissolution rate reached the consumption rate of H,O,.
Loss of H,0, by catalytic decomposition to O, and H,O at the UO,
surface was, contrary to suggestions and observations in other pub-
lications [33], not observed.

2.2.3. Mixed radiation field

Corrosion potential (Eco) time plots recorded on various used
fuel specimens exposed to aerated 0.1 M NaClO4 solutions (pH
9)) are given in [3], The characteristics of the fuel used to construct
the electrodes and the (approximate) steady state E., values
eventually achieved are given in Table 2. The steady state E. in-
creases with B +y dose rate, indicating a dependence of oxidative
dissolution rate on dose rate.

Jegou et al. [76] performed leaching and oxidative dissolution
experiments on polished discs of ?*4/239py-doped UO, and spent

Table 2
Characteristics of fuel and measured steady state corrosion potentials [3].

fuel fragments in the absence and presence of an external gamma
irradiation source. The radiation dose rates are given in Table 3
along with the approximate distances the particular type of radia-
tion travelled in the experiment.

The experiments were performed in deionised water (i.e., HCO;
free solution) and the uranium concentration in solution deter-
mined after acidification. The H,0, concentration was also mea-
sured in the experiments.

The experimental results are given in Table 4.

The effects of mixed radiation fields and purge gas are very clear
in the data of Jegou et al. [76]. In Ar-saturated solution the rate of
oxidative dissolution increased by a factor 10-30 on y-irradiation,
due to an increase in the steady state H,O, concentration by a fac-
tor of 1.5-10 in the y-irradiated volume. In air-saturated solutions
e;, and H- are effectively scavenged by O,

ey +02—0; (17)
H+ 0, — HO, (18)
HO, = 0; + H* (19)
2HO; — H,0, + 0, (20)

leading to an increase in steady-state H,O, concentration by ~10°
compared to an anoxic system. As a consequence, the oxidative
dissolution rate increased by several orders of magnitude. Such an
increase in the steady state H,O, concentration with increasing B
and vy dose rates would account for the corrosion potential increases
observed by Shoesmith [3] and is also in qualitative agreement with
the results of Jegou et al. [76].

2.3. Simfuel

A complex array of changes occurs within the fuel matrix as a
consequence of in-reactor fission. These physical and chemical

Table 3
Dose rates (Gy h™!) for the spent fuel and o-doped fuel under external y-irradiation

Fuel Dose rates (Gy h™1) Ecorr (MV versus SCE) [76].

o B Y Radiation Spent fuel a-doped UO,
Darlington L23139C 331 7734 260.6 340 o (40 um) 1600 110
Pickering PA07993 W 15.0 1253 401.3 280 B (300-400 pm) 2300

Bruce BF21271C 160.9 507.1 314 314

7 (entire volume) 650 650
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Table 4
Leaching data from Jegou et al. [76].
Solid Dissolution rate (mgm~2d~") Dissolution rate (mg m~2d~') Dissolution rate (mg m~2d ") H,0, (M)
Air Ar v-Radiation, air v-Radiation, Ar(4% H>) Air Ar
Doped UO, 0.5 0.2 NDP <2x10°8
R(UY? 83 6 12x107* 3x10°8
Spent fuel 0.4 <4 x 10°°
R(UY? 34 6.5 12 %1074 2% 1077
R(134cs)? 312 27
R(ST)? 295 <40

¢ R(X): Dissolution rate based on the element or nuclide X.
b ND: Not determined.

changes have been investigated in detail [77-79], and recently
summarized [80,81]. While the physical changes, such as the intro-
duction of fission gas porosity, and the generation of the pellet rim
structure [82], cannot be reproduced in non-radioactive analogues
of spent UO,, the key chemical changes have been simulated in
SIMFUELs [83-85]. SIMFUELs are UO, pellets doped with non-
radioactive elements (Ba, Ce, La, Mo, Sr, Y, Zr, Pd, Rh, Ru, Nd) to rep-
licate the chemical effects of in-reactor burn-up. The key features
of these materials which are most likely to influence UO, reactivity
are; (i) the trivalent rare earth elements (RE*") which act as
dopants in the U oxide structure and lead to an increase in elec-
trical conductivity [86-88] and (ii) the noble-metal dopants (Pd,
Ru, Rh, Mo) which are unstable in the oxide matrix and segregate
to form noble-metal particles, commonly referred to as e-particles.
Primarily, to date, these materials have been used in electrochem-
ical experiments to elucidate the mechanisms of oxidant (O, H,0,)
and reductant (H;) reactions, and how they are influenced by these
changes in chemical properties.

Comparison of oxidative dissolution experiments conducted on
SIMFUELs, UO, and spent fuel, have proven inconclusive, primarily
because no common sample preparation and experimental proce-
dure was used [89]. Qualitatively, oxidative dissolution rates of
SIMFUELs appeared lower than those of UO,. Recent electrochem-
ical experiments suggest that the reactivity of UO, is decreased at
high simulated burn-up [81], a trend also seen in spent fuel disso-
lution experiments [90,91]. A similar influence of burn-up on the
air oxidation of SIMFUEL and spent fuel has also been observed
[92-94]. These last studies show that doping changes the reaction
pathway, but a mechanistic similarity air oxidation and fuel oxida-
tive dissolution remains to be demonstrated. To date, no study of
the influence of irradiation on such doped materials has been per-
formed. A very recent experimental study reveals that radiation-
induced dissolution of SIMFUEL is considerably slower than for
pure UO; [34]. This is partly attributed to differences in the reactiv-
ity of H,O, towards these materials. For SIMFUEL, a much larger
fraction of the H,0, undergoes catalytic decomposition than in
the case of pure UO,.

2.4. H, effect on fuel and UO, dissolution

A key processes inside a failed waste container will be the cor-
rosion of carbon steel to produce the potential oxidant scavengers
Fe?* and H,

Fe + 2H,0 — Fe®" + H, + 20H™ (21)

3Fe + 4H,0 — Fe;0, + 4H, (22)

Since H, pressures up to 5 MPa are expected to develop as a
consequence in a sealed repository [69,95], a considerable effort
has been expended to determine the effect of H, on dissolution

of spent fuels, fuel specimens doped with alpha emitters, SIMFU-
ELs, and UO, pellets and powder (sometimes containing the noble
metal, Pd).

Many of these studies on spent fuel have been recently summa-
rized [69,80,95] and reinforce the observations in other studies
[96-99]. The key observations are: (i) the dissolved U levels were
well below the solubilities of any UY! solids that could feasibly form
in the solutions used. Comparison to calculated UO, solubilities
indicate this is the only phase that could equilibrate with the solu-
tion at these concentrations. (ii) the concentrations of radiolytical-
ly-produced O, was commonly around or below the analytical
detection limit of 1078 mol dm~3. At the low temperatures em-
ployed, reaction between O, and H, would not be expected in
the absence of catalysis by the UO, surface. (iii) The concentrations
of redox sensitive radionuclides decreased throughout the experi-
ments. Even when complete suppression was not observed (for
PWR specimens with a burn-up of 40 MWd/kg), gas and solution
analyses indicated suppressed steady-state conditions for radiolyt-
ically-formed oxidants (400-900 days) and dissolved actinides and
fission products, indicating inhibited fuel dissolution [100].

These, and additional experiments on o-doped UO, [80,95],
show that even small amounts of dissolved H, (<10~* mol dm3)
are sufficient to suppress the U release rate to effectively immea-
surable levels. In addition, X-ray photoelectron spectroscopy was
used to demonstrate that the surface of a 10% 2*3U-doped UO, re-
mained unoxidized over the full exposure period (>2.2 years) [80].
It is clear from these studies that dissolved H, can suppress the
oxidative dissolution of fuel and reduce the concentrations of both
radiolytic-oxidants and redox-sensitive radionuclides. To act as a
reductant H, must be activated (i.e., dissociated into reactive H
atoms) since it is unlikely to be reactive in homogeneous solution
at the temperatures and H, concentrations reported.

A dramatic effect of H, was observed on UO, electrodes in y-
irradiated 0.1 mol dm~3 NaCl (pH = 9.5) solutions pressurized with
H, to 5 MPa (equivalent to ~4 x 1072 mol dm3 of dissolved H,).
The corrosion potentials were considerably lower than in Ar-
purged solutions, and achieved values that approached the revers-
ible potential for the reaction

Hy < 2H' +2e (23)

Slow changes in the corrosion potential with time suggested
that the state of the UO, surface was slowly changing. It was
claimed, but not proven, that y-radiolysis induced decomposition
of H, to produce adsorbed H- radicals leading to reduction of the
UO, surface. These changes appeared to be at least partially irre-
versible since the corrosion potential did not fully recover to the
value expected in Ar-purged solutions when the H;, pressure was
removed [101,102].

Since noble metals are well known catalysts for oxidation/
reduction reactions, especially the H,/H/H" reaction, and three of
the four predominant components of the g-particles (Rh, Pd, Ru)
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are especially good catalysts for this reaction [103], one would ex-
pect H, to be activated on the surface of noble metal particles in
SIMFUEL or spent fuel. Since the noble metal (&) particles are gal-
vanically coupled to the rare earth-doped UO, in SIMFUEL and
spent fuel, this introduces the possibility that H atoms adsorbed
on the noble metal particles could act as reductants. Using electro-
chemical and surface analytical methods, Broczkowski et al.
showed that this was indeed the case [104]. The corrosion poten-
tial decreased in proportion to the degree of simulated burn-up
(i.e., the number density and size of available particles) and the
pressure of H, For either a sufficient number density of particles
or a sufficiently high H, pressure, the corrosion potential of the
SIMFUEL was suppressed to values below the thermodynamic
threshold for UO, oxidation, confirming suppression of UO,
oxidation.

Recent kinetic studies [105] have demonstrated that the recom-
bination reaction between H,0, and H; is catalyzed on Pd-particles
at a diffusion-controlled rate. Also, experimental studies on the
catalytic effects of 0-3% Pd inclusions on the H,0,-induced disso-
lution of UO, as a function of H, pressure in HCO; -containing solu-
tions [106] showed the inclusions could either catalyze oxidation
or reduction of the UO, surface. These results are consistent with
the results of experiments conducted on SIMFUELS which showed
the oxidation of the UO, surface in H,0,-containing solutions
could be prevented or reversed in the presence of a sufficient con-
centration of dissolved H, [104]. However, the work by Trummer
et al. [106] provided the kinetic data essential for incorporating
the mechanism for noble metal catalyzed reduction of the UO, sur-
face into a kinetic model. When the mechanism for noble metal
catalyzed reduction of the UO, surface is included in simulations
of time resolved and long-term experiments on spent fuel dissolu-
tion in 10 mM HCOj5 solution [107], the experimental data can be
reproduced quite well, giving further support for the proposed
mechanism. The mechanism is illustrated in Fig. 4.

While the catalytic influence of e-particles offers an explanation
for the ability of H, to suppress spent fuel and SIMFUEL oxidative
dissolution it cannot explain the suppression of the oxidative dis-
solution of a-doped UO,, when these particles are absent. Pastina
and LaVerne [108] studied the effect of H, on radiolytic production
of H,0, using “He?" from an accelerator. In contrast to the observa-
tions made using a-doped pellets, no significant H, effect was
observed, although a numerical simulation indicated a strong H,
effect should have been present. This contradiction has been sub-
sequently resolved in recent studies showing that the influence
of H, on the a-radiolytic production of oxidants is, in fact, strongly
dependent on the dose rate [109]. In the simulation of Pastina and
LaVerne, the o-energy was distributed throughout the whole cell
volume whereas the a-energy is, in fact, deposited in a very small

volume limited by the maximum range of the a-particles in water.
Consequently, the dose rate used in their simulation was several
orders of magnitude lower than the actual dose rate in the exper-
iment. When this limitation in deposition volume is accounted for
[109], the simulation reproduces the experimental results. How-
ever, the radiolytic H, effect is not sufficient to completely stop
oxidative dissolution. For spent nuclear fuel, the catalytic H, effect
will dominate since it is effective at much lower H, concentrations
than the radiolytic H, effect.

Since most o-decays are accompanied by the emission of vy-
photons, a-doped UO-, is not only a source of o-radiation. While
the y-dose rate is significantly lower than the o-dose rate, the vol-
ume affected by y-radiolysis is considerably larger. Furthermore,
the G-values for radical production are much higher for - and -
radiolysis than for a-radiolysis. The reducing radicals formed in a
B- or y-irradiated solution containing H, are capable of reducing
redox sensitive radionuclides (e.g., U(VI)). As demonstrated by
Trummer and Jonsson [109], 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
studies using o-doped UO,.

3. Modelling radiolysis effects on spent nuclear fuel dissolution

As stated above, spent nuclear fuel contains o, § and y emitting
radionuclides. Water in contact with the fuel surface will, there-
fore, unavoidably be radiolysed by a field of mixed radiation pro-
ducing both molecular and radical oxidants (H,0,, OH, HO,) and
reductants (Hy, e,,, H). The rate of radiolytic production of the
different species depends on their radiation chemical yields
(G-values) the composition of the radiation field and the overall
dose rate, and is given by the equation.

% = <Gac(x) Da “rG/;(X) Dﬁ +G},(X) D})p

where [X] is the concentration (M), D is the dose rate in Jkg= s
G(X) the primary yield (mol J~!) and p is the fluid density (the sub-
script indicates radiation type).

(24)

3.1. Dose rates

A key feature of all radiolytic models for fuel corrosion is the
deposition of radiation energy into water leading to the formation
of radiolytic oxidants. Two distinctly different approaches have
been employed; one in which the radiation dose rate-distance pro-
file is calculated, and a second in which the radiation energy is as-
sumed to be uniformly deposited within a layer of specified
thickness. This second approach is commonly adopted with alpha

UO5(CO3),**(aq) + n H*

n HCO3” 20H H;O,

VY,

2¢e

U(VD) «<— UaVv)

Fig. 4. Elementary processes involved in radiation induced oxidative dissolution of spent nuclear fuel.



418 T.E. Eriksen et al./Journal of Nuclear Materials 420 (2012) 409-423

radiation when it is easier to specify an average deposition range
for the a-particle in water.

The spatial distribution of dose rates for the emitted o, f and y
radiation fields can be calculated from the radionuclide inventory
of the spent fuel. Garisto [110] calculated the energy spectrum of
a-particles emitted from used CANDU™ fuel. The energy absorp-
tion in water layers at different distances from the surface was cal-
culated taking into account the energy and direction of the emitted
particle. The maximum range of the emitted o-particle is given as
34.4 pm but 90% of the a-energy was found to be absorbed within
18 um of the fuel surface. Spatial distributions of o and  dose rates
in water in contact with 38 and 55 MWd/kg fuel burn up have been
calculated by Cera et al. [100] and Nielsen and Jonsson [111], tak-
ing into account the radionuclide inventory, isotropic emission of
radiation, and fuel self shielding. In agreement with Garisto
[110], the o-dose rate was found to decrease sharply with distance
from the fuel/water interface. A similar spatial dose distribution is
indicated but not quantified, in a recent publication by Poulesquen
and Jegou [112].

The spatial B-dose rate distribution displays a sharp decrease
within a distance of 1 mm [100,111] from the fuel surface and then
exhibits a long tail out to a range of 3.5 mm from the fuel surface.

Poinssot et al. [95] calculated the o~ energy absorbed by water
in contact with the fuel surface using the equation
dE 11—
a_ﬁEO(A,,-S-L (25)
where E, is the average a-decay energy, A, is the activity per unit
mass, S is the surface area, L is the a-range in the fuel matrix, and
n is a geometric factor giving the fraction of o-particles reaching
the water phase. Energy loss in the solid phase is not taken into
account.

A thin layer of water in contact with the fuel surface, whose
thickness is determined by the mean penetration depth of the o-
particles in water (approx. 45 pum), is assumed to be uniformly irra-
diated. Note the mean penetration depth used in [95] is different
from that used in [110]. This method of dose rate calculation gives
no detailed information on the spatial dose distribution close to the
fuel/water interface. Similar models for dose calculations have
been used by Liu and Neretnieks [113] and Shoesmith et al.
[114], although subsequent versions of the latter electrochemical
approach did account for the spatial dependence of the o dose rate
[115].

3.2. G-values

The primary G-values for o, B and v radiation are fairly well
known and the primary yield of hydrogen peroxide (the dominant
oxidant) is only slightly reduced by radical spur reactions with
scavengers for <107(s!), the scavenging capacities for e,, and OH
being defined as the product of the scavenger concentration and
the appropriate rate constant [116-118].

3.3. Oxidative dissolution mechanism

The reaction mechanism for the oxidative dissolution of the fuel
matrix is given by reactions (3) and (4) above.
The total rate of oxidation of the fuel surface is given by Eq. (26)

dU03" (s)

n n
— = Au, > kox[OX] 3 (26)

0x=1
for a chemically-based model, where Ayo, is the surface area of solid
UO,, n is the number of electrons in the redox process, kox the inter-
facial rate constant for a given oxidant and [OX] is the oxidant con-
centration adjacent to the fuel/water interface. The dissolution

(reaction (4)) is enhanced in solutions containing UO%*(aq) com-
plexing agents (e.g. HCO; ) in groundwaters.

In an electrochemical model, the rate of UO, dissolution will be
given by Eq. (9) modified to Eq. (11) if dissolution is accelerated in
carbonate-containing solutions. In this case, the potential is deter-
mined from the oxidant concentration which is calculated from the
radiolytic production.

3.4. Oxidation of the fuel matrix by radiolytic oxidants

The development of a radiolytic model for fuel dissolution re-
quires the consideration of radiolytic oxidant production, homoge-
neous reactions in aqueous solution, diffusive transport and
heterogeneous reactions on the fuel surface. Interfacial rate con-
stants can be obtained in batch or flow experiments by measuring
the oxidant consumption and/or uranium concentration as a func-
tion of time, or in electrochemical experiments by measuring elec-
trochemical currents for the anodic and cathodic reactions. A
review of rate constants for UO,(s) and radical and molecular oxi-
dants is given by Roth and Jonsson [56] and for electrochemical
reactions by King and Kolar [119].

Poinssot et al. [95], using a matrix alteration model (MAM),
modelled oxidation and dissolution based on a number of assump-
tions including uniform o-irradiation of a 45 pum thick water layer,
and the assumption that half of the oxidants reached and reacted
quantitatively with the fuel surface. This approach cannot be con-
sidered kinetically-based.

A kinetic model describing water radiolysis, oxidative dissolu-
tion and allowing for diffusion of radiolytic oxidants away from
the UO, surface was developed by Christensen et al. [120],
Christensen [121], and a similar approach was adopted by Kelm
and Bonert [122], Lundstrom [123] and Poulesquen and Jegou
[112]. In the absence of information on the kinetics of the hetero-
geneous reactions between the UO, surface and radiolytic oxi-
dants, it was assumed, based on a reaction scheme originally
proposed by Christensen and Bjergbakke [124], that the heteroge-
neous reactions could be mimicked by assuming they would be
similar to those expected to occur in homogeneous solution. This
required the arbitrary assumption that a monolayer of the UO, sur-
face reacted as if it were dissolved in a thin layer of water near the
UO, surface. Since, even for homogeneous solutions, no kinetic
constants for the reaction of U species with radiolytic species ex-
isted, rate constants available for the reaction of other dissolved
metallic species were adopted. Subsequently, an attempt to read-
just these constants, based on the mechanism of UO, oxidation
and dissolution determined electrochemically, was made [120].

Model calculations were performed using MAKSIMA-CHEMIST
[125] and compared with the results of electrochemical experi-
ments, and reasonable agreement between measured and calcu-
lated corrosion rates achieved [120]. This arbitrary fitting process
is subject to many uncertainties, including an incomplete under-
standing of the UO, oxidation and dissolution mechanism at the
time the model was developed.

In the model of Christensen et al. [120] the rate-determining
reactions and rate constants for oxidation by OH, H,0, and O,
are given by

OH + U0, = UOsH k=4 x 10° (dm3 mol ' s™) (27)

H,0, + U0, = UOsH + OH
k=2x10" (1998 adjusted to 2 x 107?) (dm®> mol ' s')  (28)

0, + U0, = UO3H + HO, — H,0
k=1x10" (dm’ mol' s71) (29)
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These homogeneous rate constants ky (mol dm )" s! can be
converted to surface-based rate constants ks (ms~') using the
equation

&xé:kaqum) (30)

in which A is the surface area (m?), V is the volume (m?) and C(UO,)
is the concentration (moldm3) corresponding to a dissolved
monolayer. The resulting rate constants are compared to experi-
mentally determined interfacial rate constants in Table 5.

The rate constants for the radical oxidants HO, and O, were set
to 2 x 108 (mol dm—3)~! s~! (corresponding to 2.5 ms™1). It is evi-
dent that the rate constants used by Christensen et al. [120] grossly
overestimate the reactivity of the radical species and underesti-
mate the reactivity of the molecular species. The interfacial rate
constant (ks) for the OH reaction is five orders of magnitude higher
than the diffusion-limited rate constant for this type of heteroge-
neous reaction. This overestimate can be partially explained based
on later studies, which showed that the corrosion potentials ob-
served in the experiments used to determine rate constants in this
model were predominantly determined by changes in pH at the
fuel surface (caused by rapid hydrolysis of dissolved uranyl ions)
rather than a dependence on gamma dose rate. Failure to acknowl-
edge the diffusion limit then leads to the adoption of an unrealistic
value.

3.5. Relative impact of radiolytic oxidants

A Kkinetic analysis of the system where the individual rates of
oxidation for each oxidant are compared shows H,0, to be the
most important [128]. Individual rates depend on both the rate
constant and oxidant concentration (r=k[Ox]). Consequently,
while the radical oxidants such as OH' and COy, have very high
rate constants (diffusion limited), the surface concentrations will
never reach sufficiently high levels to compete with the molecular
oxidants H,0, and O,. Also, since the reactivity of H,O, with UO,(s)
is about 200 times higher than that of O,, an O, concentration 200
times higher than the H,0, concentration would be required to
achieve comparable rates. However, it should be stressed that
the original assessment of the relative impact of radiolytic oxidants
was based on data for UO, powder suspensions. Under these con-
ditions, approximately 80% of the H,0, yields oxidative dissolution
of UO,. The remaining 20% is assumed to undergo catalytic decom-
position on the UO, surface producing H,0 and O, [33].

H,0, decomposition has been shown to be possible on UO, sur-
faces [29,129], and evidence exists to show it will be catalyzed on a
UO,., surface containing a mixture of U" and UV oxidation states
[3,130]. Other studies have shown that the activation energy for

Table 5
Interfacial rate constants for reactions between UO5(s)
and aqueous oxidants.

Oxidant k(ms") Refs.
OH 1.7 x107° [25]
OH 5 [120]
H,0, 13 x10°8 [25]
H,0, 73 x10°8 [9]
H,0, 2.5x107° [120]
H,0, 2.5x 10710 [121]
H,0, 1.8 x 1077 [126]
H,0, 20x10°8 [40]
H,0, 6.0 x 1077 [127]
0, 3.6x 10710 [128]
0, 36x10°1° [8]
0, ~3x107° [39]
0, 1.25 x 107" [120]

oxidation of UO,(s) depends on the UO, particle size (increases
with decreasing size) [131,132]. Studies on the catalytic decompo-
sition of H,0, on metal oxide surfaces in general have not revealed
any particle size effects on the activation energy [22]. Conse-
quently, the fraction of H,O, undergoing catalytic decomposition
is expected to increase with decreasing particle (or grain) size. As
a result, the relative impact of the radiolytic oxidants can change
with the characteristics of the solid UO, phase.

An additional issue is the effect of noble metal (¢) particles.
These particles will change the relative kinetics of UO, corrosion
supported by O, and H,0, reduction. Electrochemical studies
[59] show that O, reduction is significantly catalyzed in the pres-
ence of noble metal particles whereas their influence on H,0,
reduction is much harder to detect. This is argued to be a conse-
quence of the ability of H,O, to rapidly create its own catalytic
sites (U'/UY donor-acceptor sites) on the UO, surface which
makes the kinetics of H,0, reduction on UO, and the noble metal
particles only marginally different [59]. A schematic representation
of this mechanistic difference, which leads to similar rate constants
for the reduction of both oxidants, is shown in Fig. 5.

An attempt to account for this influence of noble metal particles
was incorporated into the electrochemical model [114,119],
although, in the absence of H,0, decomposition, it made little dif-
ference to the predicted dissolution rates. More recently, Trummer
et al. have experimentally demonstrated that H,O, reduction is
catalyzed on noble metal particles and a reconsideration of the
kinetics of H,0, and O, reduction is merited [133]. It is important
to keep in mind that even though the rate constants are similar for
the oxidation of UO, by H,0, and O, catalyzed by noble-metal par-
ticles, the overall oxidation of UO, is a combination of catalyzed
and un-catalyzed oxidation. Due to the fairly low surface concen-
trations of noble metal particles, the overall rates of oxidation by
H,0, and O, are still different to each other. Trummer et al.
recently showed that the impact of H,O, is only marginally
decreased and that the impact of O, is increased from 1% to 3% tak-
ing the noble metal inclusion catalytic effect on H,0, and O, reduc-
tion into account [133].

The possibility of catalytic decomposition of HO, was incorpo-
rated into the model of Christensen et al. [120] by arbitrarily spec-
ifying the thermal decomposition mechanism of H,0, as the rate
determining step

H,0, - 0+H,0 k=103s" (31)

0+0—0, k=10°dm’ mol's! (32)

While these rate constants as well as the reaction mechanism
were arbitrarily chosen, they were consistent with the kinetics
established experimentally for the reaction of H,O, on UO,, for
H,0, concentrations in the range ~10°>moldm > to 1072 mol
dm~3 [134]. Within this range, it was argued that rapid H,0,

Solution

< H202

OH—

Fig. 5. Schematic illustration showing H,0, reduction on noble metal (e-particles)
and on the UO, surface preoxidized by H,0, to create donor (U") - acceptor (UY)
sites.
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decomposition to yield the slower corrosive oxidant O, could ex-
plain the independence of the corrosion potential on H,O, concen-
tration. To account for this, the rate of H,O, decomposition was
made greater than its rate of reaction with UO,, thereby ensuring
that UO, corrosion was primarily driven by reaction with O,. Sub-
sequently, this mechanism of fast decomposition followed by slow
reaction of O, with UO, was shown to explain the corrosion poten-
tial behaviour in the presence of H,0, produced by external alpha-
radiation sources [73]. However, it was acknowledged by Christen-
sen et al. [120] that their model could not account for the potential
dependence of rate constants for the key reactions, critical to
determining their relative importance outside the experimental
range of H,0, concentrations used to establish the model.

A re-evaluation of the consequences of H,0, decomposition was
undertaken by Shoesmith et al. [114] and King and Kolar [119]. In
this model, based on electrochemical principles, the potential
dependence of individual rate constants is accounted for. Based
on electrochemical data, the following rate constants for the half-
cell reactions were adopted for the key H,0, and O, surface reac-
tions involved in UO, (spent nuclear fuel) corrosion and H,0,
decomposition

H,0, — 0, +2H " +2e~ k=74x10"°cms™’ (33)
H,0,+2e —20H k=12x10"cms’ (34)
0, +2H,0+4e —40H k=14x10"cms! (35)

The similarity in rate constants for H,O, and O, reduction re-
flect the fact that O, reduction was observed to be strongly cata-
lyzed by the presence of noble metal particles in the SIMFUEL
used to generate the experimental database whereas any catalytic
effect of these particles on H,0, reduction was experimentally dif-
ficult to detect. This is argued to be a consequence of the ability of
H,0, to rapidly create its own catalytic sites (U"/U" donor-accep-
tor sites) on the UO, surface which makes the kinetics of H,0,
reduction on UO, and the noble metal particles only marginally
different. A schematic representation of this mechanism is shown
in Fig. 4.

Despite this increased rate constant for O, reduction the model
predicts that >99% of the radiolytically-produced H,0, would lead
to UO, corrosion and hence that H,0, decomposition would be
insignificant. This is because, even at its most positive (i.e., for rel-
atively fresh spent nuclear fuel when alpha radiation dose rates are
highest) the corrosion potential remains too negative to support
H,0, oxidation, the anodic half reaction of the overall H,0, decom-
position reaction.

In kinetic modelling, the fraction of H,O, undergoing catalytic
decomposition and the influence of noble-metal particles can be
accounted for if the fuel characteristics are known.

3.6. Accounting for the spatial dose distribution

Publications on simulations of radiation-induced oxidation of
spent nuclear fuel based on the spatial dose rate distribution are
scarce [107,112,121,123,135,136].

Christensen [121] used a three compartment model and in-
cluded Ficks 1st law

dc
F=AxDx e (36)
where F denotes flow, D is the diffusion constant, Cis the concentra-
tion and x is distance. It should be noted that this approach is valid
only at steady-state conditions. Results from oxidative dissolution
and radionuclide leaching experiments in Karlsruhe [137] with
6.4 g spent fuel with 4.2 cm? geometric surface area in 200 cm? dis-

tilled water and 250 cm® gas phase (Ar) were used in the simula-
tions. The compartments used in the calculations are given in
Table 6.

Lundstrém [123] improved the model by increasing the number

. . 2 .
of compartments and using Ficks second law 4 = D% where C is

the concentration, D is the diffusion constant, t is the time and x
is the compartment length.

Radiolysis calculations are carried out in each compartment for
each chosen time step and then diffusion between the compart-
ments takes place during the same time step. The thickness of
the first compartment was 30 pum, thus the a-dose rate was not
spatially resolved in the calculations by Lundstréom et al.

3.7. Model applications

Maksima Chemist and the reaction scheme given by Christen-
sen [121] were used for the radiolysis calculations on oxidative dis-
solution. The calculated and measured corrosion rates and gas-
production rates are given in Table 7.

The calculated oxidative dissolution rates differ considerably,
and the use of Ficks second law lowered the calculated rate nearly
one order of magnitude. Assuming A(BET) = 3 x A(geom.) and using
the interfacial rate constants given in Table 5 we obtain a rate of
64mgm2d.

A similar combined transport and radiolysis model has recently
been proposed by Poulesquen and Jegou [112]. The Chemsimul ki-
netic code is used for radiolytic calculations and the modelling of
diffusive transport is based on Ficks second law. The a-dose rate
profile is taken into account as input data. The reaction scheme
used is the same as used by Christensen and Lundsrom [121,123].

Leaching experiments with high flux He?" irradiation of a
UO,-water interface were simulated. The calculated uranium
concentration was found to be three times lower and the H,0,
concentration ten times lower than the experimentally measured
concentrations in aerated water. In deaerated water the calculated
concentrations were two to three times lower than the experimen-
tal concentrations.

The calculations are very time consuming which reduces the
usefulness of the code.

A compartment model to simulate H,O, concentration profiles
in water contacting spent fuel has been developed by Nielsen
et al. [135]. The processes considered in the model are radiolytic
H,0, production by o- or a mixed o-/B-radiation field, H,O, con-
sumption in homogeneous and surface reactions, and diffusion.
The simulations show that a steady state surface concentration is
attained very quickly which simplifies the calculations of the

Table 6
Compartments and dose rates used in simulations.
Dist from fuel Irradiated o-doserate B-doserate v-doserate
surface vol (cm?) (Gyh™) (Gyh™) (Gyh™)
0-30 um 0.013 1400 80,000 120
30um-3mm 4.2 0 2200 120
3mm-4.6cm 200 0 0 80
Table 7
Calculated [121,123] and measured [137] dissolution rates.
Corrosion rate? H, (molg~'d™1) 0, (molg 'd™) Refs.
(mgm2d"
94 2x10°8 1x10°8 [121]
10 [123]
26 12 x 1077 9x 1078 [137]
2 115 days.
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maximum oxidative dissolution rate. In this context, it is important
to note that the steady-state rate will be independent of the reac-
tion mechanism employed for a pure and sealed system. If H,0, is
assumed to decompose to H,0 and O, to a large extent, then the O,
concentration will increase until steady-state is reached. However,
the steady-state level is still determined by the rate of H,O, pro-
duction. Consequently, identical steady-state dissolution rates will
be attained regardless of the assumed relative rate constants for
oxidation of UO,. While this may not seem to be a problem in a
pure and sealed system, the consequences in a more complex sys-
tem where gases can escape and solutes reactive towards H,0, and
0, are present will be detrimental to the reliability of the
calculation.
The radiolytic H,O, production rate is given by:

*Xmax
iy, = / D) x p x G(Ha0)dx (37)
J X=

where D(x) is the dose rate at distance x from the fuel surface, p is
the density of water and G(H,0,) is the radiation chemical yield for
H,0,. The maximum rate of the reaction between H,0, and the UO,
surface corresponds to the steady state where the rate of H,0, con-
sumption is identical to the rate of radiolytic H,O, production. The
steady-state surface concentration is calculated from Eq. (38)

— eroz (:x)&max(ot) + rH202 (ﬁ)émax(ﬁ)

[HZOZ]sfs kH o
22

(38)

where T is the average production rate in the irradiated volume (in
mol dm~3s71), § is the maximum range of the radiation and ky,o, is
the rate constant for the reaction between H,0, and the fuel sur-
face. The rate of spent nuclear fuel dissolution (taking the oxidation
yield of 80% into account) is given by:

Faios = Tox = 0.8 (Tityo, (%)0max() + Tiy0, (B)omax(B)) (39)

The combined effect of H, and e-particles can also be accounted
for using following equation:

T'diss = T'ox — kHz [HZ]Srel (40)

The method has been extended to account for reactive solutes
consuming H,0; in solution [136].

The steady state model has been used to model spent fuel dis-
solution in 10 mM HCO; solution [138]. In these experiments, oxi-
dation rather than dissolution of the oxidized surface is expected
to be rate determining. The calculated and experimental dissolu-
tion rates were found to agree within a factor of two.

Modelling of radiolysis effects on the oxidative dissolution of
spent fuel has, as discussed above, been carried out using two dif-
ferent Kkinetic approaches. Christensen et al. [120] assumed a
monolayer of U(IV) to be dissolved at the fuel/water interface
and used homogenous rate constant for the reactions with radio-
lytically produced oxidants, while Jonsson et al. [139] based their
reaction mechanism on experimentally determined interfacial rate
constants and the fuel A/V ratio.

In the following we model, using both approaches and Maksima
Chemist, some experimental results reported by Jegou et al. [76]
and Stroes-Gascoyne et al. [64]. Jegou et al. [76] dissolved and lea-
ched polished discs of ?33/239py doped UO, and spent fuel frag-
ments in the absence and presence of an external gamma
irradiation source. The radiation dose rates are given in Table 3.
Oxidative dissolution was carried out in deionised water and U-
concentrations determined after acidification. Here the dissolution
of the a-doped UO, is modelled in the absence of y-radiation, and
in an air-saturated solution in a y-radiation field. The modelling is
based on the geometric surface areas and rate constants given in
Table 5. The experimental and modelling data are given in Table 8.

Table 8
Experimental [76] and modelling data.
System [H,0,] (M) U(mgm2d")
Experimental ~Homogeneous Interfacial
o~doped UO, 0.2 0.49 0.15
y-air sat. 12x10™ 83 3.6 130

Oxidation in the y-irradiated air-saturated system is deter-
mined by the steady state (1.2 x 10~ mol dm—3) H,0, concentra-
tion. As can be seen, the rate of oxidative dissolution obtained by
using homogenous rate constants and a dissolved monolayer is
clearly an underestimation.

The steady state H,0, concentration and the oxidative dissolu-
tion rate in the y-irradiated air-saturated fuel fragment system
were experimentally determined to be 1.2 x 107* mol dm~3 and
115 (mg m2d '), respectively, clearly showing that the steady
state concentration for the y-irradiation case is the determining
factor.

Stroes-Gascoyne et al. [65] studied the oxidative dissolution of
238py-doped UO,-electrodes in 0.1 M carbonate solution. Very little
U was found in the acid solutions used to strip U adsorbed on the
reaction vessel walls, showing that the oxidized materials at the sur-
faces were effectively dissolved in the experiment. Since the rough-
ness factor of the polished electrodes in these experiments was not
known, the geometric surface area is used to model the experiments.
The experimental and modelling data are given in Table 9.

In this case, both approaches yield reasonable U concentrations
at the higher dose rate, while the approach based on interfacial
rate constants more clearly predicts this concentration at the lower
dose rate.

Suzuki et al. [75] studied the oxidative dissolution of colloidal
UO,(s) particles in aqueous solutions irradiated with o-particles
from a cyclotron. The solutions were analysed for U and H,0-.
The extent of surface oxidation of the UO,(s) was calculated from
the difference in H,O, concentration measured in blank solutions
and solutions containing the colloidal particles. The solutions con-
tained 1 moldm™ NaCl and 4 x 102 moldm™—3 HCO; in Ar-
purged water at pH 8.5. The high concentration of Cl~ interferes
with the spur radical recombination reactions, reducing G(H,0;)
to approximately 4.6 x 10~ mol ]~ [75]. Assuming the radical

Table 9
Experimental [64] and modelling data.

Mean dose rate in Time (h) U in solution (pg)

. . 1

irradiated sol. (Gy s™") Exp Homogeneous Interfacial
3.5 1152 420.7 221 675

0.35 881 19.75 45 15.6

Table 10

Dissolution and oxidation rates of colloidal UO,(s) particles in cyclotron irradiated
aqueous solutions containing 1 mol dm~ NaCl and 4 x 1072 mol dm— HCO; [140].
Calculated rates of oxidation assuming H,0, to be the main oxidant.

Dose rate  SA/V
(Gymin™') (m™)

U-dissolution UO,(s) oxidation UO(s) oxidation
experimental experimental calculated
(mg(U)ym2d") (mg(U)m>d") (mg(U)m*d")

76 4350 122.7 445.8 102.7
153 8701 514 170.9 171
103 10,235 69.7 108.5 105.7
110 29,769 249 30 54.3
154 34,030 7.9 19.9 70
154 79,755 3.8 8.5 33

83 140,745 5 10.7 10.3
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products formed in the CI~ spur reactions do not react with the col-
loid surfaces, we calculated the rate of UO,(s) oxidation using the
rate constant 7.3 x 108 ms™' [9] for the reaction of H,0, with
UOy(s). The experimental data for rates of U-dissolution and
UO,(s) surface oxidation [140] are given in Table 10 with the cal-
culated rates of oxidation.

While some discrepancies exist, the agreement between the
calculated and experimentally determined rates of oxidation is
reasonable indicating that the reactants formed in the spur radical
scavenging reactions with Cl~ are probably not oxidizing the
UOy(s) surface. It should be noted that the rate of oxidation
4457 mg (U)m 2 d~! given in Table 10 is approximately 1.5 times
higher than the rate of H,0, formation expected for this experi-
mental dose rate.

4. Concluding remarks

Based on the analysis above, as expected, the use of measured
interfacial rate constants in simulations of radiation induced disso-
lution of spent nuclear fuel are more reliable and give results in
generally good agreement with experimental results compared to
simulations where homogeneous rate constants are used. The use
of spatial dose rate distributions is particularly important when
simulating behaviour over short time periods. For longer times,
the use of spatial distributions is less important. Even though the
use of spatial dose rate distributions gives the most accurate re-
sults, such simulations are time consuming and, to date, simula-
tions over time periods of relevance in safety analyses have only
been performed based on electrochemical models.

The steady-state approach provides a simple but fairly accurate
alternative, but errors in the reaction mechanism and in the kinetic
parameters used may not be revealed by simple benchmarking. As
shown in this review, simulations based on assumed rate constants
and unrealistic mechanisms can still give results in fairly good
agreement with experimental data. This is partly due to data fitting
and partly due to the fact that the system reaches steady-state. In
order to develop more reliable models, it is essential to strictly use
experimentally determined rate constants and verified reaction
mechanisms, irrespective of whether the approach adopted is
chemical or electrochemical.
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