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A combined kinetic and diffusion model with an accurate «-dose rate profile was used to model radi-
ation induced dissolution of UO,. Previous experimental data were used to fit the surface site reaction
system involving the surface bound hydroxyl radical as an intermediate species for both UO, oxidation
and surface catalysed decomposition of H,0,. The performance of the model was explored in terms of
sensitivity to spatial and temporal resolution as well as simplifications in the models describing the sur-
face reactions and the reactions in solution. As a result, optimal conditions for running the numerical
simulations were identified.
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1. Introduction

The very high radiotoxicity and long half-life of the actinides
in spent nuclear fuel require geological repositories for spent nu-
clear fuel that are based on combinations of barriers that can re-
main stable for extreme periods of time. In the event of groundwa-
ter intrusion due to multiple barrier failure, the spent nuclear fuel
will be in contact with the groundwater. The strong radiation field
originating from the fuel causes extensive water radiolysis, form-
ing molecular and radical species which have a net kinetic oxidiz-
ing effect on the UO,-matrix. The oxidation is mainly attributed to
the molecular oxidant H,O, [1,2]. As the UO, matrix is oxidized,
the sparsely soluble U(IV) turns into the several orders of magni-
tude more soluble U(VI) [3], and thereby matrix dissolution with
release of fission products as well as heavier actinides is enabled.
Detailed knowledge about the mechanism and the kinetics of this
process is of key-importance in the safety assessment of a geologi-
cal repository. Given the extremely long time periods of relevance,
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mechanistic and kinetic data must be incorporated into numerical
models allowing for long-term predictions.

A kinetic model describing radiation-induced dissolution of
spent nuclear fuel must account for the radiation chemistry of
the aqueous phase, the various reactions occurring at the inter-
face between the fuel and the aqueous phase as well as diffu-
sion in the system due to the concentration gradients evolving as
a consequence of surface reactions and inhomogeneous distribu-
tion of the absorbed radiation. Furthermore, the model should be
based on the input from a numerical model describing the geo-
metrical dose distribution and the contribution of different types
of radiation as well as being able to account for the impact of var-
ious solutes on the water chemistry as well as surface reactions.
In many modelling-approaches, the geometrical dose distribution
is treated using rough empirical estimations and approaches, such
as the H,0-UO, stopping power ratio method employed by Sunder
et al. [4] which has been used in several previous studies [5-8]. A
more rigorous dose rate model allows for the radiolytic production
as a function of distance from the surface to be calculated, and
not just at the liquid-surface interface [9-11]. Several groups have
published studies of radiation-induced dissolution of spent nuclear
fuel or model systems thereof that are based on numerical mod-
els [12-14]. Due to the complexity of the system, simplifications
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are often made in order to allow simulation over relevant time-
periods. These simplifications may seriously influence the reliabil-
ity of the models. Additionally, in groundwater, the ubiquitous car-
bonate species which can strongly complex and dissolve oxidized
U(VI) from the UO, surface can have an important influence on the
chemistry of the radiolytically produced oxidants.

Given the fact that the system of interest is characterized by
continuous irradiation of the groundwater adjacent to the fuel sur-
face at a dose rate that can be considered constant over fairly
long periods of time, the most conservative approach that can be
used is to assume that the rate of UO, oxidation and dissolu-
tion equals the rate of radiolytic oxidant production. This steady-
state approach yields the maximum dissolution rate that can be at-
tributed to water radiolysis. Since H,0, has been found to be the
radiolytic oxidant of main importance under the relevant condi-
tions, the approach can be further simplified to include only H,0,
as the active UO, oxidant [15,16]. In its simplest form, the steady-
state approach describes the kinetics of UO, dissolution in a sys-
tem where H,0, can only react with the surface and where reac-
tions counteracting the oxidative dissolution can be neglected [17].
One of the main limitations with this approach is its inability to
account for transients (i.e., changes in general conditions such as
solutes and their concentrations). To achieve this, a model based
on more complete mechanisms of the surface and solution reac-
tions is required. Oxidation of UO, by H,0, has often been de-
scribed according to the following reaction:

U0, + H,0;, — U032 + 20H" (1)

with a second order rate constant reported as k = 4.6.10~6
m-min~! at 1-100 mM HCO;~ [18]. It has long been recognized
that H,0, can both oxidize the UO, surface and catalytically de-
compose to O, and H,0 on the same surface. To account for the
competition between these two processes, the total rate constant
for H,O, consumption on the UO, surface has been expressed as
the sum of the rate constants for oxidation and catalytic decom-
position using a fixed ratio between the two [19]. However, this
approach is not correct as demonstrated by the fairly recent works
of Barreiro Fidalgo et al. [20] and Kumagai et al. [21]. These studies
showed that the reaction order is not strictly one, even though the
conditions in general would favour pseudo first order kinetics. The
ratio between oxidation and catalytic decomposition was shown to
be strongly dependant on the concentration of H,0,, and to some
extent on the accumulated exposure. The reaction mechanism pro-
posed to account for these observations is the one described in
Eq. (2)-(5) [21,22].

H,0, +UO, —site — 2 OH - (ads) (2)
OH - (ads) - OH™ +U(V)0, (3)
H,0, + OH - (ads) — HO, + H,0 + U0, — site (4)
HO, + HO; — H;0, + O, (5)

As can be seen, the oxidation and catalytic decomposition pro-
cesses are intimately connected with a common intermediate, the
surface bound hydroxyl radical. The catalytic decomposition mech-
anism has been confirmed for a number of other oxide surfaces
(that cannot undergo further oxidation) and the overall mecha-
nism accounts for the observed H,0, concentration dependence.
The involvement of the surface bound hydroxyl radical opens new
possible reaction routes that cannot be accounted for by the more
traditional description of the process. It has been shown in many
studies that the surface bound hydroxyl radical can be scavenged
by certain solutes, and this would indeed have an impact also on
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the radiation induced dissolution of spent nuclear fuel. It is there-
fore essential to base future simulations of radiation induced dis-
solution of spent nuclear fuel on this mechanism. In addition to a
more detailed mechanism of the surface reaction, the spatial and
temporal resolutions of the numerical model are important param-
eters. The resolution becomes increasingly important in systems
that have not reached steady-state or where the conditions are
changing rapidly.

In this work we introduce a novel numerical modelling ap-
proach for radiation-induced oxidative dissolution of UO,-based
spent nuclear fuel accounting for the radiation chemistry of water
with both spatial and temporal resolution, surface reactions and
diffusion. The radiation chemistry simulations are based on calcu-
lated «-dose rate profiles. The influences of spatial and temporal
resolution are investigated and the impact of the mechanism for
H,0, induced oxidation of UO, is quantified.

2. Method and models
2.1. Radiolysis

The dose rate profile is modelled through generation of «-
particles within the UO,-matrix which are stepwise attenuated
based on stopping power data in the UO,-matrix and adjacent wa-
ter layer using a model developed previously by our group [10,11].
The dose rate and thereby also the radiolytic production is highest
at the fuel surface, beyond which it trails off towards the maxi-
mum «-particle range in water of ~45 pm. Stopping powers were
taken from the ASTAR database combined with the continuous
slowing down approximation (CSDA) which deviates by just a few
percent from the projected range algorithm (PRAL) integrated into
the SRIM program [10]. The CSDA approach is conventionally used
and is adopted in the current work. The radiolytic production per-
pendicular to the fuel surface has a resolution of 0.01 um, allowing
for a high resolution of the in-data to the coupled kinetics and dif-
fusion model. This allows for reactions close to the fuel surface to
be modelled accurately under short time scales, which would not
be possible using a homogenized radiolytic production.

2.2. Kinetic model

The kinetic model includes a complete reaction scheme for the
radiation chemistry of water including reactions involving bicar-
bonate/carbonate and surface reactions between H,0, and UO,.
The rate constants were obtained from refs. [23-27]. (The full reac-
tion set is shown in Table S1, supplementary material.) To account
for the system heterogeneity, the water volume is divided into
layers of equal thickness. The surface reactions only occur at the
liquid-surface interface, i.e., in the first solution layer. The ground-
water at a typical repository site is expected to have HCO3~ con-
centrations of ~2 mM [28], which means that the carbonate con-
centration will be within the range for first order kinetics when
describing the dissolution process according to the work of Hos-
sain et al. [18]. The initial water composition in a general simula-
tion of radiation induced dissolution of spent nuclear fuel consists
of 10 mM total carbonate concentration, with H,CO3, HCO3~ and
C052~ concentrations in equilibrium with respect to pK,;=6.35
and pK;,=10.33 [3,29].

Two different descriptions of the kinetic reaction scheme were
adopted to describe reactions in solution, one including all reac-
tions from the full reaction set (shown in Table S1, supplementary
material), and one including no reactions in solution. Both of these
reaction sets were combined with the surface reaction or reactions
between UO, and H,0,. These two descriptions are labelled full
and simplified reaction schemes. Therefore, in the simplified reac-
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Table 1
G-values (molecules/100 eV) for the radiolytic species produced during water radiolysis [13].
Species G(H,0;) G(OH) G(OH™) G(esqs”) G(Hy) G(H) G(H') G(HO,)
«-5MeV  1.00 0.35 0.03 0.15 1.20 010  0.18 0.10
y-1ays 0.70 2.70 0.50 2.60 0.45 066  3.10 0.02
Table 2 ) been determined experimentally, previously published experimen-
Surface site reaction system. tal data were used to determine the rate constants through a nu-
0, + U0, —site — 2 OH - (ads) ks1 merical fitting procedure. A surface site density of 2.1-10~4 mol/m?
OH - (ads) — OH~ +U(V)0, ' ks2 was used in the model [18]. The MATLAB function Isqnonlin was
g2()02++Ho£I : (azs)o_:ngz +H0+ U0, —site E:i used to minimize the residual of the modelled concentration pro-
] , — 130, 2 . .
UV)0s +U(V)0y - U(VI)0,(aq) + U0, — site Ks5 files to the experimental H,0, and U(VI)(aq) data by fitting the

tion scheme, only the reaction or reactions between UO, and H,0,
are considered.

As the model developed in this work is not based on the
steady-state approach nor any other simplifying assumptions, it
can be used to investigate the impact of individual processes on
the system behaviour prior to reaching steady-state. The kinetic re-
action system can be expressed in terms of mass balances of the
involved species. This mass balance system is a system of ODEs
which can be numerically solved using explicit or implicit ODE
solvers. The large variation in the values of the rate constants puts
additional constraints on the solver [30]. The mass balance reac-
tion system is written in MATLAB 2019a and is solved using the
ode15s solver, which is appropriate for the stiff system in which
rate constants vary by several orders of magnitude [30,31]. The rel-
ative and absolute tolerance levels were chosen as 10— and 10~13
respectively, which gives a high degree of accuracy in the solver.

2.3. Escape yields

As the «a-particle is attenuated, the LET-value changes, which
in turn changes the radiolytic yields. In order to calculate the ra-
diolytic yields of the attenuating «-particles with high precision,
the G-values should be given as a function of the LET value. Ad-
ditionally, G-values in the first monolayers of water at H,0-oxide
interfaces can be significantly altered as shown in the work of LaV-
erne and Tandon [32]. This should however not have a considerable
effect in the systems modelled in this work, as the range of an o-
particle is significantly larger than the size of a few water layers.
In this work, the simplification that the G-values can be expressed
by using the average LET-value for a-particles of a certain energy
is therefore used. This approach is commonly adopted in combined
radiolysis and kinetic models [13,33].

The radiation chemical yields after the nonhomogeneous
regime, G-values, for all aqueous radiolysis products are taken from
the work of Pastina and LaVerne and are shown in Table 1 (in
units molecules/100 eV) [13]. The G-values in the work of Pastina
and LaVerne were initially obtained by the authors from the refer-
ences [34-40] and were then adjusted to improve the agreement
between their experimental water decomposition product concen-
trations and their kinetic system based on the rate constants of
refs. [23-26].

2.4. Surface site reaction system

The surface site reaction system is shown in Table 2. In the
model, the surface adsorbed OH--radicals only form in the reac-
tion between H,0, and the UO, sites. In general, hydroxyl radicals
formed from radiolysis of water could also adsorb to the surface.
However, this process is not accounted for in the present version
of our model. As the rate constants for these reactions have not

values of the constants ks1, ks2, ks3 and ks5 using the full reac-
tion set to describe the solution chemistry. As ks4 has previously
been determined [26], it was not fitted in this work. The residuals
of the data sets were normalized with respect to their initial H,0,
concentration to normalize their weights in the fitting procedure.

2.5. Diffusion model

The diffusive transport was modelled using an implicit scheme
to solve Fick’s second law shown in Eq. (7):
ac 9%c
—=D— 7
at 0x2 7)
The model is purely diffusion-controlled with convection set to
zero. The implicit scheme is unconditionally stable and is based on
evaluating the partial differential equation using a backward differ-
ence approximation of % at (ij + 1):

dc

_ Gijy1 —Gj

At

i,j+1

and a second order central difference approximation of % at
(ig + 1):
92c

Cit1,j+1 — 2Ci j41 + Ciz1,js1
ax2 - %)

Ax2

i,j+1
where i is the spatial index, j is the temporal index, At and

Ax are the temporal and spatial step sizes respectively. Inserting
Eq. (8) and (9) into (7) gives:

AX2 AX2
Citjm1— |2+ DAt Cij+1 + Cip1j+1 = —mci,j

with the unknowns: ¢;_1 ji1, ¢iji1 and c¢iq jiq. This set of equa-
tions was implemented in MATLAB 2019a and expressed as a ma-
trix system of n equations with one equation for each unknown
value, as shown in Eq. (11) for the n = 3 case:

(10)

C1,2 1+ 28 ) 0 C11 .
G2l = -4 1+26 -4 1)+ b (11)
("3,2 0 —8 1 + 28 C31

where § = S—fr and b is the boundary condition vector. The closed

system was simulated using no flux Neumann boundary conditions

at both the inner and outer boundary, meaning no species can leak

out of or into the system, i.e., for the n = 3 system d;% =0 and

%41 _ 0, Dirichlet boundary conditions, meaning a fixed concen-

tration at the boundary, was also investigated in the benchmarking
of the model. The matrix system was solved using an implicit so-
lution method which is unconditionally stable with O(At) accuracy
in time and O(Ax?) accuracy in space. The unconditional stability
means that an arbitrary time step can be employed without intro-
ducing instability in the mathematical solution.
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Radiolytic Production Model

Kinetic Database Data
+ odel5s solver

Iteration

Diffusion Coefficient Data
+ Implicit Scheme Solution

|

Concentration Profile w.r.t.
Distance from Surface & Time

Fig. 1. Coupled kinetic- and diffusion model process flowsheet.

2.6. Integrated model description

Radiolytic production, kinetic and diffusion models are coupled
in an iterative 1D-procedure using a unit fuel surface area. The
species initially present, as well as those produced through radioly-
sis, react in the kinetic step before the species can diffuse between
layers in the diffusion step. The diffused system is the in-data in
the next time step in the kinetic simulation. Both the kinetic and
diffusion steps are run for the same time step duration with a res-
olution of 50 computational steps within each time step. The sim-
plified computational scheme is shown in Fig. 1. The model allows
for the system to be divided into layers of arbitrary thickness and
time into steps of arbitrary length. A rather low dose rate of 1 Gy/h
was mainly studied in order to be able to compare the results of
the steady-state approximation with the simplified and full reac-
tion systems without the effect of e.g., a notable H, build up. The
low dose rate was also used when investigating the influence of
model parameters such as spatial and temporal resolution.

In the work of Poulesquen and Jégou, a similar iterative proce-
dure was used, in which the set of kinetic equations was solved
during a kinetic calculation step using Chemsimul, followed by
a separate diffusion step using no flux Neumann boundary con-
ditions [38]. Additionally, in the work of the authors, the radi-
olytic production from «-particles was modelled by considering
the Bragg-peak nature of the stopping power spectrum, leading to
a higher radiolytic production in the outer water layers of the irra-
diated 40 um segment [38]. The influence of the dose rate profile
was also considered in the present work.

3. Results and discussion
3.1. Benchmarking

3.1.1. Radiolysis and kinetic reaction system

To benchmark the MATLAB code and the reaction set used
in the simulations, the model was used to simulate the Fricke
dosimeter in a homogeneously y-irradiated system [41]. The G-
values used are shown in Table 1. Under deaerated conditions,
G(Fe3*) can be calculated as [42,43]:

G(Fe**) = 2G(H,0,) + G(e,) + G(-H) + 3G(-HO,) + G(-OH)
= 0.0742 molecules/eV (12)

The Fricke dosimeter utilizes acidic conditions, under which
Fe3* is stable. In the modelled system, the pH is set to 0, suffi-
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Table 3
Results from the homogeneous irradiated Fe?+-Fe3* system.

Water layer average dose rate [Gy/h]  G(Fe3*) [molecules/eV]

8.3.10°6 0.0742
8.3.103 0.0742
8.3 0.0742
8.3.10° 0.0731
8.3-10° 0.0021
1 T T T
\ Implicit model
0.9 -\ Ogata Banks
o} \\ -
Jo7k \ 1
Q \
S osl |\ 1
=
S \
® 05 \ i
£ \
8
S 04r \ i
o]
S b
03r 1
0.2 i
0.1r 1
0 ! e 1
0 0.5 1 1.5 2
Water depth [um] <104

Fig. 2. Comparison between the implicit model and the analytical Ogata Banks so-
lution to the Dirichlet boundary condition case in a 10* um system with 100 layers
modelled for 10* time steps of 0.36 s.

ciently acidic to prevent precipitation of Fe3*. The initial Fe** con-
centration was 0.5 M, to ensure that the G-value is independent of
the concentration. This is especially relevant under high dose rates.
The kinetic reaction system from the work of Barb et al. was mod-
elled [44]. The rate constants for the system were obtained from
the work of Amme et al. [45]. The resulting chemical yields from
the kinetic reaction system for Fe3* are summarized in Table 3.
The theoretical G-value of the Fricke dosimeter is reproduced to
a high degree of accuracy, apart from under very high dose rates,
where consumption of the initially present Fe?* affects the results.

3.1.2. Diffusion

The diffusion calculation method was benchmarked through
comparison with the analytical Ogata Banks solution to the trans-
port equation [46]. This was done through the use of Dirichlet
boundary condition on the inner boundary, meaning a fixed con-
centration at the boundary. This allows for comparison of the dif-
fusion rate out into the bulk solution and the magnitude of this
diffusion in relation to the boundary condition. The comparison
between the implicit model used in this work and the analytical
solution in a 10* pm system with 100 layers modelled for 10* time
steps of 0.36 s each is shown in Fig. 2. The difference is very small,
which shows that the implicit method used in this work can accu-
rately describe the diffusion process.

3.2. Full solution reaction set

Using the full reaction set (Table S1, supplementary material),
the concentration profiles across the water layers in a 1 mm sys-
tem with 50 pm layer size under an «-dose rate of 1 Gy/h mod-
elled for 10* time steps of 10 s each is shown in Fig. 3a. The initial
time steps show significant concentration gradients across the lay-
ers of the system, Fig. 3b. Towards the end of the simulation time,
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1 [Gy/h] 1 mm system 10 mM HCO3~
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b
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20

Layer

Fig. 3. (a) Concentration profile in a 1 mm water depth system with 50 pm layer size modelled for 10 steps of 10 s each. (b) Concentration profile across the water layers

for the first and second time steps.

the system is in steady-state and shows a miniscule concentration
gradient and H,0, concentration increase per time step.

3.3. Comparison of full and simplified solution reaction set

Simulations taking both the temporal and spatial resolutions
into account can become computationally demanding when em-
ploying the full set of chemical reactions. Since the concentration
of H,0, in a solution irradiated with alpha-radiation can usually
be calculated by simply multiplying the absorbed dose and the G-
value for H,0,, provided there are no reactions consuming H,0,,
we have explored the validity of this simplification as a function
of dose rate. The dose rate dependence was explored to make sure
that errors are not introduced when using dose rate profiles in
combination with the simplified description of the aqueous radia-
tion chemistry. The simulations show that the difference, in terms
of H,0, concentration between the full reaction set and the sim-
plified approach within the dose rate range of relevance here (1
- 103 Gy/h) is rather small, with the full reaction set giving some-
what lower concentrations (<20%). (The relative concentrations be-
tween the two reaction sets as a function of dose rate can be seen
in Figure S2, supplementary material.)

To simulate the heterogeneous system, the rate constant for
H,0, consumption on UO, determined by Hossain et al. [18] was
used. The rate constant is the sum of the rate constant for UO,
oxidation and the rate constant for catalytic HyO, decomposition.
At the time this rate constant was determined, it was in general
assumed that catalytic decomposition of H,0, constituted 20% of
the overall rate constant. The dissolved H,0, and U(VI) concentra-
tions were modelled with the full and the simplified reaction sets,
in a 50 pm water depth system with 10 pm layer size modelled for
10 and 100 s time steps respectively for a total time of 10° s. The
results are shown in Fig. 4. Using the full reaction set, the H,0,
steady-state concentration is asymptotically approached.

The simplified reaction set corresponds quite well with the full
reaction set in terms of H,O, concentration. The importance of us-
ing a fine temporal resolution is apparent, as a somewhat higher
H,0, concentration is obtained using the relatively rough time
step of 100 s. This difference is due to a consumption of H,0, in
the innermost layer during the relatively long kinetic step prior to
the diffusion step. The innermost layer can this way become de-
pleted during the kinetic step as compared to the outer layers,
leading to a lower overall consumption of H,O, and higher steady-
state concentration. The comparison shows that the simplified re-

<108
191
181
1.7
16
15
©
£
c 14r
el
8
€13
@
o
é [H202] Layer Size 10 ym & Time Step 10 s, simple reaction set
12r - - [H202] Layer Size 10 ym & Time Step 100 s, simple reaction set
[H202] Layer Size 10 ym & Time Step 10 s, full reaction set
149F  peE | s [H,0,] Layer Size 10 um & Time Step 100 s, full reaction set
[UO2 (aq)] Layer Size 10 ym & Time Step 10 s, simple reaction set
1k - - [UO2 (aq)] Layer Size 10 pm & Time Step 100 s, simple reaction set
[UO2 (aq)] Layer Size 10 pm & Time Step 10 s, full reaction set
----------- [UO2 (aq)] Layer Size 10 pm & Time Step 100 s, full reaction set

107 0

Time [d]

10

Fig. 4. Concentration evolution in the first layer of a 50 pm system with 10 um
layer size and 10 and 100 s time steps using the simplified and full reaction sets.

action set can describe the radiolytic oxidative dissolution of the
full reaction set rather accurately. The reactions between the radi-
olytic species in solution therefore only causes a slight reduction
in the H,0, concentration. This could however change in ground-
water with a more complicated composition

3.4. Simplified solution reaction system

The simplified reaction system consisting of only the radiolytic
production of H,0, and the rate constant ky;=4.6-10-6 m-min~!
for the reaction between H,0, and UO, from the work of Hossain
et al. [18], accounting for 20% catalytic decomposition, were used
to explore the impact of variations in model parameters, such as
layer size and time step size. The simplified approach allows for
a straightforward theoretical prediction of the H,0, steady-state
concentration as [17,47]:

TH,0,
ku1

For an «-dose rate of 1 Gy/h with «-particle energy of 5.5
MeV and range in H;O Smax=44 um, Eq. (12) yields a theoretical

° Smax

[HZ 0, ]ss (13)
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Table 4

Comparison of time to reach steady-state, resulting H,0, and UO, concentrations as a function of time step and layer size with

normal and averaged dose rate profiles in a 50 pm water depth system modelled for 10 s total.
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Normal dose rate profile

Averaged dose rate profile

Layer size [um] 2.5
tstepsize [S] 2 10 20 100 2 10 20 100
tss.00.0% [S] 4704 5270 6020 9800 4704 5270 6020 9800
[H20,] 1.69-10-8 1.86.10°% 2.09-10-8 4.53.10°8 1.70-10-8 1.90-10°8 2.17.10°8 5.02.10°8
aq . . |~ . . - R . — . . |~ R . - . . — R . |~ . . -
U(VI)(aq) 1.86-10~7 1.85-1077 1.82-1077 1.63-10~7 1.86-10°7 1.84.1077 1.82-10~7 1.59-10~7
Layer size [pm] 5
Estepsize [S] 2 10 20 100 2 10 20 100
tss.00.0% [S] 4634 4900 5240 8200 4634 4900 5240 8200
[H,0,] 1.67.10°8 1.74.10°8 1.82.10°8 2.67-10°8 1.67.10°8 1.77-10°8 1.89.10°8 3.05-10°%
aq .86-10~ 86.10— .85.10— 7810~ .86-10~ 86.10— 85.10~ 75.10-
[U(VI)(aq)] 1.86-10°7 1.86-1077 1.85.10°7 1.78-10°7 1.86-10°7 1.86-10°7 1.85-10~7 1.75-1077
Layer size [pm] 10
Estepsize [S] 2 10 20 100 2 10 20 100
tss.99.0% [S] 4600 4720 4860 6200 4600 4720 4860 6200
[H,0,] 1.66-10°8 1.68.10°8 1.71.10°8 1.95.10°8 1.66-10°8 1.70-10°8 1.76-10°8 2.22.10°8
U(VI)(aq 1.86-10~ .86-10~ 1.86-10~ 1.84-10- .86-10~ 1.86-10~ 1.86-10~ 8210~
86.107 1.86-10°7 86.1077 84.10°7 1.86-10°7 86.1077 86.10°7 1.82:10°7
Layer size [pm] 25
tstepsize [S] 2 10 20 100 2 10 20 100
tss.00.0% [S] 4580 4610 4660 5000 4580 4610 4660 5000
[H20,] 1.66-10-8 1.66-10-8 1.66-10-8 1.67-10-8 1.66-10°8 1.67-10°8 1.68-10-8 1.79-10-8
[U(VI)(aq)] 1.87.10°7 1.87.1077 1.86-10°7 1.86.107 1.86-1077 1.86-10°7 1.86.107 1.86.10°7
Layer size [pm] 50
Estepsize [S] 2 10 20 100 2 10 20 100
tss.00.0% [S] 4572 4580 4580 4600 4572 4580 4580 4600
[H,0,] 1.66.108 1.66.10°8 1.66-10°8 1.66.10-8 1.66.10°8 1.66-10°8 1.66.108 1.66.10°8
[U(VI)(aq)] 1.87-1077 1.87.10°7 1.86-10°7 1.87-1077 1.87.10°7 1.87.10°7 1.86-10°7 1.87.10°7
a %1078 1 [Gy/h] 0.05 mm system 10 mM HCO3" b <108 1 [Gy/h] 0.05 mm system 10 mM HCO3"
26} j D m—— T
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Fig. 5. Influence of time step-size on the H,0, steady-state concentration in the first layer of 50 pm water depth system with 5 pm (a) and 10 pm layer size (b).

steady-state concentration of ~1.66.10~8 M. Closed systems with
50 pm and 1 mm total water layer thickness were modelled for
total times of 104 and 105 s, respectively, using varying time steps
and layer sizes. System averaged H,0, steady-state concentrations,
the time to reach 99.9% of the steady-state value, and final sys-
tem averaged dissolved uranium concentrations are presented in
Tables 4 and 5 for the 50 pym and 1 mm systems respectively. Con-
centration profiles for a few time resolutions and layer sizes in the
50 um and 1 mm systems are shown in Figs. 5 and 6 respectively.

The effect of dose rate profile resolution was also studied. The
comparison was made between a high resolution dose rate pro-
file and an averaged dose rate over the innermost 50 pm water

layers. The results are shown in Tables 4 and 5. The systems can
be homogenized without any loss of accuracy of the H,0, steady-
state concentration. A very small influence of averaged dose rate
profile can be observed in the steady-state concentrations. The dif-
ference is more pronounced in the systems with higher spatial
resolution, i.e., smaller layer size, as the dose rate profile resolu-
tion is constrained by the layer size. The effect is somewhat more
pronounced in the 50 pm system as compared to the 1 mm sys-
tem. The deviation from the theoretical steady-state concentration
of 1.66-10~8 can be seen as layer size assumes small values com-
bined with large time step sizes. This deviation becomes evident
when the time step size assumes values of approximately equal to
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Table 5

Comparison of time to reach steady-state, resulting H,0, and UO, concentrations as a function of time step and layer size with

normal and averaged dose rate profiles in a 1 mm water depth system modelled for 10° s total.
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Normal dose rate profile

Averaged dose rate profile

Layer size [um] 5
totepsize [S] 2 20 100 200 2 20 100 200
tss.00.0% [S] 87,088 92,220 98,800 99,600 87,090 92,220 98,800 99,600
[H20,] 1.68.10-8 1.82.10°8 2.62:10°8 3.64-10°8 1.67.108 1.89-108 2.99.10°8 4.44.10°8
[U(VI)(aq)] 8.66.10-8 8.56.10°8 7.89.10-8 7.07-10-8 8.65.10°8 8.48.10°8 7.60.10-8 6.44.10°8
Layer size [pm] 10
tstepsize [S] 2 20 100 200 2 20 100 200
tes00.0% [S] 86,732 89,580 96,600 98,800 86,732 89,580 96,600 98,800
[H,0,] 1.66-10-8 1.71.10-8 1.94.10-8 2.26.10-8 1.66-10-8 1.76.10-8 2.21.10°8 2.84.10°8
[U(vIYaq)] 8.66.10%  8.66.10-° 8.45.10% 8.16.10° 8.64.10-® 8.56.10% 823.10°%  7.73.10-%
Layer size [pm] 25
tstepsize [5] 2 20 100 200 2 20 100 200
tss.99.0% [S] 86,506 87,640 92,100 95,600 86,506 87,640 92,100 95,600
[H20,] 1.65-10-8 1.66.10-8 1.67-10°8 1.68-10-8 1.65-10-8 1.68.10°8 1.78-10-8 1.92:10-8
[U(VI)(aq)] 868108 8.6810° 867108 866.10° 86610 86610 85810 8.46.10°8
Layer size [pm] 100
totepsize [S] 2 20 100 200 2 20 100 200
tss.00.0% [S] 86,366 86,540 87,700 89,200 86,366 86,540 87,700 89,200
[H20,] 1.65.10-8 1.65-108 1.65.10-8 1.65.10-8 1.65-108 1.65-10°8 1.65.10-8 1.65-108
[U(VI)(aq)] 8.68.10-8 8.68.10°8 8.68.10-8 8.68.10-8 8.68.10°8 8.68.10°8 8.68.10-8 8.68.10°8
Layer size [pm] 1000
tstepsize [S] 2 20 100 200 2 20 100 200
tes00.0% [5] 85,862 85,880 85,900 86,000 85,862 85,880 85,900 86,000
[H,0,] 1.65-10-8 1.65-10-8 1.65.10°8 1.65-10-8 1.65-10-8 1.65.10-8 1.65-10-8 1.65-10-8
[U(vIYaq)] 8.68.10%  8.68.10-° 8.68.10% 8.68.10% 8.68.10°° 8.68.10% 8.68.10%  8.68.10°%
a 1 [Gy/h] 1 mm system 10 mM HCO3" b x10°® 1 [Gy/h] 1 mm system 10 mM HCO3
10 : . i ; . : . : .
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Fig. 6. Influence of time step-size on the H,0, steady-state concentration in the first layer of a 1 mm depth 50 pm layer size system.

or larger than the layer size (in units s and pm respectively). This
limitation is due to the fact that consumption of the radiolytically

Table 6
System averaged OH. concentration over the 50 pm system with 10% time
steps of 10 s each and varying layer size.

produced H,0, occurs quickly in the small innermost layer. Deple-
tion of H,0, in the innermost layer during the time step results in
an inaccurate and overall lower consumption, leading to a higher
steady-state H,O, value combined with a lower U(VI)(aq) concen-

tration.

3.5. Radical species

Radical species are relatively short lived as compared to molec-
ular species such as H,0,. The impact of the spatial and tempo-
ral resolutions might be significantly different with respect to the

tstepsize [S]

Time steps

10°

Layer size [um] 5

[OH ]

1.22-10-16

10
103 103 103
10 25 50
1.23.10716 1241076 1.24.10'6

short lived species. Studying the concentration of OH. in the 50 pm
system with a time step size of 10 s for 103 steps with varying spa-
tial resolutions using the full reaction system is shown in Table 6.
It is evident that the average OH-radical concentration is rather un-
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Table 7
Fitted rate constants to the OH-(ads) surface reaction system.
[H205]0 ks1 (M~'.s71)  ks2 (s71) ks3 (M~1.s71)  ks5 (M~1.s71)
0.2 mM 8.66-107" 5.48.10" 1.06-102 1.41-10'
0.5 mM 5.03-10~! 2.25.107" 1.76-10% 2.23.10!
1.0 mM 3.50-10°" 2.09-10°! 1.86-10? 2.21-10'
2.0 mM 2.33.107! 2.49.107! 1.96.102 2.42.10!
Full system  4.62-10~! 1.91-10°! 1.97-10? 3.41.10!

affected by the change in layer size in the very small system. It
should be emphasized that the effect of temporal and spatial reso-
lution is rather weak in the small closed systems that are studied
in this work. This is due to the fact that small systems using the
no flux boundary conditions approaches a system with a relatively
small gradient rather quickly.

3.6. Surface reaction systems

3.6.1. System fit

The experimental data from the work of Barreiro Fidalgo et al.
[20] were used to fit the surface site reaction system, described in
Table 2. An initial UO, surface site density of 2.1.10~% mol/m? was
used in the model [18]. The sum of the squares of the residual val-
ues was output by the Isqnonlin function using the reaction system
function file with the rate constants as input. In the simultaneous
fit of all data sets, weight factors normalizing the residuals from
the individual data sets, according to the factor 2 mM/[H,0,],
were used. This means that the residuals of the data points in the
[Hy0,]9 = 0.2 mM data set were multiplied by a factor 10 to make
the weight of the data set the same as the [H,0,]p = 2.0 mM
data set. Individual data set fits and the total system fit of all data
sets were performed with stoichiometric UO, at t = 0. The rate
constants were calculated with the specific surface to volume ra-
tio, S/V=5400 m~! system in the work of Barreiro Fidalgo et al.
[20]. The fitted rate constants are shown in Table 7. The rate con-
stants derived from the different initial concentrations vary some-
what, although the relative values of the constants are in quite
good agreement. The results are somewhat insensitive to variations
of the value of ks5, which can vary an order of magnitude while
having a small impact on the dissolution rates and residual values.
When applying the constants to a system, the S/V ratio of the spe-
cific system has to be taken into account as can be seen from the
units of the constants [20].

The higher concentration data series are less reliable to fit the
reaction mechanism as complexes between the dissolved uranium
and H,0, can significantly influence the kinetics of the aforemen-
tioned reactions [48]. Therefore, it is most important that the reac-
tion set can accurately describe the low concentration series. The
individual data series fit of [H,0,]y = 0.2 is shown in Fig. 7 (all the
individual data series fits can be seen in Figure S1, supplementary
material.) The weighted total system fit is shown in Fig. 8.

3.6.2. Impact of surface reaction mechanism

To explore the influence of the surface site reaction system
(Full system, Table 7) as compared to using the oxidative disso-
lution rate constant of Hossain et al. [18], (80% oxidative disso-
lution and 20% catalytic decomposition), using the full reaction
system in both cases, fuel models with dose rates of 1 Gy/h and
1 kGy/h respectively were studied in 50 pm system with 10 pm
layer size for 10* time steps of 10 s each. The results are shown
in Fig. 9. The reason for the slow dissolution in the surface site
reaction system is due to the fact that U(V) needs to build up
on the surface before U(VI) can form and dissolve into solution.
The reason for the slow dissolution in the surface site reaction
system is due to the fact that U(V) needs to build up on the
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Fig. 7. Fit of the individual data series [H0,]op = 0.2 of the Barreiro Fidalgo data
with stoichiometric UO, at t = 0 with the constants k80, k81, k82 and k83 shown
in Table 7.

surface before U(VI) can form and dissolve into solution. How-
ever, after an initial period, the dissolution rate is governed by the
H,0, production rate in both descriptions of the surface oxidation
mechanism. The resulting H,0, concentrations are 1.30-10~3 M
and 1.47-10~8 M respectively for the 1 Gy/h fuel model using the
surface site reaction system and the full reaction system (Table
S1, supplementary material) with the Hossain et al. rate constant.
This can be compared to the somewhat higher theoretical value
of 1.66:10~8 M using the simplified system. At 1 Gy/h, the initial
dissolution of uranium is significantly slower when using the sur-
face site reaction system (7.54-10~'! mol/L-d) as compared to the
full reaction system (5.96-10~8 mol/L-d). However, for longer times
the dissolution rates become quite similar, 2.13-10~6 mol/L-d com-
pared to 1.52:10~6 mol/L-d, respectively. At 1 kGy/h, the effect is
less pronounced in relative terms, with initial dissolution rates of
4.16-10~> mol/L-d and 5.68-10~> mol/L-d and final dissolution rates
of 2.14-10~3 mol/L-d and 2.07-10-3 mol/L.d, respectively. The rea-
son for the difference in relative dissolution rates between the high
and the low dose rate can be attributed to the fact that the frac-
tion of H,0, that undergoes catalytic decomposition depends on
the H,0, concentration and thereby on the dose rate in the sur-
face site model while the fraction is always 20% in the traditional
model. Using the 1 kGy/h fuel model the resulting H,0, concentra-
tions are 1.32:10~> M and 2.02-10~> M respectively for the surface
site and Hossain et al. [18] rate constant reaction systems.

Results of the comparison between the normal dose rate profile
and an averaged dose rate over the innermost 50 pm water layer
using varying layer and time step sizes using the surface site re-
action system are shown in Table 8. A small influence of the aver-
aged dose rate profile can be observed in the steady-state concen-
trations. The difference is more pronounced in the systems with
higher spatial resolution, i.e., smaller layer size (as previously dis-
cussed for the simplified system, Tables 4 and 5). It is evident
from both the simplified reaction system and surface site reac-
tion system that large layer sizes and an averaged dose rate profile
yields results in quite good agreement with the higher resolution
systems. However, the amount of dissolved uranium is somewhat
lower in the homogenized system (i.e., with a layer size of 50 pm)
using the surface site reaction system as shown in Table 8. The de-
viation in the homogenized system stems from the fact that the
H,0, formed at the water layers close to the surface can rather
quickly react with the surface. As the system is homogenized, a
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Fig. 8. Fits the total system of the Barreiro Fidalgo data with stoichiometric UO, at t = 0 with the constants k80, k81, k82 and k83 shown in Table 7.

a 1 [Gy/h] 0.05 mm system 10 mM HCO3"

[UO, (aq)]

[H,0,]
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Fig. 9. 1 Gy/h (a) & 1 kGy/h (b) fuel models with the surface site reaction system (filled lines) and the rate constant from the work of Hossain et al. [18] (dotted lines) in
the first layer in a 50 pm system with 10 pm layer size modelled for 10* steps of 10 s each with 10 mM HCO;~.

lower H,0, concentration at the closest water layers are obtained
which has a noticeable effect on the dissolution.

3.7. Comparison with literature data

The model was also used to simulate the experiment of Sat-
tonnay et al., in which UO, in contact with deionized aerated wa-
ter was irradiated by a high energy cyclotron «-particle beam, re-
sulting in fluxes of 3.3-10'° and 3.3-10"" o.cm~2.s! with 5 MeV
a-particle energy [7]. The resulting dose rate in the inner 40 pm

layer was therefore 2.37-108 Gy/h [49]. The irradiated volume in
the experiment was 10 mL with a surface area of 0.2827 cm?,
which for the 1 h duration gives a total specific H,0, production
of 2.79-10~* and 2.79-10~3 M using the primary yield (in Table 1)
for the weaker and stronger fluxes respectively. As the concentra-
tion measurements were averaged for the entire solutions in the
work of the authors, the system was simulated as a homogeneous
system using the rate constant for H,0, consumption on UO, de-
termined by Hossain et al. [18] (80% oxidative dissolution and
20% catalytic decomposition) and the surface site reaction system.
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Table 8
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50 pm water depth system with a 1 Gy/h a-dose rate source using the total system fit of the surface site reaction system.

Normal dose rate profile

Averaged dose rate profile

Layer size [pm] 5

tstepsize [S] 2 10 20 100 2 10 20 100

tss990% [] 9618 9630 9640 9800 9618 9630 9620 9700

[H,0,] 1.2410-® 130108  1.38.10% 216108  1.25.10°% 133.108 145108 253.10°8

[U(VI)(aq)] 220107 2191077 219107 2111077 220107 2191077 218107  2.07-10~7

Layer size [pum] 10

tstepsize [S] 2 10 20 100 2 10 20 100

tss.99.9% 5] 9616 9620 9620 9700 9616 9620 9600 9600

[H,0,] 1.23.10-8 125108  1.28.10°% 150108  1.2410-% 128108 1.33.10-% 1.76.10-8

[U(VI)(aq)] 219107 2191077 219107 2181077 219107 2191077 219107  2.15.10”7

Layer size [pm] 25

tstepsize 5] 2 10 20 100 2 10 20 100

tss900% [5] 9614 9620 9620 9600 9614 9610 9600 9600

[H,0,] 1.23.10-%  1.23.108  1.23.10-® 125108  1.23.10-% 124108 1.26.10-%  1.36.10-8

[U(VI)(aq)] 214107 2141077 214107 2151077 214107 2141077 214107  2.14.1077

Layer size [um] 50

tstepsize [S] 2 10 20 100 2 10 20 100

tss990% [5] 9610 9610 9620 9700 9610 9610 9620 9700

[H,0,] 122108 122108 1.22.10°®  1.22.108  1.22.10°% 122108  1.22.10°%  1.22.10°8

[U(VI)(aq)] 2.00-107  2.0010-7  2.,00-107  2.00-10-7  2.00-10~7  2.00-10-7  2.00-10~7  2.00-10~7
The resulting H,0, concentration is 2.28-10~3 M using both the <107 x107
Hossain et al. constant and the surface site reaction system. This 8 ' ' ' ' ' ' 25
is rather close to the concentration calculated from the primary ah
yields, as well as the concentration found in the measurement of
the authors, of (3.5 + 0.3)-10~3 M. The modelled uranium concen- Dol iE _
tration using the Hossain et al., constant is more than an order of B =
magnitude lower than the measured value, 7.18-10~7 M compared ‘e sl £
to 9.58-10~6 M. The value of the dissolved uranium using the sur- 3 1% 8
face site reaction system is significantly lower, of 2.5-10~8 M. This Sl .g
is as previously discussed due to the dependence of U(V) build up § §
on the surface which is slower in the system of Sattonnay et al., g 3t 17 8
due to the smaller S/V ratio. This might be due to the fact that ks5 2 o:
is not rate determining in the fitted reaction system, meaning that g 2F T
the value could potentially be significantly larger than the fitted 105
value. Therefore, increasing the value of ks5 is a reasonable ap- 1r
proach to remove the rate determining effect of this reaction that

is present in systems with a smaller S/V ratio. In order to test the
effect of increasing the value of ks5 in the system, a value of 1010
M — 1.s = 1 was tested. This yields the same H,0, concentration
of 2.28:10-3 M and a uranium concentration of 3.13-10~7 M. The
influence of ks5 can therefore not explain the difference between
the modelled values and the experimental ones. This indicates an
underestimation by the model, or an increased release rate in the
cyclotron experiment potentially due to the significantly lower pH-
value [7]. The results of the modelling of the stronger flux are
shown in Fig. 10.

The cyclotron experiment by Sattonnay et al. was modelled in
the work of Christensen, where an underestimation in the uranium
dissolution by a factor 40 was found [50]. The experiment was also
modelled in the work of Poulesquen and Jégou, where the sys-
tem was modelled as a system of 2 mm depth with 200 layers
with time steps of 0.05 s for a total time of 3600 s [49]. The re-
sults show some discrepancy between the uranium concentrations
in the layers closest to the surface and the experimental results of
Sattonnay et al. [7,49]. However, the modelled system in the work
of Poulesquen and Jégou show a very strong concentration gradi-
ent, where the outer layers have uranium concentrations in line
with the experimental values. The concentrations in the outer layer
were chosen in the work by the authors for comparison instead of
the averaged value [49], while the latter would be a more rele-
vant comparison to the experimental method of Sattonnay et al.

10

0
0.015 0.02 0.025 0.03 0.035 0.04 0.045
Time [d]

0
0

Fig. 10. Dissolved uranium and H,0, production rates under the 2.37-10% Gy/h dose
rate simulating the cyclotron experiment with flux 3.3.10" «.cm=2.s ~ ! in the
work of Sattonnay et al. [7]. The Hossain et al., rate constant is shown in the dashed
lines and the surface site reaction system is shown as solid lines.

[7]. The strong gradient in the work of Poulesquen and Jégou is
not seen when modelling the same system with the model devel-
oped in this work, as the diffusion is sufficiently fast (see Fig. 2) to
create an almost homogenized system in the rather small closed
system using the no flux boundary conditions.

Modelling was also performed of the experiments from the
work of Cobos et al. [51], where «-doped UO, pellets with «-
activities of 3.8-107, 3.8-108, and 3.8-10'© Bq/g were studied in
35 mL deionized water solution. The system was also homogenized
in the modelling to describe the rather small system in which dif-
fusion will play a negligible role over the rather long modelled
time scales. The dissolved uranium amounts after ~1700 h in the
work of Cobos et al. under exposure to the 3.8.107, 3.8-108, and
3.8.10'0 Bq/g sources were modelled. The comparison between the
results using the model in this work and the experimental dis-
solved uranium data can be seen in Table 9. The models can rather
accurately predict the release of the 3.8-10'© Bg/g source but is
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Table 9
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Comparison between the experimental and modelled dissolved uranium amounts of the a-doped
UO, of Cobos et al. [51], using the model developed in this work. Both the rate constant from the
work of Hossain et al., and the surface site reaction system were used.

A [Bq/g]  Cobos et al. [51] [mol]  Hossain et al., constant [mol]  Surface site model [mol]
3.8.10'° 1.3.10°6 2.68-10°6 3.6:10°6
3.8.108 2.0.1077 3.00-10°% 461078
3.8.107 3.0.10°8 2.85.10° 4.0-10°

worse at predicting the releases from the weaker sources. In the
experimental work, the uranium release is not only attributed to
water radiolysis. Background dissolution due to the pre-existence
of uranium in oxidation state higher than U(IV) or due to traces of
oxygen in the solution will have a larger relative impact at lower
specific activities. While the specific activities differ by three or-
ders of magnitude, the experimental rate of dissolution only dif-
fers by a factor of 40, i.e., less than two orders of magnitude. In
the simulations, only radiation-induced oxidative dissolution is in-
cluded, and does not take these other effects into account.

4. Conclusions

From the tests of the performance of the numerical model it is
clear that both spatial and temporal resolution influence the sim-
ulations. What is particularly important is the fact that the tem-
poral resolution must be adapted to the spatial resolution in order
to avoid divergence from the theoretically predicted steady-state
values of H,0,. Additionally, very rough spatial resolution in the
surface site reaction system led to an underestimation of the UO,
dissolution due to a lower H,0, concentration at the layers closest
to the surface.

The simulations performed using the full reaction set and a
simplified system accounting only for H,O, production in the
aqueous phase are in reasonably good agreement regarding the
evolution of H,0, and U(VI)(aq) concentrations. Consequently, the
simplified system can be used in order to test model parameters
such as the time to reach steady-state, with much less computa-
tional demand.

The surface site reaction system accounts for the experimental
observations of surface-bound hydroxyl radical as well as the for-
mation of U(V) in the oxidative dissolution reaction. The surface
site reaction system could further be used to test the effects of
species reacting with the surface bound OH-radicals.
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