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försvaras på engelska. Opponent: Dr. Lara Duro från Amphos 21, Spain.



Doctoral Thesis in Chemistry
Copyright c© 2011 Martin Trummer
All rights reserved

Paper I c© 2008 Elsevier B.V.
Paper II c© 2008 Elsevier B.V.
Paper III c© 2009 Springer Science+Business Media BV
Paper IV c© 2009 Elsevier B.V.
Paper V c© 2009 Elsevier B.V.
Paper VI c© 2010 Elsevier B.V.

TRITA-CHE Report 2011:32
ISSN 1654-1081
ISBN 978-91-7415-960-8



“Ois hot a End,
nua die Wuascht hot zwoa.”





Abstract

The release of radionuclides is a key process in the safety assessment of a deep
geological repository for spent nuclear fuel. A large fraction of the release is as-
sumed to be a consequence of dissolution of the fuel matrix, UO2. In this doctoral
thesis, the kinetics and the mechanisms behind oxidative U(IV) dissolution were
studied. The effects of solid phase inclusions mimicking the presence of fission
products, and solutes mimicking expected groundwater components were also
evaluated.

Palladium, as a model substance for noble metal particle (fission products) inclu-
sions, was shown to catalyze both surface oxidation of U(IV) and reduction of
U(VI). The second order rate constant for the surface reduction of U(VI) by H2
was found to be on the order of 10−6 m s−1 (diffusion controlled). Under 40 bar H2,
1 wt.% Pd was sufficient to suppress oxidative U(IV) dissolution in 2 mM H2O2
aqueous solution. During γ-irradiation under 1 bar H2, 0.1 wt.% Pd was sufficient
to completely suppress oxidative dissolution. Under inert conditions, where H2 is
only produced radiolytically, complete inhibition was observed for 3 wt.% Pd.

The presence of Y2O3 as a model substance for trivalent fission products was
found to decrease U(VI) dissolution significantly under inert, as well as reducing
conditions. Based on kinetic data, it was shown that pure competition kinetics
cannot explain the observed decrease. From experiments using pure oxidants it
was demonstrated that Y2O3 doping of UO2 decreases the redox reactivity. In
addition, from experiments where hydroxyl radical formation from the catalytic
decomposition of H2O2 was monitored, it could be concluded that doping has a
minor influence on this process.

On the basis of numerical simulations, the H2 concentration necessary to suppress
radiolytic H2O2 production was found to increase with an increase in dose rate or
HCO−3 concentration. Furthermore, the steady state concentration of H2O2 was
found to be inversely proportional to the H2 pressure, and proportional to the square
root of the dose rate. Fe2+ was shown to increase the rate of H2O2 consumption,
and 2-Propanol to decrease it. It was also found that when the irradiated volume
differs strongly from the total reaction volume, the actual dose rate should not be
converted into a homogeneous dose rate in numerical simulations.
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Sammanfattning

Utsläpp av radionuklider är en nyckelprocess i säkerhetsanalysen för ett geologiskt
djupförvar för använt kärnbränsle. En stor andel av utsläppet antas vara en följd av
bränslematrisupplösning. I denna doktorsavhandling studerades kinetiken and me-
kanismen för oxidativ U(IV) upplösning. Effekten av att dopa UO2 som en modell
för närvaron av fissionsprodukter, och ämnen i den omgivande vattenlösningen
som en modell för ämnen i grundvattnet utvärderades också.

Palladium, som modellsubstans för ädelmetallpartiklar (fissionsprodukter), kataly-
serade både ytoxidationen av U(IV) och reduktionen av U(VI). Andra ordning-
ens hastighetskonstant för ytreduktionen av U(VI) med H2 var i storleksorning
10−6 m s−1 (diffusionskontrollerad). Med 40 bar H2 var 1 wt.% Pd tillräckligt för
att undertrycka oxidativ U(IV) upplösning i en 2 mM H2O2 vattenlösning. Med
γ-bestrålning och 1 bar H2 krävdes 0.1 wt.% Pd för att fullständigt undertrycka ox-
idativ upplösning. Under inerta förhållanden, där H2 bara produceras radiolytiskt,
observerades fullständig inhibering med 3 wt.% Pd.

Närvaro av Y2O3 som modellsubstans för trivalenta fissionsprodukter minskade
U(VI) upplösningen signifikant under både inerta och reducerande förhållanden.
Ren konkurrenskinetik, baserat på kinetiska data, kunde inte förklara den observe-
rade minskningen. Från försök med rena oxidanter påvisades det att Y2O3 dopning
av UO2 minskar dess redoxreaktivitet. Från försök där hydroxylradikalproduktio-
nen från katalytisk sönderdelning av H2O2 mättes, kunde man dra slutsatsen att
dopning har en lycket liten effekt på UO2-matrisens katalytiska förmåga.

Numeriska simuleringar visade att den H2 koncentration som är nödvändig för att
undertrycka radiolytisk produktion av H2O2 ökar med ökande doshastighet och
med ökande HCO−3 koncentration. Steady state-koncentrationen av H2O2 visades
vara omvänt proportionellt mot H2 trycket och proportionellt mot roten ur doshas-
tigheten. Fe2+ ökade hastigheten av H2O2 förbrukning och 2-Propanol minskade
den. Det visades också att när den bestrålade volymen skiljer sig avsevärt från den
totala reaktionsvolymen, ska den egentliga doshastigheten inte konverteras till en
homogen doshastighet i numeriska simuleringar.

R En videosammanfattning är tillgänglig på http://www.martintrummer.info.
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1 Introduction

Nuclear power has been a significant part of energy production in several countries
for many decades. While nuclear power has numerous advantages over other forms
of energy production, it comes with a severe drawback: namely, the problem of
how to take care of thousands of tons of highly radiotoxic spent nuclear fuel (SNF).
In Sweden, approximately half of the electric energy produced comes from nuclear
power plants [1]. Today, ten reactors are in use, and produce between 15–25 t of
nuclear waste per year and per reactor. Given the ten reactors currently in use, this
sums up to a maximum of 250 t of highly radiotoxic spent nuclear fuel each year.
The application for building a deep geological repository in Sweden was handed
in on March 16, 2011 [2], and the deposition of spent nuclear fuel is planned to
start approximately in 2018 [3]. By then, the ten nuclear power plants will already
have produced 10,000 t of spent nuclear fuel.

All ten nuclear power plants in Sweden are light water reactors. Seven of the
ten current reactors are boiling water reactors (BWR), and three are pressurized
water reactors (PWR). The difference between these two types of reactors is the
aggregation state of the water after passing the core. As the names state, water
in a BWR leaves the core in the form of steam, and in a PWR in the form of hot
water at high pressures.

The fuel for these kinds of plants in Sweden and in most other countries is UO2,
which has been enriched from around 0.72 wt.% to 2–4 wt.% 235U. The reason for
enrichment is that the most abundant isotope of uranium, 238U, cannot be used for
fission reactions by thermal neutrons. Enrichment is generally achieved by either
centrifugation or diffusion techniques. The fission process of 235U can be seen in
Reaction 1.1,

235U + n0 → FP + νn0 (1.1)

with n0 being a neutron, FP the fission products and ν the amount of produced
neutrons. ν depends on the incident neutron energy. For thermal neutrons this
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Chapter 1. Introduction

value amounts to 2.42 for 235U [4].

Many of the fission products produced during the use of the nuclear fuel in
the reactor are highly radiotoxic and constitute a danger to present and future
generations. For this reason, spent nuclear fuel has to be taken care of in a safe
way. While there are different (theoretical) options for disposal of spent nuclear
fuel (e.g., on-site storage, subseabed disposal, space disposal, very deep hole
disposal, ice-sheet disposal, underground geological repositories, and reprocessing
[6]), Sweden has highly advanced plans of building an underground geological
repository. The Swedish KBS-3 method planned for the deep geological repository
can be seen in Figure 1.1. It consists of three main barriers:

The canister consists of 5 cm copper with a cast iron insert. While the copper
is planned to protect the iron from corroding, the cast iron insert gives the
canister mechanical strength. The overall canister weighs around 25 t, is
5 m long and has a diameter of 1 m.

Bentonite is a type of silicate clay and serves many functions in the KBS-3
method. Due to its compact micro structure, diffusion is the only way of
transport for groundwater to reach the canister, and in the case of canister
failure, for radiotoxic fission products to reach the groundwater. It fur-
ther provides the canister with stability, preventing it and the fuel from
movements in the bedrock.

The bedrock is the only non-engineered barrier of these three and provides a
stable chemical environment to the inner barriers, and isolates the spent
nuclear fuel.

The fuel itself is often seen as the innermost, fourth barrier, due to its low solubility
under the anoxic conditions expected in the deep geological repository. This will
be discussed further in Section 1.2.

1.1 Ionizing radiation and radiolysis of water

Radiation from natural nuclear decay from radioisotopes, and from artificial
sources can be divided into three groups [7]. The first group contains highly
energetic, charged particles. Within this group, the most common members are
the helium nucleus He2+, the proton H+, the electron e−, and its positively charged
counterpart the positron p+. The second group includes neutral particles. Here,

2



1.1. Ionizing radiation and radiolysis of water
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Chapter 1. Introduction

the only member of significance is the neutron n0. Electromagnetic radiation of
different wavelengths constitutes the last group of types of radiation. Usually,
the electromagnetic radiation sent out by radioisotopes or artificial sources is of
very short wavelength. This group is further divided into subgroups (γ-radiation,
X-rays and Bremsstrahlung). Since all mentioned types of radiation are usually of
sufficiently high energy to ionize matter, they are also called ionizing radiation.

In nuclear decay, three main types of ionizing radiation are emitted: α-, β- and
γ-radiation. α-radiation is the already mentioned emission of He2+, β-particles are
either electrons e− (β−) or positrons p+ (β+) from the nucleus, and γ-radiation is
electromagnetic radiation sent out while the nuclei undergo relaxation. γ-radiation
most commonly follows α- and β-decay, since the emitted particle often leaves
the nucleus in an excited state.

α-decay reduces the atomic mass number by four, and the number of protons by
two. β-radiation increases the number of protons by one in the case of e− emission
and decreases the number by one with p+ emission. An example of β−-decay is
shown in Reaction 1.2. The emission of electromagnetic radiation during γ-decay
neither changes the mass number nor the amount of protons.

n0 → p+ + e− (1.2)

Ionizing radiation interacts with matter by causing ionization and electron excita-
tion. Emitted e− can then cause further ionizations, so called secondary ionizations.
This process continues until the energy of the emitted electrons is insufficient to
cause further ionization (and excitation). The overall energy absorbed by matter is
called absorbed dose, with Gray (Gy) being the SI unit. 1 Gy corresponds to 1 J
kg−1. Since the biologically effective dose Sievert (Sv) also has the unit 1 J kg−1,
Gy is preferably used to avoid confusion between dose and effective dose. The
absorbed dose per unit time, the dose rate, is given in Gy s−1.

As the mass and kinetic energies vary strongly between the different types of
radiation, so do their ranges in matter. While heavy, charged particles deposit
all their energy within a relatively short range, β-particles and electromagnetic
radiation traverse longer distances. The range of α-particles is usually, depending
on their energies and the type of matter, only a few micrometers; the range for β-
radiation is millimeters, and for γ is much longer. This behavior can be described
from two perspectives [4]: from the amount of energy absorbed in matter, and
from the amount of energy lost by the particle. The most common way is to use

4



1.1. Ionizing radiation and radiolysis of water

the linear energy transfer (LET-values, Equation 1.4), which describes the amount
of energy absorbed in matter per unit path length. Ionizing radiation is divided
into high (α) and low LET-values (β and γ).

LET =
dEabs

dx
(1.3)

Another quantity, often used in physics, is the stopping power, which describes the
specific energy loss of the particle per unit path length. The difference between the
two units is that LET does not include radiative losses of energy. The relationship
between the two can be seen in Equation 1.3, with Ex being the energy loss by
electromagnetic radiation [4].

dEloss

dx
=

dEabs

dx
+ Ex (1.4)

When energy from ionizing radiation is absorbed by matter, new species are
formed. The amount of new species produced per energy deposited is called the
radiation chemical yield, with mol J−1 as the SI unit [4, 8]. This entity is also
called the G-value, and differs for different types of ionizing radiation and for
different species. High-LET radiation usually gives more molecular species, while
Low-LET radiation produces a larger amount of radical species. This is due to
the fact that High-LET radiation deposits its energy within a smaller volume of
matter. The initially produced radicals are close to each other and, thereby, have a
higher probability of recombining [9].

When interacting with water, ionizing radiation can cause ionization (H2O+ +

e−) and excitation (H2O∗). In the case of excitation, sufficient energy can lead to
decomposition of the excited H2O molecule. The final products of both processes
are molecular (e.g., H2, H2O2) and radical species (e.g., H•, OH•, e−) [4]. The
complete reaction scheme for excitation and ionization, together with its time line
can be seen in Figure 1.2.

The final outcome of this process then also depends on other species present in the
water. Even though most of the radiation energy in dilute solutions is absorbed by
water molecules, the reaction between the direct radiolytic products and present
species produce new species. In radiation chemistry, additives can be used to
influence the final yield of radiolytic products. A very common example is HCO−3 ,
which is also present in most groundwaters, and therefore relevant to the safety

5



Chapter 1. Introduction

H2O

H2O+H2O*

H + OH H2 + O
OH + H3O+

Formation of molecular
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-, H, OH, H2, H2O2, H3O+

+ e-

eaq
-

H2O

IonizationExcitation

10-16 s

10-14 s

10-7 s

10-13 s

Figure 1.2: Radiation products and time line for radiolysis of water [4, p. 175]

assessment of geological depositories. HCO−3 reacts quantitatively with OH•

(Reaction 1.5), lowering the final yield of OH• by many orders of magnitude.

HCO−3 + OH• → H2O + CO•−3 (1.5)

Another reagent that changes the final radiation chemical yields is molecular
H2. H2 will be present after barrier failure and lowers the final yields of OH• in
solution by converting it to H•. This, in turn, can react with H2O2 in aqueous
solutions, and thereby also decrease the final yields of H2O2. The overall removal
of H2O2 from the solution is a chain reaction, with OH• not being consumed
(Reactions 1.6 and 1.7).

OH• + H2 → H• + H2O (1.6)

H• + H2O2 → OH• + H2O (1.7)

Organic substances are present in groundwater and change the final radiation
yields. OH• and H• are able to abstract H• from many organic substances, thereby,
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1.2. Oxidative dissolution of UO2

lowering the concentrations of OH• and H• in the solution. Since they are capable
of scavenging H2O2, their removal will lead to higher H2O2 concentrations in the
presence of H2.

One further concern in the safety assessment of deep geological repositories is
79Se. Even though the concentration of 79Se in spent nuclear fuel is low, its
potentially high mobility in ionic form and long half-life (105–106 a [10, 11])
make it a significant factor in the safety assessment. Se in solution can exist
as Se(VI) in selenate and Se(IV) in selenite. The interaction between dissolved
Se with iron oxides and hydroxides has been studied under reducing conditions
[12, 13, 14, 15, 16, 17, 18]. The possible immobilization of dissolved Se on the
SNF surface has, though, not yet been studied.

Not only dissolved species, but also solid particles in heterogeneous systems can
lead to different radiation chemical yields in aqueous systems. The effect on the G-
values for H2 and H2O2 have been studied in the presence of different solid oxides
[19, 20, 21]. While the mechanisms for this behavior is still being discussed, the
outcome can be easily detected. One example is the change in radiolytic yield for
H2 in the presence of different solids. H2O2 has not been observed to be affected
strongly in the presence of solid oxides [19].

Dissolved species and solid particles in heterogeneous systems also play an impor-
tant role in deep geological repositories, or at least in the case of barrier failure
in such systems. Dissolved organic substances and e.g., Fe2+ ions can affect the
concentrations of various radiolytically produced species in the groundwater.

1.2 Oxidative dissolution of UO2

In spent UO2-based nuclear fuel, approximately 95 % is still UO2. The remaining
5 % are fission products and higher actinides, all of which are highly radiotoxic. It
has been shown [22] that after the initial dissolution of readily soluble radionu-
clides, the release of these products depends on the dissolution of the UO2 matrix.
Therefore, it is crucial to understand the mechanistic behavior and the kinetics of
the oxidative dissolution of UO2.

Under the reducing conditions expected in some geological repositories, disso-
lution of UO2 is considered to be negligible [23]. The oxidants and reductants
produced by radiolysis of water will alter these conditions. Due to kinetic reasons,
with the accessible uranium being mainly in the +4 oxidation state, the oxidants
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Chapter 1. Introduction

are favored before the reductants. This leads to the oxidation of the sparingly
soluble U(IV) [24, 25, 26] to the significantly more soluble U(VI). With HCO−3 ,
present in most groundwaters, the solubility increases even further as a result of
complex formation [27, 28, 29, 30].

Many radiolytically produced oxidants are capable of oxidizing the UO2 matrix.
Since a pellet in groundwater constitutes a heterogeneous system, this has to be
accounted for when analyzing the kinetics. Important parameters in such a system
are the surface area S of the solid material, and the volume V of the solution. In
second order heterogeneous rate equations, these factors are accounted for by
the ratio S

V . The dimension of this ratio is length−1, which leads to the specific
dimension of length per time of the reaction rate constants. The second order rate
equations for oxidant consumption on a surface and the oxidative dissolution of
UO2 by multiple oxidants can be seen in Equations 1.8 and 1.9,

−
d [Ox]

dt
=

S
V

k [Ox] (1.8)

d [U(VI)]
dt

=
S
V

∑
i

ki [Ox]i (1.9)

where S is the accessible surface area of UO2, V is the volume of the solution, ki

is the rate constant and [Ox]i the concentration of oxidant i. As can be seen, the
impact of every single oxidant depends on its rate constant, and on its concentration
in solution. The rate constants for the oxidation of UO2 for the different oxidants
present in water due to radiolysis can be seen in Table 1.1.

Table 1.1: Rate constants for the oxidation of UO2 / m s−1 [31, 32]

O2 H2O2 OH• CO•−3 O•−2 HO•2
3.9×10−10 7.3×10−8 1×10−6 1×10−6 1.8×10−9 1×10−6

As can be seen, the rate constants for the strongly oxidizing, radical species (OH•,
CO•−3 , HO•2) are higher by at least a factor of 13 than the rate constant for the
fastest molecular oxidant H2O2. It should be noted that for a heterogeneous system
with large solid particles (i.e., pellets), the diffusion controlled rate constant has
been calculated to be on the order of 10−6 m s−1 [33]. This value equals the
maximum rate constant for such a system; therefore, the rate constants for the
strongly oxidizing, radical species cannot be increased by catalysts.

8



1.2. Oxidative dissolution of UO2

With impact calculations performed by Ekeroth et al. [34], it has been shown that
in systems including pure UO2, most radicals reach steady-state concentrations
within a short time, whereas the concentrations for the molecular species in
solution increases linearly during the simulations. When including the steady
state or mean concentrations (in the case of linearly increasing concentrations) of
oxidants, H2O2 is the only oxidant of significance under the conditions in a deep
geological repository. With a relative impact of over 99.9 %, the description of
oxidative dissolution can be simplified by neglecting other oxidants than H2O2.

The redox reaction between UO2 and H2O2 consists of two electron-transfer steps,
and the first has been shown to be the rate determining [32]. In both steps, one
electron is transferred from the matrix to the oxidant (Reactions 1.10 and 1.11).

H2O2 + UO2 → OH• + OH− + UO+
2 (1.10)

UO+
2 + OH• → OH− + UO2+

2 (1.11)

One difficulty is studying the oxidation of U(IV) to U(VI) apart from its dissolution.
In aqueous solutions free of agents that are able to form complexes with UO2+

2
and, thereby, increase its solubility, the dissolution of UO2+

2 becomes the rate
determining step. In the presence of the complexing agent HCO−3 , the solubility of
U(VI), and therewith the rate of oxidative dissolution, increases [27, 28, 29, 30].
It has been shown [31] that with a HCO−3 concentration between 0–1 mM, the rate
limiting step is dissolution. Above 1 mM, oxidation becomes the rate limiting step,
and the consumption of oxidant becomes independent of the HCO−3 concentration.

In addition to oxidizing UO2, H2O2 can also be catalytically decomposed on the
UO2 surface. The ratio between oxidation and catalytic decomposition of H2O2
on UO2 powder has been reported to be around four [35]. Catalytic decomposition
of H2O2 has been demonstrated on several metal oxides where oxidation is not
possible, since the metal already is in its highest state of oxidation [36]. The first
step of the mechanism of catalytic decomposition has been suggested to be the
formation of two OH•. This has been recently confirmed for ZrO2 [37]. For UO2,
this still needs to be proved.
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Chapter 1. Introduction

1.3 Spent nuclear fuel

SNF differs from pure UO2 in many ways. First of all, it contains up to 5 %
fission products and higher actinides. Consequently, the specific activity of SNF
is much higher than that of pure UO2. The specific activity of SNF decreases with
time. Hence, fresh SNF is an inappropriate analogue for mimicking older fuel of
significance in safety analysis. The ratio between the different types of radiation
emitted from SNF also changes with time. After discharge of the SNF from a
nuclear reactor, β- and γ-radiation dominate, while α becomes more and more
dominant with time.

To circumvent the issue of SNF as an inappropriate model substance, different
approaches can be used. One way of tackling the problem is to use α-doped UO2
instead of SNF in experiments. While this leads to a more appropriate specific
activity and appropriate type of radiation emitted from the matrix, other spent
fuel properties that may affect the dissolution are not reproduced. This includes
tri-valent fission products that substitute uranium in the UO2 matrix (many rare
earth elements); other fission products that either build up separate oxide phases
(Rb, Cs, Ba) or a mixture of separate and mixed oxide phases (Sr, Zr); fission gases
and other volatile fission products located in cavities (Kr, Xe, I); and separate
metallic phases (Mo, Ru, Tc, Rh, Pd and Te) [38]. The latter are also called
ε-particles.

Another possibility is to use UO2 that incorporates non-radiotoxic chemical ana-
logues of different fission products present in SNF. The most commonly used type
is SIMFUEL, which contains eleven fission product analogues (Y, Rh, Pd, Ru,
Nd, Zr, Sr, Mo, La, Ce, Ba [39]). This type of fuel is a better model of the fuel
inventory than α-doped UO2, but its specific activity is much lower. Another issue
is the rather complex chemical composition of SIMFUEL. In mechanistic and
kinetic experiments, it is difficult to separate the effects of the different fission
products on the matrix dissolution from each other.

One way of circumventing the complexity of SIMFUEL is to start from the
simplest system (UO2), and modify it to include specific dopants. This way,
the effect of noble metal (e.g. Pd [40, 41]) and tri-valent (e.g. Y3+, La3+, Gd3+

[42, 43, 44]) doping can be studied independently.

An increase in trivalent doping has been found to increase the amount of U(V) at
the expense of U(IV) [45]. In the same study, an increase in doping level of up to
3 at.% increases the electrical conductivity of the oxide matrix. At trivalent doping
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1.4. Effect of noble metal particles and H2 on SNF dissolution

levels between 3–6 at.%, the electrical resistivity increases again, and the value
of 1120Ω cm for SIMFUEL is reached at 6 at.% . This is higher than for pure
UO2 (980Ω cm). Furthermore, doping has been found to have an effect on the
lattice parameter [42, 45, 46, 47]. Gadolinium and yttrium lead to a decrease, and
thorium and lanthanum to an increase. It has been shown that in the case of SNF,
substitution of tetravalent uranium by trivalent fission products does not lead to a
significant oxidation of U(IV) to the higher oxidation states of uranium [48]. This
is explained by the reaction of elemental Mo in the fuel and Zr in the cladding
with the excess oxygen.

1.4 Effect of noble metal particles and H2 on SNF
dissolution

In recent years, considerable efforts to elucidate the effect of H2 on the dissolution
of SNF have been made [49, 50, 51]. In a deep geological repository, H2 can be
produced in two ways: by radiolysis of water and by anaerobic corrosion of the
iron part of the canister (Reaction 1.12), with the latter producing considerable
amounts.

3 Fe + 4 H2O→ Fe3O4 + 4 H2 (1.12)

It has been shown that the leaching behavior of SNF differs under anoxic con-
ditions in the absence and presence of H2. In leaching experiments under H2
atmosphere, the rate of oxidative dissolution of SNF is either significantly reduced
or completely inhibited [50, 51]. Furthermore, long term leaching experiments
in sealed vessels under Ar atmosphere, in the absence of H2, show a decrease in
the rate of oxidative dissolution with time [52]. This behavior is attributed to an
increase in H2 concentration in solution with time, due to the radiolytic production
of H2.

Electrochemical experiments measuring the corrosion potential have shown that
the potential of SIMFUEL is significantly reduced under hydrogen atmosphere
compared to anoxic conditions without H2 [53]. For SIMFUEL without ε-particles,
the corrosion potential remained unchanged in the H2 pressure range of 0–2.1 bar.
In the presence of noble metal particles in SIMFUEL, the corrosion potential was
found to depend on the H2 partial pressure. The proposed explanation is a catalytic
H2 dissociation reaction on these particles that act as galvanic anodes within the

11



Chapter 1. Introduction

fuel matrix and cause reduction of oxidized uranium. The net effect would be a
recombination of H2O2 and H2 to H2O.

Possible reactions to compete with the reaction between H2O2 and UO2 are then
the recombination of H2O2 and H2, and the catalytic decomposition of H2O2
on the surface. While these latter processes are not efficient on UO2, ε-particles
have been suggested to catalyze these reactions. It has been shown that the
recombination of H2O2 and H2 on Pd particles is virtually diffusion controlled,
while the catalytic decomposition of H2O2 is insignificant [54].

In order for a reaction to be able to compete with the reaction between H2O2
and UO2, its rate constant has to make up for the approximately 100-times lower
surface coverage of ε-particles compared to UO2. The reaction rate constant
between H2O2 and UO2 is 7.3×10−8 m s−1 [31], and the diffusion limit is around
10−6 m s−1. Therefore, the rate constant of any reaction cannot exceed the reaction
between H2O2 and UO2 by more than a factor of 13. This is insufficient for a
difference in surface ratio of about 100.

Furthermore, it has been shown that Pd catalyzes the reduction of UO2+
2(aq) by H2

efficiently, and that the rate constant is diffusion controlled [55]. Even though
this process could account for a reduced concentration of uranium in solution, it
cannot explain the decrease in fission product and actinide dissolution observed in
leaching experiments [50, 51, 56]. Otherwise, the dissolution of redox insensitive
ions such as Cs+ and Sr2+ would not have been affected.

The most straightforward explanation is a noble metal catalyzed solid phase
reduction of U(VI) by H2, as suggested in [53] and discussed in [54, 55]. This
and other processes involved in the oxidative dissolution of UO2 are shown in
Figure 1.3. These processes include the radiolysis of water caused by the radiation
sent out by the fuel, the oxidation of U(IV) by H2O2, the complexation of U(VI)
and its subsequent dissolution.

As can be seen, the ε-phase metal particle catalyzed reduction competes with the
HCO−3 facilitated dissolution of UO2+

2(s). Full inhibition can just be observed, when
the rate of reduction is equal or higher than the rate of dissolution.

1.5 Goals of the study

The main goal of the study is to elucidate the effect of solid state inclusions on
the oxidative dissolution of uranium dioxide. Palladium was used as a model
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Figure 1.3: Reactions involved in the oxidative dissolution of UO2

substance for noble metal particles, and yttrium oxide as one representative of
trivalent ions, capable of substituting uranium in the oxide matrix. The general
questions of the thesis can be divided into two main categories:

Kinetics of the reactions involved in oxidative dissolution of UO2:

1. Do different matrix alterations affect the redox reactivity of UO2? Does
palladium and/or Y2O3 affect the redox reactivity of UO2?

2. How do solutes impact final yields of redox species in aqueous solutions
under conditions relevant in a deep geological repository?

3. Can redox sensitive radionuclides (selenite) be immobilized on the surface
of UO2?
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4. Do UO2 matrices with different inclusions affect the relative impacts of
oxidants?

Mechanisms of the reactions involved in oxidative dissolution of UO2:

1. What is the mechanism of catalytic decomposition of H2O2 on the surface
of UO2?

In this work, kinetic and mechanistic studies on the oxidative dissolution of pure
and doped UO2 in the presence of H2O2 and other oxidants have been performed
under inert and reducing conditions. This was done in order to answer the questions
above, and to advance the knowledge on the crucial process of oxidative U(IV)
dissolution in the safety assessment of deep geological storage of spent nuclear
fuel.

14



2 Experimental Details

The depleted UO2 powder was supplied by Westinghouse Atom AB. The palladium
powder with a purity of 99.9+ % and an average particle size of 1.0–1.5 μm for
producing Pd-doped UO2 pellets was purchased from Aldrich. The Y2O3 powder
had a particle size of around 5 μm and came from Sigma-Aldrich.

The sodium hydrogen carbonate came from Merck, and the water used throughout
the experiments was prepared with a Millipore MilliQ system (18 MΩ cm). The
KI powder with puriss quality was ordered from KEBO Lab and the Arsenazo
III reagent with p.a. quality from Fluka. The tris(hydroxymethyl)aminomethane
buffer had a purity of 99 % and came from BDH Chemicals. The acetoacetanilide
had a purity of >98 % (Alfa Aesar), and the ammonium acetate of 98 % (Lancaster).
The hydrogen peroxide used in the oxidative dissolution experiments was a 30 %
standard solution p.a. and came from Sigma-Aldrich. All reagents were used as
received.

Hydrogen peroxide was measured spectrophotometrically at 360 nm using the
Ghormley triiodide method [57, 58]. By oxidizing iodide with H2O2 (Reac-
tion 2.1), and the subsequent reaction of the produced I2 with another iodide
(Reaction 2.2), the formed I−3 can be detected at the mentioned wavelength.

2 I− + H2O2 → I2 + 2 OH− (2.1)

I2 + I− → I−3 (2.2)

1.8 mL of diluted sample were mixed with 100 μL 1 M KI and 100 μL 1 M
NaOOCCH3/1 M HOAc. To the latter stock solution, a few drops of ammo-
nium molybdate were added as a catalyst. The dilutions were performed in a way
to give an absorption between 0.4 and around 1.

U(VI) in solution was measured either spectrophotometrically at 653 nm using the
Arsenazo III method (ε 63,000 M−1 cm−1) [59, 60], or with an inductively coupled
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plasma (ICP) at 367.0 nm and 385.9 nm. With the Arsenazo III reagent, 1.5 mL of
sample were mixed with 40 μL of 0.03 % Arsenazo III reagent and 65 μL 1 M HCl.
The UV/VIS spectrophotometer was a WPA lightwave S2000. With the ICP, a
sample-to-MilliQ water ratio of 1-to-3 was directly measured. The ICP was from
the iCAP 6000 series from Thermo Scientific.

For irradiation experiments, a 137Cs gamma source Gammacell 1000 Elite from
MDS Nordion was used. The dose rate with the geometrical setup used in the
experiments was 0.15 Gy s−1 (measured using Fricke dosimetry [7]). The powder
surface areas were determined by BET measurements with a Micrometrics Flow-
sorb II 2300 with a gas mixture of 30 % N2 and 70 % He. The thermostats used
were a Huber CC1 and a Lauda E100.

2.1 Pellet production I VI IX

The pure and doped UO2 pellets used in the experiments were prepared from
powders. To remove pre-oxidized U(VI) from the surface, the UO2 powder was
washed three times with 10 mM hydrogen carbonate solution. After each wash,
the suspension was centrifuged, and the solution removed with a pipette. After
the third wash and centrifugation, the powder was filtrated by vacuum filtration
and dried for 48 h under vacuum. Next, the UO2 powder was mixed with Pd and
Y2O3 powder where applicable. To avoid oxidation of U(IV), the mixtures were
stored under inert atmosphere until compaction.

Pure UO2 pellets and UO2 pellets with additives (Pd, Y2O3) were produced. For
pellet production, two different techniques were used: Hot isostatic pressing (HIP)
and spark plasma sintering (SPS). The hot isostatic press model 1000A came from
Thermal Technology and the Dr. Sinter SPS-1050 from SPS Syntex. The form for
hot-pressing the powders was made of graphite covered with boron nitride as a
lubricant on the inside. 4 g of powder were used in the production with HIP. The
temperature and pressure program for the pellet production with HIP can be seen
in Figure 2.1(a) and 2.1(b).

The samples were first cold-pressed at room temperature for one hour at a pressure
of 20 MPa. Then the temperature and pressure were raised simultaneously, with
the first at a heating rate of 40 ◦C min−1, to reach the final temperature (1200 ◦C)
after 30 min. The pressure was increased to 40 MPa within a few seconds. The
pellet form had a diameter of 13 mm, and produced pellets with a thickness of
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Figure 2.1: Parameters for the pellet production by hot isostatic pressing

2.6 mm. The final surface area was around 372 mm2. The compaction process was
run under vacuum.

After one hour, the pressure was released and the induction heater was turned
off. The sample was then given 90 min to reach room temperature. At room
temperature, the inner form was removed from the HIP and crushed to remove the
sample without causing unnecessary stress in the pellet. The remaining thin layer
of boron nitride on the surface of the pellet was removed by wet grinding with a
grinding paper with 15 μm silicon carbide particles (Buehler-Met R© II Grit 600 / P
1200).

In the case of SPS, the powder was compacted in a form with a diameter of 12 mm.
Around 5 g of powder were used in all cases. The samples were first heated to
600 ◦C within 3 min, and then at a rate of 50 ◦C min−1 to 950 ◦C. The pressure
throughout the compaction was 50 MPa. Since the samples were already sintered
after reaching the final temperature, no holding time was necessary. After the
compaction with SPS and HIP, the pellets were washed and stored in 10 mM HCO−3
solution. The produced pellets, their compositions and the way of production can
be seen in Table 2.1.

The small letters (a–d) stand for four batches. Within each batch, the powder used
in the compaction for all pellets was washed together and separated afterwards,
to assure a similar degree of pre-oxidation for all pellets. The numbers behind Y
and Pd symbolize the amount in wt.% (e.g., 03 equals to 0.3 wt.%). In this work,
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Table 2.1: UO2 pellets, compositions and used compaction techniques

Pellet Pd / wt.% Y2O3 / wt.% UO2 / wt.% Method

UO2-a 0 0 100 HIP
Pd3-a 3 0 97 HIP

UO2-b 0 0 100 HIP
Pd01-b 0.1 0 99.9 HIP
Pd1-b 1 0 99 HIP
Pd3-b 3 0 97 HIP

UO2-c 0 0 100 HIP
Y03-c 0 0.3 99.7 HIP
Y03Pd01-c 0.1 0.3 99.6 HIP
Pd01-c 0.1 0 99.9 HIP

UO2-d 0 0 100 SPS
Y03-d 0 0.3 99.7 SPS
Y03Pd1-d 1 0.3 98.7 SPS
Pd1-d 1 0 99 SPS

pellets will be referred to by their names given in Table 2.1, or more generally by
their batch letter.

2.2 Surface analysis IV VI IX

The surfaces were investigated using a Scanning Electron Microscope (SEM) in
combination with Energy Dispersive X-Ray spectroscopy (EDS). The used system
was a JEOL JSM 9460LV. Additionally, a Raman spectrometer (Renishaw 1000
system) with a 633 nm Spectra Physics model 127 laser was used. The Raman
spectra were recorded at room temperature using 20× and 80× magnification.

To determine and verify the actual content of Pd in the pellets, X-Ray Diffraction
(XRD) was used. The instrument was an X’Pert Pro from PANalytical. Due to the
low content of Y2O3, but also of Pd in some pellets, this could be done just for the
higher Pd concentrations of 1 wt.% and 3 wt.%.
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2.3 Dissolution experiments I II VI VII VIII IX

Dissolution experiments were run with both, UO2 pellets (Table 2.1) and pow-
ders (UO2, Y2O3, UO2/Y2O3). The UO2 powder was washed according to the
procedure described in Section 2.1. Pellets were stored overnight in an aqueous
solution containing 10 mM NaHCO3. In some cases, the pellets had to be treated
with 20 mM NaHCO3 in an ultrasonic bath, or an aqueous solution containing
H2O2 and NaHCO3 prior to the oxidative dissolution experiments. Occasionally,
the pellets had to be ground with a SiC abrasive paper before the washing steps in
order to remove products from prior experiments.

The oxidation of U(IV) was performed in an aqueous solution with 10 mM
NaHCO3 using either H2O2, KMnO4 or Ir(IV)Cl2−6 , or by using radiolytically
produced oxidants in the gamma source. The solutions were saturated before the
experiment with inert N2 or reducing H2. Samples were taken at regular intervals.
After sampling, the solutions were purged with the relevant gas to keep the oxygen
concentration to a minimum. Experiments with higher H2 pressures up to 40 bar
were performed in an autoclave. In autoclave experiments, samples were usually
taken at the beginning and at the end of an experiment. Where larger volumes
were used, a gas inlet at the top of the autoclave could be used to press samples
through an outlet in order to also take samples during the experiment. H2O2 and U
in solution were measured with the techniques described above. All experiments
were performed at room temperature, except for the experiments to determine
activation energies, which were performed at higher temperatures.

In order to perform mechanistic studies that measured OH• in the reaction of
H2O2 on the surface of UO2 powder or the pellets, the reaction between TRIS
buffer and OH•, which gives formaldehyde, was used. This technique has been
used earlier [37]. 5 mM of H2O2 were used with 1 mM or 10 mM NaHCO3, and
20 mM or 80 mM TRIS buffer adjusted to pH 7.5 with 1 M HCl. The produced
formaldehyde was then reacted with acetoacetanilide in the presence of ammo-
nium acetate to form a dihydropyridine derivative. This could then be measured
spectrophotometrically at a wavelength of 368 nm.

Furthermore, studies on the removal of selenite from its solution were performed
in an aqueous solution with 10 mM NaHCO3, 10 mM NaCl and 250 M Na2SeO3.
The concentration of Se(IV) was measured by the Ghormley method. Prior to
analysis, all samples were centrifuged.
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2.4 MAKSIMA simulations II III V

Numerical simulations of α- and γ-radiolysis of water were performed using
MAKSIMA-Chemist [61]. Using this software, experimental conditions such as
the concentrations of different reagents, dose rates, types of radiation, atmospheres
and partial pressures can be varied. The G-values used in the simulations are given
in Table 2.2.

Table 2.2: G-values used in MAKSIMA simulations / μmol J−1

Radiation G (H2O) G (H2) G (H2O2) G (e−aq) G (H•) G (OH•) G (HO•2)

α [62] -0.281 0.135 0.102 0.0062 0.022 0.025 0.023
γ [4] -0.430 0.047 0.073 0.28 0.062 0.28 0.0027

Reactions and rate constants used in this work are presented in Table 2.3. The
reactions in Table 2.3 are the basic reactions used in all simulations. In some cases,
additional reactions were added (e.g., oxidation of U(IV) and reduction of U(VI)).
The additional reactions will be described when applied.

2.5 Electrochemical experiments IX

To elucidate properties of the in-house pellets and of the mechanisms included in
oxidative U(IV) dissolution that cannot be studied with dissolution experiments or
numerical simulations, pellets from batch d were used in several electrochemical
techniques. A three-electrode, three-compartment cell was used for all experi-
ments. The compartments of the cell were separated by glass frits to minimize
the contamination of the pellet, i.e., the working electrode. The counter electrode
was a ≈6 cm2 Pt sheet spot-welded to a Pt wire. The potentiostat used to control
the potentials and record the currents came from Solartron and was a model 1287.
Data evaluation was conducted by CorrwareTM 3.0. All potentials were measured
versus a saturated calomel reference electrode (SCE). In order to compensate
for potential drop due to electrode and solution resistances, the current interrupt
method was employed.

The NaCl used in the solutions came from Caledon and had a purity of >99 %. Ar
and the gas mixture 5 % H2, 95 % Ar came from Praxair. The electrodes were wet
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Table 2.3: Basic reaction scheme used in MAKSIMA simulations

Reaction Rate constant [63]

OH• + OH• = H2O2 4.000×109

OH• + e− = OH− + H2O 2.000×1010

OH• + H• = H2O 2.500×1010

OH• + O−2 = OH− + O2 1.000×1010

OH• + H2O2 = H2O + O−2 + H+ 2.250×107

OH• + H2 = H2O + H• 4.000×107

e− + e− = OH− + OH− + H2 5.000×109

e− + H• = OH− + H2 2.000×1010

e− + HO•2 = HO−2 + H2O 2.000×1010

e− + O−2 = HO−2 + OH− 1.200×1010

e− + H2O2 = OH• + OH− + H2O 1.600×1010

e− + H+ = H• + H2O 2.200×1010

e− + O2 = O−2 + H2O 2.000×1010

e− + H2O = H• + OH− + H2O 2.000×101

H• + H• = H2 1.000×1010

H• + HO•2 = H2O2 2.000×1010

H• + O−2 = HO−2 2.000×1010

H• + H2O2 = OH• + H2O 6.000×107

H• + OH− = e− 2.000×107

H• + O2 = O−2 + H+ 2.000×1010

HO•+2 = O−2 + H+ 8.000×105

HO•2 + HO•2 = O2 + H2O2 7.500×105

HO•2 + O−2 = O2 + HO−2 8.500×107

O−2 + H+ = HO•2 5.000×1010

H2O2 + OH− = HO−2 + H2O 5.000×108

HO−2 + H2O = H2O2 + OH− 5.735×104

H2O = H+ + OH− 2.599×10−5

H+ + OH− = H2O 1.430×1011

OH• + CO2−
3 = CO•−3 + OH− 4.000×108

OH• + HCO−3 = CO•−3 + H2O 1.500×107

O−2 + CO•−3 = CO2−
3 + O2 3.200×108

H2O2 + CO•−3 = CO2−
2 + O−2 + H+ + H+ 4.300×105

HO−2 + CO•−3 = CO2−
3 + O−2 + H+ 3.000×107

H+ + HCO−3 = CO2 + H2O 1.000×1010

OH− + HCO−3 = CO2−
3 + H2O 1.000×109

H2O + CO2 = HCO−3 + H+ 8.410×101

H2O + CO2−
3 = HCO−3 + OH− 3.800×103

H2O + CO2−
4 = CO2−

3 + H2O2 2.000×10−1

CO−3 + CO−3 = CO2−
4 + CO2 7.000×106

O−2 + O−2 = HO−2 + O2 3.500×10−1

e− + CO•−3 = CO2−
3 1.000×1010

H• + CO•−3 = HCO−3 1.000×1010
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polished with a 1200 SiC abrasive paper and rinsed with deionized water before
each experiment.

Cyclic voltammograms were recorded from -1.5 V up to increasing upper limits
from -0.7 V to +0.5 V, to find the corresponding oxidation and reduction peaks. A
Solartron Modulab system was used to vary the potentials and record the resulting
currents. The reference electrode was a saturated calomel electrode, and the
counter electrode was made of a platinum wire. The working electrodes were the
UO2 pellets from batch d. The electrolyte solution contained 0.1 M NaCl at a pH
of 9.5, and was purged with Ar throughout the experiment. The potential was
varied at a rate of 5 mV s−1. Before measurement, the electrodes were cathodically
reduced at -1.5 V and -1.2 V for 2 min and 5 min, respectively.

Polarization resistance experiments were conducted in a solution with 0.1 M NaCl,
10 mM NaHCO3 and pH 9. After 5 h, H2O2 was added to give a final concentration
of 2 × 10−3 M. Additionally, open-circuit potential measurements in presence of
10−7–10−3 M H2O2 were performed. Before that, the pellets were preoxidized
at +0.4 V, and the current continuously recorded during that period. In these
experiments, SiMFUEL was measured in addition to the pellets from batch d.
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3 Results and Discussion

3.1 Kinetics of SNF dissolution I II III IV V VI VII

SNF is a rather complex material, and the contributions of the different fission
products to the kinetics of oxidative dissolution of SNF are difficult to determine.
To solve this issue, one possibility is to start from the simplest system (pure UO2),
and modify it to include specific dopants. In this work, both Pd, as a model
substance for noble metal ε-particles, and Y2O3, for modeling trivalent elements
that substitute uranium in the UO2 matrix, have been used as additives.

3.1.1 Oxidative dissolution of SNF I II VI VII

As mentioned earlier, experiments on oxidative dissolution were performed in
aqueous solution with 10 mM NaHCO3 in order to avoid formation of secondary
phases, and to keep dissolution from being rate determining. Pure UO2 was studied
first, and then Pd or Y2O3 were added to study their impact on oxidative dissolution
of UO2. Furthermore, Pd and Y2O3 as additives were used simultaneously to
study possible synergistic effects.

Studies with all pellets were performed with H2O2 under inert and reducing
atmospheres. Furthermore, to achieve more realistic concentrations of oxidants,
experiments with the same pellets were performed under γ-irradiation.

3.1.1.1 Pure UO2 I II VI VII

Pure UO2, in the form of powder and pellets, has been used in dissolution ex-
periments under inert and hydrogen atmosphere to determine second order rate
constants for the oxidative dissolution of U(IV), and for the consumption of the
oxidant, H2O2.
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Chapter 3. Results and Discussion

Experiments with UO2 powder in 0.2 mM H2O2 under inert and H2 atmosphere
have been performed. The dissolution of U(VI) can be seen in Figure 3.1(a), and
the consumption of H2O2 in Figure 3.1(b). Experiments under both, N2 and H2
atmosphere do not show a significant difference in terms of U(VI) dissolution.
The consumption of H2O2 does, though, appear to be slightly slower in H2.
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Figure 3.1: UO2 powder experiments in 0.2 mM H2O2 under N2 (�) and H2 (�)

UO2 pellet experiments were performed in aqueous solution with 2 mM H2O2 un-
der inert and H2 atmosphere. The dissolution of U(VI) can be seen in Figure 3.2(a),
and the consumption of H2O2 in Figure 3.2(b).
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Figure 3.2: UO2 pellet experiments in 2 mM H2O2 under N2 (�) and H2 (�)

The rate of oxidative dissolution of UO2 is slightly lower in the presence of H2
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3.1. Kinetics of UO2 dissolution

((10.5 ± 0.3) × 10−9 mol m−2 s−1) compared to inert atmosphere ((13.0 ± 0.7) ×
10−9 mol m−2 s−1). This behavior has been seen earlier [40]. However, the con-
sumption of H2O2 does not differ significantly between the two atmospheres, with
the rates of consumption being (25.5 ± 1.7)×10−6 mol m−3 s−1 and (28.0 ± 1.3)×
10−6 mol m−3 s−1 for N2 and H2, respectively.

3.1.1.2 Effect of Pd doping I II

The four Pd pellets from batch b were used to conduct autoclave experiments in
aqueous solution with 2 mM H2O2 in atmospheres ranging from 0–40 bar H2. In
Figure 3.3, the concentration of uranium dissolved within 50 min can be seen.
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Figure 3.3: Total U(VI) dissolution after 50 min for UO2 pellets containing palladium
(from 0 wt.% lightest to 3 wt.% darkest)

Under non-reducing conditions, a catalytic effect of Pd on the oxidation of U(IV)
can be seen. The amount of uranium in solution is about five times larger in the
case of the pellet with 3 wt.% Pd compared to the pure UO2 pellet. Furthermore,
0.15 bar hydrogen is not sufficient to suppress this behavior. At 1 bar H2, oxidative
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Chapter 3. Results and Discussion

dissolution of UO2 is approximately the same for all four pellets from this batch.
H2 pressures of 2 bar or higher lead to a decrease in oxidative dissolution with an
increase in Pd content in the pellet. This is, however, not seen for the pellet with
0.1 wt.% Pd.

For the pure UO2 pellet and UO2 with 0.1 wt.% Pd, oxidative dissolution of UO2
does not vary strongly in the pressure range from 0–40 bar H2. For the pellets with
higher Pd content, oxidative dissolution decreases strongly from 0–40 bar H2, and
the effect for the pellet with 3 wt.% is larger than that for the pellet with 1 wt.%.

The consumption of H2O2 for all four pellets was measured, and the resulting first
order rate constants plotted versus the fraction of Pd in the pellet. The second
order rate constant can then be determined to (1.75 ± 0.38) × 10−6 m s−1 from the
slope (Figure 3.4). With the diffusion limit for such a system being on the order of
10−6 m s−1, this reaction appears to be diffusion controlled.
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Figure 3.4: Consumption of H2O2 in N2 atmosphere as a function of palladium fraction

In addition to the experiments where H2O2 was added, oxidative dissolution
experiments with the four Pd pellets during gamma irradiation were performed.
The differences in such a system compared to experiments in H2O2 are the more
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3.1. Kinetics of UO2 dissolution

realistic concentrations of oxidants on the one hand, and the formation of all
radiolytically produced oxidants on the other hand. The concentration of uranium
in solution versus time for the experiments under 1 bar N2 and 1 bar H2 atmosphere
can be seen in Figure 3.5(a) and 3.5(b), respectively.
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Figure 3.5: U(VI) concentration vs. irradiation time for UO2 pellets containing 0 wt.%
(�), 0.1 wt.% (+), 1 wt.% (×) and 3 wt.% Pd (�)

Under inert atmosphere, the pure UO2 pellet, and the two pellets containing the
lower concentrations of Pd do show a linear increase for uranium in solution over
time. The rate of dissolution for all three pellets is around 1.6 × 10−9 mol m−2 s−1.
This means that the radiolytically produced amount of hydrogen in combination
with the rather low Pd content is not sufficient to suppress the oxidative dissolution
of the UO2 matrix. 3 wt.% Pd are, though, sufficient to completely suppress
dissolution. Under 1 bar H2, 0.1 wt.% Pd in the UO2 pellet is enough to cause
complete suppression.

The relative impact of the different oxidants available during γ-irradiation on the
oxidation of UO2 can be calculated by Equation 3.1,

Relative impact =
k [ox]∑
i ki [ox]i

(3.1)

with ox as the oxidant and k as the rate constant for the oxidation of UO2. The
denominator contains the rates for all oxidants i produced during γ-irradiation
capable of oxidizing UO2. The concentrations used in this calculation were
obtained using MAKSIMA-Chemist at the same dose rate of 0.15 Gy s−1 after an
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Chapter 3. Results and Discussion

irradiation time of 165 min. The rate constants used in this calculation can be seen
in Table 3.1.

Table 3.1: Rate constants for the reactions with H2O2, O2 and H2

H2O2 / m s−1 O2 / m s−1 H2 / m s−1

UO2/UO2+
2 7.3×10−8 3.88×10−10 -

UO2/UO2+
2 (Pd) 1.75×10−6 ≈10−7 ≈10−6

The rate constant for the reaction between O2 and UO2 was determined indirectly
based on the measured UO2+

2 dissolution. The rate equations for the uncatalyzed
and catalyzed reactions are shown in Equations 3.2 and 3.3,

r = k
S
V

[ox] (3.2)

rPd = kPdεrel
S
V

[ox] (3.3)

with εrel being the fraction of Pd on the pellet surface. The ratio between the
uncatalyzed and the overall U(VI) dissolution is then given by Equation 3.4.

r
r + rPd

=
k

k + kPdεrel
(3.4)

The rate constant for the palladium catalyzed reaction, kPd, can then be calculated
to be on the order of 10−7 m s−1 by rearranging Equation 3.4 into Equation 3.5.

kPd =
k
[(

rPd+r
r

)
− 1

]
εrel

(3.5)

The resulting impacts of these oxidants are shown in Table 3.2. In all cases, H2O2
clearly is the most important oxidant. Since the rate constants for the strongest
radiolytic, radical products (e.g. OH•, CO•−3 ) in reaction with UO2 are diffusion
controlled [32], Pd or ε-particles cannot have a catalytic effect on these reactions.

As can be seen, while the total impact of H2O2 is similar for all four pellets
containing Pd, the relative impact of the Pd catalyzed reaction increases with
increasing Pd content. In the case of O2, the total impact increases with increasing
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3.1. Kinetics of UO2 dissolution

Table 3.2: Impact of the different oxidants on the oxidation in N2

Impact / %
UO2-b Pd01-b Pd1-b Pd3-b

H2O2 98.47 41.21 6.61 2.31
H2O2 Pd 0.00 56.20 90.15 94.38

H2O2 tot 98.47 97.41 96.76 96.69

O2 1.13 0.47 0.08 0.03
O2 Pd 0.00 1.95 3.13 3.28

O2 tot 1.13 2.42 3.21 3.31

CO·−3 0.38 0.16 0.03 0.01
HO2 0.03 0.01 0.00 0.00

Pd content. This is due to an increase in available catalytic surface area. The
relative impact of the radical species decreases with an increase in Pd, since the
total impact of the molecular oxidants H2O2 and O2 increases.

In order to compare the experimental dissolution rate from the gamma experiments
with calculated values (rdiss), Equation 3.6 can be used.

rdiss = rox − rred =
∑

i

[ox]i ki
S
V

+
∑

i

[ox]i ki,Pdεrel
S
V
− [H2] kredεrel

S
V

(3.6)

rox is the rate of oxidation and rred of reduction. [ox] is the concentration of the
oxidant and k the rate constant of either oxidation or reduction. εrel is the relative
amount of ε-metal particles in the UO2 matrix. The pellet surface area S was
taken as three times the geometrical surface area [64], and V is the volume of the
solution. Oxidant and H2 concentrations were obtained by MAKSIMA-Chemist.
The average concentrations during the simulated irradiation time were used in
the calculations. Experimental values for uranium dissolution were corrected
with respect to their background values without irradiation. In cases where the
background values exceed the obtained values during irradiation, dissolution rates
were set to zero, since the reduction rate can never exceed the rate of oxidation on
a completely reduced surface. The theoretically determined rates underestimate
the experimental rates by a factor of ten. This might be due to initially present
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U(VI) in the interior of the pellet, or due to the difficulty of determining the surface
area of the pellet. The trends are, though, reproduced by the theoretical rates. The
comparison of the theoretical and experimentally determined values can be seen
in Table 3.3.

Table 3.3: MAKSIMA calculations compared to measured values

MAKSIMA / 10−11 M s−1 Measured / 10−10 M s−1 Ratio / %
N2 H2 N2 H2 N2 H2

UO2-b 3 1.5 1.8±0.3 1.4±0.2 16.2 10.5
Pd01-b 1.9 (0) 2.1±0.2 0 8.9 -
Pd1-b 1.4 (0) 1.5±0.2 0 9.4 -
Pd3-b (0) (0) 0 0 - -

3.1.1.3 Effect of Y2O3 doping VI

Experiments with Y2O3 powder in 0.2 mM H2O2 aqueous solution were performed
to determine the second order rate constant with respect to the S

V ratio. For this,
pseudo-first order rate constants for three S

V ratios were determined. Within
these experiments, a deviation from first order kinetics was observed after a
certain conversion of H2O2. This behavior is most likely caused by a change in
rate determining step from adsorption to catalytic decomposition. In order not
to underestimate the rate constants, the data before the deviation in first order
kinetics was used (5 min).

Pseudo-first order rate constants were plotted versus the S
V ratio, with the slope

giving the second order rate constant in this system. The resulting rate constants
for the reaction between H2O2 and Y2O3 under inert and reducing conditions
are on the order of 10−8 m s−1. With the competing reaction between UO2 and
H2O2 having a rate constant on the same order of magnitude (7.3×10−8 m s−1),
the decomposition of H2O2 on Y2O3 is, therefore, not expected to influence the
oxidative dissolution of UO2 significantly at tri-valent dopant levels present in
SNF.

This can be seen in oxidative dissolution experiments with UO2 and 1 wt.%
Y2O3 powders. Neither experiments under inert, nor reducing conditions show a
significant difference in terms of dissolved U(VI) (Figure 3.6(a)). The consumption
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3.1. Kinetics of UO2 dissolution

of H2O2 appears to be slower in the case of Y2O3, but also when H2 is present
(Figure 3.6(b)).
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Figure 3.6: Powder experiments in 0.2 mM H2O2 with UO2 in N2 (�)/H2 (�) and with
UO2/Y2O3 in N2 (5)/H2 (4)

Y2O3 in form of powder does not have an effect on the oxidative dissolution
of UO2. In order to see if Y2O3 dopants in a UO2 matrix affect the oxidative
dissolution of UO2, pellet experiments (batch c) with UO2 doped with 0.3 wt.%
Y2O3 were conducted. Since the surface area in the experiments with pellets is
much smaller than in the powder case, a higher concentration of H2O2 was used
to speed up the process.

Oxidative dissolution of UO2 is slower with pellets including Y2O3. Furthermore,
in all cases, with and without Y2O3, the dissolution is slower under reducing than
under inert conditions. It should be kept in mind, the partial pressure of H2 in these
experiments was only 1 bar. The obtained rates of U(VI) dissolution for pure UO2
are then (13.0 ± 0.7)×10−9 mol m−2 s−1 and (10.5 ± 0.3)×10−9 mol m−2 s−1 under
inert and reducing conditions, respectively. The same rates for the pellet with
incorporated Y2O3 are (4.0 ± 0.5) × 10−9 mol m−2 s−1 and (2.0 ± 0.1) × 10−9 mol
m−2 s−1. The ratios between the rates of U(IV) oxidative dissolution in the case
without and with incorporated Y2O3 are 3.3 ± 0.4 under inert, and 5.3 ± 0.4 under
reducing conditions.

For the pellets in this experiment (batch c), the molar dissolution yields (dissolved
U(VI) per consumed H2O2) have been calculated from the experimental data to
(5.6 ± 0.5) % and (4.2 ± 0.2) % for UO2, and to (2.5 ± 0.3) % and (1.5 ± 0.1) %
for UO2 with Y2O3 inclusions under inert and reducing conditions, respectively.
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Chapter 3. Results and Discussion

The ratio between the molar yields without and with Y2O3 inclusions is more
than a factor of two. Keeping in mind that the reaction rate constant for the
reaction between H2O2 and UO2 is of the same order of magnitude as the reaction
rate constant between H2O2 and Y2O3, competition kinetics cannot be the sole
explanation for the observed difference in dissolution yields. If that would be
the case, a surface coverage of 50 % Y2O3 would be required to account for the
differences. For a material with 0.3 wt.% Y2O3, this seems highly unlikely. The
concentrations of U(VI) and H2O2 versus time are plotted in Figure 3.7.
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Figure 3.7: Pellet experiments in 2 mM H2O2 with UO2 in N2 (�)/H2 (�) and with
Y2O3-doped UO2 in N2 (5)/H2 (4)

3.1.1.4 Combined effect of Pd and Y2O3 doping

The four pellets from batch c were used to conduct oxidative dissolution experi-
ments, in order to study possible combined effects of Pd and Y2O3. The uranium
and H2O2 concentrations in solution versus time under inert conditions can be
seen in Figure 3.8 and under reducing conditions in Figure 3.9.

Under both conditions, the results are similar, but the differences between the
pellets under reducing conditions are slightly more pronounced. As can be seen,
0.1 wt.% Pd is not enough to inhibit the oxidative dissolution of U(IV) with the
radiolytic H2 present. Instead, a faster dissolution of U(VI) is observed in both
cases, since, as shown earlier, Pd not only catalyzes the reduction of U(VI) on
the surface, but also the oxidation of U(IV). The two pellets with Y2O3 show a
significantly lower dissolution of U(VI) under both inert and reducing conditions.
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Figure 3.8: Pellet experiments in 2 mM H2O2 in N2 with UO2 (�), Y2O3-doped UO2 (^),
Pd-doped UO2 (�) and Y2O3/Pd-doped UO2 (5)
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Figure 3.9: Pellet experiments in 2 mM H2O2 in H2 with UO2 (�), Y2O3-doped UO2 (^),
Pd-doped UO2 (�) and Y2O3/Pd-doped UO2 (5)
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Interestingly, in contrast to a solely Pd-doped pellet, a decrease in oxidative
dissolution of U(IV) is observed when Pd and Y2O3 are present in the same pellet
as a dopant. This demonstrates that there is a combined effect between Pd and
Y2O3 on oxidative dissolution of UO2. The rate of consumption is lower in the
presence of Y2O3 as a dopant. In this case, no significant difference with and
without Pd can be seen under reducing conditions.

The rates for H2O2 consumption from pellet experiments can be compared to
the value calculated from UO2 powder experiments. From the second order rate
constant for the reaction between UO2 powder and H2O2 (7.3 × 10−8 m s−1), the
rate can be calculated to (16 ± 1) × 10−6 mol m−3 s−1. The values for the rate
constants from the pellet experiments were on the same order of magnitude, and
the difference between them is less than a factor of two.

The results in experiments under γ-irradiation are similar to the experiments in
H2O2. No significant difference in U(VI) dissolution can be observed between
inert and reducing conditions. The ratios between oxidative dissolution rates of
the pure UO2 and the Y2O3 doped pellet are, as in experiments with H2O2, three
and five under N2 and H2, respectively. The amount of uranium in solution is
smaller, since the concentration of oxidants is lower in the case of γ-irradiation.

3.1.1.5 Kinetics summary

The kinetics of oxidative U(IV) dissolution is affected by both, Pd and Y2O3
inclusions in the solid phase material. Pd catalyzes both the oxidation of U(IV)
by the molecular oxidants H2O2 and O2 and the reduction of U(VI) by H2 on
the surface. The second order reduction rate constant is found to be on the order
of 10−6 m s−1, corresponding to diffusion-controlled kinetics. Under N2, where
catalytic reduction is not possible due to the absence of H2, an increase in the
content of Pd leads to an increase in oxidative dissolution. Under 40 bar H2
and with 2 mM H2O2 in solution, 1 wt.% Pd is sufficient to almost completely
suppress U(VI) dissolution. During γ-irradiation under 1 bar H2, already 0.1 wt.%
Pd completely suppresses oxidative dissolution, whereas 3 wt.% are necessary in
the case of radiolytically built up H2.

The reactions between H2O2 and UO2, and H2O2 and Y2O3 have rate constants of
the same order of magnitude. Therefore, Y2O3 does not show an effect on U(VI)
dissolution in powder experiments, since the relative amount of Y2O3 compared to
UO2 is too little for pure competition kinetics to show an effect. With Y2O3 doped
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3.1. Kinetics of UO2 dissolution

pellets, the oxidative U(IV) dissolution is reduced significantly in the absence and
presence of H2. This is valid for both powder and pellet experiments. A combined
effect between Pd and Y2O3 can be observed. Interestingly, oxidative dissolution
in N2 and H2 is reduced, when Pd and Y2O3 compared to only Y2O3 are present
as dopants. This is contrary to pure UO2 under inert atmosphere, where Pd doping
increases oxidative dissolution of U(IV).

Not only solid state doping, but also solutes can have an effect on U(VI) dissolution,
since they can influence oxidant concentrations. Subsection 3.1.2 will, therefore,
present the experimental and simulated results of the impact of solutes on the
concentration of H2O2 in solution.

3.1.2 Solutes affecting H2O2 III V

In a deep geological repository, a large number of organic and inorganic solutes
will be present in the groundwater. The organic and some of the inorganic solutes
exist in solution before barrier failure, but H2 and large amounts of Fe2+ will be
produced by radiolysis and by corrosion of the iron part of the canister after failure
of the system. Many of these solutes are able to affect the concentration of various
radiolytically produced species, including H2O2, and they will have a significant
impact on the oxidative dissolution of SNF. Even though the reaction rate constants
between different solutes and H2O2 are known, it is difficult to calculate the
concentration of H2O2 during radiolysis of water, due to the high complexity of
the system. Therefore, the effect of various solutes on the concentration of H2O2
in solution were studied with the help of simulations by MAKSIMA-Chemist.

3.1.2.1 Hydrogen III V

The concentration of H2O2 in solution increases linearly with time during α-
irradiation without solutes that are able to consume H2O2. During γ-irradiation,
this is only valid for the open system, where produced H2 can escape. In the
closed system, a steady state is reached. Since the G-values for α-irradiation are
higher for molecular products compared to γ-irradiation, the production of H2O2
is faster during α-irradiation. Simulations on open systems with a dose rate of
0.15 Gy s−1 during α- and γ-irradiation give rates of production of 1.7 × 10−8 M
s−1 and 9.0 × 10−10 M s−1, respectively. The escape of hydrogen was incorporated
in the MAKSIMA simulations at a rate constant of 50.2 s−1.
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In a closed system, where higher H2 concentrations can build up over time, the
linear production rate does not differ for the α-irradiated system, whereas in the
γ-case, a steady state concentration of 6.4 × 10−9 M was reached at simulation
times of 10 h. The linear production rates and, when applicable, the steady state
concentrations are shown in Table 3.4.

It seems that a specific concentration of H2, and thereby a certain pressure, is
needed for the H2O2 concentration to reach steady state. These critical H2 pres-
sures can be pin-pointed by performing a series of simulations at different H2
pressures. Doing so, critical H2 pressures for different dose rates in α-irradiated
systems could be determined. The dose rate was varied between 5.44×10−4 Gy s−1

and 0.595 Gy s−1 to mimic SNF (burn-up 38 MWd kg−1 U) of ages 100–100,000 a.
The highest dose rate corresponds to fuel considerably younger than 100 a. At
a dose rate of 5.44 × 10−4 Gy s−1, a hydrogen pressure of around 9.2 × 10−4 bar
was sufficient for H2O2 to reach steady state. At the highest dose rate, around
3.3× 10−2 bar hydrogen were necessary to suppress linear production of H2O2. At
this point, it should be noted that a suppression of the linear production of H2O2
does not lead to complete suppression of oxidative dissolution of UO2, but only to
a constant rate of uranium dissolution.

The H2O2 steady state concentrations obtained in the simulations display a strong
dependence on the dose rate and a weak dependence on the H2 pressure. With
the H2 concentration in solution being constant, the steady state concentration
is proportional to the square root of the dose rate. At a given dose rate, the
steady state concentration is inversely proportional to the H2 pressure. The steady
state concentration of the H•, which is the reactant mainly responsible for H2O2
suppression, increases with increasing H2 pressure and is proportional to the
square root of the dose rate. With these relations, the rate of H2O2 consumption
will be proportional to the square root of the dose rate (Ḋ). The steady state
concentration of H2O2 will, therefore, be proportional (constants c1 and c2) to
the ratio between the dose rate and the square root of the dose rate, according to
Equation 3.7.

[H2O2]s−s =
c1Ḋ

c2
√

Ḋ
=

c1

c2

√
Ḋ (3.7)

The square root dependence of the hydrogen atom steady state concentration is a
result of the self-recombination reaction as the main route for radical consumption.
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Chapter 3. Results and Discussion

Recently, experimental results on the effect of H2 on the concentration of α-
radiolytically produced H2O2 have been shown to disagree with numerical sim-
ulations [65]. Therefore, the reaction scheme used in numerical simulations
of aqueous radiation chemistry has sometimes been questioned, and alternative
explanations involving surface catalyzed reduction by H2 have been proposed
[66].

The experiment performed by Pastina and LaVerne [65] uses a 5 MeV He2+ beam
to irradiate a solution with a total volume of 20 mL. The H2 pressure is 1 bar and
the initial H2O2 concentration 50 μM. The homogeneous dose rate is 0.25 Gy s−1.
On the one hand, when performing the experiment, a linear increase in H2O2 in
solution and no effect of H2 is observed. Their numerical simulations, on the other
hand, show a significant effect of H2 on the production of H2O2.

The issue with their simulation is that Pastina and LaVerne homogenize their
system, distributing the energy of the α-particles over the whole volume. With the
penetration depth for a 5 MeV α-particle being around 40 μm, and the ion beam
having a cross section of 0.3 cm2 [67], the irradiated volume can be calculated
to 1.2 μL. When using numerical simulations on a homogeneous system for
simulating an α-irradiated solution, the ratio between the total and the irradiated
volume needs to be taken into account. In these experiments, this ratio amounts to
16,667. This leads to an actual dose rate of 4.2 kGy s−1. The H2O2 concentration
as a function of irradiation time for the homogeneous and actual dose rates are
illustrated in Figure 3.10.

As can be seen, while the simulation using the homogeneous dose rate shows a
significant effect on the production of H2O2, the simulation with the actual dose
rate does not show any inhibition by H2. The latter is in perfect agreement with
the experimental results by Pastina and LaVerne [65].

3.1.2.2 Hydrogen and HCO−3 III V

As mentioned earlier, HCO−3 quantitatively converts OH• to CO•−3 (Reaction 1.5).
With OH• acting as a catalyst in the chain reaction between H2 and H2O2 (Reac-
tions 1.6 and 1.7), HCO−3 should have an effect on the steady state concentration of
H2O2 with H2 present. To study this, numerical simulations of the homogeneous,
aqueous system with H2 and HCO−3 have been performed. The results are shown
in Table 3.4.

38



3.1. Kinetics of UO2 dissolution

 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 0  2000  4000  6000  8000  10000  12000  14000  16000

c(
H

2O
2)

 / 
µM

time / s

Figure 3.10: H2O2 concentration as a function of irradiation time for the homogeneous
(�, 0.25 Gy s−1) and actual (�, 4.2 kGy s−1) dose rates in the experiment by
Pastina [65]
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Chapter 3. Results and Discussion

As can be seen, during α-irradiation with 40 bar H2 and HCO−3 , no steady state, but
a linear H2O2 production rate of 6.3×10−9 M s−1 is reached. This means, since the
concentration of OH• in solution is lowered due to the presence of HCO−3 , 40 bar
H2 is not sufficient anymore to suppress H2O2 production. Furthermore, under
inert atmosphere and α-irradiation, no effect of HCO−3 on the linear production
rate of H2O2 can be seen. During γ-irradiation, HCO−3 affects the steady state
concentration of H2O2 under inert and reducing conditions. This is expected
during β- and γ-irradiation, due to the lower G-values for molecular and higher
G-values for the radical species produced compared to α-irradiation. Under inert
conditions, a linear increase in H2O2 concentration at a rate of 8.7 × 10−10 M s−1

is observed, whereas in 40 bar H2, the steady state of H2O2 is preserved, with an
increase by almost 20 % compared to the HCO−3 -free system.

In addition, the critical concentrations of H2 needed to suppress H2O2 production
were calculated in the presence of HCO−3 . As can be seen in Table 3.5, the H2
concentration necessary to suppress H2O2 production is many orders of magnitude
higher with 1 mM HCO−3 present compared to pure aqueous systems. Furthermore,
the relative dependence of the critical H2 concentration is much lower in 1 mM
HCO−3 compared to pure water.

Table 3.5: Critical H2 concentrations in the noble metal catalyzed and radiolytic H2 effects

Dose rate c(H2(ε)) Crit. c(H2(0 mM HCO−3 )) Crit. c(H2(1 mM HCO−3 ))
Gy s−1 mol dm−3 mol dm−3 mol dm−3

0.000544 4.99×10−10 ≈7.00×10−7 4.10×10−3

0.0059 5.41×10−9 ≈2.35×10−6 4.12×10−3

0.0287 2.63×10−8 ≈5.28×10−6 4.14×10−3

0.119 1.09×10−7 ≈1.10×10−5 4.17×10−3

0.357 3.27×10−7 ≈1.93×10−5 4.20×10−3

0.595 5.46×10−7 ≈2.50×10−5 4.22×10−3

This radiolytic effect can then be compared to the ε-catalyzed surface reduction of
UO2+

2 to UO2. This can be done by comparing the H2 concentrations necessary to
suppress H2O2 production with the complete cancellation of oxidative dissolution
of UO2 at the dose rates presented in Table 3.5. The effect of noble metal catalyzed
inhibition is quantitatively described by Equation 3.8 [40, 49].

rdiss = rox − kεrel [H2] (3.8)
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3.1. Kinetics of UO2 dissolution

With rdiss = 0, k = 10−6 m s−1 [40] and εrel = 0.01 for an ε-particle surface
coverage of 1 %, the H2 concentration to suppress oxidative dissolution can be
calculated. rox is the uninhibited rate of UO2 oxidation. Both H2 effects can be
seen in Table 3.5. As can be seen, the effect of noble metal particle catalysis is
significantly more powerful. Besides, it should be kept in mind that in the radiolytic
H2 effect, a steady state concentration of H2O2 at the critical H2 concentration
does not suppress oxidative dissolution of UO2 completely, whereas the values for
the noble metal particle catalyzed reaction correspond to a complete suppression
of oxidative UO2 dissolution.

3.1.2.3 Iron and 2-Propanol III

Simulations on the effect of 10 μM Fe2+, as well as 1 μM 2-Propanol, a model
substance for organic species in groundwater, have been conducted for α- and β/γ-
irradiated aqueous solutions, and the results can be seen in Table 3.4. Fe2+ reacts
with H2O2 according to the Fenton reaction (Reaction 3.9), and also with OH•

(Reaction 3.10). Fe2+ causes in open and closed systems the H2O2 concentration
to reach steady state. Without Fe2+ being present, a linear increase in H2O2
concentration per time can be observed. In β/γ-irradiated, closed systems, where
even without Fe2+ a steady state in H2O2 concentration is reached, the steady state
concentration is lowered by around 20 %. After barrier failure in a deep geological
repository, where large quantities of Fe2+ will be present in the groundwater due
to corrosion of the cast iron insert of the canister, steady state will be reached
under all circumstances. The reaction rate constants for the two reactions are
6.90 × 104 M−1 s−1 and 4.30 × 108 M−1 s−1 [63, 68], respectively.

Fe2+ + H2O2 → Fe3+ + OH• + OH− (3.9)

Fe2+ + OH• → Fe3+ + OH− (3.10)

The effect of 2-Propanol is due to its reaction with the H2O2 scavengers OH• and
H•. Due to their removal from the system, 2-Propanol leads to an increase in
H2O2 concentrations. These reactions are based on the abstraction of hydrogen
from 2-Propanol by the radicals (Reactions 3.11 and 3.12).

(CH3)2 CHOH + OH• → (CH3)2 C•OH + H2O (3.11)
(CH3)2 CHOH + H• → (CH3)2 C•OH + H2 (3.12)

41



Chapter 3. Results and Discussion

The reaction rate constants for the two reactions are 1.9 × 109 M−1 s−1 and 7.4 ×
107 M−1 s−1 [63]. All four reactions with Fe2+ and 2-Propanol were added to the
MAKSIMA reaction scheme in separate simulations.

3.1.2.4 Summary of solute effects

Without solutes being present, the concentration of H2O2 increases linearly over
time in an open system, irrespective of type of radiation. In the closed system,
α-radiolysis is identical to the open system. In the case of γ-irradiation, a steady
state concentration of H2O2 is reached in the closed system. This is due to the
combination of radiolytically formed H2 in solution and the lower G-values for
molecular products in the case of γ compared to α.

The H2 concentrations sufficient to suppress H2O2 production were pin-pointed.
The steady state concentration of H2O2 is inversely proportional to the H2 pressure,
and proportional to the square root of the dose rate. Since the consumption of
H2O2 by H2 depends on the presence of OH•, the amount of H2 present in solution,
able to compete with H2O2 production, increases with an increase in HCO−3 . This
is due to the removal of OH• by HCO−3 . The presence of Fe2+ increases the rate of
H2O2 consumption, and leads at 0.15 Gy s−1 in open and closed systems, as well
as during α- and γ-radiolysis to a steady state concentration of H2O2. 2-Propanol
does, though, have the opposite effect by removing the H2O2 scavangers OH• and
H• from solution.

Furthermore, it has been shown that when simulating an α-irradiated aqueous
system, the actual dose rate should not be converted into a homogeneous dose
rate, in cases where the irradiated volume differs from the total reaction volume.
Otherwise, the effect of H2 will be overestimated.

3.1.3 Selenite reduction IV

Selenite removal from solution was seen in all experiments under 10 bar H2
atmosphere with the Pd containing pellets from batch b. The rate of selenite
removal from solution decreased with a decrease in Pd in the pellet. With pellet
Pd01-b, a plateau was reached after removal of ≈40 % of the selenite. This is
most likely due to a blockage of the catalytically active part of the surface. Even
though data on Se poisoning of Pd catalysts is scarce, this is a possible explanation,
since the poisoning of Pd is well known for reduced S species, and S and Se react
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3.1. Kinetics of UO2 dissolution

analogously in many ways. The poisoning effect of Se was observed for an organic
Pd catalyst [69]. The second order rate constants with respect to the total pellet
surface for the removal of selenite from solution for the three pellets can be seen
in Table 3.6.

Table 3.6: Second order rate constants for the reduction of selenite / m s−1

Pd01-b Pd1-b Pd3-b

1 bar H2 - (2.2 ± 0.8)×10−9 (3.2 ± 0.9)×10−9

10 bar H2 (5.0 ± 0.9)×10−10 (2.3 ± 0.2)×10−9 (7.7 ± 0.9)×10−9

When plotting these second order rate constants versus the palladium fraction,
the rate constant for the Pd reaction can be obtained. Under the experimental
conditions used, there is a linear relation between the second order rate constants
and the Pd fraction, giving a second order rate constant of the Pd reaction of
(2.5 ± 0.3) × 10−7 m s−1.

Comparing this rate constant with the second order rate constant determined earlier
of the reduction of H2O2 on the same pellets, the latter is nearly two orders of
magnitude higher. Thus, the reduction of selenite is significantly slower under
these conditions. Under 1 bar H2, no reduction of selenite could be seen with the
pellet containing only 0.1 wt.% Pd. The rate constant for the pellet with 1 wt.%
Pd was virtually the same compared to the experiment under 10 bar H2, while the
3 wt.% pellet showed a significant decrease in selenite reduction by around 60 %.

To see possible effects of pure UO2 on the selenite concentration in solution, UO2
powder experiments have been performed. Even though the surface area is many
orders of magnitude larger, and the H2 pressure is 25 bar, no selenite removal
could be detected after >2000 h. This indicates that the reduction of selenite
occurs on Pd, and that the sorption of selenite on UO2 is limited under the present
conditions.

After removal of around 95 % of the selenite, the solution turned faint orange/red,
with small red particles on the bottom of the vessel. This can be an indication
on the formation of colloids. The solutions from the 10 bar H2 experiments were
then, after ≈1500 h reaction time, analyzed by Photon Correlation Spectroscopy to
verify the existence of colloids. In the experiments with pellets Pd1-b and Pd3-b,
significant amounts of colloids were detected. Quantitative measurements were not
possible, due to a lack of suitable reference material. The hydrodynamic diameter
was determined to be around 150 nm in both cases. With pellet Pd01-b, the colloid
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concentration was too low even for qualitative measurements. Additionally, the
colloids were studied by TEM. The solutions were diluted with distilled water,
and then a few drops applied on a copper TEM grid, left to dry. Ethanol was
avoided in this case, since ethanol possibly induces Se allotrope formations [70].
The particle size was determined to be ≈50–100 nm in diameter. Selected area
electron diffraction and X-ray diffraction measurements on the particles suggest
the particles to be amorphous.

Finally, samples of colloidal solutions that have been dried in, as well as precipi-
tates were also investigated by Raman spectroscopy. For all the samples, a main
peak at ≈255 cm−1 was observed for the red solids. The spectrum of the product
from experiments with pellet Pd3-b under 10 bar H2 can be seen in Figure 3.11.

To identify the type of product, measurements on a predominantly monoclinic
elemental selenium standard were conducted. The standard shows a band at
≈253 cm−1. With the instrument having a spectral resolution of 2 cm−1, this lies
within the limit. The identification is, though, still problematic, since amorphous
Se also has a peak at ≈250–255 cm−1.

3.2 Mechanistics of SNF oxidative dissolution
VII VIII IX

The kinetic studies described above clearly show a difference in dissolution yields
between the four in-house pellets. The mechanism of consumption of the remain-
ing part of H2O2 that is not consumed in the redox reaction with UO2, however,
cannot be studied with this experimental setup. One possibility is catalytic decom-
position of H2O2 into two OH•. If this is the case, OH• should be detectable by
the method described earlier [37].

3.2.1 Reduction of H2O2 VII VIII

As described in Section 2.3, the evolution of formaldehyde is a measure for the
produced OH• from the catalytic decomposition of H2O2 on the surface. From
background experiments it is known that 35 % of the produced OH• lead to the
formation of formaldehyde. This factor needs to be taken into account when
calculating the true OH• concentration. It has been shown [37] that by comparing
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Figure 3.11: Raman spectra of red particles from experiments with Pd-3 under 10 bar H2
and elemental Se reference

45



Chapter 3. Results and Discussion

the formation of OH• with the consumption of H2O2, the mechanism for catalytic
H2O2 consumption on metal oxide surfaces can be verified.

3.2.1.1 Pure UO2 VII VIII

Mechanistic studies on UO2 powder were performed, and the consumption of
H2O2 and formation of OH• were measured. The concentrations are plotted vs.
time in Figure 3.12.
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Figure 3.12: H2O2 (�) and OH• (�) concentration vs. time in the powder experiment

In previous oxidative dissolution studies on UO2 powder in aqueous H2O2 so-
lutions, it has been shown that around 80 % of the consumed H2O2 react by
oxidation of U(IV) to U(VI). The remaining 20 % are consumed otherwise [35].
The corresponding values obtained in this study are 83 % and 17 %, respectively.
This is in excellent agreement with the previous values. Furthermore, this verifies
that the remaining around 20 % H2O2 are catalytically decomposed on the surface.

OH• can be produced in two ways in the present system: by catalytic decomposi-
tion of H2O2, and by one electron transfer reactions of U(IV) via U(V) to U(VI) by
H2O2. The latter is not expected to be able to react with the present TRIS buffer,
since U(V) and OH• are in proximity to each other after the first oxidation step,
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3.2. Mechanistics of UO2 oxidative dissolution

and the reaction between U(V) and OH• is rapid [32]. Therefore, the scavenged
OH• most likely comes from the catalytic decomposition of H2O2.

Besides UO2 powder experiments, mechanistic studies were conducted on a
Westinghouse UO2 pellet, and the dissolution of U(VI) and the production of OH•

measured. The results are shown in Figure 3.13.
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Figure 3.13: U(VI) (N) and OH• (�) concentration vs. time in the pellet experiment

The concentration of uranium in solution after 24 h is about 20 μM, and of OH•

1917 μM. When calculating the ratio between uranium in solution (corresponding
to H2O2 consumed in oxidation) and the sum of uranium in solution and half of
the OH• produced (corresponding to H2O2 consumed in catalytic decomposition),
a dissolution yield of around 2 % is obtained for the Westinghouse pellet.

3.2.1.2 Effect of doping VIII

Experiments were performed in 5 mM H2O2 under N2 with pellets from batch c,
one pure Westinghouse UO2 pellet, and one SIMFUEL pellet. The results from
these experiments are illustrated in Figure 3.14.

As can be seen, the OH• concentration between the different pellets varies at
most by 30 %, while the concentration of uranium in solution varies significantly.
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Figure 3.14: Results from mechanistic studies normalized to the surface area of the
Westinghouse pellet for UO2-c (�), Y03-c (^), Pd01-c (�), Y03Pd01-c (5),
a Westinghouse UO2 pellet (�), and SIMFUEL (�)

SIMFUEL does not show any oxidative dissolution within this time frame. Also in
the cases with Y2O3 inclusions, the dissolution is relatively slow. The UO2-c and
Pd01-c pellets show similar behavior to oxidative dissolution under N2 atmosphere.
The concentration of uranium in solution is highest for the Westinghouse pellet. It
should be kept in mind that the pellets from batch c should be compared within
the batch. The professionally sintered Westinghouse (WH) pellet can be compared
to the SIMFUEL (S) pellet.

The dissolution yields were calculated for the four pellets from batch c, and can
be seen in Table 3.7. For comparison, the values from the oxidative dissolution
experiments are presented as well. The dissolution yields from H2O2 consumption
for the Westinghouse pellet and SIMFUEL were determined by Nilsson et al. [71].

Table 3.7: Dissolution yields for the pellets from batch c

From UO2-c Y03-c Pd01-c Y03Pd01-c WH S

OH• production 1.0 % ≈0 % 1.2 % 0.4 % 2.0 % ≈0 %
H2O2 consumption 5.6 % 2.5 % 11.5 % 0.9 % 14 % 0.2 %

It can be seen that the values from the earlier experiment are not in perfect
agreement with the values from experiments measuring OH• production. The
rationale for this might be that in the latter case, a pH of 7.6 was used, while in
experiments measuring H2O2 consumption, the pH was 8.3.
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3.2. Mechanistics of UO2 oxidative dissolution

3.2.1.3 Summary of H2O2 reduction

The dissolution yield of H2O2 on UO2 powder from studies measuring the H2O2
consumption (80 %) is supported by experiments measuring OH• production. The
remaining 20 % were found to be catalytic decomposition of H2O2 on the surface
of UO2 to OH•. With the Westinghouse pellet, the oxidation yield of around 14 %
from kinetic studies is higher than the 2 % from the mechanistic studies.

For doped UO2 pellets, OH• production was found to vary by approximately
30 % between pellets from batch c, the Westinghouse pellet and SIMFUEL. When
looking at uranium dissolution, the differences are large. No uranium in solution
could be measured for SIMFUEL. The obtained dissolution yields are always
lower when OH• production was measured compared to H2O2 consumption. This
is most likely due to a difference in pH.

3.2.2 Redox reactivity of different oxidants

Since differences in catalytic decomposition of H2O2 cannot explain the observed
disparity in oxidation yield between the six pellets, oxidants that cannot undergo
catalytic decomposition were used to study the effect of doping on the redox
reactivity (MnO−4 with a reduction potential of 0.576 V and Ir(IV)Cl2−6 with a
potential of 0.8665 V). The results can be seen in Figure 3.15(a) for MnO−4 and in
Figure 3.15(b) for Ir(IV)Cl2−6 .
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Figure 3.15: Results from mechanistic studies with different oxidants of UO2-c (�), Y03-
c (^), Pd01-c (�), Y03Pd01-c (5), and SIMFUEL (�))
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As can be seen, the redox reactivity varies strongly between the different pellets
for the oxidant with the lower reduction potential, MnO−4 . In the reaction with
the stronger oxidant Ir(IV)Cl2−6 , no difference can be seen. Furthermore, kinetic
experiments as a function of temperature show that the activation energies for
the oxidation of UO2 by the two oxidants is (7.4 ± 0.6) kJ mol−1 and (13 ± 2) kJ
mol−1 for pure UO2 and SIMFUEL, respectively.

The rate constants for oxidation of the four in-house pellets from batch c, Westing-
house and SIMFUEL can be seen in Table 3.8. As expected, the rate constant of
the oxidation of a pellet increases with an increase in reduction potential of the
oxidant. Furthermore, the differences between the six pellets decrease with an
increase in reduction potential of the oxidant.

Table 3.8: Oxidation rate constants in min−1 with H2O2, MnO−4 and Ir(IV)Cl2−
6 for the

four pellets from batch c, Westinghouse and SIMFUEL

Pellet H2O2 MnO−4 Ir(IV)Cl2−6

UO2-c 4.3 × 10−5 6.2 × 10−3 2.0 × 10−2

Y03-c 1.3 × 10−5 5.3 × 10−3 2.1 × 10−2

Pd01-c 6.6 × 10−5 7.8 × 10−3 2.2 × 10−2

Y03Pd01-c 4.3 × 10−6 4.6 × 10−3 2.3 × 10−2

Westinghouse 1.5 × 10−4 3.3 × 10−3 2.0 × 10−2

SIMFUEL 1.4 × 10−6 6.0 × 10−4 1.7 × 10−2

When plotting the natural logarithm of the ratio of the rate constants for SIMFUEL
and UO2 versus the reduction potentials of H2O2, MnO−4 and IrCl2−6 , and by
linearly extrapolating from these values, a relative rate constant for oxidation of
SIMFUEL by O2 can be determined to 21,000 times lower than that for a UO2
pellet. Keeping in mind that this plot is not expected to be linear, the actual value is
expected to be even higher. Radical oxidants stronger than IrCl2−6 are not expected
to be influenced by doping.

3.2.3 Surface characterization and electrochemistry IX

The surface alterations upon oxidation cannot be observed directly in oxidative
dissolution experiments. For this reason, other techniques need to be applied.
Raman spectroscopy has been shown to successfully give information about the
stoichiometry of the UO2 matrix [72]. For UO2, three characteristic bands at
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450 cm−1, 1150 cm−1 and a broader peak in the region 500–700 cm−1 can be
observed. The band at 450 cm−1 is a fundamental U-O stretch, and the band
at 1150 cm−1 a fingerprint for the fluorite structure. The broader peak at 500-
700 cm−1 has been attributed to a “damaged” cubic lattice due to non-stoichiometry
[72].

The Raman spectra for the pellets from batch d are illustrated in Figure 3.16. It can
be clearly seen that the peak at 1150 cm−1 is not present. This is characteristic for
UO2 with a stoichiometry higher than UO2.13. Furthermore, the non-stoichiometry
of the four pellets is affirmed by the presence of the large peak in the region
500-700 cm−1. No difference between the pellets can be observed by Raman
spectroscopy. The conclusion from the Raman measurements is that all four pellets
show a large degree of non-stoichiometry, with an atomic oxygen to uranium ratio
higher than 2.13.
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Figure 3.16: Raman spectra of pellets from batch d for UO2-d (red), Pd1-d (pink), Y03-d
(green) and Y03Pd1-d (blue)

In order to identify the size and nature of the Pd and Y2O3 inclusions in the UO2
pellets, SEM-XDS measurements were performed. Pd and Y2O3 were found to be
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discrete particles with a diameter in the micrometer range. While this is expected
for Pd which has a very low solubility in the UO2 matrix, rare earth elements are
not expected to form discrete particles in spent nuclear fuel. The size of the Pd
particles is significantly larger than the size of the used Pd powder with 1–1.5 μm.
This is most likely caused by the compaction technique. As mentioned before, the
rate constants for the reaction between UO2 and H2O2, and Y2O3 and H2O2 are
of the same order of magnitude. Therefore, with the observed separate phases of
Y2O3, the pellets with these inclusions should show similar behavior to pure UO2.
It should be kept in mind that low amounts of Y substituting for U in the UO2
matrix can possibly not be seen by EDX.

Cyclic voltammograms from -1.5 V up to different anodic limits were recorded
to obtain the oxidation-reduction behavior of the four pellets from batch d (Fig-
ure 3.17).
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Figure 3.17: Cyclovoltammograms from -1.5 V up to different anodic limits and back
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3.2. Mechanistics of UO2 oxidative dissolution

The peak for anodic oxidation was found to be present at around -0.3 V for all
pellets besides Y03Pd1-d. This value is at a slightly lower potential compared
to the thermodynamic equilibrium potential for the oxidation of stoichiometric
UO2 [22]. Multiple reduction peaks were found in the region between -0.6 V and
-1.4 V. In previous studies the peaks were attributed to multiple phases in the oxide,
but could not be identified more precisely [73]. Furthermore, the current for the
pellets with Pd inclusions were enhanced at the anodic and cathodic potential
limits due to Pd catalyzed H2O oxidation and reduction. By cyclic voltammetry,
no differences between the pure and doped UO2 pellets can be seen.

The four pellets were preoxidized for 30 min at a potential of 0.4 V and a H2 partial
pressure of 0.05 bar, and the currents were recorded during this time. As expected,
the current decreases initially due to surface oxidation. While the current in the
case of SIMFUEL continued to decrease to very low values, the three doped UO2
pellets (Y03-d, Y03Pd1-d, Pd1-d) achieved a steady state after a few minutes.
This could correspond to a continued oxidative dissolution. However, this is
in contradiction with dissolution experiments performed with the same pellets,
showing a strong effect of Y2O3-doping on oxidative dissolution of U(IV) even
under inert conditions. 1 wt.% Pd under 0.05 bar H2 is not expected to show
a significant effect on U(VI) dissolution. The current for the four pellets and
SIMFUEL plotted vs. time is shown in Figure 3.18.
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Figure 3.18: Potentiostatic current vs. time curves at +0.4 V, 1.5 at.% SIMFUEL (red),
UO2-d (green), Y03-d (dark blue), Pd1-d (light blue), and Y03Pd1-d (pink)
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After preoxidation, the corrosion potentials were measured under open-circuit
conditions, while increasing the H2O2 concentration from 10−7 M to 10−3 M.
SIMFUEL and the Pd containing materials show the strongest negative responses
upon addition of H2O2. This is not surprising since the potential is controlled by
the catalytic activation of H2 on the noble metal surface. It can be further clearly
seen that this measurement is not capable of demonstrating the effect of Y2O3
doping on uranium dissolution. Even under inert conditions, additions of 0.3 wt.%
Y2O3 were shown to reduce oxidative dissolution of U(IV) significantly. In the
corrosion potential measurements, Y03-d shows potentials much closer to pure
UO2 than to other doped pellets. The potentials with different H2O2 concentrations
for the five pellets can be seen in Table 3.9.

Table 3.9: Corrosion potentials for the pellets from batch d and SIMFUEL

c(H2O2) / M
Corrosion potentials / mV

SIMFUEL UO2-d Y03-d Pd1-d Y03Pd1-d

0 -750 14 -105 -623 -579
10−7 -723 14 0 -623 -447
10−6 -293 60 138 -553 61
10−5 58 102 192 81 152
10−4 117 102 193 156 152
10−3 115 156

The polarization resistance of an electrode can be a measure of resistance to
electron transfer. This in turn should be related to the rate of oxidative dissolution
of U(IV). The polarization resistance vs. time for the pellets from batch d and
the SIMFUEL pellet can be seen in Figure 3.19. After 5 h, H2O2 was added
to reach a final concentration of 2 × 10−3 M. The SIMFUEL shows the highest
resistance to electron transfer, followed by Pd1-d. The pellets with Y2O3 cannot
be distinguished from the pure UO2 pellet, and show the lowest resistance to
electron transfer. Interestingly, this is even valid for the pellet containing Y2O3
and Pd. All in all, no effect of Y2O3 doping can be seen by polarization resistance
measurements.

54



3.2. Mechanistics of UO2 oxidative dissolution

 100

 1000

 10000

 100000

 0  5  10  15  20  25

R
p 

/ ω
 c

m
-2

time / h

Figure 3.19: Polarization resistance (Rp) vs. time for UO2-d (�), Pd1-d (�), Y03-d (^),
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4 Conclusions

In this work, the effects of solid state inclusions mimicking fission products in
spent nuclear fuel, and of solutes mimicking expected groundwater components on
the kinetics and the mechanisms behind oxidative U(IV) dissolution were studied.
Pd was used as a model substance for noble metal particles, and Y2O3 as a model
substance for tri-valent fission products in spent nuclear fuel. The solutes studied
were H2, HCO−3 , 2-Propanol and Fe2+. The following conclusions can be drawn
from this work:

1. The Pd catalyzed surface reduction of U(VI) by H2 is the most important
reaction in the suppression of U(IV) oxidative dissolution. Furthermore, Pd
also catalyzes the oxidation of U(IV) to U(VI) by the molecular oxidants
H2O2 and O2.

2. Low amounts of Y2O3 in UO2 are able to reduce U(VI) dissolution signifi-
cantly. Pure competition kinetics cannot explain this decrease. The redox
reactivity of UO2 is lowered by Y2O3 additions.

3. The reactivity of H2O2 varies at most by a factor of two between pure UO2
and pellets with different inclusions. The fraction of H2O2 not consumed
by oxidation of U(IV) is catalytically decomposed, with OH• as the initial
product.

4. Numerical simulations showed that H2 can suppress the radiolytic produc-
tion of H2O2, and that a steady state of H2O2 can be reached. The H2
concentration needed to suppress H2O2 production varies with the amount
and nature of the solutes in solution, and depends on the dose rate. Further-
more, the reached steady states are inversely proportional to the H2 pressure,
and proportional to the square root of the dose rate.
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