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Abstract 
 
The general subject of this thesis is oxidative dissolution of UO2. The dissolution of 
UO2 is mainly investigated because of the importance of the UO2 matrix of spent 
nuclear fuel as a barrier against radionuclide release in a future deep repository. U(IV) 
is extremely insoluble under the reducing conditions prevalent in a deep repository, 
whereas U(VI) is more soluble. Hence, oxidation of the UO2-matrix will affect its 
solubility and thereby its function as a barrier. In this thesis the relative efficiency of 
one- and two electron oxidants in dissolving UO2 is studied. The oxidative dissolution 
yield of UO2 was found to differ between one- and two-electron oxidants. At low 
oxidant concentrations the dissolution yields for one-electron oxidants are 
significantly lower than for two-electron oxidants. However, the dissolution yield for 
one-electron oxidants increases with increasing oxidant concentration, which could be 
rationalized by the increased probability for two consecutive one-electron oxidations 
at the same site and the increased possibility for disproportionation.    
 
Furthermore, the relative impact of radical and molecular radiolysis products on 
oxidative dissolution of UO2 is investigated. Experiments were performed where the 
amount of dissolved U(VI) was measured in γ-irradiated systems dominated by 
different oxidants. We have found that the UO2 dissolution rate in systems exposed to 
γ-irradiation can be estimated from oxidant concentrations derived from simulations 
of radiolysis in the corresponding homogeneous systems and rate constants for the 
surface reactions. These simulations show that for all systems studied in this work, the 
molecular oxidants will be the most important oxidants for long irradiation times (>10 
hours). Similar simulations of α-irradiated systems show that in systems relevant for a 
deep repository for spent nuclear fuel, only the molecular oxidants (mainly H2O2) are 
of importance for the dissolution of the fuel matrix. 
 
The effect on UO2 reactivity by irradiation of the material is of importance when 
predicting the spent fuel dissolution rate since the fuel, due to its content of 
radionuclides, is exposed to continuous self-irradiation. The effect of irradiation on 
the reaction between solid UO2 and MnO4

- in aqueous solutions was studied. It was 
found that irradiation of UO2 at doses >40 kGy increases the reactivity of the material 
up to ~1.3 times the reactivity of unirradiated UO2. The increased reactivity remains 
after the irradiation and can possibly be attributed to permanent changes in the 
material. This issue must be taken into account when predicting the reactivity of spent 
nuclear fuel since the fuel is exposed to doses >40 kGy after only a few days in the 
reactor. 
 
It has earlier been suggested that the rate of a heterogeneous liquid-solid reaction 
depends on the size of the solid particles. This was investigated for UO2 particles in 
this thesis. Experimental kinetic parameters are compared to the previously proposed 
equations for UO2 powder of four size fractions and a UO2 pellet. We have found that 
the particle size dependence of the second order rate constant and activation energy 
for oxidation of UO2 by MnO4

- is described quite well by the proposed equations.  

 



 

Sammanfattning 
 
Denna licensiatavhandling behandlar oxidativ upplösning av UO2. Upplösning av 
UO2 studeras huvudsakligen då UO2-matrisen hos använt kärnbränsle förväntas 
fungera som en barriär mot frigörande av radionuklider i ett framtida djupförvar. 
Lösligheten av U(IV) är mycket låg under i djupförvaret rådande förhållanden emedan 
U(VI) har betydligt högre löslighet. Oxidation av UO2-matrisen kommer därför att 
påverka dess löslighet och därmed dess funktion som barriär. I denna avhandling 
studeras den relativa effektiviteten av en- och två-elektronoxidanter för upplösning av 
UO2. Vid låga oxidantkoncentrationer är utbytet för upplösningen för en-
elektronoxidanter signifikant lägre än för två-elektronoxidanter. För en-
elektronoxidanter ökar dock utbytet med ökande oxidanthalt, vilket kan förklaras av 
den ökade sannolikheten för två konsekutiva en-elektronoxidationer av samma 
reaktionssite och den ökade möjligheten till disproportionering. 
 
Radikaler och molekylära radiolysprodukters relativa inverkan på oxidativ upplösning 
av UO2 studeras också i denna avhandling genom mätning av mängden upplöst U(VI) 
i γ-bestrålade system som dominerades av olika oxidanter. Dessa studier visade att 
upplösningshastigheten av UO2 kan uppskattas från oxidantkoncentrationer framtagna 
genom simuleringar av radiolys i motsvarande homogena system och hastighets-
konstanterna för ytreaktionerna. Simuleringarna visar att de molekylära oxidanterna 
kommer vara de viktigaste oxidanterna i alla system i denna studie vid långa 
bestrålningstider (>10 timmar). Vid liknande simuleringar av α-bestrålade system 
fanns att vid förhållanden relevanta för ett djupförvar för använt kärnbränsle, är det 
endast de molekylära oxidanterna (i huvudsak H2O2) som är av betydelse för 
upplösningen av bränslematrisen. 
 
Då använt kärnbränsle innehåller en mängd radionuklider som utsätter UO2-matrisen 
för kontinuerlig bestrålning, är det av vikt att undersöka hur bestrålning påverkar 
reaktiviteten av UO2. Bestrålningseffekten på reaktionen mellan UO2 och MnO4

- 
studerades. Dessa försök visade att bestrålning av UO2 vid doser >40 kGy leder till att 
reaktiviteten ökar upp till 1.3 gånger reaktiviteten av obestrålad UO2. Den ökade 
reaktiviteten kvarstår efter bestrålningen och effekten kan därför möjligen tillskrivas 
permanenta förändringar i materialet. Vid uppskattning av reaktiviteten hos använt 
kärnbränsle måste hänsyn tas till denna effekt då bränslet redan efter ett par dagar i 
reaktor blivit utsatt för doser >40 kGy. 
 
Det har tidigare föreslagits att hastigheten för en heterogen västka/fast-fas reaktion är 
beroende av partikelstorleken hos det fasta materialet, vilket har studerats för UO2-
partiklar i denna avhandling. Experimentellt bestämda kinetiska parametrar jämförs 
med de föreslagna ekvationerna för fyra storleksfraktioner av UO2-pulver och en 
UO2-pellet. Studien visade partikelstorleksberoendet av andra ordningens 
hastighetskonstant och aktiveringsenergin för oxidation av UO2 med MnO4

- beskrivs 
relativt väl av de föreslagna ekvationerna.  
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Introduction 

 
UO2 has been subjected to numerous investigations partly because of the importance 
of the UO2 matrix of spent nuclear fuel as a barrier against radionuclide release in a 
future deep repository. Spent nuclear fuel consists to 95% of UO2 and many of the 
radioactive species formed when burning the fuel in the reactor are incorporated in the 
UO2 matrix. Due to the content of radionuclides the spent fuel will have an increased 
level of radioactivity for around 100 000 years. In order to protect the biosphere from 
radiological impact the Swedish spent fuel will be stored in a deep repository, 
according to the KBS-3 model. The deep repository will be built 500 m below ground 
level and the safety will be ensured by four barriers; the bedrock, a layer of bentonite 
clay, a copper canister and the UO2-matrix. If the outer barriers should fail the release 
of radionuclides will be controlled by the dissolution of UO2. The UO2-matrix works 
as barrier because of its low solubility under the reducing conditions of groundwater 
at the depth of the repository. However, when oxidized the solubility is increased. If 
the fuel is exposed to water, oxidizing species will be formed by radiolysis of the 
water and the redox conditions will be altered [1]. 
 
The repository has been designed to fulfil some general principles, based on current 
legislation and on the public opinion. One of the principles is that very high safety is 
required, in both the short and long term [1]. Hence, the political initiation of the 
construction of a deep repository needs to be based on a reliable long term safety 
analysis of the system. Such a safety analysis requires understanding of the long term 
dissolution behaviour of the spent fuel. The repository is a very complex system with 
numerous factors affecting the dissolution rate of the UO2 matrix and the rate of 
radionuclide release. To circumvent this problem the employment of numerical 
models and simulations, based on elementary reactions in the system, is required. A 
prerequisite for reliable modelling is high quality in-data i.e. kinetics and mechanisms 
for these elementary reactions, topics which have been subject to many studies [2-6]. 
In these studies pure UO2 (sometimes in the form of UO2 powder) has been used as a 
model substance for spent nuclear fuel. However, the reactivity of the pure UO2 is not 
expected to be identical to the reactivity of spent fuel for a number of reasons. The 
reactivity will for example be affected by changes in physical properties due to in-
reactor irradiation as well as by changes in chemical properties due to the presence of 
radionuclides.  
 
The aim of this thesis is to shed some light on how some of the factors that 
differentiate UO2 from spent nuclear fuel, influence the dissolution rate. Furthermore, 
the relative importance of the oxidizing radiolysis products in dissolving the UO2 
matrix will be investigated. 
 



 4

Radiation Chemistry and Radiolysis of water [7-9] 
 
Radiation chemistry deals with the chemical effects that arise when high-energy 
radiation (≥100 eV) interacts with matter. The energy of the radiation is very high 
compared to ionization energies (usually <15 eV) and to chemical bonding energies 
(normally 1-5 eV) and the interaction results in ionization of the irradiated material. 
Consequently, this type of radiation is frequently called ionizing radiation. 
 
There are different types of ionizing radiation; high-energy charged particles (e.g. 
He2+, protons, electrons and positrons), neutrons and electromagnetic radiation of 
short wavelength (e.g. X-rays, bremsstrahlung and γ-radiation). Ionizing radiation 
occurs naturally from radioactive nuclei, which change their structure spontaneously 
and emit radiation. There are three main modes of nuclear decay; α-decay which is 
emission of helium nuclei (He2+), β-decay which is the formation and emission of 
electrons or positrons and γ-decay which is emission of electromagnetic radiation. 
Other, less common, modes of decay are; internal conversion, spontaneous fission, 
neutron- and proton emission. Radioactive decay involves a transition from a definite 
quantum state of the original nuclide to a definite quantum state of the product 
nuclide. The difference between these quantum states corresponds to the decay 
energy. Ionizing radiation similar to emission from nuclear decay can be produced 
artificially (e.g. accelerated particles and x-rays). Although the maximum energy and 
the energy distribution are different, depending on the origin of the radiation, the 
mechanisms for interaction with matter are identical. 
 
When a material is irradiated it absorbs energy from the radiation. If the transferred 
energy is sufficiently high it will cause ionization of the atoms/molecules of the 
absorber, i.e. positive ions and electrons are produced. In most cases the energy of the 
ejected electrons is high enough to cause secondary ionizations of the material. In 
interactions where the transferred energy is too low to ionize the material the radiation 
may instead cause excitation of the atoms. The total radiation energy absorbed by the 
irradiated material is called the absorbed dose (D). The SI unit is Gray (1 Gy=1 J/kg). 
The dose rate is the absorbed dose per unit time (Gy/s). 
 
The mechanism for energy absorption depends on the type of radiation. Heavy, highly 
charged particles (i.e. He2+) interact strongly with the absorbing medium. Hence, the 
penetration depth is short and the energy is deposited in a small volume of the 
absorber. Due to the large particle mass the deflection caused by interacting coulomb 
fields is small, leading to straight beam paths. Furthermore, the produced secondary 
electrons have relatively low energy and only a minor part of them cause secondary 
ionization. Lighter, less charged particles (i.e. electrons) have longer penetration 
depths and are more widely scattered out of the incident beam path. The secondary 
electrons have higher energy and in β-absorption 70-80% of the total ionization is 
caused by the secondary electrons. Electromagnetic radiation (i.e. γ-photons) interacts 
very sparsely with the absorber due to the absence of charge and mass. Hence, the 
penetration depth is much longer and all the energy is lost in one or a few interactions. 
The ionization in γ-absorption is almost completely due to secondary ionization. 
Neutrons are usually captured by the atoms of the absorber with consecutive particle 
decay or emission of γ-rays as a result [10]. The absorption of energy from charged 
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particles is described by LET-values (linear energy transfer), which are defined as the 
energy absorbed per unit length of matter. 
 
The ionized or excited species formed due to the energy transfer are located to spurs 
in the absorber. The spurs are more sparsely or densely packed depending on the 
absorption mechanism (as described above). Heavy, charged particles give rise to 
closely located spurs, whereas lighter, less charged particles or photons give widely 
spread spurs. The distribution of the spurs affects the final yields of the radiolysis 
products (as described for the radiolysis of water below). The radiation chemical yield 
is described in terms of G-values, which are the number of moles of the irradiated 
material transformed per Joule of absorbed energy (mol/J).  
 
When pure water is irradiated, H2O* (excited water molecule) can be formed, or when 
the radiation energy is high enough, the water decomposes into H2O+ and e-. These 
reactions occur within 10-16 seconds. The H2O+ ion reacts with water to form OH• and 
H3O+ whereas the electron can cause further ionization of water. When the energy of 
the electron has fallen below the ionization energy of water it looses the rest of its 
energy by causing excitation of the water molecules. When the electron has reached 
the same kinetic energy as the water it becomes solvated and is denoted eaq

-. This 
occurs within 10-12 s. The excited water molecules dissociate within 10-14 to 10-13 s to 
form H• + OH• and O• + H2. In the latter case O• reacts with the nearest water 
molecule to form two hydroxyl radicals; O• + H2O → 2OH•. These primary radiolysis 
products proceed to diffuse from the spurs into the water bulk. During this diffusion 
process, recombination reactions (spur reactions) forming molecular or secondary 
radical products (table 1), take place. These reactions are completed within 10-7 s.  
 

Table 1. Spur reactions in water [7]. 

eaq
- + eaq

-  → H2 + 2OH- 
eaq

- + OH•  → OH- 

eaq
- + H3O+  → H• + H2O 

eaq
- + H•  → H2 + OH- 

H• + H• → H2 

OH• + OH• → H2O2 

OH• + H•→ H2O 
H3O+ + OH- → H2O 

 
 

The yields of radiolysis products in water exposed to fast electrons, γ- or α- radiation 
are given in table 2. The yields depend on the type of radiation due to the differences 
in spur distribution. When the spurs are densely packed (as for α-radiation) 
recombination reactions will be favored, leading to lower radical yields and, 
consequently, higher yields for the molecular products. 
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Table 2. Product yields (G-values) in irradiated neutral water [7]. 

Radiation G (H2O) 
µmol J-1 

G (H2) 
µmol J-1 

G (H2O2)
µmol J-1 

G (eaq
-) 

µmol J-1 
G (H•) 

µmol J-1
G (OH•) 
µmol J-1 

G (•HO2)
µmol J-1

γ and fast e- -0.43 0.047 0.073 0.28 0.062 0.28 0.0027 
12 MeV  α -0.294 0.115 0.112 0.0044 0.028 0.056 0.007 

 
 
When dilute (<0.1 M) aqueous solutions are irradiated, practically all the energy 
absorbed is deposited in the water molecules and the primary yields of the radiolysis 
products will be unaffected. The final product yield is however changed by chemical 
reactions between solutes and the products of water radiolysis. If, for example, 
carbonate is present in the water the hydroxyl radical will be consumed forming the 
carbonate radical according to reaction 1.  
 
OH• + HCO3

- → H2O + CO3
•-      (1) 

 
This reaction will be important in a future deep repository of spent nuclear fuel, since 
the (swedish) ground water contains 2-10 mM carbonate [11]. Addition of solutes can 
also be used scientifically to control the yield of specific radiolysis products. An 
example of this is the use of nitrous gas which scavenges the solvated electrons and 
form OH• (reaction 2). Another example is addition of oxygen, which will favor the 
production of superoxide according to reaction 3.   
 
eaq

-
 + N2Oaq + H2O → OH• + OH- + N2     (2) 

 
O2 + eaq

- → O2
●-         (3) 

 

Oxidative dissolution of UO2 

 
The release of the majority of the radionuclides from spent fuel in a deep repository 
will be controlled by the rate of dissolution of the UO2 matrix [12]. Under reducing 
conditions the solubility of the matrix is low due to the low solubility of U(IV), but 
when oxidized to U(VI) the matrix solubility is increased by several orders of 
magnitude [13]. Normally the conditions are expected to be reducing in ground water 
at the depth of a deep repository but the circumstances can be changed as radiolysis of 
water will produce a number of oxidizing species, i.e. H2O2, O2, OH●, CO3

●-, and 
HO2

● [7].   
 
In addition to the redox conditions in the deep repository, factors like groundwater 
composition, temperature and physical properties of the spent fuel will influence the 
matrix solubility and the kinetics of UO2 dissolution. The groundwater composition is 
of importance since UO2

2+ is subjected to various hydrolysis and complexation 
reactions. Thus, the pH and the content of compexing agents (i.e. carbonate, 
phosphate) could have major effects on the fuel dissolution [14]. The effects of 
physical properties will be described in the following section. 
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Among the oxidants formed upon radiolysis of water there are both one- and two-
electron oxidants. The mechanism for oxidation is expected to differ between the two 
types according to the following scheme: 
 
One-electron oxidant (reaction 4-6) 
U(IV)surf + 1-e-ox → U(V)surf + 1-e-red     (4) 
U(V)surf + U(V)surf → U(IV)surf + U(VI)surf     (5) 
or 
U(V)surf + 1-e-ox → U(VI)surf + 1-e-red     (6) 
 
Two electron oxidant (reaction 7) 
U(IV)surf + 2-e-ox → U(VI)surf + 2-e-red     (7) 
 
In both cases U(VI) is formed on the surface and can then be dissolved: 
 
U(VI)surf → U(VI)aq         (8) 
 
Reaction 8 is facilitated by carbonate present in the system. In the absence of 
carbonate the oxidized uranium deposits at the UO2 surface and blocks the sites from 
further oxidation. Carbonate is a strong complexing agent for UO2

2+ and, at carbonate 
concentrations up to 0.1 M, it transfers the ion to solution by formation of 
UO2(CO3)2

2- [12]. Recently, it has been shown that in 10 mM HCO3
- solutions 

oxidation of UO2 rather than dissolution is the rate limiting step for the total oxidative 
dissolution process [15]. 
 

Heterogeneous- and surface reactions  
 
The system involved in the oxidative dissolution process of UO2 is a heterogeneous 
system, i.e. the reaction occurs at the interface of two phases (in this case at the 
surface of the UO2). This procedure can be divided into the following steps: 
 

1. Transport (diffusion) of the reactants in solution to the surface 
2. Adsorption of the reactants on the surface 
3. Surface diffusion of reactants 
4. Reactions on the surface 
5. Desorption (dissolution) of products 
6. Transport (diffusion) of products away from the surface 

 
 
Any of these steps (or combinations of steps) may be rate determining. An important 
aspect of reactions occurring at solid surfaces is that the surface is not flat. Kinks and 
monoatomic steps on the surface are important as adsorption sites and bond breaking 
is often promoted at such irregularities [16]. 
 
There are several reasons why the reaction at an interface may differ from the 
homogeneous case. The effects can be divided into energetic reasons and geometric 
reasons. The energetic reasons involve the change in potential energy surface of the 
reaction and might also involve lowering of the activation energy. The geometric 
reasons are: the relative arrangement, accessibility, and orientation of the reactants 
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and the dimensionality of space of their motion. It has been shown that the primary 
effect of the reduction in dimensionality is a decrease in the rate of the reaction [17].  
 
When studying the kinetics of heterogeneous reactions the employment of powder 
suspensions as model systems is often convenient. The powder suspensions provide 
large surface to volume ratios and increased flexibility of the systems, which allow 
determination of pseudo first order and second order rate constants. The system of 
suspended solid UO2 particles can be described using a model where the active UO2 
sites are localized on the surface of “hard spheres” with radius significantly larger 
than the molecular radius of the reactants. Employing basic collision and diffusion 
theory the rate of reaction in such a heterogeneous system can be described by 
equation 9 [17]. 
 

[ ] [ ]
V

N
Oxe

RR
RTk

dt
Oxd MOXRT

E

pOX

MOXB
a











−=

−2

3
2

πη
     (9) 

 
where kB, T and η denote the Boltzmann constant, the temperature and the viscosity of 
the solvent, [Ox] denotes the concentration of oxidant in solution, ROX and RMOX are 
the molecular radius of the oxidant and the solid material, respectively. NMOX denotes 
the number of solid phase molecules on the particle surface being exposed to the 
solution of volume V. Rp denotes the radius of the “hard spheres”, which in this case is 
equal to the radius of the suspended particles.  
 
It has also been suggested that the activation energy for electron transfer reactions 
should depend on the particle size according to equation 10 [18]. 
 

b

s
Ba n

n
TkE ln=∆−         (10) 

This equation originates from the fact that larger particles contain more electrons than 
smaller particles relative to the number of surface sites (the electron content increases 
with r3 while the number of surface sites increases with r2) and that a large pool of 
electrons would lower the barrier for removal of electrons. Hence, the activation 
energy should decrease with increasing particle size. Using the Bolzmann distribution 
the particle size dependence of the activation energy can then be expressed by 
equation 10, where ns and nb denote the number of molecules on the surface and the 
molecule content of the particle, respectively.  
 

Properties of UO2 and spent nuclear fuel 
 
UO2 and its solid solutions adopt cubic fluorite structure. The large cubically 
coordinated interstitial sites can accommodate oxygen and compositions up to near 
UO2.33 can be reached, without any major distortion of the structure [19]. In perfectly 
stoichiometric UO2 the band gap between the valence band and the conduction band is 
~1.1 eV. At room temperature the probability for electrons to be transferred to the 
conduction band is extremely low. However, electric conductivity can occur in UO2 
with a slight excess of oxygen (present as O2-). Some of the U(IV) will then be 
oxidized to U(V) or U(VI) and positive holes will be created in the narrow U 5f band. 
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The holes can migrate by a hopping mechanism, where the normally localized 
electrons move from one cation to the next in a series of thermally activated jumps 
with low activation energy (~0.2 eV). The electrochemical properties of UO2+x should 
therefore be regarded as (similar to) p-type semiconducting [19]. However, the 
presence of excess of uranium in other phases than UO2 and high degree of 
localization of the excess oxygen may result in n-type semiconductivity [20, 21]. The 
conductivity is also strongly dependent on purity, apparent density and defects in 
crystalline structure. The history (e.g. sintering) and the temperature of the UO2 are 
other factors that strongly influence its electrical properties [21]. 
 
The physical and electrical properties of spent fuel are different from those of pure 
UO2. Upon irradiation of the fuel in the reactor fission products and transuranium 
elements are formed. Many of the fission-products are insoluble in UO2 and 
secondary phases will be formed in the spent fuel. Others are soluble and dissolve in 
the UO2 matrix. Substitution of trivalent ions (e.g. Y3+, La3+ and Nd3+) for U(IV) 
requires further oxidation to maintain the charge balance and thereby contribute to the 
formation of positive holes and increased electrical conductivity [22]. 
 
Due to the radionuclide content the spent fuel will be exposed to continuous self-
irradiation. The solid-state radiation effects on the crystal structure appear to be 
relatively minor. During the burning process the high temperature will cause 
annealing of the fuel and any limited effects that occur will be mitigated. However, 
when removing the fuel from the reactor the temperature will progressively decrease 
and the propensity for radiation damage increases and at ambient temperature, UO2 
can be slightly damaged e.g. by α-particles and electrons [14]. Irradiation of UO2 with 
≥1.8 MeV electrons has also been shown to induce minor defects in crystal structure 
[23].  
 
During in-reactor irradiation, the steep thermal gradient in the fuel and the low 
strength of the UO2 result in cracking of the material, leading to increased surface area 
of the fuel. The burning process also affects physical properties such as grain 
structure, grain size and porosity, even though UO2 does not become amorphous upon 
in-reactor irradiation, in contrast to many other ceramics [14, 24]. At high fuel burn-
ups (>45 GWd/tU) a porous outer ring is formed on the surface of the fuel (so called 
rim-effect and cauliflower structure). The mechanism behind this effect is unknown. 
The zone is typically 100 to 200 µm thick and accounts for ~4 to 8% of the fuel 
volume and is characterized by high porosity (up to 30%), large reduction in grain 
size (0.5-2 µm) and high radioactivity content (~10% of the inventory of the fuel) [25, 
26].  
 
The changes in particle size and surface area of the spent fuel are likely to affect the 
reactivity and the dissolution rate. It is also reasonable to believe that increased 
electrical conductivity should increase the rate of oxidation (and hence, dissolution) 
since increased electrical conductivity involves increased mobility of electrons which 
would facilitate electrochemical reactions. The energy deposited in the material due to 
self-irradiation could possibly raise electrons to the valence band and hence contribute 
to increased electrical conductivity and reactivity of the UO2. 
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Experimental 
 
The aim of this thesis is to shed some light on how some of the factors that 
differentiate UO2 from spent nuclear fuel influence the oxidative dissolution rate and 
to investigate the relative importance of the oxidizing species formed upon radiolysis 
of water on dissolution of the UO2 matrix. In order to do this, four experimental 
studies have been performed. The ability of different oxidants in dissolving UO2 is 
investigated in a comparative study of one- and two-electron oxidants and in a study 
of the relative impact of radiolytically produced oxidants. The effect of irradiation of 
the UO2 matrix and the effect of the UO2 particle size, on the oxidation kinetics are 
investigated in two separate studies. 
 
In all the studies the UO2 was washed with NaHCO3 prior to the experiments in order 
to remove U(VI) from the surface (when studying OH• additional washing with H2O 
was performed). The reaction solutions contained NaHCO3, except when studying 
OH•, in order to facilitate the dissolution of the oxidation product. The following 
equipment was used; a Scintrex UA-3 Uranium Analyser [27] for measuring U(VI) 
concentrations, Jasco V-530 UV/VIS-Spectrophotometer and WPA lightwave S2000 
Biochrom for UV/visible spectroscopy, BET equipment (Micromeritics Flowsorb II 
2300 with 30% N2 in Helium) and Scanning Electron Microscopy. Electron 
irradiations were performed using a Microtron electron accelerator with electron 
energy 6-6.5 MeV and a pulse duration of 4 µs and γ-irradiations were carried out 
using a Co-60 γ-source with dose rate of ~0.06 Gy/s (determined by Fricke dosimetry 
[7]). 
 
Detailed information of each experiment is found in the publications.  
 

I. Dissolution of UO2 by one- and two-electron oxidants 
 
In order to compare the efficiency between one- and two-electron oxidants in 
dissolving UO2, the U(VI) dissolution yields were measured for the reaction between 
UO2 and four different oxidants at different initial oxidant concentrations. The 
oxidants used were OH•, CO3

•- and IrCl6
2- (one-electron oxidants) and H2O2 (two-

electron oxidant). In all experiments aqueous suspensions of 0.2 g UO2 powder in 
20 mL solution, were used. The suspensions were purged with Ar (H2O2 and IrCl6

2-) 
or N2O (CO3

•- and OH•) throughout the experiments and stirred by a magnetic stirrer. 
In the H2O2 and IrCl6

2-experiments controlled amounts of oxidant (the concentration 
of the H2O2-solution was measured by the I3

- method [28-30]) were added to the 
aqueous suspensions and were allowed to be completely consumed before sampling.  
 
The radical oxidants (OH•, CO3

•-) were produced by γ−irradiation of the suspensions. 
The suspensions were purged with N2O to convert the solvated electron, eaq

-, to OH• 
(reaction 2) and thereby increasing the yield (G-value) to 5.6 x 10-7 mol/J. The 
carbonate radical was generated in solutions containing 50 mM NaHCO3 (reaction 1). 
When studying the reactivity of the hydroxyl radical, suspensions free from carbonate 
were used. The total amount of oxidant formed in these experiments was controlled 
by the irradiation time.  
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Before analysis, the suspension was filtered (pore size 0.20 µm) to remove solid UO2 
particles from the solution and the U(VI) concentrations in these samples were 
measured. For each experiment a reference experiment with identical conditions (and 
time) but without added oxidant or exposure to radiation was performed. The 
dissolution rates in the background experiments were found to be significant. The data 
from these experiments were used for background correction.  
 

II. The relative impact of radiolysis products in radiation induced oxidative 
dissolution of UO2 

 
In this investigation, we have studied the relative impact of radiolytically formed 
oxidants on UO2 dissolution. This was done by analyzing the amount of dissolved 
U(VI) as a function of time in 10 mL γ-irradiated aqueous 10 mM NaHCO3 solutions 
containing a UO2-pellet. In order to favour the formation of different oxidizing 
species (according to reaction 1-3) in the system the conditions were varied by 
saturating the solutions with different gases or gas-mixtures: Ar, N2O, O2, Air and 
N2O/O2 (80/20 mol%). The solution was purged and saturated with one of the gases or 
gas mixtures and the system was thereafter γ-irradiated. Samples were taken regularly 
during ~70 minutes and the U(VI) concentration of each sample was measured.  
 
Corresponding reference experiments using Ar-saturated solutions without γ-
irradiation were performed and used for background corrections.  
 

III. Radiation enhanced reactivity 
 
In these experiments the effect of irradiation of the UO2 matrix on the kinetics of UO2 
oxidation was studied. Four series of experiments were performed; detailed 
information is given below. The solid phase consisted either of a UO2-pellet, a UO2 
fragment or of a set of two rectangular UO2 slices (1x10x8 mm). The fragment and 
the slices were cut from a pellet. In each series the same specimen of UO2 (pellet, 
fragment or slices) was used throughout, in order to avoid deviations caused by 
differences between different individuals (i.e. differences in geometry).     
 
Permanganate, in aqueous solutions of initial concentration 0.6 mM, was used as 
oxidant in all four series. The reactions were studied as a function of time, measuring 
the Mn(VII) concentration with UV/Vis spectroscopy at 545 nm.  
 
The irradiations in series 2 were performed using the 60Co γ-source and in series 3 and 
4 the Microtron electron accelerator was used.  
 
Series 1. 
In this experimental series several consecutive oxidations were carried out without 
irradiation in order to detect possible changes in the reactivity arising from oxidation 
of the material. A UO2 fragment was immersed in 4 ml permanganate solution. 
Samples were taken from the solution every 5 minutes (during ~80 minutes), analyzed 
and poured back into the reaction vessel. 
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Series 2. 
In this series a UO2-pellet was immersed in 7 mL permanganate solution and the 
reaction was followed during γ-irradiation of the system (for ~80 minutes). The 
results were corrected with respect to the radiolytic decomposition of MnO4

-, 
measured in separate experiments. Reference experiments where the reaction was 
studied in absence of irradiation were performed. Samples were taken and analyzed 
every 5 minutes (sampling time ~1 minute). The pellet was washed in 5 mM NaHCO3 
solutions before each experiment. 
 
Series 3. 
The experiments were performed in the PEEK-cell shown in figure 1. The cell holds 3 
mL solution and the solid material (two UO2 slices) can be placed either inside the cell 
in contact with the solution or on the outside in order to provide the same radiation 
dose but no contact between the solution and the solid.  
 

 
Figure 1. The PEEK-cell used in electron irradiation experiments.  
 
As in series 2, experiments were performed where the reaction was studied during 
irradiation of the solid. The results were corrected with respect to the radiolytic 
decomposition of MnO4

-, which was measured in separate experiments. Also 
reference experiments where the reaction was studied without irradiation were 
performed. The slices were washed overnight in 5 mM NaHCO3 solutions between 
the irradiations and the reference experiments. 
  
The irradiation setup was designed so that nearly all the radiation energy was 
deposited in the solid and the irradiation of the solution was minimized. The 
experiment was performed at 12.5, 25 and 50 Hz pulse frequency. After each minute 
of irradiation, samples were taken and analyzed whereafter the solution was poured 
back into the cell. Total time for each experiment was ~45 minutes, whereof 15 
minutes irradiation. 
 
The average dose rate (not taking into account that the radiation is pulsed) was 
measured to 24.3 Gy/s by Fricke dosimetry [7] at 12.5 Hz. The actual dose rate during 
the pulses is considerably higher (approx. 108 Gy/s).  
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Series 4. 
In the last experimental series a fragment of UO2 was irradiated by the accelerator 
with no solution present (i.e. in air). The fragment was irradiated 3 times of 15 
minutes each, at 50 Hz pulse frequency. After irradiation the fragment was washed in 
5 mM NaHCO3 solutions for at least 1 hour. The fragment was then immersed in 4 
mL permanganate solution and the reaction was studied as a function of time (for 2 
hours), this was repeated 2-3 times after each irradiation and also performed 2 times 
before the first irradiation.  
 

IV. The influence of particle size on the kinetics of UO2 oxidation in aqueous 
powder suspensions 
 
According to equation 9 and 10 the kinetics of oxidation of solid UO2 depends on the 
size of the UO2 particles. In the present study the second order rate constants and 
activation energies were measured for the reaction between MnO4

- and UO2, using 
suspended UO2 powder of four different size fractions, < 20 µm, 20 µm – 41 µm, 41 
µm – 72 µm and > 72 µm. The activation energy for the reaction with a UO2-pellet 
was determined in additional experiments. 
 
The different size fractions were separated by sieving. The amount of suspended UO2 
varied between 20 mg and 40 mg and the volume between 20 mL and 100 mL in the 
experiments carried out to determine the second order rate constant. In the study of 
activation energy, 20 mg UO2 in 100 mL suspension was used and the temperature 
was varied between 0 °C and 73 °C. 
 
The suspensions containing 10 mM NaHCO3 and approximately 0.7 mM MnO4

- were 
purged with Ar throughout the experiment and stirred by a magnetic stirrer. Samples 
were taken regularly during 5-10 minutes, sample volume 2-3 mL. In order to stop the 
reaction and clear the solution the sample was filtered (pore size 0.2 µm) before 
analysis. The concentration of MnO4

- was measured by UV/visible spectroscopy at 
525 nm.  
 
The BET surface area of each powder fraction was measured. In order to further 
characterize the surfaces, Scanning Electron Microscopy was used on fractions 1 (>72 
µm) and 4 (< 20 µm). 
 
In the UO2-pellet experiments, 10 mL ~0.5 mM MnO4

- solutions containing 10 mM 
NaHCO3 were used. The solutions were purged with Argon throughout the 
experiment and stirred by a magnetic stirrer. Samples were taken every 5 minutes, 
sampling volume ~2 mL. The Mn(VII) concentration in the samples were analysed 
with UV/Vis spectroscopy at 545 nm and the samples were then poured back into the 
reaction vessel. The temperature was varied between 25 °C and 75 °C.   
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Results and discussion 

I. Dissolution of UO2 by one- and two-electron oxidants 
 
In recently performed kinetic studies of UO2 oxidation, a linear relationship between 
the logarithm of the rate constant for oxidant consumption and the one-electron 
reduction potential of the oxidant was found, also in the case of two-electron oxidants 
[3]. It was therefore concluded that the rate-determining step for oxidation is one-
electron transfer, regardless of the type of oxidant. However, the dissolution process 
follows a more complex pattern and in order to quantify the impact of the oxidation 
on the rate of dissolution, not only the rate of reaction but also the efficiency, must be 
taken into account.  
 
The dissolution process is expected to differ between one- and two- electron oxidants 
according to reactions 4-8. If we assume U(VI) to be the only soluble species we can 
expect that one-electron oxidants are less efficient (per electron pair) than two-
electron oxidants in dissolving the UO2-matrix. The main reason for this is that a 
solid-phase disproportionation process is required for production of the soluble 
species (reaction 5). Another possibility of forming U(VI) would be if two 
consecutive one-electron oxidants react at the same site (reaction 6), however, at the 
low oxidant concentrations considered here the probability for this should be 
extremely low. 
 
The oxidative dissolution yield of UO2 was studied using H2O2 (two-electron oxidant) 
and IrCl6

2-, CO3
●- and OH● (one-electron oxidants). The results for H2O2 and IrCl6

2- 
are illustrated in figure 2, were the dissolution yield is plotted versus initial oxidant 
concentration. 
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Figure 2. Oxidative dissolution yields for ♦ IrCl6

2- and ■ H2O2 plotted versus initial 
oxidant concentration.  

 
As can be seen in the figure, the dissolution yield (per electron pair) for the one-
electron oxidant IrCl6

2- is significantly lower than for the two-electron oxidant H2O2 
at oxidant concentrations below 0.2 mM. This supports the theory that U(VI) is the 
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main soluble species and it implies that the electron transfer in the UO2-matrix i.e. the 
disproportionation of U(V) on the surface (reaction 5) is a slow process. This is not 
surprising given the low electrical conductivity of UO2(s) [31]. The disproportionation 
process should be facilitated by higher degree of oxidation and this might be the 
reason for the observed increase in yield with increasing oxidant concentration for 
one-electron oxidation. The probability of two one-electron oxidants to react at the 
same UO2-site (reaction 6) also increases with increasing oxidant concentration, 
which may contribute to the increasing yield. An interesting observation is that the 
maximum dissolution yield observed for the two-electron oxidant is 80% even though 
the dissolution is thermodynamically favored. The remaining 20% of the oxidant are 
probably catalytically decomposed on the UO2 surface.  
 
The data from the experiments using radiolytically produced CO3

●- and OH● can not 
fully be explained by the proposed mechanism. In the carbonate system the 
dissolution yield increased very fast with increasing oxidant concentration and to a 
level above 100 %. The unreasonably high yield was first thought to be rationalized 
by the irradiation of the UO2 powder. However, more recent work has provided a 
more reasonable explanation for the results from those experiments, which will be 
discussed in the following section. 
 

II. The relative impact of radiolysis products in radiation induced oxidative 
dissolution of UO2 
 
From the linear relationship found between the one electron reduction potential and 
the rate constant for oxidation [3] it can be concluded that CO3

●- and OH● are 
significantly more reactive towards the UO2 matrix than H2O2 and O2, the former 
having significantly higher reduction potentials [32, 33]. On the basis of the reactivity 
alone, the impact of the radical radiolysis products on spent fuel dissolution can be 
assumed to be significant. However, their significance has never been unambiguously 
proven. In order to study the relative impact of radical and molecular radiolysis 
products experiments were performed, where the amount of dissolved U(VI) was 
measured as a function of time in systems dominated by different oxidizing species. 
The systems employed were γ-irradiated carbonate solutions saturated with different 
gases or gas-mixtures: Ar, N2O, O2, Air and N2O/O2 (80/20 mol%). The radiation 
chemical yield of oxidants will be affected by the carbonate content and gas-
saturation according to reactions 1-3.   
 
The amount of dissolved U(VI) was found to increase almost linearly with irradiation 
time in all systems and the dissolution rates were obtained from the slopes (table 3). 
The system saturated with O2 showed the highest dissolution rate, followed by the air-
saturated system. Judging from the relative reactivity (CO3

●- being significantly more 
reactive than O2

●-, based on reduction potential) and initial yields of radicals (table 3), 
we would expect the highest dissolution rates in the N2O- and N2O/O2- saturated 
systems where the CO3

●- radical is favored. Hence, the relative reactivity and initial 
radical yields can not alone rationalize the observed dissolution rates. 
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Table 3. Experimental dissolution rates and G-values [7] for O2
●- and CO3

●- in the 
studied systems.  
 

System 
 

U(VI) 
µmol min-1 

G (O2
●-) 

µmol J-1 
G (CO3

●-) 
µmol J-1 

Ar (8 ± 1) × 10-5 0 0.28 
N2O (9 ± 2) ×10-5 0 0.56 

N2O/O2 (6 ± 1) ×10-5 0 0.56 
Air (1.5 ± 0.2) ×10-4 0.28 0.28 
O2 (3.0 ± 0.2) ×10-4 0.28 0.28 

 
 
In order to further analyze the systems employed, numerical simulations 
(MACKSIMA-CHEMIST) were performed. In the simulations the steady-state or 
average concentrations of the oxidizing radiolysis products were calculated for the 
homogeneous system, i.e. not taking the reactions with the UO2 surface into account. 
For comparison, also a system saturated with H2 (40 bar) was included in the series of 
simulations. The calculations showed that the concentration of H2O2 is significantly 
higher in the O2- and air- saturated systems. Also the O2

●- concentration is higher in 
these systems, this should however be of minor importance considering the 
significantly lower reactivity of O2

●- compared to H2O2 (based on reduction 
potentials).  
 
A quantitative analysis of the systems was performed by calculating the total rate of 
dissolution from equation 11, using the average or steady-state concentrations and the 
rate constants for UO2 oxidation (determined from the relationship between reduction 
potential and rate constant [3]). 
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Here )(VIUn  denotes the amount of dissolved U(VI), 

2UOA denotes the BET surface of 
the solid phase, kox is the rate constant for the oxidation reaction with the oxidant of 
concentration [Ox] and −e

n  is the number of electrons transferred by each oxidant 
molecule (2 for H2O2 and O2 and 1 for the radicals).  
 
The calculated dissolution rates are given in table 4. 
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Table 4. Calculated dissolution rates and relative impact of oxidants.  
 

H2O2 O2 O2
•- HO2

• CO3
•- OH• Total  System 

µmol min-1 µmol min-1 µmol min-1 µmol min-1 µmol min-1 µmol min-1 µmol min-1 

4.93x10-6 1.16x10-7 2.15x10-9 1.05x10-7 1.65x10-6 1.06x10-10 Ar 
(72.7 %) (1.7 %) (0 %) (1.2 %) (24.3 %) (0 %) 

6.78x10-6 

4.17x10-6 9.47x10-7 1.57x10-10 8.87x10-8 2.01x10-5 1.80x10-10 N2O 
(16.5 %) (3.7 %) (0 %) (0.4 %) (79.5 %) (0 %) 

2.53x10-5 

4.16x10-6 7.68x10-6 1.64x10-10 8.87x10-8 1.95x10-5 1.77x10-10 N2O/O2 
(13.2 %) (24.4 %) (0 %) (0.3 %) (62.1 %) (0 %) 

3.14x10-5 

6.57x10-5 6.32x10-6 2.38x10-8 1.39x10-6 1.29x10-7 9.33x10-11 Air 
(89.6 %) (8.6 %) (0 %) (1.5 %) (0.2 %) (0 %) 

7.33x10-5 

8.50x10-5 3.50x10-5 3.50x10-8 1.84x10-6 9.61x10-8 8.95x10-11 O2 
(69.9 %) (28.8 %) (0 %) (1.2 %) (0.1 %) (0 %) 

1.22x10-4 

2.51x10-8 5.99x10-16 6.57x10-13 5.36x10-10 1.55x10-7 1.42x10-11 H2 
(13.9 %) (0 %) (0 %) (0.3 %) (85.8 %) (0 %) 

1.80x10-7 

 
 

 In figure 3 the calculated dissolution rates are plotted versus the experimentally 
determined rates. As can be seen the dissolution rates are underestimated in all cases. 
However, the relative trend is reproduced and the correlation is fairly good. 
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Figure 3. Theoretical dissolution rate plotted versus experimental dissolution rate 
plotted for five systems studied; ▲ N2O, x N2O/O2, ■ Ar, ● Air and ◊ O2. 
 
Given this correlation we can use the data presented in table 4 to assign the relative 
impact of the different radiolysis products in the systems studied here. From the table 
it is obvious that H2O2 has the highest impact on the Ar-, air- and O2-saturated 
systems. In the N2O- and N2O/O2-saturated systems, CO3

●- has the highest impact. 
Also in the Ar-saturated system the CO3

●- is of significant importance. O2 is important 
in all the systems studied experimentally. The simulation of the H2-saturated system 
indicates that CO3

●- is the most important oxidant in this case. The total dissolution 
rate in this system is also significantly lower than for the other systems since the H2O2 
and O2 concentrations are suppressed by the presence of H2. 
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The time scale used so far is very short in view of spent fuel dissolution in a deep 
repository. Furthermore, the relative impact of the different oxidants varies with time. 
Therefore we performed 10 hour simulations on the γ-irradiated Ar-, N2O- and O2-
saturated systems. These simulations showed that the relative impact of molecular 
products increases with time in all three cases and after 10 hours also the N2O-
saturated system is dominated by molecular oxidants.  
 
The underestimation of the dissolution rates described above for the shorter time 
simulations can be explained by the time dependence of the relative impact of the 
different oxidants. When performing the experiments, the irradiation was interrupted 
each time a sample was taken. The solution was then placed in the γ-source again and 
the irradiation continued. Hence, the total reaction time is somewhat longer than the 
irradiation time, giving the molecular products longer time for reaction. This should 
influence the O2- and air-saturated systems in particular, where the H2O2 and O2 
concentrations are fairly high. In the Ar-saturated system the 10 hour simulation 
showed that the total dissolution rate decreases with time during the first 30 minutes. 
Hence, by repeatedly re-starting the irradiation after each sampling the measured 
dissolution rate will be higher than reflected by the simulation. 
 
If we consider the irradiated systems studied in the previous section, where the aim 
was to study the dissolution yield for CO3

●- and OH●, the results presented above can 
provide some explanation. According to table 4 the dissolution rate in the systems 
employed (N2O saturation) will be determined by H2O2, O2 and CO3

●- (or OH● when 
no carbonate is present). Using the (homogeneous) concentrations of these species at 
different irradiation times, calculated by numerical simulations (MACKSIMA-
CHEMIST), we can calculate the dissolution rate and the amount of dissolved U(VI) 
as a function of irradiation time. The measured and the calculated amount of U(VI)aq 
are given in table 5. In the system where no carbonate was added the measured 
amount of U(VI)aq is lower than the calculated. In this system the dissolution of U(VI) 
from the surface will not be complete, which explains the difference between the 
experimental and the calculated values. For the carbonate-containing system the 
calculated values are virtually identical to the experimental data, as illustrated in 
figure 4. Hence, this relatively simple approach used for calculation of the UO2 
dissolution rate can be very useful. 
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Table 5. Experimental and calculated amounts of dissolved U(VI). 
 

Irr. time No carbonate 50 mM carbonate 

min 
U(VI) calc. 

µmol 
U(VI) exp.  

µmol  
U(VI) calc.  

µmol  
U(VI) exp.  

µmol  
5 0.02 0 - - 
10 0.04 0.01 0.24 0.06 
15 0.05 0.01 - - 
20 0.07 0.03 0.49 0.28 
30 - - 0.74 0.5 
40 - - 0.99 0.78 
60 - - 1.51 1.34 
120 - - 3.14 2.97 
180 - - 4.87 4.96 
240 - - 6.68 7.19 
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Figure 4. Estimated (◊) and experimentally determined (□) amount of U(VI) in 
solution as a function of irradiation time in γ-irradiated UO2-powder suspensions 
containing HCO3

-.  
 
The systems studied in this work have all been subject to γ-radiolysis. The radiation 
chemistry in a deep repository will, in the vicinity of the fuel, be dominated by α-
radiolysis. For this reason we performed the same type of simulations on four α-
irradiated systems, using the same dose rate. The conditions were varied by H2-
saturation and presence of HCO3

-. In all cases H2O2 was found to be the dominating 
oxidant (99.9-100%). The presence of HCO3

- does not influence the total rate of 
oxidation significantly. The dissolution of U(VI) from the surface will however be 
affected by the presence of carbonate. It is also clear that the presence of H2 
significantly lowers the total oxidation rate when no carbonate is present. In the 
presence of both H2 and HCO3

- the rate of oxidation will be slightly lower than for the 
HCO3

- -free system.  
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III. Radiation enhanced reactivity 
 
The reactivity of pure UO2 is not expected to be identical to the reactivity of spent 
nuclear fuel for a number of reasons described earlier. One reason is that the spent 
fuel, due to its content of radionuclides, is continuously being exposed to self-
irradiation. The effect of irradiation on UO2 reactivity was investigated in four 
experimental series, where the reaction between MnO4

- and UO2 (irradiated and not 
irradiated) was studied.  
 
Since the same specimen of UO2 was used throughout each series the possible effects 
of repeated oxidation of the surface needed to be investigated. Hence, eight 
consecutive oxidations without irradiation were performed. No changes in reactivity 
were observed. Thereafter, the reaction was studied during irradiation using a 60Co γ-
source. In these experiments no changes in reactivity arising from the irradiation 
could be detected. The dose rate applied to the material was then increased in two 
experimental series performed using an electron accelerator. In series 3 the irradiation 
of the UO2 slices by the electron accelerator was performed at three different pulse 
frequencies 12.5, 25 and 50 Hz corresponding to three different dose rates; 24.3, 48.6 
and 97.2 Gy/s, respectively (assuming the dose rate to be proportional to the pulse 
frequency). 
 
These experiments revealed an increase in reactivity after irradiation at the two higher 
dose rates, whereas no change was observed after irradiation at the lowest dose rate. 
However, before being irradiated the reactivity of the UO2 was significantly lower 
than after/during the irradiation at the lowest dose rate. Moreover, a dose dependence 
of the increase in reactivity after irradiation was found. This dose dependence is 
illustrated in figure 5, where the difference in MnO4

- absorbance between the 
reference experiment (after irradiation) and the experiment during irradiation 
(corrected for radiolytical decomposition of permanganate) at reaction time 
corresponding to 15 minutes irradiation has been plotted versus radiation dose. 
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Figure 5. Difference in MnO4
- absorbance between irradiated and reference 

experiment (after irradiation) after 45 min total reaction time (corresponding to 15 
min irradiation) versus radiation dose.   
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From these experiments it is clear that relatively high doses (~ 40 kGy) are required 
for the effect to be observed, which explains why no effect was observed in the γ-
irradiation experiment where the dose was only 270 Gy. It is also clear that the effect 
remains after the irradiation (for the higher doses, it is not observed until after the 
irradiation).  
 
In the fourth series of experiments a fragment of UO2 was irradiated in air (3 times of 
15 minutes each) in the electron accelerator at 50 Hz and the reactivity was studied 
before the first irradiation and after each irradiation. The results are shown in figure 6.  
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Figure 6. Normalized MnO4

- absorbance plotted versus reaction time for reaction 
with UO2 before and after irradiation in air. (◊ before irradiation, x after one 
irradiation, ∆ after two irradiations, □ after tree irradiations). 
 
 
Comparing data from the study made before irradiation of the material with the data 
from the studies after irradiation we find a clear increase in the reaction rate, in 
consistence with the results from series 3. The effect seems however to be limited to 
about 1.3 times the reactivity before irradiation (based on the consumed amount of 
permanganate at the end of the experiments). The largest effect is observed after the 
first irradiation where the reactivity increases with a factor 1.2, after the second 
irradiation the reactivity is at its maximum and no further increase in reactivity is 
observed after the third irradiation. 
 

IV. The influence of particle size on the kinetics of UO2 oxidation in aqueous 
powder suspensions 
 
Because of its usefulness as model system for spent nuclear fuel, UO2 powder is 
commonly used in kinetic studies of the oxidative dissolution of UO2. Based on 
earlier presented studies and theories [17, 18] it is reasonable to believe that the 
particle size of the used powders would affect the outcome of the experiments. In 
order to relate different studies made on powder suspensions to each other and to the 
spent fuel system, it is therefore of importance to quantify the particle size 
dependence of the kinetic parameters for UO2.  
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Judging from equation 9 we would expect the rate constants to be inversely 
proportional to the particle size, provided that the activation energy is constant. The 
second order rate constants determined for the reaction between UO2 and MnO4

-, 
using four different size fractions of UO2 powder (table 6) seem to follow this trend 
quite well. 
 
Table 6. Experimentally determined second order rate constants for the reaction 
between UO2 and MnO4

- and approximate radii for four size fractions of UO2 powder. 
 

Fraction Particle radius (µm) k (m s-1) 

1 (>72 µm) 40 (10 ± 1) x 10-7 

2 (41-72 µm) 28.5 (8 ± 3) x 10-7 

3 (20-41µm) 15.5 (3.2 ± 0.5) x 10-6 

4 (<20 µm) 7 (6 ± 1) x 10-6 
 
 
However, determination of the activation energies for the reaction showed a 
significant dependence on particle size and when compared to the theory represented 
by equation 10 the agreement is satisfactory as will be illustrated later (figure 8). The 
relative activation energies are calculated using fraction 2 as reference, this fraction 
will be used as reference throughout.  
 
Taking the calculated activation energies into account we can calculate the relative 
theoretical rate constants using equation 9. The resulting rate constants were all ≈1 
(table 7). According to this calculation the particle size dependence of the activation 
energy cancels out the particle size dependence of the pre-exponential factor (in this 
particle size range) and taking both equations into account we would not expect any 
difference in reactivity between the fractions. 
 
This is not consistent with our experimental data, where we based the calculation of 
the experimental second order rate constants on the measured BET surface of the 
particles. If we instead use the geometrical surface when calculating the rate constants 
the correspondence with theory is better (table 7 and figure 7), indicating that the BET 
surface is not an accurate measure of the surface accessible to the oxidant.  
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Table 7. Second order rate constants for the reaction between UO2 and MnO4
- for four 

size fractions of UO2 powder. Experimental rate constants, based on BET surface and 
geometrical surface respectively, compared with theoretical rate constants. 
 

Fraction 
 

k experimental  
(BET-surface) 

k experimental 
(geom. surface) 

k theoretical 
 

1 (>72 µm) 1.3 1.8 0.9998 

2 (41-72 µm) 1.0 1.0 1.0000 

3 (20-41µm) 4.2 2.3 1.0003 

4 (<20 µm) 7.9 2.0 1.0006 
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Figure 7. Second order rate constants for the reaction between UO2 and MnO4

- 
plotted versus Rp

-1 for four size fractions of UO2 powder. Experimental rate constants, 
based on BET surface (◊) and geometrical surface (∆), respectively, compared with 
theoretical rate constants (□). 
 
The activation energy for the reaction was determined to 22.2 kJ/mol when a UO2-
pellet was used as solid phase. If we regard the pellet as one large particle (Rp ≈ 0.5 
cm) we would expect the activation energy of the pellet to be significantly lower than 
for the powders (2.5 kJ/mol), according to the theory and the trend in our results from 
the powder experiments. However, in view of the pellet composition, i.e. that the 
pellet consists of pressed and sintered UO2 powder, the pellet could be considered as a 
cluster of smaller particles and the result is then not that surprising. In figure 8 we 
have plotted the relative measured activation energies for the powders and the pellet 
(using the grain size of the pellet, Rp = 2.82 µm, as reported by the supplier) together 
with the relative activation energies calculated from equation 10. The error bars 
correspond to the uncertainty in each of the experimentally determined activation 
energies.  
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Figure 8. Experimental (♦) and theoretical (■) relative activation energies for the 
reaction between UO2 and MnO4

- plotted versus ln Rp for four size fractions of UO2 
powder and a UO2-pellet. 
 
As can be seen from the figure the agreement between the powder experiment and the 
pellet experiment, when treating the pellet as a cluster of small particles, is very good 
as well as the agreement with theory, considering the uncertainty in the experimental 
data. A decrease in particle size (to a grain size of 1 to 2 µm in diameter) on the 
surface of the fuel pellets compared to the fresh fuel has been observed in high burn-
up spent nuclear fuel [26]. Hence, we would expect the activation energy to be even 
higher for the spent fuel than measured for the UO2-pellet. If the grain size for 
example should decrease to 1 µm diameter, the activation energy would increase to 
23.4 kJ/mol.  
 
Using the linear relationship between the reduction potential and the second order rate 
constant established by Ekeroth and Jonsson [3], the activation energies can be 
calculated for other oxidants as well. The relationship is based on experiments where 
no carbonate was added, however the relative trend should be valid also for systems 
containing carbonate. For H2O2 and O2 (E0=0.46 and -0.15 V respectively [32]) the 
activation energy was calculated to 24.5 kJ/mol and 36.8 kJ/mol, respectively for 
reaction with a fuel pellet of grain size 5.64 µm. 
 
To summarize, it was found that one-electron oxidants are less efficient than two 
electron oxidants in dissolving UO2 at low concentrations. This supports the presented 
mechanism for oxidative dissolution by one- and two-electron oxidants (reaction 4-8). 
The high yields found in the study of CO3

●- were at first believed to arise from effects 
of irradiation of the material. However, results presented in this thesis show that the 
dose applied to the material in this experiment (~900 Gy) is far too low to give 
measurable effects on the reaction. The large dissolution yield could instead be 
attributed to the simultaneous formation of (and oxidation by) H2O2 and O2, on basis 
of the study of the relative impact on UO2 dissolution by different radiolytically 
formed oxidants. This study showed that the UO2 dissolution rate in systems exposed 
to γ-irradiation can be estimated from oxidant concentrations derived from 
simulations of radiolysis in the corresponding homogeneous systems and rate 
constants for the surface reactions. It was found that for systems saturated with air, Ar 
or O2 the most important oxidant is H2O2 while for N2O- and N2O/O2-saturated 
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systems CO3
●- is the most important oxidant. However, in the latter case O2 will be 

the most important oxidant at longer irradiation times (>10 hours).  Furthermore, 
simulations of α-irradiated systems showed that in this case H2O2 is the most 
important oxidant, also in the presence of H2. Hence, in the system of relevance for 
the deep repository, the UO2 dissolution rate was found to be influenced only by the 
molecular oxidants. 
 
In the studies of the factors that differentiate pure UO2 from spent nuclear fuel we 
have found that irradiation of UO2 at doses >40 kGy increases the reactivity of the 
material. The effect seems to be limited to ~1.3 times the reactivity of unirradiated 
UO2. The underlying causes for the increase in reactivity are not clear but since the 
effect appears to be permanent we conclude that it may arise from permanent changes 
in the material. It is known that in-reactor irradiation changes the physical properties 
of the fuel, e.g. a decrease in grain size has been observed at the surface of the fuel, 
whereas other (interior) parts show an increased grain size [25]. According to 
experiments presented in this thesis an increase in particle size would decrease the 
activation energy and hence increase the rate of the reaction. The causes for the 
changes in particle size in nuclear fuel are however not clearly understood and it is not 
possible to draw any conclusions on how electron irradiation affects the particle size, 
based on these observations. It is, however, reasonable to believe that the increased 
reactivity observed in our experiments could be caused by changes in physical 
properties of the surface. This issue must be taken into account when using studies on 
non-irradiated UO2 to predict the reactivity of spent nuclear fuel, e.g. in the safety 
analysis of a future deep repository, since the spent fuel is subject to continuous self-
irradiation and should be exposed to doses >40 kGy after only a few days in the 
reactor [34]. The dissolution rate would be somewhat increased as a result of the 
increase in reactivity that arises upon irradiation.  
 
We also found that the presented theories on particle size dependence of kinetic 
parameters (equations 9 and 10) agree quite well with our experimental data. 
However, it is clear that the BET surface cannot always be relied on as an accurate 
measure of the surface accessible for reaction in a heterogeneous system. 
Furthermore, the measured activation energy for a UO2-pellet showed that in this 
respect the pellet is best regarded as a cluster of smaller particles with diameter equal 
to the grain size of the pellet. The calculated activation energies of H2O2 and O2, 
which were proven to be the most relevant oxidants under deep repository conditions, 
are relatively high. Consequently, because of the high activation energy, the 
temperature in the deep repository will be an important factor in determining the 
dissolution rate of the spent fuel. A decrease in grain size due to in-reactor irradiation 
would increase the activation energy of the spent fuel and slow down the oxidative 
dissolution process and hence counteract the increase in reactivity due to irradiation 
presented in this thesis. There are however numerous other factors that will influence 
the final dissolution rate, e.g. increased surface area due to fuel cracking and changes 
in porosity. 
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Conclusions 
 
The oxidative dissolution yield of UO2 differs between one- and two-electron 
oxidants. The dissolution yields for one-electron oxidants are strongly dependent on 
oxidant concentration, whereas the dissolution yields for two-electron oxidants seem 
to be independent of oxidant concentration. This supports the proposed mechanism 
for UO2 oxidation given by reactions 4-8.   
 
The UO2 dissolution rate in systems exposed to γ-irradiation can be estimated form 
oxidant concentrations derived from simulations of radiolysis in the corresponding 
homogeneous systems and rate constants for the surface reactions. These simulations 
showed that for all systems studied in this work, the molecular oxidants will be the 
most important oxidants for long irradiation times (>10 hours). Similar simulations of 
α-irradiated systems showed that in systems relevant for a deep repository for spent 
nuclear fuel, only the molecular oxidants (mainly H2O2) are of importance for the 
dissolution of the fuel matrix. 
 
Irradiation of UO2 at doses >40 kGy increases the reactivity of the material up to ~1.3 
times the reactivity of unirradiated UO2. The increased reactivity remains after the 
irradiation and could hence be attributed to permanent changes in the material. This 
issue must be taken into account when predicting the reactivity of spent nuclear fuel 
since the fuel is exposed to doses >40 kGy after only a few days in the reactor. 
 
We have found that the particle size dependence of the second order rate constant and 
activation energy for oxidation of UO2 by MnO4

- can be described quite well by the 
presented equations (9 and 10). These studies also showed that the BET surface can 
not always be relied on as an accurate measure of the surface available for reaction. 
Furthermore, the measurement of the activation energy for oxidation of a UO2-pellet 
showed that in this respect, the pellet is best regarded as a cluster of smaller particles 
with diameter equal to the grain size of the pellet. Since a decrease in grain size has 
been observed for high burn-up fuels, the activation energy for oxidation of the UO2-
matrix of spent fuel might be even higher than for pure UO2. This effect can however 
be counteracted e.g. by increased surface area due to fuel cracking. The temperature 
in the deep repository should nevertheless be an important factor in determining the 
spent fuel dissolution rate. 
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