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ABSTRACT 
 

This doctoral thesis is focused on the radiation induced oxidative dissolution of spent nuclear 

fuel. UO2 is typically used as a model substance for spent nuclear fuel on the dissolution 

simulation experiments, but transuranium elements and fission products are expected to 

influence the redox chemistry involved. 

The dissolution behaviour of NpO2 and PuO2 in H2O2 solution without complexing agent was 

compared to UO2. Based on the measured rates, the dissolution of the actinides is not 

expected to be congruent, with Np and Pu release rates lower than the U release rate. 

The oxidative dissolution of PuO2 was found to be enhanced by the presence of Fe2+ in 

solution. This enhancement was attributed to hydroxyl radicals produced in the Fenton 

reaction between Fe2+ and radiolytically produced H2O2. The presence of solid UO2 pellet was 

found to prolong the lifetime of Fe2+ in solution, leading to further enhancement on the Pu 

dissolution.  

Fission product doping of UO2 was found to not have significant effect on the catalytic 

decomposition of H2O2. Fission product doping was however observed to hinder the reaction 

of UO2 with oxidants MnO4
- and IrCl6

2-, and the effect of doping to decrease with increasing 

reduction potential of the oxidants. 

Uranyl peroxide solid phase formation on UO2 surface was observed to depend strongly on 

the peroxide concentration on the solution. In high peroxide concentrations oriented 

UO4∙nH2O crystals formed plate-like formations covering the whole surface, and with 

decreasing H2O2 concentration the crystals became unoriented and covered the UO2 surface 

only partially. In situ study showed the phase formation in high H2O2 concentration to take 

place in hours, and no intermediate phases were detected.  

Method development was performed on two areas: H2O2 measurement in small solution 

volumes down to nanomolar concentrations by chemiluminescence was tested and optimal 

parameters studied, and reference Raman spectra for studtite, schoepite, becquerelite and 

soddyite was measured.   

 

 

 

 

 



2 
 

LIST OF ORIGINAL PUBLICATIONS 
 

The thesis is based on the following original publications, which are referred to in the text by 

their Roman numerals (I-V) 

 

I. R. Pehrman, M. Amme, C. Cachoir: Comparison of chemiluminescence methods for 

analysis of hydrogen peroxide and hydroxyl radicals. Czechoslovak Journal of Physics 

56 (2006), 373 

II. R. Pehrman, M. Amme, O. Roth, E. Ekeroth, M. Jonsson: H2O2 consumption and 

actinide dissolution in presence of solid UO2, NpO2, PuO2. J. Nucl. Mat. 397 (2010), 

128 

III. M. Amme, R. Pehrman, R. Deutsch, O. Roth, M. Jonsson: Interaction of Fe(II) and 

oxidants from alpha radiolysis during UO2 and PuO2 dissolution in simulated 

repository conditions. Accepted in J. Nucl. Mat. 

IV. R. Pehrman, M. Trummer, C. Lousada, M. Jonsson: On the redox reactivity of doped 

UO2 pellets - Influence of dopants on the H2O2 decomposition mechanism. Accepted 

in J. Nucl. Mat. 

V. R. Pehrman, J. Cobos, M. Dossot, V. Rondinella: Solid phase characterization of UO2 

surface alteration by reaction with H2O2. Submitted. 

 

 

Publication II also appears in the thesis of Olivia Roth (Kungliga Tekniska Högskolan 2008). 

Publication IV also appears in the thesis of Martin Trummer (Kungliga Tekniska Högskolan 

2011). 

Publications are reprinted with the permission of the copyright holders. 

 

 

 

 

 

 

 

 

 



3 
 

ABBREVIATIONS 
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DBM  dibenzoylmethane 

DPD  N,N-diethyl-1,4-phenylene diammoniumsulfate 

EDX  energy-dispersive x-ray spectroscopy 

FP  fission product 

ICP-AES inductively coupled plasma atom emission spectrophotometry 

ICP-MS inductively coupled plasma mass spectrometry 

KBS-3  nuclear waste disposal concept developed in Sweden and Finland 

KI-CL  chemiluminescence method based on potassium periodate 

LET  linear energy transfer 

LH-CL  chemiluminescence method based on luminol and hemin 

LMP-CL chemiluminescence method based on luminol and microperoxidase 

MOX fuel mixed oxide fuel 

Ox  oxidant 

PPST  3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine 

Red  reductant 

S/N  signal-to-noise ratio 

SEM  scanning electron microscope 

SIMFUEL chemical simulant of spent nuclear fuel 

SNF  spent nuclear fuel 

TTA  thenoyltrifluoroaceton 

tris  tris(hydroxymethyl)aminomethane 

tU  ton of uranium 

UOX fuel uranium oxide fuel 

UV/vis  ultraviolet-visible spectroscopy 

XRD  x-ray diffraction 
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1.  INTRODUCTION 
 

Spent nuclear fuel is one of the most complicated and challenging, and thus also fascinating, 

man-made materials in existence. It is a mixture of numerous elements with several isotopes, 

many of which are rare or non-existent in nature and many of these elements have very 

complicated chemistry of their own. Also since several of these isotopes are unstable with 

lifetimes from seconds to billions of years, the composition of the material changes over time. 

Because of this long-term evolution, many aspects of the long-term behaviour of the spent 

nuclear fuel cannot be studied directly but only by mathematical models and simulations. The 

strong radiation emission by the spent nuclear fuel also induces physical and chemical 

changes in the material itself as well as its surroundings, introducing even more potentially 

relevant phenomena to consider in the system as well as limiting the possibilities of handling 

and studying the material directly. 

For the safety assessment of the nuclear fuel cycle and the disposal of spent nuclear fuel, 

understanding the long-term behaviour of this material is extremely important. Several 

radiotoxic elements are incorporated in the fuel and thus the chemical and physical behaviour 

of the fuel determines how they are released to the environment and subsequently what kind 

of impact this release has on the biosphere. Considering the extent of the possible impact on 

the environment, even improbable but possible scenarios must be examined and their effect 

on the behaviour of the fuel understood.  

While the evolution of the material, as well as the difficulty in handling it, causes several 

limitations on the direct experiments with spent nuclear fuel, there are several possibilities for 

studying the significant phenomena and possible reactions via simulation. Considerable work 

has been done with natural analogue sites, that is, geological and archaeological settings 

which resemble some aspects of nuclear fuel or its potential disposal environment. Laboratory 

experiments allow studies of reactions and mechanisms in a more systematic manner but can 

be limited in complexity or timescale. These types of studies provide data for mathematical 

models describing the system. All of these have their limitations, but all are also necessary for 

complete understanding of the chemical and physical behaviour of the spent nuclear fuel. 

The aim of this study is to explore simplified models of spent nuclear fuel under the influence 

of ionizing radiation and challenge various simplifications made by adding, in a controlled 

manner, new components and processes in the system. Uranium dioxide is the main 
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component in spent nuclear fuel and its behaviour controls the overall behaviour of the spent 

fuel and the release of other elements. Thus, the focus is still on the chemistry of uranium and 

to a lesser degree on other major redox-sensitive actinides neptunium and plutonium, but in 

order to not lose sight of the complicated system under study, several phenomena possibly 

affecting the chemical behaviour of spent nuclear fuel have been examined.    

This work examines if pure UO2 is actually a good chemical simulant to actual spent fuel by 

studying the reactivity of UO2 doped with fission products as well as neptunium and 

plutonium oxides in the presence of hydrogen peroxide and other oxidants. The influence of 

dissolved Fe2+ and the formation of solid secondary phases in the presence of radiolytic 

oxidants have also been studied. Also, analytical methods for work done in this line have been 

developed.  

Several questions remain unanswered or are even raised by the work, but recognizing which 

phenomena can be important serves as a basis for further studies and contributes to the overall 

understanding of the system. 
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2.  BACKGROUND 

2.1 Spent fuel in geological repository 

The evolution of spent nuclear fuel can be divided into three periods. The first of these is 

characterised by high levels of beta- and gamma-radiation due to short-lived fission products. 

At this point also considerable heat is generated. These short-lived nuclides have decayed in 

some hundreds of years, leading to a second period lasting hundreds of thousands of years of 

decreasing levels of radiation with alpha radiation emitted by long-lived actinides and their 

decay chains as the dominant type of radiation. Some long-lived radioactive fission products 

are still present at this time. In the final phase, the radioactivity of the spent fuel has become 

similar to natural uranium minerals with 238U and its decay chain as the main radionuclides, 

though the material is doped with stable fission products and traces of man-made 

radionuclides. 

Several countries, including Finland and Sweden, are planning the final disposal of the spent 

fuel by placing it in a deep geological repository. The purpose of the repository is to protect 

the public and the environment from radiological impact by containing the spent fuel for a 

sufficient period of time and, in the event of failure, by slow release of radionuclides to 

groundwater so that their maximum concentration will remain acceptably low. 

In the KBS-3 model studied in Finland and Sweden (Pastina 2006), the fuel is contained 

within a copper canister and the corrosion of the canister and the fuel itself determines the rate 

of release of the radionuclides to the geological barriers surrounding the canisters packed 

individually in deposition holes. These geological barriers then control the dilution, retention 

and spreading of the radionuclides released from the fuel and their possible biological impact.  

The spent fuel is placed 500-600 metres below ground in the bedrock (figure 1) and the 

release of radionuclides is controlled by four barriers: 

- The spent fuel itself, which consists mainly of UO2 (about 95%) doped with fission products 

and transuranium elements. Uranium dioxide has low solubility in reducing groundwater and 

its alteration also controls the release of most radioactive dopants.  

- The canister, which is made from 5 cm copper with a cast iron insert. Copper protects the 

iron from corrosion while iron gives the canister mechanical strength. 

- Bentonite, a silicate clay as buffer material. It protects the canister from corrosive species 

and the environment from the released radionuclides since, due to its structure, diffusion is 
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expected to be the only way of transport for groundwater to reach the canister or 

radiocontaminants to be released to outer barriers. It also protects the canister from possible 

movements in the bedrock. 

- Non-engineered bedrock, which isolates the waste and provides a stable geochemical 

environment.  

 This work concentrates on the behaviour of the spent fuel itself while the other barriers are 

considered only in terms of how they influence the environment in the immediate vicinity of 

the spent fuel. 

 
Figure 1: KBS-3 method for the Finnish and Swedish deep geological repository (SKB) 

The deep repository is generally expected to be a reducing environment and under these 

conditions the solubility and the dissolution rate of uranium can be expected to be low. 

However, when water comes in contact with spent fuel, several new molecules and radical 

species are produced by radiolysis of water. Due to the high reactivity of many of these 

species, repository conditions can become locally oxidising and the rate of spent fuel 

dissolution is possibly enhanced. Intrusion of oxidising waters, e.g. glacial melting waters, 

into deep repository is also a possible scenario leading to oxidising conditions. 

2.2 Chemical and physical form of spent fuel 

The most typical form of unirradiated nuclear fuel in commercial reactors is in form of pellets 

sintered and pressed from UO2 powder. During irradiation a part of the uranium undergoes 

fission or forms transuranium elements via neutron capture. The amount of fission the fuel has 

experienced is described as burnup, the energy generated from an amount of uranium; 

common units are GWd/tU or MWd/kgU.  
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After irradiation UO2 is still the major component, about 95% of the initial uranium is still 

present for a BWR fuel of 40 GWd/tU burnup (Anttila 2005). The rest is in form of other 

actinides and both stable and unstable fission products. Some activation products from 

additives and cladding can also be found. Since many of the nuclides present are radioactive, 

the chemical composition of the spent fuel changes over time. In Table 1 masses of uranium 

and major transuranium elements as well as the sum of fission products (both stable and 

unstable nuclides) are shown over time. 

Table 1: Total mass of actinides and all fission products in BWR fuel of 40 GWd/tU burnup at different times 

after irradiation (Anttila 2005) 

Mass g/tU 5 a 30 a 100 a 1 ka 10 ka 100 ka 1 Ma 

U 9.50E+05 9.50E+05 9.50E+05 9.50E+05 9.53E+05 9.56E+05 9.56E+05 

Np 4.15E+02 4.37E+02 5.31E+02 1.19E+03 1.39E+03 1.35E+03 1.01E+03 

Pu 7.59E+03 7.04E+03 6.76E+03 6.38E+03 4.28E+03 7.21E+02 9.42E+01 

Am 3.47E+02 8.53E+02 9.73E+02 3.05E+02 4.22E+01 8.89E-03 1.00E-10 

Cm 2.44E+01 9.91E+00 1.49E+00 7.84E-01 3.58E-01 1.15E-03 8.63E-04 

FP 4.17E+04 4.17E+04 4.17E+04 4.17E+04 4.17E+04 4.17E+04 4.17E+04 

Radionuclides in spent fuel are distributed in several phases. Part of the volatile elements like 

cesium and iodine have been released from UO2 grains to grain boundaries and pores, noble 

metals form metallic inclusions (called epsilon particles) and some elements like Ba and Zr 

are found partially or completely in oxide inclusions (called grey phases) not forming solid 

solutions with UO2 matrix. Practically all rare earth elements, transuranium elements and 

strontium as well as part of zirconium and niobium are dissolved in UO2 crystal structure, and 

the majority of other elements are also trapped within grains, even if they are preferentially 

forming separate inclusions or pores. The transport of nuclides in the matrix after irradiation 

is assumed to be an extremely slow process and can be ignored (Kleykamp 1988, Pudjanto 

2005). 

Except for the volatile elements located in pores and grain boundaries which are released 

quickly after the containment breaks and water comes in contact with spent fuel, UO2 

alteration, most importantly dissolution, controls the release of radioactive contaminants.  

Fresh spent fuel is in form of pellets which have been fractured to several smaller pieces, on 

average about 15 pieces. This macrocrack formation is caused by the thermal stress, as the 

radial temperature distribution is uneven during irradiation. Macrocracks together with 
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possible microcracks ensure that the pores in the spent fuel are quickly accessed once the 

container is breached and that alteration processes are likely to occur in all parts of the pellet 

(Ferry 2006, Amaya 2009). 

The surface of both unirradiated and spent fuel is characterised by the grain structure. UO2 

pellets are formed from slightly hyperstoichiometric UO2+x grains (x ≤ 0.01) with a diameter 

of ~10 µm which have been pressed together. It has been proposed that grain boundaries 

could be important transport pathways for both radionuclides from the fuel and groundwater 

into the fuel. Grain boundaries have also been observed to be most susceptible locations for 

oxidation and whether they can be accessed by groundwater would strongly affect the reactive 

surface area of the fuel  (Shoesmith 2000, Shoesmith 2007). 

Genuine spent fuel available today is not a good model material for experiments studying the 

long-term behaviour of spent fuel due to the high amount of short-lived βγ-emitters and heat 

generation, which cause the reaction conditions to differ significantly from those expected in 

the deep geological repository. Spent fuel and radiolysis experiments are thus performed by 

simulating the conditions in various ways. The influence of groundwater composition changes 

due to radiation are simulated by adding chemicals in solutions, by doping the material with 

intense α-emitters or by using external radiation sources.  

Doping the material with short-lived α-emitters like 233U or 238Pu leads to a better 

representation of the expected specific activity of the appropriate type, other chemical 

dissimilarities caused by doping are not reproduced. However it is possible to dope UO2 also 

with non-radiotoxic chemical analogues of fission products. The most commonly used type of 

simulant is SIMFUEL, which incorporates eleven fission product analogues (Y, Rh, Ru, Pd, 

Mo, Nd, Sr, Ba, Zr, La, Ce (Lucuta 1991)). It simulates the chemical composition fairly well, 

but has lower specific activity than genuine spent fuel. The chemical composition is also 

rather complex, which means that in mechanistic and kinetic experiments it can be hard to 

separate the effects of the different fission products from each other. 

This problem of complexity can be circumvented by modifying the simple system of UO2 

with specific dopants to study their effect independently. This way the effect by noble metal 

particles (Trummer 2008, Trummer 2009) and trivalent lanthanides (Kim 2001, Wilson 1961, 

Thomas 1993) has been studied. 
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2.3 Radiation chemistry and radiolysis of water 

The decay of a radionuclide is associated with emission of particles and photons of energies 

characteristic to the radioactive isotope. The three common types of radiation associated with 

radionuclides found in spent nuclear fuel are α radiation where nuclei of helium atom, He2+, 

are emitted, β radiation where electrons or positrons are emitted and γ radiation where 

electromagnetic radiation is emitted.  

When radiation of high energy (≥ 100 eV) interacts with matter, chemical changes can be 

expected. Ionization energies (typically < 15 eV) and chemical bond energies (typically 1-5 

eV) are considerably lower, thus when a material absorbs radiation energy, it can lead to the 

ionization of the irradiated material, and thus these types of radiation are often called ionizing 

radiation. 

If the energy transferred from radiation to the matter is sufficiently high, positive ions and 

electrons are produced, and the electrons might have energy high enough to cause secondary 

ionization. When the energy transferred is lower than what is required for ionization, radiation 

can cause excitation of the molecules or atoms of the irradiated material. The SI unit for 

absorbed dose, or total radiation energy absorbed by the material, is Gray (1 Gy = 1 J kg-1). 

Different types of radiation show different mechanisms of interaction with the absorbing 

material. Heavy, charged particles like He2+ atoms of α radiation interact intensively with the 

absorbing material, their penetration depth is short and the energy is deposited within a small 

distance. The deflection of α particles is small leading to short paths, and the energy of the 

secondary electrons and thus secondary ionization is low. Lighter particles, like electrons, 

have longer penetration depths and are scattered out of the beam path more easily. The 

secondary electrons have higher energies and in β absorption 70-80% of the total ionization is 

caused by the secondary electrons. Electromagnetic radiation (γ-photons) interacts sparsely 

with the absorbing material, and the penetration depth is long and the energy is lost in a few 

interactions. The ionization is caused mainly by secondary electrons. The absorption of the 

energy from particle radiation is described by Linear Energy Transfer (LET) values, defined 

as the energy absorbed in unit length of matter. LET values in water various radiation types 

are given in Table 2. 
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Table 2: Range in water and average LET values for different radiation types (Choppin) 

Radiation Energy (MeV) 
Maximum range 

(mm water) 

LET in water 

(keV/µm) 

Fission fragment 100 0.025 3300 

He2+ a 1 0.0053 190 

10 0.11 92 

Electron a 1 4.1 0.24 

10 52 0.19 

γ (60Co) 1.2-1.3 x1/2 = 111 mm b - 
a accelerated mono-energetic particles 
b x1/2

 = half-thickness value, i.e. distance where half the radiation is shielded 

The location and density of the ionized and excited species in the absorber is dependent on the 

absorption mechanism, and due to possible further reactions this affects the final yields of the 

radiolytic products. The radiation chemical yield is described as G values which refer to the 

number of moles of the irradiated material transformed per unit of absorbed energy (mol J-1). 

Irradiation of pure water leads to the formation of excited water molecules (H2O*) and the 

decomposition of water into H2O+ and e-. Through subsequent reactions, a number of radicals 

and molecular species are formed (figure 2). The yields of these depend on the type of 

radiation. With high LET values radiolytic products are densely packed, recombination 

reactions are favoured and molecular products have higher yields, while for lower LET values 

radical species and ions are favoured and these are formed longer distances from the radiation 

source. The yields of radiolytic products for different types of radiation are given in Table 3.  

 
Figure 2: Reaction scheme and time scale of water radiolysis (Choppin) 
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Table 3: Product yields (G values) in irradiated pure water (Choppin) 

  G/(µmol J-1) 

 H2O H2 H2O2 e-(aq) H· OH· HO2· 

γ and fast e- -0.43 0.047 0.073 0.28 0.062 0.28 0.027 

12 MeV α -0.294 0.115 0.112 0.0044 0.028 0.056 0.007 

When dilute (< 0.1M) aqueous solutions are irradiated, almost all the energy is deposited in 

the water and the primary radiolytic yields are unaffected. The final product yields are 

however changed by the reactions between the solutes and the products of the radiolysis of 

water. For example in the presence of carbonate, hydroxyl radicals are converted to carbonate 

radical anions according to the reaction 1: 

OH· + HCO3
- → H2O + CO3·-         (1) 

The carbonate radical anion, like the hydroxyl radical, is a strong one-electron oxidant. Using 

different solutes, scavengers, formation of specific species can be favoured. A well known 

system to produce strongly oxidising conditions is to saturate the solution with N2O, which 

scavenges solvated electrons according to the reaction 2: 

e-(aq) + N2O(aq) + H2O → OH∙ + OH- + N2       (2) 

Another speciation-affecting reaction, which can play an important role in deep repository 

conditions, is the so called Fenton reaction (Haber 1934, Walling 1975, Zepp 1992), where 

divalent iron reacts with hydrogen peroxide to produce hydroxyl radicals: 

Fe2+(aq) + H2O2 → OH· + OH- + Fe3+(aq)        (3) 

The secondary radiolytic product superoxide, formed in e.g. the reaction between hydroxyl 

radical and hydrogen peroxide, can reduce trivalent iron to divalent form with reactions 4 and 

5:  

Fe3+(aq) + HO2· → Fe2+(aq) + O2 + H+       (4) 

Fe3+(aq) + O2·- → Fe2+(aq) + O2        (5) 

Some other radiolytic species can also influence the oxidation state of iron in solution, and a 

more extensive list of the iron reactions can be found in literature (Amme 2005). Since iron is 

expected to be present in a geological repository both in solid and dissolved form in 

considerable quantities, the radio-Fenton reaction can become an important factor in the 

behaviour of actinide oxides under repository conditions. 
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Spent nuclear fuel contains numerous radionuclides, each emitting characteristic types of 

radiation. Thus a complex radiation field (α, β, γ) with broad energy spectra is generated.  

The radiation distribution changes over time from the mixture of all three to predominantly α 

at long time scales, since β- γ-emitters are mainly short-lived fission products while many α-

emitting actinides have very long lifetimes. Different concentration gradients are also formed, 

since, due to the short range of α radiation, molecular products are formed near the fuel 

surface, while radicals preferentially produced by β,γ radiation are favoured further away 

from the fuel surface. 

2.4  Oxidation of uranium 

The redox chemistry of UO2 is of great importance in all parts of the nuclear fuel cycle. Under 

reducing conditions, like those expected in groundwaters in a deep geological repository, 

uranium is in its +4 oxidation state. Under these conditions the solubility and dissolution rate 

of UO2 are expected to be very low and a major part of the radionuclides should be retained in 

the fuel (Shoesmith 2000). The redox potentials of uranium are shown in figure 3. 

 

 
Figure 3: Standard reduction potentials of U. The species in brackets, U2+, is not found in aqueous solutions and 

the standard potentials for it are estimates (from Konings 2006) 

 

Radiolysis of water produces both reductants and oxidants and their presence can change the 

redox conditions on the surface of the fuel. This can lead to oxidation of poorly soluble U(IV) 

to several orders of magnitude more soluble U(VI) (reactions 6 and 7) 

U(IV)(s) + Ox → U(VI)(s) + Red        (6) 

U(VI)(s) → UO2
2+(aq)         (7) 

The process of radiation induced oxidative dissolution is shown in figure 4. 
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Figure 4: Oxidative dissolution of spent nuclear fuel in radiolytic conditions 

Several oxidants produced by radiolysis are capable of oxidising U(IV) to U(VI). The oxidant 

consumption and the oxidative dissolution of UO2 can be expressed by second order rate 

equations 8 and 9: 

][][ Oxk
V
S

dt
Oxd           (8) 

i
ii Oxk

V
S

dt
VIUd ][)]([          (9) 

where S is the reactive surface area, V is the volume of the solution, k is the rate constant and 

[Ox] the concentration of the oxidant. The rate constants for the oxidation of UO2 for typical 

oxidants produced in the radiolysis of water are given in Table 4. 

Table 4: Rate constants for the oxidant consumption in the reaction with UO2 in the presence of carbonate 

(Ekeroth 2003, Hossain 2006) 

Oxidant H2O2 O2 CO3·- OH· O2·- HO2· 

k/(m s-1) 7.33E-8 3.88E-10 1.67E-5 1.67E-5 1.82E-9 6.03E-6 

 

Table 4 does not take into account the consumption of oxidants in reactions which do not 

result in the oxidation of UO2, e.g. those consumed in catalytic decomposition. Also, it should 

be noted that for a heterogeneous system with large solid particles, the diffusion controlled 

rate constant has been calculated to be on the order of 10-6 m s-1 (Astumian 1984) and thus in 

Spent 
Nuclear 
Fuel H2O 

Oxidants: O2, H2O2, OH· 

Reductants: H2, H·, eaq, HO2· 

Oxidant 

Reductant 

U(IV) 

U(VI) 

UO2
2+ 
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the oxidation of UO2 pellets this value equals the maximum rate constant for highly reactive 

oxidising radical species.  

It has been shown that in systems with pure UO2 under conditions similar to a deep geological 

repository, the most important oxidant produced in α irradiation is H2O2, with relative impact 

of over 99.9% (Ekeroth 2006) and thus all the other oxidants can be excluded from the UO2 

oxidation reaction scheme without a significant error. Thus for the sake of simplicity, the 

studies of the effect of radiolysis on the oxidative dissolution of spent fuel have concentrated 

on the reactions between H2O2 and UO2.  

H2O2 is a two-electron oxidant which oxidises U(IV) to U(VI) in two consecutive one-

electron transfer steps, shown as reactions 10 and 11: 

UO2 + H2O2 → UO2
+ + OH- + OH·        (10) 

UO2
+ + OH∙ → UO2

2+ + OH-         (11) 

Of these the reaction 11 is very fast and the overall process is determined by the rate of the 

reaction 10.  

H2O2 can also undergo catalytic decomposition on the UO2 surface. Catalytic decomposition 

on metal surfaces has been demonstrated on several metal oxides where the metal is already in 

its highest oxidation state and further oxidation is not possible (Hiroki 2005), but the extent of 

this process for UO2 is under discussion. However, earlier results show that only ~80% of 

consumed H2O2 oxidises uranium, that is, the amount of dissolved uranium corresponds to 

~80% of consumed H2O2 and the remaining 20% is assumed to decompose catalytically 

(Jonsson 2004). In catalytic decomposition hydrogen peroxide molecule decomposes on the 

metal oxide surface producing water and oxygen, and the reaction has been proposed to 

follow the following scheme (Hiroki 2005): 

H2O2 + M → 2OH· + M         (12) 

OH· + H2O2 → HO2· + H2O         (13)  

2HO2· → H2O2 + O2          (14) 

Recently it has been shown that the catalytic decomposition of hydrogen peroxide on ZrO2 

surface, which does not experience oxidation, proceeds via hydroxyl radical formation which 

supports the scheme above (Lousada 2010). 
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2.5 Uraninite oxidation and dissolution of spent nuclear fuel  

Neither natural uraninite nor the matrix of fresh spent nuclear fuel is typically stoichiometric 

UO2. Spent nuclear fuel can be either hypo- or hyperstoichiometric though the deviations in 

stoichiometry are often mostly balanced by other redox-sensitive elements like Mo or Pu 

(Kleykamp 1988). Natural uraninite is a mixed U(IV)/U(VI) oxide even under reducing 

conditions and often incorporates divalent and trivalent cations (Ca2+, lanthanides) (Janeczek 

1992). 

Stoichiometric uraninite, UO2, has fluorite-type, face-centered cubic structure which is 

retained though distorted in increasing hyperstoichiometry. The grouping of partially oxidised 

uranium oxides is often done based on crystal structure. If the structure is more or less cubic, 

it is considered U4O9 which in pure form is known to have NO/NU=2.24, slightly below the 

nominal stoichiometry. If the structure is tetragonal, the oxide is typically considered U3O7 

which has been reported to have NO/NU=2.27-2.40 composition range (Nowicki 2000) 

In cubic structures increasing hyperstoichiometry to U4O9 decreases the lattice size slightly, 

and in one polymorph, αU4O9, changes the angles between unit axes causing minor 

rhombohedral distortion (α=β=γ=90.078°). Increasing oxidation to U3O7 causes one unit axis 

to either grow or shrink while the other two stay the same; the relative change does not exceed 

2.0% (Allen 1995, Choi 1996, Nowicki 2000, You 2000). 

With oxidation increasing beyond U3O7, the unit cell dimensions increase again, and structure 

deformation to monoclinic, orthorhombic or other is observed. For U3O8 the volume of the 

matrix has increased 36%, which seriously compromises the stability of the fuel matrix, and 

in this oxidation state the solid uraninite typically becomes powdery. Oxidation this high is 

likely to be reached only in oxidising dry conditions, e.g. due to early canister failure in 

interim aboveground storage (Allen 1995, Choi 1996, Nowicki 2000, You 2000, Ferry 2006). 

It should however be remembered that the grouping above is characteristic for pure uranium 

oxides; impurities in spent fuel are reported to have stabilised cubic structure even to 

NO/NU=2.4 (Nowicki 2000).  

As stated above, the oxidative dissolution can be described by two reactions, oxidation of 

U(IV) to U(VI) and the  subsequent dissolution of U(VI) (reactions 6 and 7). 

Both the solubility and the dissolution rate of U(VI) are greatly enhanced by the presence of 

complexing agents, e.g. carbonate in neutral to alkaline conditions. It is usually considered 
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that the detachment of oxidised UO2 to the solution is a fast process compared to the 

oxidation of UO2, and the latter should be considered rate-limiting step in oxidative 

dissolution. This is true in waters with high carbonate concentration, which enhances 

considerably the solubility of U(VI) due to high stability of dissolved uranyl-carbonate 

complexes, but in carbonate-poor waters the detachment rate should also be taken into 

account when determining the dissolution rate. In the dissolution experiments comparing the 

amount of released uranium (based on dissolved uranyl ions) and oxidised uranium (based on 

oxygen consumption), the ratio Ureleased/Uoxidised was measured to be around 0.03 at low 

carbonate concentration and 0.8 at high carbonate concentration (Giménez 2005),  and the 

concentration limit where oxidative dissolution rate becomes independent of carbonate 

concentration has been observed to be approximately 1 mmol L-1 (Hossain 2006). 

When no U(VI)-complexing agent is available, the dissolution reaction (7) becomes slow and 

an oxidised layer builds up on the surface of solid UO2, and/or secondary U(VI) phases can 

precipitate from the dissolved uranyl ions. The formation of these secondary phases on the 

surface of UO2 decreases the reactive surface area and the oxidative dissolution process is 

completely controlled by the rate of dissolution, reaction 7.  

Extensive dissolution has been noted to begin when the surface composition is ~UO2.33, and 

no difference has been noted on the uraninite surface whether the oxidation has occurred by 

dissolved O2 or H2O2. If oxidation of uraninite is considered to be rate-limiting step in 

oxidative dissolution, this means that in water-saturated conditions more highly oxidised 

surface composition is unlikely, and in experimental leaching studies oxidation beyond UO2.4 

has not been observed (Giménez 1996, de Pablo 1996).  

If the groundwater flow is assumed to be negligible, UO2 matrix dissolution proceeds until 

uranium solubility limit in solution is reached. Dissolution of the spent nuclear fuel is 

however not found to end at this point, but after this period the rate of dissolution is matched 

with the rate of precipitation (Ollila 2008), when the removal of the dissolved species to the 

surrounding environment is not considered. This process can then continue releasing other 

elements incorporated in UO2 matrix to the environment even when the uranyl concentration 

in the solution remains stable. 

Oxidative corrosion has been proposed to occur preferentially in hyperstoichiometric UO2+x 

sites occurring in grain boundaries. Voltammetric experiments on single crystal with no grain 

boundaries show a decrease in oxidative dissolution, while experiments in specially prepared 
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hyperstoichiometric UO2+x show considerable enhancement on further oxidation (Shoesmith 

2000, Shoesmith 2007).  Oxidative dissolution together with shrinking UO2+x unit cell with 

increasing hyperstoichiometry cause weakening of grain boundaries and can lead to their 

opening and a strong increase of the reactive surface area.  

As mentioned above, trivalent lanthanide doping has been found to increase the amount of 

U(V) at the expense of U(IV) (He 2007) and has been pointed out to influence the stability of 

different forms of non-stoichiometric UO2+x, most importantly U4O9 structure. It also makes 

UO2+x more resistant to higher oxidation and even in higher stoichiometry the cubic structure 

is retained (Nowicki 2000). Doping has also been found to affect the lattice parameter, e.g. 

Gd, Zr, and Y lead to a decrease of the lattice size while La leads to increase of the lattice size 

(Tsuji 1998, Cobos 1998, Kim 2001). The level of doping can also influence the effect of 

radiation damage on the UO2 crystal structure; while natural uraninite typically shows little 

amorphisation due to the radiation damage, in samples containing large amounts of impurities 

like Ca and Si, radiation damage is more evident, and it has been proposed that Si impurity 

stabilises aperiodic regions of the structure, thus retarding the self-annealing process in the 

damaged material. Similar effect has been reported on natural monazite containing impurities 

(including Ln, Th, Pb). Amorphous UO2 is known to be more susceptible to chemical attack 

and oxidation and to be more soluble than crystalline UO2 (Janeczek 1996, Fayek 2000). 

Leaching tests with SIMFUEL have given a variety of dissolution rates. Though generally it 

has been suggested that the dissolution rates for it appear to be lower than for UO2, there has 

been some uncertainty if it, or the variety in the results, is due to the effect of doping or other 

reasons (Oversby 1999). In the experiments comparing both hydrogen peroxide consumption 

and uranyl dissolution for UO2 and SIMFUEL (Nilsson 2011), it was the difference in uranyl 

dissolution that was considerable, after five hours about hundred times more uranium was 

dissolved from the UO2 pellet than from the SIMFUEL pellet. Meanwhile, hydrogen peroxide 

decomposition was more or less equal for both pellets, suggesting no difference in overall 

reactivity of H2O2 with the pellets. Since the consumption is a competition between oxidation 

reaction, consuming H2O2 and dissolving uranium, and catalytic decomposition, only 

consuming H2O2, this suggests either that doping does indeed hinder the oxidative dissolution 

or that dopants enhance the catalytic decomposition of H2O2. 
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2.6 Formation of solid secondary phases  

 When UO2 experiences oxidative dissolution, the dissolution step becomes slower than the 

oxidation step and an oxidised layer forms on the surface of the fuel if the concentration of 

complexing agents like carbonate in the solution is too low. The dissolved uranyl ions can 

also precipitate as new mineral phases. While UO2+x and U(IV) secondary phases can directly 

replace uraninite, U(VI) phases are more typically precipitated from solution after the 

dissolution of uranyl ions. In nature they have been found both on the surface of the primary 

uranium deposits and in the fractures surrounding the uranium deposits (Abd El-Naby 2009) 

Several uranyl mineral phases have been reported in natural settings and in the leaching 

experiments in laboratory settings (Wronkiewicz 1996, Sattonnay 2001, Amme 2002, 

McNamara 2005), and have been considered also possible as spent fuel alteration products, 

depending on the formation conditions and other ions present (figure 5). The simplest ones are 

uranyl hydroxides like schoepite, though in natural settings various uranyl silicate phases have 

been noted to form preferentially: the semi-empirical model by Chen et al (Chen 1999) 

suggests that when [Si] > 10-4M, silicates become thermodynamically favoured phases (Chen 

1999, Prikryl 2008).  

Uranyl phosphates, as well as lanthanide phosphates, have also been reported to have low 

solubilities and they are relatively common minerals in natural settings in waters containing 

both uranyl and phosphate (Chen 1999, Jerden 2003). Thus in the presence of phosphate they 

can also be the favoured solid phases controlling the solubility of uranium. 

Secondary uranyl phases can incorporate various radionuclides, including lanthanides and 

transuranium actinides. This could have a strong impact on the mobility of several 

radionuclides. However, it has been found that incorporation depends on the phase formed, 

e.g. Np(V) can replace U(VI) in uranophane structure but is not readily incorporated in 

schoepite (Burns 2004, Klingensmith 2007).  
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Figure 5: A scheme of some likely secondary phases forming in geological repository conditions (from Santos 

2006) 

The solid uranyl peroxide species studtite ((UO2)O2(H2O)4) and metastudtite 

((UO2)O2(H2O)2) are the only peroxide-bearing minerals known (Burns 2003, Kubatko 2003). 

They are easily synthesized but they have also been found in natural settings, first reported in 

Shinkolobwe, Democratic Republic of Kongo (Vaes 1947) and have since been reported from 

several localities. They have also been found to be formed in the leaching of spent fuel in 

laboratory settings (Sattonnay 2001, Amme 2002, McNamara 2005) and in nuclear material 

(”lava”) from Chernobyl Nuclear Power Plant accident (Burakov 1997). Studtite is assumed 

to be able to form only in the presence of a relatively strong alpha radiation field but the 

thermodynamic calculations of Kubatko et al (Kubatko 2003) suggest that it should be able to 

form even at very low peroxide concentrations (1.1·10-14M H2O2), which could be created by 

the alpha flux of natural uranium ores. 

2.7 Neptunium and plutonium in radiolytic conditions 

Since spent nuclear fuel contains notable amounts of transuranium elements, and there is an 

interest for the growing use of mixed oxide fuels containing large amounts of plutonium, 

more attention needs to be drawn to the behaviour of transuranium elements under radiolytic 

conditions, especially the ones which show complex redox chemistry, Np and Pu. 
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While some similarities between the chemical behaviour of different actinides can be 

expected and higher actinides are likely to be incorporated in uranium solid phases, 

differences in the redox behaviour and the dissolved species can lead to incongruent 

dissolution (and transport) of actinides. 

Neptunium and plutonium are the lightest and the most common transuranium elements in 

spent nuclear fuel. They are formed via neutron capture and β- emission from uranium 

isotopes and have isotopes with such long half-lives that they can be found in considerable 

concentration in spent fuel even one million years after irradiation.  

Like uranium, both neptunium and plutonium are redox-sensitive elements with more than 

one oxidation state possible in natural settings. While the tetravalent oxides of these actinides 

form a solid solution under reducing conditions, under oxidising conditions the valence 

differences can lead to incongruent chemical behaviour of the actinides.  

While Np can occur in all oxidation states between Np(III) and Np(VII), in natural settings 

Np(IV) and Np(V) are the most important, with Np(IV) as the prevalent state under reducing 

conditions and Np(V) under oxidising conditions. Solid NpO2·xH2O is highly insoluble, while 

the oxidation of Np increases the solubility and NpO2
+(aq) has also been found to be 

relatively mobile species.  

 
Figure 6: Standard reduction potentials of Np and Pu. The species in brackets are not found in aqueous solutions 

and the standard potentials for them are estimates (from Konings 2006) 

Np(III) is quickly oxidised to Np(IV) in air and Np(VI) is easily reduced to Np(V). The redox 

reaction between Np(IV) and Np(V) is slower because Np-O bonds must be formed or 

broken. The reduction potential diagram of neptunium is shown in figure 6 (Yoshida 2006, 

Lehto 2010). 

Plutonium can occur in aqueous solutions in all oxidation states between Pu(III) and Pu(VI). 

Since Pu(IV) and Pu(V) can disproportionate in solution, depending on the conditions, it is 

also likely that a plutonium solution is a mixture of several oxidation states and all four 
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oxidation states can be stable in the solution simultaneously. Several reagents can also oxidise 

or reduce plutonium and in some cases the same reagent can act as an oxidant for the lower 

oxidation states and as a reductant for higher oxidation states (Clark 2006, Lehto 2010).  

Redox couples like Pu(IV)/Pu(III) and Pu(VI)/Pu(V) are reversible since they do not require 

formation or breaking of Pu-O bonds, while redox couples like Pu(V)/Pu(IV) are quasi-

reversible or irreversible. The reduction potential diagram of plutonium is shown in figure 6. 

Analogously to other actinides, Pu(IV) solid phases are typically very poorly soluble while 

plutonium in higher oxidation states dissolves more easily.    

H2O2 is known to reduce Pu(VI) to Pu(IV) in industrial processes in 6-8M nitric acid solutions 

as per reaction 15: 

PuO2
2+ + H2O2 +2H+ → Pu4+ + O2 + 2H2O       (15) 

This process is fast at high concentrations of strong acids. At low acid concentrations the 

reduction to Pu(V) is fast but the subsequent reduction of Pu(V) appears to be a much slower 

process and in competition with Pu(V) disproportionation. Under these conditions, possible 

formation of colloidal Pu(IV) peroxide also complicates the reaction (Maillard 2001). 

Plutonium(IV) peroxide is also known to precipitate in relatively high Pu and H2O2 

concentrations, and this formation process is in use in industrial applications, e.g. preparation 

of Pu metal and preparation of Pu(IV) solutions (Maillard 2001). It has however not been 

reported as a pure secondary phase of spent fuel leaching.  

Plutonium peroxide has been reported to exist in two crystalline forms, hexagonal and cubic. 

Of these, hexagonal is the preferred form in industrial processes due to colloidal nature of the 

cubic precipitate. Cubic precipitate does not form when nitric acid concentration in the 

solution is above 2M, and thus in industrial processes Pu peroxide is precipitated under acidic 

conditions. The presence of iron has been reported to hinder the process, likely due to its 

reaction with hydrogen peroxide in the solution (Cleland 1967)  

While neptunium(IV) peroxide precipitation is less used as an industrial process, it has been 

reported to be a more or less analogous process to plutonium(IV) peroxide precipitation, 

including the fast reduction of Np(VI) to Np(IV) in strong nitric acid solutions and two 

crystalline forms depending on the acidity (Burney 1961). 
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3.  EXPERIMENTAL 

3.1 Setup of the experiments 

Materials 

The actinide and iron experiments (articles II and III) used UO2 powder from Westinghouse 

Atom AB and depleted UO2 pellet and NpO2 and PuO2 powders from in-house stocks of 

Institute of Transuranium Elements. The surface area was estimated from SEM analysis, 

which showed that the NpO2 and PuO2 powders had more or less equal particle size while the 

UO2 powder had notably smaller particle size, and thus the reaction rates for it needed to be 

corrected to allow comparison to the Np and Pu reaction rates. 

In the dopant experiment (article IV) UO2 powder (ABB Atom), a uranium dioxide pellet 

(ABB Atom) and a SIMFUEL pellet (AECL) were used. In addition, four in-house uranium 

dioxide pellets were also prepared from UO2 powder (Trummer 2008). One pellet was 

undoped and the other three doped with 0.3 wt% Y2O3 and/or 0.1 wt% Pd. The surface area of 

the UO2 powder, obtained from the BET isotherm, was 5.4 ± 0,2 m2g-1. The specific 

geometric surface areas of the pellets were 352 mm2 for the Westinghouse UO2 pellet, 471 

mm2 for the SIMFUEL pellet and 372 mm2 for the in-house pellets. 

The materials used in the secondary phase experiment (article V) were shards of 

monocrystalline UO2 and pressed UO2 discs, both prepared in-house. The shards were 

fragments of a crushed uraninite piece, ~25mg each, and were annealed in Ar/H2 atmosphere 

prior to use. The geometric surface area of the shards was determined to be about 15-20 mm2.  

Solutions 

Dissolution experiments were all done with aqueous solutions prepared from water from a 

Millipore Milli-Q system or another in-house deionisation unit. Genuine radiolysis was used 

only in the iron experiments (article III), where the radiolytic species were formed by the α-

radiation generated by 238PuO2 powder. In other experiments H2O2 (diluted from 30%, Merck) 

was added to the solution and the production of radiolytic species was either assumed to be 

negligible compared to the concentrations used or the background production was measured 

from separate samples. In all cases H2O2 solutions were diluted shortly before the start of the 

experiments. 



25 
 

The Fe2+ solution used in the iron experiments was prepared from solid FeSO4∙7 H2O (Merck) 

added into oxygen-free water just before the start of the experiments. 

The MnO4
- and IrCl6

2- solutions used in the dopant experiments were prepared from solid 

KMnO4 and Na2IrCl6 (Merck). Strong stock solutions were prepared beforehand, from which 

the actual reaction solution was diluted shortly before the start of the experiment. MnO4
- stock 

solution was found to remain stable over the period when experiments done, but IrCl6
2- stock 

solution deteriorated slowly over time.       

Reaction conditions 

The experiments were performed in glass vessels. Actinide and iron experiments (articles II 

and III) were performed in a glove box in argon atmosphere with O2 concentration less than 2 

ppm. Secondary phase batch experiments (article V) were performed in a glove bag filled 

with nitrogen, and in the dopant experiments (article IV), the solutions were purged with 

nitrogen throughout the experiment. 

Parallel samples of secondary phase experiments were done in normal laboratory atmosphere 

but no difference in the solid phases or hydrogen peroxide consumption was noticed, which 

suggests that with the concentrations of H2O2 used in the experiments the role of the 

atmospheric oxygen is small. Thus in situ -experiments using similarly high H2O2 

concentrations were also performed in normal laboratory atmosphere. 

All the experiments were done in normal room temperature and no special precautions were 

taken to protect the experiments from light except in the chemiluminescence method testing 

(article I). H2O2 consumption in blank samples caused by possible reactions with glass vessel 

or light was however found to be very slow at the concentrations used compared to reaction 

times in experiments, and the H2O2 production by photolysis was negligible.     

Time 

The reaction times were kept short, between hours and days, since the reactions of uranium in 

oxidising conditions and especially with hydrogen peroxide are relatively fast opposed to 

reducing conditions and the oxidants were typically added directly to the solution, so 

ingrowth of the radiolytic species was not necessary, except in iron experiments (article III). 

Longer reaction times were also allowed for in the oxidative dissolution of the transuranium 

elements and in the secondary phase formation, though no experiment was run over one 

month. 
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3.2 Analysis techniques for solutions 

A variety of methods was used to analyse the species in solution, depending on the species of 

interest, experimental setup, what information was wanted and what methods were available. 

Part of the work was also to test and optimize a method of detecting low concentrations of 

radiolytic oxidants H2O2 and OH· by chemiluminescence (CL), which could be used in 

limited space, like in a glove box, and the method was used for H2O2 analysis in the 

secondary phase experiments (article V). The details of the chemiluminescence methods are 

discussed more fully in chapter 4.1. 

When larger samples and high H2O2 concentrations were analysed, H2O2 was measured with 

spectrophotometry using DPD (N,N-diethyl-1,4-phenylene diammoniumsulfate) method. The 

absorbance was measured at λ=528 nm (Bader 1988). Some of the samples in the actinide 

experiment (article II) were analysed with UV/vis spectroscopy with I3
- as indicator as per 

(Patrick 1949, Ovenston 1950, Nimura 1992). The absorbance was measured at λ=360 nm.  

Fe2+ in solution (article III) was analysed with spectrophotometry using PPST/Ferrozine (3-

(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine) method as per (Stookey 1970). The 

absorbance was measured at λ=562 nm. 

Hydroxyl radicals in solution were analysed in dopant experiments (article IV) with 

tris(hydroxymethyl)aminomethane (tris buffer) which reacts with hydroxyl radicals to 

produce formaldehyde (Lousada 2010). Formaldehyde was analysed with spectrophotometry 

using acetoacetaniline in the presence of ammonium acetate. The absorbance was measured at 

λ=368 nm. 

In dopant experiments (article IV) U(VI) was measured in the solution with an inductively 

coupled plasma atom emission spectrophotometry (ICP-AES, Thermo Scientific iCAP 6000 

series)  at 367.0 nm and 385.9 nm. Np and Pu in actinide experiments (article II) and U and 

Pu in iron experiments (article III) were measured with inductively coupled plasma mass 

spectrometry (ICP-MS ThermoFinnigan Element 2). U(VI) in actinide experiments was 

analysed with UV/vis spectroscopy with Arsenazo(III) reagent as per (Kressin 1984, Savvin 

1961). The absorbance was measured at λ=653 nm   
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3.3 Analysis techniques for solids 

Solid actinide phases were also characterised with a variety of methods. In actinide 

experiments (article II) the actinide oxide powders were examined with electron microscopy 

and grain sizes and surface areas of the powders were estimated based on this. 

Characterisation of solid uranium phases (article V) involved several methods. Because there 

is a good amount of reference data for X-ray diffraction (XRD) of different minerals but less 

for Raman spectroscopy, uranium mineral samples used for Raman were first ascertained with 

XRD to see that the synthesis of the minerals was actually successful. With this, beside UO2 

the Raman spectra of metastudtite, becquerelite, soddyite and schoepite could be determined. 

The monocrystalline shards leached in H2O2 were examined with scanning electron 

microscopy coupled with electron-dispersive X-ray spectroscopy (SEM-EDX) before and 

after leaching. The shards were pictured beforehand to examine the initial state of the surface 

of the samples, and after the leaching a variety of secondary phases were found to have 

formed on the surface. Visual inspection for coverage and morphology was done with 

electron microscopy and EDX provided information about the elemental composition of the 

phases. After this the secondary phases found were examined with Raman spectroscopy to 

identify the mineral phases. 

In situ analysis with Raman spectroscopy was also tested. A UO2 disc was immersed in H2O2 

solution in a special Plexiglas vessel, and the development of secondary phases on the surface 

of the disc could be studied during the experiment. 

Two different laser wavelengths were used in the Raman analysis, a green Ar laser with 

λ=514 nm and a red He-Ne laser with λ=633 nm. The green laser was more intense and 

provided better statistics for the spectra in short time, but it was found to burn some samples 

during the measurement, which was unacceptable, and also the fluorescence background 

appearing with some samples was stronger, sometimes so strong that the spectrum was 

unreadable. With the red He-Ne laser, no evidence of burning was noticed and the 

fluorescence background was not a problem, but weaker spectra lead to longer measuring 

times, and some samples with very uneven surfaces and large amount of scattering would 

have required unrealistically long measurements. Nevertheless, the red laser was still 

considered to be the better option even if some of the results reported in this work have been 

generated with the green laser. 
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3.4. Experiments 

Detailed information of each experiment is found in the articles. 

Chemiluminescence experiments (article I) 

 After literature review, four methods of H2O2 analysis and two of OH· analysis were selected 

for further experiments. Chemiluminescence reagent solutions were prepared some days prior 

the experiments and were stored in a refrigerator, and water used for the H2O2 solution 

preparation and for blank samples was also stored in dark for several days in order to 

minimize the photolytic production of H2O2. Dilute H2O2 solutions were prepared shortly 

before the experiments. Volumes of the sample and CL solution and measuring time were 

then optimized for the best signal-to-background ratio. 

Hydroxyl radicals were prepared from H2O2 solutions by mixing it with Fe2+ solution, where 

in subsequent Fenton reaction OH· is formed. The selectivity of the method was tested also by 

using samples of H2O2 solution, Fe2+ solution and a mixture solution where mannitol, a 

hydroxyl radical scavenger, was added. 

Actinide experiments (article II)  

30 mg of UO2, 237NpO2 and 239PuO2 powder was introduced in ~20 mM H2O2 solution and 

H2O2 consumption and actinide concentration in the solution was monitored over time. NpO2 

and PuO2 experiments were performed in a glovebox in Ar atmosphere (O2 1-2 ppm) while 

low oxygen levels in UO2 experiment was ensured by continuous N2 purging.  

Prior to the experiment UO2 was washed with carbonate solution in order to remove the 

oxidised layer from the surface of the powder. No special pre-treatment was done for NpO2 

and PuO2 powders due to the better stability of +IV oxidation state. 

At the end of the experiment the oxidation states of the dissolved Np and Pu were analysed by 

separating the higher oxidation states from tetravalent actinides by extraction with 

thenoyltrifluoroaceton (TTA) for Pu (Schramke 1989) and dibenzoylmethane (DBM) for Np 

(Bertrand 1982), after which the concentration of the extracted actinide was measured with 

ICP-MS.  

Since the specific activities of the actinide oxides varied by orders of magnitude, different 

background levels of radiolytically produced H2O2 were expected. In order to account for this, 

background H2O2 production was determined for NpO2 and PuO2 by performing the 
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experiments with deionised water without added H2O2. The production of H2O2 was found to 

be below the detection limit for the NpO2 and low enough to be ignored compared to the 

added H2O2 for PuO2. The background production of H2O2 by UO2 was assumed to be 

negligible. 

Iron experiments (article III)  

30 mg of 238PuO2 powder was introduced in a solution with Fe(II) in two different 

concentrations, 100µM and 10µM. Parallel experiments were performed with a UO2
 pellet 

also in the solution, and the unhindered production of H2O2 was also measured with 238PuO2 

powder in pure water.  

All the experiments were performed in a glovebox in Ar atmosphere (O2 1-2 ppm) to prevent 

Fe(II) oxidation. Concentrations of Fe2+ and H2O2 were analysed with spectrophotometry and 

dissolved plutonium and uranium with ICP-MS. Iron(III) precipitation was observed towards 

the end of the experiment once the iron in the solution had been oxidised. In the end of the 

experiment the iron precipitate of the experiment with 100µM Fe2+ and UO2 pellet was 

dissolved and the amount of uranium and plutonium incorporated in the precipitate was also 

measured with ICP-MS.     

Dopant experiments (article IV)  

The experiment studied the catalytic decomposition of H2O2 on UO2 powder and pellets both 

directly and by comparing it with the reaction of MnO4
- and IrCl2

2- with UO2 pellets. Pellets 

used in the experiments were pure UO2, SIMFUEL and UO2 doped with Y and/or Pd, and the 

powder (0.1g) used was pure UO2. Before the experiments the pellets were stored in 

bicarbonate solution to prevent the formation of solid U(VI) phases on the surface prior to the 

experiments. 

The catalytic decomposition of hydrogen peroxide on the pellet and powder surfaces was 

analysed by the production of hydroxyl radicals which in the presence of tris buffer produce 

formaldehyde, which was then measured with spectrophotometry. The pellets and the powder 

were introduced in 50 mL of solution containing 5mM H2O2, 10mM NaHCO3 and 20 or 

80mM tris buffer at pH 7.5.   

Mn(VII) and Ir(IV) consumption could be measured directly, as both oxidants have a 

characteristic colour detectable with spectrophotometry. The experiments were performed 

only on the pellets mentioned above. The pellets were introduced in 10 ml of solution 
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containing 0.6 mM MnO4
- and 10mM NaHCO3 or 0.3mM IrCl2

2- and 10mM NaHCO3, and 

the solutions were constantly purged with N2. Oxidant consumption and released actinide 

concentration was monitored over time. 

The activation energy for the reaction between MnO4
- and pure UO2 and SIMFUEL pellets 

was also determined by performing the experiment in a same manner as above but at different 

temperatures between 30-70 °C.   

Secondary phase experiments (article V) 

Shards of monocrystalline depleted UO2 were first annealed in high temperature in H2/Ar 

atmosphere and then introduced in H2O2 solution with concentrations between 10mM and 

10µM for one week. Parallel experiments were done in a glove bag in N2 atmosphere and in 

normal laboratory atmosphere.  

The solid samples were analysed with SEM-EDX before and after the experiment and with 

Raman spectroscopy after the experiment, and the H2O2 consumption was measured at the 

end of the experiment. 

After the batch experiments, the formation of a studtite phase on the surface of a UO2 disc in 

H2O2 solution was studied in situ with Raman spectroscopy. The disc was washed with nitric 

acid solution to remove the oxidised layer before the start of the experiment, and after this 

examined with Raman spectrometry to see that the surface was clean for the experiments. The 

disc was then immersed in 8 ml solution of 2∙10-3 or 2∙10
-4 mol L-1 H2O2. The experiments 

were run in laboratory atmosphere at normal temperature, and the formation of secondary 

phases was followed over time. 
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4.  RESULTS AND DISCUSSION 

4.1 Analysis method for low levels of H2O2 and OH· 

The goal in this method development was to find a way to analyse low concentrations of 

hydrogen peroxide (1nM - 1µM) under laboratory conditions. The method should be possible 

to use in relatively small space in a glove box and preferentially use small sample volumes. It 

should also be able to handle environmental waters, e.g. simulated or genuine groundwater 

samples. Measurement of other radiolytic oxidants, like hydroxyl radicals OH· and superoxide 

O2·-, by the same or similar method would also be welcome. 

UV/visible spectroscopy methods like iodine and DPD methods mentioned above are suitable 

for micromolar concentrations of H2O2 but not that well suited for lower concentrations or 

very small sample volumes.  

Various chemiluminescence (CL) methods have been reported to be selective and sensitive 

for the determination of hydrogen peroxide down to nanomolar concentrations. Photolytically 

produced concentration of H2O2 in natural waters is in the order of 1nM so methods able to 

measure concentrations below that require extensive precautions to protect both the sampled 

system and the reagents from light, and in many CL methods the factor determining the 

detection limit was reported to be the background production of H2O2 and the difficulty of 

obtaining blank samples.   

The instrument used was Junior LB9509 luminometer, where batch measurements were 

performed by adding the reagents directly in the cuvette. This manual mixing of the reagents 

is a possible source of error, but it was found that the measurement reproducibility was good. 

Due to the luminometer design, measurements could be started only ~5 seconds after mixing 

the reagents in the cuvette, which appears to have hindered the performance of some of the 

methods. All the measurements were done at room temperature in normal laboratory 

atmosphere or anoxic N2 atmosphere in a glove box (O2 1-2 ppm). 

Calibration of the various H2O2 analysis methods was done with solutions diluted from 30 

vol% H2O2. It was found that the best results were reached when the water used for the blank 

samples and calibration samples was stored in the dark for some days. Since the reactivity and 

light emission is in most methods affected by the ions in the solution, in practice the 

calibration and blank samples need to be representative of the solutions sampled, and 
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preferentially stored under similar conditions. Detection limits for the methods were 

calculated as three times the standard deviation of the background. 

Based on the literature reviewed, four chemiluminescence methods for analysis of H2O2 in 

environmental analysis were selected: potassium-periodate (KI-CL), acridinium ester (AE-

CL), luminol-microperoxidase (LMP-CL) and luminol-hemin (LH-CL) methods which are 

discussed in more detail in article I. Of these, KI-CL showed no measureable 

chemiluminescence, possibly due to light emission occurring within the first five seconds 

after the mixing of the reagents which then could not be measured in our system. 

Acridinium esters are selective chemiluminescence reagents for two-oxygen oxidants due to 

the reaction described in (Cooper 2000), so they are selective for hydrogen peroxide and 

superoxide, while no light is emitted in the reaction with hydroxyl radical. In most cases the 

light emission is very fast but 10-methyl-9-(p-formylphenyl)-acridinium carboxylate 

trifluoromethanesulfonate was reported to have long-lasting light emission and has been used 

to measure nanomolar concentrations of H2O2 in natural waters. The maximum light emission 

and the best signal-to-noise ratio were measured in the beginning of the reaction, 

chemiluminescence was strong and the results were reproducible. However, background was 

also high and detection limit stayed in 100nM H2O2. The possibility of starting the 

measurement right after the mixing of the reagents might improve this though, and due to its 

better selectivity for two-oxygen oxidants it might be the most suitable method for solutions 

with high concentration of hydroxyl radicals.   

Luminol is a popular luminophore which, when oxidised in the presence of a catalyst, emits 

light. Molecular oxygen does not oxidise luminol, but stronger oxidants like H2O2 and 

hydroxyl radicals produce chemiluminescence. Numerous ions and molecules have been 

shown to catalyse the reaction, and in this work two biomolecule catalysts, microperoxidase 

and hemin, have been studied. Maximum light emission and signal-to-noise ratio in LH-CL 

method was measured right after mixing the reagents while for LMP-CL maximum light 

emission was measured 5-15 seconds after the mixing, and the highest S/N approximately one 

minute after the mixing. Both methods showed linear response between 20 and 2000nM H2O2 

and S/N ratios were comparable in two methods, but the light emission was stronger with 

LMP-CL and standard deviation smaller, leading to a detection limit below 10nM H2O2 while 

the detection limit for LH-CL was 20nM H2O2.  
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The best results with LMP-CL method with the CL reagent described in article I were 

obtained when 125 µL of reagent solution was mixed with 175 µL of sample containing 

H2O2. For the best signal-to-noise ratio the measurement is started 50 seconds after the 

mixing, and lasts for 20 seconds. 

Both biomolecules are unstable at room temperature, and long-term storage in room 

temperature induces loss of CL efficiency. Also several species in solution can hinder or 

enhance the chemiluminescence, and thus calibrations for the method need to be made daily 

and with solutions simulating the samples as well as possible. The sample cannot contain 

significant amounts of other strong oxidants like hydroxyl radicals, since these too would 

cause light emission. 

Concentrations of short-lived oxidants, like hydroxyl radical, can also be measured with 

LMP-CL method by using scavengers like mannitol. It reacts selectively with hydroxyl 

radicals and thus the difference in light emission between samples with and without mannitol 

is caused by OH∙. Other radiolytic species also have selective scavengers (Dodeigne 2000). 

However, analysis based on scavengers is often quite insensitive. 

Some chemiluminescence reagents selective for hydroxyl radicals have been reported, of 

which two methods, based on rutin and phthalic hydrazide, were tested. Of these, rutin 

method showed too weak chemiluminescence to be of use, while phthalic hydrazide method 

had notable light emission with radical concentrations estimated to be in the order of 10-10M 

(Lindsey 2000), and the increase of concentration lead to increase of the light emission. More 

exact calibration was however difficult to perform and there were problems with 

reproducibility, limiting the method suitable for qualitative analysis of hydroxyl radicals, 

while the concentrations measured would be only rough estimates. It should also be kept in 

mind that the tests were performed with reagents producing radicals in bulk solution, while 

for hydroxyl radicals produced by alpha radiolysis near the surface of the radiation source, 

such sampling is not possible. In this case it would be necessary to add phthalic hydrazide 

directly in the reaction solution to scavenge the hydroxyl radicals, and then analyse 3-

hydroxyphthalic hydrazide from the solution. 

4.2 Oxidation of UO2 by radiolytic H2O2 

Above it has been stated that in the presence of radiolytic oxidants, most importantly H2O2, 

U(IV) is oxidised to U(VI) and UO2 starts to dissolve. In the presence of carbonate in solution 
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the dissolution is a relatively fast process, and the overall reaction is controlled by the rate of 

oxidation. Also it was pointed out that in H2O2-UO2 powder system the hydrogen peroxide 

consumption is higher than the release of oxidised uranium, that only about 80% of H2O2 

consumed oxidises uranium, and the rest decomposes catalytically. Furthermore, the hydroxyl 

radical has been observed as an intermediate species in the catalytic decomposition of H2O2. 

When UO2 is in the form of pellets and not powder, there is a significant difference on the 

H2O2 consumption, only about 14% of the hydrogen peroxide consumption lead to the release 

of oxidised uranium. It was also observed that while the consumption of H2O2 in the presence 

of UO2 doped with various fission products is fairly similar to that of undoped UO2, there is a 

noticeable difference in the release of uranium (Nilsson 2011, Lousada 2011) and 

subsequently in the ratio between H2O2 reduction and surface catalysed decomposition. The 

dissolution yields in the presence of carbonate are summarized in table 5: 

Table 5: Dissolution yields of U(VI) in solution per H2O2 consumed for different UO2 based materials. 
a=Ekeroth 2006, b=Nilsson 2011, c=Lousada 2011 

Material Dissolution yield (%) 

UO2 powder 80a 

UO2 pellet (Westinghouse) 14b 

SIMFUEL pellet 0.2c 

UO2 pellet (in house) 6c 

UO2/Y2O3 pellet (in house) 2.5c 

UO2/Y2O3/Pd pellet (in house) 0.9c 

UO2/Pd pellet (in house) 11.5c 

Two possible causes were suggested as explanation for the influence of doping on the 

oxidative dissolution. Either the dopants enhanced the catalytic decomposition of H2O2 on the 

surface or doping makes the UO2 matrix more resistant to oxidative dissolution. 

The possible enhancement of catalytic decomposition was studied by measuring the hydroxyl 

radical production via accumulated concentration over time with the pellets listed in table 5. 

The measured values are shown in figure 7, where it can be seen that hydroxyl radicals are 

produced on the surfaces of every pellet and while some variation in the amount of OH· 

produced can be seen, it cannot explain the differences observed on the uranium dissolution 

(shown in figure 8). Thus, redox reactivity being changed by doping becomes a more likely 

explanation. 
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Figure 7: Accumulated hydroxyl radical concentration as a function of reaction time for the different UO2 based 

pellets 

 
Figure 8: [U(VI)] in solution as a function of reaction time for the reaction of H2O2 with the different UO2 

based pellets 

To study the possible enhanced resistance to oxidation caused by doping, the reaction 

between UO2 and two well known strong one-electron oxidants, MnO4
- and IrCl6

2-, was 

studied in the presence of carbonate. The reaction between these two oxidants and UO2 has 

been studied before (Ekeroth 2003) and they do not go through catalytic decomposition on the 

surface of UO2. In the experiments with permanganate, solid MnO2 will however precipitate, 

which becomes problematic in longer experiments as it is likely to affect the dissolution of 

uranium by precipitating on the UO2 surface. However since the reaction rates were 

determined at the beginning of the experiment, this detrimental effect was considered to be 

small. The experiments concentrated on the consumption of the oxidants; the concentration of 

dissolved uranium was measured over time and the uranium release was noted to correlate 

well with the oxidant consumption in all experiments. 
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Figure 9: Evolution of the consumption of MnO4
- in the reaction with UO2 and SIMFUEL pellets 

As can be seen in figure 9, where fraction of consumed MnO4
- as a function of time is shown 

for UO2 and SIMFUEL pellets, there is a notable difference between the reactivities towards 

MnO4
-. If we derive from the initial slope of MnO4

- consumption the first-order rate constant 

and take into account the reactive surface area we obtain an estimate of the second-order rate 

constant. By using Arrhenius equation (16) which shows the relationship between the reaction 

temperature T and the rate constant k, 

ARTEk a lnln          (16) 

and measure the rate constants at five different temperatures between 30 °C and 70 °C, we get 

the activation energy Ea for the reaction between MnO4
- and UO2 and SIMFUEL from the 

Arrhenius plot (figure 10). 

 

Figure 10: Arrhenius plot for the reactions between MnO4
- and UO2 (Westinghouse) and SIMFUEL pellets 

for temperatures from 303.15 to 343.15 K 
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The activation energies obtained from the plots in figure 10 are 7.4 ± 0.6 kJ mol-1 for UO2 and 

13 ± 2 kJ mol-1 for SIMFUEL, which support the observation that there is a significant 

difference in the reactivity of MnO4
- with UO2 and SIMFUEL. 

IrCl6
2-, a considerably stronger oxidant than MnO4

- or H2O2, was observed to be consumed 

more rapidly in the presence of all oxide pellets, as was expected. More importantly, doping 

of the pellets was found to have little effect on the rate of consumption of the oxidant or on 

the release of uranium in the solution as can be seen in figure 11. This was quite unlike the 

reactivity observed for weaker oxidants MnO4
- or H2O2 (if we do not consider the catalytic 

decomposition for the latter).  

 
Figure 11: Evolution of the consumption of IrCl6

2- in the reaction with UO2 and SIMFUEL pellets 

Table 6 shows the first-order rate constants of oxidant reactions with the different materials. 

The rates are derived from the initial slopes of the reaction, before possible side reactions like 

MnO2 precipitation plays a too large role. The rate constants for H2O2 reactivity take into 

account the uranium dissolution yield, while for MnO4
- and IrCl6

2-, for which no catalytic 

decomposition is expected, the constants are based on the oxidant consumption. 

Table 6: First-order rate constants for reactions of H2O2, MnO4
- and IrCl6

2- with the UO2-based pellets studied 

 

Pellet k(H2O2)/min-1 k(MnO4
-)/min-1 k(IrCl6

2-)/min-1 

UO2 (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 

UO2 (in house) 4.3∙10
-5 6.2∙10

-3 2.0∙10
-2 

UO2/Y2O3 1.3∙10
-5 5.3∙10

-3 2.1∙10
-2 

UO2/Y2O3/Pd 4.3∙10
-6 4.6∙10

-3 2.3∙10
-2 

UO2/Pd 6.6∙10
-5 7.8∙10

-3 2.2∙10
-2 
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With in-house pellets the effect of doping seems to be smaller, and the oxidation rate close to 

that of Westinghouse UO2. The differences for MnO4
- and IrCl6

2- reaction rate constants can 

be due to minor variation on the roughness of the pellet surfaces, as they are derived from 

oxidant consumption, but including dissolution yields, for H2O2 the effect of surface 

roughness is minor. In any case, it can be noted that for in-house pellets the effect of doping is 

similar for H2O2 and MnO4
- with UO2/Pd pellet showing the highest reactivity and 

UO2/Y2O3/Pd the lowest though the differences are more pronounced for H2O2. For IrCl6
2- 

there is no noticeable difference between in-house pellets or Westinghouse UO2 pellet, though 

for all three oxidants SIMFUEL is the least reactive. 

It should be pointed out that the in-house pellets have been pressed from mixed powders, and 

therefore the pellet microstructure contains separate phases. For palladium, existing in noble 

metal inclusions in spent fuel, this is as expected, but in spent fuel yttrium as well as other 

rare earth elements are expected to be incorporated in the UO2 crystal structure. For the 

catalytic reactions the dopants and UO2 being separate phases should matter less, but for the 

full simulation of the oxidation behaviour of UO2 matrix, it is likely that the dopants need to 

be incorporated in the structure, even if it can be noted that Y2O3 doping does influence the 

dissolution yield more than what would be expected from the separate phases. In any case, for 

future experiments examining the possible influence of individual dopant elements, the matrix 

structure need also to be simulated and not only the overall chemical composition. 

 
Figure 12: Logarithm of the ratio between the rate constants for oxidation of SIMFUEL and Westinghouse 

pellets as a function of the reduction potential of the oxidant 

The results suggest that the rate constant for uranium matrix oxidation increases with 

increasing reduction potential of the oxidant, as was also observed for powders (Ekeroth 

2003), and also that the influence of doping on the reactivity decreases with increasing 
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reduction potential of the oxidants. This is illustrated on figure 12 where logarithm of the ratio 

of rate constants for UO2 and SIMFUEL is plotted against the reduction potential of the 

oxidants.  

If we extrapolate in figure 12 the relationship between reduction potential and rate constants 

in linear manner (realizing that the plot is not expected to be linear but to asymptotically 

approach zero for oxidants with high reduction potentials), it can be seen that for oxidants 

stronger than IrCl6
2-, like OH∙ and CO3

-
∙, no difference between the reactivity with UO2 and 

SIMFUEL can be expected. On the other hand, for O2 the rate constant for oxidation of 

SIMFUEL can be estimated to be roughly 21000 times lower than for oxidation of UO2.  

Based on these observations and estimations, it appears that UO2 is actually quite 

conservative simulant when considering the radiolytic oxidative dissolution of spent nuclear 

fuel, where with pure UO2 over 99% of oxidation has been attributed to H2O2. With UO2 

doped with fission products it appears that stronger oxidants like OH∙ and CO3
-
∙ will play a 

stronger role despite their low yields in alpha radiolysis, as their reactivity is expected to 

remain largely unaffected by doping. The observations made here also lessen the threat 

caused by the scenarios involving intrusion of oxidising waters into deep repository. 

4.3 Influence of other species in solution 

Carbonate is a strong complexing agent for uranyl ion, increasing the solubility considerably 

and shifting the rate-controlling reaction in the oxidative dissolution of UO2 to be the 

oxidation, while in the absence of carbonate the dissolution rate becomes rate-controlling. The 

influence of carbonate was not extensively studied in this work but became evident: in the 

experiments without carbonate, formation of uranium secondary phases was observed or the 

dissolution rate was lower than in the experiments with carbonate. The influence of carbonate 

on the oxidative dissolution of Np and Pu was left out of this work, though it deserves further 

experiments, and the role of carbonate radicals was likewise not considered.   

Iron is a likely constituent in the repository groundwater as Fe-containing minerals release 

iron in the water. Also repository barrier materials are likely to release large amounts of iron 

in water through the corrosion reactions. The preferential corrosion product formed under 

anoxic conditions has been reported to be magnetite (Fe3O4) (Loida 1996), which places iron 

concentrations in the range of 10-6 to 10-5 mol L-1.  
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In the iron experiments (article III) genuine alpha-radiolytic conditions were generated with 

solid 238PuO2 as a radiation source. Various concentrations of iron(II) was dissolved in the 

solution. Micromolar concentrations of H2O2 were quickly generated in the solution, as can be 

seen in figure 13. The production rate of H2O2 was assumed to be the same in all the 

experiments, and the H2O2 concentration seems to approach a value of about 4·10-5M in the 

experiments regardless of the total iron concentration or the presence of uranium, though this 

steady-state concentration is not reached in any of the solutions within the experiment time. 

What mechanisms are responsible for this levelling off of the H2O2 ingrowth is not known; 

possibly the catalytic decomposition on the surfaces becomes a major process inhibiting the 

linear ingrowth of H2O2. 

 

 

 
Figure 13: Development of Fe(II) and H2O2 concentrations in 238PuO2-iron experiments 

In all cases high concentrations of H2O2 and Fe2+ were not observed simultaneously. In the 

beginning of the experiments Fe2+ was present and H2O2 could not be detected but the 

oxidation of iron and ingrowth of H2O2 appears to occur at the same time, suggesting that 

H2O2 ingrowth could not take place before the reducing agents in solution were consumed, in 

this case by the Fenton reaction. 
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At low initial iron concentrations ([Fe2+]0 = 10-5M) the delay of H2O2 ingrowth is small, only 

marginally slower than that of iron-free solution, and the presence of a solid UO2 pellet did 

not appear to affect the solution evolution significantly, at least within the time resolution 

used in the sampling.  

Higher initial iron concentration ([Fe2+]0 = 10-4M) caused a significant delay of the H2O2 

ingrowth. Also, at this iron concentration the presence of a UO2 pellet did have a notable 

delaying influence on the iron(II) consumption and H2O2 ingrowth.  

U(IV) can compete with Fe(II) for hydrogen peroxide consumption, which prolongs the 

lifetime of Fe(II). Formation of uranyl secondary phases, especially uranyl peroxide 

UO4∙nH2O removes uranyl ions, hydrogen peroxide and also possibly plutonyl ions by 

coprecipitation from solution, which would also prolong the lifetime of Fe(II), though the 

H2O2 concentration in the bulk solution seems to be too low for a fast precipitation of solid 

uranyl peroxide (as discussed in later chapters).  

However, the problem here is that the radiation source 238PuO2 and UO2 pellet were not a 

mixed phase but separate solid phases. Under these conditions U(IV) competing for radiolytic 

oxidants would require the transport of oxidising species from the surface of PuO2 to UO2 

when Fe2+ is still present in the solution, which seems improbable. More likely explanation is 

that Fe3+ is reduced back to Fe2+ in the presence of solid UO2, leading to the observed 

prolonged lifetime of Fe(II) in solution.  

 

 
Figure 14: Development of uranium concentration in 238PuO2-iron experiments 

The concentration of dissolved uranium seems to go through various stages, depending on the 

conditions in the solution (figure 14). In both cases there is a quick initial release of the 

oxidised layer from the surface, which is a common occurrence in uranium leaching 
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experiments even despite pre-treatment and anoxic conditions, but the amount of dissolved 

uranium drops quickly, probably due to the reduction by Fe2+ (Cui 2002, Du 2011, Singer 

2012). Once reducing Fe2+ has been consumed from the solution and H2O2 grows in, uranium 

concentration goes through a maximum due to oxidative dissolution and then starts again to 

decrease due to precipitation of uranyl secondary phases and possible sorption on iron solid 

phases. These phases correlate with the evolution of Fe2+ and H2O2 concentrations in the 

experiments, and at higher iron concentration the changes in uranyl concentration become 

more pronounced.  

Iron (III) precipitation was observed in the experiments and the solubility of Fe(III) is likely 

to affect the suggested Fe(III) regeneration in the presence of UO2. pH evolution was not 

followed in these experiments but based on the earlier experiments of the same type (Amme 

2005), pH of the solutions was expected to be between 4.2 and 5.5. In the experiments with  

[Fe2+]0 = 10-4M, Fe3+ concentration at the end of the experiment was measured to be ~1.5∙10
-6 

mol L-1 while in the experiments with [Fe2+]0 = 10-5M, Fe3+ concentration dropped below 

detection limit after one day, suggesting Fe(III) solubility of 10-7M or lower.  

4.4 Neptunium and plutonium 

In our experiments (article II) solid UO2, 237NpO2 and 239PuO2 powder was exposed to 

hydrogen peroxide solution and the development of H2O2 concentration as well as dissolved 

actinide was measured over time. At the end point also the oxidation state of Np and Pu was 

analysed to observe if oxidation had indeed taken place. The results were compared to the 

background experiments where, under same conditions, the actinide powders were exposed to 

pure water. Background radiolytic production of H2O2 was below detection limit in uranium 

and neptunium experiment, and above detection limit but negligible compared to the added 

H2O2 in the plutonium experiment. 

It was found that oxidative dissolution of Np and Pu does take place in hydrogen peroxide 

solution: both actinide concentration and the amount of dissolved species in higher oxidation 

state are higher in H2O2 solution as can be seen in table 7. There is however a considerable 

difference between the dissolution of the actinides as can be seen in figure 15: both the 

amount dissolved and the rate of dissolution is highest for uranium and lowest for plutonium. 

Also it should be noted that the concentration of dissolved U and Np went to a maximum 

value and started to decrease, possibly due to solid peroxide precipitation, while dissolved Pu 

concentration stayed low and did not reach a maximum during the experiments.  
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Figure 15: Dissolved actinide concentration as a function of time for UO2 (Δ), NpO2 (◊) and PuO2 (□). 

Table 7: Concentration of the measured oxidised actinide (oxidation states +5 and +6) and the fraction of all 

actinide in the solution. 

 
Total concentration 

(µmol dm-3) 

Oxidised concentration 

(µmol dm-3) 
Oxidised fraction 

NpO2 4.4 4.1 0.93 

NpO2
 background 8.1 3.3 0.41 

PuO2 0.68 0.7 1.03 

PuO2
 background 0.12 0.09 0.78 

The same trend is observed also in H2O2 concentrations: relatively fast consumption with UO2 

and increasingly slower consumption with NpO2 and PuO2 (figure 16 and table 8). The trend 

on H2O2 consumption rates with different actinides parallels the trend of one-electron 

oxidation potentials of those actinide oxides, where UO2 has the lowest potential and PuO2 the 

highest. 

If the catalytic decomposition of H2O2 on metal oxide surfaces is assumed to be independent 

from redox properties and similar in the three experiments here, its relative importance 

increases for slowly oxidising NpO2 and PuO2, and as a consequence the oxidative dissolution 

yield is expected to decrease in the order UO2 > NpO2 > PuO2.  
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Figure 16: H2O2 concentration as a function of time for UO2 (Δ), NpO2 (◊) and PuO2 (□). 

 
Table 8: Initial H2O2 consumption and actinide release rates and one-electron reduction potential for the 

AnO2
+/An4+ 

 E0 (mV) 
H2O2 consumption rate 

(mol dm-3 s-1) 

An release rate 

(mol dm-3 s-1) 

UO2 380 12·10-7 2.5·10-7 

NpO2 640 0.9·10-7 1.5·10-11 

PuO2 1040 0.28·10-7 4.0·10-13 

It should also be pointed out that hydrogen peroxide has been reported to be a reducing agent 

for Pu(V) (Maillard 2001), though in low acidity it has been reported to be a relatively slow 

reaction, so plutonium can consume H2O2 catalytically through Pu(IV) <=> Pu(V) cycle. This 

process further consumes hydrogen peroxide without evident oxidative dissolution, and thus 

lowers the yield for the oxidative dissolution of PuO2.  

The current data is at the moment insufficient to deduce the oxidation and dissolution 

mechanisms for NpO2 and PuO2. Since no complexing agents were used, it is likely that the 

release rate of actinides is controlled by the dissolution reaction instead of oxidation reaction.  

It is however interesting to compare the results with the work done on UO2 and SIMFUEL 

reactivity (Nilsson 2011 and article IV), where it was noted that hydrogen peroxide reactivity 

was equal with both materials while there was a large difference in the oxidation capability, 

when with Np and Pu both were hindered. In any case, these results do suggest that the 

dissolution of the actinides is not congruent, and without complexing agents the release rates 

of Np and Pu are notably lower than the U release rate. 
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In further experiments (article III) the behaviour of plutonium was studied under genuine 

radiolytic conditions. Also the possible effect of iron(II) in solution and solid UO2 in the 

vicinity was examined.  

 
Figure 17: Development of plutonium concentration in 238PuO2-iron experiments 

With iron present in the solution, dissolved plutonium reaches first an early maximum and 

after this starts to decrease slowly (figure 17). In all cases the shapes of the logarithmic 

concentration profiles of dissolved plutonium over time are quite similar to each other 

regardless of the composition of the bulk solution. There is however a notable difference in 

the amount of dissolved plutonium, depending on the experimental setup; both the iron 

concentration and the presence of a solid UO2 pellet were noticed to enhance plutonium 

dissolution.   

As mentioned above, oxidative dissolution of plutonium has been observed to take place in 

the presence of hydrogen peroxide but it is a slow process. Since the amount of PuO2 is the 

same in all the experiments, the production rates of H2O2 and other products of the direct 

radiolysis are assumed to be the same in all cases.  

Partially responsible for the increase in plutonium solubility is the change in pH: both iron 

and the dissolution of UO2 cause a decrease in pH, which enhances the plutonium solubility. 

The evolution of Fe2+ and H2O2 in solution, as seen in figure 13, also suggests that the Fenton 

reaction takes place in the solution, where hydrogen peroxide reacts with ferrous iron to 

produce hydroxyl radical as per reaction 3. Even though the hydrogen peroxide concentration 

in the bulk solution does not increase significantly early in the experiment, in the layer close 

to the PuO2 surface it is continuously produced and as Fe2+ is present to react with it, the 

hydroxyl radical concentration can be expected to be notably higher than what is produced by 
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direct alpha radiolysis. Eventually when ferrous iron is consumed from the solution the 

Fenton reaction ends and the hydroxyl radical concentration decreases closer to the levels 

produced by radiolysis alone. The role of uranium appears to be linked to the regeneration of 

Fe2+ which retains the iron concentration in the solution high, and thus allows for the Fenton 

reaction to continue longer.  

While the rise in the concentration can be attributed to a rapid oxidative dissolution, for the 

decrease there are several possible explanations. Some plutonium peroxide precipitation is 

possible in colloidal form, and other solid secondary plutonyl phases or coprecipitation with 

uranyl secondary phases are a possibility, as is sorption on the iron precipitates formed during 

the experiment. Hydrogen peroxide can also reduce plutonyl species to less soluble Pu4+, 

which can also be expected once Fe2+ is no longer hindering H2O2 ingrowth.  

When the iron precipitate formed during the reaction was collected, dissolved and the actinide 

concentrations analysed, it was found that while sorption on the iron precipitate seems to be a 

major sink for uranium, it appears to have been responsible for less than half of the decrease 

in plutonium concentration in the solution after the maximum.  

There are some major differences between the experiments here and the genuine conditions 

expected with UOX or MOX spent fuel. The specific activity of 238PuO2 is higher than what is 

expected of spent fuel once the canister is breached in the geological repository and thus the 

concentrations of H2O2 produced are high. The corrosion of the breached barriers can provide 

a continuous supply of Fe(II) in the groundwater, though this depends also on the flow 

conditions in the repository. There are other species in the groundwater, either enhancing the 

solubility via formation of soluble complexes or diminishing it via formation of secondary 

phases of low solubility.  

Also, uranium and plutonium are in direct physical contact with each other. In some MOX 

fuels UO2 and PuO2 materials are mechanically mixed together, but for a considerable degree 

in spent fuel plutonium is replacing uranium in UO2 structure, either as a dopant from higher 

actinide production by neutron capture or the preparation method of MOX. 

Considering the differences in the oxidation behaviour of UO2 and PuO2, it can be expected 

that the oxidative dissolution is incongruent with faster uranium dissolution and more 

complicated oxidation-reduction scheme for plutonium. The influence of iron however 

complicates matters, and with lower radiation field and large supply of Fe(II) it is possible 
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that Fenton reaction can produce hydroxyl radicals on the fuel-water interface for a long time, 

while the redox conditions further away remain strongly reducing. 

Above the effect of fission product doping on the UO2 oxidation reactivity was also studied. 

In a similar fashion on should consider the possibility of differences in reactivity between 

pure UO2 and UO2 doped with higher actinides (or when plutonium is in high concentrations 

the difference in reactivity between pure and doped PuO2).   

4.5 Oxidation layer and secondary phases of UO2 

As stated above, in high carbonate concentrations the dissolution of U(VI) is a fast process 

and the surface of uranium dioxide remains free of solid layer of oxidation layer UO2+x. Also 

in this case precipitation of solid uranyl phases like schoepite or studtite becomes unlikely. 

However, in low carbonate concentration, dissolution of U(VI) determines the rate of 

oxidative dissolution and oxidation layer is formed on the surface of uranium dioxide. Also 

when uranium solubility is lower, precipitation of secondary uranyl minerals becomes a 

significant process. 

Several methods can be employed to the study of these phases. Scanning electron microscopy 

coupled with electron-dispersive X-ray spectroscopy (SEM-EDX) is one commonly 

employed, as it is a fast method to study the phase formations on the surfaces and also 

provides information on the elemental composition of the phases. However it can distinguish 

poorly phases with chemical compositions close to each other and can be destructive to the 

samples due to the necessity for vacuum and in some cases coating with a conductive material 

(this is not necessary for UO2).  

For macroscopic samples X-ray diffraction (XRD) is a good method to analyse the mineral 

composition of the material, and extensive reference libraries are available for it. This method 

is however typically not suitable for analysis of microscopic phases formed in leaching 

experiments.  

Raman spectroscopy has been employed for surface studies in UO2 leaching experiments 

before, mostly on the analysis of the extent of oxidation and stoichiometry of UO2+x (Allen 

1987, Palacios 2000, Amme 2002, Senanayake 2005, Jégou 2010) and also on the analysis of 

precipitated secondary phases (Amme 2002, Giammar 2002, Frost 2006, Frost 2007). It can 

be used for microscopic surface phases and optimally it does not destroy the sample but can 
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even be used in situ to study the progress of the surface reactions. However, at the moment 

the amount of reference spectra for secondary phases are somewhat limited.  

Table 9: The main peaks in the standard Raman spectra with red laser (λ=633 nm) (s=strong, m=medium, 

w=weak). The multiplet-forming peaks are grouped together. Reference values taken from (Amme 2002) 

Mineral Composition Raman wavenumbers 

(cm-1) 

Reference values 

(cm-1) 

Studtite UO4∙2H2O 818 (s) 

864 (m)/874 (m) 

185 (w) 

211 (w) 

238 (w) 

262 (w) 

292 (w) 

350 (w) 

749 (w)/752 (w) 

1030(w)/1043(w) 

ν1(UO2
2+ ):820 

ν(O2
2-):870 

Becquerelite Ca(UO2)6O4(OH)6∙8H2O 829 (s) / 803 (w) 

455 (m) 

260 (w) 

321 (w)/343 (w) 

535 (w)/557 (w) 

ν1(UO2
2+ ):828 

 

Soddyite (UO2)2SiO4∙2H2O 829 (s) 

165 (w) 

220 (w) 

290 (w) 

312 (w) 

460 (w) 

1026 (w) 

ν1(UO2
2+ ):830 

ν2(UO2
2+ ):220, 259 

ν2(SiO4
4- ):455 

 
 
 

Schoepite UO2(OH)2∙2H2O 842 (s) / 855 (s) / 819 (w) / 828 (w) 

178 (w) 

248 (w) / 269 (w) 

405 (w) 

542 (w) 

ν1(UO2
2+ ):843/855 

 

Uraninite UO2 1150 (s) 

445 (m) 

 

ν1(UO2
2+ ):symmetric stretching vibration of UO2

2+ 

ν2(UO2
2+ ):bending vibration of UO2

2+  

For our experiments (article V) four uranyl mineral standards, metastudtite (UO4∙2H2O) 

becquerelite (Ca(UO2)6O4(OH)6∙8H2O), soddyite ((UO2)2SiO4∙2H2O) and schoepite 



49 
 

(UO2(OH)2∙2H2O), which are all possible secondary phases formed in UO2 leaching, were 

first analysed with XRD to ascertain their composition. Three samples appeared to be pure 

phases while the schoepite sample was shown to contain also some other phases either formed 

during synthesis or altered afterwards. 

The reference Raman spectra of the materials was measured with both green Ar laser (λ=514 

nm) and red He-Ne laser (λ=633 nm). More intense green laser was however found to burn 

some of the mineral samples. Thus reliable reference spectra were generated only with red 

laser. The obtained spectra are showed in figure 18 and the uranyl stretching frequency region 

between 790 and 890 cm-1 in figure 19. The wave numbers of the peaks are listed in table 9. 

 

 
Figure 18: Raman spectra of synthetic a) metastudtite, b) soddyite, c) becquerelite and d) schoepite, measured 

with He:Ne laser, wavelength of 633 nm 
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Figure 19: Raman spectra in the uranyl stretching frequency region of synthetic standards using He:Ne laser at 

633 nm. 
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Comparing our values with reported reference values, one can note some differences. The 

soddyite spectrum appears quite different from that reported by Amme (Amme 2002), 829 

cm-1 peak is strong in both, but the peaks in 200-600 cm-1 area are notably weaker in our case. 

However, our spectrum agrees well with those reported by Giammar (Giammar 2002) and 

Frost (Frost 2006). The becquerelite spectrum measured by Frost (Frost 2007) disagrees with 

the results reported in this work, placing the main uranyl stretching peak on 838 cm-1. Reason 

for this difference is at the moment unknown. 

In batch experiments the monocrystal UO2 shards were exposed to H2O2 solutions of four 

different concentrations between 10-2M and 10-5M. The exposure time was one week, and 

during this time 30-70% of H2O2 was found to be consumed, but since the concentration 

change was still within one order of magnitude, the change in reaction conditions during the 

experiment was not considered to be too large.  

 
Figure 20: SEM pictures of UO2 shards exposed to a) 10mM b) 1.0mM c) 0.1mM d) 10µM hydrogen peroxide 

solution after one week  

The parallel tests were performed in N2 atmosphere and in normal laboratory atmosphere, but 

no difference was noticed in the surface formations. This implies that under these conditions 

in this timescale the influence of O2 is negligible compared to the stronger oxidant H2O2, and 
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CO2 dissolved in the solution did not affect the phase formation noticeably. The volumes of 

the solutions were kept very small in order to get large surface/volume ratios (~50 m-1) while 

still having an individual solid sample instead of powder, though this meant that there was not 

enough solution to follow the concentration of dissolved uranyl. 

The shards were examined with SEM-EDX before and after the experiment; the shards after 

the experiment are shown in figure 20. As can be seen, at the highest concentration the 

surface of the UO2 shard is covered with a thick and flaking secondary phase layer, while at 

10-3-10-4M H2O2 there are some secondary phases formed but they become more evident only 

at larger magnification. The shard in 10-5M H2O2 shows little evidence of oxidation or 

secondary phase formation in electron microscope pictures. 

Closer inspection also shows different secondary phase formations depending on the H2O2 

concentration. Studtite forms typically yellow needle-like crystals, but in 10-2M and 10-3M 

H2O2 the surface was covered with thick plates. It was however noticed that these plates are 

formed from closely packed oriented needle-like crystals as can be seen in figure 21. 

 
Figure 21: Surface of the UO2 shard exposed to 10mM hydrogen peroxide solution after one week. The 

individual oriented needle-like studtite crystals can be seen in the bottom left corner of the picture.  

In 10-2M H2O2 this was the only type of studtite formation found but in 10-3M H2O2 the 

surface was covered with both plates of closely packed oriented crystals and more loosely 

formed non-oriented crystals (figure 22). Both of these were checked with Raman 

spectroscopy to be studtite.  Corbel et al (Corbel 2006) have reported similar secondary phase 
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formations before and did suggest that the formation depends on whether the H2O2 was added 

in the solution or produced in genuine radiolysis, but in our experiments it was evident this is 

not the case because only added H2O2 was used, but both phases were observed. It is more 

likely that the difference in phases is related to H2O2 and/or uranyl concentration in the 

solution.  

 
Figure 22: Surface of the UO2 shard exposed to 1mM hydrogen peroxide solution after one week. Both oriented 

and non-oriented studtite crystal formations can be found. 

 
Figure 23: Surface of the UO2 shard exposed to 0.1mM hydrogen peroxide solution after one week. Non-

oriented needle-like studtite crystals as well as plates of unknown mineral can be seen. 
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Figure 24: Raman spectrum of unknown plate-like mineral phase found on the leaching tests with 0.1mM 

hydrogen peroxide, measured with red laser light, λ=633 nm 

In 10-4M H2O2 solution studtite crystals were found scattered over the surface but with uneven 

coverage. Also another phase, green-grey plates precipitating mostly in rose-like bunches, 

was noticed on SEM pictures, as seen in figure 23. We had not previously observed a phase 

like that in leaching experiments and its Raman spectrum showed it to not be any of our 

reference samples either.  

The peaks in the Raman spectrum (figure 24) were sharp, suggesting high crystallinity, and 

strong fluorescence was observed when the sample was analysed using the green laser. EDX 

measurement showed the phase to contain uranium, oxygen and phosphorus, and the Raman 

spectrum also showed peaks typical to phosphates, and furthermore it is noted that uranyl 

phosphates autunite and saléeite form greenish plate-shaped crystals with strong fluorescence 

and that uranyl phosphates are expected to have low solubility. Based on these observations it 

seems that the unknown phase is some uranyl phosphate even though the source for 

phosphates in the experiment is unknown. Nevertheless, it is interesting to observe that under 

these conditions studtite crystals are formed but not necessarily as the sole secondary phases; 

the corrosion system is sensitive also to the presence of other species and other uranyl phases 

with low solubility can also be formed. 

The samples exposed to 10-5M H2O2 showed no signs of secondary phase precipitation, 

though the samples had experienced oxidation and UO2+x layer was detected to cover the 

surface. 

In the experiments measuring the corrosion potential of UO2 in different hydrogen peroxide 

concentrations (Sunder 2004), three distinct ranges were observed. In H2O2 concentrations 

between 10-4 and 10-2 mol L-1 corrosion potential did not change when peroxide concentration 
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increased, but below 10-4M and above 10-2M concentrations the corrosion potential was 

proportional to hydrogen peroxide concentration. 

When these ranges are compared to the results reported here, it can be noted that in the 

concentrations where the surface was more or less homogenous, either completely covered by 

studtite or without visible precipitate, the corrosion potential changes proportionally to 

hydrogen peroxide concentration. However, on the range where the surface coverage is only 

partial, the corrosion potential does not change.  

In situ experiments performed with UO2 pellets exposed to 2·10-3M H2O2 solution showed 

that at this concentration secondary phase formation was fast, secondary phases were detected 

already after one hour and Raman spectrum showed the double peak characteristic to studtite 

as well as peaks typical to UO2 (figure 25). After 21 hours the UO2 peaks were shrinking 

compared to studtite peaks, suggesting that the secondary layer is growing thicker.  
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Figure 25: Raman spectrum of UO2 pellet after one hour and 21 hours of leaching with     2∙10-3M H2O2, 

measured with green laser light, wavelength of 514 nm 

In 2∙10
-4M H2O2 solution some secondary phase crystals were observed after leaching for 24 

hours. After 48 hours these could be identified from Raman spectrum as studtite. In neither 

case no intermediate or other secondary phases were detected and the phase formation is a 

relatively fast process. However, the surface-to-volume ratio of the experiments appears to 

affect the formation rate: Clarens et al (Clarens 2004) reported growth of secondary phase 

crystals only after 140 hours when leaching a UO2 disc in 5·10-4M H2O2 solution, but at low  

S/V.  
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5.  CONCLUSIONS 

In this work the behaviour of the spent nuclear fuel in radiolytic systems was examined from 

various viewpoints in order to move from simplified models closer to more genuine 

conditions. Pure solid UO2 was compared to other actinide oxides NpO2 and PuO2 as well as 

UO2 doped with stable fission products in its reactivity towards H2O2 and other oxidants (in 

this work MnO4
- and IrCl6

2- were used), and the effect of doping on catalytic decomposition 

of H2O2 was also studied.  

The effect of dissolved ferrous iron in radiolytic conditions on the dissolution of UO2 and 

PuO2 was also studied, as well as the formation of uranyl peroxide secondary phase on H2O2 

leaching of solid UO2. Also, method development on H2O2 analysis from solution as well as 

Raman characterisation of uranyl solid phases was done. 

The following conclusions can be drawn from this work: 

1. While NpO2 and PuO2 experience oxidative dissolution in H2O2 solution, the reaction 

becomes noticeably slower in the order UO2 > NpO2 > PuO2. However, all actinides were 

noted to be oxidised in the presence of H2O2. 

2. Ferrous iron reacts quickly with H2O2 produced in radiolysis of water and only after Fe2+ 

has been consumed, the H2O2 concentration can grow in solution. Ferrous iron enhances the 

oxidative dissolution of UO2 and both iron and UO2 enhance the oxidative dissolution of 

PuO2. This enhancement has been attributed to the Fenton reaction producing hydroxyl 

radicals capable of oxidising Pu(IV), and regeneration of ferrous iron by the presence of solid 

UO2. 

3. Doping UO2 with fission products does not appear to have a significant effect on the 

catalytic decomposition rate of H2O2, but a hindering effect on the redox reactivity was 

noticed. When the reduction potential of the oxidant increases, the effect of fission product 

doping diminishes.  

4. While practically all radiolytic oxidation of pure UO2 can be attributed to H2O2, both higher 

actinides and UO2 doped with fission products are more resistant to it. Meanwhile, the same 

does not appear to be true for hydroxyl radicals and other strong oxidants, which despite their 

lower yield in alpha radiolysis are possibly significant contributors to the oxidative 

dissolution of spent fuel. Hydroxyl radicals have been noticed as an intermediate species in 

catalytic decomposition of H2O2 on metal oxide surfaces, and can also be produced by Fenton 

reaction when ferrous iron is present.    
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5. Secondary phase studtite shows different morphology and coverage of the primary UO2 

surface depending on the H2O2 concentration in the solution. In millimolar H2O2 

concentrations the formation of a secondary phase layer was noted to be a fast process and the 

coverage of the surface complete, while at lower H2O2 concentrations the surface coverage 

was incomplete. 
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