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Abstract 

This doctoral thesis is focused on radiation induced oxidative dissolution of UO2, Pd-doped UO2, 
SIMFUEL (as model substances for spent nuclear fuel) and UN (a possible future fuel) and 
inhibition of the oxidative dissolution. 

H2O2 is assumed to be the most important oxidant for spent nuclear fuel dissolution under deep 
repository conditions. The dissolution of uranium has been studied by oxidation by added H2O2 
and by gamma irradiation in the presence and absence of carbonate. 

In carbonate free solutions very low amounts of uranium are dissolved from UO2 due to 
formation of metastudtite, UO4·2H2O on the UO2 surface which blocks the surface from further 
oxidation. Metastudite formation was confirmed with Raman spectroscopy. 

In the presence of carbonate, the concentration of dissolved uranium increases linearly over time 
for UO2 and UN, due to the complex formation between carbonate and oxidized uranium. 

For SIMFUEL a large fraction of H2O2 is consumed by catalytic decomposition under all 
conditions examined. This results in very low amounts of uranium released. Metastudtite 
formation was not observed on SIMFUEL. 

The oxidation during gamma radiolysis shows a larger difference in dissolution rates between 
UO2 and UN in carbonate solutions compared to upon oxidation by added H2O2. UN was found 
to have a lower dissolution rate, most probably because 50 % more oxidant is needed to reach the 
soluble U(VI).  

It was shown that the redox reactivity of UO2 appears to increase ~1.3 times, after being 
irradiated at doses > 40 kGy. The effect is permanent and delayed.  

The presence of sulfide shows an inhibiting effect on radiation induced dissolution due to 
scavenging of radiolytic oxidants and reduction of U(VI). 

The catalytic properties of Pd (as a model for the noble metal particles containing Mo, Ru, Tc, 
Pd and Rh, formed by the fission products) are examined. It was found that Pd has a catalytic 
effect on the reaction between H2O2 and H2 and the second order rate constant is determined to 
(2.1±0.1)x10-5 m s-1. The reaction between UO2 and H2O2 is catalyzed by Pd. Pd also has a 
catalytic effect on the reduction of U(VI) by H2 both in aqueous solution, rate constant 
(1.5±0.1)x10-5, and in the solid phase, rate constants 4x10-7 m s-1 and 7x10-6 m s-1 for pellets with 
1 and 3 % Pd respectively. These values are very close to the diffusion limit for these systems. 
The catalytic effect was not influenced by the presence of sulfide. The catalytic effect in the solid 
phase reduction shows that the expected conditions in a deep repository, 40 bar H2 and 1 % noble 
metal particle content, is sufficient to stop the dissolution.  



 

Sammanfattning 

Denna doktorsavhandling behandlar strålningsinducerad oxidativ upplösning av UO2, Pd-dopad 
UO2, SIMFUEL (som modeller för utbränt kärnbränsle) och UN (ett möjligt framtida bränsle) 
och hämmandet av oxidativ upplösning. 

H2O2 antas vara den viktigaste oxidanten för upplösning av använt kärnbränsle under 
djupförvarsförhållanden. Upplösningen av uran har studerats genom oxidation via tillsatt H2O2 

och genom gammabestrålning i närvaro och frånvaro av karbonat. 

I karbonatfria lösningar är det väldigt låg upplösning av uran på grund av att det bildas 
metastudtit, UO4•2H2O på UO2 ytan som blockerar ytan från fortsatt oxidation. Bildningen av 
metastudtit har bekräftats med Ramanspektroskopi. 

I närvaro av karbonat ökar koncentrationen av upplöst uran linjärt över tiden för UO2 och UN på 
grund av komplexbildning mellan karbonat och oxiderat uran. 

För SIMFUEL är en stor andel av H2O2 förbrukad via katalytisk sönderdelning under alla 
studerade förhållanden. Det resulterar i väldigt låga mängder upplöst uran. Metastudtit 
observerades inte på SIMFUEL. 

Oxidation under gammaradiolys visar en större skillnad i upplösningshastigheter mellan UO2 och 
UN i karbonatlösningar jämfört med i oxidation genom tillsatt H2O2. UN har en lägre 
upplösningshastighet, med största sannolikhet för att 50 % mer oxidanter behövs för att nå den 
lösliga U(VI). 

Det visade sig att reaktiviteten för UO2 verkar öka ~1.3 gånger efter att ha bestrålats med doser > 
40 kGy. Effekten är permanent och fördröjd. 

Närvaro av sulfid visar en hämmande effekt på strålningsinducerad upplösning på grund av 
reaktioner med radiolytiska oxidanter och reduktion av U(VI). 

De katalytiska egenskaperna av Pd (som en modell för ädelmetallpartiklar innehållande Mo, Ru, 
Tc, Pd och Rh, bildade av fissionsprodukter) har undersökts. Studien visar att Pd har en 
katalytisk effekt på reaktionen mellan H2O2 och H2 och andra ordningens hastighetskonstant är 
bestämd till (2.1±0.1)x10-5 m s-1. Reaktionen mellan UO2 och H2O2 katalyseras av Pd. Pd har 
också en katalytisk effekt på reduktionen av U(VI) av H2 både i vattenlösning, hastighetskonstant 
(1.5±0.1)x10-5, och i fast fas. Hastighetskonstanten för processen i fast fas är 4x10-7 m s-1 och 
7x10-6 m s-1 för kutsar med 1 respektive 3 % Pd. Dessa värden är väldigt nära diffusionsgränsen 
för den här typen av system. Den katalytiska effekten påverkas inte av närvaro av sulfid. Den 
katalytiska effekten i den fasta fasen visar att de förväntade förhållandena i ett djupförvar, 40 bar 
H2 och 1 % ädelmetallpartiklar, kommer att stoppa upplösningen.  
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1. Introduction 

1.1 Plans for nuclear waste disposal  

One of the major problems in the nuclear power industry is how to minimize the potential impact 

of the radioactive waste on the environment. There are various solutions in different countries. 

Some countries are reprocessing the fuel which results in a lower amount of high level 

radioactive waste, and shorter times of dangerous radioactivity. In the future Generation IV 

reactors, the fuel will be reprocessed. 

In Sweden the plan is to store the spent nuclear fuel without reprocessing in a deep granitic 

geological repository according to the KBS-3 model, developed by the Swedish Nuclear Fuel 

and Waste Management Co, SKB [1]. At present, ~5000 tonnes of spent nuclear fuel are stored 

in water basins outside Oskarshamn. 

After several site investigations, in 2009 SKB suggested that the place for the repository would 

be Forsmark, in Östhammar municipality. In March 2011 SKB submitted an application to the 

Swedish Radiation Safety Authority (SSM) and to the Environmental Court, for building a Spent 

Fuel Repository. Depending on the outcome of the application, the construction of the repository 

is expected to start earliest in 2017 and the first disposal of spent nuclear fuel around 2025 [1].  
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1.2 Background 

In Sweden the nuclear fuel consists of 235U-enriched pellets of UO2. After being used in a 

nuclear reactor the composition of the fuel is mostly UO2, ~95%, the rest being radioactive 

fission products and higher actinides. When discharged from the nuclear power plant, the spent 

fuel needs to be stored in water basins for 30 years for the radioactivity and mainly the heat 

generation to decrease, before being transferred to a deep geological repository. The purpose of 

the deep repository is to provide radiation shielding, to prevent release of radionuclides into the 

groundwater and the biosphere, and to protect the waste from human intrusion, deliberately or 

undeliberately. It will take around 100 000 years until the spent fuel reaches natural levels of 

radioactivity, and for this reason the repository needs to be safe for a very long time. 

According to KBS-3, the repository will be placed ~500 metres down in the bedrock and the 

spent fuel will be protected by the four barriers illustrated in Figure 1. 

• The first barrier is the spent fuel matrix (UO2) itself, which has very low solubility in the 

reducing groundwater expected to prevail at a depth of 500 m. 

• The spent fuel will be encapsulated in nearly five meter long copper canisters with an insert of 

steel and with a diameter of just over one meter. The outer copper layer will provide corrosion 

resistance while the steel insert provides mechanical strength. 

• The canister will be surrounded by bentonite clay, which has three functions; to prevent 

corrosive substances from reaching the canister, to protect the canister from minor rock 

movements and to retard any radionuclides that might escape from a leaking canister. 

• The fourth barrier is the bedrock, which will isolate the waste and give the canister and the 

bentonite clay a stable environment and protect them from various events, e.g. ice age, war, 

occuring on the ground surface. 
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Figure 1. The four barriers in the KBS-3 model. 

 

The focus in this work will be on the first barrier, the fuel itself. The process expected to govern 

the release of radionuclides in the groundwater is the dissolution of spent nuclear fuel matrix 

making prediction of the dissolution rate an important question. If the barrier function of the 

canister fails, the spent nuclear fuel will come in contact with the groundwater which causes 

instant release of soluble radionuclides present at the fuel surface. The ionizing radiation from 

the fuel will alter the groundwater redox conditions, possibly resulting in enhanced dissolution of 

the fuel accompanied by release of radionuclides. It is, therefore, of high importance to 

investigate the behavior of the fuel in case of water intrusion.  

For the future Generation IV fast neutron nuclear reactors, uranium nitride, UN, has been 

proposed as a potential nuclear fuel. If UN will be used as nuclear fuel in the future, the behavior 

of UN in case of water intrusion due to a failure in a deep repository needs to be investigated as 

well. 
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1.3 Radiation chemistry  

Radiation chemistry has its origin in chemical reactions induced by ionizing radiation. The 

ionizing radiation can be energetic charged particles (α, β, H+ and heavier particles) and high-

energy photons (γ-rays and x-rays). The energy absorbed in a material causes ionizations and/or 

excitations. The energy absorbed per unit length is expressed as the Linear Energy Transfer, LET 

(J/m) and depends on the energy and type of radiation. For a given energy and a given absorbing 

material, the LET value increases with increasing electron density of the particle, usually 

proportional to physical density (β < H+ <d < α). 

In case of a canister failure in the deep repository, groundwater will be exposed to ionizing 

radiation. Upon ionization of water by radiation, high energy electrons are released that can 

cause further ionizations and excitations. Water molecules excited to higher electronic states can 

autoionize, dissociate or relax to the electronic ground state [2]. The secondary ionizations form 

spurs along the track of the incident ionizing particle. The products formed in tracks and spurs 

diffuse and can react together and form molecular or radical products. These processes occur in a 

very short time scale, in only 10-7 seconds the spur reactions are complete and the system is 

homogeneous. The yields of the radiolysis products are expressed as G-values, defined as moles 

of produced (or consumed) species per joule absorbed energy, (mol/J). In table 1, the yields from 

radiolysis of water are shown, and there it can be seen that for low LET radiation (electrons) 

Gradicals>Gmolecules whereas for high LET radiation (α-particles) Gmolecules>Gradicals. 

 

Table 1. Product yields in irradiated water (μmol/J) [2] 

 G(H2O) G(H2) G(H2O2) G(eaq
-) G(H•) G(OH•) G(HO2•) 

γ and fast electrons -0.43 0.047 0.073 0.28 0.062 0.28 0.0027 

12 MeV He2+ -0.294 0.115 0.112 0.0044 0.028 0.056 0.007 
 

 

Irradiation of metals can change some physical properties in the material like conductivity, 

hardness and strength. Electrons can be excitized to the conduction band, and irradiation by 
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heavy particles causes damage in the metal lattice leading to displacements [2]. For metal-oxide-

semiconductors some properties are changed as well, it has been found that irradiation increases 

the dielectric constant and the conductivity [3].  
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1.4 Spent Nuclear Fuel 

There are many differences between UO2 and spent nuclear fuel. The most important difference 

is the presence of fission products and actinides that are very radioactive emitting both α, β and 

γ-radiation. The activity of the fuel and the relative importance of α, β and γ-radiation changes 

over time due to different half lives of the radionuclides, from the beginning β and γ-radiation 

will dominate while with time α-radiation becomes more and more important [4].  

When the fuel is irradiated in the reactor, the fission products and actinides are not uniformly 

distributed within the UO2 matrix. The fission products have been classified in four groups [5]; 

1) fission gases and other volatile fission products (Kr, Xe, Br, I) 

2) metallic precipitates (Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te) 

3) oxide precipitates (Rb, Cs, Ba, Zr, Nb, Mo, Te)  

4) oxides dissolved in the fuel matrix (Sr, Zr, Nb) and rare earths (Y, La, Ce, Pr, Nd, Pm, Sm)  

Some of the metallic precipitates form white nanometer sized particles containing Mo, Ru. Tc, 

Pd and Rh [5,6]. These particles are called ε-particles or noble metal particles, and they 

constitute of ~1 % of the spent nuclear fuel [7]. The relative amount of the elements in the 

particles varies to a large extent and the composition depends on fission yield, temperature and 

burnup [5]. Other differences are changes in the surface structure, and thereby the reactivity, 

crack formation and changes in grain size. In high burnup spent fuel the grain size is decreased to 

less than 1 μm [8]. 

Since damage of the copper canister is not expected to occur in less than 1000 years, it is not 

relevant to study fresh spent nuclear fuel due to the relative changes in amount of α, β and γ-

radiation over time [9]. Also, the activity and high temperature make fresh fuel complicated to 

work with. Instead, several attempts have been made to mimic the different properties of spent 

nuclear fuel by doping UO2 pellets in different ways. Two types of doped UO2 pellets have been 

used in this work, SIMFUEL and Pd-doped UO2. 
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1.5 Oxidation and dissolution of UO2  

As mentioned above, spent nuclear fuel mainly consists of UO2 which has a very low solubility 

under reducing conditions. However, upon oxidation of U(IV) to U(VI) the solubility of the fuel 

matrix increases significantly [10]. In the event of canister failure, water will come in contact 

with the spent nuclear fuel and the radiation from the fuel will radiolyse the water. The oxidants 

formed upon radiolysis (OH•, H2O2, HO2• and O2) will oxidize U(IV) to the more soluble U(VI) 

which results in enhanced dissolution of the fuel matrix and consequent release of fission 

products and actinides. The reductants (e-
aq, H• and H2) are produced in the same amount as the 

oxidants but they do not have the same impact on the fuel matrix dissolution. e-
aq and H• will be 

present in low concentrations and H2 (produced both in radiolysis of water and also from 

anaerobic corrosion of the iron in the canister) has a low activity as a reductant unless a catalyst 

is present. Initially, there will also be a very low content of material that can be reduced. The 

processes involved in radiation induced oxidation and dissolution of spent nuclear fuel are 

illustrated in Figure 2.  

 

 

Figure 2. Oxidation and dissolution of spent nuclear fuel [11] 
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The mechanism for oxidative dissolution of UO2 involves two steps, oxidation (1) followed by 

dissolution of oxidized UO2(s) (2). 

UO2 + OX  UO2
2+(s) + RED        (1) 

UO2
2+(s)  UO2

2+(aq)         (2) 

Swedish groundwater contains bicarbonate (HCO3
-), ~2-10 mM [12]. It is well known that 

carbonate forms strong complexes with U(VI) and thereby enhances the dissolution [13]. The 

enhanced dissolution results in a UO2 surface free from oxidized species when carbonate is 

present, whereas in absence of carbonate the oxidation products block the surface which can 

result in higher importance for the reductants. Previous kinetic studies using H2O2 as oxidant 

have shown that, above 1 mM HCO3
- the second order rate constant is independent of the HCO3

- 

concentration and the rate limiting step is oxidation [14]. From 0 to 1 mM carbonate, the second 

order rate constant for oxidant consumption increases linearly with the HCO3
- concentration and 

the rate limiting step is dissolution [14]. Hence, it is more difficult to predict the rate of radiation 

induced dissolution at very low HCO3
- concentrations. 

The production of oxidants depends on the dose rate which in turn is a function of fuel age, 

burnup and the distance from the fuel surface. Earlier studies have shown that, under deep 

repository conditions, the most important radiolytic oxidant in radiation induced oxidation of a 

UO2 pellet is H2O2 [15]. In these studies a UO2 pellet in aqueous HCO3
- containing solution was 

purged with different gases or mixtures (Ar, N2O, O2, air, N2O/O2), irradiated in a γ-source 

(60Co) and analyzed for dissolved UO2
2+ as a function of time. Numerical simulations were also 

performed to estimate both the relative impact of the radiolysis products and the rate of 

dissolution in systems exposed to γ-radiation. The data from simulations and experiments are in 

very good agreement [15]. Since the system in a deep repository will be dominated by α-

radiolysis, simulations were also performed for α-radiation. The results show that the rate of 

oxidation is completely governed by H2O2. For other materials than pure UO2, other oxidants 

will increase in importance but H2O2 still appears to be the most important one. Hence, H2O2 is 

assumed to be the only oxidant that has to be accounted for when estimating the rate of fuel 

dissolution as part of safety assessment for a deep repository. 

The production of H2O2 from radiolysis of water is given by equation 3 
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   𝑟𝐻2𝑂2 = ∫ �̇�(𝑥) 𝑥 𝜌 𝑥 𝐺(𝐻2𝑂2)𝑑𝑥𝑥𝑚𝑎𝑥
𝑥=0     (3) 

where �̇�(𝑥) is the dose rate at distance x from the fuel surface (Gy/s), ρ is the density of water 

and G(H2O2) is the yield for H2O2 from radiolysis of water (mol/J). H2O2 is produced during the 

radiolysis, and is also consumed in surface reactions with UO2. The concentration of H2O2 where 

the rate of H2O2 consumption is equal to the rate of radiolytic H2O2 production is the steady-state 

concentration, which corresponds to the maximum reaction rate between H2O2 and the UO2 

surface under continous irradiation. The steady-state approach makes it possible to predict the 

maximum dissolution rate in a HCO3
- containing system. It has been shown that a steady-state 

concentration for H2O2 is approached in a very short time considering the time period for a deep 

repository, which will simplify simulations of spent nuclear fuel dissolution [16].  

The consumption of H2O2 on UO2 occurs by oxidation of UO2 (4) or by catalytic decomposition 

on the UO2 surface (5).  

H2O2 + UO2  2 OH- + UO2
2+        (4) 

H2O2  H2O + ½ O2          (5) 

The first step in the catalytic decomposition of H2O2 has been proposed to be the formation of 

hydroxyl radicals on the UO2 surface (6), followed by reactions (7) and (8), resulting in the total 

reaction (5) [17]. 

H2O2 2 •OH           (6) 

•OH + H2O2  H2O + HO2•         (7) 

2 HO2•  H2O2 + O2          (8) 

It has earlier been shown that the ratio between the amount of dissolved uranium and consumed 

H2O2, i.e. the dissolution yield of the reaction between H2O2 and UO2 powder is 80 % [18]. The 

remaining 20 % was assumed to be decomposed catalytically on the fuel surface. More recently 

the assumed catalytic decomposition of H2O2 on UO2 powder was confirmed by quantifying the 

formation of •OH, reaction (6) [17]. These results are in good agreement with the previous ones, 

83% of the H2O2 was consumed in oxidation and 17 % in catalytic decomposition [17]. In the 

same work the catalytic decomposition of H2O2 was also confirmed for UO2 and SIMFUEL 



10 

pellets. Earlier the formation of hydroxyl radicals has been suggested to occur on several oxides 

where oxidation is not possible [19] and it was first demonstrated for ZrO2 [20].  

1.5.1 Deionized water (no added HCO3
-) 

In groundwaters with very low HCO3
- concentrations, it is more difficult to predict the rate of 

oxidative UO2 dissolution. Previous studies have shown that the rate of oxidative dissolution of 

UO2 is lower in deionized water than in the presence of carbonate [21,22]. One of the reasons for 

the lower dissolution rate in deionized water is that water itself is less efficient in dissolving 

U(VI). As a consequence UO2
2+ on the surface and H2O2 form a complex with low solubility, 

studtite, UO4•4H2O or metastudtite, UO4•2H2O that block the UO2 surface, and thereby prevent 

further oxidation [23-25]. In solution, the dissolved UO2
2+ and H2O2 also form studtite which can 

precipitate [26,27]. The formation of studtite or metastudtite occurs through reaction (9) 

[24,25,28]. 

UO2
2+ + H2O2 + xH2O  UO4•xH2O(s) + 2H+      (9) 

Studtite exists in nature, both in the uranium deposit of Shinkolobwe in Shaba, Zaire [29] as 

cited in [24], and in the uranium deposit of Menzenschwand in the Black Forest in Germany [30] 

as cited in [24,31]. It has also been found, among other minerals, at the surface of Chernobyl 

lava (highly radioactive silicate melt containing uranium, formed after the accident in 1986) 

where studtite is formed upon interaction between the lava, water and air [32]. Hanson et al [33] 

found studtite and metastudtite on commercial spent nuclear fuel, CSNF, after immersion of the 

fuel in deionized water for 2 years. In the uranium deposits, Chernobyl lava and CSNF cases, no 

H2O2 is added, instead, the H2O2 is produced through radiolysis of water due the radioactivity of 

the material. The solubility constant, Ksp for studtite is 1.32x10-3 and in systems with no H2O2 

present, studtite is unstable [28]. 

1.5.2 Solid phase alterations 

Due to the fact that spent fuel of the age when the first canister failure can be expected to occur 

(~1000 years) does not exist, different attempts have been made to mimic properties of the fuel, 

depending on burnup and age of the fuel. This has been performed in several ways, for example 

due to the increase in importance of α-radiation with time, experiments have been performed on 
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UO2 doped with α-emitters, e.g. 233U [34] or 238/239Pu [35]. Another example is UO2 doped with 

Y2O3 to mimic substitution of uranium by rare earth metals (part of the fission products) in the 

UO2 matrix [36]. In this work SIMFUEL, UO2 doped with several elements, described herein, 

and Pd-doped UO2 to mimic the noble metal particles, described later, have been used. 

1.5.2.1 SIMFUEL  

SIMFUEL mainly consists of UO2, but 11 elements, shown in Table 2, are added in different 

amounts depending on which burn-up it is supposed to mimic, usually 30 or 50 MWd/kg U. 

Chemically SIMFUEL is similar to real spent fuel, but it does not contain the radioactive 

isotopes. The microstructure is similar to irradiated fuel, and some SIMFUEL pellets contain the 

noble metal particles, or ε-particles, described above, uniformly distributed in the SIMFUEL 

matrix [37]. However, some physical changes that occur during irradiation in the reactor, such as 

crack and porosity formation from bubbles containing gaseous fission products, are not present 

in SIMFUEL [37]. The SIMFUEL pellet used in this work does not contain ε-particles. Previous 

experiments on SIMFUEL have been difficult to interpret due to large variations in dissolution 

rates (up to a factor of 100) under similar conditions, reported in a review by Oversby [38]. One 

reason for the variations observed was suggested to be the different grain sizes between the 

different burn-ups. In general, the dissolution rate seems to be lower compared to UO2 [38]. 

 

Table 2.  The composition of the SIMFUEL pellet expressed as weight 
 ratios to uranium, representing a burn-up of 50 MWd/kg U. 

Sr 2.74 × 10-3  Pd 2.93 ×10-3 

Y 6.46 × 10-4  Ba 3.68 × 10-3 

Zr 5.72 × 10-3  La 8.77 × 10-3 

Mo 5.24 × 10-3  Ce 8.77 × 10-3 

Ru 3.8 × 10-3  Nd 1.00 × 10-2 

Rh 6.25 × 10-3    
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1.5.2.2 Self irradiation 

Due to the content of radioactive fission products and actinides, the fuel will be exposed to self 

irradiation, and as mentioned above, irradiation can increase the conductivity for metal-oxide-

semiconductors. During irradiation of the semiconductor, electrons are excited from the valence 

band to the conduction band. This could temporarily alter the reactivity of the solid. When the 

material is no longer exposed to radiation the electrons can fall back to the valence band and the 

material returns to its original state. 

1.6 Inhibition of Spent Nuclear Fuel Dissolution 

1.6.1 H2 

As mentioned earlier, H2 is produced in the radiolysis of water. It is also produced in large 

amounts in the anaerobic corrosion of steel (used inside the copper canisters) through reaction 

(10) [39]. In a deep geological repository the hydrogen pressure is expected to be a few MPa 

[40]. 

3Fe(s) + 4 H2O(l)  Fe3O4(s) + 4 H2        (10) 

The corrosion of steel causes higher concentration of Fe2+ compared to normal groundwater 

through reaction (11) [41]. 

Fe + 2 H2O  Fe2+ + H2 + 2 OH-        (11) 

Fe2+ reduces H2O2 according to reaction (12), and the consumption of H2O2 lowers the steady-

state concentration of H2O2 which thereby leads to a lower dissolution rate. 

Fe2+ + H2O2  Fe3+ + •OH + OH-        (12) 

Spent fuel leaching experiments under H2 atmosphere display lower dissolution rates compared 

to experiments in the absence of H2 [42]. In some cases the dissolution is completely inhibited 

[43]. Furthermore, long term experiments in argon atmosphere show that the rate of dissolution 

decreases with time at the same time as the concentration of radiolytically produced H2 increases 

in a closed system [44]. The inhibiting effect of H2 is also observed in experiments using α-

doped UO2 [34,35]. The role of H2 in the system has been debated for quite some time. It has 
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been suggested that homolytic decomposition of H2O2 is catalyzed by the UO2 surface, and that 

the produced •OH are consumed in reaction with H2 resulting in an overall reaction between 

H2O2 and H2 to produce H2O [45]. Aqueous radiation chemistry can also be the key to the 

observed inhibition of H2. The radiolysis of water involves several reactions, and when the H2 

concentration is sufficiently high compared to the concentration of H2O2, the latter is consumed 

in a chain reaction through reactions (13) and (14) [46]. The •OH is also consuming H2O2 [46]. 

•OH + H2  H2O + H•         (13) 

H• + H2O2  H2O + •OH         (14) 

The hydrogen radicals can also reduce the dissolved U(VI) back to the less soluble U(IV) 

through reactions (15)-(17), which would not reduce the dissolution rate, only lower the 

concentration of dissolved uranium [47]. 

H• + U(VI)  H+ + U(V)         (15) 

H• + U(V)  H+ + U(IV)         (16) 

U(V) + U(V)  U(VI) + U(IV)        (17) 

1.6.2 Noble metal particles, Pd 

As described above, noble metal particles are formed in nuclear fuel during irradiation in the 

reactor. Experiments on SIMFUEL containing noble metal particles have shown that the 

corrosion potential is reduced in the presence of H2 [48,49]. This was not observed in the 

absence of noble metal particles. In leaching experiments on spent nuclear fuel the concentration 

of Tc was found to decrease when performing the experiment under 10 % H2 partial pressure, but 

not in the absence of H2 [50]. The reduction of TcO4
- by H2 was suggested to be catalyzed by the 

noble metal particles. An explanation to the observed effects of having both H2 and noble metal 

particles present can be the following. H2 dissociates on these particles, acting as anodes 

transferring electrons to the solid material where they reduce the U(VI)(s) back to U(IV)(s). Pd, 

Ru and Rh in the noble metal particles have well known catalytic properties and high affinity for 

hydrogen [51]. Pd can absorb large amounts of H2, up to 935 times its own volume at room 

temperature and atmospheric pressure [52]. Pd is therefore a potential catalyst for the reduction 
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of H2O2 by H2, which will increase the rate of H2O2 consumption. U(VI) in solution is slowly 

reduced by H2 to U(IV) at elevated temperatures [53]. This reaction has earlier been suggested to 

be catalyzed by UO2(s). The catalytic effect has been observed for crushed UO2 pellets doped 

with 3 % Gd2O3 [54], and is suggested to exist on α-doped UO2 [34].However, experiments on 

pure UO2 did not confirm this theory [53]. If Pd has a catalytic effect on this reaction, the 

concentration of redox sensitive radionuclides in solution would be reduced. The matrix 

dissolution would however, not be affected. If the catalytic effect of Pd exists in the solid fuel it 

could inhibit the dissolution by reducing U(VI) on the fuel surface back to the insoluble U(IV). 

In Figure 3 some of the most important processes in oxidative spent nuclear fuel dissolution are 

shown: oxidation of U(IV) to U(VI) by H2O2, HCO3
- facilitated dissolution of U(VI) and the 

suggested noble metal particle (ε) catalyzed reduction of U(VI) to U(IV) in the solid phase by 

H2. 
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Figure 3. Processes of importance in oxidative dissolution of spent nuclear fuel. Oxidation of 

U(IV) to U(VI), HCO3
- facilitated dissolution of U(VI) and the suggested noble metal particle (ε) 

catalyzed reduction of U(VI) to U(IV) in the solid phase by H2. 

 

It should be noted that, if the suggested catalytic effect of Pd on the reaction between H2O2 and 

H2 exists, it would not be able to compete with the oxidation of UO2 by H2O2. With a noble 

metal particle content of only 1 %, the major part of H2O2 will be consumed in the latter reaction 

because of the much larger surface area of UO2. The rate constant for the reaction between UO2 

and H2O2 has earlier been reported to be 7.3x10-8 m s-1 [14], and even if the reaction between 
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H2O2 and H2 occurs with maximum rate, i.e. diffusion controlled with the rate constant 10-6 m s-1 

for this kind of system [14], it cannot account for the observed decreased or inhibited dissolution. 

As the maximum rate constant for the reaction between H2O2 and H2 is only a factor of ~14 

higher than the rate constant for the reaction between UO2 and H2O2, a noble metal particle 

content of over 6 % is needed to obtain equal impacts of UO2 and Pd in the reaction with H2O2. 

With a noble metal particle content of maximum 1 %, the oxidation rate would only be slightly 

reduced. The only process that kinetically can inhibit the dissolution completely is the suggested 

process where the solid phase reduction of U(VI)(s) by H2 occurs. Since the uranium will be 

reduced back to U(IV) it can again be oxidized by H2O2, leading to unchanged steady-state 

concentrations of H2O2. 

1.6.3 Sulfide  

In Swedish groundwaters H2S is present in the order of μM [55] which could lead to decrease in 

dissolution of uranium. Hydrogen sulfide has been shown to reduce aqueous U(VI) through 

reaction (18) [56] and it also consumes H2O2 through reactions (19) and (20) [57] which results 

in lower steady-state concentration of H2O2. 

UO2
2+ + HS- UO2 + So + H+        (18) 

H+ + HS- + H2O2  1/8S8
0 + 2 H2O        (19) 

HS- + 4 H2O2  SO4
2- + 4 H2O + H+        (20) 

Hydrogen sulfide is known to deactivate the catalytic properties of Pd [58]. If Pd has a catalytic 

effect on the solid phase reduction of U(VI) to U(IV) it is possible that the catalytic effect is 

reduced in the presence of sulfide. 

1.7 Oxidation of uranium nitride, UN 

Since UN is not yet in use as nuclear fuel, not much research has been done on oxidation of UN 

in systems relevant for a deep repository. The major part of the previous work on UN has been 

focused on high temperature oxidation by gases. Upon oxidation of UN, a sandwich structure is 

formed, with a U2N3 layer in between the inner UN and the outer layer of UO2 [59-65]. The 

oxidation process have been described by several authors [60-62], shown in reactions (21)-(25): 
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For UN powder the oxidation first occurs at the surface (21). 

UN(s) + ((2+x)/2)O2(g)  UO2+x(s) + N(g)        (21) 

The released nitrogen can either form molecular nitrogen (22) or react with UN to form U2N3 

(23). 

N(g) + N(g)  N2(g)           (22) 

2 UN(s) + N(g)  U2N3(s)         (23) 

The uranium sesquinitride in (23) can then react further with nitrogen (24), followed by 

oxidation to UO(2+y) (25). 

U2N3(s) + xN(g)  U2N(3+x)(s)        (24) 

U2N(3+x)(s) + (2+y)O2(g)  2 UO(2+y)(s) + (3+x)N(g)     (25) 

UN powder has been found to be pyrophoric at room temperature, reaction (26), while a UN 

pellet does not ignite in air [60,66]. 

UN + 4/3 O2  1/3 U3O8 + 1/2 N2        (26) 

It has been debated whether UN is stable in contact with water or not, and in the hydrolysis of 

water it has been suggested that a thin film of U2N3 is formed, which can explain the stability 

[67]. However, the film can be broken down by a highly oxidizing media such as nitric acid. 

Antill and Myatt [68] suggested that U2N3 is formed as an intermediate between UN and the 

outer oxide layer, and that the formed UO2 works as a protecting film which explains the 

resistance to water (due to its low solubility in water). According to their work ([68]), reactions 

(27) and (28) take place during hydrolysis of UN. 

3 UN(s) + 2 H2O (steam or water)  UO2(s) +U2N3(s) + 2 H2(g)    (27) 

UN(s) + 2 H2O (steam or water)  UO2(s) + NH3(g) +½ H2(g)    (28) 

They also suggest that reaction (29) can occur. 

2 UN + 4 H2O (steam)  2 UO2(s) + N2(g) + 4 H2(g)     (29) 
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Oxidation of UN in aqueous solution containing H2O2 has to the best of our knowledge not been 

reported in the literature before, neither has the possible effect of HCO3
- in the system. Since the 

discussion of catalytic decomposition of H2O2 refers to metal oxides, UN has not been 

mentioned in this context before as it is not an oxide, and it is not known whether the catalytic 

composition of H2O2 occurs on UN or not. 
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1.8 Aim  

Dissolution of spent nuclear fuel is the process which can cause release of radioactive fission 

products and actinides to the groundwater. To be able to predict the rate of spent nuclear 

dissolution some parameters are examined here by varying one parameter at a time. 

We wanted to investigate how the oxidative dissolution of uranium is influenced by: 

1) Varying the solid phase, UO2, SIMFUEL or UN 

2) Varying the solution composition, with or without added carbonate 

3) Varying the way of oxidation, H2O2 or radiation induced 

4) Selfirradiation 

5) Noble metal particles 

And if the dissolution is inhibited by: 

6) H2 and noble metal particles 

7) Sulfide 
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2. Experimental details 

2.1 Solid material 

The solid materials studied in this work are UO2 powder and pellets supplied by Westinghouse 

Atom AB, Pd particle doped pellets made in house (procedure describe later), a SIMFUEL pellet 

supplied by AECL Chalk River Laboratories, Canada, and a UN pellet supplied by Division of 

Reactor Physics, KTH, Royal Institute of Technology, Sweden. 

2.2 General 

The Pd powder (99.9%) was supplied by Sigma Aldrich. Other chemicals and gases are from 

Merck, AGA, Air Liqiud, Fluka, VWR and BHD Chemicals. Milli-Q filtered water (18 MΩ cm) 

was used throughout and the experiments were performed at room temperature. In the UO2, 

SIMFUEL and UN experiments, the solids (pellet or powder) were repeatedly treated with 

aqueous solution containing HCO3
- in order to clean the surface from U(VI) prior to the 

experiment. HCO3
- was also used in some experiments in order to facilitate dissolution of 

oxidized uranium. In HCO3
- -free experiments the solids were pretreated with HCO3

- in the same 

way, followed by three rinsings with water.  

It should be mentioned that the two conditions mostly examined in this work, pure water and 10 

mM HCO3
- are extreme conditions, and in reality the conditions will change over time due to 

glaciations for example, but it will probably be in between these two. 

2.3 Equipment 

For the irradiation experiments in paper I, we used a 60Co gamma source (Gammacell 220) with 

a dose rate of 0.06 Gy/s, and for higher doses a Microtron electron accelerator with an electron 

energy of 6-6.5 MeV, and pulse length 4 μs was used. The frequencies used were 12.5, 25 and 50 

Hz. The average dose rate was measured to 24.3 Gy/s at 12.5 Hz, and the dose rate is assumed to 

be proportional to the frequency. (The dose rate during the pulses is calculated to 108 Gy/s.). In 

all other irradiation experiments a 137Cs gamma source (MDS Nordion Gammacell 1000 Elite) 

with a dose rate of 0.15 Gy/s was used. The dose rates were determined by Fricke dosimetry [2]. 
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For H2 experiments in paper III-VI and IX, an autoclave made of stainless steel was used, Figure 

4. The autoclave is equipped with inlet (4) and outlet (3) tubes for pressurizing and sampling and 

also a stirrer (1). To minimize the possible effects of the autoclave material on the chemsitry, the 

inert material Polyether ether ketone, PEEK, is used for all surfaces in direct contact with the 

solution. 

 

Figure 4. The autoclave. 1) stirrer 2) device for pressure measuring 3) outlet tube for sampling 

4) inlet tube for gas 5) device for temperature measuring. 

 

Scanning Electron Microscopy, SEM, JEOL JSM 9460LV was used to study the grain sizes of 

UO2 and SIMFUEL pellets. 

Raman BioRad FTS 6000 spectrometer 2W Nd:YAG laser λ=1064 nm, scanned over wave 

numbers 0-4000 cm-1, was used for surface characterization of possible studtite and metastudtite 

formation. 
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X-ray diffraction, XRD pattern was recorded with PANalytical X´Pert PRO diffraction system 

using Bragg-Bentano geometry in the range 20-120 degrees to analyze the UN pellet. 

2.4 Methods 

The concentration of H2O2 was measured indirectly with the Ghormley triodide method, where I- 

is oxidized by H2O2 to I3
-, reaction (30) and (31) [69,70]. 

2I- + H2O2  I2 + 2OH-         (30) 

I2 + I-  I3
-           (31) 

40 μL of the sample was mixed with 100 μL 1 M NaOOCCH3/1 M HOAc with a few drops of 

3% (NH4)2Mo2O7 as a catalyst, and water to a total volume of 2 mL. The absorbance was 

measured at λ=360 nm. 

The concentration of U(VI) was measured with the Arsenazo III method (reagent 1,8-

dihydroxynaphtalene-3,6-disulfonic acid-2,7-bis[(azo-2)-phenylarsonic acid]) [71,72]. 1.5 mL 

sample was mixed with 40 μL 0.3% Arsenazo III in 10% acetic acid and 65 μL 1 M HCl, and the 

absorbance measured at λ=653 nm. At uranium concentrations above ~20 μM, the sample had to 

be diluted with water. 

2.5 Experiments 

2.5.1 Dissolution of UO2, SIMFUEL and UN pellets and UO2 powder  

2.5.1.1 H2O2 experiments, pellets 

The kinetics of oxidative dissolution of UO2, SIMFUEL and UN pellets with geometrical surface 

areas, ~352, ~471 and ~452 mm2 respectively, was studied by measuring the amount of 

dissolved U(VI) and consumed H2O2 over time. The pellet was pretreated in the way described 

above and then added to a N2 purged solution, with or without HCO3
-. H2O2 was added to give 

an initial concentration of ~2 mM. 2 mL samples were taken at the beginning and then at 

different times to measure the concentrations of U(VI) and H2O2. After every sampling the 
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solution was purged again, and a septum was used to keep the desired atmospheres after purging. 

The loss in solution volume is compensated for. 

To study if the kinetics of oxidative dissolution is influenced by H2 for the UO2 and SIMFUEL 

pellets, identical experiments in HCO3
- solutions were performed under H2 atmosphere, at 1, 14 

and 20 bar using the autoclave.  

In previous experiments performed on UO2 powder, with a much larger surface area than pellets, 

the consumption of H2O2 follows first order kinetics with respect to H2O2 [14]. The same 

reaction order with respect to H2O2 is expected for pellets, so to study the reaction order for these 

pellets, similar experiments (in N2 atmosphere) were performed in 10 mM HCO3
- by varying the 

initial concentrations of H2O2, ~0.5, 1, 2, 3 and 3.5 mM.  

2.5.1.2 H2O2 experiments, UO2 powder 

To study the possible formation of studtite or metastudtite on UO2 powder, the amount of 

dissolved U(VI) was measured over reaction time. Prior to the experiment the powder was 

treated as described above. Different concentrations of H2O2, varied between 1.2 mM and 122 

mM, were added to 170 mg UO2 powder in 100 mL pure water. 2 mL samples were taken at 

different times, filtered (0.2 μm) and U(VI) concentration measured. A magnetic stirrer was used 

throughout the experiment. 

2.5.1.3 Surface characterization with Raman spectroscopy. 

In order to study the possible studtite or metastudtite formation on the UO2 and SIMFUEL 

pellets with Raman spectroscopy, each pellet was put in 10 mL 1 M H2O2 (HCO3
- free) for 24 

hours, and then taken out of the solution and left to dry in air. The unrealistically high 

concentration of H2O2 was chosen to maximize the product formation. 

The possible studtite formation on UO2 powder was studied by running an experiment with 170 

mg UO2 powder in 100 mL 100 mM H2O2 stirred with a magnetic stirrer. The reaction solution 

was left for some time to let the solid product settle, and then the solution was pipetted away. 

The remaining product was rinsed with water to get rid of excess H2O2, and then left to dry into a 

powder. 
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The studtite formation from UO2
2+ reacting with H2O2 was studied by adding UO2(NO3)2•6H2O 

powder, to give an initial UO2
2+ concentration of 500 μM, to 50 mL 5-40 mM H2O2. pH was 

adjusted with HCl to initially be ~3.5, but dropped to ~2.8 when adding UO2(NO3)2•6H2O. A 

magnetic stirrer was used throughout the reaction, after running the experiment the solution was 

left for some time to let the solid product settle, solution pipetted away and product left to dry 

into a powder. 

2.5.1.4 Radiation experiments 

UO2, SIMFUEL and UN pellets were put in 16 mL 10 mM HCO3
- solution, or pure water, 

purged with N2 and then irradiated in a 137Cs gamma source for different times up to 25 hours. 

The concentration of U(VI) was measured before and after the irradiation. The HCO3
- solution 

with the SIMFUEL pellet was also irradiated for 67 and 99 hours (since the rate of dissolution 

turned out to be very low). In all experiments, a septum was used to sustain the desired 

atmosphere after purging. 

2.5.2 Self irradiation experiments 

The effect of irradiation on the solid phase reactivity was studied in experiments with oxidation 

of UO2 by MnO4
- as a monitoring reaction. MnO4

- was chosen because it absorbs light in the 

visible region (i.e. it is easy to analyze), it is a stable oxidant that does not react too fast with 

UO2 [73] and it is not produced radiolytically. Mn(IV) has a maximum absorption at 390 nm and 

Mn(VII) has two maxima, 525 and 545 nm. Mn(IV) also absorbs in this region and this is 

corrected for in the results. The absorbance at 545 nm was used since the difference in molar 

absorbtivity is largest at this wavelength. 

The kinetic experiments were performed with and without irradiation of the solid material, and 

the aqueous solution contained 0.6 mM KMnO4 and 5 mM NaHCO3 (to facilitate dissolution of 

oxidized UO2). Solution samples were taken at different times and the absorbance was measured 

at 390 and 545 nm, using UV/visible spectroscopy. After analysis, the sample was poured back 

into the vessel and the irradiation was continued. During irradiation the MnO4
- solution changes 

color from magenta to brownish red which corresponds to reduction of Mn(VII) to Mn(IV) [74]. 

The decomposition of MnO4
- due to aqueous radiolysis was measured in separate experiments 

and corrected for.  
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Eight consecutive oxidations of a fragment of a UO2 pellet were performed without irradiation to 

detect possible changes in reactivity due to repeated oxidations only. The oxidations were 

performed during 80 minutes in 4 ml solution and samples taken every five minutes. Both low 

and high dose rate experiments were carried out. Low dose rate experiments were performed 

using a 60Co γ-source. A UO2 pellet with a surface area of ~350 mm2 in 7 ml solution was placed 

in the γ-source (dose rate ~0.06 Gy/s). The experiments were run for 80 minutes and samples 

were taken every five minutes. The irradiation was interrupted for one minute during sampling. 

Additional experiments were performed as references without the solid phase in order to 

compensate for radiolytical decomposition of MnO4
- in this series. 

High dose rate experiments were performed using an electron accelerator. Two slices of UO2 

were cut from a pellet, ~10 mm high and 8 mm wide. The surface area in contact with the 

solution was ~1.28 cm2. Experiments were performed in a 3 mL cell made of PEEK. Figure 5 

shows a photo of the cell.  

 

 

Figure 5. The reaction cell. 
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In the cell, the slices can be placed inside in contact with the solution or outside with no contact 

with the solution. In both cases the radiation shielding in front of the cell was the same, 28 mm 

graphite. The cell was placed with the slices facing the accelerator in order to deposit all the 

energy in the solid material and minimize the irradiation of the solution. After one minute of 

irradiation a sample was taken (sampling time two minutes), analyzed and poured back into the 

cell. This procedure was repeated 15 times. Reference experiments without irradiation and 

reference experiments without the solid phase to compensate for radiolytical decomposition of 

MnO4
- were also performed. 

To elucidate possible permanent or long term effects of irradiation, a dry fragment of UO2 was 

irradiated for 15 minutes three times by the electron accelerator with 50 Hz frequency. The 

fragment was exposed to aqueous MnO4
- solutions three times before and three times after the 

first irradiation, and two times after the second and third irradiation, respectively. The kinetic 

experiments were performed in 4 ml solution for 120 minutes taking samples every five minutes.  

2.5.3 Inhibition by H2 - Catalytic effect of UO2 and Pd 

As mentioned above, both UO2(s) and Pd have been suggested to catalyze the reaction between 

H2O2 and H2. A series of experiments were performed to study their possible catalytic effects on 

this reaction. The possible Pd catalyzed reduction of U(VI) by H2, both in aqueous solution and 

on the surface of the solid fuel pellet, was also studied. 

2.5.3.1 Powder 

0.5 g UO2 or 0-33 mg Pd in 300 mL pure water was purged with N2 and then pressurized 

overnight in the autoclave with 0-40 bar H2, with continuous stirring. The next day 0.22 mM 

H2O2 or 10-5 M UO2(NO3)2•6H2O was added and the H2O2 or U(VI) concentration measured as a 

function of reaction time. In the experiments containing uranium 2 or 10 mM HCO3
- was added. 

2.5.3.2 Pellet 

To study the suggested noble metal particle catalyzed reduction of U(VI) by H2, 2.6 mm thick 

pellets with different wt% of Pd were produced by hot pressing. The pellets have a total mass of 

3-3.5 g each with a Pd content of 0, 0.1, 1 and 3 wt%. The UO2 powder was first washed three 

times with 10 mM HCO3
-, filtered by vacuum filtration and dried for 48 hours under vacuum in 
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an exiccator and then mixed with the different amounts of palladium powder. The mixtures were 

stored in argon atmosphere until pressed in a form with a diameter of 13 mm. The powder was 

exposed to a pressure of 40 MPa and a temperature of 1200° C in vacuum. First the powder was 

cold pressed at 20 MPa and then the temperature and pressure were increased simultaneously. 

The heating rate was 40 ° C/min. After four hours the form reached room temperature and could 

then be taken out. The pellets were covered by a thin layer of boron nitride which had to be 

removed before the experiment started. After removal of the boron nitride layer, the pellets were 

washed again with HCO3
- solution before and in between every experiment. 

The experiments were performed in 10 mL 10 mM HCO3
- and 0.2 or 2 mM H2O2. The solution 

was saturated with N2 or different pressures of H2. The concentrations of H2O2 and U(VI) were 

measured at the beginning of the experiment and after 50 minutes reaction time. 

2.5.4 Inhibition by sulfide 

2.5.4.1 Radiation experiments 

In order to study the possible combined effects of hydrogen sulfide on reduction of U(VI) and 

consumption of H2O2, irradiation experiments were performed. A UO2 pellet was pretreated as 

described above and put into a N2-purged 15 ml 10 mM HCO3
- solution containing 0, 1 or 2 mM 

H2S, and gamma irradiated for different times. Samples were taken before and after irradiation to 

measure the concentration of dissolved uranium. The sulfide was provided as a saturated aqueous 

solution of 0.1 M H2S and when its reduction properties decreased (tested with permanganate 

valuation) fresh sulfide was prepared, usually after maximum 5 days.  

2.5.4.2 H2 and/or Pd experiments 

In order to study if the possible catalytic effect of Pd was influenced by the presence of H2S, the 

concentration of UO2
2+ was measured over time from UO2(NO3)2•6H2O added into three 

different systems; 1) H2 and Pd, 2) H2 and H2S and 3) H2, Pd and H2S. Pd powder in 82 mL 4 

mM NaHCO3 was purged with N2 for 20 minutes before being placed in the autoclave. The 

autoclave was purged with N2 for 10 minutes and thereafter pressurized with H2 overnight with 

60 rpm stirring. The following day UO2(NO3)2•6H2O and 0.1 M H2S were added to give initial 

concentrations of ~150 μM and ~1 mM, respectively. 2 mL samples were taken, filtrated (0.2 
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μm) and analyzed for U(VI) at different times for at least 6 hours. The amount of Pd powder and 

H2 pressure were chosen to 11 mgPd/100 mL solution and 20 bar H2 to be able to compare with 

previous experiments in paper IV. Reference experiments were also performed using N2 instead 

of H2. 

2.5.5 •OH experiments 

The Hantzsch method [75] for detection of formaldehyde has been modified by Li et al [76] for 

measuring the formation of hydroxyl radical. The formed OH• reacts with 

Tris(hydroxymethyl)aminomethane and forms formaldehyde, and other products, and the formed 

CH2O is measured. The procedure is described in more detail elsewhere [20]. 

47.5 ml 80 mM Tris and 10 mM NaHCO3 solution at pH 7.5 (adjusted with HCl) was mixed with 

2.5 ml 0.1 M H2O2 to give an initial H2O2 concentration of 5 mM, and purged with N2 for 10 

minutes. The UN pellet was added and the solution was purged with N2 throughout the 

experiment, and kept in a thermostatic bath at 25°C. 1.5 ml samples were taken at different times 

and mixed with 1 ml 0.2 M acetoacetanilide in ethanol and 2.5 ml 4 M ammonium acetate, and 

put in a thermostatic bath at 40°C for 15 minutes whereupon the absorbance was measured at 

λ=368 nm. A reference sample was taken before the pellet was added. 
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3. Results and discussion 

In this work, the results from studying the oxidative dissolution of uranium are presented in the 

following order; starting with the simplest system, oxidation of pure UO2 by added H2O2 in pure 

water (i.e. no HCO3
- added), then we make a modification of the system by changing the solid 

material, composition of aqueous solution, or way of oxidation (from added H2O2 to gamma 

radiation induced) to study the different parameters independently of each other. Furthermore, 

the results from possible inhibition effects on oxidative dissolution are presented, and finally the 

results from the suggested future fuel, UN. 

3.1 Oxidation and dissolution of UO2 and solid phase alterations 

3.1.1 Dissolution from UO2 pellet and powder, no added HCO3
-. 

When starting with the simplest system, oxidation of pure UO2 by added H2O2, very small 

amounts of uranium are dissolved as can be seen in Figure 6a), where the concentration of 

uranium is plotted versus reaction time. The H2O2 concentration is decreasing slowly over time, 

shown in Figure 6b). The low concentration of uranium is expected since, as mentioned earlier, 

water is not efficient in dissolving U(VI). As seen in Figure 6a), the uranium concentration 

initially increases, followed by a decrease. As also mentioned, the UO2
2+ on the UO2 pellet 

surface can form studtite, UO4•4H2O, or metastudtite UO4•2H2O, which, when enough studtite is 

formed, can block the surface from further oxidation. This is probably what happens initially, 

when the concentration of uranium stop to increase. As studtite or metastudtite is also formed 

from the reaction between dissolved UO2
2+ and H2O2 in the solution, where it precipitates, the 

decrease in uranium concentration is probably due to precipitation of studtite. If studtite was only 

formed at the surface, the concentration of uranium would increase until a certain level is 

reached (when the surface is blocked) and then remain at that concentration instead of 

decreasing. 
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a) Concentration of U(VI) (μM) versus 

reaction time (s). 

 

b) Concentration of H2O2 (mM) versus 

reaction time (s). 

Figure 6. UO2 pellet in 2 mM H2O2, no added HCO3
-. 

 

To investigate the effects of the possible formation of studtite or metastudtite further, we looked 

at the same components but instead of a pellet, UO2 powder was used as solid phase. In Figure 7 

the concentration of uranium is plotted versus reaction time at different initial concentrations of 

H2O2 and here the same trend can be seen, the concentration of uranium increases initially, and 

then it decreases.  
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Figure 7. Concentration of U(VI) μM versus rection time (s) for 170 mg UO2 powder and 

different concentrations of H2O2, ◊ 1.22 mM, □ 12.2 mM and ∆ 122 mM. 

 

As seen in Figure 7, the maximum value of uranium concentration is increasing with decreasing 

H2O2 concentration, and the H2O2 concentration dependence may at first sight appear counter 

intuitive. The dependence can be explained by the fact that two things can happen to the UO2
2+ at 

the surface; it can either be dissolved through reaction (33) (p. 33), or it can react with H2O2 and 

form UO4•xH2O, reaction (34). An increase in H2O2 concentration enhances the formation of 

UO4•xH2O (34), while the dissolution (33) is independent of H2O2 concentration.  

3.1.1.1 Surface characterization 

When performing the experiments for surface characterization by Raman spectroscopy, some 

differences between the systems were observed by visual inspection. The UO2 pellet and powder 

changed color from grey to yellow, which is probably due to formation of large amounts of 

UO4•xH2O on the surface.  

This was confirmed by Raman spectroscopy where the pellets and powder were scanned, and the 

characteristic peaks for metastudtite are shown for the UO2 pellet and powder in Figure 8. The 

peaks occur at wave numbers 829 cm-1 (UO2
2+ ) and 866 cm-1 (O2
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[77]). For comparison, we also analyzed the precipitate formed upon reaction between H2O2 and 

UO2
2+ in aqueous solution. Interestingly, the spectrum of the precipitate formed in the 

homogeneous reaction matches the studtite reference spectrum (820 cm-1 and 870 cm-1 [77]). 

Hence, studtite appears to be the major product in the homogeneous system while metastudtite is 

the major product in the surface reaction between UO2
2+ and H2O2. 

 

 

Figure 8. Raman spectra of metastudtite formation on UO2 powder, pellet and SIMFUEL, in 

comparison with a studtite precipitate from UO2
2+ and H2O2. Dashed line (UO2

2+) metastudtite 

830 cm-1, solid line (UO2
2+) studtite 820 cm-1 [77]. 

 

3.1.1.2 Simulations 

The processes involved in this system are oxidation of UO2, reaction (32), dissolution of UO2
2+ 

(33), reaction between UO2
2+ and H2O2 on the surface forming metastudtite (34) and a reaction 

between dissolved UO2
2+ and H2O2 forming studtite (35). It should be mentioned that reactions 

(32)-(35) are not balanced, they just show the simplest possible mechanism. 
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H2O2 + UO2(s)  → U(VI)surf.         (32) 

U(VI)surf.  → U(VI) (aq)         (33) 

H2O2 + U(VI)surf. → UO4         (34) 

H2O2 + U(VI) (aq)  → UO4         (35) 

To check if this mechanism can account for the experimental observations presented in this 

work, we have performed numerical simulations (COPASI [78]) using reactions (32)-(35) and 

the autoprotolysis of water. The simulations are described in more detail in paper VII, where 

reactions, rate constants and initial concentrations are tabulated. The resulting plots of UO2
2+ 

concentration and free UO2 surface sites versus reaction time at different initial concentrations of 

H2O2 (1, 25, 50 and 125 mM) are presented in Figure 9. 

 

Figure 9. Concentration of U(VI) and free UO2 sites versus reaction time at different initial 

concentrations of H2O2 (1, 25, 50 and 125 mM). Results from COPASI simulations. 
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As seen in Figure 9, the trend is very similar to that observed experimentally. The simulation 

uses no parameters to match the experimental data presented in Figure 7, therefore the 

quantitative agreement is limited. What is striking is how well this simple model reproduce the 

somewhat counter-intuitive trends with maximum UO2
2+(aq) concentrations being reached in the 

samples with the least amount of H2O2 added to them. However, the agreement is only valid for 

the higher concentrations (25, 50 and 125 mM) which are in excess with respect to initital 

[UO2(surf)]. For the lowest initial concentration in the simulations (1 mM), which corresponds to 

a deficiency of H2O2 relative initial UO2(surf) concentration, most probably, a more detailed 

model is needed. At high H2O2 concentrations, the maximum uranium concentration is very low, 

and the uranium concentration decreases rapidly after reaching the maximum. At lower H2O2 

concentrations, the maximum uranium concentration is considerably higher and the decrease in 

uranium concentration after the maximum is much slower. In systems where the H2O2 

concentration is very low, the uranium concentration will increase until all H2O2 is consumed. 

This is also reflected by the plot of free UO2 surface sites as a function of time. 

3.1.2 Dissolution of U(VI) from a SIMFUEL pellet, no added HCO3
- 

When changing the solid material to SIMFUEL, the results from oxidation by H2O2 changes 

considerably. In Figure 10 the concentration of uranium (a) and consumption of H2O2 (b) are 

plotted versus reaction time for a SIMFUEL pellet, and the results from the UO2 pellet are 

included for comparison. As can be seen, almost no uranium is dissolved from the SIMFUEL 

pellet, while the consumption of H2O2 is faster than for UO2. 
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a) Concentration of U(VI) (μM) versus 

reaction time (s) 

 

b) Concentration of H2O2 (mM) versus 

reaction time (s) 

Figure 10. □ UO2 and ∆ SIMFUEL pellet in 2 mM H2O2, no added HCO3
-. 

As mentioned earlier, H2O2 is consumed in two ways, by oxidation and through catalytic 

decomposition on the surface of the metal oxide. As there is almost no uranium dissolved from 

the SIMFUEL pellet, most of the H2O2 consumption must be from catalytic decomposition. 

When adding strong H2O2 solution (1 M) to the SIMFUEL pellet (prior to the surface 

characterization experiment with Raman), the catalytic decomposition of H2O2 was clearly seen. 

A vigorous reaction with intense gas formation was observed for two hours, it calmed down after 

some time, and after four hours it had completely stopped. This phenomenon was not seen for 

the UO2 pellet. There was no studtite or metastudtite found on the SIMFUEL pellet by Raman 

spectroscopy (Figure 8), and the pellet did not change color. 

3.1.3 Effect of HCO3
- on dissolution of U(VI) from UO2 and SIMFUEL pellets 

When changing the solution composition by adding 10 mM HCO3
- to the UO2 and SIMFUEL 

systems (still 2 mM H2O2), some changes are observed. In Figure 11a) the concentration of 

U(VI) is plotted versus reaction time for UO2 and SIMFUEL pellets with and without added 

HCO3
-. As seen in the figure, the dissolution rate increases significantly for the UO2 pellet in 

HCO3
- compared to in pure water, as expected due to the complex formation of oxidized uranium 

and carbonate. For the SIMFUEL pellets there is no significant difference between HCO3
- and 

pure water experiments observed at first sight, but when zooming in the lower concentrations of 

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 5 000 10 000 15 000 20 000

[U
(V

I)]
 (μ

M
)

reaction time (s)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

0 5 000 10 000 15 000 20 000

[H
2O

2]

reaction time (s)



36 

U(VI), shown Figure 11b), there is a small tendency of increasing dissolution rate seen for 

SIMFUEL in HCO3
-. However, it should be mentioned that since the concentrations of uranium 

are very low for SIMFUEL, there are large uncertainties in the results. 

 

 

Figure 11. a) Concentration of U(VI) plotted versus reaction time (s) for ◊ UO2 (HCO3
-), □ 

UO2(H2O), ∆ SIMFUEL (H2O) and  SIMFUEL (HCO3
-) exposed to 2 mM H2O2 (large figure). 

b) The lower concentrations of U(VI) from a) are zoomed in, □ UO2(H2O), ∆ SIMFUEL (H2O) 

and  SIMFUEL (HCO3
-) (small figure). 

 

To be able to compare the consumption rates for H2O2 for the same systems, UO2 and SIMFUEL 

pellets with and without added HCO3
-, the H2O2 concentrations in Figure 12 are normalized (i.e. 

[H2O2]/[H2O2]o) and plotted versus reaction time. For the UO2 pellet, the H2O2 consumption is 

faster with added HCO3
- compared to without, which was expected due to the enhanced 

dissolution rate through the carbonate complex formation. The H2O2 consumption rates for 
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two SIMFUEL experiments. When comparing the ratios between the consumption rate of H2O2 

and the dissolution rate of U(VI), H2O2/U(VI), for the different pellets with HCO3
- present, the 

ratio is found to be around two orders of magnitude higher for SIMFUEL compared to UO2. The 

higher ratio for SIMFUEL is again attributed to the catalytic decomposition of H2O2. A similar 

comparison of the pellets from experiments without added HCO3
- is not meaningful since the 

formation of studtite blocks the surface from being oxidized, and the complex between the U(VI) 

in solution and H2O2 precipitates. When varying the initial H2O2 concentration for UO2 and 

SIMFUEL in HCO3
-, the expected first order kinetics with respect to H2O2 (as for UO2 powder) 

was verified for both pellets. 

 

Figure 12. Normalized consumption of H2O2 for ◊ UO2 (HCO3
-), □ UO2(H2O), ∆ 

SIMFUEL (H2O) and  SIMFUEL (HCO3
-) 
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pellets doped in different ways. They found that the rate of catalytic decomposition only varies 

about 30 % between the most and least reactive material, which is not much compared to the 

differences observed in oxidation yield. They also studied the redox reactivity, using oxidants 

that cannot undergo catalytic decomposition, and found that the difference between doped and 

undoped material is larger when using weaker oxidants. By plotting the logarithm of the ratio 

between the rate constants for oxidation of SIMFUEL and UO2 pellets versus the reduction 

potential of the oxidant, the authors [79] showed that the sensitivity to dopants increases with 

decreasing reduction potential of the oxidant. As mentioned earlier, H2O2 is the most important 

radiolytic oxidant for pure UO2, but the results from Pehrman et al [79] imply that the relative 

impact of different radiolytic oxidants will change considerably with doping. 

Due to the suggestion that the variation in dissolution rate for SIMFUEL was due to different 

grain sizes for different burn-ups, we determined the grain sizes for the UO2 and SIMFUEL 

pellets using SEM, shown in Figure 13. A larger grain size has earlier been shown to give a 

higher oxidation yield [80,81]. It can clearly be seen that the grain sizes are smaller for 

SIMFUEL than for UO2 which support previous results, but it should be noticed that we are here 

comparing two different materials. 

 

 

Figure 13. SEM pictures of a part of a a) SIMFUEL pellet and b) UO2 pellet. 

 

a b 
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3.1.4 Radiation induced dissolution of U(VI) from UO2 and SIMFUEL pellets 

When changing way of oxidation to gamma radiation induced for the same pellets, UO2 and 

SIMFUEL, the same trend as in the H2O2 experiments is seen, with a significantly higher 

dissolution rate for the UO2 pellet in HCO3
- compared to in pure water, shown in Figure 14. The 

behavior of the UO2 pellet in the absence of HCO3
- is different compared to H2O2 experiments. 

In the H2O2 experiment there was an increase in the concentration of dissolved uranium followed 

by a decrease, while in the radiation experiment the concentration of dissolved uranium is very 

low and increases slowly with irradiation time. The rationale for this is that there is no H2O2 

present initially since H2O2 is produced continuously through the radiolysis of water. In addition, 

there are other oxidants besides H2O2 produced in the radiolysis that influences the system, 

causing a change in relative impact of H2O2 (decrease). Some of the other oxidants are 1 electron 

oxidants, meaning that more oxidants are needed to oxidize U(IV) to U(VI) compared to in 

oxidition by H2O2, which is a 2 electron oxidant. 

 

 

Figure 14. Concentration of uranium (µM) versus irradiation time(s) for ◊ UO2 (HCO3
-), 

□ UO2(H2O), ∆ SIMFUEL (H2O) and  SIMFUEL (HCO3
-). 
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For the SIMFUEL pellet almost no uranium is dissolved after 25 hours of irradiation in either 

case. Due to the high fraction of H2O2 consumed by catalytic decomposition, longer irradiation 

times are needed for SIMFUEL to be able to observe any dissolved uranium. Figure 15 shows 

that after 99 hours of irradiation, only 7 μM uranium is dissolved for SIMFUEL in HCO3
-. 

Results for the UO2 pellet in HCO3
- are included for comparison. 

 

 

Figure 15. Concentration of uranium (µM) versus irradiation time (s) for ◊ UO2 and  

SIMFUEL in 10 mM HCO3
-. 
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irradiation. The lowest frequency (dose rate assumed to be proportional to frequency), 12.5 Hz, 

did not reveal any difference in UO2(s) reactivity between the experiments during and after 

irradiation. However, the experiment performed during irradiation displayed significantly higher 

reactivity than the experiment performed prior to the first irradiation. 

When increasing the frequency (and thereby the dose rate) to 25 and 50 Hz, an increase in 

UO2(s) reactivity between experiments performed during and after irradiation is observed. It 

should be noted that no difference in UO2(s) reactivity between experiments performed prior to 

and during irradiation is observed. Consequently, a relatively low dose (< 20 kGy) gives an 

instant effect on the reactivity while at higher total doses the effect appears to be delayed. 

Judging from the gamma experiments, the threshold dose for the effect must be above 200-300 

Gy. From the results of the consecutive experiments it is also obvious that the radiation enhanced 

reactivity is permanent. In Figure 16, the change in MnO4
- consumption (∆Abs) is plotted versus 

the total dose. This is a relative measurement of the UO2(s) redox reactivity. A dose of 140 kGy 

increases the reactivity ~2.5 times. 

 

Figure 16. ♦Difference in absorbance reductions of MnO4
- between experiments after and during 

irradiation (electron accelerator) plotted versus dose (kGy). ◊ Difference in absorbance 

reduction of MnO4
- between experiment prior to and during/after irradiation versus dose (kGy). 
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This will increase the rate of the reaction between UO2 and H2O2 and thereby to some extent 

compensate for the loss of H2O2 in solute reactions with e.g. Fe2+, H2 and S as mentioned earlier. 

Since the system will reach a steady state concentration of H2O2 fairly fast, other reactions 

consuming H2O2 will lower the steady state concentration and thereby lower the rate of oxidative 

dissolution. It is not known if self irradiation will affect the catalytic decomposition of H2O2 or 

not. 

In the experiments where a dry fragment of UO2 was irradiated (frequency 50 Hz) the MnO4
- 

consumption was measured before and after irradiation. In Figure 17 the normalized absorbance 

of MnO4
-, A/Ao, is plotted versus reaction time. The uppermost curve refers to the experiment 

before the first irradiation followed by experiments after irradiation. As can be seen, the UO2(s) 

reactivity increases upon irradiation. The reaction rate increases the first couple of irradiations 

and the effect appears to depend on the dose but only to a certain limit. As in the previous 

experiment, the largest difference is observed after the first irradiation. 

 

 

Figure 17. Normalized absorbance of MnO4
- versus reaction time before and after irradiation in 

air. (◊before irradiation,  after one irradiation, Δ after two irradiations, □ after three 

irradiations). 
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By comparing the rate of MnO4
- consumption in the different experiments one can see that the 

effect of irradiation seems to be limited to 1.3 times the unirradiated case. This effect is 

approximately 50 % of the effect observed in wet experiments. 

 

3.2 Inhibition of spent nuclear fuel dissolution 
3.2.1 Inhibition by H2 - catalytic effect of UO2 and Pd 

As mentioned earlier, experiments under H2 atmosphere show lower dissolution rates compared 

to in the absence of H2 and some suggested explanations to the H2 effect have been catalytic 

effects of UO2 and Pd on reductions by H2. In the experiments where the catalytic effect of 

UO2(s) powder on the reaction between H2O2 and H2 was examined, the H2O2 concentration was 

measured as function of time. In Figure 18 the normalized H2O2 concentration is plotted versus 

reaction time with and without H2. 

 

Figure 18. Normalized concentration of H2O2 plotted versus reaction time. 

(▪, ♦ without H2, ∆,× 40 bar H2) 
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The rate of the reaction between UO2 and H2O2 is not significantly affected by H2. In the UO2 

and SIMFUEL pellets experiments exposed to H2O2 under H2 atmosphere, no significant 

inhibition of H2 on either H2O2 consumption or U(VI) dissolution for UO2 or SIMFUEL was 

observed, not even at 20 bar (not shown). Hence, the reaction between H2O2 and H2 is not 

catalyzed by UO2. 

Again it should be noted that the concentrations of dissolved uranium for SIMFUEL are very 

low, which makes it difficult to see any difference. However, it was not expected to see any 

inhibitive effect of H2, since there are no noble metal particles in any of the pellets. 

 

When examining the other potential catalyst, reference experiments show that Pd does not 

catalyze decomposition of H2O2. Furthermore, H2O2 and H2 do not react in the absence of a 

catalyst. In aqueous suspensions containing H2O2, H2 and Pd powder, the concentration of H2O2 

decreased with time, which confirms that Pd has a catalytic effect on the reaction between H2O2 

and H2. The rate of the reaction increased with the amount of Pd powder, but seems to be 

independent of the H2 pressure used in these experiments (1-40 bar). This is probably due to the 

fact that, as mentioned earlier, Pd can absorb large amounts of H2 so it never becomes a limiting 

factor for the reaction. 

From pseudo first order rate constants and ratios of solid surface area to total solution volume, 

the second order rate constant is determined to (2.1±0.1)x10-5 m s-1 (from the slope in Figure 19). 

This is in the range of the diffusion limit for this kind of system (10-6-10-5 m s-1), and 

corresponds to the maximum rate constant a reaction can have [14]. 
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Figure 19. Pseudo first order rate constants, k1 (s-1), for H2O2 + H2 with Pd plotted versus the 

solid surface area/total solution volume ratio, S/V (m-1) at 1 and 20 bar H2 respectively. (▪ 1 bar, 

▲ 20 bar). The slope gives the second order rate constant (2.1±0.1)x10-5 m s-1. 
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on the reduction of U(VI) by H2. The rate of U(VI) consumption increases with increasing 

amount of Pd powder. When varying the H2 pressures (1.5-40 bar) there was no difference 

observed in the reaction rate, again probably due to the ability of Pd to absorb large amounts of 

H2 so Pd never becomes a limiting factor for the reaction. The second order rate constant is 

determined from the pseudo first order rate constants and the solid surface to total solution 

volume ratios, shown in Figure 20, to (1.5±0.1)x10-5 m s-1. Hence, this reaction is also virtually 

diffusion controlled. 

 

Figure 20. Pseudo first order rate constants, k1 (s-1), for U(VI)aq + H2 with Pd plotted versus the 

solid surface area/total solution volume ratio, S/V (m-1) at 40 bar H2. From the slope the second 

order rate constant is determined to (1.5±0.1)x10-5 m s-1. 
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To mimic spent nuclear fuel and to facilitate quantitative studies of the proposed solid phase 

reduction process, UO2 pellets containing 0, 0.1, 1 and 3 % Pd particles were produced. In 

experiments performed using the Pd doped UO2 pellets under N2 atmosphere and 2 mM H2O2, 

the dissolution of U(VI) increased with increasing concentration of Pd in the pellet, as shown in 

Figure 21. The reason for this is probably that Pd catalyzes the oxidation of UO2(s) by H2O2. The 

results from the experiments performed with 0.2 mM H2O2 show the same trend. 

 

Figure 21. Dissolved U(VI)aq (μM) plotted versus the amount of Pd (wt-%) for pellets exposed to 

2 mM H2O2 for 50 minutes under N2 atmosphere. 

 

In the pellet experiments with H2, the concentration of dissolved U(VI)aq decreases and the H2O2 

consumption increases with increasing Pd concentration. Experiments performed at different H2 

pressures show that the amount of dissolved U(VI) decreases with increasing H2 pressure. Unlike 

in the Pd powder experiments, where the reaction rate was independent of the H2 pressure (1-40 

bar), there is probably not enough Pd present in this system to absorb all H2.  

The Pd dependent rate of H2O2 consumption shows a catalytic effect of Pd on the reduction of 
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presence of H2 and noble metal particles in the solid phase. The reduction of the dissolution rate 

can be described by equation (36): 

rdiss = rox-𝑘𝐻2[H2]εrel          (36) 

where rdiss is the dissolution rate, rox is the oxidation rate (rate of oxidant consumption), kH2 is the 

rate constant for the reaction between H2 and the noble metal particles, [H2] is the H2 

concentration and εrel is the fraction of noble metal particles on the surface. In Figure 22, rdiss/rox 

is plotted versus the fraction of Pd, %, multilplied by the H2 pressure. As can be seen, the 

oxidative dissolution seems to be completely inhibited by the presence of H2 and noble metal 

particles in the solid phase. The dashed line represents complete inhibition. 

 

Figure 22. The ratio between dissolution and oxidation rates plotted versus the fraction of Pd 

multiplied by the H2 partial pressure. The dashed line represents rdiss=0. 
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Using the data in Figure 22 and equation (36), the rate constant for the solid phase reduction can 

be estimated from the value of εrel[H2] where the dissolution is cancelled: 

𝑘𝐻2 =  𝑟𝑜𝑥
𝜀𝑟𝑒𝑙[𝐻2]

           (37) 

From equation (37) the rate constants 4x10-7 m s-1 and 7x10-6 m s-1 are calculated for the pellets 

with 1 and 3 % Pd, respectively. Hence this reaction seems to be diffusion controlled, since the 

diffusion controlled rate constant for this system is expected to be in the order of 10-6 m s-1 [14]. 

3.2.2 Inhibition by sulfide 

3.2.2.1 Radiation experiments 

To study the possible inhibition of radiation induced dissolution by sulfide, experiments were 

performed in the gamma source. In Figure 23 the concentration of U(VI) is plotted versus 

irradiation time (s) for the UO2 pellet in 10 mM HCO3
- without added sulfide, and with 1 and 2 

mM sulfide, respectively. As can be seen the concentration of dissolved uranium in the absence 

of sulfide increases with irradiation time, similar to previous experiments on radiation induced 

dissolution from a UO2 pellet. When adding sulfide to the system, the release of U(VI) is 

inhibited initially, for 1 mM sulfide the release of U(VI) starts after 2-3 hours, but lower 

concentrations of uranium are dissolved compared to without added sulfide. When increasing the 

sulfide concentration to 2 mM, the effect of inhibition is even more pronounced, not until after 

more than 9 hours of irradiation the uranium starts to dissolve. In order to compare the 

experimental data with theory, some rough calculations were performed using the dose rate (0.15 

Gy/s), time of exposure to radiation (s) and G-values for the two most important oxidants in this 

system, H2O2 and CO3
-• (0.073 and 0.28 μmol/J) which are in good agreement. After 5-6 hours 

~1 mM oxidants have been formed, and after 10-11 hours an accumulated concentration of 2 

mM is reached. These experiments show that the presence of sulfide inhibits or retards the 

radiation induced dissolution of uranium. 
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Figure 23. Concentration of UO2
2+ plotted versus irradiation time (hours),  without sulfide,   

1mM sulfide and  2mM sulfide. 
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Figure 24. Concentration of U(VI) plotted versus reaction time at ◊ 20 bar H2,  1.5 bar 

N2/H2S(2 mM), ∆ 20 bar H2/H2S(2 mM), * 20 bar H2/Pd, □ 20 bar H2/H2S(1 mM) and Ο 20 bar 

H2/Pd/H2S(1 mM). 
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Simulations have been performed in this work to calculate the maximum dissolution rate, in a 

system where the solid phase reduction does not occur, (i.e. when rdiss = rox) for different fuel 

ages. In Figure 25, the logarithm of the dissolution is plotted as a function of the logarithm of 

different fuel ages. The lines show the solid phase reduction rates with a ε-particle content of 1 

% at different pressures of H2. If the dissolution rate is higher than the reduction rate, dissolution 

will occur. But if the reduction rate is higher, the spent nuclear fuel dissolution will be inhibited. 

As seen in the figure, 0.1 bar H2 is sufficient to stop the dissolution completely.  
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Figure 25. The logarithm of the dissolution rate for spent nuclear fuel (burn up 38 MWd/kg U) 

as a function of the logarithm of the fuel age. The lines show the different rates of solid phase 

reduction (1 % ε-particle content) at 40, 1, 0.1 and 0.01 bar H2, respectively. 

 

For 100 year old fuel the dissolution rate is determined by simulations to 4.94x10-10 mol m-2 s-1 

and the rate constant for the diffusion controlled reaction between H2 and the noble metal 

particles is here determined to be ~10-6 m s-1. It can now be calculated at which conditions the 

dissolution is completely inhibited, by examining when the oxidation rate of U(IV) is equal to 

the reduction rate of U(VI) in the solid phase (rox = kH2[H2]εrel) in a realistic system. In a deep 
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repository, the H2 concentration corresponding to 40 bar over pressure is expected. Under these 

conditions a noble metal particle fraction of only 10-20 ppm is sufficient to stop the dissolution. 

As mentioned earlier, the noble metal particle content is expected to be ~1 % and then less than 

0.1 bar H2 is enough. Taking the presence of Fe2+ and S into account, which lower the steady-

state concentration, the thresholds will be even lower. These results show that under deep 

repository conditions the dissolution of uranium will be completely inhibited. 

3.3 Oxidation of uranium nitride, UN  

3.3.1 Dissolution of U(VI) from a UN pellet 

The results from changing the solid material to a UN pellet in the same solutions, 2 mM H2O2 

and with or without 10 mM HCO3
- added, are shown in Figure 26. In a), the dissolved uranium is 

plotted versus reaction time. For UN pellet in carbonate, the concentration of dissolved uranium 

increases linearly over time (similar behavior as the UO2 pellet), whereas without added 

carbonate the uranium concentration increases initially, but the dissolution appears to slow down 

after some time. Figure 26b) shows the normalized H2O2 concentration, [H2O2]/[H2O2]o, as a 

function of reaction time. As seen in the figure, [H2O2]/[H2O2]o is decreasing linearly over time 

in both cases and, in similarity with the UO2 pellet, with a faster rate in the experiment where 

carbonate was added.  

  

a) Concentration of U(VI) (μM) versus 
reaction time (s) 

b) Normalized concentration of H2O2 
versus reaction time (s). 

Figure 26. UN pellet in 2 mM H2O2, * no added HCO3
-, Ο 10 mM HCO3

-. 
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The UN pellet was analyzed using XRD towards the end of the experimental series. The result 

displayed in Figure 27 shows that the pellet contains both UO2 and UN. The UO2 content is 

approximately 15%. No U2N3 was found. However, the dissolution behavior of UN differs from 

UO2.  

 

 

Figure 27. XRD pattern for a UN pellet. Peaks labeled with Ο are UN, □ are UO2. 

 

When comparing the yield for oxidation in HCO3
- containing solution, i.e. the ratios between 

dissolved uranium and consumed H2O2, for UO2 and UN pellets, the yield is higher for the UO2 

pellet. This can partly be rationalized by the fact that 1.5 H2O2 is required to oxidize UN to 

U(VI) while only 1 H2O2 is required to oxidize UO2 to U(VI). Hence, 50% more oxidant is 

needed to produce soluble U(VI) from UN than from UO2. A comparison between UO2 and UN 

pellets (in HCO3
- solution) taking the different surface areas into account can be seen in Figure 
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28. It should be noted that the catalytic decomposition of H2O2 on the pellet surface must also be 

accounted for in such a comparison. 

 

Figure 28. ◊ UO2 and Ο UN pellets in 2 mM H2O2 and 10 mM HCO3
-, different geometrical 

surface areas of pellets is compensated for. 

 

The behavior of the UN pellet in pure water is quite intriguing. Significantly more uranium is 

dissolved compared to the UO2 and SIMFUEL pellets under the same conditions. In the case of 

pure UO2, the dissolution behavior can be attributed to the formation of metastudtite, which 

limits the uranium solubility under the present conditions, and the release of uranium decreases 

with increasing H2O2 concentration in the absence of carbonate. As was shown above, the UN 

pellet contains approximately 15 % UO2. Assuming that oxidative dissolution proceeds via 

formation of UO2 which is subsequently oxidized to UO2
2+, we would expect closer similarity in 

dissolution behavior between the UN and UO2 pellets. However, for the UN pellet, H2O2 is 

consumed both by UN and UO2/UO2
2+, and the concentration of H2O2, which limits the 

formation of metastudtite, will therefore be lower in the UN system, causing higher 

concentration of dissolved uranium. 
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3.3.2 Radiation induced dissolution of U(VI) from a UN pellet 

When changing from oxidation by H2O2 to gamma radiation induced oxidation and dissolution, 

the concentration of dissolved uranium is increasing over time, Figure 29. The data for UN pellet 

in water is very scattered and the release of uranium does not appear to be significantly slower 

than that for the UN pellet in HCO3
- solution. 

 

Figure 29. Concentration of uranium (μM) versus irradiation time (s) for a UN pellet. 

Ο with HCO3
-, * without HCO3

- 

 

A comparison between the irradiation experiments of all three pellets, UO2, SIMFUEL and UN 

is shown in Figure 30, where the different surface areas have been accounted for. It is obvious 

that the rate of uranium dissolution for the UN pellet irradiated in HCO3
- solution is lower than 

for the UO2 pellet under the same conditions. Again, this difference can be attributed to the fact 

that three electrons must be removed from UN to produce U(VI) while only two electrons must 

be removed from UO2. The difference is more pronounced in a radiolysis experiment where the 

oxidants are the limiting reactants. For UN irradiated in pure water it is not possible to say 

whether the rate of uranium release differs from that of UO2 under the same conditions. The 

quality of the data does not allow such a comparison. 
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Figure 30. Concentration of uranium (μM) versus irradiation time (s) for ◊ UO2(HCO3
-), □ 

UO2(H2O),  SIMFUEL(HCO3
-), ∆ SIMFUEL(H2O), Ο UN(HCO3

-) and * UN(H2O), 

compensated for different surface areas. 

 

3.3.3 Formation of •OH 

As the catalytic decomposition of H2O2 has earlier been confirmed by formation of hydroxyl 

radicals on UO2 and SIMFUEL pellets, similar experiments were performed with the UN pellet. 

In Figure 31, the accumulated concentration of OH radicals in a system where the UN pellet is 

exposed to H2O2 in the presence of HCO3
- and Tris is plotted as a function of reaction time (s).  
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Figure 31. Hydroxyl radical concentration as function of reaction time (s) during reaction 

between H2O2 (5 mM) and a UN pellet. 

 

As seen in the figure, the results are quite scattered, but the accumulated •OH concentration is 

increasing over time also for the UN pellet. Pehrman et al [78] performed experiments on UO2 

and SIMFUEL pellets under the same conditions where 1.9 and 1.8 mM OH radicals were 

formed respectively, during the same time. The accumulated hydroxyl radical concentration in 

the UN experiment is about 25 % of the concentration found for UO2 and SIMFUEL and it is 

reasonable to assume that the hydroxyl radical formation on UN can be attributed to the UO2 

content of the pellet (15 % according to XRD data). Again, this shows that radiation induced 

dissolution of UN is largely influenced by the behaviour of UO2 which is formed both upon 

hydrolysis and oxidation of UN. 
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4. Conclusions 

In this work, the oxidative dissolution of uranium has been studied by varying the solid material, 

composition of aqueous solution and way of oxidation. In addition, some possible inhibitive 

effects on the oxidative dissolution are studied. The following conclusions can be drawn from 

this work: 

•Metastudtite, UO4•2H2O, is formed on the UO2 surface upon oxidation by H2O2 in carbonate 

free solutions. When enough metastudtite is formed, the surface becomes blocked from further 

oxidation and the dissolution is inhibited. The maximum concentration of dissolved uranium 

decreases with increasing initial H2O2 concentration. 

•The UN pellet was found to have a 15% UO2 content. H2O2 can thereby react with both UN and 

UO2/UO2
2+, which means that less H2O2 is available for formation of metastudtite. Therefore a 

higher concentration of dissolved uranium is observed for UN compared to UO2 in carbonate 

free solutions. 

•Catalytic decomposition of H2O2 on UN has been confirmed by formation of hydroxyl radicals, 

and is assumed to be attributed to the fraction of UO2 in the pellet.  

 •No metastudtite was found on SIMFUEL. The oxidation yield is very low for SIMFUEL under 

all conditions examined, with/without carbonate, H2O2/radiation oxidation, due to the large 

fraction of H2O2 consumed in catalytic decomposition on the surface. 

•When carbonate is present in oxidation by H2O2, the dissolution is enhanced by complex 

formation between carbonate and UO2
2+, and the concentration of dissolved uranium increases 

linearly over time for UO2 and UN. The higher oxidation yield for UO2 compared to UN can be 

attributed to the fact that 50 % more oxidant is needed to reach the soluble U(VI). 

•In oxidation induced by gamma radiolysis in the presence of HCO3
-, the same trend is seen with 

higher dissolution rate for UO2 compared to UN. The difference between the two pellets is 

larger, again due to the higher amount of oxidants needed to solubilize UN. The amount of 

oxidants is limited. Initially, no oxidants are present and the concentrations of oxidants are 

slowly built up continuously upon the radiolysis of water. 
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•Self irradiation appears to have a permanent and delayed increasing effect on the redox 

reactivity of UO2 of 30 % at doses > 40 kGy. This can increase the dissolution rate. It is not 

known if the catalytic decomposition of H2O2 is influenced by self irradiation or not. 

•UO2 does not have a catalytic effect on the reaction between H2O2 and H2.  

•There is a catalytic effect of Pd on the reaction between H2O2 and H2. This will lower the 

steady-state concentration of H2O2, but not have a large impact on the matrix dissolution. 

•Pd catalyzes the reduction of U(VI) by H2 both in aqueous solution and in solid phase. In 

solution this would lower the concentration of redox sensitive radionuclides, but not affect the 

matrix dissolution. In the solid phase this would inhibit the dissolution by reducing U(VI) back 

to the insoluble U(IV). 

•Pd catalyzes the reaction between UO2 and H2O2. This will not have a large impact under deep 

repository conditions, since H2 will be present and reduce U(VI) back to insoluble U(IV). 

•The presence of sulfide has en inhibiting or retarding effect on radiation induced dissolution by 

scavenging radiolytic oxidants, and by reducing U(VI). 

•The catalytic properties of Pd are not reduced in the presence of sulfide. The catalytic effect of 

Pd can therefore be included in calculations predicting dissolution rates. 

•The dominating effect of H2 is the noble metal particle catalyzed reduction of U(VI) by H2 in 

the solid phase. This process has the maximum possible efficiency, i.e. there is no activation 

barrier. The conditions expected in a deep repository, 40 bar H2 and a 1% noble metal particle 

content, are more than sufficient to stop the dissolution and the release of radioactive fission 

products and actinides completely. 
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