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Abstract 

This licentiate thesis deals with the influence of two inherent properties (fission products 
and self irradiation) of spent nuclear fuel on the rate of radiation induced fuel matrix (UO2) 
dissolution. In a future deep repository the spent nuclear fuel will be deposited 500 meters 
down in the bedrock in a reducing environment. Under these conditions the UO2-matrix 
itself is one of the protective barriers against release of radionuclides due to its very low 
solubility. When the fuel comes in contact with water, U(IV) will be oxidized to U(VI) by 
products from radiolysis of water and the solubility of the fuel matrix will increase 
significantly. 

Most previous studies have been performed on unirradiated UO2 which differ significantly 
from spent nuclear fuel. In spent nuclear fuel most of the fission products and neutron 
activation products are radioactive and therefore the fuel will be irradiated by itself. The 
effect of ionizing radiation on the reactivity of UO2 has been investigated here. UO2 (powder 
and fragment of a pellet) has been exposed to irradiation in a 60Co γ-source or in an electron 
accelerator and then the redox reactivity was studied. The kinetics for oxidation of UO2 by 
MnO4

- was used as a monitoring reaction. It was shown that the reactivity of UO2 increases 
when being irradiated for the first time (<20kGy). The effect increases with increasing dose 
until reaching a maximum value ~1.3 times the reactivity of unirradiated UO2 for dry 
irradiation. For wet irradiation a dose of 140 kGy increases the reactivity ~2.5 times. This 
effect appears to be permanent. 

Previous studies have shown that H2O2 is the most important oxidant for spent nuclear fuel 
dissolution under deep repository conditions. Under H2 atmosphere, as expected in a deep 
repository, it has been shown that the dissolution rate is slower. This has partly been 
attributed to the reaction between H2O2 and H2 which is very slow without a catalyst. The 
catalytic effect of UO2 on this reaction was examined showing that UO2 does not catalyze 
this reaction. 

Another possible catalyst for this reaction is the ε-particles (noble metal particles containing 
Mo, Ru, Tc, Pd and Rh) formed by the fission products. Pd is a well known catalyst for 
reduction by H2. The possible catalytic effect of Pd on the reaction between H2O2 and H2 is 
examined here. The possible catalytic effect of Pd on the reduction of U(VI) by H2 is also 
examined, both in aqueous phase and in UO2 pellets containing different amounts of Pd (as 
a model for spent fuel containing ε-particles). 

It was found that Pd has a catalytic effect on the reaction between H2O2 and H2, the second 
order rate constant is determined to (2.1±0.1)x10-5 m s-1. 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 m s-1, 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 in the solid phase shows that the dissolution for 100 year old fuel can be completely 
inhibited, at 40 bar H2 a noble metal particle content of 10-20 ppm is needed and with 1 % 
noble metal particle content 0.1 bar H2 is enough to stop the dissolution. 
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Sammanfattning 

Denna licentiatavhandling behandlar effekten av två inneboende egenskaper (fissions 
produkter och egenbestrålning) hos utbränt kärnbränsle på hastigheten för 
strålningsinducerad upplösning av bränslematris (UO2). I ett framtida djupförvar kommer 
det utbrända kärnbränslet att deponeras 500 meter ner i berggrunden i en reducerande miljö. 
Under dessa förhållanden är UO2-matrisen själv en av de skyddande barriärerna mot 
frigörande av radionuklider, på grund av dess låga löslighet. När bränslet kommer i kontakt 
med vatten kommer U(IV) att oxideras till U(VI) av radiolysprodukter från vattnet och 
lösligheten för bränslematrisen kommer därmed att öka betydligt.  

De flesta tidigare studier har utförts på obestrålad UO2 som skiljer sig signifikant från 
utbränt kärnbränsle. I utbränt kärnbränsle är de flesta fissionsprodukterna och 
neutronaktivieringsprodukterna radioaktiva och bränslet kommer därför bli bestrålat av sig 
självt. Effekten av joniserande strålning på reaktiviteten för UO2(s) har undersökts här. UO2 
(pulver och fragment av en kuts) bestrålades i en 60Co γ-källa eller framför en 
elektronaccelerator varpå reaktiviteten för UO2 studerades genom oxidation av UO2 med 
MnO4

-. Det visade sig att reaktiviteten för UO2 ökar när det blir bestrålat för första gången 
(<20 kGy). Effekten ökar med ökande dos tills den når ett maxvärde ~1.3 gånger 
reaktiviteten för obestrålad UO2 vid torrbestrålning. Vid våtbestrålning ökar en dos på 140 
kGy reaktiviteten 2.5 gånger. Effekten verkar vara permanent. 

Tidigare studier har visat att H2O2 är den viktigaste oxidanten för upplösning av utbränt 
kärnbränsle under djupförvarsförhållanden. I vätgasatmosfär, som förväntas i ett djupförvar, 
har det visat sig att upplösningshastigheten är långsammare. Det har delvis förklarats med 
reaktionen mellan H2O2 och H2, som är väldigt långsam utan katalysator. Den katalytiska 
effekten av UO2 på den reaktionen har undersökts och det visades att den inte katalyseras av 
UO2. 

En annan möjlig katalysator för reaktionen är ε-partiklar (ädelmetallpartiklar bestående av 
Mo, Ru, Tc, Pd och Rh) som bildats av fissionsprodukterna. Pd är en välkänd katalysator för 
reduktion med H2. Den eventuella katalytiska effekten av Pd har undersökts här. Även en 
eventuell katalytisk effekt av Pd på reduktionen av U(VI) med H2 undersöktes, både i 
vattenfas och i UO2-kutsar innehållande olika mängder Pd (som en modell för ε-partiklar). 

Vi fann 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. Pd har också en katalytisk 
effekt på reduktionen av U(VI) med H2 både i vattenlösning, hastighetskonstant 
(1.5±0.1)x10-5 m s-1, och i den fasta fasen. 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 i den fasta 
fasen visar att upplösningen för 100 år gammalt bränsle kan stoppas helt. Vid 40 bar H2 
krävs 10-20 ppm ädelmetallpartiklar och med 1 % ädelmetallpartiklar räcker det med 0.1 bar 
H2 för att stoppa upplösningen. 
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1. Introduction 

One of the major problems in the nuclear power industry all over the world is how to 

minimize the potential impact of the radioactive waste on the environment. Different 

solutions to this problem are considered in different countries. In Sweden, the spent nuclear 

fuel will be placed in a deep geological repository according to the KBS-3 model, developed 

by The Swedish Nuclear Fuel and Waste Management Co (SKB) [1]. 

Spent nuclear fuel will remain radioactive for at least 100 000 years. At this point the spent 

nuclear fuel has decayed to natural levels of radioactivity. Hence the deep repository must be 

safe for time periods widely exceeding the time of modern civilization. 

Spent nuclear fuel from Swedish reactors consists of pellets composed of ~95 % UO2, the 

rest being fission products and higher actinides. After discharge from the nuclear power 

plant the spent fuel is stored in water basins for around 30 years for the radioactivity to 

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

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

groundwater and the biosphere. 

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. 
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• 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, occurring on the ground surface. 

If the barrier function of the canister fails, the spent nuclear fuel will come in contact with 

the groundwater. The ionizing radiation from the fuel will alter the groundwater redox 

conditions in the canister, possibly resulting in enhanced dissolution of the fuel. 

 

 

Figure 1. The four barriers in the KBS-3 model. 
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1.1. Radiation chemistry 

Radiation chemistry has its origin in chemical reactions induced by ionizing radiation (i.e. 

energetic charged particles (α, β, H+ and heavier particles) and high-energy photons (x-rays 

and γ-rays)). The energy absorbed in a material causes ionizations and/or excitations. In case 

of a canister failure in the deep repository, groundwater will be exposed to ionizing radiation. 

The processes taking place on radiolysis of water are shown in Figure 2.  

 

Figure 2. Radiolysis of water 

On ionization of water a high energy electron is released that can cause further ionization 

and excitation. 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 secondary radical products. These processes occur 

in a very short time scale (also shown in Figure 2). In only 10-7 seconds the spur reactions are 

complete and the system is homogeneous. The spur reactions are presented in Table 1. 
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Table 1. Spur reactions in radiolysis of water. 

eaq
- + eaq

-  H2 + 2OH- 

eaq
- + •OH  OH- 

eaq
- + H3O+

  H• + H2O 

eaq
- + H•  H2 + OH- 

•OH + •OH  H2O2 

•OH + H•  H2O 

H3O+ + OH-  2 H2O 

 

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

produced (or consumed) species per J absorbed energy, (SI unit mol/J). The energy 

absorbed per unit path length is expressed as Linear Energy Transfer, LET. The LET-value 

depends on the energy and type of radiation. The G-values for irradiated water are shown in 

Table 2 and there it can be seen that for low LET (electrons) radiation Gradicals > Gmolecules 

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

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

 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 
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1.2 Oxidation and dissolution of UO2 

As mentioned above, UO2 has a very low solubility under reducing conditions, but on 

oxidation of U(IV) to U(VI) the solubility of the fuel matrix increases significantly. In the 

event of a 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 on the radiolysis (OH•, 

H2O2, HO2• and O2) will oxidize U(IV) to the more soluble U(VI) which results in 

dissolution of the fuel and 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 corrosion of the iron of 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 3. 

 

Figure 3. Oxidation and dissolution of spent nuclear fuel [3]. 
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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 [4], forming strong 

complexes with U(VI) and thereby enhancing the dissolution [5]. Recent kinetic studies with 

H2O2 as oxidant have shown that, 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 [6]. Above 1 mM HCO3
- the second order rate constant is 

independent of the HCO3
- concentration and the rate limiting step is oxidation. 

Spent nuclear fuel emits α-, β- and γ-radiation. However, the relative contribution from the 

different types of radiation will change with time due to different half lives of the 

radionuclides. After 1000 years, the system is dominated by α-radiation [7].  

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

distance from the fuel surface. Recent studies have shown that, under deep repository 

conditions, the most important oxidant is H2O2 [8]. In these studies a UO2 pellet in aqueous 

HCO3
- containing solution was purged with different gases or gas mixtures (Ar, N2O, O2, air, 

N2O/O2), irradiated in a γ-source (60Co) and analyzed for dissolved UO2
2+ as a function of 

time. 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 good agreement. Since the system in a deep repository 

will be dominated by α-radiolysis, simulations were also performed for α-radiation. The 
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results show that the rate of oxidation is completely governed by the H2O2. Hence, H2O2 is 

the only oxidant that must be taken into account when estimating the rate of fuel dissolution 

as part of safety assessment for a deep repository.  

H2O2 is produced in the radiolysis, and consumed in the surface reactions with UO2, but also 

in reactions in the groundwater and it will disappear from the surface by diffusion. The 

dissolution yield of the reaction between H2O2 and UO2 is 80 % [9]. The remaining 20 % of 

the H2O2 is probably decomposed catalytically on the fuel surface. One of the most 

important reactions in the groundwater is the reaction between H2O2 and Fe2+ (Fe2+ coming 

from a corroded or torn canister). In the scenario of canister failure the spent fuel can be of 

different ages and computer simulations for failures at different times have been carried out. 

It has been shown that a steady state concentration for H2O2, i.e. when the rate of radiolytic 

production of H2O2 is equal to the H2O2 consumption, is approached in a very short time 

considering the time period for a deep repository [10]. 

Spent fuel leaching experiments under H2 atmosphere display lower dissolution rates 

compared to experiments in the absence of H2. In some cases the dissolution is completely 

inhibited [11]. Furthermore, long term experiments in Argon atmosphere show that the rate 

of dissolution decreases with time at the same time as the concentration of radiolytical 

produced H2 increases in a closed system [12]. The role of H2 in the system has been debated 

for quite some time. 

It has been suggested that homolytic decomposition of H2O2 is catalyzed by the UO2 

surface, and that the produced •OH radicals are consumed in reaction with H2 resulting in an 

overall reaction between H2O2 and H2 to produce H2O [13]. The partially oxidized UO2+x 
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surface is also suggested to catalyze the decomposition of H2O2, by disproportionation to O2 

and H2O [13]. 

When the fuel is irradiated in the reactor, some of the fission products form nanometer sized 

particles containing Mo, Ru, Tc, Pd and Rh [14]. The relative amount of the elements in the 

particles can differ. These particles are called ε-particles or noble metal particles and they 

constitute ~1% of the spent nuclear fuel [15]. Experiments on synthetic spent nuclear fuel 

(SIMFUEL) containing noble metal particles have shown that the corrosion potential is 

reduced in the presence of H2 [16]. This was not observed in the absence of noble metal 

particles. An explanation can be that H2 dissociates on these particles, acting as anodes 

transferring electrons to the solid material where they reduce the U(VI)(s). Pd has well 

known catalytic properties and it has a high affinity for hydrogen. It can absorb large 

amounts of H2, up to 935 times its own volume at room temperature and atmospheric 

pressure [17]. Pd is therefore a potential catalyst for the reduction of H2O2 by H2. U(VI) in 

solution is slowly reduced by H2 to U(IV) [18]. This reaction has earlier been suggested to be 

catalyzed by UO2(s), but more recent experiments did not confirm this theory [18]. 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) 

back to the insoluble U(IV).  

  



9 

In Figure 4 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 

ε-particle 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 oxidation rate would 

only be slightly reduced. Even if the reaction between H2O2 and H2 occurs with maximum 

rate, i.e. diffusion controlled, it can not account for the observed decreased or inhibited 

dissolution. 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. 
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H2O2

2 OH -

U(IV)

U(VI)

x HCO 3
-

H2

2 H +

2 e- UO 2(CO 3)x
(2-2 x)(aq) + x H +

ε

 

Figure 4. Important processes for dissolution of spent nuclear fuel. Oxidation of U(IV) and consumption 
of H2O2, HCO3

- facilitated dissolution of U(VI) and noble metal particle catalyzed reduction of U(VI) to 
U(IV) in the solid phase by H2. 

 

The fuel will be self irradiated by the content of radioactive fission products and actinides. 

Metal oxides, such as UO2, are often semi conductors and the irradiation can alter the semi 

conductor properties permanently [19]. During irradiation of the semi conductor, electrons 

are excited from the valence to the conduction band. This could temporarily alter the 
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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. 

Both metallic fission products and self irradiation may affect the rate of spent nuclear fuel 

dissolution. In this work we have studied the effect of ionizing radiation on the redox 

reactivity of UO2(s). We have also examined the possible catalytic effects of UO2(s) and Pd 

(as a model for ε-particles) on the reaction between H2O2 and H2. The possible catalytic 

effect of Pd on the reduction of U(VI) by H2 is also examined, both in the aqueous phase 

and in UO2 pellets containing different amounts of Pd (to resemble spent nuclear fuel).  
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2. Experimental 

The UO2(s) powder and pellets were supplied by Westinghouse Atom AB and the Pd 

powder (99.9+%) by Sigma-Aldrich. Chemicals (p.a.) and gases (99.998%) are from Merck, 

AGA and Air Liquide. Milli-Q filtered water (18 MΩcm) was used throughout and the 

experiments were all performed at room temperature. In the UO2(s) experiments, the solid 

was 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 the experiments in order to 

facilitate dissolution of oxidized UO2. 

2.1. Effects of irradiation on UO2(s) redox reactivity. 

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

oxidation of UO2 by MnO4
- as a monitoring reaction. MnO4

- is 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 [20] 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 to the vessel and the irradiation was continued. During 

irradiation the MnO4
- solution changes color from magenta to brownish red which 
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corresponds to reduction of Mn(VII) to Mn(IV) [21]. The decompostition of MnO4
- due to 

aqueous radiolysis was measured in separate experiments and corrected for.  

Eight consecutive oxidations of a fragment of a UO2 pellet were made without irradiation to 

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

made for 80 minutes in 4 ml solution and samples were 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 ~3.5 cm2 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 made in a 3 mL cell made of PEEK. Figure 5 

shows a photo of the cell. 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. 

The electron energy was 6-6.5 MeV, the pulse length 4 μs and the frequencies used were 

12.5, 25 and 50 Hz. The average dose rate was measured to 24.3 Gy/s by Fricke dosimetry at 

12.5 Hz and the dose rate is assumed to be proportional to the frequency. (The dose rate 
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during the pulses is calculated to 108 Gy/s.) Reference experiments without irradiation and 

reference experiments without the solid phase to compensate for radiolytical decomposision 

of MnO4
- were also performed. 

 

Figure 5. The reaction cell. 

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

was irradiated three times for 15 minutes 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.  

2.2. Catalytic effects of UO2(s) and Pd surfaces. 

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 
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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. 

All experiments in this series were performed in an autoclave made of stainless steel (Figure 

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

and also a stirrer (1). 

 

Figure 6. The autoclave. 1) stirrer 2) device for pressure measuring 3) outlet tube for sampling  
4) inlet tube for gas 5) device for temperature measuring 

 

In the powder experiments (0.5 g UO2 or 0-33 mg Pd) 300 mL aqueous suspension was 

bubbled with N2 and then pressurized with H2 (0-40 bar) overnight in the autoclave with 

continuous stirring. The next day H2O2 (0.22 mM) or UO2(NO3)2•6H2O (10-5 M) was added 

and the H2O2 or U(VI)aq concentration measured as function of time with UV/visible 
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spectroscopy, H2O2 indirectly with the I3
-method [22-24] and U(VI) with the reagent 

Arsenazo III (1,8-dihydroxynaphtalene-3,6-disulfonic acid-2,7-bis[(azo-2)-phenylarsonic 

acid]) [25,26]. In the experiments containing uranium, 2 or 10 mM HCO3
- was added. 

To study the suggested ε-particle catalyzed reduction of U(VI) by H2, 2.6 mm thick UO2 

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 carbonate, filtered by vacuum filtration and dried for 48 

hours under vacuum in an exsiccator 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 1200º 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 40º 

C/min. After one hour of high temperature and pressure, the heater was turned off and the 

pressure released. After four hours the form reached room temperature and could 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 by UV/visible spectroscopy (I3
-  method and Arsenazo III reagent, 

respectively) at the beginning of the experiments and after 50 minutes reaction time.  
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3. Results and discussion 

3.1. Effect of irradiation on UO2(s) redox reactivity. 

The eight consecutive oxidations of the UO2 fragment did not display any changes in 

reactivity. 

In the low dose rate experiments performed with a UO2 fragment in MnO4
-solution in the 

gamma source, oxidation kinetics was not influenced by the irradiation. The dose in these 

experiments was 200-300 Gy. 

In the high dose rate experiments performed with UO2(s) slices in MnO4
- solution irradiated 

by an electron accelerator, the consumption of MnO4
- was measured before, during and after 

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. 
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In Figure 7, 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 7. ♦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). 

This will increase the reaction rate between UO2 and H2O2 and thereby to some extent 

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

earlier. In a system free from solute reactions, the radiation effect will not be of any 

importance for the dissolution of spent nuclear fuel since, as mentioned in the introduction, 

the dissolution rate is completely governed by the production of H2O2. 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. 
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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 8 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 8. Normalized absorbance of MnO4
- versus reaction time before and after irradiation in air. (◊ 

before irradiation, x after one irradiation, ∆ after two irradiations, □ after three irradiations). 

 

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 irradiation experiments. 
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3.2. Catalytic effects of UO2(s) and Pd surfaces 

In the experiments where the catalytic effect of UO2(s) on the reaction between H2O2 and 

H2 was examined, the H2O2 concentration was measured as function of time. In Figure 9 the 

normalized H2O2 concentration is plotted versus reaction time with and without H2. 

 

Figure 9. Normalized concentration of H2O2 in reaction with UO2(s) plotted against reaction time. 
(▪ without H2, ♦ without H2, ∆ 40 bar H2, × 40 bar H2) 

 

The rate of the reaction between UO2 and H2O2 is not significantly affected by H2. Hence, 

the reaction between H2O2 and H2 is not noticeable catalyzed by UO2. 

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 

0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100

time (min)

[H
2O

2]
/[H

2O
2]

o



21 

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 solid surface area to total solution volume ratios 

the second order rate constant is determined to (2.1±0.1)x10-5 m s-1. 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 [6].  

Figure 10. Pseudo first order rate constants, k1 (s-1), for H2O2 + H2 with Pd plotted against 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. 

 

This indicates that the presence of noble metal particles in the spent fuel will increase the 

H2O2 consumption and thereby lower the steady state concentration of H2O2 at the fuel 

surface. Calculations based on a noble metal particle content of 0.1%, 1% and 2% and the 

maximum (i.e. diffusion controlled) rate constant for the catalyzed reaction (10-6 m s-1) show 

that less than 25 % of the H2O2 is consumed in this reaction. The effect of the particles 

0,0E+00

2,0E-04

4,0E-04

6,0E-04

8,0E-04

1,0E-03

1,2E-03

0 10 20 30 40 50

k 1
(s

-1
)

S/V (m-1)



22 

taking only this reaction into account is therefore relatively small. The oxidation of UO2 will 

still occur as discussed in the introduction. 

When examining the catalytic effect of Pd on the reduction of U(VI)aq by H2, no 

consumption of U(VI)aq was observed in the absence of H2 or Pd. As mentioned above 

U(VI) is reduced by H2, however, at room temperature the reaction is very slow and it 

cannot be observed during the short reaction times used here. In the experiments with 

UO2(NO3)2•6H2O, H2 and Pd powder the concentration of U(VI) was decreasing over time 

revealing a catalytic effect of Pd 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 it 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 10, to (1.5±0.1)x10-5 m s-1. 

Hence, this reaction is also virtually diffusion controlled. 
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Figure 11. Pseudo first order rate constants, k1 (s-1), for U(VI)aq + H2 with Pd plotted against 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. 

 

The catalytic effect of noble metal particles on reduction of U(VI) in solution will not affect 

the dissolution rate of spent nuclear fuel, but it will lower the U(VI) concentration in 

solution. To have an effect on the dissolution, the catalyzed reduction must take place in the 

undissolved fuel, reducing the soluble U(VI)(s) back to the insoluble U(IV)(s) and inhibit 

dissolution of the fuel matrix. In solution the fuel is already dissolved so the reduction 

cannot have the same effect. 

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 12. The reason for this is probably that Pd catalyzes the oxidation of UO2(s) 
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by H2O2. The results from the experiments performed with 0.2 mM H2O2 show the same 

trend. 

 

Figure 12. 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 of 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. This shows a catalytic effect of Pd on the reduction of U(VI) by H2 in the solid 

phase. In this case, the rate of spent fuel dissolution is reduced by the presence of H2 and 

noble metal particles in the solid phase. The reduction of the dissolution rate can be 

described by equation (3): 

rdiss = rox – kH2[H2]εrel (3) 
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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 fuel surface. 

In Figure 13, rdiss/rox is plotted against the fraction of Pd, %, multiplied 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 in the figure represents 

complete inhibition.  

 

Figure 13. The ratio between dissolution and oxidation rates plotted against the fraction of Pd multiplied 
by the H2 partial pressure (the dashed line represents rdiss = 0). 

 

From the data in figure 13 and using equation (3), the rate constant for the solid phase 

reduction can be estimated from the value of εrel[H2] where the dissolution is cancelled: 
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[ ]2
2 H

r
k

rel

ox
H ε

=                 (4) 

From equation 4 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 [6] 

Simulations have been made 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 14 the logarithm of the dissolution rate 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 dissolution will be 

inhibited. As can be seen in the figure, 0.1 bar H2 is sufficient to stop the dissolution 

completely. 
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Figure 14. 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 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. These results show that under 

deep repository conditions the dissolution will be completely inhibited. 
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4. Conclusions 

The reactivity of UO2 does not change with the number of oxidations. Apart from when you 

irradiate UO2 for the first time, doses > 40 kGy are needed to see an increase in the 

reactivity of UO2. The effect is permanent and delayed and it seems to be limited to ~1.3 

times the unirradiated UO2. This will increase the dissolution rate, but it will not be that 

important for deep repository conditions since there the oxidation is completely governed by 

the H2O2 production. 

Of the earlier suggested catalysts it has now been shown that Pd, but not the UO2 surface 

catalyze the reaction between H2O2 and H2. The second order rate constant for the Pd 

catalyzed reaction between H2O2 and H2 is determined to (2.1±0.1)x10-5 m s-1. Pd also has a 

catalytic effect on the reduction of U(VI) by H2 both in aqueous solution and in the solid 

phase. The second order rate constant for the Pd catalyzed reduction of U(VI)aq by H2 is 

determined to (1.5±0.1)x10-5 m s-1 and reduction of solid phase U(VI)(s) by H2 to 4x10-7 m s-

1 and 7x10-6 m s-1 for pellets with 1 and 3 % Pd ~10-6 m s-1, respectively. 

The catalytic effect in the solid phase shows that the dissolution can be completely inhibited. 

At 40 bar H2 a noble metal particle content of only 10-20 ppm is needed and with the 

expected 1% noble metal particle content 0.1 bar H2 is sufficient to stop the dissolution and 

the release of the radioactive fission products and actinides.  
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