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1. INTRODUCTION 

1.1 Background 

Many countries rely on electricity generated from nuclear power, even though in recent times 

the intention of some countries is to abandon it.  Regardless of its future, nuclear waste 

already exists and must be handled in such a way as to protect human beings and the 

environment - both in the short and long-term. 

The nuclear fuel used in almost all commercial reactors is based on uranium in the form of 

UO2. The uranium must be enriched since the isotope 238U is not fissile with thermal neutrons, 

so that the 235U content has to be increased to a few percent, between 2-5% [1]. 

 

The smallest but most hazardous part of the total quantity of radioactive waste is spent 

nuclear fuel. Spent fuel must be radiation-shielded and cooled throughout handling, 

transportation and storage and isolated for at least 100,000 years. Several decimeters of steel 

or several meters of water protect against radiation. There is a national and international 

consensus that geological final disposal is the best solution [2]. Multiple barriers will keep the 

groundwater from reaching the fuel and, in case of barrier failure, radionuclides may reach the 

biosphere.  

 

 Spent nuclear fuel mainly consists of uranium dioxide (~95%), UO2, with the remaining 

5% being fission products and transuranic elements. The release of toxic and radioactive 

species from spent nuclear fuel in contact with water is expected to depend mainly on the rate 

of dissolution of the UO2 matrix [3]. 

 

How waste is handled 

 The system in Sweden consists of a number of facilities which link to form a safe chain. 

The level of radioactivity determines how waste is handled. 
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Figure 1. Diagram of the nuclear fuel chain 

 

 Spent nuclear fuel must be radiation-shielded and cooled prior to disposal. It must be 

submerged in water basins 25-30 meters below ground level in order to decrease the 

radioactivity and heat by about 90%. Next step is encapsulation, which according to SKB is 

based on three protective barriers (four if we include the matrix itself). The spent nuclear fuel 

must first be encapsulated in copper canisters which have ductile iron inner containers and 

hold about two tones of waste each. The impermeable copper canisters are then placed in 

crystalline basement rock at a depth between 400-700 meters down in the bedrock, 

embedded in bentonite clay. After disposal the tunnels and rock caverns are sealed. 

 

 

The barriers for protection 

The final repository for spent nuclear fuel is based on the principle of multi barriers. The 

canister, the buffer and the rock constitute the repository barriers. Moreover, the uranium 

matrix itself is another barrier that prevent the release of radionuclides. 
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Figure 2. The four barriers in the KBS-3 model 

 Spent fuel matrix (UO2). This is considered a barrier itself since it has a very low 

solubility in the reducing groundwater expected to prevail at that depth, which makes 

the possibility of release radionuclides harder. 

 Copper canisters. The spent nuclear fuel will be encapsulated in copper canisters which 

have ductile iron inserts. This layer will provide corrosion resistance and mechanical 

strength in order to withstand forces caused by movements in the rock. 

 Bentonite clay. This will act as a buffer between the walls of the deposition hole and 

the copper canister. It has three functions: prevent corrosive substances from getting 

to the canister, protect the canister in the event of small movements in the rock and 

delay the spread of radioactive substances. 

 Bedrock. Will serve to isolate the waste from man and the environment. It will also 

give the canister and the bentonite clay buffer a stable chemical environment and 

protect them from various events happening on the ground surface. 

Their failure will eventually lead to the formation of potentially oxidizing conditions on the fuel 

surface due to the contact with water. This will produce substances which can alter the 

reducing environment and hence, could lead to fuel degradation and release of radionuclides 

[1]. 
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1.2 Radiation chemistry. 

Radiation chemistry is the part of chemistry which deals with the chemical effects of ionizing 

radiation. That is, any radiation consisting of directly or indirectly ionizing particles or a mixture 

of both, photons with energy higher than the energy of photons of ultraviolet light or a 

mixture of both such particles and photons [4]. This means that the radiation is sufficiently 

energetic to break chemical bonds.  

Spent nuclear fuel emits mostly α, β and γ radiation. α-radiation is the emission of the nuclei of 

He2+, β-radiation can be either electrons (β-) or positrons (β+) and γ-radiation is 

electromagnetic radiation sent out while the nuclei undergo relaxation. 

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

and the radiolysis will take place as  shown in Figure 3. 

 

Figure 3. Time scale of radiolysis of water 

Depending on the radiation energy, an irradiated water molecule can become excited or 

ionized. In the case of ionization, H2O
+ is formed and reacts with water forming an ·OH radical 

and H3O
+. The electron, if it is liberated with sufficient kinetic energy, can ionize further water 

molecules before its energy falls and when this happens the electron becomes solvated. On 

the other hand, in the excited state water is dissociated to form O·, H·, ·OH and H2. During the 

spur diffusion process, recombination reactions take place leading to the formation of 

molecular or secondary radical products. Spur reactions are listed below in Table 1. 
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Table 1. Spur reactions in radiolysis water 

eaq
- + eaq

-  
  H2 + 2OH- 

eaq
- + ·OH  OH- 

eaq
-  + H3O

+   H· + H2O 

eaq
-  + H·   H2 + OH- 

H· + H·  H2 

·OH + ·OH  H2O2 

·OH + H·  H2O 

H3O
+  + OH-   H2O 

 

In a future deep repository for spent nuclear fuel, solutes present in natural groundwater will 

affect the generation of radiolysis products. For example, Swedish groundwater contains 2-

10Mm carbonate [5], which will react with ·OH according to reaction 1, and therefore will be 

converted to CO3
·-. 

·OH + HCO3
-   H2O + CO3

- ·                                                     (1) 

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

of molecules produced or destroyed per J absorbed energy (S.I. unit mol/J). G-values for the 

radiolysis products in water irradiated with different types of radiation are given in Table 2. 

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

Radiation LET G(H2O) G(H2) G(H2O2) G(eaq
-) G(H·) G(·OH) G(HO2·) 

γ and fast 
electrons (β-) 

0.24 -0.43 0.047 0.073 0.28 0.062 0.28 0.0027 

12 MeV He2+ 92 -0.115 0.115 0.112 0.0044 0.028 0.056 0.007 

 

It can be seen that high-LET radiation usually gives more molecular species, while low-LET 

radiation produces a larger amount of radical species. 

The Linear Energy Transfer (LET) is an important concept of charged particles. It is defined as 

the energy absorbed in matter per unit path length traveled by a charged particle 

LET = dEabs/dx                                                                          (2) 
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1.3 Oxidation and dissolution of UO2 

In order to minimize the impact of the spent nuclear fuel on the environment, the system must 

be thoroughly investigated and it has to be understood what will happen in case of canister 

failure.  

Uranium (IV) has a very low solubility in water under reducing conditions. This solubility can be 

increased in the event of canister failure since radiation will radiolyse water and, therefore the 

matrix will be exposed to oxidizing conditions increasing significantly its solubility. Figure 4 

illustrates some important processes involved in oxidation and dissolution of spent nuclear 

fuel. 

 

Figure 4. Schematics of oxidation and dissolution in spent nuclear fuel. 

When water comes into contact with the fuel, radiolysis will take place and oxidizing and 

reducing species will be formed as products. Among the main oxidants there will be OH· and 

H2O2, but the presence of HCO3
- will produce CO3

-· from OH·. The H2O2 will be considered the 

most important oxidant in this system [6]. On the other hand, some reductants will be also 

produced but they will not have the same impact since e-
aq and H· will be in low concentrations 

and H2 – produced as well due to iron corrosion -  will not reduce the uranium unless a catalyst 

like Pd is present [7]. The process can be described by two steps, one of oxidation (3) and one 

of dissolution (4): 

U(IV)(S) + Ox  U (VI)(S) + Red                                                             (3) 

U(VI)(S)  U(VI)(aq)                                                                                                                (4) 
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The presence of HCO3
- in ground water will enhance reaction number 4 in neutral to alkaline 

solutions by forming strong complexes with UO2
2+ and therefore fission products and actinides 

will also be released upon dissolution of the UO2 matrix. As Swedish groundwater contains 

more than 1mM (between 2-10mM) HCO3
-, the reaction will be independent of the 

concentration of carbonate and the rate limiting step will be oxidation. 

 

1.4 Introduction to sulfide 

H2S is a toxic compound with a distinctive and noxious odor which is a moderately strong 

reducing agent. Sulfides are often found in groundwater, especially in warm springs. Its 

common presence in wastewater is partly due to decomposition of organic matter, present 

sometimes in the industrial waste, but almost always from the bacterial reduction of sulfates. 

Its presence also indicates sources of sulfide minerals which can lead to the formation of 

sulfuric acid when oxidized and thus cause corrosion. Sulfate reducing bacteria are generally 

obligate anaerobic bacteria that use sulfate, rather than oxygen, as the terminal electron in the 

process of respiration, resulting in the production of H2S. Dissolved free sulfides are very 

aggressive species for the corrosion of many metals such as, e.g., steel, stainless steel and 

copper.  

 

The concentration for H2S in groundwater is of the order of µM. However, studies revealed 

that it has been found concentrations up to 1.5mM of sulfide in groundwater in the Fisherman 

Islands [8]. 

 

1.5 Aim of the work 

The aim of this work is to find out the effects of sulfide on the oxidative dissolution of UO2. In 

order to reach this objective, many questions must be answered to clarify its role: 

a) Will sulfide reduce the oxidants formed during the water radiolysis? 

b) Will sulfide reduce the U(VI)? 

c) Will it inhibit the release of uranyl ions combining these two effects? If so, for how 

long? 
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2. Experimental 

 

2.1 Effect of H2S on a H2O2 aqueous system 

Previous experiments were performed in the lab with the aim of finding the possible effects of 

sulfide in the system. First, the effect of the sulfide on the oxidants must be studied, so 

experiments with peroxide and sulfide were run. 

A glass vessel was used with 15ml of 3mM H2O2 in 10mM HCO3
-. The solution was purged with 

N2 in order to avoid the presence of oxygen in our system and the reaction starts to be studied 

once the sulfide is added. Different sulfide concentrations - 0.1, 0.5 and 1mM - were used in 

order to know its influence. 

The concentration of H2O2 was measured indirectly with I3
- by UV/visible spectroscopy. The 

sample volume taken for analysis was 2ml. Detailed information about the I3
- method can be 

found in reference [9-11]. 

Furthermore, the influence of the aqueous solution composition was studied with two 

different concentrations of carbonate (1mM and 10mM) and in pure water. 

 

2.2 Reduction of UO2
2+ with H2S in aqueous solution 

The other effect that must be studied before the irradiation experiments is if sulfide can 

reduce the oxidized uranium. 

Experiments were performed in a glass vessel with a total volume of 20 ml 4mM HCO3
- . A 

solution of uranium (VI) was used with a concentration of 200 and 168.3µM in order to 

reproduce the conditions of a previous study [16]. It must be noted that the conditions are 

neither the optimal nor the most accurate since the experiments were performed in open 

atmosphere and without controlling pH, a very important parameter in this reaction.  
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2.3 Oxidation by irradiation 

The UO2 pellet used to perform these experiments was supplied by Westinghouse Atom AB. 

The pellet was washed 3 times with 10mM NaHCO3  in order to remove U(VI) from the surface 

from previous experiments. 

Experiments were performed with irradiation in a 137Cs γ-source with a dose rate of ~0.15 Gy/s 

(Figure5).  

                                       

 

 

 

 

 

 

                                                          

Figure 5. The γ-source 

A glass vessel was used where the aqueous solution containing 10mM of HCO3
- (in order to 

facilitate dissolution of oxidized UO2 forming a complex from the surface [3]) was placed.  

The reaction has been studied as a function of time; therefore five experiments were 

performed exposing the pellet from 1h to 5h of irradiation with an interval of 1 hour. The 

procedure is detailed below: 

1) For the first experiment the pellet is washed 3 times. 

2) An aqueous solution of 15ml 10mM HCO3
- was purged with N2 to remove the O2 

present. 

3) The pellet was introduced in the solution and a sample was taken (t=0) 

4) The solution is purged again with N2 

5) The solution is introduced in the gamma source and it is irradiated for 1 hour. 

6) The sample is taken after the irradiation and measured. 
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The samples taken at different times were measured using the reagent Arsenazo III (1,8-

dihydroxynaphtalene-3,6-disulphonic acid-2,7-bis[(azo-2)-phenylarsonic acid]) with an 

UV/visible spectrophotometer. Arsenazo III forms colored complex with a number of 2+ and 3+ 

charged cations, for example UO2
2+. The complex formed by the UO2

2+-Arsenazo III has a 

maximum absorbance at 653nm. The sample volume taken for analysis was 1.5 ml. The 

absorbance at t=0 was extracted to the absorbance at t=1h in order to get the real amount of 

U(VI) obtained. The background was also extracted to remove other possible interferences. 

Further information about the Arsenazo III method can be found in Refs. [12,13] 

The next experiments were performed in the same way using the same pellet of UO2, in order 

to avoid deviations caused by differences between different individuals as differences in 

geometry. With the rest of the experiments the irradiation must not be cumulative, which 

means that the 2h experiment must be run 2 consecutive hours rather than two 1 hour 

segments, and the same with the others, following the 6 points detailed above. 

 

2.4 Effect of H2S on the oxidation by irradiation 

In order to find out the effect on the oxidation by the sulfide, it was used 1mM of sulfide – at 

first, enough to avoid the presence of oxidized uranium in the solution -, to perform the 

experiments. Afterwards, a concentration of 2mM was also used to compare the effect. 

The sulfide was provided as a saturated aqueous solution of H2S 0.1M and renovated each 

time its power of reduction was observed to decline (this was tested with a permanganate 

valuation). This means that sulfide must not be kept more than approximately 5 days, 

otherwise contact with air will cause oxidation. Once again, the same total volume, pellet and 

carbonate concentration were used, with the addition of the corresponding sulfide, using the 

same method that was described before. 
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3. Results and discussion 

 

3.1 Effect of H2S on a H2O2 aqueous system 

As can be seen below in Figure 6 it was found that in fact, the peroxide reacts with sulfide. 

 

Figure 6. Normalized concentration of H2O2 plotted against time. (  0,1mM sulfide,   0,5mM 

sulfide and  1mM sulfide)  

It can be seen in Figure 6 that during the first minute, around 90% of the reaction takes place 

and that 1mM sulfide is enough to reduce almost 3mM of peroxide. With the pH measured in 

our experiments (10-11), the reaction should be quite fast, and indeed a high reaction rate was 

found but the kinetic constant for this process was impossible to find. Various publications 

present more exhaustive studies where some kinetic constant was determined [14, 15, 16]. 

This was something that was already known and studied more in detail in [14], the most 

extensive measurement in aqueous solution to date. Later on, more studies were published 

[15, 16]. According to these studies, reduction of peroxide may produce or consume hydrogen 

ions, depending on the products and the particular conditions. Two reactions which illustrate 

this are: 

H+ + HS- + H2O2  1/8 S8
0 + 2H2O                                                    (3) 
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HS- + 4H2O2  SO4
2- + 4H2O + H+                                                   (4) 

Initially, when reactant concentrations are equal, pH increases as predicted by Equation 3, due 

to hydrogen consumption, but eventually decreases as bisulfate (HSO4
-) formation 

predominates. On the other hand, when the concentration of peroxide is much higher than the 

total sulfide concentration, the pH decreases immediately as predicted by Equation 4. In these 

experiments, as found in the literature, a clear white/yellow solution was formed. According to 

Hoffman’s work, in our pH range (7-8) the mixed solution form a yellow intermediate which 

eventually disappears, giving a clear, colorless solution when pH is 7.5. This is, exactly what 

was observed in the experiments. It was suggested that S4
2- and S5

2- are involved in the HS- and 

H2O2 reaction, which has been reported by many authors in different papers [14]. 

Furthermore, the influence of the aqueous solution was studied with two different 

concentrations of carbonate (1mM and 10mM) and in pure water. The conclusion was that the 

reaction was more efficient in HCO3
- than water, regardless of the carbonate concentration. 

This is corroborated by other studies which show that the reduction of peroxide is catalyzed by 

bicarbonate through an equilibrium forming peroxymonocarbonate, and a final sulfide 

oxidation step [17, 18]. A possible mechanism is showed below according to the previous 

mentioned papers: 

HCO3
- + H2O2 

  
  HCO4

- + H2O                                                             (5) 

R2S + HCO4
- 
  
  R2S=O + HCO3

-                                                           (6) 

 

3.2 Reduction of UO2
2+ with H2S in aqueous solution 

Previous detailed studies concluded that uranium hydroxyl species were the ones being 

reduced by sulfide [19], suggesting that the reaction stoichiometry could be best represented 

by the following equation: 

UO2
2+ + HS-   UO2 + S0 + H+                                                            (7) 

Similar experiments were performed in the lab to reproduce these results, and sulfide indeed 

reduces uranium (VI) as can be seen in Figure 7. 
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Figure 7. Concentration of UO2
2+ plotted against time. ( 168.3µM U(VI)-6.8Mm sulfide,          

200µM U(VI)-5mM sulfide) 

In contrast with the literature consulted, sulfide did not reduce sulfide completely probably 

due to the experimental conditions in this work. It must be remarked once more time that 

these experiments were performed under non-ideal conditions (non-appropriate pH and 

presence of oxygen are the most important) and therefore, literature must be consulted for 

more detailed information as in Ref. [19]. 

The formation of precipitates from the reaction was also observed. Different products can be 

observed from U(IV) reduction by sulfide in various environments, such as precipitates 

composed of uranium and oxygen like U3O8 compounds, which were observed in many 

previous works. Uranitite formation from aqueous U(VI) reduction has been observed in 

laboratory systems with hydrogen sulfide as well [19].  

 

3.3  Oxidation of UO2 pellet by irradiation 

Several experiments have been run under different conditions in order to detect the 

influence of sulfide. As reference, irradiation experiments without sulfide were performed. 

Just as expected, the amount of uranium (VI) increased with reaction time in an 

approximately linear way. The more time we exposed the solution to radiation, the more 
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oxidants were formed, therefore it was expected to get a larger amount of uranium (VI) 

stabilized by forming a complex with HCO3
-.  This is illustrated in Figure 8 where the results 

were plotted. 

 

Figure 8. Concentration of UO2
2+ plotted against irradiation time 

 

Figure 9 below shows a comparison between the experiments with and without the presence 

of sulfide at different concentrations (1mM and 2mM), where one can see its effect. 

Figure 9. Concentration of UO2
2+ plotted against irradiation time. (  without sulfide,   with 

1mM sulfide and with 2mM sulfide)   
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As Figure 9 illustrates, the presence of sulfide in the aqueous medium inhibits the release of 

uranyl ions for 2-3 hours. After the initial inhibition, the concentration of oxidized uranium 

increases but to lower levels than in the original experiment. As it was seen that 1mM is not 

enough and lower amounts of U(VI) can be detected, a higher concentration (2mM) was used. 

With the higher concentration the effect is even more pronounced, resulting in lower 

concentrations and inhibiting the presence of uranyl longer –up to 9h -, which makes a factor 

of three times the inhibition of uranyl in our system per mM of sulfide in the system. 

In order to contrast the experimental data with theoretical, some rough calculations were 

done based on the 0.15 Gy/s doses rate of the gamma source, time of exposure and using the 

G-Values of the two most important oxidants in our system: H2O2 and CO3
-·. The results are 

shown in Table 3. 

Table 3. Accumulated concentration of oxidants formed during irradiation. 

 

 

 

 

 

 

 

 

 

According to these results, a concentration of 1mM of oxidants is reached after between 5-6h 

and  2mM after 10-11h. This is in good agreement with the observed inhibition periods for 1 

and 2 mM sulfide, respectively. It is important to take into account that this system is more 

complex than the one studied before in this work, since previously it was a system with only 

one oxidant (H2O2). 

A white precipitate was also found after the irradiation experiments with sulfide. This may 

have a relation with the oxidative chain of sulfur. Sulfur starts with an oxidation state of -2 in 

the system as sulfide (S2-) , and when it starts reacting with oxidants going through elemental 

sulfur (S0) , sulfite (SO3
2-)  and sulfate (SO4

2-). When the sulfide appears as elemental sulfur, it is 

Time  (s) [H2O2 + CO3
-·] 

(mM) 

3600 0.191 

7200 0.381 

10800 0.572 

14400 0.762 

18000 0.953 

21600 1.144 

25200 1.334 

28800 1.525 

32400 1.716 

36000 1.906 

39600 2.097 

43200 2.287 
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a solid. This can be the reason of the precipitate obtained. However, with time it will be 

oxidized and will become soluble again, which can be the reason of the disappearance after 9h 

of irradiation. Some consulted literature indicates that it can also be due to the formation of 

polysulfurs. Even if this is the most reasonable explanation for this event, the presence of 

precipitates can also be explained because of the reduction of uranium (VI) [19], but the first 

one seems to be the most appropriate even if it is also a supposition. 
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4. Conclusions 
The experiments performed in this work reveal an effect of the H2S on the oxidative 

dissolution of UO2. Different experiments showed that sulfide delays the oxidation of the 

compound according to a factor of three – 3X hours of inhibition, where “x” is the 

concentration in mM of sulfide-. This effect occurs in two different ways: on one hand reducing 

the oxidants formed by the radiolysis of the water inhibiting its presence in the media and 

consequently its power of oxidation on the uranium matrix. On the other hand it reduces the 

oxidized uranium to a lower oxidation state as uranitite or oxygenated uranium compounds. 

All these effects have been corroborated by previous studies in the literature and confirmed in 

the lab.  

 The reduction of the main oxidants by sulfur taken in the first place seems to be the best 

explanation for this event. This can be explained with the appearance of a sulfur precipitate 

and its later dissolution and because of the high rate of reaction between these two reactants. 

Although the effect observed by sulfide delays the dissolution of uranyl and its release into the 

environment, the concentrations used in these experiments are two or three orders of 

magnitude higher than the real concentration of sulfides in the groundwater, which normally is 

in the order of µM against the mM used. This is due to the need of extreme conditions in order 

to study a specific effect. On the other hand, in the possible situation of the failure of the 

canister, even though the concentration of sulfide is not as high as the one in these 

experiments, the amount of sulfide that will be available in the real case is unlimited and 

therefore, it will still have diffusion towards the surface even though it is being consumed. 

Finally, even if it has been proven that sulfide has a positive effect on the system, there still 

remain open questions that must be answered, for example  possible poisoning of catalysts -

like Pd - which can interfere with other process or corrosion in cupper canisters. 
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