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ABSTRACT 

 

Understanding the interactions between solid surface and fluid during the dissolution 
process is essential for developing a model for spent fuel dissolution. This project aims 
to enhance the understanding of the dissolution process of fluorite-type materials; these 
have the same crystal structure as nuclear fuel. CaF2, CeO2, ThO2 and UO2 are here 
used in dissolution studies during which the evolution of the solution and surface is 
monitored as the dissolution proceeds. For the UO2-experiments, the effect of natural 
groundwater on the dissolution of a surface emitting alpha radiation is investigated. The 
goal is to use the experimental results in combination with first-principles modelling to 
formulate a model describing the surfaces of dissolving fluorite-type materials. The 
project is on-going and this report presents the progress after two years. The 
experimental results reported here point towards effects of surface area and surface area 
to volume ratios, exposed grain boundaries, and bulk vs. “local” solubility. The 
importance of well-controlled analytical conditions and high-resolution measurements 
are emphasized, in order to distinguish differences between effects of remnant fines, 
amorphous precipitates, grain boundaries, surface defects and crystallographic 
orientation of the exposed surfaces. The progress with regards to modelling shows that a 
surface model is formulated which can predict the surface formation energies of all 
crystal planes of the fluorite structure. It has been shown that this quantity can be related 
with the experimental surface stability during dissolution, and that for any material with 
the fluorite structure the same relation between computed surface stability and 
experimental stability (dissolution rate) will hold. The work on setting up a model of the 
dissolution process is ongoing; this kind of modelling is computationally very 
demanding as it requires a combination of molecular dynamics simulations and ab initio 
electronic structure calculations. 

 

Keywords: Fluorite, CeO2, ThO2, UO2, Dissolution, Surfaces, Crystal Planes, 
Modelling  

 



REDUPP -projektin vuosiraportti 2012-2013 

TIIVISTELMÄ 

 

Polttoaineen liukenemisen aikana tapahtuvan kiinteän pinnan ja nesteen välisen 
vuorovaikutuksen ymmärtäminen on tärkeää silloin kun kehitetään mallia käytetyn 
polttoaineen liukenemisesta. Tämän projektin tarkoituksena on parantaa 
liukenemisprosessien ymmärrystä fluoridi tyyppisillä materiaaleilla, joilla on 
samanlainen kiderakenne kuin ydinpolttoaineella. Näissä liukenemistutkimuksissa 
käytetään CaF2, CeO2, ThO2 ja UO2. Liukenemisen edetessä liuoksen ja pinnan 
evoluutiota monitoroidaan. 

UO2:lla tehdyillä kokeilla tutkittiin miten alfa-radiolyysi vaikuttaa luonnon pohjaveden 
kanssa pinnan liukenemiseen. Tavoitteena on käyttää yhdessä kokeellisia tuloksia ja 
ensimmäisiä mallinnusarvoja muodostamaan malli, joka kuvaa fluoridi tyyppisten 
materiaalien pintojen liukenemista. Tämä projekti on käynnissä ja tässä raportissa 
esitetään projektin kahden ensimmäisen vuoden tuloksia. Tässä raportissa on esitetty 
kokeellisia tuloksia pinta-alan vaikutuksista, pinta-ala tilavuussuhteesta, altistuneista 
raerajoista ja bulkki vs. "paikallisesta" liukoisuudesta. Hyvin hallittujen analyyttisten 
olosuhteiden ja korkean resoluution tärkeyttä on korostettu, jotta voitaisiin havaita eroja 
jäännössakkojen, amorfisien saostumien, raerajojen pintavaikutusten ja altistuneiden 
pintojen kristallografisen suuntautumisen välillä.  

Mallinnuksen edistyminen osoittaa, että pintamalli on muotoutunut. Tällä mallilla 
voidaan ennustaa kaikkien fluoridirakenteiden kidetasojen pinnanmuodostusenergioita. 
On osoitettu, että tämä määrä voi olla yhteydessä kokeellisen pinnan stabiiliuden kanssa 
liukenemisen aikana ja minkä tahansa fluoridirakenteisen materiaalin sama suhde 
laskennallisen pinnan stabiiliuden ja kokeellisen stabiiliuden välillä tulee pysymään. 
Työ liukoisuus prosessin mallin luomiseksi on vielä käynnissä. Työ on laskennallisesti 
haastavaa edellyttäen molekyylien dynaamisten simulaatioiden ja ab initio elektroni 
rakenteiden laskemisen yhdistämistä 

Avainsanat: Fluoriitti, CeO2, ThO2, UO2, liukeneminen, pinnat, kidetasot, 
mallintaminen  
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FOREWORD/PREFACE 

 

The project Reducing Uncertainty in Performance Prediction (REDUPP) is a 36 months 
(April 2011 – April 2014) Collaborative Project under the Seventh Framework 
Programme of the European Atomic Energy Community (EURATOM). The activity 
area is “Management of radioactive waste”. 

The participant organisations are:  
Svensk Kärnbränslehantering AB (SKB), University of Sheffield (USFD), Uppsala 
University (UU), VTT Technical Research Centre of Finland (VTT) and Posiva. 

This report summarizes the results of the second project year.  

The contributors to this report are the following: 

Claire Corkhill (USFD) 

Neil Hyatt (USFD) 

José Godinho (Stockholm University) 

Pablo Maldonado (UU) 

Peter Oppeneer (UU) 

Emmi Myllykylä (VTT) 

Tiina Lavonen (VTT) 

Kaija Ollila (VTT) 

Marjut Vähänen (Editor) 

Lena Zetterström Evins, SKB (Editor)  

 

We are grateful for helpful discussions with the REDUPP Scientific Advisory Board:  
Virginia Oversby (VMO Konsult), Chris Hall (University of Edinburgh) and Javier 
Giménez (UPC).  
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1 INTRODUCTION 

 

The main, overall objective of the planned research in the REDUPP project is to reduce 
the remaining uncertainty regarding the spent nuclear fuel dissolution rate used when 
assessing the long-term safety of a geological repository. A second objective of this 
work is to provide for the training of young research workers who can continue to 
support the research needed in the future concerning radioactive waste disposal.  

There is a need to improve our understanding of interactions between solid surface and 
fluid during the dissolution process; it is the goal of this project to improve this 
situation, and to reduce the uncertainties involved. The combination of dissolution 
testing, surface characterisation, and theoretical modelling of the dissolution process 
will bring us one step closer to understanding the long-term changes in dissolution rate 
of spent nuclear fuel. The approach here is to use materials with the same crystal 
structure as nuclear fuel: CaF2, CeO2, ThO2 and UO2, which all have the fluorite 
structure. These materials are used in dissolution studies and the surface changes are 
analysed as the dissolution proceeds. The goal is to use the experimental results in 
combination with first-principles modelling to formulate a model describing the 
surfaces of dissolving fluorite-type materials. 

The overall aim and background of the project were described in the first Annual Report 
(Evins and Vähänen, 2012) and the reader is referred to that publication for further 
details regarding the project aims and scientific background.  

The project activities are divided into different Work Packages (WPs), most of which 
are concerned with dissolution experiments and surface characterisation of a suite of 
materials with the same crystal structure: CaF2, CeO2, ThO2 and UO2. One Work 
package (WP 4) addresses the effect of the complexity of natural groundwater on UO2 
dissolution rates. Work package 1 is finished and the work is reported in first Annual 
Report. A central part of the project is the first-principles modelling, which is performed 
in WP 6. WP 7 and WP 8 are concerned with coordination and management.  

The following chapters will describe the progress made in the different work packages.  
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2 DISSOLUTION OF CeO2 POWDERS (WP2) 

 

By Claire L. Corkhill and Neil C. Hyatt, University of Sheffield.  

 

2.1 Introduction 

High energy surface sites, including grain boundaries, step edges and naturally 
occurring defects, are expected to play a role in the dissolution of mineral surfaces. 
Spent nuclear fuel, comprised primarily of UO2, is a ceramic material annealed at high 
temperatures. The annealing leads to the formation of grain boundaries and oxygen 
vacancy defects. Since the release of radioactivity from a spent nuclear fuel repository 
stem from the dissolution of the spent fuel in groundwater, the dissolution 
characteristics arising from these surface features must be determined. 

In this study, we demonstrate the effect of high energy surface sites and oxygen 
vacancies on the dissolution rate of CeO2, a spent nuclear fuel analogue, which 
approximates as closely as possible the mineral structure characteristics of fuel grade 
UO2. Due to the highly refractory nature of CeO2, dissolution was conducted at low pH 
and high temperature, in order to obtain reliable kinetic data. However, it is also 
important to understand the dependence of high energy surface sites on the dissolution 
kinetics of CeO2 under simplified environmental solutions. Dissolution was therefore 
also conducted in saline, near-neutral solutions. In order to simulate the conditions 
envisioned in some scenarios for some repositories, a high pH regime was also 
investigated. Due to the heat-generating capacity of spent fuel, a range of temperatures 
were also investigated. 

 

2.2 Experimental methods 

 
CeO2 dissolution 

CeO2 pellets were prepared according to Stennett et al. (2013). The pellets were 
annealed in air in order to establish the grain structure. They were then crushed and 
washed according to the product consistency test ASTM standard (ASTM C 1285-02) 
to three different size fractions; 25 – 50 μm, 75 – 150 μm and 2 – 4 mm. Prior to use, 
the particles were inspected by SEM to ensure no fine particles less than 1 μm in size 
remained. Surface area was determined using the BET method, using a nitrogen 
adsorbate. 0.1 g of each size fraction was placed in 50 ml PTFE vessels and filled with 
40 ml of alteration solution, either: 0.01 M HNO3 (pH 2); a simplified groundwater of 
dilute NaCl (10mM) buffered to pH 8.5 by NaHCO3 (2mM) (pH ~8.5); or 0.005M 
NaOH (pH 11.7).  
 
Experiments were performed in triplicate at 40 °C, 70 °C and 90 °C. Sampling was 
conducted at regular intervals from 0 to 350 days. An aliquot (1.2 ml) of each sample 
was removed and filtered (0.22 µm) prior to analysis by ICP-MS. This volume was 
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replaced with the appropriate fresh dissolution media prior to replacement in the oven. 
Leaching is expressed as the normalised elemental leaching NL(Ce) (g m-2) according 
to: 
. 

  
/

   (2-1) 

 
where mCe is the total amount of Ce released in the solution and S/V is the surface area 
to volume ratio. The normalised element leaching rate RL(Ce) (g m-2 d-1) is determined 
by: 
 
 
  

∆
   (2-2) 

 
where Δt is the leaching time in days. 

Analysis of the dissolution data was performed using the geochemical modelling 
software PHREEQC, using the LLNL database. Aqueous elemental concentrations, the 
pH and temperature from the test solutions were modelled to determine the reaction 
chemistry and saturation of potential equilibrium phases. 
 

CeO2-x dissolution 

CeO2 particles (25 – 50 µm), prepared as described above, were annealed under 
oxidising (air) or reducing (5% H2/N2) conditions. It was expected that non-
stoichiometric CeO2-x would be produced upon annealing in reducing conditions, 
concurrent with the formation of oxygen vacancy defects (Al-Madfaa and Khader, 
2004). The composition of the particles was confirmed using X-Ray Diffraction (XRD), 
and Thermal Gravimetric Analysis (TGA) was conducted to determine the oxygen 
weight loss as a result of reduction. Ce LIII edge  X-Ray Absorption Spectroscopy data 
from the particles were acquired on beamline X23A of the National Synchrotron Light 
Source (NSLS), Brookhaven National Laboratory, USA, in order to determine the Ce 
oxidation state of the powders. Data reduction and analysis was performed using the 
programme Athena (Ravel and Newville, 2005). 

0.1 g of each size fraction was placed in 50 ml PTFE vessels and filled with 40 ml of 
0.01 M HNO3 (pH 2), and reacted at 90 °C. Experiments were performed in triplicate, 
with duplicate blanks. Sampling was conducted at 1, 3, 7, 14, 21 and 35 days, as 
described above, and analysed by ICP-MS. Normalised elemental leaching and 
normalised dissolution rates were calculated according to Equations (2-1) and (2-2). 

  

urpulahti_helena
Rectangle
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2.3  Results and discussion 

 
CeO2 dissolution  
 
Geochemical modelling suggests that the normalised leaching of CeO2 at 90°C in nitric 
acid is expected to produce Ce(NO3)

2+  (cerium nitrate), with a solution saturation of 
1.85 x 10-5 mol L-1. Commonly, dissolution rate data are described as having two main 
dissolution regimes: RL0, a rapid kinetic rate that occurs during unsaturated conditions, 
and RLt, a slower rate that occurs as a function of the thermodynamics of the chemical 
system as equilibrium is approached (e.g. Dacheux et al., 2010). It may be possible to 
convert these rate regimes to a single rate constant, using one of many available rate 
laws (cf. Brantley, 2008). For the purposes of describing the contribution of high energy 
sites, here we describe the normalised dissolution rate data for CeO2 with four main 
stages of dissolution (Figure 2-1): R1 is a fast initial rate that occurs between 0 and 7 
days (~10-6 g m-2 d-1); R2 is a second, slightly less rapid rate (~10-7 g m-2 d-1), occurring 
from 7 to 42 days; R3 is slow rate from 42 to 150 days (~10-9 g m-2 d-1); and R4 is a 
steady state dissolution rate (~10-10 g m-2 d-1, or 1.9 x 10-5 mol L-1). Corresponding 
dissolution rates for 25 – 50 µm CeO2 particles are given in Table 2-1. 
 
Table 2-1. Normalised leaching rates for CeO2 crushed to a 25 – 50 µm particle size 
and leached at 90 °C, as a function of pH. R1, 2, 3 & 4 indicates the 4 leaching rates, 
described in Figure 2-1.  
 

 Normalised dissolution rate (g m-2 d-1)

 RL(Ce) pH 2 RL(Ce) pH 8.5 RL(Ce) pH 11.7 
R1 (3.2 ± 0.9) x 10-6 (8.7 ± 0.6)  x 10-7 (2.3 ± 0.1) x 10-7 
R2 (2.4 ± 0.6) x 10-7 (5.3 ± 1.0)  x 10-8 (8.3 ± 1.4)  x 10-8 
R3 (8.5 ± 0.8)  x 10-9 (3.0 ± 0.2)  x 10-9 (5.8 ± 2.8)  x 10-10 
R4 (8.8 ± 1.2) x 10-10 (2.7 ± 0.4) x 10-10 (1.9 ± 0.7)  x 10-10 
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Figure 2-1. Normalised dissolution rate (RLCe) of CeO2 dissolved in nitric acid (pH 2) 
at 90 °C, depicting the 4 main rates of reaction: R1, R2, R3 and R4. 

 
In order to determine which, if any, of these four types of distinct rates could be 
identified as a contribution from high energy surface sites, dissolution was also 
conducted using annealed CeO2 25 - 50 µm particles. Annealing at high temperature is 
expected to progressively eliminate crystal and surface defects. Surface area analysis 
was performed to measure the removal of these features as a function of annealing 
temperature (Figure 2-2b). Results showed that annealing at temperatures above 
temperatures of 600 °C resulted in a decrease in surface area from 0.51 m2 g-1 (non-
annealed particles) to 0.12 m2 g-1 for particles annealed at 1250 °C, concurrent with 
growth of grains during sintering. The normalised dissolution rate of non-annealed 
particles compared to that of 1000 °C annealed particles is shown in Figure 2-2b. It is 
clear that the normalised dissolution rate for the annealed particles is significantly lower 
during the first 42 days of leaching than for the non-annealed particles. Furthermore, in 
the experiment with the annealed sample, there is only one rate, between 0 and 42 days, 
of R = 2.7 x 10-8 g m2 d-1, whereas the non-annealed particles were shown to undergo 
dissolution with two rate regimes of R1 = 3.24 x 10-6 g m2 d-1 and  
R2  =  2.34 x 10-7 g m2 d-1. These results suggest that grain growth during sintering 
significantly affects the dissolution rate. In order to distinguish the effect of grain 
boundaries and other high energy surface sites (e.g. defects), on dissolution, further 
work is underway to monitor dissolution of particles annealed at 600 °C. These showed 
a slight decrease in surface area compared to non-annealed CeO2 particles (Fig. 2-2). 
This is concurrent with the removal of crystal defects without a change in the grain size 
during sintering. Identification of an appropriate rate law with which to fit the 
dissolution rate data, capable of taking into account the contribution of high energy 
surface sites is ongoing. 
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Figure 2-2 (a) Surface area analysis of CeO2 25 – 50 µm particles as a function of 
annealing temperature, as determined by the BET method; (b) Normalised dissolution 
rate of annealed (1000 °C) and non-annealed CeO2 25 – 50 µm powders in nitric acid 
at 90 °C from 0 to 42 days, with R1 and R2 shown (inset). 

Dissolution rate data collected for different sized particles of non-annealed CeO2, 
dissolved at 90 °C in nitric acid are shown in Figure 2-3a, and Table 2-2. It was 
expected that with increasing surface area the dissolution rate will also increase, 
however, the opposite trend was observed. The dissolution of 2 – 4 mm particles was 
higher than 75 – 150 µm, which was higher than 25 – 50 µm. One possible explanation 
for this trend points to the density of high energy surface sites in each particle. The 
grain size of CeO2 in the crushed particles is 10 – 30 µm (Figure 2-3b). Particles of 
CeO2 sized 25 – 50 µm therefore contain single grains, or several small grains. In this 
case, there is a low density of grains and grain boundaries, hence few high energy 
surface sites within each particle (Figure 2-3b). Larger sized particles, e.g. 75 – 150 µm, 
will comprise many individual grains as a result of their size relative to the grain size 
and as such, there will be a higher density of grains, grain boundaries and other high 
energy surface sites in each particle. If this hypothesis is correct, these data indicate that 
grain boundaries and grain size have an influence on the dissolution rate. Indeed, it has 
previously been shown that increasing the grain size of a material results in a decrease 
in the dissolution rate; for mixed cerium-neodymium oxides prepared via sintering at a 



12 

 

range of temperatures, it was found that the higher the sintering temperature, the larger 
the grain size, and the lower the dissolution rate (Claparede et al., 2011). Further work 
is underway to monitor the dissolution rate of particles 300 – 600 µm in size to confirm 
this behaviour. 
 
 

Figure 2-3 (a) Normalised dissolution rates of CeO2 particles in the size ranges: 25 – 
50 µm, 75 – 150 µm and 2 – 4mm, leached at 90 °C in nitric acid (pH 2). Insets to the 
graph show SEM images of 25 – 50 µm and  75 – 150 µm CeO2 particles (b) 
Conceptual diagram, using atomic force microscopy images, demonstrating the 
distribution of high energy surface sites relative to the average grain size in 25 – 50 µm 
(low density of high energy surface sites) and  75 – 150 µm particles (high density of 
high energy surface sites). 
 
 
Table 2-2. Normalised leaching rates for CeO2 crushed to a 25 – 50 µm,  75 – 150 µm 
and 2 – 4 mm and leached in nitric acid (pH 2) at 90 °C.  R1, 2, 3 & 4 indicates the 4 
leaching rates, described in Figure 2-1.  
 

 Normalised dissolution rate (g m-2 d-1)

 RL(Ce) 25 – 50 
µm 

RL(Ce) 75 – 150 µm RL(Ce) 2 – 4 mm 

R1 (3.2 ± 0.9) x 10-6 (4.4 ± 0.6) x 10-6 (3.9 ± 0.4) x 10-5 
R2 (2.4 ± 0.6) x 10-7 (2.6 ± 0.6) x 10-7 (9.0 ± 1.0) x 10-6 
R3 (8.5 ± 0.8)  x 10-9 (1.4 ± 0.2)  x 10-8 (2.3 ± 0.7)  x 10-9 
R4 (8.8 ± 1.2) x 10-10 (1.4 ± 0.6) x 10-9 (1.7 ± 0.9) x 10-9 
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A full suite of dissolution experiments of CeO2 in a range of media at pH 2, pH 8.5 and 
pH 11.7 and at a range of temperatures (40 °C, 70 °C and 90 °C) were conducted. 
Selected data for normalised dissolution rates as a function of temperature and pH are 
given in Table 2-1 and Table 2-3, respectively. These data show that the normalised 
dissolution rate increases with increasing temperature, and decreasing pH. Current work 
is focused on determining the chemical kinetics and rate laws as a function of these 
variable parameters, using a shrinking core model to take account of the particle size 
(Levenspiel, 1999): 

 

  1 1 /     (2-3) 

 

  
/

     (2-4) 

 
where τ is the time for complete dissolution of a particle, k is the rate constant, R0 is 
starting radius of the particle and CA is the concentration of Ce in solution. Geochemical 
modelling of CeO2 dissolution in pH 8.5 medium (NaCl buffered with NaHCO3) gives a 
solution saturation of ~10-14 mol L-1, and suggests the formation of Ce(CO3)

2- in 
solution. The dissolution of CeO2 at day 0 was 5.21 x 10-7 mol L-1, thus reached steady 
state rapidly.  Solution saturation for CeO2 in pH 11.7 medium (NaOH) is similar at 
~10-14 mol L-1, and was achieved on a similar time scale, with 2.91 x 10-7 mol L-1 Ce in 
solution at day 0. In both solutions, the normalised leaching of Ce was not constant (i.e. 
concentrations switched between higher and lower values), suggesting that precipitation 
occurred, possibly of Ce carbonates (in the pH 8.5 medium) and/or Ce oxides, however, 
the overall concentration of Ce was observed to increase with time (Table 2-1). Further 
modelling is underway to ascertain the thermodynamics of these systems. 

Table 2-3. Normalised leaching rates for CeO2 crushed to a 25 – 50 µm particle size 
and leached in 0.01M nitric acid (pH 2), as a function of temperature. R1, 2, 3 & 4 
indicates the 4 leaching rates, described in Figure 2-1. *Data is still being collected for 
40 °C. 
 

 Normalised dissolution rate (g m-2 d-1)

 RL(Ce) 40 °C* RL(Ce) 70 °C RL(Ce) 90 °C 
R1 (1.4 ± 0.1) x 10-6 (2.5 ± 0.3)  x 10-6 (3.2 ± 0.9) x 10-6 
R2 (1.2 ± 0.3) x 10-8 (5.6 ± 1.1)  x 10-8 (2.4 ± 0.6) x 10-7 
R3 - (5.4 ± 0.4)  x 10-9 (8.5 ± 0.8)  x 10-9 
R4 - (1.2 ± 0.6) x 10-10 (8.8 ± 1.2) x 10-10 

 
 
CeO2-x dissolution – preliminary results 

Non-stoichiometric particles of CeO2-x, black in colour and 25 – 50 µm in size were 
produced as a result of annealing in a reducing (H2/N2) atmosphere. X-Ray Diffraction 
(XRD) analysis performed within 1 day of annealing confirmed a composition closely 
related to the structure of Ce4O7 (Figure 2-4a), which has the same structure as CeO2 
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(face-centred cubic, space group Fm-3m), but with a slightly larger unit cell (a = 
5.411(1) Å, compared to a = 5.409(1) Å for CeO2). Thermogravimetry, conducted on a 
sample several weeks old, confirmed a non-stoichiometric composition of CeO1.93 
(Figure 2-4c), similar to a CeO1.94 phase identified as the first reduced state of 31 phases 
acting as precursors to the formation of Ce2O3 from CeO2 (Bevan, 1955). X-Ray 
Absorption Spectroscopy analysis of the Ce LIII edge of particles several weeks after 
annealing revealed a Ce(IV) oxidation state only within the bulk (Figure 2-4b), 
however, analysis of freshly annealed particles is currently being conducted using X-
Ray Photoelectron Spectroscopy, a surface sensitive technique, to confirm the oxidation 
state. 

CeO2-x is readily oxidised upon exposure to air, easily observable by a colour change 
from black to green/grey, then eventually to the orange CeO2 (Bevan, 1955; Zhou et al., 
2007). The XRD data shows a shift in peak position closer to those expected for a CeO2 
composition 2 weeks after annealing (Figure 2-4a). As such, further experiments are 
required to carefully control the oxidation state and chemical nature of the surfaces prior 
to analysis and dissolution. However, the combination of these data indicates the 
successful production of CeO2-x, containing oxygen vacancies. 
 
The normalised dissolution of CeO2-x in nitric acid (initiated 1 day after annealing) at 
90 °C is shown in Figure 2-4d. It is clear that the normalised dissolution is 3 orders of 
magnitude greater than for CeO2 particles annealed in air. This is similar to results 
found for non-stoichiometric UO2; dissolution rate was shown to increase as a function 
of non-stoichiometry (He et al., 2010). The dissolution reaction is, from geochemical 
modelling, expected to produce Ce(IV) nitrate Ce(NO3)62- in solution. This was 
confirmed through the observation of a yellow-coloured solution. Further investigation 
aims to determine the possible chemical and physical changes to the particles 
themselves, which rapidly turned yellow (within hours of reaction) upon dissolution. 
Due to the rapid nature of this reaction at 90°C, further experiments are underway to 
monitor dissolution at room temperature. These experiments are also being conducted in 
ultra-high quality water, to avoid the influence of nitrate on the redox reaction. 
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Figure 2-4. (a) X-ray diffraction data for CeO2 particles annealed in a reducing 
atmosphere, showing a structure and composition closely related to Ce4O7; (b) Ce LIII 
edge XANES demonstrating spectra for CeO2 and CeO2-x particles, with a peak shape 
and position representative of Ce(IV); (c) thermal gravimetric data showing the mass 
loss upon heating for CeO2 annealed in H2/N2 and air, indicating the loss of oxygen 
from the samples; and (d) normalised leaching (NLCe) data for CeO2 (annealed in air) 
and CeO2-x (annealed in H2/N2). 
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3 DISSOLUTION OF ThO2 (WP3) 
 

By Emmi Myllykylä and Tiina Lavonen, VTT Technical Research Centre of Finland 

3.1 Introduction 
In contrast to redox active uranium, thorium has only one prevailing oxidation state 
Th(IV) in natural conditions. Compared to the solubility of unirradiated UO2 in 
anaerobic groundwater conditions (10-8 to 10-10 mol/l, (Ollila, 2008)), the solubility of 
ThO2 is at the same level or even lower. The solubility values of ThO2, as well as the 
hydrolysis constants of thorium show great discrepancies in the literature (Vandenborre 
et al., 2010), Figure 3-1. The main reasons for variation are the tendency for 
polynucleation and colloid formation, strong absorption to surfaces, and the low 
solubility of Th hydroxide and hydrous oxide.  

The solubility product values have been observed to vary between ThO2 (cr)  
(log K°sp = - 56.9) and ThOx(OH)y(H2O)z(s) (log K°sp = -45.5) depending on the 
crystallinity of the Th phase. In addition to crystallinity, the surface phenomena have 
been mentioned as a possible factor affecting the solubility. Vandenborre et al. (2010) 
observed the dissolution to occur on grain boundaries: in their experiments, there was 
also variation between different sites, which was described as “local solubility”. With 
the 229Th spiking, they were able to reveal dynamic dissolution/precipitation reactions 
on the solid/solution interface. 

 
Figure 3-1. Experimental and calculated solubility of ThO2 (cr) and Th(OH)4(am) at 
I = 0.5 M and 25°C. The solubility data for ThO2(cr) determined in (Neck et al. 2003) 
are presented with filled symbols from under and oversaturation and by LIBD- titration 
in 0.5 M NaCl and by Moon (1989) in 0.1 M NaClO4 at 18°C (open triangles). The 
lines are calculated for I=0.5 M with the hydrolysis constants  
log K°sp(ThO2(cr)) = -54.2±1.3 and log K°sp(Th(OH)4(am)) = -47.0±0. 
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This study investigates whether the evolution or the history of the surfaces have an 
effect on the dissolution rate of ThO2. The aim is to run sequential test series with same 
ThO2 particles and measure the release rate of Th and the evolution of the surfaces.  

To pre-evaluate the changes on sparingly soluble ThO2 surfaces, some test were run 
acidic conditions at elevated temperature to speed up the dissolution reaction. The 
results of these tests and imaging of the particles are described detailed in Chapter 5. 

 

3.2 Experimental methods 

The sintered ThO2 pellets for this study were prepared from ThO2 powder in Sheffield 
with a similar methodology that was used for preparation of CeO2 pellets. The target 
was to gain an ideal composition (pure ThO2) and microstructure similar to UO2 fuel 
(Forsyth, 1987, 1995). Preparation of the pellets is described in detail in REDUPP 
Deliverable 1.1 (found on the REDUPP web page, www.skb.se/REDUPP). The 
microstructure of the prepared ThO2 consists of equiaxed grains between 10 and 20 µm 
in diameter. The surface and the inner section of ThO2 pellet were initially analysed 
with confocal profilometry and EBSD in order to investigate the topography and crystal 
orientation. In the EBSD analyses, both the top surface and the intersections in the ThO2 
pellet reflected kikuchi patterns characteristic of thorianite, thus confirming the material 
to be ThO2. 

Pre-tests were conducted with 2 to 4 mm sized particles in 0.1 M NaCl and 0.01 M 
NaCl (with 2 mM NaHCO3) solutions under atmospheric conditions at 25 °C. For these 
tests, the pellets were crushed into pieces using a percussion mortar and suitably sized 
particles between 2 and 4 mm were selected for washing. The fines were removed by 
washing and gravitational settling in isopropanol and then the particles were soaked one 
by one, first in isopropanol, and finally in ethanol and dried in a desiccator. 

Approximately 300 mg of ThO2 particles were weighed into a vessel (50 ml). The 
vessel was filled with 50 ml of the test solution, containing either 0.1 M NaCl or 
0.01 M NaCl with 2mM NaHCO3 (simplified, synthetic groundwater). These 
experiments were run in triplicate with an additional blank (no solid ThO2) as a control. 
Sampling was conducted at 0, 1, 3, 6, 15, 24, 31, 41, 48, 79, 100 and 115 days by 
withdrawing a 2.5 ml aliquot of solution. Each aliquot was ultrafiltered with a Pall Mall 
ulrafiltration device (10 kD molecular cut off (~1 nm)) by using a centrifuge (6000 rpm, 
1 h). In addition, some samples without filtration were also taken. All samples were 
acidified and the Th concentrations were analysed by High Resolution-Inductively 
Coupled Plasma-Mass Spectrometer (HR-ICP-MS).  

Because of the refractory nature of crystalline thorianite, the finer fractions, which were 
produced during the pre-tests, became contaminated with the ball mill vial materials.  
Another method, the high voltage pulse power fragmentation (SelFrag), was used to 
produce smaller than millimetre scale particle sizes. ThO2 pellets (~ 20 g) were crushed 
with the SelFrag apparatus. The produced material was washed, magnetically separated 
from the impurities, which were generated during fragmentation, and sieved with a 
sieving canvas to selected particle size fractions. With the described procedure, a 
reasonable size fraction of 80 to 160 µm ThO2 particles was produced (see Figure 3-2). 
The texture of the smaller size fractions was not desired or reasonable.  
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Figure 3-2. Produced ThO2 particles from size fractions 80 to 160 µm. Microscope 
image on the left and BSE image of typical ThO2 particle from the size fraction of 80 to 
160 µm.  
A new test series has been started with both particle size fractions; 2 to 4 mm and 80 to 
160 µm under Ar atmosphere in a glove box. Approximately 200 mg of “fresh” ThO2 
particles were weighed to a teflon PFA vessel (90 ml) and 50 ml of 0.1 M NaCl was 
added. The experiments were run in duplicate. Prior to introducing the NaCl solutions to 
the experiments its pH value was adjusted to 8.  

A similar test is also in progress in 0.01 M HNO3 in 50 ml polypropylene vessels under 
Ar atmosphere.  

Sampling in the two test series has been conducted at 0, 1, 2, 5, 7, 9 and 12 days by 
withdrawing two 2.5 ml samples. The total volume of samples withdrawn, 5 ml, was 
replaced either with 0.1 M NaCl or 0.01 M HNO3 to each vessel in question to retain the 
initial solution volume. Of the withdrawn samples, one was not filtered and the other 
was ultrafiltered with a Pall Mall ultrafiltration device with 10 kD molecular cut off  
(~1 nm) by using centrifugation (6000 rpm, 1 h). All samples were acidified with ultra-
pure HNO3 (ULTREX II by J.T. Baker) and the thorium concentrations were analysed 
with HR-ICP-MS. 

3.3 Results  
In the pre-tests conducted in simplified groundwaters under normal atmosphere, the 
thorium concentrations of the ultrafiltered samples showed an initially increasing trend 
in both test solutions (Figure 3-3). The Th concentration of the ultrafiltered samples 
increased quite rapidly and levelled before slow decrease. After the 80 days of 
dissolution, the concentration seemed to become constant in the carbonate containing 
solution. In 0.1 M NaCl, Th concentration of the ultrafiltered samples decreased below 
the detection limit of 10-13 mol/l after 50 days.  

The solubility and the dissolution rate increase in the solution containing carbonate due 
to the formation of carbonate/hydroxide complexes (Figure 3-4). The dissolution rates 
were evaluated to be 1·10-13 mol dm-3 d-1 in the carbonate containing solution and  
4·10-14 mol dm-3 d-1 in the 0.1 M NaCl solution. The pH difference might have also 
some effect on the solubility, as basic conditions are known to decrease the ThO2 
solubility (Neck et al. 2003). 
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Figure 3-3. The evolution of Th-232 concentration in pre-tests conducted in  0.1 M 
NaCl (on the left) and in 0.01 M NaCl with 2 mM NaHCO3 (on the right). 

 

 

Figure 3-4. Th concentrations of ultrafiltered samples in simplified waters during the 
first 50 days of the pre-tests.  

 

The unfiltered samples of the new test series, run in the anaerobic conditions, have been 
analysed for a period of 14 days. The ultrafiltered samples will be analysed soon. The 
results showed that the dissolution rate and solubility was greater in 0.01 M HNO3 than 
in 0.1 M NaCl, as was expected (see Figure 3-5). In both solutions the initial, rapid 
release seems to be greater in the test with smaller size particles, which is expected due 
to greater reacting surface area to volume ratio (SA/V). The results of 0.1 M NaCl 
solution test show more variation, which is probably due to sampling. Around pH 5, to 
which the original pH evolved during the test, the thorium form already hydroxide 
species and colloids. In unfiltered and acidified sample, the nature of the sample can 
change between the sampling and analysis due to dissolution of hydroxide and colloidal 
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species. The results of the filtered sample should be interpreted before making further 
conclusions. In 0.01 M HNO3 solution the thorium concentration released from 
micrometer sized particles increased during the first few days and then decreased 
slightly during next ten days. The millimetre size particles show instead that the 
concentration of Th released increased gradually during the first 14 days of the tests.  
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Figure 3-5. The evolution of Th-232 concentration in 0.1 M NaCl (on the left) and in 
0.01 M HNO3 during the first 4 weeks of the experiment. (The letters A and B are for 
parallel tests in NaCl and letters E and F for parallel test in HNO3) 
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3.4 Summary and future work 

So far, the experiments have shown that the solubility and dissolution rate of ThO2 
depend greatly on the chemical conditions such as pH and ligands, which can form 
complexes. However, the surface properties might also have some effects; the results 
indicated a positive correlation between reacting surface area and the dissolution rate. 
The results of the surface analyses reported in Chapter 5 suggested that the local 
chemical environment or the crystal and grain properties may also affect the processes 
to some degree. It is also possible that both the micro level chemical environments and 
the crystal properties act simultaneously.  

The new test series are continued. The idea is to conduct sequential test series with the 
same particles from the previous test after the concentration of Th has reached 
equilibrium. In addition to these, one test series has been started to evaluate the ThO2 
solubility as function of pH. Some tests with Th-229 tracer are also planned in order to 
evaluate the dissolution/ precipitation phenomena and total release of Th during 
dissolution. 

If possible, the surface phenomena of ThO2 surfaces during the dissolution are also 
investigated further with other methods such as profilometry and EBSD.  
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4 DISSOLUTION OF UO2 IN NATURAL GROUNDWATER (WP 4)  
By Kaija Ollila, Emmi Myllykylä and Tiina Lavonen, VTT Technical Research Centre 
of Finland 

 

4.1 Introduction 
In order to assess the safety of a geologic repository after potential contact of 
groundwater with spent fuel we must determine the dissolution characteristics of spent 
fuel many years after disposal. According to the KBS-3 method, the fuel will be 
protected from contact with water by a corrosion resistant copper canister and by a 
bentonite buffer at least 1000 years after disposal and probably for much longer times. 
Therefore, alpha radiation will dominate the radiation emitted by the fuel at the time of 
water contact. Much research has been conducted in the European spent fuel research 
community to understand the effect of alpha-radiolysis on UO2 dissolution in the 
presence of H2 due to anaerobic Fe corrosion (e.g. Fors et al. 2009, Carbol et al. 2009, 
Eriksen and Jonsson 2007, Grambow et al. 2008, Spahiu et al. 2004). One uncertainty 
concerning the dissolution rate of spent fuel is the effect of natural groundwater 
composition under alpha-radiolysis conditions. Until now, tests have been conducted 
generally in synthetic groundwaters. However, the synthetic groundwaters used do not 
contain all elements of natural groundwater. In literature, some of the trace elements 
have been suggested to produce aggressive radiolysis products or cancel out the effects 
of H2 (such as Br-, Metz et al. 2008). Tests with the same 233U-doped UO2 samples as 
used in this study were performed previously in modified Allard groundwater, which 
simulated fresh groundwater conditions (Vuorinen & Snellman 1998), and in NaCl 
solutions with varying ionic strength (0.01-1.0 M) (Ollila et al. 2003, Ollila & Oversby 
2004, 2005 and Ollila 2008). The measured dissolution rates varied from 2 x 10-8 to  
1 x 10-7 fraction/yr. No indication of an effect of growing 233U doping level on the 
dissolution rate results could be observed. Generally, these solid UO2 samples have 
experienced many years of dissolution time and showed dissolution rates that were 
slowly decreasing with each subsequent exposure to synthetic groundwater. This 
suggests the disappearance of the high energy sites such as sharp edges and defects 
generated by the crushing process. On the other hand, the ionic strength of the solution 
increased also as the tests proceeded. First, the tests were conducted in modified Allard 
groundwater (I= 0.004 M) and thereafter consecutively in 0.01, 0.5 and 1 M NaCl 
solutions. U concentrations were close to the detection limit of the analytical method 
(ICP-MS), especially in the higher-ionic strength solutions (0.5, 1 M).  

 

4.2 Experimental methods 

4.2.1 Solid phase 

The solid UO2 samples were used as fragments in the size range of 1.4 to 4 mm after the 
crushing process of the pellets. Originally, the un-doped UO2 pellets were commercial 
fuel pellets prepared by ABB. The UO2 fragments doped with 233U were produced by 
BNFL (British Nuclear Fuel Limited). The solid UO2 samples and their isotopic 
compositions are given in Table 4-1. 5 and 10% 233U-doped UO2 simulate the alpha 
activity of spent fuel 10 000 and 3 000 years after disposal, respectively (Ollila et al. 
2003).   
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Table 4-1.  The solid UO2 samples. 

UO2 solid [233U] (%) [235U] (%) [238U] (%) 235U/238U (g) 

un-doped 0 2.82 97.18 0.029 1, 1, 3 

5% 233U-doped
 (15.7 MBq/g) 

5.0 4.5 90.5 0.050 1, 1, 3 

10% 233U-
doped 
 (31.4 MBq/g) 

10.0 4.5 85.5 0.053 1, 1, 2.5 

 

4.2.2 Natural groundwaters 

The first groundwater chosen for the dissolution tests was a brackish OL-KR6 
groundwater from Olkiluoto site from the depth of 135 to 137 metres (borehole 
KR6/135/8), see Table 4-2. The second groundwater was a saline OL-KR5 groundwater 
from the depth of 457-476 metres (borehole KR5/457-476). The salinity of OL-KR5 is 
twofold (12880 mg l-1) compared with the salinity of OL-KR6 (6268 mg l-1). The pH 
values of both waters were slightly alkaline. 
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Table 4-2. Compositions for natural groundwaters used in the dissolution experiments. 
Units in mmol l-1 unless otherwise indicated.   

 

The groundwaters were sampled to glass bottles (500 ml) from the boreholes in 
Olkiluoto and transferred to VTT in Otaniemi. In the laboratory at VTT, the bottles 
were transferred to the glove box with Ar atmosphere and the water samples were 
poured in HDPE bottles (high density polyethylene). The measurements with 
Orbisphere Analyser showed that the water samples had acquired some oxygen during 
sampling (0.1-1 ppb). All the groundwater samples were purged with argon for several 
hours in the glove box to remove the residual oxygen. After this procedure, the analyser 
showed the oxygen level to be 0.01-0.02 ppb. 

Subsequently, the groundwater samples were allowed to stay in Ar atmosphere and the 
stability of water was followed by pH measurements and alkalinity titrations. The OL-
KR6 groundwater samples apparently lost carbon dioxide when purging with Ar. The 
pH of the water increased from 7.7 to 8.6 and the total alkalinity (HCl uptake) decreased 
from 2.30 to 0.70 mmol L-1 during 100 days’ equilibration in Ar atmosphere (no CO2). 
Afterwards, both pH and alkalinity stabilized (Evins & Vähänen 2012). The OL-KR5 
groundwater samples with lower alkalinity showed pH increase from 8.1 to 8.6, but 
there was only a minor decrease in alkalinity from 0.27 to 0.23 mmol L-1. The 
dissolution tests in OL-KR6 groundwater were started after the equilibration of the 
groundwater for a period of 5 months in Ar atmosphere and in OL-KR5 groundwater 
after a period of 2 months.        

Brackish water Saline water
OL-KR6 OL-KR5

pH 7.7 8.1

Ammonium, NH4 0.018 < 0.001

Bicarbonate, HCO3 2.29 0.28

Bromide, Br 0.150 0.69
Calcium, Ca   12.73 43.66
Chloride, Cl 97.03 224.24
Dissolved Inorganic Carbon 1.998 < 0.25
Fluoride, F - 0.063
Iron, Fe (total) 0.0063 0.0036
Magnesium, Mg 6.17 2.80

Nitrate, NO3 <0.00032 0.00048

Nitrite, NO2 <0.00022 < 0.00022

Nitrogen, N (total) 0.03 0.086
Non Purgeable Organic Carbon 0.47 1.58
Potassium, K 0.49 0.46

Silicate, SiO2 0.183 0.10

Sodium, Na  67.86 130.06
Strontium, Sr 0.068 0.19

Sulphate, SO4 4.36 0.031

Sulphide, S2- - 0.062
Sulphur, S (total) 4.37 0.053

Total dissolved solids (mg L-1) 6268 12880
Carbonate alkalinity, HCl uptake <0.05 < 0.05
Total acidity, NaOH uptake 0.15 < 0.05
Total alkalinity, HCl uptake 2.3 0.27
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4.2.3 Isotope dilution method 

The dissolution rates were measured using the isotope dilution technique to decrease 
uncertainties due to precipitation effects. This technique can be used to determine 
whether a solid in contact with solution is continuing to dissolve and reprecipitate even 
though the solution concentration is constant or even decreasing. The dissolution test of 
a solid UO2 sample is performed in a spiked solution that has a U content close to that 
expected at steady state, but a 235U/238U isotopic ratio far from that of the solid UO2. 
The [238U] and the ratio of 235U/238U are measured as a function of time in the course of 
the dissolution experiment. Even if precipitation or sorption occurs, the change in the 
isotopic ratio will give the amount of 238U that is dissolved from the solid phase. 

The detailed description of the method is given elsewhere (Ollila et al. 2003, Ollila 
2008). The spike solution was prepared from a standard reference material, U3O8(s), 
with a 235U/238U ratio of 10.354  0.758. The U3O8 was dissolved in 1 M HNO3. The 
oxidation state of U in the spike was U(VI). 

The tests were initiated as follows. 40 ml of Fe-equilibrated, filtered (0.22 µm pore size) 
groundwater was added to a test vessel made of polypropylene. The pH of both 
groundwater samples increased to 8.7-8.8 due to the equilibration with Fe. A fresh iron 
strip (1.5 x 3 cm) was immersed in the solution. An aliquot of the spike solution was 
added. The total [U] addition was 3 x 10-9 mol/l. Subsequently, a fused silica saucer 
with the solid UO2 sample (1g or 3 g fragments) was immersed in the solution. The test 
vessel was closed and placed in an additional vessel to protect from the trace oxygen in 
the atmosphere of the glove box. The samplings were made 2 hours after the spike 
addition and at suitable intervals thereafter.  

 

4.3 Results and discussion 

The isotope dilution experiments in OL-KR6 groundwater used two different ratios of 
UO2 surface area to groundwater volume, SA/V= 5 and 15 m-1. For 10% 233U-doped 
UO2, the higher SA/V was 12.5 m-1, because the mass of solid was 2.5 g instead of 3 g 
(Table 4-1). The surface area was based on the geometric surface area of the particles, 
which was approximately 2 cm2 per g. The measured 238U concentrations in the 
solutions in the isotope dilution tests with 5 and 10% 233U-doped UO2 in OL-KR6 
groundwater are given in Figure 4-1(upper graphs). The ratio of UO2 surface area to 
water volume in these tests was the lower one, SA/V= 5 m-1. The 238U concentration 
decreased initially during the first 20 days. This is probably due to the reduction and 
hence the precipitation of the spike solution because the amount of added U(VI) spike 
was relatively high under these strongly reducing conditions (3.0 x 10-10 mol 238U/l, 
3.1 x 10-9 mol 235U/l). Afterwards, the 238U concentration levelled off or was slowly 
decreasing. The test was continued for 310 days. The last sampling was made at 309 
days. The U in the solution was too low for analysis. The analyses were performed with 
High Resolution ICP-MS. The typical relative standard deviations of the measurements 
at the lowest concentrations (a few ppt) varied from 10 to 30%. The samples were 
diluted in the ratio of 1 to 6 before the measurements due to the salinity of groundwater. 
The total U concentrations in the solution including the 235U from the addition of the 
spike are given in Figure 4-2 for the tests in OL-KR6  groundwater with the  SA/V  of  
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5 m-1 and 15 m-1 (12.5 m-1). The measured concentrations are average values of parallel 
tests at the lower SA/V. The tests at the higher SA/V did not have a parallel test. The U 
concentrations increase at the higher SA/V but decrease as a function of time being 
between 10-11 and 10-10 mol/l at the end of the tests. The highest concentrations at the 
early stages of the tests are at the level of the solubility of amorphous UO2, 10-9.5 to  
10-8.5 M (given by Fors et al. 2009). The lower concentrations, especially in the tests 
with the lower SA/V, suggest the precipitation of a more crystalline UO2 solid.  The 
(theoretical) solubility for a well-crystallized solid, UO2(c), is many orders of 
magnitude lower (10-15 M).  The surface of the iron strips present in the test solutions 
tarnished in most tests. The analysis of the surface with XRD has been postponed, 
because the XRD (Geological Survey of Finland) has been out of order to the day of 
writing this report. The doping level seems to have a minor effect. The U concentrations 
in the tests with 10 % 233U-doped UO2 are the highest at both SA/V.  

The results in natural OL-KR6 groundwater are in agreement with previous results of 
isotope dilution tests in synthetic groundwaters (Ollila et al. 2003, Ollila & Oversby 
2004, 2005 and Ollila 2008). The changes in the measured 235U/238U ratios in the 
solution samples show a higher release of 238U from the solid UO2 samples than the 
measured 238U concentrations in solution suggest, see Figure 4-1, which gives the 
results for the dissolution tests with 5 and 10% 233U-doped UO2 samples. The SA/V was 
5 m-1. The scatter between the parallel tests is large in some samplings for 5% doped 
samples, whereas the results for 10% doped samples are in good agreement. The 238U 
concentrations calculated from the changes in the 235U/238U ratios are higher and 
increase as a function of time (Figure 4-1, lower graphs).  

The calculated 238U release apparently represents colloidal or precipitated (sorbed?) U 
and U present as complex ions, and therefore it is higher. The decreasing 238U 
concentrations measured in the solutions (Figure 4-1, upper graphs) also suggested 
precipitation to occur. This is probably due to the strongly reducing conditions caused 
by the presence of iron. The surface of iron strips had black colour at the end of the 
tests, especially in the tests with the higher SA/V, and it will be analysed later. A small 
amount of green precipitates was observed on the surface of saucers, on which the solid 
UO2 samples were placed during the tests. The analyses of the acid strip solutions of the 
saucers (1 M HNO3) with HR-ICP-MS suggested the precipitates to be iron precipitates. 
An attempt was made to analyse the U contents of the acid strip solutions. It was 
complicated because of the presence of small particles from the original UO2 solid. The 
presence of the particles was shown by the 235U/238U analyses of the solutions. 
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Figure 4-1.  Measured [238U](upper graphs) and [ 238U](lower graphs) calculated  from the 
changes in  isotopic ratios (IR) in OL-KR6 natural groundwater under reducing conditions 
(Fe). The results are average data of  parallel dissolution tests with 5% and 10%  233U-doped 
UO2  fragments (SAV= 5 m-1). The error bars show the deviation from the average value of 
parallel tests. 
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Figure 4-2. The total U concentrations ([238U+[235U]) vs. SA/V in the isotope dilution 
tests in OL-KR6 groundwater under reducing conditions (Fe) .  
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Figure 4-3.  [ 238U] calculated  from the changes in  isotopic ratios vs. the doping level of 
the solid UO2  in OL-KR6 groundwater under reducing conditions (Fe) .  

 
The results for the different doping levels of 0, 5 and 10% 233U do not suggest any 
effect of alpha radiolysis on the dissolution rate results at lower SA/V= 5 m-1 , see 
Figure 4-3 (left). This is in agreement with previous findings in synthetic groundwaters 
using similar SA/V (Ollila & Oversby 2004, 2005, Ollila 2008). The calculated data for 
the 238U release at SA/V= 5 m-1 in Figure 4-3 are the average values of the parallel tests. 
The SA/V was increased threefold in the second test series with 0 and 5% 233U-doped 
UO2 samples. The amount of 233U-doped UO2 sample was 2.5 grams, hence the SA/V 
was lower, 12.5 m-1 (Table 4-1). No parallel tests were conducted in the second test 
series. The results give higher release of 238U from the 10% 233U-doped UO2 sample, 
compared with 0 and 5% 233U-doped samples, see Figure 4-3 (right). The reason is not 
known. The amount of added iron strips was the same in both test series. It is possible 
that the highest doped UO2 sample has enough alpha activity to cause oxidation by 
alpha radiolysis in this case, because the amount of solid phase was higher. 
Additionally, the U contents in the aliquots for analyses in the second tests series were 
higher, increasing the accuracy in the analyses.  
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Dissolution rates of the 0, 5 and 10% 233U-doped UO2 samples measured in this study in 
natural OL-KR6 groundwater are compared in Table 4-3 with the rates measured in 
previous studies  in synthetic groundwaters. All the measurements were conducted 
under reducing conditions in the presence of metallic iron. 

The method was the isotope dilution technique, except in the experiments in modified 
Allard groundwater. In those experiments, the dissolution of  U was analysed by 
recovering all the [U] in the test vessel as carefully as possible (solution, surface of the 
test vessel and iron strip) (Ollila & Oversby 2005).  

The dissolution rates in OL-KR6 natural groundwater were calculated by using the 
equation: 

            
238

238
U

U

dcV
r

m dt
 ,        (4-1) 

where V is the volume of the solution (l), m is the mass (g) of the UO2 sample and dc/dt 
is the slope (from linear fit) determined from the evolution of 238U release as a function 
of time. [238U] calculated from the changes in isotopic ratios for the first 67 days were  
applied (Figure 4-3). The resulting dissolution rates in OL-KR6 natural groundwater are 
generally higher than the rates measured previously in synthetic groundwaters. The 
highest dissolution rate was measured for the 10% 233U- doped UO2 sample in the test 
with the higher SA/V. 

Table 4-3. Dissolution rates of U ( fraction/yr, based on mass of U) in natural OL-KR6 
groundwater under reducing conditions in the presence of corroding iron (this study), in 
comparison with the rates measured in previous studies (Ollila & Oversby 2004, 2005, Ollila 
2008).  

UO2‐
doping 
level 

0.01 M 
NaCl

 
0.5 M 
NaCl 

1 M NaCl Synthetic 
groundwater, 
(Allard, 
modified) 

OL‐KR6 natural 
groundwater, 
SA/V= 5 m‐1 (this 
study) 

OL‐KR6
natural 
groundwater 
SA/V= 15 m‐1 
(this study) 

0% 233U  1.5 x 10‐7
 

1.0 x 10‐7
 

4 x 10‐8 1.0 x 10‐7 4.8 x 10‐7
 

3.3 x 10‐7

5% 233U  7.0 x 10‐8
 

7.5 x 10‐8
 

2.5 x 10‐8 1.0 x 10‐7 1.3 x 10‐6
 

1.7 x 10‐7

10% 
233U 

4.0 x 10‐8
 

6.0 x 10‐8
 

2.0 X 10‐8 1.0 x 10‐7 2.4 x 10‐7
 

7.9 x 10‐7
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4.4 Summary and future work 

The isotope dilution tests with 0, 5 and 10% 233U-doped UO2 samples in the first natural 
groundwater, OL-KR6 groundwater, have been finished. Two series of tests were 
performed, in which the ratio of UO2 surface area to water volume was different. The 
SA/V ratios were 5 m-1 and 15 m-1 in the tests with 0 and 5% 233U-doped samples, and 5 
m-1 and 12.5 m-1 in the tests with 10% 233U-doped samples. The results at lower SA/V 
did not suggest any clear effect of alpha radiolysis on dissolution. The dissolution rate 
of the 5% 233U -doped sample was higher than the rate of un-doped UO2 sample. The 
scatter between the measurement results was however largest for the 5% 233U-doped 
UO2 sample. The dissolution rate of 10% 233U-doped UO2 sample was lower than that 
of 5% 233U-doped sample, being at the same level with the un-doped UO2 sample. The 
results at higher SA/V differed from the results at lower SA/V. The highest dissolution 
rate was measured for the highest-, 10% 233U-doped UO2 sample suggesting the effect 
of alpha radiolysis under these conditions. The resulting dissolution rates in OL-KR6 
natural groundwater were generally higher than the rates measured previously in 
synthetic groundwaters.   

The isotope dilution tests in the second natural groundwater, OL-KR5 groundwater, are 
in progress at both SA/V. The salinity of OL-KR5 groundwater is twofold (12880 mg l-

1) compared with the salinity of OL-KR6 groundwater. The duration of the tests series 
at the lower, SA/V= 5 m-1, is 130 days until now. The samples for analyses must be 
diluted in the ratio of 1 to 12 due to salinity. The 238U concentrations were too low to 
measure isotopic ratios in the first two samplings after the initial sampling. The isotopic 
ratios were measurable in the samplings after 55 days after the start of the experiments. 
The duration of the test series at the higher SA/V is 80 days until now. Three samplings 
have been performed after the initial sampling. Due to the higher SA/V, the 238U 
concentrations increased and enable the isotopic ratio measurements from the start. The 
preliminary results do not show a similar increase in the dissolution rate for the highest 
233U-doped UO2 sample as in OL-KR6 groundwater. 

The third natural groundwater will be chosen for the isotope dilution tests in the near 
future. It will be a low ionic strength groundwater from Olkiluoto site. 

Dissolution experiments with Gd2O3- doped UO2 are planned to be started in May 2013. 
The composition of groundwater was planned for the argon atmosphere of the glove box 
by equilibrium modelling with EQ3NR. The reference water was the saline OL-KR20 
natural groundwater from the Olkiluoto site. Instability problems have occurred in at the 
start of the experiments. It was necessary to change the composition.  
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5 POST-DISSOLUTION CHARACTERISTICS OF CeO2 AND ThO2 
(WP5) 

 

By  Claire L. Corkhill and Neil. C. Hyatt (University of Sheffield); and Emmi 
Myllykylä (VTT) 
 

5.1 Introduction 

Grain boundaries, step edges and surface defects are microstructural features present in 
material and mineral surfaces.  The formation, density and distribution of these features 
are dependent on both surface chemistry and crystallography. Spent nuclear fuel, 
composed primarily of UO2, is a ceramic material annealed at high temperatures, which 
leads to the formation of grain boundaries and oxygen vacancy defects. In the safety 
case for the geological disposal of nuclear waste, the release of radioactivity from the 
repository is controlled by the dissolution of the spent fuel in ground water, therefore 
the dissolution characteristics arising from these features must be determined. 

In this study, we describe changes in the surfaces of particles of CeO2 from the batch 
experiments discussed in Chapter 2, particles of ThO2 described in Chapter 3, and also 
CeO2 monolith dissolution experiments. In the latter, samples were monitored for the 
evolution of high energy sites, including grain boundaries and step edges. 
 

5.2 Experimental methodology 

 
CeO2 

Particles from the dissolution experiments described in Chapter 2 were dried for 1 hour 
in a 90 °C oven prior to analysis by SEM. Monolith experiments were conducted using 
pressed and polished (0.05 µm, diamond paste) 10 mm diameter CeO2 pellets (prepared 
as described in Stennett et al., 2013). A crossed marker 100 µm x 100 µm was created 
in the sample using a focussed ion beam, in order to ensure surface analysis of the same 
grains at each time point during dissolution. The crystallographic orientation of the 
grains in the vicinity of the cross marker was determined using Electron Back-Scatter 
Diffraction (0.3 µm step size). The pellets were placed within pre-cleaned (ASTM C 
1285-02) cold-sealed Teflon reactors (50 ml) on a spacer to ensure fluid contact all 
around the pellet, filled with 40 ml of 0.01 M HNO3 (pH 2) and placed in an oven at 90 
°C. Aliquots of solution were removed for Ce analysis by ICP-MS at 0, 1, 3, 7, 14, 21 
and 28 days. Samples were removed from solution at each time point and the changes in 
grain boundaries and step edges were monitored using atomic force microscopy and 
vertical scanning interferometry. 

ThO2 

To evaluate if the sparingly soluble ThO2 surfaces described in Chapter 3 would show 
some changes during the dissolution, and to determine in which time span it would 
happen, a test using ThO2 particles was conducted. ThO2 particles sized 2 - 4 mm and 
80 - 160 µm were leached in 1 M HNO3 at 80 °C under Ar atmosphere. Samples were 
imaged using SEM after 2 and 4 weeks. 
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5.3 Results 

Post-dissolution analysis of CeO2 particles 

CeO2 particles, 25 – 50 µm in size, dissolved in nitric acid (pH 2) at 90 °C were imaged 
prior to, and after, 350 days of dissolution, as shown in Figure 5-1a and 5-1b, 
respectively. At both 0 and 350 days, pores 1 – 5 µm in size were present. Prior to 
dissolution, these pores were filled with fine particles of CeO2, which do not seem to 
present after 350 days of dissolution, suggesting they have been removed or dissolved. 
Although all small particles > 1 µm were removed prior to dissolution by washing 
(Chapter 2), it is clear that those within pores have not been effectively removed. 
Therefore, some caution should be exercised when designating dissolution rates to high 
energy surface features, as there may also be an early contribution from fine particles of 
CeO2, which may be rapidly dissolved.  

The particles imaged after 350 days of dissolution have clearly visible grain boundaries 
(Figure 5-1b, arrows), which were not present in pristine samples. This indicates that 
these high energy surface sites have been specific sites for dissolution.  

 

Figure 5-1. SEM images of 25 – 50 µm particles a) pristine and b) after 350 days of 
dissolution at pH 2 and 90 C. Arrows point to grain boundaries, circular area depicts a 
triple-point grain boundary. 

Post-dissolution analysis of ThO2 particles 

Following dissolution in nitric acid at 80 °C, changes on the surfaces of ThO2 were 
observed after 2 weeks of leaching. These became clearer and more variant after 4 
weeks of leaching. The BSE images of the 80 to 160 µm particles are shown in Figure 
5-2. The images showed that depending on the particle, the surfaces can show different 
behaviour. Some of the particles or surfaces seemed to have acquired new material 
precipitated on the surfaces (Figure 5-2b). Few particles looked like they were not 
exposed to leaching at all, where the surfaces resembled those of the fresh and 
unreacted particles. Some particles showed indications of dissolution, like grain 
rounding and widening of the grain boundaries.  

The results indicate the presence of “local” chemical conditions in the reaction vessel. 
The crystallinity and the surface energies of the reacting surfaces of ThO2 might also 
have some effects and their relevance to the observed phenomenon should be studied. 
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Figure 5-2. BSE images of ThO2 particles after 4 weeks of leaching with 1 M HNO3 at 
80°C, showing: (a) a leached particle resembling a fresh one; (b) a particle showing 
precipitate and dissolution at the same time - the upper part of the particle shows 
disappearance of clear grain boundaries and variation in the orientations of the grain 
surfaces, in the middle area some grains resemble intact grains, and the lower part 
shows dissolution mainly occurring on the grain boundaries and; (c) a particle showing 
deeper dissolution, which has deformed the grain boundaries and formed some cavities 
to in the ThO2. 

CeO2 grain boundary dissolution 

In order to confirm the dissolution behaviour of grain boundaries observed in 350 day 
dissolved CeO2 particles, Atomic Force Microscopy (AFM) was used to measure the 
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depth of grain boundaries of CeO2 monoliths as a function of dissolution time. Figure 5-
3a shows the measured grain and the AFM cross section line, while Figure 5-3b shows 
the Electron Back-Scatter Diffraction pattern confirming the crystallographic orientation 
either side of each grain boundary as (100) and (101), while the grain is (100). Grain 
misorientation profiles show that the grain boundary angles are 30 ° and 60 °, from left 
to right along the cross section. Figures 5-3 c to f show AFM cross sections as a 
function of dissolution time. From day 0 to day 7 of dissolution, the grain boundaries 
were observed to increase in depth from 0.43 µm to 0.89 µm. During this time, a pore 
within the grain also increased in depth. At 14 days of dissolution, both the grain 
boundary and pore became more shallow (0.58 µm for the former), corresponding to a 
decrease in rate of Ce dissolution, as measured by solution analysis (Figure 5-3g). It 
may be postulated that initially, from 0 to 7 days, dissolution occurs preferentially at 
high energy surface sites (particularly grain boundaries), after which dissolution occurs 
across both the surface of the grain and the grain boundary. Figure 5-3h shows a vertical 
scanning interferometry image of CeO2 after 9 days of dissolution, showing the absence 
of material within grain boundaries, but also the formation of dissolution pits on the 
grain surfaces.  
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Figure 5-3. (a) AFM image of the grains of interest, showing the line of cross sectional 
scans; (b) EBSD image showing the crystallographic orientation of the grains of 
interest; (c)-(f) AFM cross section scans showing changes in grain boundary depth with 
time; (g) dissolution data corresponding the CeO2 sample; and (h) VSI image of a 
different part of the same sample, showing the preferential dissolution of grain 
boundaries after 9 days of dissolution. 

These results are in agreement with those described in Chapter 2, where dissolution of 
CeO2 particles is most rapid between 0 and 7 days, likely as a result of high energy 
surface sites.  

Further work is focussed on investigating how crystallographic orientation of grains, 
and grain boundary orientation and angle affects the dissolution rate of CeO2. 
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CeO2 step edge dissolution 

Figure 5-4 shows AFM images of step edges within grains of CeO2. In UO2, it has been 
hypothesised that step edges are a result of oxygen non-stoichiometry, and that step-
edges are more conductive, hence more susceptible to dissolution than flat, non-
conducting grains (O’Neil et al., 1998; He and Shoesmith, 2008). Furthermore, it may 
be hypothesised that grain orientation plays a role in the distribution and type of step-
edge high energy surface site. Current and future work is focused on observing the 
dissolution of these step edges using flow-through, in situ AFM with coupled solution 
analysis. EBSD, AFM and Raman spectroscopy are being employed to determine 
whether a link exists between crystallographic orientation, non-stoichiometry and high 
energy surface sites. 

 

 

Figure 5-4. Atomic Force Microscopy images of unreacted, polished CeO2 monoliths, 
demonstrating the occurrence of step edges within the grains. 
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6 AB INITIO MODELLING OF SURFACE DEVELOPMENT OF 
FLUORITE-TYPE SOLIDS (WP 6)  

 

By Pablo Maldonado and Peter Oppeneer, Uppsala University; and José Godinho, 
Stockholm University 

6.1 Introduction 

The dissolution of UO2 spent fuel is difficult to study under laboratory conditions, due 
to the restrictions in handling the radioactive material. However, chemical processes 
down to the atomic level can nowadays be ideally and accurately simulated using 
modern computational modelling techniques, such as the density-functional theory 
(Jones and Gunnarsson, 1989). The objective of this Work Package (WP) is to perform 
first-principles materials modelling of nuclear-fuel surfaces to simulate the dissolution 
process. The tasks in this WP include computing how the surface of irregularly shaped 
solid changes as the solid dissolves and how the shape of the surface in turn influences 
the dissolution.  

As measurements on the surface structure of UO2 spent fuel can only be done in 
specialized laboratories, detailed studies will be performed on several materials having 
the same fluorite structure as UO2, namely, CeO2, CaF2, and ThO2. Through studying 
these related fluorite materials we expect to be able to correlate the experimental data 
with results obtained from the first-principles materials modelling. Having thereby 
reached understanding for the dissolution of CeO2, CaF2 and ThO2, first-principles 
results obtained for UO2 will be extrapolated to describe the time-evolution of its 
dissolution process. As a second step to be undertaken later on, computer simulations of 
the chemical reactions likely to take place at fluorite surfaces will be carried out. 

 

6.2 Main research directives and work undertaken in the 2nd year 

During the second year of the project we have continued setting-up the calculations for 
stepped surfaces and computing the surface energies of those surfaces for CaF2 and 
CeO2. Since the surface energies of surfaces are directly related with the surface 
stability of the materials, we explored the particularities of the dissolution processes 
complementing experimental and first-principles calculations. This led to a publication 
in which we have shown that the stability of a surface is mainly dependent on its atomic 
structure and the presence of sites where atoms are deficiently bonded (Maldonado et al. 
2013) 

Comparison with experimental results, which were obtained with 3D confocal 
profilometry, showed a correlation between the trends of dry surface energies and 
surface stabilities during dissolution of both CaF2 and CeO2. Moreover, we have 
extended the computation of these quantities to ThO2 and UO2 finding similar results. 
Therefore, the developed model can explain the experimental stability in solution of an 
ionic material having the fluorite structure. 

Furthermore, during this second year we have also undertaken studies of chemical 
reactions of molecules on such surfaces. We have studied the adsorption energy, energy 



40 

 

barriers of dissociative adsorption and the coverage-dependent adsorption energies of 
water on different surfaces of CeO2 and UO2. 

6.3 Computational methodology 

The first-principles modelling calculations have been performed using the density 
functional theory (DFT) (see e.g. Jones and Gunnarsson 1989). In the DFT the 
exchange-correlation functional is an important component and it needs to be properly 
chosen. In the calculations we have tested and used the following exchange-correlation 
functionals: the local density approximation (LDA), the generalized gradient 
approximation (GGA), as well as the corrected DFT+U approach, in which an 
additional Hubbard U parameter is introduced for the Ce 4f or U 5f electrons, to capture 
the strong on-site Coulomb interaction between f-electrons. This helps to remove so-
called self-interaction effects and provides an improved description in particular for 
UO2 (Yun and Oppeneer, 2011; Yun et al. 2011). 

The calculations have been performed with the Vienna Ab-initio Simulation Package 
(VASP), which is a plane-wave based electronic structure code. The electron-ionic core 
interaction on the valence electrons in the systems is represented by the projector-
augmented wave potentials (PAW). For Ce and O atoms the (5s,5p,6s,4f,5d) and (2s,2p) 
states, respectively, were treated as valence states,  while for Ca and F the 4s and (2s,2p) 
states were used as valence states. 

Bulk fluorite crystals have the face centred cubic (fcc) structure. For the simulations 
also reciprocal space integrations are required, which were performed on a special k-
point mesh generated by the Monkhorst-Pack scheme (999 in the bulk and 6x6x1 in 
surfaces).  

For all investigated surfaces the positions of the surface atoms have been optimized in 
the self-consistent electronic structure calculations by minimizing the Hellmann-
Feynman forces acting on each atom until the total forces for each atom were smaller 
than 0.02 eV/Å. 

Ab initio molecular dynamics (AIMD) simulations, using the NVT ensemble, were 
undertaken to simulate the system at different temperatures, and the Berendsen and 
Nosé thermostats were used to increase the temperature and to thermalize the system, 
respectively. Different initial atomic configurations of water molecules were adopted as 
the initial configuration in the AIMD simulations, in which the temperature was 
increased to 300 K with a Berendsen thermostat with a time step of 1 fs for each 
molecular dynamics step. At 300 K the configuration space is probed using a NVT 
ensemble, where the lowest-energy configuration along the AIMD simulations is 
chosen. From this one, a DFT+U calculation where all the ions are allowed to relax is 
performed. 

The here-performed ab initio modelling calculations are computationally very 
demanding. Therefore there are not many groups that can presently perform such 
calculations. The work is carried out on various supercomputers in Sweden, to which 
the group at Uppsala University has good access (note that computer time is granted 
according to a ranking of competitive applications on a national level). Most of the 
calculations are carried out at the Cray supercomputer “Lindgren” at PDC Stockholm 
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and at “Triolith” cluster, NSC-Linköping; a typical usage within WP6 is around  
200 000 CPU hours per month. Nonetheless, the computational modeling is relatively 
low-cost compared to actual laboratory experiments. 

6.4 Results of ab initio modelling 

6.4.1 Surface modelling 

As it was pointed out in the previous annual report, both the use of the GGA exchange-
correlation functional (in so-called PBE parameterization) for CaF2, and LDA+U 
exchange-correlation functional (in the so-called Dudarev formulation) with a  
Ueff=5.5 eV for CeO2, provided an accurate description of the electronic structure of the 
bulk materials. Hence, we extended the modelling to surfaces by setting-up them and 
computing their surface formation energy. The following text in this section is a 
summary of Maldonado et al. (2013). 

Stepped or vicinal surfaces are formed when a crystal is “cut" at a small angle away 
from a non-stepped plane. Stepped surfaces can be represented as a periodic succession 
of terraces formed by reference planes separated by steps. These steps are also oriented 
in the direction of the reference planes. For fcc crystals, the reference planes coincide 
with the surfaces with lowest energy, i.e. the (111), (110) and (100) surfaces. Thus, each 
surface is classified into families of planes depending on the orientation of the terrace 
and the step, see Table 6-1. To illustrate it we show various stepped surfaces in Figure 
6-1. 

Table 6-1: Families of vicinal surfaces considered, labelled by their Miller indices and 
the reference planes and step directions they are made of. Some surfaces are given as 
examples. The geometrical factor f for each family is also given. From Maldonado et al 
(2013). 
 

Terrace/Step Miller indices Surface f 

{111}/[100] (p,p-1,p-1) (211), (322), (433), … 1/3 

{111}/[110] (p,p,p-1) (221), (332), (443), … 2/3 

{100}/[111] (2p-1,1,1) (311), (511), (711), … ½ 

{100}/[110] (p,1,0) (210), (310), (410), … ½ 

{110}/[111] (2p-1,2p-1,1) (331), (551), (771), … ½ 

{110}/[100] (p,p-1,0) (210), (320), (430), … ½ 
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Figure 6-1. Lateral view of the reference surface slab models (111), (100) and (110), 
and stepped surfaces (544), (711), (551), (443), (410) and (430). It is illustrated that 
each stepped surface can be represented as a periodic succession of terraces formed by 
reference planes separated by steps. From Maldonado et al (2013). 

The energy of a vicinal surface with Miller index (hkl) and with p atomic rows (number 
of atomic rows parallel to the step edge) in the terrace is given by 

    (6-1) 

Where  and are the surface formation energy of the step on the given 
terrace and the surface formation energy of the reference surface, respectively, and f is a 
geometrical factor depending on the vicinal surface which is defined in Figure 6-2. 

 

 

Figure 6-2: Schematic cross sectional view of the (511) surface slab model of CeO2 
where the geometrical factor, f, the number of Ce atoms parallel to the step edge (in this 
case 3), p, and the angle between the terrace and the step, , are indicated. From 
Maldonado et al (2013). 



43 

 

6.4.2 Surface modelling: Application to fluorite materials 

We have found a general expression for the step energy of different families of vicinal 
surfaces that only depend on the geometry of the planes for the case of CaF2: 

     (6-2) 

where ,  being the unitless direction of the reference plane,  the 
unitless step direction and  is a unit energy (eV). Therefore, and according to Eq. 7-1, 
there is a linear dependence of the surface formation energies on p, and thus it can be 
predicted without the necessity of being computed.  

For the case of CeO2 the previous general expression for the step energy is expected to 
be different, since the chemical bonds between atoms have different characteristics, and 
therefore the predictive power of the model might be reduced. However, we have found 
that there exists a proportionality relation between the surface formation energies in 
CeO2 and CaF2 that can be written as follows 

    (6-3) 

Where r is the proportionality ratio and MX2 stands for any fluorite material such as 
CeO2, ThO2 or UO2. The proportionality ratio is found to be 2.36 0.06 and 2.18 0.03 
for CeO2 and ThO2, respectively. 

For a more realistic description of the surface stability it is necessary to work with the 
surface energy per unit area, which can be obtained straightforwardly from the surface 
formation energies, just by dividing through the surface area A.  

We have recently proven that this quantity can be related with the experimental surface 
stability during dissolution (Maldonado et al. 2013). As can be seen in Figure 6-3 for 
CaF2, both quantities follow the same trend within the same family of vicinal surfaces, 
and these are primarily dependent on the surface geometry. 

It is expected that for any material with the fluorite structure the same relation between 
computed surface stabilities and experimental retreat rates will hold, as found for CaF2 
and CeO2. 
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Figure 6-3: Calculated surface energies per unit area (a and c) and experimental 
variation for the retreat rate with , the angle between the stepped surface and the 
terrace. For surfaces in CaF2 with Miller indices of (2p-1,1,1) (black colour in a and b), 
(p,p-1,p-1) (red colour in a and b), (p,p,p-1) (green colour) and (2p-1,2p-1,1) (blue 
colour), and (p,1,0) (black colour in c and d) and (p,p-1,0) (red colour in c and d), p 
being the number of rows of Ca atoms in the terraces. The data points of the 
experimental retreat rates are from Godinho et al. (2012). In some cases the error bars 
are smaller than the data symbols. From Maldonado et al (2013).  

 

6.4.3 Progress towards modelling the dissolution process 

To understand the mechanisms of dissolution processes, it is necessary to understand 
how the bonding between the various molecules (H2O, CO2, ...) and the surfaces of the 
materials happens and to study the possible chemical reactions which lead to the 
dissolution. 

To obtain a reliable description of the dissolution processes on the surfaces we need to 
take into account all the possible reactive sites on the surface and the different 
orientation of the reactive molecules. However, the high number of different 
combinations of these two variables makes this description computationally 
inaccessible. To overcome this problem we have used AIMD simulations to probe the 
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configuration space of the adsorbed molecules at a given temperature. Then, we choose 
the lowest energetic configuration as initial configuration to start with in a DFT+U 
calculation. By relaxing all the ions in this simulation, the adsorption energy and energy 
barriers can be computed. In Figure 6-4, the reaction energy barrier of the dissociative 
adsorption of one water molecule onto the surface (111) of CeO2 is shown as example. 
The dissociation process occurs by the rupture of the water molecule into OH- and H+ 

because of the thermal vibration. Then, the H+ ion bonds to one of the superficial O of 
CeO2, while the OH- group bonds to one surface Ce (cation). It suggests that 
dissociative adsorption of the water molecule onto (111) of CeO2 is associated with the 
number of surface cations.  

 

  

Figure 6-4. Reaction energy barrier of the dissociative adsorption of one water 
molecule onto the (111) surface of CeO2. The initial, final and more energetic spatial 
configurations are plotted, for which the position of the water molecule with respect to 
the surface is indicated. 
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7 COORDINATION AND MANAGEMENT (WP7 & WP8)  
 

By L.Z. Evins, SKB 

This chapter describes the achievements with regards to coordination and management 
during the second project year. The general progress until May 2012 was described in 
the first annual report (Evins and Vähänen, 2012). A short account of the achievements 
since then is given below.  

7.1 Project communication  
The Communication Action Plan (CAP) is posted on the web site; a number of tools are 
used for communication and dissemination. The fulfilment of the CAP is assured by the 
activities described here.  

7.1.1 Participation in external conferences, meetings and workshops 

The REDUPP project has been presented at the following project external events: Spent 
Fuel Workshop, Avignon 2012; E-MRS, Strasbourg 2012; Goldschmidt, Vancouver 
2012; EURADISS, Montpellier 2012; and MRS Boston 2012.  

7.1.2 Scientific publications 

The following papers have been published in peer-reviewed journals:  

1. Godinho, J.R.A., Piazolo, S., Stennett, M.C. and Hyatt, N.C. (2011) Sintering of 
CaF2 pellets as nuclear fuel analogue for surface stability experiments. Journal 
of Nuclear Materials, 419, 46-51. 

2. Stennett M.C., Corkhill C.L., Marshall, L.A. and Hyatt, N.C. (2013) Preparation, 
characterisation and dissolution of a CeO2 analogue for UO2 nuclear fuel. 
Journal of Nuclear Materials 432, 182–188. 

3. Corkhill, C.L, Bailey, D. J., Thornber, S.M., Stennett, M. C. and Hyatt, N. C. 
(2013). Reducing the uncertainty of nuclear fuel dissolution: an investigation of 
UO2 analogue CeO2. Mater. Res. Soc. Symp. Proc. Vol. 1518, DOI: 1 1557/op 
2013.90 

4. Maldonado, P., Godinho, J. R. A., Evins, L. Z., and Oppeneer, P. M. (2013) Ab 
Initio prediction of surface stability of fluorite materials and experimental 
verification. Journal of Physical Chemistry C, 117, 6639−6650. 

In addition, an overview paper is published in the EURADISS conference proceedings 
(Valls et al, 2013). This report is available on the JRC homepage: 
(http://publications.jrc.ec.europa.eu/repository).  

7.1.3 Annual Reports 

There will be three Annual Reports following the three Annual Meetings. The first 
Annual Report was published in June 2012 (Evins and Vähänen, 2012). The present 
report constitutes the second Annual Report.   

http://publications.jrc.ec.europa.eu/repository
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7.1.4 Web site (external and internal) 

The project website, www.skb.se/REDUPP is kept active with a both a Public site and 
Member Area. The page is updated when new information becomes accessible, such as 
Newsletters, published papers or reports from meetings and workshops.  

7.1.5 Newsletter 

The Newsletter is distributed twice a year; it is sent out on e-mail lists, and posted both 
on the REDUPP web site and on the EC website: http://cordis.europa.eu/fp7/euratom-
fission/funded-reports_en.html 

By the time of writing this report, Newsletters have been distributed, and a fourth is in 
preparation.   

7.1.6 Professional magazines and other publications  

The REDUPP project has been described in an article in Materials World:  

Hyatt, N.H. and Evins, L.Z. (2011) Safety - The Swedish Way. Materials World 19(7), 
20-22 

This is expected to reach professionals in both the academic and private sector.  

In addition, REDUPP is presented in a profile published in the Pan European Network 
Science and Technology 7 in June 2013. This publication is distributed to over 250 000 
key European figures, including policy makers, legislators, influential academics and 
leading industrialists. In addition, a banner for the REDUPP project is presented on the 
Pan European Networks Science and Technology Sector web page: 
http://www.paneuropeannetworks.com/sector/science-and-technology12.html) 
Clicking on the banner leads to the REDUPP web page.  

7.1.7 Press releases 

A press release about research collaboration between The University of Sheffield and 
Japan resulted in the appearance of REDUPP in the local Sheffield newspaper “The 
Star”. The article featured the Sheffield-Japan collaboration and explained that Sheffield 
University has been awarded a grant from the Japan Society for the Promotion of 
Science, which has allowed REDUPP participant Claire Corkhill to visit Kyushu 
University in Japan.  

7.1.8 Internal project communication: workshops, meetings, etc 

As planned, the project participants have met at regular intervals, both at the Annual 
Meetings and at two more informal workshops. The first Annual Meeting was held in 
Stockholm in April 2012, and the second Annual Meeting was held in Sheffield in May 
2013. Two informal Workshops have been held. The first was held at Stockholm 
University in September 2011(2/9/2011). The aim was communication and initiation of 
collaboration. The second Workshop was held at Uppsala University in September 2012 
(14/9/2012); two lectures in the Lecture Series were held in conjunction with the second 
Workshop. 
  

http://www.skb.se/REDUPP
http://cordis.europa.eu/fp7/euratom-fission/funded-reports_en.html
http://cordis.europa.eu/fp7/euratom-fission/funded-reports_en.html
http://www.paneuropeannetworks.com/sector/science-and-technology12.html
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7.2 Training: the REDUPP Lecture Series  

The Lecture series is planned for 6-7 lectures with theme Surface reactivity/Surface 
processes during dissolution. However, it seems the final number of lectures will be at 
least 9.  

The lecture series started in conjunction with the first Annual Meeting (26 April 2012) 
with Lecture #1:  

 Virginia Oversby (VMO Konsult): Spent fuel dissolution under repository 
conditions – why laboratory measurements always overestimate 

Lectures #2 and #3 were held in conjunction with the second informal Workshop in 
Uppsala in September 2012 (13/9/2012).  

 David Shoesmith (Western University, Canada): The influence of in-reactor 
irradiation on the chemical/electrochemical reactivity of uranium dioxide  

 Peter Oppeneer (Uppsala University): Modeling of nuclear fuel materials using 
first-principles calculations. 

At all three first lectures there were approximately 15 project-external people attending 
and contributing to the discussions. 

Lectures #3 to #8 were held in Sheffield in conjunction with the second Annual Meeting 
(7-8 May 2013):  

 Joaquin Cobos-Sabate (Ciemat): Studies on spent fuel stability during repository 
conditions 

 Thomas Gouder (ITU):  Surface science investigations of spent fuel corrosion 
processes 

 Mark Read (Birmingham University): Computational modelling of the bulk and 
surface chemistry of nuclear fuel materials 

 Jonathan Icenhower (Lawrence Berkeley National Lab): Determining glass 
dissolution rates using interferometry and the role of uncertainties associated 
with surface area 

 Thorsten Geisler (University of Bonn): An alternative model for silicate glass 
corrosion 

Approximately 30 project-external people attended these five lectures.  
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7.3 Project reporting and planning   
The first project Period ended 30/09/2012; the first Periodic Report was then submitted 
to the EC in November 2012, and accepted in the spring of 2013.  

The REDUPP project will be presented at the EURADWASTE conference in Vilnius, 
Lithuania in October 2013. The conference will be attended by the coordinator (Lena Z 
Evins) and one project participant (Neil Hyatt). 

The next project meeting to be arranged is the final REDUPP meeting. This will be 
arranged as an open conference, and plans are being forged to hold this conference in 
conjunction with a meeting with a Marie Curie research network, the ITN “MINSC”: 
Mineral Scale formation: from the atomic to the field scale, coordinated by Leeds 
University. This is planned to take place in February 2014.  The third and final project 
report is expected to be published in May 2014.  
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8 SUMMARY  
Results from the dissolution of 75 – 150 µm sized CeO2 particles, indicate that grain 
boundaries and grain size have an influence on the measured dissolution rate. The data 
also show that the normalised dissolution rate increases with increasing temperature, 
and decreasing pH. Thus, future work is focused on the chemical kinetics and rate laws 
as a function of these variable parameters. Tests have also been performed with 
reduced, non-stoichiometric forms of CeO2, ie CeO2-x. The results show that the 
normalised dissolution is three orders of magnitude greater than for CeO2 particles 
annealed in air; dissolution rate was shown to increase as a function of non-
stoichiometry.  

It has been observed that the solubility of ThO2 depends on mainly on the chemical 
conditions such as pH and ligands, and thus changes in these parameters will change the 
measured dissolution rate. Analysing Th in solution is a challenge; however, in this 
project High Resolution-ICP-MS analyses are reported that accurately show very low 
Th concentrations (10-12 to 10-11 at a pH around 8). These values are now approaching 
the theoretical solubility of crystalline ThO2. A new test series has been started to 
evaluate the ThO2 solubility as function of pH. The results also indicate that the higher 
the reactive surface area is, the higher the dissolution rate. It is possible that local 
chemical environment, or the crystal and grain properties, also have some effect. Tests 
with Th-229 tracer are planned in order to evaluate the dissolution/ precipitation 
phenomena and total release of Th during dissolution. 

Regarding UO2, the isotope dilution tests with 0, 5 and 10% 233U-doped UO2 samples in 
the OL-KR6 groundwater have been finished.  No clear effect of alpha radiolysis could 
be seen for tests with lower SA/V, while those for higher SA/V indicated that the 
dissolution rate was higher for the 10% 233U-doped UO2, suggesting the effect of alpha 
radiolysis under these conditions. A second natural groundwater, OL-KR5 groundwater, 
which is more saline, is used in on-going tests. The tests series at the lower SA/V  
(5 m-1) is produced measurable concentrations after 55 days after the start of the 
experiments. The test series at the higher SA/V produced measurable 238U 
concentrations from the start; however, for these tests, preliminary results do not show a 
similar increase in the dissolution rate for the highest 233U-doped UO2 sample as in OL-
KR6 groundwater.  

Post-test examinations of the sample surfaces of CeO2 particles subjected to dissolution 
tests involved imaging after 350 days of dissolution. These particles show clearly 
visible grain boundaries, which were not seen in pristine samples, indicating that these 
high energy surface sites have been preferentially dissolved.  Changes on the surfaces of 
ThO2 were observed after 2 weeks of leaching ThO2 particles in nitric acid at 80 °C. The 
results indicate the presence of “local” chemical conditions in the reaction vessel. The 
crystallinity and the surface energies of the reacting surfaces of ThO2 might also have 
some effects and their relevance to the observed phenomenon should be studied. 

The work concerning ab initio modelling of the fluorite surfaces has found, that a 
general expression can be formulated, which depends on the geometry of the crystal 
planes. In order to realistically describe the surface stability, the surface energy per unit 
area is used; this can be obtained from the surface formation energies. This quantity can 
be related with the experimental surface stability during dissolution, an observation 
which is rooted in the fact that both of these quantities depend on the surface geometry. 
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It is expected that for any material with the fluorite structure the same relation between 
computed surface stabilities and experimental retreat rates will hold. Modelling the 
dissolution process is in progress, and the work involves AIMD simulations, and 
choosing the lowest energetic configuration as initial configuration to start with in a 
DFT+U calculation. 
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